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ENVIRONMENTAL V A R I A B L E S , INCLUDING POLLUTANTS, 
A F F E C T I N G LIVING BENTHONIC FORAMINIFERIDA. 

C A T H E R I N E JANE MANLEY B.Sc (Hons) 

Abstract. 

Studies of living benthonic foraminiferal assemblages carried out by marine 
biologists are comparatively rare. This study of the changes in foraminiferal 
assemblages from three subtidal sites near Plymouth, U.K., has been carried out 
with the intention of determining the importance of various abiotic and biotic 
variables to the foraminiferal communities studied using statistical correlation. 
Temperature and salinity at depth and particle size characteristics together with 
organic content, bacterial abundance and type, and other meiofauna present were 
assessed monthly with samples taken for foraminiferal content, and for seasonal 
diatom analysis. 

Deformed specimens were very rare in the examined samples of natural 
assemblages. Three different systems were used in an attempt to culture Elphidium 
crispiim (Linne) for ecotoxicological studies, which failed. Ecotoxicological studies 
were carried out upon Roialieila elaticam Pawlowski & Lee and adult Ammonia 
batavits (Hofker). The types of deformation produced by laboratory-maintained 
Foraminiferida were found not to be specific to the stressor used and, therefore, the 
use of this group of Protozoa as indicators of specific pollution is not possible. 

The methods which Elphidium crispiim utilises to remain epifaunal were 
investigated and found to be primarily controlled by phototaxis, together with 
geotaxis. 
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C H A P T E R 1. 

FORAMINIFERIDA. 

1.1. L I V I N G FORAMINIFERIDA. 

Foraminiferida are members of the Phylum Protozoa: unicellular, eukaryotic, 

water-dependent organisms ranging in size fi-om 2 ^m-1000 ^m (Clarholm, 1984). 

The basic constraint on the maximum size of unicellular organisms is the rate of 

difilision (Fenchel, 1987). Fossil Foraminiferida have been found up to 7 cm in 

diameter, although most species of indigenous living Foraminiferida rarely exceed 

1000 (im (1 mm). The Order Foraminiferida is a diverse group; most species are 

benthonic (Lee, 1990) and found at all latitudes (Leadbeater, 1991). 

Representatives of this group are found in all marine waters ranging fi'om 

hyposaline estuaries to hypersaline lagoons and salt marshes. Foraminiferida can be 

either planktonic (in suspension in the water column) or benthonic (living upon the 

sea bed). Only representatives of the benthonic taxa are found living in nearshore 

localities (Murray, 1979 {a}), whereas planktonic taxa are found in oceanic 

waters. Species of benthonic Foraminiferida can be fijrther divided into those 

which are epifaunal (living at the sediment/water interface) or infaunal (living 

below the sediment/water interface). 

1.2. T H E T E S T O F FORAMINIFERIDA. 

The foraminiferid cytoplasm is enclosed by a test and classification is mainly based 

upon test morphology, although the production of granular and reticulose 

pseudopodia fi'om the test have placed Foraminiferida in the Subclass 

Granuloreticulosia (Murray, 1979 {a}). The name Foraminiferida is derived fi'om 

the Latin meaning "hole-bearers" and Foraminiferida have unilocular to 
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multilocular tests with at least one aperture. Some tests are simply composed of 

mucopolysaccharide but in others adventitious fragments are incorporated into the 

test, and in the best known forms the organic layer is reinforced with calcite, 

aragonite or occasionally silica spicules (Sleigh, 1991). Living Foraminiferida have 

tests composed of either arenaceous material (called arenaceous or agglutinated) 

or calcium carbonate and d'Orbigny was first to separate Foraminiferida into these 

two groups (Vinogradov, 1953). The common calcareous species can be 

subdivided into those having an imperforate test composed of small randomly 

arranged calcite crystals (called porcellaneous or imperforate) and those having 

pores and longer radial calcite crystals (called hyaUne or perforate). The tests of 

calcareous species can be differentiated under a light-microscope; the tests of 

porcellaneous species are opaque and usually shiny in living forms, whilst the tests 

of hyaline species are translucent. Agglutinated, porcellaneous and hyaline tests 

form the three major suborders of extant Foraminiferida: Textulariina, Miliolina 

and Rotaliina respectively. The composition of the test, the number and 

arrangement of chambers and details of the aperture are used to classify to species 

level. 

1.3. NUTRITION O F FORAMINIFERIDA. 

Foraminiferida feed by their pseudopodia which gather unicellular algae, bacteria 

or organic detritus. Some species can utilise dissolved organic matter from the 

environment or from symbiotic algae held within the test. A review by Lipps 

(1983), shows that this group exhibits almost all known forms of feeding utilised 

by marine organisms and include herbivory, camivory, suspension-feeding, detrital 

and bacterial scavenging, parasitism, caimibalism and symbiosis. The pseudopodia 

also allow Foraminiferida to move on, or through, substrata. 



1.4. REPRODUCTION O F FORAMINIFERIDA. 

Sexual and asexual reproduction generally occur in foraminiferid species, with only 

a few of the smaller species reproducing solely by binary fission, budding, 

fi-agmentation or cytogamy (Bock et a/., 1985). Sexual reproduction results in 

haploid gamonts which fijse to form a zygote, whereas asexual reproduction 

results in diploid agamonts. The utihsation of both types of reproduction is 

characteristic of plants (Murray, 1979 {a}) and the heterokont flagellation of 

gametes may indicate a link to an ancestral chrysophyte group; perhaps the 

Rhizochrysidales (Lee et a/., 1969). A strict alternation of generations may not 

occur and there may be several agamontic generations (schizogony) between 

gamontic phases (Murray, 1979 {a}). The reproductive cycle generally ranges 

fi-om months to a year (dependent upon size of species and whether the 

environment is suitable) and the type of reproduction utilised may be nutritionally 

driven (Lee et al., 1969). The first chamber formed is called the proloculus, and 

the size of the proloculus differs within species dependent upon the type of 

reproduction; sexual reproduction gives rise to offspring with relatively small 

proloculi (microspheric), whereas asexual reproduction gives rise to offspring v^th 

relatively large proloculi (megalospheric). 

1.5. D E A T H O F FORAMINIFERIDA, 

Invertebrates typically suffer a high death rate both at the beginning and end of the 

life-cycle (Raup & Stanley, 1971). Foraminiferid mortality may occur as a result of 

reproduction, predation, disease, parasitic attack or unfavourable environmental 

factors. The offspring of reproduction are produced fi'om the parental cytoplasm 

and, in calcareous species, much of the parental test becomes de-calcified to 

provide calcium carbonate for the tests of the offspring; this usually resuhs in the 

death of the parent. Unselective predation of Foraminiferida may be carried out by 

many organisms, especially by deposit feeders and fish which ingest sofi sediments. 



Foraminiferid tests have been found in the digestive tract of the classes Polychaeta, 

Crustacea, Gastropoda, Asteroidea, Echinoidea and Holothuroidea (Mageau & 

Walker, 1976). Selective predation upon Foraminiferida is carried out by some 

decapods and shrimps, and predatory molluscs include various opisthobranch 

gastropods and scaphopods (Murray, 1973). Although Foraminiferida often pass 

through the gut of predators unharmed, some gastropods and scaphopods destroy 

the tests (Murray, 1973). The sand dollar AYe///7a quinquiesperforata selectively 

feeds on microeukaiyotes and bacteria attached to silt and clay (Findley & White, 

1983) and in the southwestern Pacific, penaeid prawns selectively prey upon 

Foraminiferida (Chong & Sasekumar, 1981; Moriarty & Barclay, 1981). 

Scaphopoda are also selective predators of Foraminiferida; Poon (1987) found that 

a species of Scaphopoda feeds preferentially on living Foraminiferida, especially 

Uvigerifia species in British Columbia; and Bilyard (1974) observed that 

Dentalium entale stimpsoni preferentially selects QuinquelocuUna species and 

Islandiella islatuiica (Nervang), consuming 2.4% of the annual standing crop. 

Parasitism occurs between some foraminiferid species; and nematodes bore holes 

into foraminiferid tests and are probably parasitic upon them (Murray, 1973). 

Burial of Foraminiferida may be caused by the activities of fish, especially rays, 

leading to death. It is also possible that red tides, caused by dinoflagellate blooms, 

may asphyxiate Foraminiferida, because when these organisms die they produce an 

anoxic mucilaginous layer on the sea bed. 

L6. G E O L O G I C A L IMPORTANCE O F FORAMINIFERroA. 

Fossilised Foraminiferida have been found fi-om the Cambrian period through to 

the Quaternary (Glaessner, 1963). The number of modem Foraminiferida 

occurring in earlier faunas decreases with increasing geological time and 

approaches zero in pre-Eocene sediments (Alve & Nagy, 1990). Most Recent 

species evolved in the middle or early Miocene and most Recent genera evolved in 

the late Cretaceous or early Tertiary (Douglas, 1979). Because of their extensive 



variability, abundance and rapid evolution Foraminiferida are excellent 

biostratigraphic indicators (Boltovskoy & Wright, 1976) and they have become 

important in oil exploration and micro-palaeontology, as well as in biostratigraphy 

and palaeoecology (Lee, 1990). Foraminiferida are used for the biostratigraphical 

correlation of borehole successions and have also been used to interpret ancient 

depositional environments (Phleger, 1964; Murray, 1980). Calcareous tests are 

well-preserved in sediments unless they become dissolved at the Carbonate 

Compensation Depth. Calcareous tests are universally distributed in marine 

sediments and may demonstrate test variabilty due to slight environmental 

differences (Myers, 1943). They have also been used to interpret the circulatory 

currents of oceans through time, ecological and zoogeographic problems and 

palaeoclimatic problems (Boltovskoy & Wright, 1976). Due to the small size of 

Foraminiferida, the interest fi'om the oil industry, and because they date from the 

Cambrian, this has resulted in more foraminiferid species being described than 

within any other group of Protozoa. Approximately 34,000 species have been 

described, of which 4,000 species are living today (Bock et a/., 1985). 

1.7. IMPORTANCE O F FORAMINIFERIDA TO T H E MARINE 

E C O S Y S T E M . 

On the ocean floor benthonic invertebrates are the primary consumers. Meiofauna 

(organisms less than 500 ^m) are generally interstitial and are composed of diverse 

animal phyla. Protists are important consumers of bacteria, and heterotrophic 

Protista have a ubiquitous distribution, ingesting a wide range of food types, and 

so at times, controlling algal and bacterial production (Capriulo, 1991). Marine 

Protozoa, by grazing on bacteria, phytoplankton and zooplankton form a critical 

link in the food web (Atlas & Bartha, 1981); and as members of many food chains 

they play a role in the ecology of a vast number of species (Mageau & Walker, 

1976; Atlas & Bartha, 1981). Protozoa are small organisms which have the 

potential for rapid growth, have a high metabolic rate and, therefore, a relatively 



small protozoan biomass may have a relatively large effect on element cycling 

(Fenchel, 1987). The heterotrophic utilisation of amino acids, lipids, glucose, 

silicate, phosphate and bicarbonate may put dissolved organic matter into a 

particulate form for other organisms (Newell, 1979). It appears that each 

meiofaunal species is specialised for food type, allowing large numbers of 

meiofauna to exploit the different nutrients available within an area. Detritivores 

are known to utilise different parts of the microbial community and may co-exist in 

high densities (Newell, 1979). 

Benthonic Foraminiferida are important members of the meiofauna, converting 

bacteria] and unicellular algal nutrients into a form which can be preyed upon by 

many phyla of other marine organisms and regenerate nutrients within the system. 

Benthonic Foraminiferida have been found to play a very important role in the 

cycling of organic matter in marine benthonic environments; Altenbach (1992) 

found that approximately 6-10% of the total organic flux arriving at the sediment 

surface (Kiel Bight and Norwegian Sea) was ingested by benthonic Foraminiferida. 

Foraminiferida are generally recognised as the major producers of calcium 

carbonate sediments in the worid's oceans (Muller, 1974). Calcitic "oozes" are 

found as sediments within the large oceans and are formed from the calcareous 

tests of Foraminiferida and coccolithophores. The incorporation of carbon dioxide 

into the calcium carbonate tests of Foraminiferida is an important sink for this gas. 

1.8. HISTORY O F FORAMINIFERAL STUDIES. 

According to Haynes (1981), Herodotus was the first person to describe fossil 

Foraminiferida from the pyramids of Egypt in the fifth century B.C. and, until 

d'Orbigny in 1826, the Foraminiferida were believed to be inorganic (Boltovskoy 

& Wright, 1976). Since d'Orbign^s initial classification many workers have 

collected and described species, and Loeblich & Tappan (1987) provide the most 

up-to date classification of this Order. Geologists recognised the importance of 



Foraminiferida for micropalaeontology, but until Murray's work (1965 {a}) linking 

the distribution of living Foraminiferida with environmental variables no work was 

carried out upon the quantitative distribution of living Foraminiferida. Following 

Murray's work many fellow geologists have linked the distribution of living 

Foraminiferida with the abiotic variables of the environment: with water depth, 

temperature, salinity and substratum characteristics, and, more recently, organic 

content being recorded. There has been no biological interest in living 

Foraminiferida until recently because, unlike most Protozoa, Forarainiferida are not 

medically important; nor are they pathogens or parasites of commerciaUy important 

fish or crustaceans. Biological interest is mainly centred on the culture of species in 

laboratories to understand the life-cycle of Foraminiferida. Although marine 

Foraminiferida show only a very small proportion of the population to be 

abnormal, some fossilised Foraminiferida show abnormalities in test morphology 

(Amai, 1955). Some living specimens produce test aberrances which have been 

correlated with salinity extremes (Almogi-Labin et ai, 1992) and to the presence 

of heavy metals (Alve, 1991; Sharifie/a/., 1991). 

1.9. AIMS O F T H E STUDY. 

The aims of this investigation are to study the changes in foraminiferid abundance 

at three sites throughout an annual cycle and to correlate these changes not only 

with the abiotic variables (temperature, salinity and sedimentary factors) but also 

with biotic factors (organic, bacterial and diatom content of the sediment and other 

meiofauna present). In order to investigate whether abnormalities of the test are 

caused by pollutants it is intended to culture Foraminiferida in the laboratory and 

expose the offspring to heavy metals in solution, and to extremes of salinity. The 

number of abnormal specimens in sediments fi*om the three sites sampled will also 

be recorded. In addition a smaU study upon Elphidium crispum (Linne) will be 

undertaken to try to establish the mechanism by which this species remains 

epifaunal. 



CHAPTER 2. 

SAMPLING & TAXONOMY. 

2.L INTRODUCTION. 

The quantitative sampling of Foraminiferida in each of three sites each month for a 

period of a year was undertaken. This section of the study describes the sampling 

technique, sampling sites and the processing of samples. The taxonomy of the 

foraminiferid fauna is also provided. 

2.2. SAMPLING D E V I C E . 

The type of sampling device for any study must be carefiilly chosen to meet the 

requirements of the investigation. Many grabs have been designed to sample the 

marine benthos, but few are suitable for the quantitative recovery of 

Foraminiferida. For this investigation a replica of a grab designed by W. G. Murray 

& J. W. Murray (1987) (referred to as the "Murray Grab"), specifically constructed 

for the quantitative recovery of subtidal marine benthonic Foraminiferida, was 

used. 

The flocculent layer at the sediment/water interface often contains a rich and 

delicate meiofaunal assemblage (Gooday, 1986; Murray, 1987) and most 

sampling devices disturb or lose part of this layer (Douglas et a/., 1980; 

Thiel, 1983; Eleftheriou & Holme, 1984; Gooday, 1986). The Murray Grab 

takes samples with minimal disruption and allows no winnowing of fine 

sediment by sealing the sample with a water-tight rubber seal. The grab 

collects the upper 1 cm of the sea bed in most sedimentary facies, although in 

soft muddy sediments a deeper section may be removed. 

A copy of the Murray Grab (constructed by Adrian Matthews; University of 

Plymouth Workshop) was slightly modified in that a twenty pound weight was 

added to aid triggering the device in rough weather. Samples were retrieved in 
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depths of water ranging from 1 m to 11 m in all weather conditions. The grab has 

been designed to sample only the upper I cm of substratum within a 10 cm by 

10 cm container, providing a good quantitative sample in most sediment types of 

100 cm^, excluding only pebbly sediments where foraminiferal abundance would be 

negligible due to high wave energy. The sample recovery varied slightly, however, 

with generally more sediment being recovered from the Drake's Island site 

(probably due to the extra weight added to the grab to aid triggering), resulting in 

more than 100 cm^ of sediment being taken from this substratum. 

This method of sampling allows direct comparison of foraminiferal abundance both 

temporally and geographically. The design of the grab is such that the fine 

proportion of the sediment is not lost, or "winnowed", from the sample container 

as it is winched up through the water column, unlike other grabs. This 

characteristic is invaluable to foraminiferal sampling, as particle sizes of 63 ^m and . 

above are analysed for foraminiferal content. It also allows a more accurate 

determination of sediment organic content, bacterial enumeration and 

identification, particle size and diatom identification than could be assessed using 

other grabs. 

Although Foraminiferida are more abundant within sediments than attached to 

plants (Lee, 1974) the proportions of the assemblage which are epiphytic or 

epilithic would be under-represented using the grab (Lutze & Thiel, 1989). Hedley 

(1958) reports that the stalked Haliphysema tummowiczii is common in the 

Plymouth area, but due to the nature of sampling for this study this 

epiphytic/epilithic taxa has not been encountered, although the collection of 

Miliolinella subrotunda (Montagu) which is elevated above the sediment surface 

by producing a tube (Altenbach et aL, 1993) was collected. Also, due to the drying 

of the sedmient, fragile organic testate forms would not be recognisable. The 

possible misidentification of soft-bodied "squatter" Foraminiferida in tests of other 

species (Moodley, 1990 {b}) may also over-represent some species, but as 



identification of Foraminiferida is carried out only with reference to the 

morphology of the test, this would be impossible to quantify. 

2.2.1. Testing the sampling device. 

The purpose of this part of the study was to examine the efl5ciency of the 

Murray Grab and to verify that sampling the upper 1 cm of sediment provides 

a representative sample of the foraminiferal assemblage as well as collecting 

the portion of the sediment which contains the highest numbers of living 

Foraminiferida. Species which may not be present, or under-represented, in 

such a sampling programme are identified. This part of the study was 

collaborative work carried out by Paul Castignetti and the author, and only 

the live taxa separated fi'om the sediment will be discussed in this Chapter. 

Appendix I contains the raw data. 

Various authors have determined from core data that foraminiferid species 

have well-defined depth habitats (see Kitazato, 1981, 1994; Gooday, 1986; 

Moodley, 1990 {a}; Buzas et a/., 1993; Corliss & van Weering, 1993; Hunt 

& Corliss, 1993; Jorissen et a/., 1992; Rathbum & Coriiss, 1994). To 

ascertain the depth to which Foraminiferida were living in the sample area 

nine cores were taken by diver (Rod Jones: Institute of Marine Studies, 

University of Plymouth). DifiFerent sedimentary facies often contain different 

foraminiferal assemblages (Boltovskoy & Wright, 1976) and, therefore, six 

areas of different sedimentary facies were cored for analysis. The positions of 

the core localities are shown in Figure 2.1. The samples ranged from low-

energy areas characterised by muddy sediments, to areas of high-energy 

characterised by shell gravels. It is believed that sediment particle size is a 

very important factor influencing foraminiferal species distribution on and in 

the sediment, as it may influence chemical parameters within the habitat, such 
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as oxygen, organic content, pH and Eh (Boltovskoy & Wright, 1976; 

Murray, 1991). 

2.2.2. Materials & Methods. 

Staining of previously-fi-ozen Foraminiferida with the protoplasmic stain Rose 

Bengal was tested by fi-eezing Foraminiferida for 48 hours, thawing and 

staining, after which the foraminiferal protoplasm was found to accept the 

stain in the way characteristic for each species. 

Nine cores were taken on six sites, although the data fi-om three cores were 

not used due to very low abundance of stained Foraminiferida. This study 

comprised a relatively small number of samples as it was designed to evaluate 

the Murray grab within different sedimentary facies. Four cores of 48 cm 

length and 4.4 cm diameter were taken by diver (Rod Jones; Institute of 

Marine Studies, University of Plymouth) in June, 1994 fi-om the areas of 

Withyhedge Beacon, Drake's Island, Bam Pool and Queen's Ground 

(Fig. 2.1.). Five cores of 48 cm length and 4.4 cm diameter were taken by 

diver (Rod Jones; Institute of Marine Studies, University of Plymouth) in 

April 1995 in the areas of Withyhedge Beacon, Drake's Island, Bam Pool, 

Melampus Beacon and the Breakwater. Because of poor weather conditions, 

the Queen's Ground core could not be repeated and was replaced by the core 

fi-om Melampus Beacon and an additional sample was taken inside the 

Breakwater. The first set of cores was taken in 1994 and the second set in 

1995 to allow for inter-armual variations within the foraminiferal 

assemblages. Core recovery was variable ranging between 18 cm and 48 cm 

of sediment. The cores were sealed on the sea bed and kept in an upright 

position until fi-eezing in the laboratory. The frozen cores were then 

sectioned. The topmost 1 cm of the core formed section 1, the next 2 cm 

section 2, three fiirther lengths, each of 5 cm, became sections 5a, 5b, and 5c. 
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The remainder of each core was divided into 10 cm lengths, as sections 10a, 

10b, and 10c. Cores were taken fi-om the sediment/water interface 

downwards; in cases of poor recovery the lower part of the sediment column 

was not retrieved. 

r 

DrcAe's Wand 
Bcm Pool 

Metampm Beocon 

sGnxjnd 

Figure 2.1: Localities of sample sites for cores. 

When thawed, the separated fractions were individually wet-sieved over a 

63 ^im sieve and flooded with Rose Bengal at a concentration of Ig per litre 

of distilled water (Walton, 1952) for a period of 20 minutes. The excess Rose 

Bengal solution was rinsed from the samples which were then dried 

thoroughly in an oven at 60*C. Foraminiferida were separated from the 

sediment by flotation with carbon tetrachloride (specific gravity 1.56). Each 

fraction from each core was then analysed for Foraminiferida. Foraminiferal 

protoplasm stains in a manner characteristic to each species (for example, the 

ultimate and penultimate chambers of Ammonia bataviis {Hoflcer}) and those 

specimens which accepted the stain in the typical way were assumed to be 

living at the time of sampling. Tests which did not accept the stain were 
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presumed to be dead at the time of sampling. All stained/living specimens 

were picked from the core fractions and form the data set. 

The upper 1 cm section in all cores provided a volume of 15.2 cm^. 

Foraminiferal numbers in all sections of each core were divided by the length 

of the section to standardise living abundance with volume. Cores of low 

living abundance {Le. less than 20 individuals per core) were discounted. 

2.2.3. Results. 

Description of the cores 

The mean particle size of each sample through each core remained reasonably 

constant (Appendix I). 

The Breakwater core was dominated by silt and clay, with only minor 

amounts of very fine sand. The core was structureless with little change in 

colour or sediment type observed throughout its length. The Breakwater site 

represented possibly the lowest-energy environment within Plymouth Sound. 

The Bam Pool cores exhibited a distinctive medium-brown silt and clay 

portion in the upper I cm, representing the depth of the oxidised sediment. 

Below this, the remainder of the core was of black fine sand, silt, clay, and to 

a lesser extent, pebbles and shell fi-agments. It is thought that the Bam Pool 

site was subject to low current activity interspersed by brief periods of tidal 

scour. 

The Withyhedge Beacon cores were characterised by poorly-sorted medium-

grained sand, silt and clay, representative of low to moderate energy levels. 

The cores displayed a light brown silty section in the upper 1 cm, 

representing the oxidised sediment. Below the uppermost 1 cm, the sediment 
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of sand, silt and clay became very dark brown to charcoal-grey. The section 

between 17 cm and 29 cm of the core retrieved on the 30th June 1994 

exhibited sediment of a slightly lighter colour than that above or below it. 

Both cores from this site exhibited subtle variability (slightly mottled 

appearance) of sediment type and colour throughout their length. 

The Drake's Island cores consisted of medium-grained well-sorted sands. The 

upper 2 cm consisted of fine/medium clean grey sand, followed by light 

brown sand with small amounts of silt, grading into a sand which contained a 

greater proportion of silt and became dark grey. This well-sorted sediment is 

thought to be representative of moderate to high energy conditions. 

The Melampus Beacon core consisted of medium to coarse well-sorted 

sands; pale grey at the surface and gradually becoming darker down the core. 

This deposit is believed to represent high-energy conditions. 

The Queen's Ground core consisted of medium/coarse sand to fine shell 

gravel. The core was very uniform in composition, except for a slight fining 

in particle size down the core. It is thought to be representative of a very 

high-energy environment. 

AbmuieDJce of Foraminifehda 

All the cores with the exception of Withyhedge Beacon contained 

disappointingly low numbers of live Foraminiferida. Six cores contained 

suflBcient live Foraminiferida for analysis, three from the 30th June 1994 and 

three from 6th April 1995. Figure 2.2 and Figure 2.3 show that all but one of 

the cores (Withyhedge Beacon; April, 1995) yielded the highest living 

foraminiferal densities within the top 1 cm. 
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The cores of relatively low-energy muds (Bam Pool) showed a sharp decline 

of live foraminiferal densities down the core; 61% and 67% of all 

Foraminiferida occurred within the top I cm; 84% and 67% within the 

uppermost 3 cm. The cores from higher-energy environments (Drake's Island 

and (Jueen's Ground) showed a more gradual reduction in foraminiferal 

densities: 25% and 29% of all stained Foraminiferida occurred within the top 

I cm, and 63% and 64% occurred within the upper 3 cm. Cores of low to 

moderate energy (Withyhedge Beacon) showed a foraminiferal density of 

56% (June, 1994) and 6% (April, 1995) within the top 1 cm. Both cores from 

Withyhedge Beacon exhibited unusually high densities (33% and 73% 

respectively) of live Foraminiferida in the combined 5c and lOa sections of 

the core (which correspond to 13 cm to 28 cm depth). 

Test type 

Foraminiferida were sub-divided into categories on the basis of test type. 

Figures 2.2 and 2.3 show that hyaline taxa were most abundant dominating 

all sections of all cores except the Queen's Ground core, which was 

dominated by agglutinated taxa in the upper 1 cm and by porcellaneous taxa 

in section 2 (2 cm and 3 cm). The hyaline taxa described the pattern of 

distribution of stained Foraminiferida in all other cores except that from 

Drake's Island (Figure 2.3), where agglutinated taxa were significant from 

section 2 (2 cm and 3 cm) onwards. The Bam Pool core of 1994 had a low 

abundance of porcellaneous specimens compared to that sampled in 1995, 

whilst Withyhedge cores from both years were dominated by hyaline taxa 

(especially amongst the separate group of live specimens at depth). The total 

live assemblages in the cores examined ranged from 4 to 236 specimens per 

core and were composed of 59 species. 
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Figure 2.2: Abundance and test type of live Foraminiferida (adjusted 
for volume) from cores in 1994. 

16 



1 11 

1 
1 

r 

a e r a P a a l : 1 11 

1 
1 A | ( taiai I t 4 

J 
I . 1 < m > < B l t < a I l i K j f . 

B t r I k 

i 

D * p I k 

I 

D t p I k 

W l l k ) k t d | t ; l l f l 

C3 

C 3 H » i i u i 

1 I < • 

B • r I k 

Figure 2.3: Abundance and test type of live Foraminiferida (adjusted 
for volume) from cores in 1995. 
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Species at depth 

The Withyhedge cores of both years revealed a group of live Foraminiferida living 

at depth at this site The live/stained Foraminiferida were mostly composed of 

hyaline taxa In 1994 the species living at depth, in decreasing order, were 

Elphidium crispum. Ammonia batavus, Nonion depresstilus, Glohulifui gibba, 

Brizalma spathulata, Bulimina elegantissima, Eggerelloides scabrum, 

Quinqueloctilina oblonga and Fissnrma luada, whilst those in 1995 were 

Ammonia batavus, Nonion depressulus, Elphidium crispum, Fissurina lucida, 

Eggerelloides scahmm, Lagena c/ovw/a, Bulimina elegantissima and 

Ouinqueloculina oblonga The Elphtdium cnspum at 1 cm depth and at 18 and 

28 cm depth were analysed for size to examine i f these groups living at different 

depths were ontogenetically dissimilar 

Elphidium crispum, Withyhedge, 1994 

30 

10 I J I I I L 
m 

• lO. 

150-JOO 30M50 4 ? ! ^ 601-750 7?l-900 901-1050 1051-1200 1201-1350 
Size range (^m) 

Figure 2.4: Comparison of size ranges of Elphidium crispum from 
Withyhedge core 1994 living at different depths. 

Elphidium crispum, Withyhedge, 1995 

I m : 
150-300 301-150 451-600 601-750 751-900 901-1050 1051-1200 

10a 

Size range (^m) 

Figure 2.5: Comparison of size ranges of Elphidium crispum from 
Withyhedge core 1995 living at different depths. 
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From Figure 2.4 it can be seen that the large number of Elphidium crisptim at 

these depths produces normally distributed abundances of the groups of live 

adult specimens in 1994. At 1 cm depth, Elphidhim crispiim is of all size 

ranges and peaks in the size range of 601 ^m to 750 ^im, as do the Elphidium 

crispum at 28 cm depth (10a), whilst the Elphidium crispum at 18 cm (5c) 

peak in the size range of 751 pm to 900 ̂ m. 

From Figure 2.5 it can be seen that the Elphidium crispum collected in 1995 

are fewer in number and do not form normally distributed patterns of 

abundance of adult specimens. The numbers of specimens at 1 cm are very 

few in this core, numbering only 1 specimen in each of the size ranges of 

751-900 nm, 901-1050 ^im and 1051-1200 jim. Few specimens were found 

at 18 cm depth (5c); 1 in the size range 751-900 |im, 2 in the size range 901-

1050 Jim and 1 in the size range 1051-1200 jim. More specimens were found 

at depth of 28 cm (10a); 1 in the size range of 301-450 ^m, whilst most were 

mature and peak in the size ranges above 601 jim. 

2.2.4. Discussion. 

Foraminiferal contamination from surface layers (surface sediment being 

trapped on the inside of the core tube particularly near the aluminium collar at 

the base of the core tubes) is believed to have occurred because of the 

presence of small amounts of oxidised surface sediment close to the base of 

the core tubes, but this is not thought to have significantly affected the 

results. 

Although the cores were retrieved from the relatively small area of Plymouth 

Sound, all the cores contained different foraminiferal assemblages. The live 

assemblage was generally dominated by hyaline taxa. The distribution 

patterns of live Foraminiferida within the cores are correlated to sedimentary 
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fades. Particle size and sorting of the sediment probably alters the depth of 

oxygenation of the sediment and the chemical parameters of sediments. The 

lower energy facies (those dominated by silt and clay) undoubtedly have 

different chemical characteristics from sandy facies. It seems reasonable that 

the amount of oxygen and available food should strongly affect species 

distribution throughout the sediment (Jorissen, et a/., 1992). Muddy 

sediments exhibited very high numbers of live Foraminiferida within the 

uppermost centimetre which declined sharply with depth, and this is in 

agreement with numerous other studies (see Gooday, 1986; Jorissen e/ a/., 

1992; Castignetti, 1996). The gradual decline of living Foraminiferida down 

the cores of sandy sediments may be associated with the greater availability 

of food and oxygen throughout this type of sediment (due to increased 

permeabilities). Sandy sediments also represent more dynamic environments 

and Foraminiferida may be prone to burial in such sediments. 

Cores from Withyhedge Beacon showed an unusual vertical distribution of 

live Foraminiferida, mainly due to Elphidhim crisptim occurring in large 

numbers at depth. Both cores (taken at an interval of nearly one year) showed 

57% and 7% of living Foraminiferida within the uppermost centimetre 

respectively, and 33% and 73% of living Foraminiferida at 13 cm to 28 cm 

depth, whereas other sections of the cores contained very few live specimens. 

Most species were more abundant within this lower section of sediment than 

they were at the surface irrespective of their morphology. Elphidium crispitm 

has a typical epifaunal morphology (Severin, 1983; Corliss & Chen, 1988; 

Corliss & Fois, 1991) and its well-documented harbouring of algal 

chloroplasts (Leutenegger, 1984; Lee et a/., 1988; Lee & Lee, 1989; U e & 

Anderson, 1991) also suggests an epifaunal mode of life. Both cores were 

dominated by three species between 13 cm to 28 cm: the normally epifaunal 

Elphidium crispnm; the infaunal Nonion depressuhis (Murray, 1991) and the 

infaunal Ammonia batavus (Murray, 1991). Other live species within this 
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zone were Brizalifia spathulata (Williamson), Bulimina gibba (Fomasini), 

Bulimimlla elegantissima (d'Orbigny) and Fissurina lucida (Williamson). 

Rathbum & Coriiss (1994) identify an organic oxygen-rich zone at 15 cm 

depth which supports a live assemblage of Foraminiferida. This zone was 

associated v^th turbidite activity. Radio isotope data (Castignetti, 

unpublished data) suggest that sediment mixing through storms, bioturbation 

and other disturbance only extends down to a possible maximum of 17 cm in 

this area. Contamination through the coring process could not account for 

such large numbers of these live species and others present at depth. 

Subsurface reproduction of Foraminiferida has been documented to occur at 

3 mm depth (Frankel, 1972) and although specimens of the most abundant 

taxa were composed ahnost entirely of adults, it seems unlikely that the deep 

occurrence of live Foraminiferida within the sediment was due to 

reproductive activities. Subsurface Elphidium crispum from both Withyhedge 

cores show less size range variation than surface specimens. Deep sections of 

core contained mainly adults with few juveniles in the 1994 core and only 

adults in the 1995 core (Figures 2.4 and 2.5) which excludes the possibility 

that this is a reproductive strategy. Analysis of meteorological data has 

revealed that there were no exceptional wind or rain conditions prior to the 

sampling date, so potential burial by storm activity has been discounted. The 

observation by Pahner & Molloy (1986) that storm activity and increased 

flow rates caused Foraminiferida to vertically migrate is not appropriate as 

these phenomena were not present. These deep sub-surface occurrences of 

Foraminiferida were observed at the same depth and locality on subsequent 

years; it is speculated that these species perhaps colonised this portion of the 

sediment to access food, or that this section of sediment may be less heavily 

predated than the surface sediment and the Foraminiferida subject to less 

intraspecific competition. Foraminiferal life positions probably vary with 

environmental conditions and time (Jorissen, et a/., 1992; Buzas et ai, 1993; 

Alve & Bernard, 1995) and fijrther research is required to establish if this 
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assemblage in d^p sediments persists at the depth found throughout an 

annual cycle. Foraminiferida living deep within the sediment have been 

documented by numerous workers (Corliss, 1985; Moodley & Hess, 1992; 

Corliss & van Weering, 1993; Murray, 1992), although the dominant species 

within the 13 cm to 28 cm zone {Elphidiiim crispum) has not previously been 

recorded as having a deeply infaunal habit. 

Localities for which two cores were retrieved in different years revealed that 

foraminiferal distribution within the sediment exhibits moderate inter-annual 

variation but are reasonably consistent. The eflRciency of the Murray Grab to 

retrieve a significant and representative part of the living foraminiferal 

assemblage by sampling the top 1 cm of the sediment is evaluated. Samples 

collected by this method are representative of the total live assemblage within 

muddy sediments, but less representative of the live assemblage within sandy 

sediments: a deeper section of 3 cm depth would be advantageous in sandy 

sediments, as porcellaneous forms may be under-represented (these forms 

exhibited their highest abundance within the 2 cm and 3 cm zones). 

Numerical abundance and biomass may be significantly under-estimated in 

areas of sandy and gravelly sediments by sampling the uppermost I cm. 

Although deep infaunal species may be under-represented as a result of 

sampling the top I cm, live species which commonly occurred in the 

subsurface sections were also present in the top 1 cm: hence a proportion of 

species assumed to be deeply infaunal were represented at the surface. 

Foraminiferal species sampled by the Murray Grab and the cores were 

generally found to be comparable; and almost all species collected fi-om the 

cores are represented in the Murray Grab samples. 
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2.3. COLLECTION OF FORAMINIFERroA. 

The substrata of the sites of this study were all composed of soft sediments and 

were subtidal. Monthly sediment samples were taken from each site (August, 1993 

to July, 1994) and investigated for their foraminiferal content. The assemblage 

from each site each month was recorded to form the basis of this investigation. 

Because the physico-chemical environments around the sediment-water interface 

vary, micro-habitats are created (Kitazato, 1994), and it is important to accurately 

pin-point stations for analysis of temporal variation in species composition. A 

clumped pattern of distribution is typical of most micro-environments (Boltovskoy, 

1964) and may affect temporal abundance in collections from a site. Sextant 

readings were attempted but were dismissed as being inaccurate and time-

consuming. Global Positioning System (GPS) was not available on board the 

Research Vessel Sepia (which would allow accuracy of the station position within 

1 -2 m) and the positions of the sampling stations were determined by a 

combination of DECCA readings and the positions of land-based features assessed 

by Mike Williams {Sepia Captain), which it is believed, was fairly accurate. 

Table 2.1: DECCA values for each site position 
1 Site Green Purple 1 

Cawsand Bay C36.6 8 61.7 
Drake's Island C31.8 B65.0 
White Patch B47.1 B61.3 

The Murray Grab was deployed from the Marine Biological Association Research 

Vessel Sepia by Pete Rendle (Sepia crew) every month at each site, usually at high 

tide. Upon collection, the sediment was placed into plastic containers in the ratio of 

approximately 20% sediment, 60% sea water and 20% air (Lee, 1974; Anderson ei 

ai, 1991) and placed into a cool box. The site locations are given in Figure 2.6. 
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2.4. PROCESSING OF SAMPLES. 

Staining of the protoplasm 

Upon return to the laboratory, the recovered sediment was placed into a 63 ^m 

Endacott sieve and the proportion of the sediment smaller than 63 ^m was rinsed 

from the sample with tap water. The use of a protoplasmic stain allows 

differentiation between specimens which were living at the time of collection and 

empty tests. Removal of the fine portion of the sediment is necessary to allow free 

movement of the protoplasmic stain through the sediment. The sample was placed 

into a glass finger bowl and flooded with Rose Bengal solution of a concentration 

of 1 g per litre of distilled water (Walton, 1952) and stirred with a glass rod so that 

the protoplasmic stain would access all Uving organisms within the sediment. The 

sample was saturated with the Rose Bengal solution for twenty minutes to be 

certain that foraminiferal protoplasm was adequately stained. The sediment was 

returned to the 63 ^m Endacott sieve and excess Rose Bengal solution was rinsed 

from the sediment with tap water until the water ran clear. The sample was placed 

into a dry-tared glass finger bowl and placed into a 60°C oven until thoroughly dry. 

Sample splitting 

The dry sample was weighed upon a Mettler (P C. 4400) pan balance. The 

sediment was poured on to a sheet of clean paper so that it formed a cone of 

sediment (Ingram, 1971). This method is a simple way to prevent particle 

separation on the basis of size. The cone of sediment was split into quarter samples 

with a palette knife and one quarter was removed and weighed. This quarter 

sample was analysed for Foraminiferida and the remaining three quarters of the 

sediment retained. I f the quarter sample yielded too few specimens, then a second 

sample was analysed similarly. 
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Table 2.2: Weights of sediment and fraction of the grab sample analysed for 
foraminiferal content 
Month Cawsand Bay: Drake's Island: White Patch: 

fraction (e) fraction (fi) fraction 
August, 1993 28.6 72.9 39.7 VA 
Sepiember, 1993 69.9 VA 77.0 52.8 VA 
October. 1993 36.7 VA 171.0 all 45.0 VA 
November, 1993 83.8 14 74.1 37.6 VA 
December, 1993 83.3 all 65.6 aU 43.0 '/2 
January, 1994 50.7 Vi 126.5 all 42.7 VA 
Febniao', 1994 70.7 48.2 aU 41.6 VA 
March, 1994 53.8 VA 97.6 all 47.5 V2 
April, 1994 56.6 70.5 aU 127.0 all 
May, 1994 126.2 VA 91.5 all 202.6 Vz 
June, 1994 146.3 aU 59.2 all 48.8 Vi 
July, 1994 138.3 all 111.4 aU 41.3 VA 

Flotation of Foraminiferida 

The quarter-grab sample of dry sediment was placed into a glass beaker in a fume 

cupboard. Carbon tetrachloride was added to the sample and stirred with a glass 

rod so that this "heavy liquid" (specific gravity 1.56) could access all parts of the 

sediment. The use of carbon tetrachloride (and other heavy liquids) facilitates the 

examination and removal of organisms from the sediment. Heavy liquids cause 

organisms with air-filled spaces (/.e. chambers) or organisms with a high surface 

area to volume ratio (most meiofauna) to float upon the surface of the liquid. The 

resultant "float" is decanted off on to a piece of Whatman No, 1 filter paper held 

inside a funnel. The process is repeated until no objects are observed floating on 

the surface of the carbon tetrachloride. The resultant Foraminiferida-rich "float" 

and the residue are left in the fume cupboard until the carbon tetrachloride has fully 

evaporated from the samples. 

Residues of yoat" 

Residues were examined to see i f some species were selectively not floated by this 

method. Residues from the August samples (when foraminiferal abundance was 

generally high and floating technique unfamiliar) were examined. 
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Table 2.3: Specimens of stained Foraminiferida not separated from the 
sediment by floatation from the quarter grab sample of August, 1993 from 

Species >63 > 125 >250 >500 >1000 
lim fim fim tun 

Hemisphaerammina bradyii Lod)lich & Tappao 1 
Comuspirella diffusa (Heron-Allen & Earland) 1 
Quinqueloculina lata Terquem 1 
Havnesina germanica (Ehrenberg) 2 
Nofiion depressuius (Walker & Jacob) 1 
Elphidium crispum (Linn^) 2 2 

Table 2.4: Specimens of stained Foraminiferida not separated from the 
sediment by floatation from the quarter grab sample of August, 1993 from 
White Patch. 

Species >63 >125 >2S0 >500 >1000 
pm urn pm pm 

Oolina laevigata d'Oitrigny 1 
Haynesina gennanica (Ehrenberg) I 

All foraminiferid specimens were separated by the floating technique at Drake's 

Island. Only 12 specimens of seven species were found in the residues from both 

Cawsand Bay and White Patch, indicating that the omission of these specimens is 

not species-specific. However, eight of the specimens from the residues are 

planispiral in form, perhaps indicating that planispiral forms are more likely to be 

omitted from the floats examined. The number of stained specimens not floated 

appears to reflect the particle size of the sediment from each of the sites; the fine 

sand residue of Cawsand Bay held ten of the twelve specimens not floated, the 

pooriy-sorted residue of White Patch held the other two specimens not floated, 

whilst the medium sand residue of Drake's Island contained no stained 

Foraminiferida. Considering that the float from Cawsand Bay for August, 1993 

contained 718 stained specimens and the quarter grab sample from White Patch for 

August, 1993 contained 989 stained specimens only 1.4% and 0.2% of the 

foraminiferal assemblages respectively failed to be separated from the sediments. It 

is also believed that the floating technique improved with usage. 
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"Picking" of specimens 

The "float" was sieved over Endacott sieves of apertures 63 ^m, 125 ^m, 250 ^m, 

500 ^m and 1000 ^m. The total number of stained/living Foraminiferida from each 

sieve fraction were removed from the rest of the material with a fine sable brush 

(0000) and mounted on to micropalaeontology slides with a solution of Gloy glue. 

A collection of 301 Foraminiferida from a sample is believed to provide sufficient 

accuracy for most quantitative examinations and is widely used by 

foraminiferologists both in academia and industry. Counts of more than 300 

individuals have not normally been used in studies as the accuracy of percentage 

determination becomes asymptotic (Martin & Liddell, 1989). I f the quarter-grab 

sample yielded less than 301 specimens a fijrther fraction of the grab sample was 

floated and picked. This system of combining a fraction of the grab sample {i.e. a 

known area) and the 301-count is preferable to the 301-count alone as rare species 

are more likely to be encountered due to a higher number of specimens picked and 

also by relating back to the original area of sea bed examined. This allows the 

standing crop or absolute abundance of Foraminiferida per grab sample to be 

calculated. 

2.5. SAMPLING SITE DESCRIPTIONS. 

2.5.1. P L Y M O U T H SOUND. 

Plymouth Sound is a bay which has been used as an important naval and fishing 

port for many centuries. To protect shipping at anchor from storms, a breakwater 

was built by French prisoners of war in the early 1880s. The Breakwater serves to 

protect shipping in the way intended and also serves to isolate the body of water 

enclosed by it until this is flushed from the area by tidal activity. Plymouth Sound is 

a ria which has been substantially sedimented so that the general depth is 7-10m 

(Goard, 1975). The Sound is dominated by the River Tamar on the west which 

discharges down the Drake Channel (which is up to 38m deep, shallowing to 
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10.6 m at the end of Smeaton Pass and is kept clear by strong tidal scour). From 

Figure 2.6 it can be seen that tidal water enters Plymouth Sound through the 

western channel and exits through the eastern channel. Most of the fluvial waters 

are lost through the eastern channel. The Sound is a catchment area for fresh water 

input from two rivers: the River Tamar (which separates Devon from Cornwall) 

and the River Plym. The Plym, from the east, is relatively small and contributes 

little by way of volume but can be quite rich in clays, notably kaolinite (Goard, 

1975). The Tamar has much more effect, being a substantial river flowing from 

west Dartmoor; it is tidal for 31 km. The total catchment area of the Tamar and its 

two tributaries of Lynher and Tavy is 1.5 x 10^ m^: the three rivers flow over 

Devonian and Carboniferous rocks, with the Tavy rising among the peat bogs 

overiying the Dartmoor granite (Butler & Tibbitts, 1972). There is little exchange 

of water between the Atlantic Ocean and the shelf̂  except as a result of southeriy 

gales or as compensation currents replacing losses (Murray, 1973). The fauna and 

flora of the Sound, in their general nature, are marine rather than estuarine and 

although the quantity of fresh water absorbed by the Sound from the two estuaries 

and the city sewers is significant and may produce visible effects, the influence on 

the fauna is evidently not great (Marine Biological Association, 1957). 

2.5.2. CAWSAND BAY. 

Cawsand Bay is a well-sheltered inshore shallow bay lying off the village of 

Cawsand in Cornwall which has rocks bordering the northern and southern 

margins of the bay. The sediment at this site consists of fine sand, indicating the 

degree of disturbance of the sediment by currents and/or storms. Before the 

construction of the Breakwater to protect shipping lying within Plymouth Sound 

Cawsand Bay was used as a natural haven for large ships. Being sheltered from the 

south-west, it is protected from the most violent and frequent gales, and is only 

visited by heavy seas during gales from the east (Marine Biological Association, 

1957). This site lies outside of the Breakwater and has less fresh water input than 
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Plymouth Sound. This site is consequently more marine than the other two sites 

sampled within the Sound. 

2.5.3. DRAKE'S ISLAND. 

Drake's Island is a small island at the mouth of the Hamoaze Estuary of the River 

Tamar. This area is affected by strong tidal currents, whilst being sheltered from 

the south-west, and hence not exposed to the most violent wave action (Marine 

Biological Association, 1957). The Tamar exerts great influence upon this site 

carrying fresh water and nutrients to it. Raw sewage is discharged from more than 

forty outlets on Plymouth Hoe, providing a high organic input. A Zostera (sea 

grass) bed occurs on the north side of the Island on the west side of the pier 

(Marine Biological Association, 1957), and although the sample site lies on the 

eastern side of the pier some Zostera was recovered. 

2.5.4. W H I T E PATCH. 

White Patch is an area lying off Jennycliff Bay close under Staddon Heights off 

Rams Cliff Point. This site faces north-north-west and is therefore protected from 

the prevailing southwesterly winds; this protection is greatly enhanced by the 

Breakwater (Thomson, 1979). Tidal streams flood from the southwesterly end of 

the site to the north, and ebb in the opposite direction and this site is generally an 

area of deposition of sediment; the major sources being the rivers Plym and Tamar 

(Thomson, 1979). The change of pH as fresh water becomes mixed with more 

alkaline sea water will precipitate nutrients into particulate forms at this site. White 

Patch is so called because the Plym carries clay into the area making the sediment 

visibly paler than at other sites. A narrow (approximately 50 cm) reef lies off this 

area, separating the eastern shipping channel from White Patch. The Navy 

regularly dredges the eastern channel of the Sound from Smeaton's Pass to the 
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eastern passage of the Breakwater, although dredging does not occur between the 

reef and the sampling site. 

Cawsand Bay 

,W Drake's Island 

White Patch 

4 Km 

Figure 2,6: Sample site locality map showing major currents. 
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2.6. TAXONOMY OF FORAMINIFERrDA. 

The suprageneric taxonomy for this section is based upon Loeblich and 

Tappan (1987). Identification of species was carried out with reference to 

Murray (1971 {a}; 1979 {a}), Haynes (1973) and with direct reference to the 

Heron-Allen and Earland Collection (British Museum of Natural History: 

London). These publications have been used as the recommended sources for 

illustrations of the species; in cases where the publications do not contain 

illustrations of species found in the course of this study, Plate 1 is provided at 

the end of this Chapter. Reference lists and synonymies fi-om these 

publications have been reproduced here, together with a diagnosis of each 

species. Reference to Murray (1991) allows discrimination between 

Foraminiferida of dififerent life positions and feeding strategies. 

The uptake of the protoplasmic stain Rose Bengal was used to differentiate 

between live and dead specimens at the time of collection. The use of any 

stain can be problematic, due to the visible stain colouring not only 

foraminiferid protoplasm, but also that of bacteria and of the organic linings 

of the test. Diflferent species accept staining differently (Douglas, 1979) and 

the staining characteristics for each species have been detailed below and 

used to discriminate between live and recently dead, or contaminated, tests. 

The data for live species collected each month for a period of a year are 

contained in Appendix U. 

31 



Phylum PROTOZOA 
Qass RmZOPODEA 

Subclass GRANULORETICULOSIA 
Order FORAMIMFERTOA Eichwald, 1930 

Suborder TEXTULARIINA Delage & Herouard, 1896 
Superfamily ASTRORHIZACEA Brad)', 1881 

Family PSAMMOSPHAERIDAE Haeckel, 1894 
Subfamilj' PSAMMOSPHAERINAE Haeckel, 1894 

Genus PSAMMOSPHAERA Schultze, 1875 
Psammosphaera bowmani Heron-Allen and Eartand 

Plate 1, Figure 1. 

1912 Psammosphaera bowmani Heron-Allen & Earland, pi. 5, figs 5-6. 

Diagnosis 
A Psammosphaera with a unilocular test which is irregularly spherical and coarsely 
agglutinated The aperture is simple, rounded and terminal. 

Remarks 
All specimens collected had some translucent mica in the composition of the wall; often a 
rehitively large micaceous plate n-as present The red stain of Rose Bengal could be seen 
through the micaceous plates, possibly indicating that this species harbours chloroplasts 
beneath the micaceous "windows", or has a symbiotic relationship with contained 
unicellular algae. 

Family SACCAMMINIDAE Brad>', 1884 
Subfamily SACCAMMININAE Brady, 1884 
Genus LAGENAMMINA Rhumbler, 1911 

Lagenammina arenulata (Skinner) 
Recommended source for illustration: Ha>'nes, 1973, pi. 2, fig. 17. 

1884 Reophax diJjfJugiformisBTzdy, p. 289, pi. 30, fig. 5. 
1918 Proteonina dijjlugiformis (Brady): Cushman, p. 47, pi. 21, figs 1, 2. 
1952 Proteonina atlantica Parker, p. 393, pi. 1, fig. 2. 
1961 Reophax dijjlugiformis Brady subspec arenulata Skinner, p. 1239. 
1973 Lagenammina arenulata (Skinner): Haynes, p. 19, pi. 2, fig. 17; pi. 8, fig. 12; 

text-fig. 3, nos 1-3. 

Diagnosis 
An irregularly flask-shaped species of Lagenammina with a simple, rounded terminal 
aperture borne on a short neck. 

Remarks 
A ver>' rare species from the sites sampled in this stud>'. Staining occurs within the 
aperture. It is believed that this species is an infaunal detritivore. 

Family SACCAMMINIDAE Brad)', 1884 
Subfamily SACCAMMININAE Brad>', 1884 

Genus TECHNITELLA Norman, 1878 
TechniieUa teivyense Haynes 

Recommended source for illustration: Ha>7ies, 1973, pi. 1, figs 1-2, 4. 

1973 Technitella teivyense Haynes, p. 17, pi. 1, figs 1-4. 

Diagnosis 
This species of Technitella has a unilocular test rising from an encrusting base which is 
roughly c>'lindrical. The test is composed of fr^ monaxon sponge spicule arranged at 
appro.ximately 45** to the axis of growth. The aperture is relatively large, rounded and 
simple. 
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Remarks 
The test has a bushy appearance and staining occurs throughout the structure. 

Family HEMISPHAERAMMINIDAE LoebUch & Tappan, 1961 
Subfamily HEMISPHAERAMMININAE Loeblich & Tappan, 1961 

Genus HEMISPHAERAMMINA Uxbhch & Tappan, 1957 
Hemisphaerammma bradyi Loeblicb & Tappan 

Recommended source for illustration: Haynes, 1973, pi. 6, figs 1, 2. 

1884 Webbina hemispehca Brad>', p. 350, pi. 41, fig. 11. 
1957 Hemisphaerammma bradyi Loeblich & Tappan, p. 224, pi. 72, fig, 2a, b. 

Diagnosis 
A smooth species of fiemisphaerammina which is hemispherical and always occurs 
attached to a piece of quartz. 

Remarks 
This species stains throughout the test. Sometimes when dried the test becomes 
compressed and buckled. There is some confiision as to whether this species is a 
foraminiferid; some similar organisms have been identified as gastroptxl egg cases. No 
aperture is visible although it may occur as fine pores. This species is belie\'ed to be an 
epifaunal herbivore. 

Superfamily HORMOSINACEA Haeckel, 1894 
Family HORMOSINIDAE Haeckel, 1894 

Subfamily REOPHACINAE Cushman, 1910. 
Genus REOPHAX de Montfort, 1808 

Reophax scotdi Chaster 
Recommended source for illustration: Murray, 1971 {a}, pi. 1, figs 6-9. 

1892 Reophax scottii Chaster, Appendix 57, pi. 1, fig. 1. 

Diagnosis 
A delicate and fi^gile species of Reophax. Up to twelve cow-bell-shaped chambers 
composed of o\'erlapping mica flakes. The aperture is simple, rounded and terminal. 

Remarks 
This species is flexible at the deeply-incised sutures and easily broken. The chambers are 
often iridescent. Staining typically occurs in all chambers in approximately three-quarters 
of the volume of each chamber. Generally whole specimens are rare and onl>' fragments 
remain. Representatives of this species in sieve-fi^ons are therefore often not truly of the 
size analysed and may o\'er-represent the true numbers present within the sample. Li\Tng 
members of this species are believed to be infounal detritivores. 

Superfamily LITUOLACEA de Blainville, 1827 
Family HAPL0PHRAGM0IDIDAEN4aync, 1952 

Genus CRIBROSTOMOIDES Cushman, 1910 
Cribrostomoides jeffreysU (Williamson) 

Recommended source for illustration: Murray, 1971 {a}, pi. 4, figs 1-5. 

1858 Nonionina jejjreysii Williamson, p. 34, pi. 3, figs 72-3. 
1878 Haplophragmium jejjreysii (Williamson): BertheUn, p. 24, no. 20. 
1884 Haplophragmium canariense Brad>', p. 310, pi. 35, figs 1-3, 5. 
1920 Haplophragmoides canariense Cushman, p. 38, pi. 8, fig. 1. 
1944 Haplophragmoides columbiensis Cushman, p. 12, pi. 2, fig. 1. 
1947 Labrospira jeffi-eysi (Williamson): HSglund, p. 146, pi. 11, fig. 3. 
1953 Aheophragmium jeffieysi (Williamson): Loeblich and Tappan, p. 31, pi. 3, 

figs 4-7. 
1973 Cribrostomoides jejjreysii (Williamson): Ha>'nes, p. 29, pi. 2, figs 5, 6; pi. 8, fig. 9; 

pi. 29, fig. 10; text-fig. 5, nos 8-10. 
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Diagnosis 
A laterally compressed species of Cribrostomoides, ha\Tng six to seven chambers in the 
final whorl. Test composed of fine silt grains. The sutures are depressed and radial. The 
aperture is a protruding lipped arch. 

Remarks 
This epi&unal detritivore has a golden-brown un-stained test and staining tj-pically occurs 
within the aperture and the terminal chamber. 

Famil)- DISCAMMINIDAE Mikhale\ich, 1980 
Genus AMMOSCALARIA Hdglund, 1947 

Ammoscalaria pseudospiralis (Williamson) 
Recommended source for illustration: Murray, 1971 {a}; pi. 7, figs 1-5 

1858 Proteonina pseudospiralis Williamson, p. 2, pi. 1, figs 2-3. 
1971 Ammoscalaria pseudospiralis (Williamson) Murray, {a}, p. 29, pi. 7, figs 1-5. 

Diagnosis 
This species Ammoscalaria forms a planispiral lest in jm'enile stages and is dorso-
\'entrally compressed The test is composed of variably-sized adventitious material. The 
sutures between the chambers are not externally visible. The aperture is a simple, terminal 
slit. 

Remarks 
This infaunal deiritivore stains within the slitted apemire and also within the rectilinear 
part of the test. 

Superfamily SPIROPLECTAMMINACEA Cushman, 1927 
Family SPIROPLECTAMMINIDAE Cushman, 1927 

Subfamily SPIROPLECn*AMMININAE Cushman, 1927 
Genus SPIROPLECTAMMINA Cushman, 1927 

Spiropledammina ^mghdi (Silvestri) 
Recommended source for illustration: Haynes, 1973, pi. 3, figs 1, 2. 

1858 Textularia cuneiformis Williamson, p. 75, pi. 6, figs 158-159. 
1884 Textularia sagittula Brady, p. 361, pi. 42, figs 17, 18. 
1891 Spiroplecta sagittula Wright, p. 471. 
1894 Textularia sagittula Defiance var. cuneiformis Gofe, p. 36, pi. 7, 

figs 288-290. 
1903 Spiroplecta wrightii Silvestri, p. 59, text figs 1-6. 
1949 Spiroplectammina wrightii (Silvestri): Cushman, p. 6, pi. 1, figs 2-4. 

Description 
A Spiroplectammina with a compressed test and a carinate, lobate periphery. The sides of 
the test tend to become parallel in adults. The sutures are horizontal and dqiressed. The 
aperture is an interiomarginal arch. 

Remarks 
This species is often confiised with Textularia sagittula which lacks the rounded 
planispiral early stage and is more inflated. Staining occurs within the interiomarginal 
arch, which may sometimes also extrude stained protoplasm. 
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Superfemily TROCHAMMINACEA Schw-ager, 1877 
Family TROCHANIMINIDAE Schw-ager, 1877 

Subfamify POLYSTOMAMMININAE Brdnnimaim & Beurlen, 1977 
Genus DEUTERAMMINA Brannimann, 1976 

Deuterammina (Lepidodeuterammma) ochracea (Williamson) sinuosa (BrSnnimann) 
Recommended source for illustration: BrOnnimann & Whittaker, 1990, 

p. 129, pi. 2, (not pi. 1 as staled), figs 9-12. 

1930 Trochammina ochracea (Williamson): Heron-Allen & Earland, p. 71. 
1978 Asterotrochammina sinuosa Bronnimann, pp. 6-7, pi. 2, figs 1, 2, pp. 6-8. 
1984 Deuterammina (Lepidodeuterammina) ochracea sinuosa (BrOnnimann): 

Brennimann & Zaninetti, pp. 87-90, figs ADl , AEl-3, AFl-3. 

Diagnosis 
A species of Deuterammina with a \'er>' compressed concavo-convex lest. This species has 
ten to eleven chambers in the final whorl separated by sinuous sutures on the dorsal side. 
The sutures on the umbilical side are depressed and arcuate. The umbilicus is shallow and 
stellate and the inflated umbilical portions of the chambers terminate in a secondary 
umbilical aperture. The primary aperture is a peripheral interiomarginal arch. 

Remarks 
This species stains red throughout the lest. The tests of unstained specimens are golden-
brown. 

Deuterammina (Deuterammina) rotaliformis (Heron-Allen & Eariand) 
Recommended source for illustration: BrOnnimann & Whitiaker, 1990, 

p. 129, pi. 2 (not pi. 1 as slated), figs 13-16. 

1885 Trochammina inflata (Montagu) var. Balkwill & Wright, p. 331, 
pi. 13, figs 1 la, 12b. 

1911 Trochammina rotaliformis Wright MS (sic): Heron-Allen & Eariand, p. 309. 
1930 Trochammina rotaliformis Wright (sic): Heron-Allen & Eariand, 

p. 71. 
1983 Deuterammina (Deuterammina) rotaliformis (Heron-Allen & Eariand): 

Brdnnimann & Whitiaker, pp. 349-352, figs 1-12, 25. 

Diagnosis 
A species of Deuterammina with four to five chambers in the final whorl. The sutures are 
depressed and curved on the convex dorsal side, but radial and straight on the concave 
ventral side. The umbilicus is stellate and each chamber on the umbilical side possesses an 
arched primary aperture and single secondary opening. 

Remarks 
This species stains red throughout the test. 

Superfamily TEXTULARIACEA Ehrenberg, 1838 
Family ECJGERELLIDAE C:ushman, 1937 

Subfamily EGGERELLINAE Cushman, 1937 
Genus EGGERELLOIDES Haynes, 1973 

Eggerelloides scabrum (Williamson) 
Recommended source for illustration: Haynes, 1973, pi. 2, figs 7-8. 

1858 Bulimina scabra Williamson, p. 65, pi. 5, figs 136-137. 
1870 Textulaha scabra (Williamson): Fischer, p. 393. 
1884 Vemeuilina polystropha Brady, p. 386, pi. 47, figs 15-17. 
1922 Vemeuilina scabra (Williamson): Cushman {a}, p. 55, pi. 10, figs 5-6. 
1937 Eggerella scabra (Williamson): Cushman, p. 50, pi. 5, figs 10-11. 
1973 Eggerelloides scabrum (Williamson): Haynes, p. 44-46, pi. 2, figs 7,8; pi. 19, figs f. 

10, 11; text-fig. 8, nosM. 
1988 Eggerelloides scabrus (Williamson): Loeblich & Tappan, pi. 189, figs 5-7. 
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Diagnosis 
A species of Eggerelloides with a test composed of adventitious material of \'ariable size. 
Chambers increase rapidly in size, often becoming globose. The aperture is a terminal 
interiomarginal arch. 

Remarks 
Attachment of flat-worm egg cases to this species can cause the area of attachment to stain 
red, but this is easily distinguished from the true staining of foraminiferid protoplasm 
which occurs throughout the arched aperture and often in the terminal chamber. This 
species is infaunal and detritivorous. 

Family TEXTULARHDAE Ehrenberg. 1838 
Subfamify TEXTULARHNAE Ehrenberg, 1838 

Genus TEXTULARIADefrance, 1824 
Textularia earlandi Parker 

Recommended source for illustration: Murray, 1971 {a}, pi. 9, figs 1-5. 

1931 Textularia elegans Lacroix, p. 14, fig. 11. 
1933 Textularia tenuissima Earland, p. 95, pi. 3, figs 21-40. 
1952 Textularia earlandi Parker, p. 458. 

1966 Spiroplectammina elegans (LacrOLx): Norvang, p. 14, pi. 1, fig. 24. 

Diagnosis 
A species of Textularia which has inflated chambers which increase slowly in size. The 
sutures are depressed and horizontal. The aperture is a small, terminal interiomarginal 
arch. 
Remarks 
This epifaunal detritivore stains in the terminal aperture and the final chamber. 

Textularia sagittula Def ranee group 
Recommended source for illustration: Murray, 1971 {a}, pi. 8, figs 1-9. 

1824 Textularia sagittula Defrance, p. 177, pi. 13, fig. 5-5a. 

Diagnosis 
A species of Textularia which has a laterally compressed test with a sub-angular periphery. 
The sutures are slightly depressed The aperture is a relatively short, terminal, simple 
interiomarginal arch. 

Remarks 
This epifaunal deuitivore stains within the interiomarginal aperture. 

Family VALVULINIDAE Berthelin, 1880 
Subfamily VALVULININAE Berthelin, 1880 

Genus CLAVULINA tfOrbigny, 1826 
Clavulina obscura Chaster 

Recommended source for illustration: Murray, 1971 {a}, pi. 17, figs 1-3. 

1892 Clavulina obscura Chaster, p. 58, pi. 1, fig. 4, 

Diagnosis 
A species of Clavulina which has inflated chambers separated by deeply depressed sutures. 
The terminal chamber is characteristically pyriform. The terminal aperture is irregular in 
shape and bordered by a rim of cement. 

Remarks 
This species stains throughout the final chamber. 
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Suborder SPIRILLININA Hohenegger & Filler, 1975 
Family SPIRTLLINIDAE Reuss & Fritsch, 1861 

Genus SPIRILLINA Ehrenberg, 1843 
SpiriUina vivipara Ebrenberg 

Recommended source for illustration: Muria)', 1971 {a}, pi. 60, figs 1-2. 

1843 Spirillina vivipara Ehrenberg, pp. 323, 422, pi. 3, fig. 41. 

Diagnosis 
This species of Spirillina has a planispiral and compressed test consisting of the proloculus 
and a long tubular chamber. The aperture is terminal, rounded and simple. 

Remarks 
Spirillina vivipara is epifaunal and staining is visible throughout the test. 

SpiriUina vivipara Ehrenberg var. runiana Heron-Allen & Earland 
Recommended source for illustration: Murray, 1971 {a}, p i 60, figs 3-4. 

1930 Spirillina vivipara Ehrenberg var. runiana Heron-Allen & Earland, 
p. 179, pi. 4, figs 51-53. 

Diagnosis 
A x'ariant of Spirillina vivipara which is ornamented by radial ribs of material extending 
fit>m the antecedent whorl to the next whorl. It has a flat ventral side, forming an angular 
lower peripheiy. The aperture is terminal, simple and arch-shaped 

Remarks 
Spirillina vivipara \'ar. runiana is epifaunal and staining occurs throughout the test. 

SubfamUy PATELLININAE Rhumbler, 1906 
Genus PATELLINA Williamson, 1858 

PateUina corrugata Williamson 
Recommended source for illustration: Murray, 1971 {a}, pi. 61, figs 2-5. 

1858 Patellina corrugata Williamson, p. 46, pi. 3, figs 86-89. 
1913 Arpatellum dunst-corrugatum (Williamson): Rhumbler, p. 437, 

figs 134a-c, 136, pi. 5, figs 5-7, pi. 7, figs 11-15. 
1951 Discobolivina corrugata (Williamson): Holker, {b}, p. 358. 

Diagnosis 
A species of Patellina which has coarse perforations on the dorsal side. The chambers are 
separated b>' imperforate, raised sutures. Each chamber is a narrow crescent, except for the 
oval proloculus. The aperture is arched, situated on the ventral side and opens beneath a 
large, hammer-shaped flap. 

Remarks 
This epifaunal herbivore stains in the final chamber only. 
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Suborder MELIOLINA Delage & Herouard, 1896 
Superfamily CORNUSPIRACEA Schultze, 1854 

Family CORNUSPIREDAE Schultze, 1854 
Subfamity CORNUSPIRINAE Schullze, 1854 

Genus CYCLOGYRA Wood. 1842 
Cydogyra mvohens (Reuss) 

Recommended source for illustration: Murray, 1971 {a}, pi. 18, figs 1-3. 

1850 Operculina involvens Reuss, p. 370, pi. 46, fig. 20a, b. 
1971 Cyclogyra involvens (Reuss): Murray, p. 53, pi. 18, figs 1-3. 

Diagnosis 
This species of Cydogyra may carr>' gro^ t̂h incremental marks in the undivided second 
chamber. The test is circular in plan-view. The aperture is a simple, terminal high arch. 

Remarks 
The proloculus of this species is dark and glassy in appearance. Staining occurs in the 
outer whorl. Loeblich & Tappan (1988) ha\'e suppressed the genus of Cyctogyra in favour 
of the genus Comuspira for complex reasons. It is preferred to retain this species under the 
genus of Cydogyra. 

Subfamily COR>fUSPIROIDINAE Saido\'a, 1981 
Genus CORNUSPIRELLA Cushman, 1928 

Comuspirella diffusa (Heron-Allen and Eariand) 
Recommended source for illustration: Murray, 1971 {a}, pL 18, figs 4-8. 

1913 Comuspira diffusa Heron-Allen and Eariand {b}, pp. 272-276, pi. 12. 
1971 Comuspirella difffusa (Heron-Allen & Eariand): Murray, {a}, p. 53, pi. 18, 

figs 4-8. 

Diagnosis 
This species of Comuspirella has a laterally flattened test which is veiy irregular in shape. 
It has a flattened tubular structure, branching asymmetrically into several flattened smaller 
tubes; each terminating in simple, relatively large irregular apertures. Often growth 
increments are present as transx'erse thickenings. 

Remarks 
The fragile tests are often broken and staining is clearly visible within the whole test. 

Superfiamily MILIOLACEA Ehrenberg, 1839 
Family SPIROL(X;ULINIDAE Wiesner, 1920 

(jenusADELOSINAd'Oibigny, 1826 
Adelosma sp. 1 
Plate I , Figure 2. 

Diagnosis 
The lest is calcitic, porcellaneous and white or cream in colour. The test is coiled on a 
quinqueloculine plan in later stages of development with three to four chambers visible on 
the exterior of the adult test. The aperture is terminal, rounded and produced on a neck 
with a bifid tooth. This species has a smooth test which is comma-shaped in outline. 

Remarks 
Staining is \isible throughout the lest when wet and in the central area when the test is 
dry. 

Adelosma sp. 2 
Plate I , Figure 3. 

Diagnosis 
The test is calcitic, porcellaneous and white or cream in colour. The test is coiled on a 
quinqueloculine plan in later stages of development with three to four chambers visible on 
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the exterior of the adult test. The aperture is terminal, rounded and produced on a neck 
with a bifid tooth. This species has a costate test having coarse, flaring costae ranging 
from the anterior edge of the chamber up the apertural neck. 

Remarks 
Staining is visible throughout the test when wet and in the central area when the test is 
dry. 

Genus SPIROLOCULINAd'Orbigny, 1826 
Spiroloculina excavata d*Oibigny 

Recommended source for illustration: Murray, 1971 {a}, pi. 19, figs 1-3. 

1846 Spiroloculina excavata d'Obigny, p. 271, pi. 16, figs 19-21. 

Diagnosis 
This species of Spiroloculina is e>'e-shaped in outline, laterally compressed, with a 
rectangular periphery. The test is biumbilicate and the aperture is arch-shaped and bears a 
simple, terminal, rod-like tooth. 

Remarks 
Staining occurs just inside the aperture only. 

Family HAUERINIDAE Schwager, 1876 
Subfamily HAUERININAE Schwager, 1876 

Genus MASSILINA Schlumberger, 1893 
Massilina secans (d'Orbigny) 

Recommended source for illustration: Murray, 1971 {a}, pi. 25, figs 1-6. 

1826 Quinqueloculina secans d'Orbigny, p. 303. 
1884 Miliolina secans Brad>', p. 167, pi. 6, figs 1, 2. 
1887 Sigmoilina secans (d'Orbigny): Schlumberger, p. 118. 
1893 Massilina secans (d'Orbigny): Schlumberger, p. 218, pi. 4, figs 82, 83. 
1900 Miliolina secans (dOtbigpy): Mills, p. 143, pi. 10, fig. 18. 

Diagnosis 
A species of Massilina with a test which is laterally compressed and o\'al in outline. The 
wall may be finely striated and/or carry transverse thickenings indicative of incremental 
growth. The periphery is sub-angular. The aperture is terminal, lipped, rounded and 
carries a long, thin bifid tooth. 

Remarks 
Staining occurs within the terminal aperture and stained extruded protoplasm may also be 
visible from the aperture. This species is epifaunal and herbivorous. 

Cienus QUINQUELOCULINA d'Orbigny, 1826 
Quinqueloculma aspera d*Orbigny 

Recommended source for illustration: Haynes, 1973, pi. 7, figs 1-3. 

1826 Quinqueloculina aspera d'Orbigny, p. 301. 
1865 Miliola (Quinqueloculina) agglutinans Parker & Jones, p. 410, pi. 15, fig. 37a, b. 
1884 Miliolina sclerotica BalkwiU & MiUett, p. 24, pi. 1, fig. 2. 
1948 Quinqueloculina aggluitinata Cushman, p. 33, pi. 3, fig. 13. 

Diagnosis 
A species of Quinqueloculina which incorporates silt grains into the chamber walls 
together with relati\'ely large dark mineral grains; superficially resembling an arenaceous 
foraminiferid. The chambers are rounded and inflated. The aperture is circular and 
terminal borne on a prominent lip and and bears a short cupped tooth. 
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Remarks 
Staining is >isible in the aperture only and each specimen should be manipulated to xiew 
stained protoplasm. Stained protoplasm ma>' also be extruded from the aperture. This 
species is epifaunal and herbi\'orous. 

Quinqueloculina aspera var. I 
Plate I , Figure 4. 

Diagnosis 
The test is calcitic, porcellaneous and while or cream in colour. The test is coiled on a 
quinqueioculine plan and silt and mineral grains are incorporated into the chamber walls; 
superficially resembling an arenaceous foraminiferid. The chambers are subquadrate, 
producing a rectangular periphery. The aperture is circular, terminal, lipped and circular 
and bears a short cupped tooth. 

Remarks 
This variant differs from Quinqueloculina aspera b>' having subquadrate chambers. 
Staining is visible in the aperture only and each specimen should be manipulated to view 
stained protoplasm. Stained protoplasm may also be extruded from the aperture. This 
species is epifaunal and herbivorous. 

Quinqueloculina bicomis 
Recommended source for illustration: Murray, 1971 {a}, pi. 20, figs 1-5. 

1784 Serpula bicomis ventricosa Walker & Boys, p. 1, pi. 1, fig. 2. 
1798 Serpula bicomis Walker & Jacob, p. 633, pi. 14, fig. 2. 
1875 Quinqueloculina bicomis (Walker & Jacob): Terquem, p. 443, pi. 6, fig. 6. 
1884 Xfiiiolina bicomis (Walker & Jacc*): Brad>', p. 171, pi. 6, fig. 9. 

Diagnosis 

A globose species of Quinqueloculina which has coarse costae and a high arched aperture. 

Remarks 
Staining occurs within the aperture only and this species is very rarely foimd living, 
although dead tests were common in samples. This species is epifaunal and herbivorous. 

Quinqueloculina cliarenas (Heron-Allen and Earland) 
Recommended source for illustration: Murray, 1971 {a}, pi. 22, figs 1-4. 

1930 Miliolina cliarensis Heron-Allen & Earland, p. 58, pi. 3, figs 26-31. 
1971 Quinqueloculina cliarensis (Heron-Allen & Earland): Murray, {a}, p. 61, pi. 22, 

figs\A. 

Diagnosis 
This species of Quinqueloculina has chambers that are greatly laterally compressed and 
curved The periphery is acute and a neck is present which bears the terminal aperture 
which is round and may, or may not, carry a bifid tooth. 

Remarks 
Slaining is \isible within the aperture. This species is epifaunal and herbivorous. 

Quinquelocuiina cf. cliarensis (Heron-Allen & Earland) 
Recommended source for illustration: Ha>Ties, 1973, pi. 7, figs 8, 9. 

1949 Quinqueloculina cliarensis (Heron-Allen & Earland): Cushman, p. 9, pi. 1, 
fig. lOa-c. 

1973 Quinqueloculina cf. cliarensis (Heron-Allen & Earland): Haynes, pp. 68-70, pi. 7, 
figs 8, 9; text-fig. 17, nos M . 
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Diagnosis 
This species of Quinqueloculina is laterall>' flattened with an angular periphery, but 
becomes rounded towards the apex. Sutures are slightly impressed. The aperture is round 
at the end of the produced neck and bears a stout, simple tooth. 

Remarks 
Staining occurs within the terminal apertiu^. This species is epifaimal and herbivorous. 
Refer to Haynes (1973) for a fiill laxonomic discussion; pp. 68-70. 

Quinqueloculina dimidiata Terquem 
Recommended source for illustration: Murray, 1971 {a}, pi. 22, figs 5-8. 

1876 Quinqueloculina dimidiata Terquem, p. 81, pi. 40, fig. 5 a-c. 

Diagnosis 
This small species of Quinqueloculina has ver>' oblique sutures. The outline of the test is 
oval and rounded in cross-section. The terminal aperture is relati\'ely large, arch-shaped 
and toothless. 

Remarks 
Staining is visible throughout the test, especially in the central section. This species is 
epifaunal and herbivorous. 

Quinqueloculina lata Terquem 
Recommended source for illustration: Haynes, 1973, pi. 7, figs 10-13. 

1876 Quinqueloculina lata Terquem, p. 173, pi. 11, fig. 8a, b. 
1930 hfiliolina oblonga var. lata (Terquem): Heron-Allen & Earland, p. 55, 

pi. 2, figs 12-15. 

Diagnosis 
This species of Quinqueloculina is oblong in outline. In cross-section it is rounded 
triangular. The sutures are only slightly depressed. The aperture is terminal, arch-shaped 
and bears a small tooth. 

Remarks 
This species is very similar to Quinqueloculina seminulum which has a more oval, well-
inflated outline, a slightly narrower aperture and a long, slender tooth. The sutures of 
Quinqueloculina seminulum are less distinct. Quinqueloculina lata may often be coloured 
green or brown along the sutures, whilst Quinqueloculina seminulum is almost always 
pure white when live. Staining of this species is visible (best i f specimen is wetted) through 
the test. This species is epifaunal and heitivorous. 

Quinqueloculina mediterranensis Group, Le Calvez & Le Calvez 
Recommended source for illustration: Haynes, 1973, pi. 7, figs 4, 5, 

pi- 8 , f i g . l . 

1904 Aftliolina bicomis Siddwttom, p. 14, pi. 4, figs 13, 14. 
1958 Quinqueloculina mediterranensis Le Calvez & Le CaK'ez, p. 177, 

pi. 4, figs 29-31. 

Diagnosis 
A species of Quinqueloculina which has quadrangular, bicarinate chambers. The chambers 
have regular costae parallel to the periphery. The test is compressed with an acute to 
carinate periphery, becoming inflated The final chamber is often wrapped around the base 
of the test and at the apex it produces a gently tapering neck bearing a terminal, rounded 
lipped aperture and has a short tooth. 
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Remarks 
This group is morphologically di\'erse and produces a series of fine, sparsely ornamented 
to robust bicarinate, highly costate specimens. This species is epifaunal and hertrivorous. 
Staining occurs within the aperture. 

Qumqueloculina oblonga (Alontagu) 
Recommended source for illustration: Murray, 1971 {a}, pi. 23, figs 4-8. 

1803 Vermiculum oblongum Montagu, p. 522, pi. 14, fig. 9. 
1971 Quinqueloculina oblonga (Montagu): Murray, {a}, p. 63, pi. 23, figs 4-8. 

Diagnosis 
This species of Quinqueloculina has a vety elongate t ^ which is oval in section. It bears 
an arch-shaped aperture which contains a small simple tooth. 

Remarks 
This species is epifaunal and heittvorous and has very characteristic staining of the 
protoplasm; wet or dry, staining is visible in an inner chamber which runs at an angle of 
approximately 45° to the longitudinal axis. 

QuinquelocuUna seminulum (Linn£) 
Recommended source for illustration: Ha>'nes, 1973, pi. 7, figs 14 & 19. 

1767 Serpula seminulum Lmn6^ p. 1264. 
1884 Miliolina seminulum (Linne): Brady, p. 157, pi. 5, fig. 6a-c. 
1929 QuinquelocuUna seminulum (Linn^): d'Orbigny, p. 24, 

pi. 2, fig. 2a-c. 

Diagnosis 
A species of Quinqueloculina which has wide, slightly compressed chambers. It is ovate, 
subtrigonal in section and the arch-shaped terminal aperture bears a simple tooth. 

Remarks 
The test is white and lustrous. Stained protoplasm is visible within the aperture only. This 
species is epifaunal and herbivorous. 

Subfamily MILIOLINELLINAE Vella, 1957 
Genus MILIOLINELLA Wiesner, 1931 

MilioVmella circularis (Boraemann) var. elongata Kniit 
Recommended source for illustration: Murray, 1971 {a}, pi. 28, figs 1-4. 

1955 Miliolinella circularis (Bomemann) var. elongata Kruit, p. 110, 
pL l , f ig . 15a, b. 

Diagnosis 
A species of Miliolinella with elongate and inflated chambers. The terminal aperture is 
distinctive; it is arch-shaped and bears a large flap which covers approximately three-
quarters of the opening. 

Remarks 
This species is epifaunal and herbivorous; staining is visible throughout the test. 
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MUiolinella subrotunda (Montagu) 
Recommended source for illustration: Haynes, 1973, pi. 5, figs 5, 6, 12, 13. 

1784 Serpula subrotunda dorso elevato Walker & Bo>'S, p. 2, pi. 1, fig, 4. 
1803 Vermiculum subrotundum Montagu, p. 521. 
1826 Quinqueloculina subrotunda (Montagu): d'Orbigny, p. 302. 
1858 Miliolina seminulum var. disciformis (MacgilIi^Ta>'): Williamson, p. 86, 

pi. 7, figs 188. 189. 
1865 Miliolina subrotunda (Montagu): Parker & Jones, p. 411, pi. 15, fig. 38a, b. 
1870 Miliolina subrotunda (Montagu): Fischer, p. 386. 
1931 Miliolinella subrotunda (Montagu): Weisner, p. 63. 
1944 Quinqueloculina disciformis (Macgjllivray): Cushman, p. 15, pi. 2, figs 17, 18. 
1954 Triloculina subrotundum (Montagu): Boltovsko)', p. 127, pi. 1, figs 8, 9. 
1964 Miliolinella cf. subrotundum (Montagu): Fe>iing-Hanssen, p. 262, pi. 7, fig. I . 

Diagnosis 
A species olMiliolinella which is o\'ate. The test is circular in outline and sub-circular in 
section. Chambers are arranged in a flattened quinqueloculine to triloculine spiral. The 
aperture is terminal, arch-shaped with a small (approximately covers one sbcth the height 
of the opening) flap. 

Remarks 
This species is epifaunal and herbivorous and stains throughout the lest, especially along 
the sutures. 

(jenus PYRGO Defi^mce, 1824 
Pyrgo depressa (d'Orbigny) 

Recommended source for illustration: Murray, 1971 {a}, pi. 27, figs 1-4. 

1826 Biloculina depressa d'Oibigny, p. 298. 

1971 Pyrgo depressa (d'Orbigny): Murray, {a}, p. 71, pi. 27, figs \A. 

Diagnosis 
A species of Pyrgo in which only the last two chambers of the final whori are \nsible. The 
test is involute and planispiral, circular in outline and appears to bear an outer carina. In 
cross-section the lest is e>'e-shaped The aperture is an elongated slit along the acute 
periphery. 
Remarks 
This species stains in the aperture and must be oriented to check if staining of the 
protoplasm has occurred Loeblich & Tappan (1964) state that the genus of Biloculina, as 
described by d'Orbigny, is the same as that oi Pyrgo Defiance. 

Suborder L A G E M N A Delage and Herouard, 1896 
Superfamily NODOSARIACEA Ehrenberg, 1838 

Family VAGINULINIDAE Reuss, 1860 
Subfamily LENTICULININAE Chapman, Parr, & Collins, 1934 

Genus LENTICULINA Lamarck, 1804 
Lenticul'ma orbicularis (d'Orbigny) 

Plate I , Figure 5. 

1826 Robulina orbicularis d'Orbigny, p. 288, pi. 15, figs 8-9. 
1910 Cristellaria orbicularis (d'Orbigny): Cudmian, p. 67, pi. 36, figs 4-5. 

Diagnosis 
The test is calcareous, perforate radial and translucent. The test is free, smooth, lenticular 
and bi-umbonate. The sinuous sutures sweep back towards the angled periphery. The 
terminal aperture consists of radiating slits and may be slightl>' produced. 
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Remarks 
This species stains at the aperture and staining is \'isible throughout the test. Lenticulina 
orbicularis is epilaunal and detritivorous. Loeblich & Tappan (1964, 1987) place 
Cristellaria uithin Lenticulina, and the author uses Lenticulina for this species. 

Subfamily MARGINULININAE Wedekind, 1937 
Genus AMPHICORYNA Schlumberger, 1881 

Amphicoryna sp. cf. A. scalaris (Batscb) 
Recommended source for illustration: Murra>', 1971 {a}, pi. 29, figs 1-4. 

1791 Nautilus (Orthoceras) scalaris Batsch, pp. 1, 4, pi. 2, fig. 4a, b. 
1971 Amphicoryna sp. cf. >1- scalaris (Batsch): Murray, {a}, p. 77, pi. 29, figs 1-4. 

Diagnosis 
A specie of Amphicoryna with one to five chambers. Regular costae are produced from 
the initial chambers and typically fade halfway up the last chamber. The aperture is 
terminal, lipped, circular and is surrounded b>' se\'eral small teeth. Specimens usually have 
a small basal spine. 

Remarks 
This species stains with red patches uithin the neck and in the terminal chamber. 

Family LAGENIDAE Reuss, 1862 
Genus LAGENA Walker & Jacob, 1798 

Lagena clavata (d*Orbigny) 
Recommended source for illustration: Ha>'nes, 1973, pi. 12, fig. 1. 

1846 Oolina clavata d'Orbigny, p. 24, pi. 1, figs 2-3. 
1848 Lagena laevis (Montagu) var. amphora Williamson, p. 12, pi. 1, figs 3-4. 
1858 Lagena vulgaris Williamson var. clavata (d'Oibigny); Williamson, p. 5, 

pi. 1. fig. 6. 
1894 Lagena clavata (d'Orbigny): Goes, p. 75, pi. 13, figs 725-727. 
1900 Lagena gracillima (Seguenza): Mills, p. 146, pi. 10, fig. 19. 

Diagnosis 
This species of Lagena has a smooth and clavate test. The base of the test has a short, 
roimded spine which is oflen broken. The aperture is terminal, round and simple at the end 
of a long, slender neck and has an e\'erted Up. 

Remarks 
Staining in this species is visible through the test as a singular red patch within the 
chamber. 

Lagena gracilis Williamson 
Recommended source for illustration: Murray, 1971 {a}, pi. 31, figs 4-6. 

1848 Lagena gracilis Williamson, p. 13, pi. 1, fig. 5. 

Diagnosis 
A species of Lagena which bears fine widely-spaced costae, which do not quite reach the 
neck. The aperture is round, terminal and simple. 

Remarks 
Ver>' similar in outline to Lagena clavata, although generally a more delicate species. 
Staining occurs as a singular red patch within the chamber. 

Lagena sulcata var. interrupta (Williamson) 
Recommended source for illustration: Ha>Ties, 1973, pi. 12, fig. 10 

1848 Lagena striata (Montagu) Williamson var. a, interrupta, p. 14, pi. 1, fig. 7. 
1973 Lagena sulcata var. interrupta (Williamson) Haynes, p. 92, pi. 12, fig. 10. 
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Diagnosis 
A species of Lagena in which ribs run from the base up the chamber to the neck. The neck 
is ornamented with a hexagonal pattern of ribs. The aperture is terminal and round This 
species is also more elongate than that of Lagena sulcata. 

Remarks 
The staining of this species occurs as a patch within the ov'al chamber. 

Lagena perludda (Montagu) 
Recommended source for illustration; Murray, 1971 {a), pi. 33, figs 1-3. 

1803 Vermiculumperlucidum Montagu, p. 525, pi. 14, fig. 3. 
1844 Lagena perlucida (Montagu): Brown, p. 3, pi. 56, fig. 29. 
1848 Lagena striata N-ar. perlucida (Montagu): Williamson, p. 15, pi. 1, fig. 11. 
1858 Lagena vulgaris Williamson var. semistriata Williamson, p. 6, pi. 1, fig. 9. 
1923 Lagena semistriata (Williamson): Cushman, p. 50, pi. 9, fig. 15. 

Diagnosis 
A species of Lagena with a clavate test and a long neck which has strong spiral costae 
leading to the aperture. The chamber has sparse strong ribs which begin just up fiom the 
base and terminate halfway up the chamber. The aperture is terminal, rounded, simple 
and lipped. 

Remarks 
Staining in this species occurs as a singular red patch within the chamber. 

Lagena sub^riata Williamson 
Recommended source for illustration: Hayn^ 1973, pi. 12, fig. 11. 

1848 Lagena substriata Williamson, p. 15, pi. 2, fig. 12. 
1858 Lagena vulgaris Williamson var. substriata (Williamson), p. 7, pi. I , fig. 14. 
1962 Lagena sulcata Haake, p. 32, pi. 1, figs 18-19. 
1964 Lagena striata (d*Ort5igny) forma substriata (Williamson):FeyIing-Hanssen, 

p. 294, pi. 12, fig. 6. 

Diagnosis 
This species of Lagena has an elongate o\'al test and is coh ered in many longitudinal striae 
(more than thirty). The neck is relatively short and some striae are continued from the 
chamber up the neck, which is slightly twisted The aperture is terminal, circular and 
simple. 

Remarks 
Staining in this species occurs as a singular red patch within the chamber. 

Lagena sulcata (Walker & Jacob) 
Recommended source for illustration: Murray, 1971 {a}, pi. 34, figs 5-8. 

1784 Serpula {Lagena) striata sulcata rotunda Walker & Boys, p. 2, pi. 1, fig. 6. 
1798 Serpula Lagena Sulcata Walker & Jacob, p. 634, pi. 14, fig. 5. 
1803 Venniculum striatum Montagu, p. 523. 
1844 Lagena striata (Montagu): Brown, p. 3, pi. 56, fig 36. 
1865 Lagena sulcata (Walker & Jacob): Parker & Jones, p. 351, 

pi. 13, figs 24, 28-32, pi. 16. 

Diagnosis 
A species of Lagena with a sub-spherical, globular test with a short neck. The test has a 
rough surface and is covered with approximately twenty blade-like costae, half a dozen of 
which run up the neck to the aperture. The terminal aperture is lipped, circular and simple. 
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Remarks 
Some specimens of this Lagena have slightly spiralled necks; the>' do not show the same 
degree of spiralling as the specimen figured b>' Ha>'nes (1973, pi. 12, fig. 14.), and because 
of this these specimens are included in Lagena sulcata. 

Family POLYMORPHINIDAE d'OTtrign>', 1839 
Subfamily POLYMORPHININAE d'Oibign>', 1839 

Genus GLOBULINA d'Ortrigny, 1839 
Globulina gibba (d*OrtigDy) 

Recommended source for illustration: Murra>', 1971 {a}, pi. 36, figs 1-3. 

1826 Polymorphina (GlobuHne) gibba d'Orbigny, p. 266. 
1971 Globuiina gibba (d'Orbigny): Murray, {a}, p. 91, pi. 36, figs 1-3. 
1987 Globulina gibba (d'Orbigny): Loeblich & Tappan, pi. 457, figs 6,7. 

Diagnosis 
A species Globulina which has a globular test. The chambers o\'erlap and the sutures 
are flush. The aperture is terminal and consists of radiate slits. 

Remarks 
Some tests show tu o or three protruding chambers. Staining of the protoplasm is \'isible in 
the irmer chambers. 

Globulina gibba d'Orbigny var. myristiformis (Williamson) 
Recommended source for illustration: Murray, 1971 {a}, pi. 36, figs 4-8. 

1858 Polymorphina myristiformis Williamson, pp. 73-74, pi. 6, figs 156, 157. 
1971 Globulina gibba d'Orbigny \'ar. myristiformis (Williamson): Murray, {a}, p. 91, 

pi. 36, figs 4-8. 

Diagnosis 
A species oi Globulina which has a globular test which is o\'al in outline uith longitudinal 
ribs. The aperture is terminal and is composed of a ring of small circular pores within an 
imperforate area. 

Remarks 
This N'ariant differs fi'om Globulina gibba b>' being more coarsely perforate and having 
differences in the aperture as above. 

Fanuly ELLIPSOLAGENIDAE A. SU\'estri, 1923 
Subfamily OOLININAE Loeblich & Tappan, 1961 

Genus OOLINA d'Orbigny, 1839 
Oolina laevigata d'Orbigny 

Recommended source for illustration: Ha>'nes, 1973, pi. 14, fig. 11 

1839 Oolina laevigata d'Orbigny, {b},p. 19, pi. 5, fig. 3. 

Diagnosis 

A smooth tear-drop-shaped Oolina which has an aperture of radiating slits. 

Remarks 
Staining occurs as a singular red patch within the chamber. 

OoUna melo d'Orbigny 
Recommended source for illustration: Murray, 1971 {a}, pi. 37, figs 4-6. 

1839 Oolina melo d'Orbigny, {a}, p. 20, pi. 5, fig. 9. 
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Diagnosis 
A species ofOoiina lhai is characterised b>' having longitudinal ribs and arching 
interconnections. There is a small boss on the base. The simple, circular aperture is borne 
on a short collar. 

Remarks 
Staining occurs as a singular red patch within the chamber. 

Oolina squamosa (Montagu) 
Recommended source for illustration: Murra>% 1971 (a}, pi. 38, figs 1-3. 

1803 Vermiculum squamosum Montagu, p. 526, pi. 14, fig. 2. 
1839 Oolina melo d'Oibigny, {b}, p. 20, pi. 5, fig. 9. 
1844 Lagena squamosa (Montagu): Brown, p. 3, pi. 56, fig. 32. 
1848 Entosolenia squamosa var. catenulata Williamson, p. 19, pi. 2, fig. 20. 
1857 Entosolenia globosa (Montagu) var. catenulata (Williamson): Parker & Jones, 

p. 278, pi. 11, fig. 26. 
1858 Entosolenia squamosa (Montagu): Williamson, p. 12, pi. 1, fig. 29. 
1923 Lagena catenulata (Williamson): Cushman, p. 9, pi. 1, fig. I I . 
1949 Lagena melo (d'Ortrigny): Cushman, p. 21, pi. 4, fig. 6. 
1948 Entosolenia hexagona Williamson var. scalariformis (Williamson): Cushman, 

p. 64, pi. 7, fig. 6. 

1951 Oolina squamosa (Montagu): Van Voorthuysen, p. 24, pi. I, fig. 12. 

Diagnosis 
A species of Oolina which bears a basal boss seated in a hollow. The simple, circular 
aperture is borne on a short collar and is terminal. 
Remarks 
This species is distinguished from Oolina melo by the ornamentation, which while being 
of a similar shape, is finer. Staining occurs as a singular red patch within the chamber. 

Subfamily ELLIPSOLAGENINAEASUvestri, 1923 
Genus nSSURINAReuss, 1850 
Fissurina lucida (Williamson) 

Recommended source for illustration: Haynes, 1973, pi. 14, figs 1-2. 

1848 Entosolenia marginata (Montagu) var. lucida Williamson, p. 17, pi. 2, fig. 17. 
1862 Lagena lucida (Williamson): Reuss, p. 324, pi. 2, figs 25, 26. 
1930 Entosolenia lucida (Williamson): Cushman & Cole, p. 98, pi. 13, figs 11, 12. 
1950 Fissuhna lucida (Williamson): Bandy, p. 274, pi. 41, fig. 12a, b. 

Diagnosis 
A pyriform compressed species of Ftssurina. The flattened sides are ornamented with an 
opaque horse-shoe shaped band of coarse perforations. The aperture is a terminal long slit 
and passes into an entosolenian tube. 

Remarks 
This species stains with irregular patches within the lest and near to the aperture, 
sometimes becoming completely stained throughout the test. 

Fissuriita marginata (Walker & Boys) 
Recommended source for illustration: Murray, 1973, pi. 39, figs 4-6. 

1748 Serpula {Lagena) marginata Walker & Bo>'S, p. 3, tab. 1, fig. 7. 
1803 Vermiculum marginatum Montagu, p. 524. 
1844 Lagena marginata Walker: Brown, p. 3, pi. 56, figs 30, 31. 
1858 Entosolenia marginata (Walker): Williamson, p. 9, pi. 1, fig. 21. 
1865 Lagena sulcata Walker & Jacob var. {Entosolenia) marginata (Montagu): 

Parker & Jones, p. 355, pi. 13, figs 42, 43. 
1953 Fissurina marginata (Montagu): Loeblich & Tappan, p. 77, pi. 14, figs 6-9. 
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Diagnosis 
A species ofFissurina which has a compressed test which is round in outline. This species 
has a thick peripheral keel which bifurcates to encircle a compressed, lenticular aperture. 

Remarks 
The entosolenian tube t)picalty stains in this species together with other patches of stain 
within the test. 

Fissurina orbignyana Segueoza 
Recommended source for illustration: Murray, 1971 {a}, pi. 40, figs 1-5. 

1862 Fissurina orbignyana Seguenza, p. 66, pL 2, figs 19-20. 

Diagnosis 
A species ofFissurina with a compressed, pyriforra test. The periphery is tri-carinate and 
the central carina bifurcates around the slightly e\'erted lenticular aperture. 

Remarks 
Staining in this species occurs as patches of staining within the chamber. 

Fissurina sp. 1. 
Plate 1, Figure 6. 

Diagnosis 
Wall calcitic, of radially arranged crystallites, with veiy fine pores, often transparent. Test 
is monolhallamous and compressed The aperture is a lenticular slit in the periphery, with 
an entosolenian tube e.xtending into the chamber. 

Description 
This species of Fissurina has an elongate to almost rectangular outline, is very compressed 
and is tricarinate. The central keel extends forxwds at the anterior to produce a short 
almost square neck on shoulders bearing a narrow slitted aperture with slightly e\'erted lip. 

Remarks 
Staining in this species occurs as patches of stain in the chamber. 

Fissurina sp. 2. 
Plate 1, Figure 7. 

Diagnosis 
Wall calcilic, of radiallj' arranged crystallites, with very fine pores, often transparent. Test 
is monothallamous and compressed. The aperture is a lenticular slit in the periphery, with 
an entosolenian tube extending into the chamber. 

Description 
This species ofFissurina is globular and has opaque coarsely perforated areas of the test. 
When viewed from above this species is globular trihedral. The two edges of each face bear 
translucent bands from the aperture to the base. The three faces are opaque except for a 
translucent band running down from the aperture to halfway dowTi the chamber. The 
aperture is a narrow slit. 

Remarks 
Staining in this species occurs as patches of stain in the chamber. 
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Suborder ROTALIINA Delage & Herouard, 1896 
Superfamily BOLIVINACEA Glaessner, 1937 

Family BOLIVINIDAE Glaessner, 1937 
Genus BOLIVINA d'Orbigny, 1839 

BoUvina pseudoplicata Heron-Allen & Eariand 
Recommended source for illustration; Murray, 1971 {a}, pi. 43, figs 1-7. 

1870 Bolivina plicata Brady, p. 302, pi. 12, fig. 7a, b. 
1930 Bolivina pseudoplicata Heron-Allen & Eariand, p. 81, pi. 3, figs 36-40. 

Diagnosis 
A species of Bolivina with a compressed test and depressed, oblique sutures. The surface is 
covered in folds or ridges which rise to form irregular proc^ses and form a recticulate 
surface. The coarse perforations are set in depressions in the test. The aperture is terminal, 
arch-shaped and bears a tooth-plate. 

Remarks 
This species stains in the terminal chamber and within the aperture. Bolivina 
pseudoplicata is infaunal and detritivorous. 

BoUvina striatula Cushman 
Recommended source for illustration: Haynes, 1973, pi. 10, figs 1: 1 (stereopair). 

1922 Bolivina striatula Cushman {a}, p. 27, pi. 3, fig. 10. 

Diagnosis 
A species of BoUvina with an elongate, compressed test whose sides become parallel. The 
periphery is initially rounded, becoming acute in the later part of the test. Wall por^ are 
very fine and ev enly distributed, except in the terminal few chambers, when they become 
reslriaed to the lower half of each chamber. The lower half of the lest is highly 
ornamented with parallel costae. The aperture is arch-shaped with a tooth plate. 

Remarks 
Staining is visible in the final chamber of this infaunal detritivore. 

Bolivina pseudopunctata HOglund 
Recommended source for illustration: Murray, 1971 {a}, pi. 44, figs 3-6. 

1894 Bolivina punctata Goes, p. 49, pi. 9, figs 478, 480. 

1947 Bolivina pseudopunctata HOglund, pp. 273-4, pi. 24, fig. 5a, b, pi. 32, figs 23, 24. 

Diagnosis 
A slightly compressed species of Bolivina, with ribs present on the initial chambers. Wall 
pores are present only upon the distal half of each chamber. The terminal aperture is a 
high arch, which bears a tooth plate. 
Remarks 
This species stains in the final chamber and is an infaunal detritivore. 

BoUvina variabilis (Williamson) 
Recommended source for illustration: Haynes, 1973, pi. 10, fig. 8. 

1858 Textularia variabilis WUliamson, p. 76, pi. 6, figs 162-163. 
1892 Bolivina variabilis (Williamson): Chaster, p. 59. 

Diagnosis 
A species of Bolivina which has a compressed test, with deeply depressed straight and 
oblique sutures. The wall is coarsely perforate with each pore set into a depression. The 
arch-shaped aperture bears a tooth plate. 
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Remarks 
Staining t>pically occurs in the final two chambers of this infaunal detritivore. 

Genus BRIZALINA O. G. Costa, 1856 
Brizalina spathulata (Williamson) 

Recommended source for illustration: MurTa>', 1971 {a}, pi. 45, figs 1-4. 

1858 Textularia variabilis Williamson, var. spathulata Williamson, p. 76, 
pi. 6, figs 164-165. 

1884 Bolivina dilatata Brad>', p. 418, pi. 52, figs 20, 21. 
1930 Bolivina spathulata (Williamson): Macfad>'en, p. 57, pi. 4, fig. 20a, b. 
1965 Brizalina spathulata (Williamson): Hedley, Hurdle & Burdett, p. 21, pi. 6, fig. 23. 

Diagnosis 
A species of Brizalina which has a compressed test with an acute peripher>'. The sutures 
are slightly depressed and curv e towards the initial part of the test This specie has an 
arrow-head-shaped periphery and often has a serrated appearance, due to the formation of 
elongate points developed at the end of most chambers. The aperture is high, arch-shaped 
and bears a tooth plate. 

Remarks 
This species is an infaunal detritivore and t>T5ically stains in the chambers proximal to the 
aperture. 

Superfamily T U R R I L I N A C : E A Cushman, 1927 
Family S T A I N F O R T H I I D A E Reiss, 1963 

Genus S T A I N F O R T H L \ Hofker, 1956 
Stainforthia concava (Hoghind) var. loeblichi (Feyling-Hanssen) 
Recommended source for illustration: Haynes, 1973, pi. 5, fig. 10. 

1954 Virgulina loeblichi FeyUng-Hanssen, p. 191, pi. 1, figs 14-18. 
1973 Stainforthia concava ^oglund) var. loeblichi (Feyling-Hanssen): Haynes, 

pp. 123-124, pi. 5, fig. 10. 

Diagnosis 
This variety of Stainforthia concava is round in section. The aperture is a broad 
interiomarginal arch with a rounded lip 

Remarks 
This \'ariet>' of Stainforthia concava lacks an initial spine. Staining occurs throughout the 
entire test of this infaunal detritivore. 

Superfamily BLILIMIN A C E A Jones, 1875 
Family BULIMINIDAE Jones, 1975 
Genus BULIMIN A d'Orbigny, 1826 

Bulimina elongata d'Orbigny 
Recommended source for illustration: Ha>'nes, 1973, pi. 10, figs 9, 11. 

1846 Bulimina elongata d'Orbigny, p. 187, pi. 11, figs 19, 20. 
1884 Bulimina elegans Brady, p. 398, pi. 50, figs 3, 4. 
1952 Bulimina aff. aculeata Parker, p. 445, pi. 4, figs 7, 13. 

Diagnosis 
This species of Bulimina has slightl>' depressed sutures. The chambers are well-inflated. 
Some chambers develop small tubercles on their lower edges. The terminal aperture is oval 
and partially surrounded by a lip. 

Remarks 
This species stains in the final chamber and is an infaunal detritivore. 

50 



Buiimina marginata d'Orbigny 
Recommended source for illustration: Murray, 1971 {a}, pi. 49, figs 1-7. 

1826 Buiimina marginata d'Orbigny, p. 269, pi. 12, figs 10-12. 
1858 Buiimina pupoides var. marginata Williamson, p. 62, pi. 5, figs 126, 127. 
1865 Buiimina Presli, Reuss, \'ar. marginata d'Orbigny: Parker & Jones, p. 372, 

pi. 15, fig. 10, pi. 17, fig. 70. 

Diagnosis 
A species of Buiimina which has depressed suture and has veo' inflated chambers with 
angular low^ edges which bear smaU spines. The aperture is rounded. 

Remarks 
Buiimina marginata is an infaunal detritivore which stains in the final chamber. 

Family BULIMINELLIDAE Hofker, 1951 
Genus BULIMINELL A Cushman, 1911 
Buliminella elegantissima (d'Orbigny) 

Recommended source for iUustration: Murray, 1971 {a}, pi. 42, figs 1-4. 

1839 Buiimina elegantissima d'Orbigny {b}, p. 51, pi. 7, figs 13, 14. 
1911 Buliminella elegantissima Cushman, p. 88. 

Diagnosis 
A species of Buliminella which has a sub-ovoid test. The chambers are coiled in a high 
irochospiral, and elongated. The sutures are depressed and the terminal aperture is 
comma-shaped and bordered by part of the terminal chamber. 

Remarks 
This species is an infaunal detritivore which stains throughout the test. 

Subfamily UVlGERININAEHaeckel, 1894 
Genus UVIGERINA d'Oibigny, 1826 

Uvigerina sp. 1. 
Plate I, Figure 8. 

Diagnosis 
The test is calcareous, perforate and the siuface is cmered in platy longitudinal costae. The 
elongated test is triserial in initial chambers becoming more biserial in later chambers. 
The sutures are distinct and depressed and oblique. The apertiu^ is terminal produced on a 
neck with a phialine lip. 

Description 
This species of Uvigerina is elongated in outline with a round cross-section and the 
chambers are rounded and inflated. This diminutive species has a granular, frosted 
appearance. 

Remarks 
Staining of this species is visible throughout the lest. Representatives of this genus are 
infaimal detriti\'ores. 

Subfamily ANGULOGERININAE Galloway, 1933 
Genus TRIFARINA Cushman, 1923 

Trifarina angulosa (Williamson) 
Recommended source for illustration: Murray, 1971 {a}, pi. 51, figs 1-6. 

1858 Uvigerina angulosa WiUiamson, p. 67, pi. 5, fig. 140. 
1865 Uvigerina pygmaea d'Orbigny, var. angulosa (WiUiamson): Parker & Jones, p. 364, 

pi. 13, fig. 58; pi. 17, fig. 66a, b. 
1927 Angulogerina angulosa (Williamson): Cushman, p. 69. 
1964 Trifarina angulosa (Williamson): Loeblich & Tappan, C571, fig. 450, 1-3. 
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Diagnosis 
A species of Trifarina in which the test is trigonal in cross-section. Longitudinal 
imperforate ribs run over the lower chambers and three carina continue to the terminal, 
collared, o\'al, lipped aperture which bears a tooth plate. 

Remarks 
This infaunal detritivore stains throughout the test 

Superfamily FURSENKOINACEA Loeblich & Tappan, 1961 
Family FXJRSENKOINIDAE Loeblich & TaRxm, 1961 

Genus FURSENKOINA LoebUch & Tappan, 1961 
Fursenkoina fusiformis (Williamson) 

Recommended source for illustration: Murra>', 1971 {a}, pi. 77, figs 1-5. 

1858 Bulimina pupoides d'Orbigny vai. fusiformis Williamson, p. 63, pi. 5, figs 129, 130. 
1887 Bulimina fusiformis (Williamson): Brad>', p. 897. 
1947 'Bulimina 'fusiformis' (WiUiamson): Hoglund, p. 232, pi. 20, fig. 3, 

lexl-figs 219-233. 
1960 Virgulina fusiformis (Williamson): Van Voorthu>'sen, p. 250, pi. 11, fig. 13. 
1965 Fursenkoina fusiformis (Williamson): Murray, {a}, p. 503, pi. 1. 

Diagnosis 
A species oi Fursenkoina with an elongate, fusiform test The chambers are inflated and 
initially are twisted and biserial. The aperture is terminal, round and bears a tooth plate. 

Remarks 
The staining in this infaunal detritivore is visible through the test in all chambers. 

Superfamily DISCORBACEAEhrenberg, 1838 
Family ROSALINIDAEReiss, 1963 

Genus GAVELINOPSISHoflcer, 1951 
Gavelinopsispraegeri (Heron-Allen & Earland) 

Recommended source for illustration: Murray, 1971 {a}, pi. 55, figs 1-5. 

1913 Discorbina praegeri Heron-Allen & Earland {a}, p. 122, pi. 10, figs 8-10. 
1971 Gavelinopsis praegeri (Heron-Allen & Earland): Murray, {a}, p. 133, pi. 55, 

figs 1-5. 
1988 Gavelinopsis praegeri (Heron-Allen & Earland): Loeblich & Tappan, pi. 608, 

figs 6-12. 

Diagnosis 
A species of Gavelinopsis which has a fiat ventral side and convex dorsal side. The test is 
low trochospiral and planoconvex, with five to six chambers in the final whorl. The 
sutures are flush on the dorsal side, whilst strongly curving backwards. The sutures on the 
ventral side are depressed and radial. The aperture is ventral and consists of an 
interiomarginal slit. 

Remarks 
This epifaunal suspension-feeder stains in the final chamber. Loeblich & Tappan (1964, 
1988) have replaced the genus Discorbina with Gavelinopsis for this species. 
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GenusROSALlNAd'Orbigny, 1826 
Rosalina anomala Terquem 

Recommended source for illustration: Haynes, 1973, pi. 17, figs 1-3. 

1951 Discopulvinulina globuiarisHofker, {a}, p. 457, text-fig. 311. 
1858 Rotalina concamerata Williamson, p. 52, pi. 4, figs 104, 105. 
1865 Discorbina globularis var. vesicularis sub. \'ar. globularis Parker & Jones, p. 386, 

pi. 14, figs 20-23. 
1875 Rosalina anomala Terquem, p. 438, pi. 5, fig. 1. 
1894 Discorbina globularis (joes, p. 94, pi. 15, fig. 793a, b. 
1931 Discorbis globularis Cushman, p. 22, pL 4, fig. 9a-c. 
1962 Rosalina globularis Haake, p. 43, pi. 3, figs lO-l I. 
1967 Rosalina globularis d'Oibigny var. anglica Heron-Allen & Eariand: Le Calvez & 

BoiUot, p. 397, pi. 1, figs 7, 8. 

Diagnosis 
A species of Rosalina in which the test is coarsely perforate on the dorsal side and 
imperforate on the ventral side. The test is a low trochospiral. The chambers develop beak
like lobes in the ventral umbilicus. The aperture is a low interiomarginal arch near the 
periphery on the umbilical side sqjarated b>' an umbilical folium from a small secondary 
opening at the preceding suture on the opposite margin. Other secondary openings of the 
final whorl remain open. 

Remarks 
Rosalina anomala is an epifaunal herbivore which stains in the final chamber. 

RosaUna globularis d'Orbigny 
Recommended source for illustration: Murray, 1971 {a}, pi. 56, figs 1-6. 

1826 Rosalina globularis d'Oibigfuy, p. 271, pi. 13, figs 1, 2. 

Diagnosis 
A species of Rosalina which is trochospirally coiled and convex. The chambers munber 
five to six on the spiral side and are lobate. Sutures are slightly depressed and curve 
backwards. The ventral side is concave, with an open umbilicus which has slightly 
depressed radial sutures. The aperture is a low interiomarginal arch near the periphery on 
the lunbilical side separated by an umbilical folium from a small secondary opening at the 
preceding suture on the opposite margin. Other secondary openings of the final whorl 
remain open. 

Remarks 
The walls of this species are coarsely perforate, although not as coarsely perforated as 
Rosalina anomala. Rosalina globularis is an epifaunal hertnvore which stains in the final 
chamber. 

Rosalina ^vUliamsoni (Chapman & Parr) 
Recommended source for illustration: Haynes, 1973, pi. 17, figs 13-15. 

1858 Rotalina nitida Williamson, p. 54, pi. 4, figs 106-108. 
1864 Rotalia nitida (WiUiamson): Brady, p. 474. 
1889 Discorbina nitida (Williamson): Wright, p. 449. 
1931 Discorbis nitida (Williamson): Cushman, p. 26, pi. 6, fig. la-c. 
1932 Discorbis williamsoni Chapman & Parr, p. 226, pi. 21, fig. 25. 
1962 Rosalina \tilliamsoni (Chapman & Parr); Haake, p. 43, pi. 4, figs 1, 2. 

Diagnosis 
A species of Rosalina which is trochospirally coiled and plano-convex. The sutures curve 
strongly backwards. Five or six chambers are visible on the ventral side. The umbilical 
lobes are small and irregular and small umbilical bosses may be present. The aperture is a 
low interiomarginal arch near the periphery on the umbilical side separated b>' an 
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umbilical folium from a small secondary opening at the preceding suture on the opposite 
margin. Other secondaiy openings of the final whorl remain open. 

Remarks 
This species differs from R. williamsoni and R. globularis b>' being ver>' finely perforate 
and keeled; having a slightl)' lobate outline. This species is an epifaunal herbivore which 
stains in all chambers. 

Superlamily PLANORBULINACEA Schuager, 1877 
Family CIBICIDIDAE Cushman, 1927 

Subfamily CIBICIDINAE Cushman, 1927 
Genus CIBICIDES de Montfort, 1808. 
Cibicides lobatulus (Walker & Jacob) 

Recommended source for illustration: Murray, 1971 {a}, pi. 73, figs 1-7. 

1798 Nautilus lobatulus Walker & Jacob, p. 642, pi. 14, fig. 36. 
1826 Truncatulina tuberculata = Truncatulina lobatula (Walker & Jacob): d'Orbigny, 

p. 279, no. 1, mod 37. 
1828 Lobatula vulgaris Fleming, p. 232. 
1839 Truncatulina lobatula (Walker & Jacob): d'Orbigny { a } , , p. 134, pi. 2, figs 22-24. 
1865 Planorbulina farcta Fichtel & Moll sp. var. {Truncatulina) lobatula 

(Walker & Jacob): Parker & Jones, p. 381, pi. 14, figs 3-6; pi. 16, figs 18-20. 
1894 Planorbulina lobatula (Walker & Jacob): Goes, p. 88, pi. 15, fig. 774. 
1927 Cibicides lobatulus (Walker & Jacob): Cushman, p. 93, pi. 20, fig. 4. 
1969 Heterolepa lobatula (Walker & Jacob): Gonzalez-Donoso, p. 6, pi. 2, fig. 1. 

Diagnosis 
A species of Cibicides which is attached and plano-convex. It is dorsally a low trochospiral 
and ventrally com'ex. The peripher>' is angular with imperforate thickening of the keel. 
The chambers are coarsely perforate. Initially compact and regular but may become 
twisted, uncoiled, sprawling and lobate. The aperture is an arch. 

Remarks 
Staining occurs in the final chamber only and should not be confused with tests which 
stain throughout all chambers, as these individuals are considered to be not living at the 
time of collection. This attached species is an epifaunal suspension-feeder. 

Cibicides pseudoungerianus (Cushman) 
Recommended source for illustration: Murray, 1971, pi. 74, figs 1-6. 

1922 Truncatulina pseudoungeriana Cushman {b}, p. 97, pi. 20, fig. 9. 
1971 Cibicides pseudoungerianus (Cushman): Murray, {a}, p. 177, pi. 74, figs 1-6. 

Diagnosis 
A compact and regular species of Cibicides. An imperforate boss is visible on the dorsal 
side. The aperture is an arch. 

Remarks 
This species is distinguished from C. lobatulus by its more regular pattern of growth, 
coarser umbilical perforations and by the production of an imperforate boss on the dorsal 
surface. This attached species is epifaunal and a suspension-feeder which stains in the 
terminal chamber. 

Family PLANORBULINIDAE Schwager, 1877 
Subfamily PLANORBULININAE Schwager, 1877 

Genus PLANORBULINA d'Oibigny, 1826 
Planorbulina mediterranensis d'Orbigny 

Recommended source for illustration: Murray, 1971 {a}, pi. 75, figs 1-6. 

1826 Planorbulina mediterranensis d'Orbigny, p. 280, pi. 14, figs 4-6. 
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Diagnosis 
A species of Planorbulina in which the early part of the test is trochospiraL, but later 
chambers are added in a c>'clical pattern, producing a quadrate outline. The test is coarsely 
perforate. The spiral side is flat, whilst the umbilical side is convex. Each external 
chamber has two lipped, arched apertures. 

Remarks 
This attached species stains within the apertures at the comers of the test and is epifaunal 
and a suspension-feeder. 

Superfamily ASTERIGERINACEA d'Oibigny, 1839 
Family ASTERIGERINATIDAE Reiss, 1963 
Genus ASTERIGERINATA Bermudez, 1949 

Asterigerinata mamilla (Williamson) 
Recommended source for iUustration: Murra>', 1971 {a}, pi. 59, figs 1-6. 

1858 Rotalina mamilla WiUiamson, p. 54. pi. 4, figs 109-111. 
1864 Discorbina rosacea R B. Brad>', p. 194. 
1913 />;5cor6/5;7/fl7ior/)/5Heron-AUen&Earland{a},p. 124, pi. 11, figs 10-12. 
1931 Discorbis mamilla (WUliamson): Cushman, p. 23, pi. 5, fig. la-c. 
1949 Discorbis? rosacea Cushman, p. 44, pi. 8, fig. 6a-c. 
1951 Asterigerinata mamilla (WiUiamson): Hoflcer, {a}, p. 472, text-figs 322-326. 
1954 Heminwayina mamilla (Williamson): Troelsen, p. 466. 
1960 Rosalinamamilla (WUliamson): Voorthuysen, p. 251, pi. I I , fig. I7a-c. 
1967 Gavelinopsis mamilla (WUliamson): Le Calvez & BoUlot, p. 394. 

Diagnosis 
A species of Asterigerinata in which the test is trochospiraUy coUed, having a convex 
dorsal side and a planar ventral side. The walls are finely perforate except close to the 
sutures on the dorsal side, where the pores are coarse. The sutures on the dorsal side are 
curved backwards, whilst on the ventral side are only sUghUy depressed. The umbilicus is 
closed The aperture is an arch at Uie base of the last chamber. 

Remarks 
This epifaunal herbivore stains within the final aperture. 

Superfamily NONIONACEA Schultze, 1854 
Family NONIONIDAE Schultze, 1854 

Subfamily NONIONINAE Schultze, 1854 
Genus HAYNESINA Banner & Culver, 1978 

Haynesina germanica (Ehreoberg) 
Plate I, Figure 9. 

1840 Nonion germanica Ehrenberg, p. 23. 
1858 Nonionina crassula WUliamson, p. 33, pi.3, figs 70-71. 
1867 Nonionina depressula Brady, p. 106. 
1930 Nonion depressulus Cushman, p. 3, pi. I , figs 3-6. 
1965 Protelphidium depressulum Adams & Haynes, p. 36. 
1965 Protelphidium anglicum Murray {b}, p. 149, pi. 25, figs 1-5, pi. 26, figs 1-6. 
1971 Nonion germanicum (Ehrenberg); Hoflcer, p. 63, pi. 95, figs 14-15. 
1978 Haynesina gertnanica (Ehrenberg); Banner & Culver, p. 177-207. 

Diagnosis 
A species of Haynesina in which the test is planispiral and involute. There are five to 
eleven chambers in the final whorl. The sutures are slightly depressed at the periphery, 
becoming ver>' depressed towards the umbilicus. Tubercular ornament extends from the 
umbiUcus to Uie inner sutures. The aperture is a row of pores at the base of the last 
chamber, with tubercles above them. 
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Remarks 
This species stains in the final chamber. The test of stained specimens ma>' be cream/green 
in the initial chambers. Haynesina germanica is an infaunal herbivore. 

Genus NONION de Montfort, 1808 
/Ronton depressulus (Walker & Jacob) 

Recommended source for illustration: Murray, 1971 {a}, pi. 82, figs 1-8. 

1784 ''Nautilus spiralis utrinque subumbilicatus" Walker & Boys, p. 19, 
pl. 3, fig. 68. 

1798 Nautilus depressulus Walker & Jacob, p. 641, pl. 14, fig. 33. 
1913 Nonion asterizans Heron-AUen & Earland {a}, p. 143, pL 13, figs 12, 13. 
1930 Nonion depressulum (Walker & Jacob): Cushman, p. 3, pl. 1, fig. 3. 
1971 Nonion depressulus (Walker & Jacob): Murray, {a}, p. 195, pl. 82, figs 1-8. 

Diagnosis 
A species of Nonion having a planispiral test with se\'en to eleven chambers in the final 
whorl. The sutures are slightly depressed in the early portion, later becoming strongly 
depressed. Tubercular ornament fills the umbilici and inner parts of the sutures. The 
aperture is a series of interiomarginal openings obscured by tubercles. 

Remarks 
This species can be distinguished fxova Haynesina germanica by being more comprised 
and the test being more translucent under a light microscope. 
Staining occurs in the final chamber of this infaunal herbi\'ore. 

Genus NONIONELLA Cushman, 1926 
Nonionella turgida (Williamsoo) 

Recommended source for illustration: Haynes, 1973, pi. 22, fig. 12. 

1858 Rotalina turgida Williamson, p. 50, pl. 4, figs 95-97. 
1862 Nonionina asterizans var. turgida (Williamson): Carpenter, Parker & Jones, p. 311. 
1865 Polystomella crispa sp., var. {Nonionina) turgida (Williamson): Parker & Jones, 

p. 405, pl. 17, fig. 57a-c. 
1884 Nonionina turgida (Williamson): Brady, p. 731, pl. 109, figs 17-19. 
1930 Nonionella turgida (Williamson): Cushman, p. 15, pi. 6, figs 1-4. 

Diagnosis 
A compressed species of Nonionella with chambers increasing very rapidly in height and 
the final one extending in a broad lobe across the ventral umbilicus. The aperture is a 
small arch. 

Remarks 
Staining occurs in the final chamber only in this infaunal herbivore. 

Nonionella (? NonionelUna) sp. A Haynes 
Recommended source for illustration: Haynes, 1973, pl. 22, figs 17, 18. 

1973 Nonionella (? Nonionellina) sp. A. Haynes, p. 215, pl. 22, figs 17, 18, pl. 23, fig. 3, 
text-fig. 46, nos 1-4. 

Diagnosis 
A species of Nonionella in which the test is compressed and chambers becoming more 
than three times as high as wide. The test tends to become planispiral and aequilateral in 
later chambers, with a slightly lobate, subround periphery. The ventral umbilicus is 
tuberculate. The aperture is a small, almost equatorial arch which e.xtends slightly to the 
ventral side and is surrounded by tubercles. 

Remarks 
This species is infaunal and detritivorous. Staining occurs in the final chamber. 
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SuperfamUy CHILOSTOMELLACEA Brad)', 1881 
Family TRICHOHYALIDAE Saidova, 1981 

Genus B U C C E L L A Andersen, 1952 
Buccelia frigida (Cushman) 

Recommended source for illustration: Murray, 1971 {a}, pi. 53, figs 1-5. 

1922 Puhinulina frigida Cushman {a}, p. 12. 
1930 Buccella frigida (Cushman) var. calida Cushman & Cole, p. 98, pL 13, fig. Ua-c. 
1931 Eponidesfiigida Cushman, p. 45. 

1952 Buccellafrigfda (Cushman): Anderson, p. 144, figs 4a-c, 5,6a-c. 

Diagnosis 
A species of Buccella in which the test is biconvex and trochospirally coiled Two whoris 
are visible on the dorsal side, the chambers having flush sutures. The ventral side is 
ornamented with tubercles, which extend isom the umbilicus along the radial depressed 
sutures. The aperture is an interiomarginal slit which is almost obscured tubercles and 
located midwaj- between the umbilicus and the periphery. 
Remarks 
Buccella frigida is infaunal and detritivorous and stains through all chambers of the test. 

Superfamily R O T A L L \ C E A Ehrenberg, 1839 
Family ROTALIIDAE Ehrenberg, 1839 

Subfamily AMMONONAE Saidova, 1981 
Genus AMMONIA BrOnnich, 1772 

Ammonia batavus (Hofker) 
Recommended source for illustration: Murray, 1971 {a}, pi. 62, fig 4, 

{as Ammonia beccarii), Haynes, 1973, pi. 18, figs 5, 6, 14, 16. 

1858 Rotalina beccarii WiUiamson, p. 48, p i 14, figs 90-92. 
1951 StreblusbatavusHoikst, {a}, pp. 498, 340, 341. 
1952 Rotalia beccarii Parker, p. 457, pi. 5, fig. 5a, b. 
1964 Ammonia batavus (HoQcer): Feyling-Hanssen, p. 349, pi. 21, figs 4-13. 
1965 Ammonia beccarii (Linne) var. batavus (Hofker): Murray {a}, p. 502 (list), pi. I , 

figs 1> 1; 2, 2 (stereopairs). 

Diagnosis 
A biconvex Ammonia with a sub-round periphery. It produces an umbilical calcite boss 
which seems to increase in size as the individual grows. The aperture is an interiomarginal 
slit which is ventral. 

Remarks 
This species is distinguished from others in having an umbilical calcite boss and should be 
mounted with the ventral side uppermost, to allow identification. The final chamber stains 
when live. The characteristic umbilical boss of this species is only present once the first 
whori of chambers is formed With small, juvenile specimens the umbilical calcite boss is 
not visible and it is assumed that these are juvenile >l/n/7ioma batavus, as no other such 
species appeared live in the samples studied This species is believed to be infaunal and 
herbivorous. 

Family ELPHIDnDAE Galloway, 1933 
Subfamily ELPHIDIINAE Galloway, 1933 

Genus ELPHIDIUM de Montfort, 1808 
Elphidium crispum (Linn^) 

Recommended source for illustration: Murray, 1971 {a}, pi. 64, figs 1-6. 

1758 Nautilus crispus Linn6, p. 709. 
1882 Polystomella crispa (Linn^); Lamark, p. 625, pi. I , fig. 2d-f 
1927 Elphidium crispum (Linn6); Cushman & Grant, p. 73, pi. 7, fig. 3a-b. 
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Diagnosis 
A biconvex, planispiral and involute species of Elphidium. This species has many narrow 
chambers which have long retral processes extending from the sutures. The periphery is 
carinaie and it has a large calcite boss in the umbilici. The aperture is a series of 
interiomarginal pores. 

Remarks 
This species is characterised b>' having a keel, an acute periphery and a calcite boss. 
Staining is visible by the aperture and also through the sutures of the last few chambers of 
this epifaunal hert)i\'ore. 

Elphidium gerthi Van Voorthuysen 
Recommended source for illustration: Murray, 1971 {a}, pi. 67, figs 1-7. 

1957 Elphidium gerthi Van Voorthuysen, p. 32, pi. 23. fig. 12a, b. 

Diagnosis 
This species of Elphidium is characterised by having smooth umbilici and a subroimded 
periphery. The test is planispiral, slightly e\'olute and compressed. The peripher>' is sub-round 
and the sutures are depressed and cur\'e backwards towards the periphery. There are nine to 
ele\'en chambers in the outer whorl, crossed by short rctral processes. The aperture is a series of 
interiomarginal arches. 

Remarks 
This species stains in the final chamber and is epifaunal and herbivorous. 

Elphidium macellum (Ficbtel & Moll) 
Recommended source for illustration: Ha>'nes, 1973, pi. 24, figs 1-3. 

1798 Nautilus macellus Fichiel & Moll, p. 66, var. P, pi. 10, figs h-k. 
1808 Elphidium macellum (Fichtel & Moll): Montfort, p. 15. 
1901 Polystomella macella (Fichtel & Moll) var. aculeata Silvestri, p. 45. 
1949 Elphidium macellum (Fichtel & Moll) var. aculeatum (Silvestri): Cushman, p. 27, 

pl. 5, fig. 10. 

1969 Elphidium crispum (Linn^) subsp. spinosum Atkinson, p. 537, fig. 6, fig. 4a, b. 

Diagnosis 
A species of Elphidium which has an acute periphery with a keel. The aperture is a series of 
pores. 

Remarks 
This species greatly resembles Elphidium crispum, but as a jmenile carries spines arising from 
the keel of the test and lacks the umbilical bosses. There is some discussion of whether this 
species matures into Elphidium crispum but specimens of Elphidium crispum which reproduced 
in experiments produced ofispring lacking in spinose keels and so for this work it is assimied that 
they are a separate species. This species is epifaunal and herbivorous. 

Elphidium magellanicum Heron-Allen & Eariand 

Recommended source for illustration: Murray, 1971 {a}, pl. 68, figs 1-7. 

1932 Elphidium magellanicum Heron-Allen & Eariand, p. 440, pl. 16, figs 26-28. 

Diagnosis 
A species of Elphidium with a planispiral, compressed test, with six to se\'en chambers in 
the final whori. The sutures are cur\'ed backwards and depressed. Small, undeveloped 
retral processes are present. Tubercular ornament extends from the umbilici along the 
sutural areas. The aperture is a seri^ of interiomarginal pores. 
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Remarks 
This species is distinguished from other species of the genus because it has a subrounded 
periphery and its umbilici are covered in tubercles. The sutures also ha\% an area covered 
in tubercles. Staining is visible throughout the test of this epifaunal heibi\'ore. 

Elphidium margaritaceum (Cnshman) 
Recommended source for Ulustraiion: Hayoes, 1973, pi. 24, figs 12,13. 

1909 Polystomella macella Heron-Allen & Earland, p. 696, pi. 21, fig. 3a, b. 
1930 Elphidium advenum (Cushman) var. margaritaceum C^ishman, p. 25, pi. 10, fig. 3. 
1961 Elphidium margaritaceum (Cushman): Todd & Low, p. 19, pi. 2, fig. 3. 

Diagnosis 
A specie of Elphidium which has a compressed test and sometime becomes lobate in 
outline. This species lacks a keel and has an acute periphery. Specimens have eight to 
twehe chambers, with depressed backwards-curving sutures, which are crossed by several 
short retral processes. The surface is densely cmered with tubercles. 

Remarks 
The tubercles which co\'er the entire test give the test a frosted appearance. 
This species is infaunal and herbivorous and stains throughout the test. 

2.7. SUMMARY. 

The Murray Grab collects the most numerous specimens of live 

Foraminiferida by sampling the upper 1 cm of sediment. This sampling device 

cuts deeper into the sediment in sandy fades such as Drake's Island, where 

Foraminiferida would have a more diffuse vertical distribution. 

The sampled live fauna is typical of a nearshore marine environment with no 

planktonic species identified. The live fauna from the three sites consisted of 

five sub-orders, 47 genera and eighty five species of benthonic 

Foraminiferida. 
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P L A T E I. 

Figures of species not illustrated elsewhere. 

Figure 1. Psammosphaera bowmcou Heron-Allen & Earland 

Figure 2: Adelostm sp. 1 

Figure 3: Adelosma sp. 2 

Figure 4: Qiiinqiteloailina aspera var. 1 

Figure 5; Lentiailim orbiatlatis (d'Otbi^y) 

Figure 6: Fissitrim sp. I 

Figure 7: Fissurifia sp. 2 

Figure 8: UvigerUia sp. 

Figure 9: Hqyfiesina germanica (Ehrenberg) 
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CHAPTER 3. 

SAMPLED FORAMEVIFERIDA. 

3.1. INTRODUCTION. 

A community is a collection of species living together and is usually linked to a 

particular habitat (Round, 1981). Amongst benthonic meiofauna there appears to 

be a primary interaction between the environment (particularly depth and type of 

substratum) and the individual, with a secondary interaction occurring between 

species living within the habitat. Each benthonic species living within an area will 

have diflFerent requirements for food and space (niche) which, in theory, would lead 

to competition, but in practice there are no data to suggest that competition 

occurs. The community is dynamic as individual species have different 

requirements and the components of communities often have cyclical patterns of 

abundance of less than one year. This means that the community structure is 

variable and should be studied for at least one year. Variability over a short time 

span can occur to communities and this in turn may be part of long term cycling. 

Buchanan & Moore (1986) found in a community of 140 species that the dominant 

20 species set the pattern of community structure and that there was density-

dependent recruitment in the benthos ofiFNorthumberiand with high mortality 

during winter and high recruitment in September. If the stability of a community is 

governed by a few dominant species, an environmental factor which affects them 

would result in the collapse of the community. In the marine environment, the time 

of disruption is vital, as this governs the opportunistic species which will be 

recruited into the area. The time span of oscillations in the marine system is shorter 

than that of terrestrial systems due to the flux in food supply, turbidity and 

currents. Perturbation of an area may be caused by storms, pollution, predators, 

competition, temperature etc. and a large perturbation to the community may result 
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in a high risk of local extinction and a large chance of immigrating species being 

very different to the original community. 

Foraminiferida are represented by numerous species in all nearshore environments. 

The empty tests remain in the sediment and can be collected in large quantities 

(Alve, 1991). Although some Foraminiferida live on hard substrata such as shells 

or rocks, or attached to plants, most live on or in soft sedimentary substrata (Lee, 

1974; Murray, 1991). Species of benthonic Foraminiferida will respond to the 

natural changes of environmental factors in different ways and respond by 

reproducing at different times of the year. Because species of Foraminiferida are so 

diverse in feeding strategies, timing of reproduction and requirements for abiotic 

factors, the foraminiferid community will change temporally. Theoretically, asexual 

reproduction should dominate in stable environments, whereas sexual reproduction 

leads to genetic variability and is advantageous in variable conditions (Murray, 

1991). 

The aim of this part of the study is to discover the changes in community structure 

at each of three sampling sites throughout a year-long sampling progranmie. 

Ideally, in a study of this nature, numerous samples of the sites should be taken 

before the main sampling, and replicate samples taken at the time of sampling, to 

understand the variability of the assemblages. This was not carried out due to the 

extra volume of work this would create. 

3.2. ANALYSIS O F T H E DATA. 

Only Foraminiferida living/stained at the time of collection form the basis of this 

study; data are provided in Appendix III. Abundance of Foraminiferida is both 

calculated to provide number of Foraminiferida per 100 cm^ (grab sample) of 

sediment and also the abundance of Foraminiferida per 100 g dry sediment for 

comparison. Shannon-Weiner diversity indices are calculated, together with indices 

for species richness (Margalef) and evenness (Pielou). The species are separated 

into the three major test types to provide the numbers of individuals which are 

agglutinated, porcellaneous or hyaline. Representatives of five suborders of 

Foraminiferida are encountered in this study and the number of individuals within 
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each suborder at each site is calculated. The fauna has been further analysed to 

provide data on test and aperture shape. Also, the number of individuals with 

suggested feeding strategies and life position (with reference to Murray, 1991) are 

calculated. Micropalaeontologists working with Foraminiferida will often only pick 

301 specimens from a sample and often have no data on absolute abundance. The 

use of relative abundances of subdivisions of the fauna (i.e. percentages) aids the 

understanding of the distribution of fossilised Foraminiferida when absolute 

abundance cannot be calculated. In this study both the absolute abundances and 

relative abundances of the assemblage groups are compared. Alve & Nagy (1990) 

state that no Recent foraminiferid species occur pre-Eocene and so it is important 

to attempt to correlate not species with the environment, but faunal features. 

Because species of Foraminiferida will be components of many of the groups under 

investigation (e.g. Quinqiteiocidina lata is a member of the Miliolina, has an arch-

shaped aperture and is an epifaunal herbivore common in the size range of 125 [im 

to 250 urn) the dominant members of the assemblage will greatly influence all the 

groups under investigation. 

3.3. ABUNDANCE. 

Absolute abundance is "the precise number of individuals of a taxon in a given 

area, volume, population or community" (Lincoln et ai, 1982). It is an important 

measurement in studies of live Foraminiferida as it provides information upon the 

productivity of an area for the taxon under investigation. The abundance of live 

Foraminiferida from the three sites is standardised to a number of live specimens 

per unit area and weight. This allows temporal abundance throughout the year to 

be compared both within and between sites. An increase in abundance generally 

reflects reproduction by the taxa, whereas a decrease in abundance represents the 

death or removal from the area of the taxa. Reproduction occurs when the adults 

of a species reach maturity and the timing of reproduction varies between species. 

Death of Foraminiferida can be caused by predation, lack of nutrition, disease, 
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changes in abiotic and biotic factors, or burial. The juveniles of any organism are 

more affected by environmental factors than adults of the species and, given the 

relatively large amount of offspring produced by Foraminiferida, many will die 

before reaching maturity. 

Abmukaice per unit area 

The Murray Grab was used to collect sediment samples for the extraction of 

Foraminiferida and provides an excellent grab for sampling subtidal sites for 

sediment without loss of the fine portion of the sediment as it passes up through 

the water column. This grab collects sediment from a set area of sea bed (100 cm )̂ 

and is designed to collect a volume of 100 cm^ by cutting 1 cm into the surface of 

the sediment. The volume of sediment collected was not consistent, however, and 

varied mainly between site locations but also slightly within sites. The grab 

appeared to retrieve more sediment fi-om a muddy substratum than fi-om a sandy 

substratum due to it cutting deeper into the sediment. The abundance of 

Foraminiferida varies vertically within the sediment, but the majority of live 

benthonic Foraminiferida are found living on, or within, the upper 1 cm of 

sediment (see Chapter 2). Many authors express the abundance of Foraminiferida 

as number per unit area or volume (see Boltovskoy & Lena, 1969; Murray, 1983) 

and therefore give standing crop data. The standing crop size is thought to be 

related to the fertility of the water (Murray, 1967; Murray, 1979 {b}). Phleger 

(1964) states that the large standing crop of Foraminiferida off rivers may be due 

to the input of trace minerals which may encourage the growth of Foraminiferida 

directly or encourage the growth of their food supply. Lankford (1959) states that 

the standing crop size is small when the sedimentation rate is low and in areas of 

large standing crops the specimen size of Foraminiferida is relatively small. The 

standing crop is thought to be a function of predation, mortality and species 

productivity (Loubere, 1989). 
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Samples were visually assessed for size at the time of collection and if they seemed 

too small or too large the sample was repeated. The fraction of the grab sample 

floated and picked for Foraminiferida was recorded, and so by simple division of 

the number of live Foraminiferida by the numerator and multiplication by the 

denominator the number of live Foraminiferida within the whole grab sample could 

be calculated. 

Abutukojce per unit weight 

Abundance of Foraminiferida has been calculated by some authors for the weight 

of sediment analysed {e,g. Yanko et al., 1994). The dry sediment of the grab 

sample >63 ^m was weighed and also the fraction of the sample floated for 

foraminiferal content. Duplicate samples were taken for particle size analysis and 

the proportion of the sediment less than 63 pm was calculated. By multiplying the 

weight of sedhnent examined by the percentage of less than 63 ^m sediment, the 

total weight of sediment analysed could be calculated; from this numbers of 

Foraminiferida found can be standardised to number of live Foraminiferida per 

100 g. This method of calculating abundance is also subject to the volume (i.e. the 

depth) of sediment retrieved by the grab. 

From Table 3.1 and Figure 3.1 it can be seen that both methods for calculation of 

abundance generally produce similar patterns in temporal abundance. The 

abundance per grab at all sites is usually higher than the abundance per 100 g of 

sediment: this may be due to larger than normal grab samples being taken, 

therefore elevating numbers in the fraction/s examined. 

Absolute abundance (both for Foraminiferida and meiofauna) rather than 

abundance per unit weight is used in this study because it is the standard way to 

calculate abundance. Calculation of abundance per unit weight is abandoned 

because the determination of the less than 63 \im fraction of the sediment for 
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particle size analysis involved treating the duplicate sample differently to that for 

Foraminiferida content. 

Table 3.1: Comparison of abundance oflive Foraminiferida calculated by 

Cawsand Bay Drake's Island White Patch 
Month No. per Na per No. per N a per Na per Na per 

grab 100 g grab 100 g grab 100 g 

Aug. 2872 2513 546 374 3924 2473 
Sep. 3092 1106 454 295 4580 2169 
Oct. 1460 995 208 122 1012 562 
Nov. 558 333 222 150 1644 1093 
Dec. 132 158 22 34 602 700 
Jan. 418 379 149 118 1836 1074 
Feb. 984 696 56 116 2600 1561 
Mar. 1540 716 93 95 870 916 
Apr. 514 454 18 26 101 80 
May. 392 233 216 236 988 244 
Jun. 136 93 102 172 710 727 
Jul. 252 182 157 141 3184 1926 

Comparison of Productivity 

From Table 3.1 and Figure 3.2 it can be seen that White Patch was the most 

productive of the three sites for live benthonic Foraminiferida. Cawsand Bay was 

slightly less productive; but Drake's Island samples produced very few live 

Foraminiferida compared to the other two sites. After an increase in foraminiferal 

abundance at each of the sites there is a period of decrease of abundance probably 

reflecting the vulnerability of juveniles to death. All sites decrease in abundance in 

December, 1993, indicating that foraminiferal reproduction in any great numbers 

does not occur during this month at the locations sampled. 
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Figure 3.1: C omparison of foraminifera! abundance calculated per unit area 
and unit \\ci<iht of sediment for the three sites, 1993 to 1994. 
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Cawsand Bay 
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Figure 3.2: Absolute abundance of live benthonic Foraminiferida (number 
per grab) from the three sampling sites, 1993/1994. 
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Cawscaid Bay 

Phytoplankton (followed by zooplankton) is known to bloom in temperate seas in 

spring and autumn (Tait, 1981), and it seems that at Cawsand Bay maximum 

occurrences of live Foraminiferida coincide with these blooms of planktonic 

organisms. This site is the most marine of the three sites with little input of 

nutrients by fresh water run-off or detrital algae. The Foraminiferida at this site 

seem, therefore, to depend upon the plankton blooms for nutrition to allow 

reproduction and an increase in abundance. This clear pattern of two peaks in 

abundance probably reflects a very stable system, with the major species of the 

assemblage reproducing at two different times of the year. 

Drake's Island 

The pattern of abundance at Drake's Island is less stable than that of Cawsand Bay 

with a cycUcal pattern of increase and decrease in foraminiferal abundance. This 

may reflect a more disturbed environment or that a different species composition 

exists at this site and these species reproduce throughout the annual cycle and 

therefore have different reproductive needs. 

White Patch 

The pattern of abundance of White Patch Foraminiferida in 1993/1994 has three 

major peaks in the annual cycle; September, 1993; February, 1994 and July, 1994 

and smaller peaks in foraminiferal abundance occurred in November, 1993 and 

May, 1994. It appears that different groups of species at this site reproduce at 

different times throughout the year and probably each group has different 

requirements before the commencement of reproduction. 

Comparison of sites 

From Figure 3.1 it can be seen that Uve Foraminiferida from Drake's Island and 

White Patch showed the same pattern of abundance, although the numbers oflive 

Foraminiferida from Drake's Island were far fewer than those from White Patch. 
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The live Foraminiferida from these two sites peaked in August, 1993 at Drake*s 

Island and September, 1993 at White Patch and numbers at both sites declined 

until October and produced a slight peak in abundance in November. Live 

Foraminiferida decreased at both sites in December and produced a peak for the 

months of January, February and March, before again declining in April. Numbers 

of Foraminiferida increased sharply at Drake's Island for the month of May and 

declined slightly in June and July. White Patch Foraminiferida also sharply 

increased during May and June to peak again in July, 1994. The Foraminiferida 

from Cawsand Bay gradually decreased from maximum abundance in September, 

1993 to December. Numbers then increased throughout January, February and 

March before steadily declining through April, May and June. Numbers at 

Cawsand Bay slightly increased in July from the June abundance. 

From Table 3.1 and Figure 3.1 it can be seen that Cawsand Bay and White Patch 

had maximum abundance of hve Foraminiferida in the month of September, 

whereas maximum abundance of Foraminiferida at Drake's Island occurred in 

August. From Figure 3.1 it can be seen that Drake's Island sediment contained 

fewer live species than sediments from either Cawsand Bay or White Patch. The 

maximum number of live specimens from the Drake's Island site was 546 in August 

compared to September numbers of 3092 and 4580 from Cawsand Bay and White 

Patch respectively. 

3.4. DIVERSITY, RICHNESS & EVENNESS. 

3.4,1, DIVERSFTY. 

The use of diversity measures is widespread in biology and micropalaeontology 

and provides information of the number of diflferent species in samples. Diversity is 

a measure of both the variety and the relative abundance of species in samples 

(Magurran, 1988). The index produced represents the diversity of the community 
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with a single number In this study two methods of measuring the diversit\' of the 

samples have been used because they difier in the information they yield: for both 

measures, the higher the index number the greater the diversity. Both indices have 

been calculated on the number of Foraminiferida per grab 

Fisher a index 

The a index of diversity descnbed by Fisher e/ al. (1943) is commonly used in the 

study of Foraminiferida and assumes that the number of each species follows a 

logarithmic series The number of individuals and the number of species in a 

sample are read ofT a graph to provide an a index of diversity (Appendix III) This 

method therefore takes account of rarer species, but Murray (1968 Jbj) found that 

this index tends to increase with sample size. 
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Figure 3.3: C omparison of Fisher a diversities for the three sampling sites. 
1993/1994. 

From Figure 3.3 it can be seen that the Fisher index for diversity vanes at all sites, 

but fluctuates greatly at Drake's Island and less so at Cawsand Bay and White 

Patch respectively. Foraminiferida at Cawsand Bay peak in this diversit> measure 

in the months of January and May and trough with respect to this diversity in the 

months of October and April: indices range at this site between 3 and 9. 

Foraminiferida at Drake's Island peak in this diversity measure in the months of 

October and May and trough with respect to this index in the months of December 
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and April: indices range at this site between 3 and 14. Foraminiferida at White 

Patch peak in the a coeflScient in May and trough with respect to this index in 

January: indices range at this site between 5 and 10. 

Shannon- Weiner index 

The Shannon-Weiner diversity index: 

H'= - L Pi (log pi) where piis the proportion of the total count 

(or biomass etc.) arising from the ith species. 

This index is commonly called the Shannon index of diversity, and is sometimes 

wrongly referred to as the Shannon-Weaver diversity index. This index is 

commonly used by biologists, although it is becoming more frequently used by 

foraminiferologists. The Shannon-Weiner index of diversity has been calculated by 

use of the PRIMER software package produced by PML and natural logarithms 

were used to transform the information (Appendix III). This index takes into 

account both the number of species in a sample and also the number of specimens 

within each species. The value of the Shannon diversity index is usually found to 

fall between 1.5 and 3.5 and only rarely surpasses 4.5 (Margalef̂  1972). 
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Figure 3.4: Comparison of Shannon diversities for the three sampling sites, 
1993/1994. 

Cawsand Bay 

From Figure 3.4 it can be seen that the Shannon index for diversity fluctuates at 

all sites. Foraminiferida at Cawsand Bay peak in this diversity measure in the 

months of September and July and trough with respect to this diversity in the 

months of October and April: indices range at this site between 1.72 and 2.57. 

The Shannon diversity for Cawsand Bay rose and fell in a cyclical pattern on 

alternate months. 

Drake's Island 

Foraminiferida at Drake's Island peak in this diversity measure in the month of 

November and trough with respect to this index in the months of December and 

April: indices range at this site between 1.78 and 2.97. 

White Patch 

Foraminiferida at White Patch peak in this diversity measure in May and trough 

with respect to this index in the months of January, February and March: indices 

range at this site between 1.93 and 2.80. 

Comparison of sites 

The diversity indices for Cawsand Bay were generally lower than the other two 

sites except for the months of January, February and March when they surpass 
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those of White Patch. The diversity indices produced for White Patch were lower 

than those of Drake's Island from August to November, slightly higher in 

December and lower than those for January, February and March than either 

Cawsand Bay or Drake's Island. In April, May and July White Patch diversity is 

greater than Cawsand Bay and Drake's Island and almost equal to their indices in 

June. 

3.4.2. RICHNESS. 

Margalefs Richness index: 

d = (S-1)/ logN which incorporates the total number of individuals 
(N) and is a measure of the number of species 
present for a given number of individuals. 

The Margalef measure of richness is a measure of the number of species in a 

sample. Species richness increases with sample size as more rare species are 

collated and identified. Diversity measures are commonly used to gauge the 

adverse effects of pollution and environmental disturbance. Stressed 

environments experience an increase in dominance and decrease in species 

richness. 
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Figure 3.5: Comparison of richness of species of Foraminiferida for the three 
sites sampled, 1993/1994. 

From Figure 3.5 ail the patterns for species richness for the three sites follow no 

common trends, although the pattern of species richness of Foraminiferida from 
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Cawsand Bay is similar to that of Foraminiferida from While Patch. The richness 

of Foraminiferida from Drake's Island appears to be the most variable of the three 

sites. All sites increase in species richness in May, 1994, possibly indicating the 

immigration of species into the sites at this time. 

3.4.3. EVENNESS. 

Pielou's Evenness index: 

J ' = H' (observed)/ H' 
max where H' max is the maximum possible 

diversity which would be achieved if al! species 
were equally abundant (= log S). 

Evenness of species indicates whether the foraminiferid assemblage is dominated 

by a few species or whether all species within the assemblage have the same 

abundance as each other. Pielou's measure of evenness numbers lie between 0 

and I.O, with 1.0 representing a situation in which all species are equally 

abundant. From Figure 3.6 it can be seen that evenness of the sampled 

assemblages fluctuate throughout the annual cycle. From Figure 3.6 monthly , 

evenness indices show that Drake's Island was consistently higher than those of 

White Patch and Cawsand Bay. The levels for Cawsand Bay and White Patch 

alternated for evenness throughout the year. 
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Figure 3.6: Companson of evenness of species of Foraminiferida for the three 
sites sampled 1993 to 1994. 
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3.5. T E S T T Y P E . 

The test of Foraminiferida is constructed in diflferent ways. D'Orbigny was the first 

person to separate Foraminiferida having a calcareous test fi-om those having an 

agglutinated test (Vinogradov, 1953) and the calcareous tests of Forarainiferida 

can be further subdivided into those tests which are hyaline (glassy and perforate) 

and those which are porcellaneous (imperforate). The test types are distinguished 

further to form the sub-orders, five of which are present in this study. The tests 

which are agglutinated compose the sub-order Textulariina; porcellaneous tests 

compose the sub-order Miliolina and the hyaline species are sub-divided into three 

sub-orders in this study; the Spirillinina, the Lagenina and the Rotaliina. The 

abundances of these sub-orders and the three major sub-divisions of test type are 

given below. 

3.5.1. T H E T H R E E MAJOR T E S T T Y P E S . 

CawsandBay 
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Figure 3.7: Temporal variation in absolute abundance of the three major test 
types of Foraminiferida from Cawsand Bay, 1993/1994. 

From Figure 3.7 it can be seen that the hyaline Foraminiferida constitute the 

majority of specimens during the main peak in abundance in August and September 

at this site. Hyaline Foraminiferida also form approximately half of all foraminiferal 
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abundance in March. The porcellaneous forms increase in abundance later than the 

hyaline forms in the autumn, the increase in the month of October preventing a 

sharp decrease in total abundance i f the porcellaneous forms did not reproduce 

during this month. Porcellaneous forms appear to reproduce during the month of 

March, coinciding with hyaline reproduction at this site. Agglutinated individuals 

are relatively rare at this site and form a minor component of the assemblage at 

Cawsand Bay: these Foraminiferida appear to reproduce in August and March. 

Cawsand B i y 

Figure 3.8: Temporal variation in relative abundance of three major test 
types at Cawsand Bay, 1993/1994. 

From Figure 3.8 it can be seen that hyaline individuals dominate the assemblage at 

Cawsand Bay except during the months of October and December, when the 

porcellaneous forms constitute a greater percentage of the assemblage. 

Agglutinated individuals form 4.0%, 4.2% and 12.7% of the assemblage in the 

months of August, March and July respectively. 
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Drake's Islcaid 
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Figure 3.9: Temporal variation in absolute abundance of the three major test 
types from Drake's Island, 1993/1994. 

From Figure 3.9 it can be seen that the assemblage from Drake's Island is quite 

different to that of Cawsand Bay; at this site porcellaneous and agglutinated 

individuals form larger proportions of the assemblage. Although the number of 

hyaline foraminiferids exceeds that of porcellaneous and agglutinated specimens in 

the months of January, February, May and July; the porcellaneous foraminiferids 

exceed the number of hyaline specimens in the major abundance peaks of August, 

September and November (and also in the months of October, December, March, 

April and June). The agglutinated Foraminiferida at this site appear to reproduce 

mainly during the months of September, January and May. 
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Figure 3.10: Temporal variation in relative abundance of three major test 
types at Drake's Island, 1993/1994. 
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From Figure 3.10 it can be seen that the proportions of porcellaneous and hyaline 

Foraminiferida are fairly even throughout the annual sampling period, although the 

percentage of porcellaneous forms generally exceeds that of hyaline forms. The 

agglutinated fauna is always present at this site and ranges between 2% and 16.7% 

of the assemblage. There appears to be an inverse relationship between the 

agglutinated and porcellaneous suborders at this site: the agglutinated fauna 

appears to increase as a percentage of the assemblage when the percentage of 

porcellaneous forms decreases. 

White Patch 

White Patch 

Month 

Figure 3.11: Temporal variation in absolute abundance of the three major 
test types from White Patch, 1993/1994. 

From Figure 3.11 it can be seen that the assemblage at this site is dominated by 

hyaline Foraminiferida which mostly determine the peaks in abundance throughout 

the year. The peaks in abundance of Foraminiferida in the months of September, 

November, February, May and July are mainly due to the reproduction of hyaline 

specimens. Porcellaneous forms appear to peak in abundance at this site in the 

months of August, September and July, whereas the agglutinated Foraminiferida 

appear to reproduce in the months of August, September, February and July. 
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Figure 3.12: Temporal variation in relative abundance of three major test 
types at White Patch, 1993/1994. 

From Figure 3.12 it can be seen that hyaline individuals dominate the assemblage at 

White Patch throughout the annual sampling period. The percentage of 

porcellaneous individuals at this site range between 11.5% and 36.5% and 

agglutinated specimens form a small proportion of the assemblage at this site. 

Comparison of sites 

From the above graphs it appears that the three sites differ for component test 

types within the assemblages. Cawsand Bay and White Patch are similar in that the 

assemblages are dominated by hyaline Foraminiferida (although they reproduce at 

different times) and the number of agglutinated taxa is relatively low. Drake's 

Island assemblages are dominated by porcellaneous forms and the number of 

agglutinated Foraminiferida is higher at this site than at Cawsand Bay or White 

Patch. Hyaline Foraminiferida reproduce at Cawsand Bay in the months of August, 

September and March; at Drake's Island in January, February, May and July; at 

White Patch in the months of September, November, February, May and July. 

Porcellaneous Foraminiferida reproduce at Cawsand Bay in the months of October 

and March; at Drake's Island in August, September, and November; at White Patch 

in the months of August, September and July. Agglutinated Foraminiferida 

reproduce at Cawsand Bay in the months of August and March; at Drake's Island 

in September, January and May; at White Patch in the months of August, 

79 



September, February and July. These differences in timing of reproduction may be 

because each site has different species present or because the environmental factors 

differ at each site. 

3.5.2. T H E F I V E SUB-ORDERS. 

The distribution of Textulariina and Miliolina are as above, but the category of 

hyaline Foraminiferida is divided into the sub-orders of Spirillinina, Lagenina and 

Rotaliina. 
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Figure 3.13: Temporal variation in absolute abundance of the five sub-orders 
of Foraminiferida present at Cawsand Bay, 1993/1994. 

From Figure 3.13 it can be seen that Rotaliina dominate the hyaline Foraminiferida 

present at this site throughout the annual sampling period. Lagenina form a small 

proportion of the assemblage but appear to peak in abundance in September. The 

Spirillinina at this site appear in few numbers on alternate months from September 

until March, and form a very small component of the assemblage. 
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Cawsand Bay 

Figure 3.14: Temporal variation in relative abundance of the five sub-orders 
of Foraminiferida present at Cawsand Bay, 1993/1994. 

From Figure 3.14 it can be seen that the Spirillinina and Lagenina form very small 

components of the assemblage, although the Lagenina sometimes form a greater 

proportion of the assemblage than the Textulariina. Rotaliina dominate the hyaline 

specimens at this site, and dominate all other sub-orders. 
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Figure 3.15: Temporal variation in absolute abundance of the Ave sub-orders 
of Foraminiferida present at Drake's Island, 1993/1994. 

From Figure 3.15 it can be seen that the hyaline Foraminiferida at this site are 

mainly composed of Rotaliina. Both the Spirillina and the Lagenina are represented 

by relatively few specimens, although both groups appear to increase in abundance 

in August and September. 
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Figure 3.16: Temporal variation in relative abundance of the five sub-orders 
of Foraminiferida present at Drake's Island, 1993/1994. 

From Figure 3.16 it can be seen that the Spirillina and Lagenina form small 

proportions of the assemblage at Drake's Island with the Spirillinina increasing in 

proportion in September, October, November and March and the Lagenina 

increasing as a proportion of the assemblage in August, September and October. 

Neither sub-order is ever greater than the percentage of Textulariina at this site and 

form small components of the hyaline fauna. 
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Figure 3.17: Temporal variation in absolute abundance of the five sub-orders 
of Foraminiferida present at White Patch, 1993/1994. 

From Figure 3 .17 it can be seen that the hyaline Foraminiferida at this site are 

largely composed of Rotaliina. Spirillina are extremely rare at this site, although the 
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Lagenina occur in relatively large numbers, exceeding in abundance the 

Textulariina at this site in September, October, November, December and April. 
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Figure 3.18: Temporal variation in relative abundance of the five sub-orders 
of Foraminiferida present at White Patch, 1993/1994. 

From Figure 3.18 the Spirillina form a rare component of the assemblage, whilst 

the Lagenina form a significant proportion of the hyaUne specimens throughout the 

annual cycle at this site, often exceeding the percentage of Textulariina. 

Comparison of sites 

The hyaline Foraminiferida at all three sites are dominated by Rotaliina with 

comparatively small proportions of SpirilUnina and Lagenina. The Lagenina peak at 

all sites in September and, at both Cawsand Bay and White Patch, at times exceed 

the number of Textulariina. 

3.6. T E S T SHAPE. 

Many organisms show a good correlation between their form and the environment 

in which they live, although shape is often a compromise of many requirements 

(Murray, 1991). Convergent evolution of test shapes is correlated with 

environment (seeBrasier, 1975; Kitazato, 1984;Haynes, 1990; Corliss, 1991), 

species symbiotic with algae (Rdttger et a/., 1984) feeding strategy (Jones & 
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Chamock, 1985). "Morphogroup" analyses of Foraminiferida have linked the shape 

of foraminiferid tests to feeding habits and also to life position (see Jones & 

Chamock, 1985). In addition Bemhard (1986) associates test morphology with 

oxygen availability. The number of different test shapes of Foraminiferida has been 

collated from the data to show how the sites differ in terms of foraminiferid test 

morphologies and how those morphologies might change throughout the annual 

sampling period. 
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Figure 3.19: Temporal variation in absolute abundance of test shapes of live 
Foraminiferida from Cawsand Bay, 1993/1994. 

From Figure 3.19 it can be seen that the major peaks in abundance at this site are 

mainly comprised of quinqueloculine, trochospiral and pianispiral Foraminiferida. 

At Cawsand Bay it appears that these three shapes of live Foraminiferida have two 

major reproductive phases which correspond with the phytoplankton blooms. 

Whereas the peak in abundance in March is comprised of equitable numbers of 

quinqueloculine, trochospiral and pianispiral forms, the peak in abundance in 

September is comprised of more planispiral than trochospiral and quinqueloculine 

forms respectively. This indicates that at this site the autumn period is more 

important for planispiral forms to reproduce than other periods of the year. 
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Figure 3.20: Temporal variation in relative abundance of test shapes of live 
Foraminiferida from Cawsand Bay, 1993/1994. 

Figure 3.20 shows that the Foraminiferida at Cawsand Bay is mainly comprised of 

quinqueloculine, trochospiral and planispiral Foraminiferida. Quinqueloculine 

coiling Foraminiferida form increased proportions of the assemblage in October 

and December, with corresponding decreases in the proportions of trochospiral 

and planispiral Foraminiferida at this site. The other shapes of Foraminiferida are 

fairly stable throughout the annual cycle, although uniserial forms increase in July; 

biserial forms increase in the spring months; and Foraminiferida of other coiling 

increase as a proportion of the assemblage in June and July. 
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Figure 3.21: Temporal variation in absolute abundance of test shapes of live 
Foraminiferida from Drake's Island, 1993/1994. 
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From Figure 3.21 it can be seen that the Drake's Island assemblage is dominated 

throughout the annual cycle by quinqueloculine coiling Foraminiferida. Unlike 

Cawsand Bay, this site has fewer numbers of trochospiral and planispiral 

Foraminiferida than quinqueloculine forms. Uniserial forms are ahnost absent from 

Drake's Island, possibly because the envirorunent is too dynamic at this site to 

allow fragile uniserial forms such as Reophax scottii to proliferate. 
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Figure 3.22: Temporal variation in relative abundance of test shapes of live 
Foraminiferida from Drake's Island, 1993/1994. 

From Figure 3 .22 it can be seen that although quinqueloculine Foraminiferida 

dominate the live assemblage at Drake's Island throughout the annual cycle, most 

of the other test shapes of Foraminiferida are fairiy stable components of the 

assemblage. The quinqueloculine Foraminiferida form a larger part of the 

assemblage at this site in October, April and July. Unilocular forms increase as a 

proportion of the assemblage in January and May; biserial forms in December; 

triserial in May and January; planispiral in May; trochospiral in January and 

February; other types of coiling in December and June. 
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Figure 3.23: Temporal variation in absolute abundance of test shapes of live 
Foraminiferida from White Patch, 1993/1994. 

From Figure 3.23 it can be seen that the peaks in abundance of live Foraminiferida 

at White Patch during September, November and February are dominated by 

trochospiral and planispiral forms, whereas the peak in abundance in July is formed 

mainly by planispiral Foraminiferida. Biserial Foraminiferida peak in abundance in 

September. 
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Figure 3.24: Temporal variation in relative abundance of test shapes of live 
Foraminiferida from White Patch, 1993/1994. 

All shapes of Foraminiferida at this site have a fairly stable proportional 

distribution. Trochospiral forms dominate the assemblage in October and the 

spring months, and planispiral Foraminiferida increase as a proportion of the 
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assemblage in August, June and July. Quinqueloculine forms are fairly stable and 

increase in December and April, whereas the biserial Foraminiferida increase as a 

proportion of the assemblage in September. 

Comparison of sites. 

The sampled sites differ for the abundance of coiling forms of Foraminiferida 

throughout the armual sampling period. The foraminiferal fauna at Cawsand Bay 

has a fairly even distribution of quinqueloculine, trochospiral and planispiral forms; 

at Drake's Island the fauna is dominated throughout the year by quinqueloculine 

forms, whereas at White Patch the assemblage mainly consists of trochospiral and 

planispiral Foraminiferida. 

3.7. A P E R T U R E SHAPE. 

The apertural shape of Foraminiferida is important in the taxonomy of these 

organisms but has not been investigated with reference to temporal fluctuations of 

assemblages. Little is known of the importance of the apertural shape diversity 

displayed by Foraminiferida and this characteristic may reflect the feeding strategy 

of Foraminiferida or perhaps indicate the shape of diatoms preferred as prey by 

herbivorous taxa. 
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Figure 3.25: Temporal variation in absolute abundance of apertural shapes of 
live Foraminiferida from Cawsand Bay, 1993/1994. 

From Figure 3.25 it can be seen that peaks in foraminiferal abundance at Cawsand 

Bay are determined by increases in pore, arch and slit-apertured Foraminiferida 

with an increase in round-apertured Foraminiferida in September. The assemblage 

in October is dominated by Foraminiferida with arch-shaped apertures. 
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Figure 3.26: Temporal variation in relative abundance of apcrtural shapes of 
live Foraminiferida from Cawsand Bay, 1993/1994. 

From Figure 3.26 it can be seen that the distribution of Foraminiferida with pore, 

arch and slit apertures have a feirly even temporal distribution, whereas there is an 

increase in slit-apertured Foraminiferida in January and February, and arch-shaped 

apertured Foraminiferida in March. 
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Figure 3.27: Temporal variation in absolute abundance of apertural shapes of 
live Foraminiferida from Drake's Island, 1993/1994. 

From Figure 3 .27 it can be seen that the assemblage at Drake's Island is dominated 

by arch-shaped-apertured Foraminiferida and is the same pattern of distribution as 

displayed by the Miliolina and quinqueloculine-coiled Foraminiferida. 

Foraminiferida writh round-shaped and pore apertures have a minor contribution to 

peaks in abundance at this site. 
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Figure 3.28: Temporal variation in relative abundance of apertural shapes of 
live Foraminiferida from Drake's Island, 1993/1994. 

From Figure 3.28 it can be seen that the assemblage is dominated throughout the 

year at Drake's Island by arch-shaped-apertured Foraminiferida, especially in 

December when live numbers of Foraminiferida sharply decrease at this site. 
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Foraminiferida with pore apertures form a fairly even proportion of the assemblage 

throughout the year, but increase in proportion of the assemblage in May. 
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Figure 3.29 Temporal variation in absolute abundance of apertural shapes of 
live Foraminiferida from White Patch, 1993/1994. 

The major peaks in abundance at White Patch, except in July, have a fairly even 

distribution of arch, slit and pore-apertured Foraminiferida. In the month of 

September there is a peak in round-apertured Foraminiferida at this site. The peak 

in abundance in July is determined mainly by pore and arch-shaped-apertured 

forms, with minor contributions by those with sHt and round apertures. 
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Figure 3.30 Temporal variation in relative abundance of apertural shap^ of 
live Foraminiferida from White Patch, 1993/1994. 

91 



Foraminiferida with round apertures form a fairly stable proportion of the 

foraminiferid assemblage throughout the year at this site, although they form a 

slightly greater proportion of the assemblage in the spring months and in 

September. Foraminiferida with pore apertures fluctuate as a proportion of the 

assemblage, with relatively few present in the winter months and before the 

phytoplankton bloom in April. Foraminiferida with arch-shaped apertures also form 

a fairly stable proportion of the assemblage at this site but diminish in proportion in 

the months of January, February and March, when there is a corresponding 

increase in those with slit apertures. 

Comparison of sites. 

The temporal distribution of Foraminiferida of different apertural shapes is 

remarkably similar for the assemblages at Cawsand Bay and White Patch, with 

both assemblages having fairly even patterns of distributions of Foraminiferida with 

pore, arch and slit apertures. The assemblage at Drake's Island is markedly 

different from the other assemblages in that it is dominated by Foraminiferida with 

arch-shaped apertures. 

3.8. L I F E POSITION. 

A synopsis of inferred life position of most genera of Foraminiferida encountered in 

this study is given by Murray (1991) and used here to illustrate the temporal 

variation in abundance of foraminiferal life positions. As the life position of all 

genera encountered in this study is not known, the relative abundance of life 

position of the Foraminiferida will not total 100%. 
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Figure 3.31: Temporal variation in absolute abundance of life position of live 
Foraminiferida from Cawsand Bay, 1993/1994. 

From Figure 3 31 it can be seen that the foraminiferid assemblage at Cawsand Bay 

is dominated by infaunal Foraminiferida except in October and July. 
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Figure 3.32 Temporal variation in percentage abundance of life position of 
live Foraminiferida from Cawsand Bay, 1993/1994. 

From Figure 3 32 it can be seen that the relative abundances of epifaunal and 

infaunal forms fluctuate throughout the annual sampling period. Infaunal 

Foraminiferida form a larger proportion of the assemblage in August and 

September and in April and May and epifaunal forms form a larger proportion of 

the assemblage in October, December and June. 
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Drake's Island 
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Figure 3.33: Temporal variation in absolute abundance of life position of live 
Foraminiferida from Drake's Island, 1993/1994. 

The foraminiferal assemblage at this site, unlike that of Cawsand Bay, is dominated 

by epifaunal forms which determine the major peaks in foraminiferid abundance at 

this site, especially in September. The infaunal Foraminiferida do form minor peaks 

in abundance, but not to the same extent as that of the epifaunal forms. 
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Figure 3.34: Temporal variation in percentage abundance of life position of 
live Foraminiferida from Drake's Island, 1993/1994. 

It can be seen from Figure 3.34 that epifaunal Foraminiferida dominate the Drake's 

Island assemblage in all months sampled except January and February, when there 

is a fairly even distribution of Foraminiferida of both life positions. 
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Figure 3.3S: Temporal variation in absolute abundance of life position of live 
Foraminiferida from White Patch, 1993/1994. 

The temporal distribution of epifaunal and infaunal Foraminiferida from White 

Patch bears a close resemblance to that of Foraminiferida from Cawsand Bay in 

that the infaunal taxa dominate most months In August and July, however, 

epifaunal taxa exceed the number of infaunal taxa at this site, and in May and June 

the numbers of infaunal and epifaunal specimens is faidy equal. 
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Figure 3.36: Temporal variation in percentage abundance of life position of 
live Foraminiferida from W hite Patch, 1993/1994. 

The graph of relative abundances of infaunal and epifaunal specimens at White 

Patch shows that in August, May, June and July epifaunal specimens out-number 

95 



the infaunal specimens, whilst the infaunal specimens dominate the assemblage 

from September through to April. 

Comparison of sites. 

The abundance of infaunal and epifaunal Foraminiferida appears to fluctuate with 

seasonal change and appears to be related to the nature of the substrata. The 

relatively more stable substrata of Cawsand Bay and White Patch support more 

infaunal specimens in the winter months, whilst in summer the epifaunal specimens 

proliferate. In the relatively unstable substratum of Drake's Island epifaunal 

specimens dominate the assemblage. Infaunal Foraminiferida form a larger 

proportion of the assemblage at Cawsand Bay in August and September and in 

April and May possibly due to the damaging effect of autumn and spring gales 

upon the substratum and therefore, upon the epifaunal Foraminiferida. The relative 

lack of infaunal forms at Drake's Island may be because these Foraminiferida are 

not as motile as epifaunal Foraminiferida, and in this dynamic environment are not 

as well-adapted to movement of the substratum. It may be that the pooriy-sorted 

substratum at White Patch protects infaunal forms from the disturbance of 

autumnal and spring gales which may allow infaunal specimens to proliferate at the 

expense of epifaunal specimens which would be disturbed/buried at this time of 

year. In the summer months at White Patch the epifaunal Foraminiferida have a 

more stable substratum to colonise which would be rich in unicellular algae. 

3.9. F E E D I N G S T R A T E G Y . 

The feeding strategy of many of the genera within this study have been 

observed/inferred and reference to Murray's (1991) list of the ecology of genera 

has been used to divide the data set into those Foraminiferida which are 
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herbivorous, detritivorous and suspension-feeders Suspension-feeders require a 

stable hard substratum on to which they can attach themselves and extend the 

pseudopodial network The number of this group of Foraminiferida may well be 

underestimated in this study, which has sampled the soft substrata of the sites, and 

not the subtidal rocks or macro-flora It would be expected that herbivorous 

individuals would reproduce to take advantage of the spring (and perhaps autumn) 

bloom of diatoms, whilst detritivores may be expected to reproduce after the 

autumn gales have loosened decaying macro-algae to produce detritus. It is also to 

be expected that herbivorous Foraminiferida will exceed detritivorous 

Foraminiferida in these nearshore sites, which all lie in the photic zone 
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Figure 3.37: Temporal variation in absolute abundance of feeding strategies 
of live Foraminiferida from Cawsand Bay, 1993/1994. 

From Figure 3.37 it can be seen that the foraminiferid assemblage at Cawsand Bay 

is strongly dominated by herbivorous specimens throughout the annual cycle, 

although detritivorous Foraminiferida are present throughout the sampling year 

also Detrivorous Foraminiferida are present at this site in greater numbers in 

August and September possibly in response to the presence of detrital macro-algae 

and its break-down products. There are very few suspension feeders at this site, 

but they increase slightly in numbers in September, perhaps to take advantage of 
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the seston produced by the autumnal bloom of phytoplankton and decomposing 

material placed into suspension by gales. Suspension-feeders are rare at this site. 
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Figure 3.38: Temporal variation in percentage abundance of feeding 
strategies of live Foraminiferida from Cawsand Bay, 1993/1994. 

From Figure 3 .38 it can be seen that the ratio between herbivorous and detrivorous 

specimens at this site is relatively constant, although the detritivores increase as a 

proportion of the assemblage in the months of January and February; perhaps 

reproducing in response to detrital algae at this site at this time. 
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Figure 3.39: Temporal variation of absolute abundance of feeding strategies 
of live Foraminiferida from Drake's Island, 1993/1994. 
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From Figure 3 .39 it can be seen that the ratio between herbivores and detritivores 

at this site is very similar to that of the Cawsand Bay, although the number of 

suspension feeders at this site is comparatively high Detritivores increase in 

numbers in August and September, as do suspension feeders The number of 

suspension feeders is also comparatively high in November. 
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Figure 3.40: Temporal variation in percentage abundance of feeding 
strategies oflive Foraminiferida from Drake's Island, 1993/1994. 

From Figure 3 .40 it can be seen that the proportions of herbivores and detritivores 

remain fairly constant throughout the annual sampling period, except in June, when 

the number of detritivores sharply declines. The proportion of suspension feeders 

at this site fluctuates, but is highest in the spring months, perhaps in response to 

increased seston in the water column. 
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Figure 3.41: Temporal variation in absolute abundance of feeding strategies 
of live Foraminiferida from White Patch, 1993/1994. 

The peaks in abundance of Foraminiferida at this site are also mainly comprised of 

herbivorous individuals Detritivores are present throughout the annual sampling 

period and are most numerous in the month of September Suspension feeders are 

fairly infrequent members of the assemblage at this site. 
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Figure 3.42: Temporal variation in percentage abundance of feeding 
strategies of live Foraminiferida from White Patch, 1993/1994. 

From Figure 3 42 it can be seen that detritivores make a higher proportion of the 

assemblage at this site during the months of September, November, December, 

April and May Herbivorous Foraminiferida form over 60% of the assemblage at all 

times, however. 

100 



Comparison of sites 

All sampled assemblages were dominated by herbivorous Foraminiferida, probably 

because all sites lie within the photic zone and water depth above the sampled 

substrata does not exceed 11 m. The influence of the rivers Tamar and Plyra 

bringing nutrients necessary for the reproduction and proliferation of diatoms also 

perhaps aids the growth and reproduction of herbivorous species in the area. All 

sites are bordered by hard substrata and attached macro-algae, which 

accommodate unicellular algae. Detritivorous Foraminiferida are present at all 

sites, although less numerous, and obviously occupy an important niche within the 

habitat. Suspension feeders at Drake's Island form a greater part of the assemblage 

than at Cawsand Bay or White Patch, and may be partially due to the close vicinity 

of sewage outlets (Devil's Point) providing an almost constant rain of seston. The 

mean values of herbivores are highest at Cawsand Bay followed by Drake's Island 

and White Patch, possibly reflecting the differences in water depth at the sites and 

therefore light quality within the photic zones of these sites for proliferation of 

algae. Detritivore mean values are highest at White Patch followed by Drake's 

Island and Cawsand Bay, possibly reflecting the sorting of the substrata at the sites 

writh White Patch sediment being poorly-sorted and therefore able to hold detrital 

material; Drake's Island sediments whilst being fairly well-sorted has input of 

detrital material from river run-off and input of sewage and the well-sorted 

sediment of Cawsand Bay having comparatively little detrital input except from 

detrital macroalgae. Suspension feeders mean values are highest at Drake's Island 

followed by Cawsand Bay and White Patch, possibly reflecting differences in 

current strengths between the three sites. 

3.10. ABUNDANCE OF FORAMINIFERn) TEST S E E . 

The abundance of foraminiferid test size is standardised to number per grab each 

month. From sieving the Foraminiferida-rich "float" with sieves of apertures 

63 îm, 125 ^m, 250 pm, 500 pm and 1000 pm the number of Foraminiferida of 
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specific size ranges was recorded The sediment in the pan beneath the 63 ^m sieve 

was periodically examined for Foraminiferida, but as the sediment less than this 

size was mostly removed by the processing technique, Foraminiferida less than 63 

\im were extremely rare The size range of Foraminiferida from the three sites 

investigated usually ranged from between 63 ^m to greater than 1000 |im, yet 

Foraminiferida above 1000 ^m (1 mm) were not frequent and rarely much greater 

than this size The sieving of sediment into size ranges allows easier recognition of 

specimens and greatly facilitates the picking of individuals from the sediment. 

Picking Foraminiferida from un-sieved sediment would doubtless be subject to bias 

from picking the more obvious larger specimens and a tendency to not recognise 

small individuals which may lie on, or under, larger specimens The 63 ^m to 125 

^m fraction of sediment in Recent nearshore sediments yields a fauna which diifers 

from that of the larger sieve sizes in that although juveniles of some species appear 

in this size fraction, there are a number of species which do not grow greater than 

this size. The information provided by abundance of the size ranges may help to 

infer the periods of reproduction of relatively larger Foraminiferida at the sites 

under investigation. 

COM sand Bay 
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Figure 3.43: Temporal variation in absolute abundance of live 
Foraminiferida of different size ranges per grab from Cawsand Bay, 
1993/1994, 
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From Figure 3 43 it can be seen that Cawsand Bay Foraminiferida do not exceed 

500 nm in size The peaks in foraminiferid abundance at this site occurring in 

September, 1993 and March, 1994 are composed of comparable numbers of 

Foraminiferida with test sizes of >63 [am and >125 nm, with a smaller number of 

test size >250 ^m. Specimens of >500 \im occur in relatively low numbers 

throughout the annual cycle, but have the highest numbers in September, and 

probably represent the maximum size for some species to attain before 

reproducing. 
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Figure 3.44: Temporal variation in relative abundance of Foraminiferida of 
different size ranges per grab from Cawsand Bay, 1993/1994. 

Figure 3 44 shows that Foraminiferida of >63 îm form a significant proportion of 

the foraminiferal assemblage at Cawsand Bay throughout the annual sampling 

period This group of Foraminiferida account for more than 20% of the assemblage 

throughout the year, with peaks in the proportion of this test size in September, 

November and April These peaks probably represent the juveniles of larger species 

which reproduced at these times, whereas the base-line of approximately 20% 

probably represents the proportion of the foraminiferid assemblage which are of 

diminutive species which never grow greater than 125 ^m The Foraminiferida of 

125 îm to 250 ^m are represented at this site at greater than 25% of the 

assemblage and peak in August, October, May and July As with the >63 ^m 

fi-action there are some Foraminiferida which never grow greater than this size, but 
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many at this size are juveniles of relatively large Foraminiferida, and therefore these 

peaks in abundance may represent the offspring of these larger Foraminiferida The 

Foraminiferida in the 250 pm to 500 pm size fraction peak in January. February 

and June, whereas the 500 pm to 1000 pm Foraminiferida peak in December with 

a minor peak in February. There are comparatively few Foraminiferida alive in 

December and the presence of these large specimens probably reflects the relative 

invulnerability of these larger specimens to disease, starvation and death. 

Drake's Island 

- M0«i-1000 

i:5 Hni-:*o 

Figure 3.45: Temporal variation in absolute abundance of Foraminiferida of 
different size ranges per grab from Drake's Island, 1993/1994. 

From Figure 3 45 it can be seen that the Drake's Island assemblage is dominated by 

specimens in the 63 pm to 125 pm size range, and that this group of 

Foraminiferida is responsible for the peaks in abundance at this site in the months 

of August, January and May It may be that the peaks in >63 pm foraminiferid 

abundance observed are caused by the reproduction of Foraminiferida, however it 

also appears that there is a strong contingent of >63 pm specimens at this site 

throughout the year, probably due to the presence of diminutive species such as 

Quinqueloculma dimidiata The presence of other sizes of Foraminiferida at this 

site is variable, although sizes of >500 pm peak in September, perhaps indicating 

the reproductive potential of these specimens, although the expected peak in 

>63 pm Foraminiferida in the following month of October does not occur. 
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Abundance of Foraminiferida at this site is relatively low and therefore assumptions 

of the reproductive strategy of Foraminiferida at this site must be tenuous. 
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Figure 3.46: Temporal variation in relative abundance of Foraminiferida of 
different size ranges per grab from Drake's Island, 1993/1994. 

Figure 3 .46 shows that the proportion of the assemblage peaks in size >63 îm in 

March and April, but also in August, September and October, perhaps indicating 

the major reproductive periods of species at this site. Individuals of > 125 fim peak 

in May, June and July indicating the growth of some species to this size from 

>63 nm in March and April. 

White Patch 
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Figure 3.47: Temporal variation in absolute abundance of Foraminiferida of 
different size ranges per grab from White Patch, 1993/1994. 
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From Figure 3 47 it can be seen that the abundance of Foraminiferida at this site is 

a function of all test sizes Individuals of >63 ^m peak in the months of September 

and July, with minor peaks in November and May, perhaps indicating the different 

reproductive periods of species at this site Individuals of > 125 \im peak in 

September, February and July, >250 ^m Foraminiferida peak in August, September 

and February; whilst individuals of >500 ^m peak in abundance in August, 

September and February Abundance of individuals greater than 1000 \im is 

represented by few specimens in February, March and July, possibly indicating the 

reproductive potential of larger species such as Elphidium crispum 
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Figure 3.48: Temporal variation in relative abundance of Foraminiferida of 
different size ranges per grab from White Patch, 1993/1994. 

From Figure 3 .48 it can be seen that the percentages of most size ranges of 

Foraminiferida at this site are relatively comparable, although fewer large 

specimens form a major proportion of the assemblage. >63 îm specimens form a 

large proportion of the assemblage at this site in September and April, whereas 

>125 îm specimens form a large proportion of the assemblage in June. Tests of 

>250 ^m peak in February and March and those of >500 x̂m peak in January, 

February and March 

Comparison of sites 

It can be seen from the above graphs for foraminiferid test sizes that the sites each 

have a different distribution for abundance (and percentage abundance) of test 
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sizes throughout the sampling period. The peaks in abundance of Foraminiferida at 

the sites show that Drake's Island has more small Foraminiferida (>63 \im), 

Cawsand Bay having more tests of >125 ^m and White Patch having more of the 

larger tests (>250 ^m and >500 ^m) than the other two sites. These differences 

may rely upon nutritional input and stability of the sediment at the sites to allow 

growth and reproduction. 

3.11. MULTI-VARIATE ANALYSIS OF THE DATA. 

Multi-variate analysis of the foraminiferid data was carried out using the PRIMER 

software package produced by PML. This package compares the abundance of 

each species each month between sites. The data were transformed by natural 

logarithms. Using this system both a dendrogram and a Multidimensional Scaling 

Plot are produced which allows easy visual comparisons of similarities of the 

assemblages through time at the sampling sites. Professor R. Warwick (PML) 

supplied invaluable help in the input of the data. 

Dendrogram 

A dendrogram is a graphical presentation of the relationship between factors. In 

this case, the dendrogram shows the relationship between foraminiferid 

assemblages. Similar assemblages will be grouped together to form a cluster based 

upon the Bray-Curtis similarity index. Similarity of not only the species present but 

of the abundance of each species are used to determine the similarity of 

assemblages. The produced dendrogram should be visualised as a mobile in which 

the clusters of assemblages can be rotated upon the horizontal bars so that the 

positions of the two end members of each cluster can be switched. The 

dendrogram produced from the foraminiferid data consists of twelve months' data 

from each of the three sites. It can be seen from Figure 3.49 that the sampled 

assemblages are roughly similar within sites. 
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Figure 3.49: Dendrogram of similarity between sampled foraminiferid 
assemblages, I9»)3/|*m. 

( aw sand Bay 

Cawsand Bay assemblages are the least delmeated in terms of site. One cluster of 

Cawsand Bay assemblages is formed encompassing the months of November, 

Januarv , February , March, Apri l and May: ho\ve\ er the months of February , May. 

Apnl and November show more similarity in composition to each other than to 

antecedent and precedent months The assemblage composition of Cavvsand Bay 
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Foraminiferida of August and September is more similar to the August and 

September assemblages at White Patch than to assemblages from the same site. 

Cawsand Bay assemblages of December, June and July form a cluster with that of 

April at White Patch surrounded by assemblages from Drake's Island. 

Drake's Islofui 

Drake's Island assemblages form two main clusters of similarity of January, 

February, March, June and July; August, September, October, November, and May 

respectively. The August Drake's Island assemblage bears some similarity to the 

May assemblage of White Patch. The Drake's Island assemblages of April and 

December are totally different to the Foraminiferida of other months and sites. 

White Patch 

The assemblages from White Patch form two main clusters of similarity; the 

assemblages in the months of November, December, January, February and June; 

August, September and July. This latter cluster is more similar to the assemblages 

from Cawsand Bay in the months of August and September than to the other 

assemblages from White Patch. The assemblages in May and April are more similar 

to assemblages from Drake's Island and Cawsand Bay respectively and those of 

October and March to Cawsand Bay fauna. 

Muid-dimensionaJ Scaling (MDS) 

Multi-dimensional scaling of the data produces a plot of the assemblages where the 

distance between the assemblages is an indication of their similarity to each other. 

The further the distance two assemblages are apart on the plot, the more dissimilar 

the assemblages are. This method is more accurate for the graphical presentation of 

biological data. The inclusion of colour-coded lines outlining the samples within 

the plot is to highlight the geographical areas and not to influence the interpretation 

of the plot. 
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From Figure 3 .50 it can be seen that the foraminiferid assemblages from each of the three 

sampling sites form distinct groups. Drake's Island assemblages form a discrete group of 

assemblages indicating that this site contains Foraminiferida particular to that habitat. 

Cawsand Bay and White Patch Foraminiferida are also fairiy distinct, although assemblages 

from White Patch in December are more similar to Cawsand Bay assemblages, and that 

from White Patch in April is distinct from all other groups, whilst being more similar to 

those from Cawsand Bay. 

3.12. SUMMARY. 

The abundance of Foraminiferida was quite high at the three sites sampled and the number 

of Foraminiferida found at White Patch exceeded those found at Cawsand Bay and Drake's 

Island respectively. The input of nutrients to these nearshore environments probably 

increases reproduction and supports the growth of offspring. Drake's Island and White 

Patch benefit from the input of nutrients from land run-off and, with the exception of 

Cawsand Bay, from the nutrient input from the River Tamar. White Patch probably also 

benefits from the additional input of nutrients from the River Plym. Sedimentation is 

probably highest at White Patch, supporting the premise of Lankford (1959) that high 

sedimentation rates increase productivity. The stability of the substratum appears to be 

important to productivity and survivorship of foraminiferid offspring, with the poorly-sorted 

sediment of White Patch providing a better environment than the fine sand of Cawsand Bay 

and the medium sand of Drake's Island respectively. Reproduction of Foraminiferida at 

Cawsand Bay appears to coincide with phytoplankton blooms, whilst the abundances of 

Foraminiferida at Drake's Island and White Patch are more complex, apparently with 

different species reproducing at different times of the year. 

The Fisher diversity measure was not very different between sites, indicating that the 

number of species per number of individuals was similar at all three sites. The Shannon-

Weiner diversity measures were generally highest at Drake's Island, 
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followed by White Patch and Cawsand Bay respectively indicating that the number 

of species and the number of specimens within each species differed. Although 

richness of species was not very different, evenness of species appeared to differ, 

with Drake's Island having generally higher vahies than White Patch and Cawsand 

Bay Foraminiferida respectively. The relatively higher Shannon diversity and 

evenness measures for Drake's Island probably mean that this site supports a more 

varied assemblage than the other sites. This may be due to this dynamic 

environment preventing domination of the assemblage by a few species. 

Size analysis of foraminiferid tests reveal that Drake's Island has more small 

specimens, Cawsand Bay has more specimens of >125 ^im and White Patch has 

more Foraminiferida of >250 ^m and >500 ^m. The peaks in abundance of 

Foraminiferida at Cawsand Bay and Drake's Island are formed of individuals of 

>63 ^m and > 125 ^im, whereas the abundance peaks at White Patch are formed of 

a more even distribution of sizes. This suggests that Cawsand Bay and Drake's 

Island contain more diminutive species than White Patch, and also rely more upon 

foraminiferid reproduction for peaks in abundance than White Patch assemblages 

do. 

Cawsand Bay and White Patch assemblages have similar distributions of test types 

with hyaline taxa exceeding all others and very limited numbers of agglutinated 

forms, whereas the Drake's Island assemblages are dominated by porcellaneous 

forms. The hyaline fauna at all sites is dominated by Rotaliina with comparatively 

small numbers of Spirillinina and Lagenina. The similarity of the assemblages at 

Cawsand Bay and White Patch may depend upon the substrata at the two sites and 

the more marine nature of these two sampling stations. Drake's Island assemblages 

are dominated by porcellaneous taxa, possibly due to the higher energy 

environment that this site provides. The inferred life positions of Foraminiferida, 

like the abundance of test types, appear to be related to the nature of the substrata 

with infaunal Foraminiferida at both Cawsand Bay and White Patch benefiting from 
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the more stable substrata at these sites during the winter months and epifaunal 

forms reproducing in summer months. At Drake's Island the relatively more 

unstable substratum supports more epifaunal forms than infaunal. 

The three sampling sites differed in coiling forms of specimens present. The 

Drake's Island assemblages were dominated by quinquelocuiine-coiling forms 

because this site was dominated by porcellaneous taxa, most of which were 

quinqueloculine in coiling. Assemblages at Cawsand Bay had a fairly even 

distribution of quinqueloculine, trochospiral and planispiral forms, whilst the White 

Patch fauna was dominated by trochospiral and planispiral forms. These difiFerences 

may be due to the differences in substratum and/or strength of currents which 

determine which species are capable of growing and reproducing in the area. The 

main types of aperture shapes displayed by the fauna at each of the sampling sites 

reflects the coiling types with Cawsand Bay fauna having mostly pore, arch and slit 

apertured forms: Drake's Island fauna is dominated by arch-shaped specimens 

reflecting dominance by quinqueloculine-coiled forms; and the White Patch fauna 

mainly consists of pore and arch-shaped apertured taxa reflecting the dominance of 

planispiral and trochospiral forms. 

Feeding strategies of Foraminiferida at all sites are dominated by herbivorous taxa, 

reflecting the fact that all lie within the photic zone; and detritivores at all sites are 

less numerous than the herbivorous taxa. Suspension-feeders are more numerous at 

Drake's Island than at the other two sites and, although all sites are surrounded by 

hard substrata capable of supporting suspension-feeders, this site has more 

suspension-feeding Foraminiferida. This may be due to the greater quantity of 

seston at this site to feed these Foraminiferida from sewage and re-suspension of 

the sediment. 

The multi-variate analysis of the data revealed that although not separated by great 

distances geographically, the assemblages from the sites investigated were fairly 
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distinct. Assemblages from Cawsand Bay were not as well separated as 

assemblages from White Patch and Drake's Island respectively. The distinct 

grouping of the Drake's Island assemblages indicate fiirther the importance of 

porcellaneous taxa to this site to make it distinct from the other two sites. Cawsand 

Bay and White Patch share hyaline taxa in similar abundances; especially so in the 

months of December and April. 
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CHAPTER 4. 

ABIOTIC VARIABLES. 

4.1. INTRODUCTION. 

It is generally assumed that the abiotic factors present within an area act as the primary 

control over biotic factors. Early studies of live Foraminiferida recorded only abiotic 

variables and often water depth was the only environmental variable recorded (Douglas, 

1979). Kinne (1963) states that temperature and salinity serve to characterise the physico-

chemical properties of a body of water, and are two of the most potent factors in the life of 

marine and brackish water organisms. With advancement of measuring devices temperature, 

salinity and soft-sediment characteristics were also recorded and related to the foraminiferal 

fauna. Because of this, faunal-environmental correlations between live populations and 

measured physical properties of the environment are the principal source of information on 

what limits and controls fauna! distributions (Douglas, 1979); and, in variable environments 

such as marginal marine settings, the abiotic rather than biotic variables are probably more 

important in shaping communities (Pringsheim, 1949; Douglas, 1979; Murray, 1991). 

Temperature, salinity and depth are usually considered to be the most important abiotic 

factors {e.g. Boltovskoy et ai, 1980). The character of the substratum has also been shown 

to be important (Lee & Muller, 1973; Lee, 1974; Walton & Sloan, 1990), but is less studied 

and, therefore, less understood. 

The chemical composition of the waters and sediments in marginal marine environments is 

very changeable (Walton & Sloan, 1990), with parameters such as oxygen content, pH, 

chlorinity and magnesium concentrations and calcium levels being the most variable 

(Howarth & Murray, 1969). Rivers draining into the sampling sites can alter temperature, 

salinity and organic content of the area and may also be important to marginal marine 

benthonic Foraminiferida (Uchio, 1962). 
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Despite attempts to correlate foraminiferid occurrence and distribution with abiotic 

variables it is often not possible to distinguish the effects of any one factor (Douglas, 1979; 

Boltovskoy ei a/., 1980); and Hart & Thompson (1974) suggest that the most important 

parameter is the physiography of the bay. In addition, Ellison (1984) states that it is difficult 

and perhaps fallacious to relate the distribution of microfauna to specific physico-chemical 

factors of the environment; and Douglas (1979) states that storms and sediment-transport 

may move live species into less favourable environments, making it difficult to discriminate 

indigenous from displaced populations. Foraminiferida may also be affected by disturbance 

of the sediment by fish, especially rays, which would not be realised at the time of sample 

collection. 

The aim of this study is to determine the importance o f temperature, salinity or sediment 

characteristics upon the occurrence and distribution of Foraminiferida at the three sites 

sampled. 

4.2. TEMPERATURE. 

4.2.1. INTRODUCTION. 

Temperature is of great importance to all marine organisms (Boltovskoy & Wright, 1976) 

and in most environments the temperature fluctuates. Temperature is a variable which 

affects all living organisms; it affects metabolic rate, growth, reproduction and survival. 

Species which can only withstand a very small variation of temperature are described as 

stenothermal, whilst those which can withstand a wide variation in temperatures are termed 

eurythermal (Tait, 1981). 

Foraminiferida are poikilothermic (organisms whose body temperature fluctuates with that 

of the immediate environment) and, although it is assumed that most poikilotherms operate 

at lower rates in colder habitats and seasons, it may be that poikilotherms are relatively 

independent of temperature, within limits, in nature (Bullock, 1955). Benthonic 
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Foraminiferida are known to exhibit periods of reduced activity (termed dormancy) which, 

however, do not appear to be connected to temperature: Myers (1943) found that British 

foraminiferid dormancy was well advanced by October 15th, when mean temperature was 

14**C. This temperature was 6*'C greater than that in March when growth and reproduction 

were at a maximum. 

Laboratory experiments have been carried out upon Foraminiferida to determine the optimal 

temperature ranges for species. It has been found that reproduction of benthonic 

Foraminiferida occurs only in a narrow temperature range, whilst growth occurs in a 

broader temperature range but stops close to the limits which cause death (Murray, 1973). 

The temperature limits of reproduction may not be fixed for a species, but may vary as a 

result of local thermal conditions (Schnitker, 1974). Experiments have been carried out to 

attempt to acclimatise species to higher temperatures. Although Schnitker (1974) found that 

individuals of Ammonia beccarii may become acclimated to temperature during the early 

stages of growth, ciliated Protozoa appear to be more adaptable to increased heat; 

Paramecium caudattim acclimatised to increased heat in three hours (Bullock, 1955). 

Acclimation is characterised by a major restructuring of the organism (Schnitker, 1974) and 

as acclimation of Foraminiferida to various temperatures did not cause significant changes 

in lethal temperatures, this indicates that the ability to tolerate high temperatures may be an 

inherent genetic trait (Bradshaw, 1961). 

Temperature tolerances differ widely between species, but each is restricted in distribution 

within its own particular temperature range (Tait, 1981). Temperature is, therefore, 

important physiologically and may limit a species geographically (by killing, or preventing 

vital processes like reproduction), or the effect of temperature on growth and reproduction 

may selectively favour one species more than another (Bradshaw, 1961). Off Plymouth, 

some indigenous foraminiferid species are at their northern limit of distribution and may 

reproduce at different times of the year to compensate for low temperatures thus, perhaps, 

affecting diversity and abundance. These effects of temperature, combined with other 

variables, should result in a different distribution pattern for each species of Foraminiferida. 
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Protoplasm can only exist within physico-chemical limits which are quite narrow for each 

species and temperature is a variable which must be appropriate for enzyme-catalysed 

processes to function property within cells (Davenport, 1985). Temperature appears to be 

the primary factor which controls the geographic distribution of species and is, therefore, an 

important factor affecting vertical distribution (Boltovskoy & Wright, 1976). The 

temperature factor cannot be solely responsible for the distribution of genera, however, 

since many genera live in waters of greatly differing temperature but always at the same 

depth; e.g. Elphidium lives in shallow water at all latitudes (Boltovskoy & Wright, 1976). 

Studies which have correlated temperature with distribution include that of Murray 

(1965{a}), who finds that the variable temperature of the River Tamar is probably the 

primary factor in governing foraminiferal populations on the Tamar-to-Eddystone transect. 

Ellison (1984) has also correlated Haptesina germanica in mudflats at the mouth of the 

River Tamar with sea water temperature. Hart & Thompson (1974) find that temperature is 

important in the distribution of Foraminiferida around the British Isles, but not important 

within local regions. Murray (1979 {a}) also observes the same effect, although Bradshaw 

(1961) states that he could find little direct evidence for a causal relationship between 

temperature and the distribution of Foraminiferida. 

Whilst many authors have correlated the distribution of Foraminiferida with temperature, 

few have discussed how temperature has affected abundance and diversity. Bates & Spencer 

(1979) state that particle size and temperature are the most important influences on living 

foraminiferal densities, whilst Walton (1955) suggests that in California the maximum 

abundance of benthonic Foraminiferida may be associated with spring and summer blooms 

of phytoplankton and the maximum temperature of the sea during August. Wang and Zhao 

(1985) state that the temperatures in the East China Sea and the Huanghai Sea influence 

species diversity. 

It appears from the literature that temperature of the water on the sea floor has little 

influence upon foraminiferid species distribution within local areas, but is an important 
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factor on a global scale. Temperature does, however, appear to be a factor which may affect 

abundance and diversity within localised habitats. 

4.2.2. MATERIALS & METHODS. 

Temperature at depth was recorded monthly from R V. Sepia; sampling of Foraminiferida 

and measurement of environmental variables was carried out simultaneously. 

The temperature for each site was recorded from a Temperature/ Salinity Bridge, type 

M.C.5 (manufactured by Electronic Switchgear {London} Ltd). The probe was weighted 

and lowered until the bottom was reached, so that the temperature on the sea bed could be 

measured. 

4.2.3. RESULTS. 

Table 4.1: Annual variation in temperature (degrees Celsius) at depth 1993/1994. 
Month Cawsand Bay Drake's Island White Patch 
August 14.8 15.4 15.6 
September 16.4 16.6 16.6 
October 15.8 15.4 15.6 
November 12.7 12.6 12.6 
December 10.2 9.15 9.68 
January 9.7 9.3 9.5 
Februai>' 8.9 8.7 8.8 
March 8.9 9.3 8.8 
April 9.4 9.3 9.4 
May 10.5' 11.05' 10.6-
June 11.6 12.8 11.8 
July 14. r 14.75- 14.2' 

(* average temperature of preceding and following months {instrument malfunction}). 
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Figure 4.1: Monthly variation in temperature 1993/1994 at depth at each locality. 

From Figure 4.1 it can be seen that all sites show very similar patterns of temperature 

fluctuation throughout the year; all sites peak in September and trough in February'. The 

maximum temperatures recorded for each site were all in the month of September 

Cawsand Bay 16 4*'; Drake's Island 16.6^ White Patch 16 6° The minimum temperatures 

recorded for each site were: Cawsand Bay 8.9'' (February and March); Drake's Island 8 7° 

(February); White Patch 8.8° (February and March). 

4.2.4. I)IS( { SSION. 

Off the south-west coa.st of the British Isles the temperature usually varies between 

about 7° C in winter and 16° C in summer (Tait, 1981) and the temperatures measured in 

the Plymouth area correlate well with this. The temperatures between the sites were not 

significantly different from each other, probably because the sampling stations are 

geographically close and alTected by the same water mass 

The three sites varied little in mean temperature throughout the annual cycle, although the 

temperature at depth for Cawsand Bay appears to be governed by its being more marine in 
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nature compared to the other two sites, as it was cooler in summer and warmer in winter 

than the others. Drake's Island has the largest fluctuations of temperature at depth of the 

three sites, possibly due to the influence of the River Tamar bringing cold river water past 

this site as it enters Plymouth Sound in winter. In the summer, the incoming sea water from 

Plymouth Sound passes over the shallows of Queen's Ground, warming the water mass 

before it forms vortices at Drake's Island and mixes with the water of the River Tamar. 

White Patch has the same water mass passing over it as Drake's Island, but the water is 

subject to less mixing. White Patch has lower temperatures in summer than Drake's Island, 

possibly due to the greater depth of water at this site. 

4.3. SALINITY. 

4.3.1. INTRODUCTION. 

Salinity is a measure of the total concentration of dissolved salts in sea water (Lincoln et al., 

1982) . The amount of inorganic material dissolved in sea water expressed as weight in 

grams per kilogram of sea water usually amounts to thirty-five grams per kilogram, i.e. 

thirty-five parts per thousand (Tait, 1981) . Salinity is a much more potent factor in altering 

density of water than temperature (Barnes & Hughes, 1988) . The salinity of neritic water is 

subject to fluctuations due to dilution by fresh water from the land (Tait, 1981) and land 

drainage is responsible for the slightly-lower-than-normal salinities found along all (except 

arid) coasts (Bradshaw, 1961) . The salinity of water is termed brackish or hyposaline i f it 

ranges between 0 .5 parts per thousand (%o) to 30%a, normal sea water i f it ranges between 

30%o to 40%o and hypersaline ranging between 40%o and 80%o (Raup and Stanley, 1971) . 

The majority of open-sea organisms have a very limited tolerance of salinity change, i.e. 

they are stenohaline. Euryhaline forms can withstand wider fluctuations of salinity and are 

typical of the less stable conditions of coastal water (Tait, 1981) . Estuarine species are 

typically extremely euryhaline (Tait, 1981) . 
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Except for teleosts and higher vertebrates, the majority of marine creatures are in osmotic 

equilibrium with the surrounding water. The ionic composition of their internal fluids has, in 

most cases, a close similarity to that of sea water (Tait, 1981) . It is generally assumed that 

microscopic marine animals are isotonic with sea water and therefore poikilosmotic. Salinity 

changes are certainly known to affect the osmosis of Foraminiferida (Murray, 1968 {b}; 

1973) . Reduced salinity is usually correlated with reduced pH and the ability of sub-orders 

of Foraminiferida to precipitate calcareous tests in such waters is also affected. 

Salinity appears to be critical to Foraminiferida; few species are found in brackish and 

hypersaline waters, compared to normal marine conditions (Bradshaw, 1961) and Alve & 

Nagy ( 1 9 8 6 ) find that estuarine fauna can be mainly composed of agglutinated species. 

Hyposaline marshes have high numbers of Textulariina, some Rotaliina and generally an 

absence of Miliolina (Murray, 1971 {b}). As water becomes more marine in nature, the 

marine calcareous forms become more competitive (Alve & Nagy, 1990 ) and, before the 

Carbonate Compensation Depth is reached, the calcareous Foraminiferida dominate the 

benthonic fauna. Below the Carbonate Compensation Depth the agglutinated Textulariina 

dominate, due to the inability of the calcareous forms to precipitate carbonate tests. Murray 

(in 1968 {b}) carried out experiments to study the effects of salinity upon Qumqueloculim 

seminulum (Linne). He showed that in salinities of 30%o this species withdrew its 

pseudopodial reticulum and, after a few seconds, the protoplasm streamed out of the test in 

rounded masses. When placed into sea water of normal salinity, the protoplasmic masses 

were withdrawn and a pseudopodial net was re-established. This experiment showed an 

osmotic effect and demonstrated that this species is not physiologically adapted to 

withstand hyposaline conditions. This may be true of most, i f not all, miliolids (Murray, 

1968 {b}). 

In experimental work, many species have such wide salinity tolerances that this factor has 

little importance in cultures (Arnold, 1954 {b}). Boltovskoy & Wright ( 1 9 7 6 ) state that 

salinities within the normal range (3096o-40%o) seem to have little effect on the survival of 

benthonic species. In studies of natural populations, however. Hart & Thompson ( 1 9 7 4 ) 
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discovered that reduced salinity can be tolerated by a few species (which compete with each 

other) and salinity was the most important parameter on a local scale. Wang and Zhao 

(1985) found that water salinity in the East China Sea and the Huanghai Sea was the main 

factor controlling species distribution. Murray (1965 {a}) suggests that the salinities of the 

River Tamar are secondary to temperature for seasonal changes in populations on the 

Eddystone-to-Tamar profile. 

From the literature it appears that, unlike temperature, salinity affects the distribution of the 

three major sub-orders of Foraminiferida due to their ability to precipitate calcareous tests. 

Textulariina dominate in hyposaline conditions and below the Carbonate Compensation 

Depth. Rotaliina can be present in regions/areas of fluctuating salinities and more stable 

marine environments. Miliolina are characteristic of stable marine conditions. 

4.3.2. M A T E R I A L S & METHODS. 

Salinity at depth was recorded monthly for the three sites under investigation fi-om R. V. 

Sepia. Sampling of Foraminiferida and environmental variables was carried out 

simultaneously. Salinity for each site was recorded from a Temperature/ Salinity Bridge, 

type M.C.5 (manufactured by Electronic Switchgear {London} Ltd). The probe was 

weighted, lowered until the sea bed was reached, and the salinity measured. 
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4.3.3. R I M I I S . 

Table 4.2: Annual variation of salinity (parts per thousand) at depth 1993/1994. 
Month ( . ivNs.irul H ; i \ l ) r ; i k t \ Is|;hi(1 W 111 I f VauU 

August ^ . 344 34 5 
September 35 2 348 350 
October 34 9 34 3 34 6 
November 35 0 348 35 0 
December 33 8 320 32 5 
Januar\ 35 I 32.7 34 7 
February 348 33 7 348 
March 31 9 34 1 347 
April 350 34 1 347 
\1a\ - . -
June 35 1 33 5 35 I 
Julv 35 2 >̂  1 353 

(May salinitv not recorded due to instrument malfunction) 

Sep oa DEC 

Mjnth 

R4) Apr Jm hi 

Figure 4.2: Monthlv \ : i r ia t ion in salinity (parts per thousand) 1993/1994 at depth at 
each site. 
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Figure 4.3: Meteorological data for Plymouth 1993/1994 collated by Helen Nance 
(Institute Marine Sciences: I niversity of Plymouth). 

The salinity of the sea water at all three sites was normal marine, although it was 

comparatively low in December From Fig. 4.3 the highest rainfall of the year occurred in 

December and sampling was carried out when the tide had been falling for one and a half 

hours. These two factors probably account for the low salinity recorded for December 

(Table 4.2). 

4.3.4. DISCUSSION. 

From Figure 4.2 it can be seen that the salinity at Cawsand Bay was usually higher than at 

the other two sites because it lies seaward of the Breakwater. It was consistently more 

marine in nature than the other two sites and apart from an anomalous low reading for 

March it recorded a good, marine, salinity throughout the year Drake's Island had 

consistently lower salinity readings throughout the year, except for Cawsand Bay in March. 

This site is subject to fresh water dilution from the River Tamar and the low salinities 

recorded at this site throughout the year are probably due to this factor. The salinity of 

White Patch was generally intermediate between the other two sites The water mass is 
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subject to less mixing than Drake's Island and, as such, demonstrated a higher salinity than 

that of Drake's Island. 

The patterns of salinity at the three sampling sites were similar to those observed of 

temperature, probably for the same reasons. It would be expected that, because Drake's 

Island is subject to freshwater input from the River Tamar (and, to a lesser extent. White 

Patch to the River Plym), salinities might be diflferent between the sites; however this was 

not the case, suggesting that the main water mass controls the gross salinity at each site, and 

sampUng at depth is below the halocline. 

4.4. P A R T I C L E SIZE. 

4.4.1. INTRODUCTION. 

The sea bed in subtidal sites may be composed of either a hard substratum or 

unconsolidated sediment. Hard and soft substrata have characteristic assemblages (Newell, 

1979), with each adapted to the problems created by each substratum type. The fauna living 

on hard substrata differs from that living on, or in, particulate sediment in that it is usually 

attached directly to the rock surface or to macro-algae attached to the rock. Fauna (and 

flora) attached to hard substrata will be primarily adapted to minimise hydrodynamic forces, 

usually by having a morphology which minimises the force of currents. Fauna living in an 

area of unconsolidated sediment are subject to the hydrodynamics of the area as the 

sediment will be aflfected by currents and, unless in a calm depositional area, will be in a 

medium which is in a constant state of movement. Macro-algae are sparse in an area of 

particulate substratum as attachment is not possible, except in relatively calm areas. The 

fauna of particulate substrata have two types of distribution; either living at the 

surface/water interface (epifaunal) or burrowing into the sediment (infaunal) where currents 

are less likely to affect them. The composition of the particulate substratum is, therefore, of 

vital importance to the fauna of the area: it may afifect the ability of organisms to burrow 

(Tait, 1981), the oxygenation of interstitial pore water, and the stability of the sediment. 
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The study areas all have unconsohdated particulate sediments. Sediment consists of three 

major components: detrital material derived from the erosion of the land, biogenic material 

formed fi-om biological productivity, and authigenic material formed in situ by the 

precipitation of mineral phases (Malcolm & Stanley, 1982).The geology of the area 

therefore affects the detrital component of the sediment and most of South West England is 

formed of Upper Palaeozoic rocks, comprising a section through the Variscan fold belt 

(Hobson, 1978). Jennycliflf Bay is composed of Lower and Middle Devonian rocks and 

adjacent to the area sampled in this study these comprise dark grey slates with brown 

siliceous layers. Cawsand Bay cliffs are composed of the Dartmouth Beds and the Meadfoot 

Group (Hobson, 1978) of the Lower Devonian, together with a small outcrop of Permian 

rhyolite (volcanic rock) and Permian breccia, and a few rotted basic dykes. Sediments 

carried by the River Tamar are accompanied by solution products from the granites of 

Dartmoor; the River Plym carries china clays and silt in suspension as well as solutions from 

the granite of Dartmoor; and influx from the marine environment carries sands and silt into 

the sampling area. The former loading of coal in the Cattedown area has also led to coal 

fragments occurring in sediments. 

The hydrodynamics of an area determine the sediment particle size. The velocity of currents 

and particle size of the sediment are correlated by the relationship between the velocity of 

water and the size of particle which the water is capable of moving. This means that particle 

size is a positive exponential function of relative wave energy (Newell, 1979). Grain size, 

therefore, commonly reflects the degree of wave or current agitation in the depositional 

environment. Fine-grained sediments are normally deposited in areas of quiet water 

(Arnold, 1974), whereas coarse-grained sediments typify areas of strong wave and current 

activity (Raup & Stanley, 1971). The velocity of the water just above the sea-bed also 

affects the nutritional quality and oxygenation of the sediment, as slow-moving water allows 

organic matter to settle, and poor or absent oxygenation leads to anoxic waters. In areas of 

faster bottom-water movement oxygenation is better, but sediments are not as organically 

rich (Tait, 1981). 
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Small irregularly-shaped grains of sediment become compressed together, and clays 

(composed of thin flakes) compact and allow laminar flow: the pore space is reduced and it 

is more difficult for the water to re-suspend these particles. The surface of the sediment 

alters the flow of water over it. A smooth interface results in a more laminar flow whereas a 

rough interface causes turbulence and particles may be re-suspended from the bottom of the 

sediment due to the high water-velocity associated with turbulent flow. The proportion of 

clay in the sediment has important implications for not only laminar flow, but also because 

clay minerals have very large surface areas and play a role in controlling the distribution of 

major cations (sodium, potassium, calcium, magnesium and ammonium), whilst also 

providing adsorption sites for bacteria (Malcolm & Stanley, 1982). 

Analysis of particle size distribution wathin sediments can take into consideration many 

aspects of the quality of the sediment and each property may afifect the ability of meiofauna 

to colonise it. The most common parameters of sediments are particle size, mean grain size, 

sorting, skewness and kurtosis. 

Particle size distribution of the sediment is the first parameter to be determined. Some 

authors differ slightly in the definition of some particle sizes. For example Raup & Stanley 

(1971) define clay as <0.004 mm, silt ranging between 0.004 mm to 0.0625 mm and sand 

ranging from 0.0625 mm to 2 mm. The Udden-Wentworth grain-size scale is commonly 

used and correlates well with Krumbein's Phi (<()) scale. This system describes ten classes of 

particle based on size (see Lindhobn, 1987). The mean grain size is commonly calculated 

and provides a more useful variable than either the median or mode. The mode is the phi 

(or mm) value of the mid-point of the most abundant class interval (Tucker, 1981); the 

median is the grain size at 50% on the frequency curve, and the mean grain size is an 

average value, taking account of grain sizes at the 16th, 50th and 84th percentiles (Tucker, 

1981). A high mean phi size corresponds to a low mean mm size of the sediment as the phi 

scale is an inverse of the actual diameter-size of the particles of the sediment. 
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Sorting is a measure of the standard deviation, i.e. spread of the grain-size distribution. It 

gives an indication of the efifectiveness of the depositional medium in separating grains of 

different classes. The value calculated for the sorting of the sediment fits into one of seven 

classes ranging from very well-sorted to extremely pooriy-sorted sediment (see Briggs, 

1977). The grain-size frequency curve may form a peak in one size-class of particle 

(unimodal), peak in two size-classes (bimodal), or peak in more than two size-classes 

(polymodal). The shape of the curve, and the number of peaks within it, illustrates the 

degree of sorting of the sediment. Sorting is determined by several factors. Sedimentary 

source-rock type, grain size itself (as coarse sediments and fine sediments are generally 

more poorly-sorted than easily transported sand-sized sediments) and also the depositional 

mechanism (shallow shelf seas have much better sorted sediments {Tucker, 1981}) can 

affect the sorting of the sediment. In areas affected by fast currents the sediment will be 

well-sorted, with the coarser portion of the sediment dropping out of suspension in one area 

and the finer fractions dropping out of suspension a little further on. This leads to a 

sediment that is predominantly of one particle size, or well-sorted. A well-sorted sediment 

of particles greater than 0.0625 mm results in a loosely-compacted sediment, which will 

have interstitial spaces for oxygenated water to pass. Movement of water reduces 

stagnation, toxins are easily flushed from the system and the depth at which aerobic 

organisms can live is increased. In a pooriy-sorted sediment, there is a mixture of particle 

sizes. This leads to compaction of the sediment and there are less interstitial spaces for 

water to pass through. The pore spaces are smaller and not interconnected. As a result, the 

oxygenated sedimentary layer is much reduced. Sorting, will therefore, affect the depth at 

which aerobic endofauna can survive and affects tube-forming organisms which might serve 

to aerate these sediments at depth (bioturbators). Bioturbators rely on the thbcotropic nature 

of sediment (sediment which becomes liquid as a result of agitation or pressure 

{Lincohi et a/., 1982}) and only when the water content of the sediment is greater than 

twenty five per cent does the sediment become thixotropic (Newell, 1979). Pooriy-sorted 

sediment has interstitial pore volume reduced to only 20% of the total volume, whereas 

well-sorted sediments contain up to forty five per cent of pore volume (Giere, 1993). 
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Skewness describes the grain size frequency curve in terms of symmetry. I f the sediment is 

predominantly of large particles (coarse) then the sediment is described as negatively 

skewed; i f fine material predominates the skew is positive (Tucker, 1981). The value 

calculated for the skewness of the sediment fits into one of five classes (see Briggs, 1977) 

ranging from very negatively skewed (coarse tail) to very positively skewed (fine tail). 

Beach sands are usually of negative skew as the fines are removed, whereas river sands are 

positively skewed as silt and clay persist (Tucker, 1981). 

Kurtosis is related to both the sorting of the sediment and to the non-normality of the 

distribution of the sediment. Kurtosis measures the ratio between the sorting in the "tail" of 

the distribution and the sorting in the central portion of the distribution (Lindholm, 1987). I f 

the central portion is better sorted than the tail, the frequency curve is said to be excessively 

peaked or leptokurtic. I f the tail is better sorted than the central portion the curve is flat-

peaked or platykurtic (Lindholm, 1987). A normal distribution is mesokurtic (Briggs, 

1977). The value calculated for the kurtosis of the sediment fits into one of six classes 

(Briggs, 1977) ranging from very platykurtic to extremely leptokurtic. 

The distribution of infauna and epifauna may show a clear correlation with sedimentary 

type. Two sediments with disparate grain size characteristics will, in most cases, show 

demonstrable and related differences in many other physical and biological properties 

i.e. bulk density, porosity, capillarity, thbcotropy, permeability, oxygenation, content and 

nature of organic matter, and bacterial count (Buchanan, 1984). It is generally accepted that 

particle size and the characteristics of the sediment greatly influence the fauna living both in 

and on the sediment. Buchanan (1984), Bellan (1985) and Lankford (1959) found it was 

possible to correlate the sediment type with the distribution of an organism, and that 

communities on soft substrata depend primarily on the nature of the substrata and the 

processes of sedimentation. Grain-size is, therefore, a key factor for meiofaunal habitats 

(Giere, 1993). Perkins (1971) is quoted by Ellison (1984) that fine sediments generally 

support larger meiobenthonic populations than coarse sediments. Muddy sediments are 

often characterised by rich populations of a limited number of species restricted to the 
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surface layer. Raup & Stanley (1971) found that muddy bottoms in quiet areas tend to have 

no epifauna and the infauna consists of small animals with thin shells. 

The association of Protozoa with sediment-type has been investigated and Fenchel (1987) 

found that the mechanical properties of sediments are an important factor for the qualitative 

and quantitative distribution of ciliated Protozoa. In well-sorted sands with small amounts 

of silt and clay, the interstitial spaces haitour Protozoa and other organisms and, as grain 

size decreases, these are confined to the surface layer except for some Foraminiferida. 

Particle size is an important variable for benthonic Foraminiferida and has been described by 

many authors. British marine Foraminiferida range in size from approximately 60 microns to 

1000 microns and, as such, are subject to the forces which determine the characteristics of 

the sediment. Foraminiferida can be epifaunal or infaunal and the relationship between 

Foraminiferida and substratum-type vary generically. Whereas most benthonic 

Foraminiferida are free in the inter-grain spaces, some are attached to the grain surfaces 

(Frankel, 1972). Although some authors have discounted the importance of particle size 

upon foraminiferal abundance {e.g. Lankford, 1959; Akpati, 1975; Buzas et al., 1989) many 

studies of Foraminiferal distribution have accepted the importance of particle size. Wang & 

Zhao (1985) state that sediment type and hydrodynamic conditions govern foraminiferal 

abundance, and Murray (1979 {b}) notes that the substratum causes local differences in 

species distribution. Uchio (1962) states that the total benthonic population in Japan was 

clearly influenced by median phi distribution, and generally the coarser the sediment the 

smaller the foraminiferid population. Bates & Spencer (1979) found that particle size and 

temperature were the most important influences on living foraminiferid densities, and 

Hansen (1965) found that foraminiferid densities were probably related to sediment size and 

to the degree of sorting, as this would govern the amount of available food. Although Said 

(1950/51) states that the concentration of Foraminiferida increases with grain size many 

authors have stated that fine sands support a rich foraminiferid fauna (Arnold, 1974; Ansari 

etal., 1980; Cheng, 1987). Murray (1979 {a}) and Hart & Thompson (1974) found that, in 

general, muddy substrata are more productive for living Foraminiferida than clean sands. 
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The diversity of organisms is also affected by the characteristics of the sediment. Substrata 

composed of mud-sand mixtures usually differ from shifting sand and quiet mud bottoms in 

being both stable and firm. Commonly such substrata are inhabited by a wide variety of 

species. Animals that form permanent dwelling burrows are largely restricted to muddy sand 

because of its cohesiveness (Raup & Stanley, 1971). The diversity of organisms increases as 

the sediment particle size decreases. Moderately-well-sorted medium-sand harbours the 

most diverse meiofauna (Giere, 1993) and in coarser sand the species number remains 

relatively high although population density may decrease. 

The properties of the sediment can affect the distribution of meiofauna, but can also be 

affected by meiofaunal aggregates that help to improve the cohesiveness of the sediment. 

This may alter the porosity, density, permeability and water content of the sediment. In 

some sediments faecal pellets form more than fifty percent of the surface sediment. The 

foraminiferid Ammonia beccarii is a fervent microflora predator which often forms dense 

colonies in the field. The surrounding sediment becomes extensively pelleted, mucus-bound 

and depleted in microfloral food, which probably inhibits re-colonisation by copepodite and 

naupilar stages of Amphascoides limicola (Chandler, 1989). 

The properties of the sediment may change temporally and the temperature of the water 

determines inversely the viscosity and the ability of the water to hold sediments in 

suspension and therefore the composition of the sediment may vary season to season. 
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4.4.2. M A T E R I A L S & METHODS. 

Separate sediment samples for particle size analysis were collected monthly from the three 

sites at the same time as samples for Foraminiferida and other variables from August, 1993, 

until July, 1994, by the Murray Grab deployed from R.V. Sepia. 

More than 30g of wet sediment from each site was placed into a one-Utre conical glass 

flask. 100 ml of 6% hydrogen peroxide was added to it and agitated to access all portions of 

the sediment to remove the organic matter (Buchanan, 1984). As well as this, the hydrogen 

peroxide generates oxygen in the pore spaces of the sediment, which in effect pushes 

individual particles away from each other (Galehouse, 1971). The sediment was left for 

more than two days and heated, to complete the reaction. 10 ml of 0.17M sodium 

hexametaphosphate solution was then added to each flask to separate flocculated clay 

particles and this was then left overnight. 

The sediments were added to tared metal trays and placed into an oven at 110°C for at least 

two days to thoroughly dry the particles. The dry weight of the total sediment was noted, 

and distilled water was added to the sediment to re-constitute it and to disaggregate the 

dried particles. The sediment was then wet-sieved on a 63 ^m Endacott sieve to remove the 

silt-clay fraction and the >63 ^m portion of the sediment was then re-dried and weighed. 

From this procedure the proportion of sediment <63 ^m could be assessed by weight. 

The >63 ^m portion of the sediment was dry-sieved on Endacott sieves of 63 fim, 90 ̂ m, 

125 ^m, 180 ^im, 250 urn, 355 ^m, 500 ^m, 710 jim, 1000 urn and 2000 urn. Settling 

velocity of a particle is a fiinction of its volume, density, roundness and sphericity: sieving 

merely separates grains according to their least cross-sectional area (Galehouse, 1971). 

Each fraction of the sediment was weighed on a Mettler (P.C. 4400) pan balance and the 

data entered into a computer package designed by R. Hartley (University of Plymouth), to 

provide Folk and Ward values for mean particle size, sorting, skewness and kurtosis. 
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Samples were collected on the 6th June, 1995, to assess the composition of the <63 ^m 

fraction for each site. The sediments were wet-sieved over an Endacott 63 ^m sieve and 

100 ml hydrogen peroxide was added to the resultant sediment. Calgon fluid (sodium 

hexametaphosphate and sodium carbonate) was added to the sediments which were then 

dispersed in an ultra-sonic bath. The <63 \im fraction was then placed into a Malvern 

Instruments Mastersizer to assess the proportion of silts and clays from each site. All 

particle size characteristics are recorded in Appendix IV. 

4.4.3. RESULTS. 

Table 4.3: Particle size statistics of Cawsand Bay sediments 1993/1994 
Month Mean Sorting 

value 
Sorting 
description 

Skewness 
value 

Skewness 
description 

Kurtosis 
value 

Kurtosis 
description 

August 3.17 0.51 moderately 
well-sorted 

-0.15 negatively 
skewed 

1.17 leptokurtic 

September 3.22 0.45 well-sorted -0.07 symmetrical 1.08 mesokurtic 

October 3.11 0.53 moderately 
well-sorted 

-0.01 symmetrical 0.92 mesokurtic 

November 2.84 0.44 well-sorted 0.11 posith'ely 
skewed 

1.11 mesokurtic 

December 2.94 0.46 well-sorted 0.20 positively 
skê ved 

1.07 mesokurtic 

January 2.85 0.43 well-sorted 0.24 positively 
skewed 

1.56 very 
leptokurtic 

Februar>' 3.00 0.49 well-sorted 0.02 s>7nmetncal 1.04 mesokurtic 

March 3.16 0.47 well-sorted 0.02 symmetrical 0.83 platykurtic 

April 2.88 0.46 well-sorted 0.14 positively 
skewed 

1.09 mesokuTtic 

May 2.92 0.50 well-sorted 0.15 positively 
skewed 

1.04 mesokurtic 

June 2.72 0.49 well-sorted 0.10 synmietrical 1.17 leptokurtic 

July 2.78 0.51 moderately 
well-sorted 

0.13 positively 
skê -̂ed 

1.19 leptokurtic 
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Table 4.4: Particle size statistics of Drake's Island sediments 1993/1994. 
Month Mean 

<> 

Sorting 
value 

Sorting 
description 

Skewness 
value 

Sltewness 
description 

Kurtosis 
value 

Kurtosis 
description 

August 2.25 0.69 moderately 
well-sorted 

-0.14 negati\'ely 
skewed 

0.95 mesokuitic 

September 1.64 1.13 poorty-
sorted 

^.27 negathely 
skewed 

1.26 leptokurtic 

October 1.31 0.76 moderate !>'-
sorted 

-0.06 syrmnetrical 0.83 plat>iairtic 

No\'ember 1.87 0.72 moderaiely-
sorted 

-0.17 negatively 
skewed 

1.04 mesokurtic 

December 1.72 0.69 moderately 
well-sorted 

-0.06 s>'mmetrical 1.08 mesokurtic 

January 1.54 0.80 moderately-
sorted 

-0.11 negatively 
skew^ 

0.94 mesokuruc 

Februar>' 1.51 0.78 moderately-
sorted 

-0.09 synmietrical 0.90 mesokurtic 

March 1.47 0.76 moderately-
sorted 

-0.04 symmetrical 0.95 mesokurtic 

April 1.33 0.87 moderately-
sorted 

-0.05 s>'mmetncal 0.80 plat>'kurtic 

May 2.11 0.63 moderately-
well-sorted 

0.01 s>'mmetrical 1.10 mesokurtic 

June 1.99 0.67 moderately-
well-sorted 

-0.02 s>inmetncal 1.15 leptokurtic 

July 1.79 0.71 moderately-
sorted 

-0.06 symmetrical 1.13 leptokurtic 

Table 4.5: Particle size statistics of White Patch sediments 1993/1994. 
Month Mean Sorting Sorting 

description 
Skewness Skewness 

description 
Kurtosis Kurtosis 

description 

August 1.07 1.80 poorly-
sorted 

-0.26 negatively 
skewed 

0.92 mesokurtic 

September 2.09 1.35 poorly-
sorted 

-0.24 negatively 
skewed 

1.36 leptokunic 

October 1.91 1.38 poorly-
sorted 

-0.41 v. negatively 
skewed 

1.47 leptokurtic 

November 1.99 1.13 poorly-
sorted 

-0.28 negatively 
skewed 

1.48 leptokurtic 

December 0.99 1.83 poorly-
sorted 

-0.37 v. negati\'ely 
skewed 

0.58 very 
plat>'kurtic 

January 0.60 1.80 poorly-
sorted 

0.07 s>iTunetrical 0.69 platykurtic 

February 1.91 1.21 poorly-
sorted 

-0.18 negatively 
skewed 

1.21 leptokurtic 

March L41 1.39 poorly-
sorted 

-0.23 negatively 
skewed 

1.26 leptokurtic 

April 1.41 1.41 poorly 
sorted 

-0.13 negatively 
skewed 

1.14 leptokurtic 

May 0.99 1.80 poorly-
sorted 

-0.24 negatively 
skewed 

0.93 mesokuruc 

June 1.52 1.33 poorly-
sorted 

-0.20 negatively 
skewed 

1.20 leptokurtic 

July 1.20 1.61 poorly-
sorted 

-0.33 v. negati\'ely 
skewed 

1.21 leptokurtic 
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Figure 4.4: Seasonal variation in particle size distribution in sediments from Cawsand Bay 1993/1994. 
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Figure 4.6: Seasonal variation in particle size distribution in sediments from White Patch 1993/1994. 
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Mean phi differed between sites, with Cawsand Bay sediment generally having 

higher mean phi particle size than Drake's Island, which was in turn generally 

higher than sediment from White Patch. Sorting of the sediment also appeared to 

differ, with generally White Patch having higher values than Drake's Island, which 

was also higher in sorting coefficients than Cawsand Bay. Cawsand Bay seemed to 

have higher skewness values than Drake's Island, which had higher values than 

White Patch. Although kurtosis of the sediments was similar at the sites, they 

appeared to differ in the percentage of the sediment less than 63 ^m, with White 

Patch having a higher proportion of fines in the sediment than Cawsand Bay, which 

also had a higher proportion of fine sediment than that from Drake's Island. 

Cawsmid Bay 

From Figure 4.4 it can be seen that all the frequency distributions were unimodal. 

From Table 4.3 the mean particle size for each month for Cawsand Bay ranges 

from a phi size of 2.72-3.22, corresponding to metric sizes of approximately 

180 ^im to less than 125 ^m particles of fine sand. Mean particle size shows little 

variability, indicating that sediment composition at this site varied little throughout 

the annual cycle. The sediments were all moderately-well to well-sorted, supported 

by the majority of the sediments being mesokurtic (equally well-sorted in the 

central portions as in the tail portions) or leptokurtic (tails of the distribution being 

more poorly-sorted than the central portion). Skewness at this site was mainly 

symmetrical or positively skewed, dominated by relatively fine particles. 

Drake's Island 

From Figure 4.5 it can be seen that the particle size distributions for this site are 

mainly unimodal, becoming bi-modal in September, February and April. From 

Table 4.4 the mean particle size ranged from a phi size of 1.31 to 2.25, 

corresponding to metric sizes of less than 500 |im to greater than 180 |im particles 

of medium sand. Mean particle size shows greater variability than Cawsand Bay 

sediments, indicating that sediment composition at this site varied more than in the 
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Cawsand Bay sediments. The sediments were moderately to moderately-well 

sorted, only becoming poorly-sorted once in September, perhaps due to storm 

activity. The majority of the sediments were mesokurtic or leptokurtic, supporting 

the sorting values. Skewness at this site was mainly symmetrical, with the 

remaining sediments being negatively skewed, or dominated by coarse particles. 

White Patch 

From Figure 4.6 the distributions are all bi- or polymodal in distribution. From 

Table 4.5 the mean particle size ranged from a phi size of 0.6 to 3.09, 

corresponding to metric sizes of less than 710 nm to 250 \xm particles of medium 

sand. The variation in mean particle size was relatively large compared to the other 

two sites, indicating that sediment composition at this site varied greatly 

throughout the annual cycle. The sediments were consistently poorly-sorted at this 

site and mainly leptokurtic (indicating that the tails of the distribution were also 

poorly-sorted). Skewness was mainly negatively to very negatively-skewed, 

demonstrating a high proportion of coarse particles to be present. 

Comparison of sites 

The three sampled sites differed greatly sedimentologically. Cawsand Bay consists 

of well-sorted, mainly symmetrical mesokurtic sediment which is unimodally 

distributed and becomes slightly finer in particle size in the autumn. Drake's Island 

consists of moderately sorted, slightly platykurtic sediment which is usually 

unimodal but becomes more bimodal in the Spring months. White Patch consists of 

pooriy sorted, negatively skewed mainly leptokutic sediment which is generally 

polymodal in distribution. The mean phi of the sediments was greatest at Cawsand 

Bay, Drake's Island and White Patch reflecting that the mean particle size in mm 

diameter was greatest in White Patch, Drake's Island and Cawsand Bay 

respectively. Sorting of the sediment was poorest at White Patch, Drake's Island 

and Cawsand Bay respectively. The skewness coefficients reflect that Cawsand 

Bay sediments are fine, with Drake's Island and White Patch sediments becoming 
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more coarse in distribution. White Patch sediments have a higher proportion of 

sediment less than 63 ^m than Cawsand Bay and Drake's Island respectively and 

all sites have a lower proportion of this fine sediment in the month of December. 

The distribution of the sediment less than 70 jim reveals that Cawsand Bay 

sediments are mainly close to the 70 ^m with little clay or silt present; Drake's 

Island sediments have a more even distribution of fine sediment decreasing 

gradually from 70 ^m to 1 nm; White Patch sediments have three peaks in 

distribtuion especially in the silt and clay sections of the sediment. 

4.5. DISCUSSION. 

The mean phi size and skewness of the sediments reflects the degree of wave and 

current energy with the more marine habour of Cawsand Bay producing fine 

sediments and the dynamic environment of Drake's Island producing well-sorted 

medium-sized sediments; the pooriy-sorted sediment of White Patch reflects little 

current activity in the area and the sediment contains both fine and coarse material. 

Sorting of the sediment was poorest at White Patch, Drake's Island and Cawsand 

Bay respectively reflecting that the relatively shallow Cawsand Bay is subject to 

greater wave energy than Drake's Island, and the greater depth of water above 

White Patch probably serves to protect the sediment at this site from waves. This 

effect is mirrored in the proportion of the sediment which is less than 63 ^m and 

the input of clay from the River Plym to the White Patch site is shown in the 

proportion of this sediment less than 2 |im. The reduction in the proportion of the 

sediment less than 63 \im in the month of December may show that gales and/or 

extra freshwater flow at this time of year flushed all sediments of the fine material. 
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4.6. SUMMARY. 

The monthly measurement of temperature, salinity and particle size characteristics 

has revealed that the sites investigated are remarkably similar for temperature and 

salinity, whilst the characteristics of the substrata differ greatly. The temperature of 

Cawsand Bay was higher in winter and colder in summer than the other two sites 

and the salinity was higher. Drake's Island temperature was coldest in winter and 

warmest in summer and salinity the lowest of the three sites. White Patch 

temperatures and salinity were generally intermediate between the other two. 

Cawsand Bay sediments consist of fine, well-sorted sand with a generally 

symmetrically skewed distribution. The substratum of Drake's Island was well-

sorted medium sand which was generally symmetrical or negatively skewed in 

distribution. White Patch sediments were polymodal in distribution and consisted 

of poorly-sorted medium sand. Skewness of White Patch substrata was mainly 

negatively to very negatively-skewed, demonstrating a high proportion of coarse 

particles to be present. 

The substrata of the sites varied throughout the annual sampling period with White 

Patch sediments being more variable than Drake's Island sediments and Cawsand 

Bay sediments respectively. It appears to be important to measure this variable 

every time the sediment is examined for Foraminiferida. 
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CHAPTER 5. 

BIOTIC VARIABLES. 

5.1. INTRODUCTION. 

Whilst studies of abiotic factors dominated in the 1960s and early 1970s, meiobenthonic 

studies concentrating on biotic factors have increased since about 1975 (Giere, 1993). 

Ecology is the study of the interrelationship between organisms and the environment, and 

within any ecosystem chemical, physical and biological processes interact with the 

organisms present (Raup & Stanley, 1971). It is realised that biotic factors are most relevant 

for the understanding not only of meiobenthonic assemblages, but also for the benthonic 

habitat in general (Giere, 1993). Whilst abiotic factors are relatively easy to measure, biotic 

factors are problematical to quantify, and hence difficult to measure and interpret (Giere, 

1993). 

Due to the importance of Foraminiferida to the oil industry and because they are not 

medically important (unlike ciliated Protozoa) most work to identify environmental factors 

affecting the distribution and occurrence of Foraminiferida has been carried out by 

geologists. This has led to abiotic factors rather than biotic factors being used to correlate 

species distribution to the environment. This is still true today, with foraminiferologists with 

biological backgrounds largely concentrating upon culturing techniques and laboratory-

based experiments. The tendency of geologists to consider only the physical characteristics 

of sediments and sedimentary rocks is noted by Uchio (1962), who claims that this appears 

to be an erroneous and short-sighted view. 

The necessity of studying the possible effects of biotic factors upon living Foraminiferida 

has been recognised and Mageau & Walker (1976) state that workers attempting to study 

the ecology or paleoecology of Foraminiferida should be concerned with the total biotic 

system, as the fluctuations of other flora and fauna populations may well influence those of 
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Foraminiferida. Bacteria and unicellular algae are the most important prey of Foraminiferida 

(Murray, 1979 {a}; Lee, 1980) and, as such, must be of vital importance to their 

distribution. Lee (1974) found in experiments with radio-labelled substrata that changes in 

the population structure of Foraminiferida reflected changes in the available nutrition due to 

different growth patterns of bacteria and diatoms on different media. Mageau & Walker 

(1976) also state that information on algal/bacterial complexes is indispensable in the 

interpretation of foraminiferal distribution patterns. Wefer (1976) finds that although 

variables such as substratum type, salinity and temperature are recorded with the 

distribution of benthonic Foraminiferida, factors such as oxygen and food availability are 

rarely considered. Bradshaw (1961) states that he knows of no field study comparing the 

natural distribution of a species of Foraminiferida with a known food source, and it is 

probable that this would be an important consideration in the distribution of Foraminiferida. 

The possible interaction between Foraminiferida and other organisms has been little 

investigated. The taxa encompasses members which obtain food by dissolved organic matter 

uptake, herbivory, camivory, omnivory, suspension-feeding, detritivory and bacterial 

ingestion, parasitism, cannibalism and symbiosis (Lipps, 1983). Several properties of the 

marine environment usually vary together; the effects of variation in single factors are 

seldom evident in natural conditions (see Buzas, 1969; Tait, 1981). The distribution of a 

species is consequently associated with a complex of variables and it is not easy to assess 

the role of each parameter independently (Tait, 1981). Apart from the effects of the 

inorganic environment, there are also many ways in which organisms influence each other: 

even where physical and chemical conditions seem suitable, a species may not flourish i f the 

presence or absence of other species has an unfavourable effect (Tait, 1981). Murray (1991) 

states that in theory competition between species for space and food may be ecological 

controls, but that there are no data to suggest that either takes place among small benthonic 

sediment habitats. The complex interactions between an assemblage and the environment is 

unclear, but a start can be made by first studying the individual parameters of the 

environment, noting the extent to which each can be correlated with the distribution of 

different species (Tait, 1981). The aim of this part of the study is to measure and record the 
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levels and variability of organic, bacterial, diatom and other meiofauna) content of the 

sediment at the three sampling sites. 

5.2. TOTAL ORGAMC CONTENT. 

5.2.1. INTRODUCTION. 

Organic matter is derived from living organisms and may be either particulate or soluble in 

form. Heterotrophic organisms require organic matter for growth and the measurement of 

organic matter in an ecosystem provides an estimate of the organic nutrients available for 

growth (Atlas & Bartha, 1981), In the photic zone the major proportion of suspended 

organic matter is composed of phytoplankton and particulate aggregates, which are 

metabolised and transferred through different food chains (Iturriaga, 1979). Most of the 

photosynthetically-produced organic material reaching the ocean floor is transported as 

settling particles, among which larger particles such as faecal pellets and macroaggregates 

are particularly important and are rapidly colonised by bacteria and Protozoa (flagellates 

and Foraminiferida) (Gooday & Turiey, 1990). Whilst most organic matter arriving at the 

sediment-water interface settles from suspension, it is suggested that the transport o f 

organic matter by bioturbators is a dominant additional input at shallower depths (Hinga et 

al., 1979). The total organic content of sediment gives only a rough guide to the nutrient 

input in a sampling area as material such as coal and wood, although not available to 

organisms as a nutrient source, are included in this measurement. 

The amount of organic material in a system may limit the ability of benthonic organisms to 

grow and develop, and govern the timing of benthonic reproduction. Whilst too little 

organic matter in the system may be detrimental to the benthos by not providing enough 

nutrients, too much organic material may prove to be toxic (see Atlas & Bartha, 1981; 

Fabrikant, 1984).The amount of organic matter has also been shown to affect the 

community structure of Copepoda (Gee et al., 1985) and may well, therefore, affect 

foraminiferid community structure. 
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From 1960, some studies of Recent benthonic Foraminiferida have recorded the organic 

content of sediments (Boltovskoy & Wright, 1976), but its value as a potentially important 

variable to the abundance of living Foraminiferida has only been studied by other authors 

within the last decade. 

A relationship between increasing organic matter in sediments and an increase in benthonic 

Foraminiferida has been identified by authors such as Said (1950/51), Sieglie (1968), Hart 

& Thompson (1974), Phleger (1976), Ansari etal. (1980), Lukashina (1987), Moodley 

(1990 {a}) and Jorrisen et al. (1992). 

Decomposing organic matter lowers the pH (Myers, 1943), produces ammonia, decreases 

nitrogen, depletes oxygen (Seiglie, 1968) and sulphate becomes the major oxidant after the 

consumption of oxygen (Malcolm & Stanley, 1982). Sea water is usually supersaturated 

with oxygen at the surface due to the atmospheric content and production by plant 

photosynthesis (Myers, 1943), however, an excess of organic matter depletes oxygen in the 

surrounding area. The combination of an excess of organic content and depleted 

oxygenation appears to affect foraminiferid behaviour (Alve & Bemhard, 1995), physiology 

(Corlis, 1985) and the distribution of benthonic Foraminiferida (Miao & Thunell, 1993) 

probably because some genera appear to have a very high requirement for oxygen (Hannah 

et a/., 1994). It is also believed that some species may be facultative anaerobes (Moodley & 

Hess, 1992; Sen-Gupta & Machain-Castillo, 1993) and both arenaceous and calcareous 

species have been found in anoxic layers (Bemhard, 1989). Alve & Bemhard (1995) find 

that in response to increased organic content of the sediment benthonic Foraminiferida 

vertically migrated upwards in response to depleted oxygen levels. 

An influx of total organic matter may, therefore, affect different species of Foraminiferida in 

different ways. Anantha et al. (1986) found that sub-recent Nonionidae and Miliolidae in 

hyposaline water were negatively affected by organic carbon content in the sediment and 

Bao (1987) found that a negative correlation existed between organic content and 

abundance of Foraminiferida in deep-sea sediments. Sieglie (1968) states that species living 
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in areas of high organic carbon include the genera Bttlimmella, Bulimina, Fursenkoina, 

Florihis, Nonionelia and probably Uvigerim, whilst Alve (1990) finds a correlation 

between dissolved organic content and Stainforthia fiisiformis. Where there has been an 

anthropogenic input of organic matter to the marine system (usually in the form of sewage), 

it appears that this increased level of nutrients is correlated with an increase in foraminiferid 

populations (Watkins, 1961; Bandy a/., 1964; Bandy e/o/., 1965; Nagy & Alve, 1987; 

Yanko et al., 1994). I f Foraminiferida are situated too close to an excess of organic matter, 

however, abundance (Bandy e/o/., 1964; Schafer & Cole, 1974; Setty, 1976, 1982; 

Varshney, 1985) and diversity (Schafer, 1973; Schafer & Cole, 1974) may decrease. The 

proportion of hyaline Foraminiferida also rises close to such a source, with hyaline 

Foraminiferida being eight times more abundant than arenaceous species (Bandy et a/., 

1964; Bandy et a/., 1965). Industrial and urban waste often generate a benthonic 

environment gradient from abiotic to hypertrophic with radial distance from the outfall 

(Schafer & Cole, 1976). 

Organic content of sediments is related to other environmental variables and a relationship 

exists between the grain size of the sediment and the organic content (Trask, 1939). Slow-

moving water allows organic matter to settle (Tait, 1981) and sorting and skev*mess of the 

sediment bear relationships with the organic content (Goard, 1975). In silty muds the dry 

weight of the organic particles can account for up to 10% of a sample while on sandy shores 

this value is often <1% (Giere, 1993). Hart & Thompson (1974) state that a high organic 

content of sediments results in high concentrations of bacteria which form an essential part 

of the diet of Foraminiferida. 

The purpose of this investigation is to determine the total organic content of sediments at 

three sampling sites within the same geographical area so that possible effects upon living 

foraminiferal abundance or diversity could be assessed. 
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5.2.2. MATERIALS & METHODS. 

The sediment at each site was assessed monthly for total organic content. Approximately Ig 

of wet sediment from each was placed into a tared crucible of high silica content and 

weighed on a Sartorius (2001 MP2) balance. All crucibles were then placed into an oven at 

110°C for at least two days to dry the samples thoroughly. Afrer being placed into a 

desiccator for exactly one hour the weights of the dry sediments were obtained, after which 

the crucibles were placed into a pre-heated Gallenkamp Muffle Furnace at 400°C for a 

period of six hours. The crucibles were removed from the fiimace and placed into a 

desiccator for exactly one hour before the ashed weight was recorded. Care must be taken 

that the combustion temperature does not exceed 580°C or volatization of sedimentary 

carbonates occurs and gives incorrect data (Giere, 1993). 

The total organic content was calculated from the wet, dry and ashed weights of the 

sediments after a correction for salt content. This procedure was provided by G. Burt 

(PML) and is given in Appendix V. together with the wet, dry and ashed weights obtained. 

5.2.3. RESULTS. 

1 Month Cawsand Bay Drake's Island LWhite Patch | 

August 2.08 8.10 5.62 

September 3.08 2.70 5.15 

Ortober 3.49 5.70 5.57 

November 2.10 9.88 5.71 

December 2.24 20.06 5.19 

January 2.96 6.73 4.84 

February 3.17 8-14 4.58 

March 2.28 5.03 4.86 

April 2.09 6.93 2.83 

May 2.20 2.51 5.85 

June 2.53 2.32 4.15 

July 2.10 5.02 3.60 
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It can be seen from Table 5.1 and Figure 5.1 that the sediments from three sampling sites 

have very different contents of organic matter. Sediments from Cawsand Bay have 

generally the lowest amount of organic content of the sampling sites throughout the year 

with a cyclical rise and fall in organic content Drake's Island sediments generally 

contained the highest amount of organic matter of the sites, but this fluctuated greatly. 

Organic content of White Patch sediments was generally intermediate of the other two 

sites and remained relatively stable 

5.2.4. I)IS( I SSION. 

( aw sand Hay 

Cawsand Bay has a fairly stable temporal total organic content, probably because this 

sheltered bay has little hydrodynamic influence upon it and flushing of particulate organic 

matter from the sediments is limited. These sediments are also subject to comparatively 

low levels of sewage discharge. The highest levels of total organic content at Cawsand Bay 

occur m October, perhaps due to the degradation of detrital algae or autumn 

phytoplankton 
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The cyclical pattern of increase in total organic content in sediments from Cawsand Bay 

every four months may be indicative of bacterial blooms. 

Drake's Island 

In winter at Drake's Island there is a peak in the percentage of total organic matter held in 

the sediment. This may be due to re-suspension of organic matter by gales or may be due to 

the decomposition of detrital macro-algae. The total organic content at this site was 

generally the highest of the sites and was also highly variable; this may be due to the 

variable discharge of organics from the River Tamar and the relatively high ability of water 

to flush organics from this well-sorted substratum. Peaks in organic content occur at this 

site in the months of December, Febmary and April and the first two months are probably 

due to the decomposition of detrital algae and the autumn phytoplankton bloom, whereas 

the peak in April is probably in response to the spring bloom of phytoplanklon settling at 

this site. The River Tamar will also bring both particulate and suspended organic matter 

past this site, and is probably a very important source of nutrients for organisms in the 

Sound. Extensive mud flats border the River Tamar and freshwater discharge from the 

River Tamar will probably be rich in humic acid from its tributary of the River Tavy. The 

anomalously high content of 20.06% organic matter in the month of December is unlikely to 

be the result of experimental error, as all sediments were treated in the same way and the 

organic matter from Cawsand Bay and White Patch from this month do not appear to be 

excessively high. 

White Patch 

The sediments from White Patch were generally intermediate between Cawsand Bay and 

Drake's Island for total organic content. The organic content varied very little throughout 

the annual cycle (Fig. 5.1), although it troughs slightly in April and increases slightly from 
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this in May, to give a slight peak, perhaps in response to the spring phytoplankton bloom 

settling on the sediment, or to unicellular algae proliferating in the River Plym and becoming 

deposited at White Patch. 

Comparison of sites 

Sediments from Cawsand Bay generally had the lowest total organic content of the three 

sites sampled, and from Fig. 5.1 it can be seen that it varied very little throughout the course 

of the annual sampling programme. The fluctuation of organic content appears, however, to 

have a cyclical pattern, with slight increases approximately every four months. These slight 

increases in organic content occur in the months of October, February and June at Cawsand 

Bay. From Figure 5.1 the sediments from Drake's Island showed the greatest fluctuations of 

total organic content for the three sites and generally the highest levels. The organic content 

troughs in the months of September, March, May and June, whilst it peaks (20.06%) in 

December at this site. The sediments from White Patch were generally intermediate between 

Cawsand Bay and Drake's Island for organic content, which varied very little throughout 

the year of sampling (Fig. 5 .1), although it troughed slightly in April and increased slightly 

in May. 

5.3. BACTERIA. 

5.3.1. INTRODUCTION. 

Bacteria have survived longer than any other organisms and still constitute the most 

abundant type of cell on Earth (Alberts et a/., 1983). They are prokaryotic organisms which 

lack a perforated nuclear membrane and organelles and have a well-defined nucleus 
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(Berkeley, 1979). There is a great variation in size of bacterial cells, although most range 

from 0.2 ^im to 1.5 ^im (Berkeley, 1979). 

Morphologically bacteria are either spherical or cylindrical cells (Alberts ei a/., 1983). The 

spherical-shaped bacteria are termed cocci, whilst the straight or very slightly curved 

cylinders are termed rods (Berkeley, 1979). Bacterial cells may also be pigmented. The 

highest numbers of bacteria and fungi are almost always found in the top few centimetres of 

sediment (Rheinheimer, 1992) and therefore, the use of the Murray Grab to sample for 

sublittoral benthonic bacteria is very important for this investigation. 

Two types of bacteria have evolved, and can be differentiated by a staining technique. These 

bacterial types have different proportions of cell wall constituents and the Gram stain was 

devised in 1884 by the Danish physician H. C. Gram (Rheinheimer, 1992) to distinguish the 

two. Gram negative bacteria have complex walls, with a lipopolysaccharide membrane 

outside the cytoplasmic membrane and peptidoglycan is present in this envelope in varying 

amounts (Costerton et al., 1974). In a large proportion of marine organisms the Gram 

negative cell surface is covered in a paracrystalline arrangement of spheres which form 

multiple layers in some species and which are believed to be proteinaceous (Costerton et al., 

1974). Gram positive bacteria may have a thick wall, either amorphous or with some layers, 

or in some cases only a thin amorphous wall (Moriarty & Hayward, 1982). These 

differences between the two types of bacteria may well result in different nutritional 

properties. 

Phytoplankton supplies organic matter for bacteria to use by both exudation and lysis: the 

exudates present depend upon the phytoplankton which produce them. Wolter (1982) states 

that bacteria assimilate up to 90% of all available exudates produced when dinoflagellates 

and nanoflagellates predominate, but only 10% when diatoms dominate the phytoplankton. 

Billen (1982) states that most of the microbiological activity in the sediments occurs in the 

top 5-10 cm layer, and although Iturriaga (1979) relates bacterial activity to seasons, Wolter 

(1982) finds that bacterial activity begins to increase shortly after the first phytoplankton 
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bloom even i f the water temperature is low, whereas in autumn bacterial activity decreases 

with a decrease in algal activity whilst the water temperature remains relatively high. 

Phytoplankton seem to play a major role in nutrient supply for bacteria (Wolter, 1982), and 

release giycolic acid which is a potentially important bacterial substrate (Fenchel & 

Jergensen, 1977). 

Organic compounds are known to stimulate the growth of saprophytic bacteria 

(Rheinheimer, 1992) and in aerobic environments most bacteria are highly versatile and can 

use a large variety of organic compounds as a carbon energy source (Veldkamp et al., 

1984). It is not the concentration of organics that is important, however, but the fraction of 

organic compounds which are easily assimilated, like proteins and their constituents, sugars, 

starch, organic acids, fats etc. (Rheinheimer, 1992). Sewage-rich waters are high in protein 

content and cellulose leading to proteolytic and cellulose-decomposing bacteria and fungi 

(Rheinheimer, 1992). The importance of bacteria is not only in their remineralisation of 

organic substances, but also in their transportation of dissolved organic material to a 

particulate form which is then available for bacterial feeders (Wolter, 1982). Secondary 

production of heterotrophic bacteria and fungi in waters can be very considerable, since 

about 20-60% of the organic matter consumed as food is used for their own body organic 

material and 40-80% is used for energy (Rheinheimer, 1992). Invertebrates release a range 

of dissolved organic matter both by secretion and excretion (much will be low-molecular-

weight material), and bacteria remove this very rapidly from aquatic habitats (Fry, 1982). 

Bacteria are essential to the energy-flow in the marine environment. Autotrophic and 

heterotrophic micro-organisms play a decisive role in the cycling of matter in waters, they 

produce, transform and remineralise organic material and also convert inorganic compounds 

(Rheinheimer, 1992). The importance of heterotrophic micro-organisms for the 

remineralisation of organic matter is very great, for bacteria and fungi are able to break 

down virtually all naturally-occurring compounds and, given favourable conditions, degrade 

them into the compounds from which they originated i.e. carbon dioxide, water and some 

inorganic salts (Rheinheimer, 1992). Organic materials of producers, herbivores and 
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carnivores not assimilated by species higher in the food chain are broken down by 

decomposers which are chiefly bacteria (Raup & Stanley, 1971). Finally, other transforming 

organisms (also mostly bacteria) chemically alter certain d«x)mposition compounds to 

render them utilisable once again by producers (Raup & Stanley, 1971). Bacteria are thus 

extremely important in effecting completion of cycles: without them, ecosystems as we 

know them could not exist (Raup & Stanley, 1971). Newell (1979) states that predation of 

bacteria serves to keep the population in check and claims that some 90% of energy flow 

does not derive fi*om living photosynthetic organisms, but passes along the detrital food 

chain. 

Bacteria are essential to the nutrient cycling in the marine environment. These organisms 

perform a series of steps to cycle nitrogenous and phosphorous compounds which are 

essential for primary production and, therefore, the whole marine ecosystem. In the coastal 

sea, a significant portion of the detritus decomposition takes place in the sediment. This is 

mediated through a series of fermentative and respiratory processes in which bacteria have a 

dominating role (Serensen, 1984). Nitrogen is a vital element, utilised by green plants 

mainly in the form of ammonia or nitrate and converted into plant protein. When the plants 

are consumed by animals the protein becomes animal protein, which, when the animal dies, 

is converted back into ammonia and nitrate by bacteria (Rheinheimer, 1992). A lack of 

phosphoric compounds may limit plant growth and plants convert pyrophosphate 

compounds into phosphorous derivatives: detrital macro-algae are degraded to release 

phosphates by micro-organisms (Rheinheimer, 1992). Therefore, after any decline of algal 

populations a new burst of bacterial growth will replenish the euphotic zone with the 

necessary metabolites for new algal populations (Provasoli, 1960). 

In all waters, bacteria and fiingi have important functions in the food web (Rheinheimer, 

1992) with bacteria forming essential links between the primary producers and animals 

(Moriarty & Hayward, 1982). Bacteria are trophically important to deposit-feeding animals 

and although bacterial biomass may be a small percentage of the organic matter in many 

sediments, their biosynthetic products may represent a much larger proportion (Moriarty & 
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Hayward, 1982). Many animals lack the enzymes necessary to digest some, or all, of the 

food resources available to them and require the assistance of microbial populations for this 

task (Atlas & Bartha, 1981). Organic matter is primarily supplied to the sediments in a 

particulate form. It is essentially composed of macromolecules, such as proteins, 

carbohydrates, fats and nucleic acids (Billen, 1982). Such compounds cannot be directly 

taken up by micro-organisms and have first to be hydrolysed into smaller units such as 

amino-acids, sugars, fatty acids, purine and pyrimidine bases, probably mainly through the 

action of exoenzymes (Billen, 1982). Bacteria take up dissolved organic substances released 

into the water by primary producers and substances derived fi-om animals and from the land 

(Rheinheimer, 1992). They are rapidly converted into particulate material and then a 

substantial part is consumed by other organisms (Rheinheimer, 1992). Micro-organisms also 

absorb inorganic nitrogenous ions converting them to protein: the initially low nitrogen-to-

carbon ratio of the plant residues is thus increased and the nutritional value of the detritus is 

upgraded (Newell, 1979; Atlas & Bartha, 1981). Some animals live almost exclusively on 

bacteria or fijngi, because these are very high value in protein nutrient (Rheinheimer, 1992). 

In addition, most bacterial cells are enveloped in extracellular slime layers or envelopes 

(Moriarty & Hayward, 1982) which may be nutritionally important. 

Some microbial populations also produce vitamins (Atlas & Bartha, 1981) and the bacterial 

flora of the sea can be presumed to be the main source of vitamin B 1 2 (Provasoli, 1960). In 

culture experiments Lee (1980) finds that biotin and thiamine stimulate growth of all 

isolated Foraminiferida and they probably represent absolute requirements for some, whilst 

some species had an absolute requirement for B12. The addition of I f i M glutamic acid, 

histidine, thiamine and methionine doubled the growth of some species (Lee et a/., 1962) 

and Lee (1980) states that trace amounts of phosphate and vitamin B12 are very active in 

stimulating reproduction in axenic cultures of AUogromina sp. Bacterial biomass can adapt 

itself very rapidly to the flux of direct substrates produced, maintaining them at low 

constant concentrations (Billen, 1982) and, because they divide by binary fission, can 

replicate rapidly in response to changes in their environment (Alberts et ai, 1983). 
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Bacteria are the main food of deposit-feeding macrofauna, meiofauna and microfauna 

(Gerlach, 1978) and as such produce an enormous contribution to food chains; both directly 

in their role as prey to many marine predators and also indirectly by being prey for Protozoa 

(Belser, 1960; Clarholm, 1984). The individual populations of the microbial community 

associated with detrital particles interact as a predator-prey system: the bacteria are the prey 

and Protozoa are the primary predators (Atlas & Bartha, 1981). Plant detritus can become 

covered in bacteria and when Protozoa graze over the detritus they engulf large numbers of 

bacteria with no additional effort: this fortuitous energy-rich food source is of more value 

than the plant detritus alone (Nisbet, 1984). It has also been discovered that many, or 

perhaps most. Protozoa carry endo- and/or ecto-symbiotic bacterial cells (Fenchel, 1987). 

Estimates of in situ bacteriophagy by protozoan assemblages range from 20-100% of daily 

bacterial production (Capriulo et al., 1991). 

Foraminiferida are holozoic and depend on particulate food (Mageau & Walker, 1976). 

Bacteria and unicellular algae constitute the major food source and as such play a vital role 

in the development and growth of the foraminiferal conmiunity (Mageau & Walker, 1976). 

In those Foraminiferid species which carry endosymbiotic algal chloroplasts, bacteria may 

be important providers of thiamine, biotin and vitamin B 1 2 for photosynthesis (Lee, 1992). 

Muller & Lee (1969) also discovered that bacteria were indispensable in a foraminiferid 

culture and hypothesised that they provide some nutritional factor which was either 

unavailable or in insufficient quantities in a purely algal diet. The use of antibiotics in axenic 

foraminiferal cultures also greatly inhibited their fecundity (Muller & Lee, 1969; Lee, 1980) 

and so the presence of bacteria appears to be essential for foraminiferid well-being. Lee 

(1974) finds that whilst selected species of bacteria were eaten by Foraminiferida in large 

numbers, most species of bacteria were not consumed, indicating selective predation. 

Some invertebrates are thought specifically to encourage the growth of bacteria within 

sediments so that they are secured a supply of bacterial food (Fry, 1982). Some 

Foraminiferida are also thought to utilise this strategy. A farming-feeding strategy is 
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suggested for two species of Foraminiferida which leave organic traces on seagrass as they 

graze, and return to harvest the densely colonised traces (Langer & Gehring, 1993). 

Bacterial populations are mainly controlled by protozoan grazing (Clarhohn, 1984; Fenchel, 

1987) and Protozoa are believed to facilitate the turnover of inorganic nutrients via their 

grazing on bacteria and phytoplankton (Sherr & Sherr, 1984). Protozoa liberate dissolved 

organic matter into the water, which promotes the growth of bacteria; and phytoplankton 

and organic decomposition is enhanced by their activities (Sherr & Sherr, 1984). 

Meiofauna, by their activities and by excreting metabolic end products, induce a bacterial 

productivity which would not be there without them, and feed on it (Gerlach, 1978). The 

grazing of benthonic invertebrates is believed to increase the growth rate and activity of 

sedimentary bacteria (Fry, 1982) and Protozoa appear to maintain the bacteria in a state of 

physiological youth by their grazing activities (Caron, 1991). It has been hypothesised by 

Meyer-Reil & Koester (1991) that in the deep-sea sediments of the Norwegian-Greenland 

Sea agglutinated epibenthonic Foraminiferida were main contributors to the pool of 

hydrolytic enzymes which break down organic material, and suggest that in this specific 

environment the bacteria benefit fi-om the metabolism of Foraminiferida rather than being 

the main decomposers. Thomsen & Altenbach (1993) find that Foraminiferida are up to 

three times more abundant in Echiunis echinnis tubes where bacterial abundance is twrice as 

high as in the surrounding sediment. 

From the literature it is evident that the presence of bacteria is necessary for the presence of 

Foraminiferida. Bacteria are essential prey of Foraminiferida and may produce essential 

compounds in a form not available in the environment. In turn, foraminiferid grazing upon 

bacteria helps to release nutrients and sustain the marine ecosystem, whilst maintaining the 

bacterial population in a young and active state. 

Because so little is known of the importance of bacteria to Foraminiferida, it is necessary to 

evaluate the basic characteristics of the bacteria together with the distribution and 

abundance of Foraminiferida. Bacterial abundance, shape and Gram-stain characteristics 
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were investigated in an attempt to discover i f any of these factors was important to 

foraminiferid abundance or diversity and to the pigmentation noted. 

5.3,2. M A T E R I A L S & METHODS. 

Bacteria at each site were counted and their Gram-staining characteristics assessed monthly, 

and sampled simultaneously with Foraminiferida samples and other environmental variables. 

Approximately Ig of wet sediment from each site was placed into sterile Universal Bottles 

at the time of sampling and placed into a cool box until return to the laboratory. As it was 

necessary to process the samples rapidly to accurately reflect the numbers of micro

organisms present (Atlas & Bartha, 1981), the samples were processed within six hours of 

collection. 

For each site, four sterile Universal Bottles containing 9 ml of a diluent of sterile Peptone 

Buffered Saline solution were prepared and labelled ]0'\ 10*2, 10-3, and lO"*. The lO"* 

bottles were tared and each had Ig of wet sediment added to them. Bacteria are microfauna, 

and as such live on the surface of the grain or hold on to the grain (Newell, 1979; 

Rheinheimer, 1992), so the sediment was inverted manually five times to ensure equal 

dispersal of bacteria from the sediment for each site. From the lO^' bottle serial dilutions 

were prepared until a dilution of 10"^ was obtained. 0.1 ml of each dilution was spread onto 

two duplicate nutrient plates. As most marine bacteria are halophilic (i.e. they need salt for 

optimal development), Tryptone Soy Agar plates plus additional salt were utilised. The 

nutrient plates were incubated at 20°C (Rheinheimer, 1992) for 24 hours and then placed 

into a cold room (4°C ), so that the colonies could develop pigmentation and become 

morphologically differentiated. 

Because marine bacteria grow relatively slowly (marine sediment inoculates need 14-18 

days before being colony counted {Rheinheimer, 1992}), after a period of two weeks the 

plates were removed from the cold room and the bacterial colonies counted by choosing a 

dilution which yielded between 20 and 200 colonies. An average of the number of colonies 

produced on the duplicate plates was recorded and each colony was assumed to originate 
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fi'om a single bacterium termed a colony forming unit (cfu). The number of morphologically 

differentiated colonies was recorded for each site and each different colony subjected to a 

Gram-stain. The Gram-staining characteristic and the shape of the bacteria fi^om each 

colony were recorded. 

The method of growing bacteria upon nutrient agar plates is a compromise. Tryptone Soy 

Agar is a general purpose agar medium, containing two peptones, which will support the 

growth of a wide variety of organisms (Bridson, 1990) and should provide the nutrients for 

the growth of most types of bacteria, although bacteria with other nutritional needs will 

perish. The addition of 10 g of salt to the agar may provide stenohaline bacteria with an 

unfavourable envirormient for growth. Likewise, the incubation temperature of 20°C will 

exclude the growth of bacteria with particular needs for temperature. It is felt, however, 

that the growth of all types of marine bacteria is a very complex task and the conditions 

supplied for the growth of sampled bacteria provide a favourable environment for most 

types of bacteria likely to be present in the sediment samples. Mrs J. Carter (Biological 

Sciences, University of Plymouth) provided invaluable advice and assistance for this part of 

the study. 

5.3.3. RESULTS. 

Table 5.2: Annual variation in number of bacteria per gram of wet sediment from 

1 Month Cawsand Bay Drake's Island White Patch | 

August 700000 7750000 74000 
September 44000 765000 28500 
October 160000000 2000000000 160000000 
November 50000 7650000 25000 
December 350000 42500 85000 
January 82000 450000 2000000 
Fdbruaiy 26600 8000 105000 
March 11500 4000 348000 
April 23000 17000 113000 
May 65200 72600 364000 
Jime 10000 8600 19000 

July 200000 36000 180000 

Abundance of bacteria. 

From Table 5.2 and Figure 5.2 it can be seen that monthly bacterial abundance of bacteria at 

all sites fluctuates greatly. There appears to be no common pattern to the increases and 
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decreases in abundance at the sites, except that all sites peak in bacterial abundance in the 

month of October. At Cawsand Bay bacterial abundance ranges from 1.0 x 10^ to 1.6 x 

108; Drake's Island 4.0 x lO^ to 2.0 x 10^; White Patch 1.9 xlO* to 1.6 x lO^. At Cawsand 

Bay, except for the peak in abundance in October, there is a cyclical pattern of abundance 

with a gradual increase in abundance in the winter and spring months. At Drake's Island 

there is also a cyclical pattern of abundance, with increases in bacteria at this site in the 

winter and spring months. At White Patch, except for the peak in October, the abundance 

of bacteria appears to be relatively constant but is slightly higher from January to May. The 

method of extracting the bacteria from the wet sediments does not take into account the 

different composition of the sediments from the sites. A wet gram of a pooriy-sorted 

sediment will hold more water than a wet gram of a well-sorted sediment, and because more 

bacteria will be attached to sedimentary grains than in the interstitial water, have less 

bacteria extracted from it. It would be expected therefore, that White Patch sediments will 

have less bacteria extracted by this method than Cawsand Bay and Drake's Island sediments 

respectively, and may be artificially lowered. 
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f imire 5.2: Annual variation in number of bacteria per gram of wet sediment from 
each of the three sites 1993/1994. 
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Abtuuiatice of cfu. 

The number of bacterial morphologically differentiated colony forming units provides some 

idea of the diversity of bacteria in the sediments at the time of sampling. The number of cfu 

ranges from 3 to 11 at Cawsand Bay and Drake's Island and from 4 to 11 at White Patch. 

There is no common pattern of abundance of cfii at the sites and the sediments fi-om each 

site appear to fluctuate for cfii content. From Table 5.3 and Figure 5.3 it can be seen that 

the number o f cfii at Cawsand Bay form two peaks in October and February, whereas the 

number of cfij peak at Drake's Island in September and February and at White Patch in 

December and April. 

Table 5.3: Annual variation in number of morphologically difTerentiated colony 

1 Month Cawsand Bay Drake's Island White Patch | 

August 3 3 4 
September 6 8 9 
October 10 6 7 
Nm'ember 4 5 6 
December 8 7 11 
January 9 5 8 
February 11 U 8 
March 7 4 6 
April 8 7 10 
May 5 4 4 

June 5 7 6 

July 6 3 8 
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Figure 5.3: Annual variation in number of morphologically difTerentiated colony 
forming units (cfu) 1993/1994. 
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S/uin Shapes of hactcna 

Table 5.4: Annual variation in stain and shape characteristics of bacteria from 
Cawsand Bav sediments 1993/1994. 
Month % Gram % Gram % Gram •/• Gram % Gram % cocci 

positive positive negative negative positive 
rods cocci rods cocci bacteri:! 

August 33 67 0 0 100 67 
September 33 0 67 0 33 0 
October 30 40 30 0 70 40 
November 50 0 25 25 50 25 
December 12 50 125 25 62 5 75 
January 22 33 33 12 55 45 
February 27 18 37 18 45 36 
March 0 14 57 29 14 43 
April 12 5 12 5 625 12 5 25 25 
May- 20 0 40 40 20 40 
June 60 20 20 0 80 33 
July 33 0 67 0 33 

Cawsand Bag 

O r a a pout i t i cocci M Oram aegtfixc rodi • Of otgalivc cocci 

Figure 5.4: l emporal variation in percentage of stain and shape characti ristics of 
bacteria from sediments from ( awsand Bay, 1993/1994. 

Cawsand Bay 

, 0 0 . 

so . 

m 6 0 . 

40 -

20 * 

0 . 
AUK Sep Oct Ho* Dec Jan Feb Mar Apr 

M o n t h 

Grara poanive — X Cwct 

Figure 5.5: l emporal variation in percentage of total stain and shape characteristics 
of bacteria from sedinu nls from ( awsand Bav, I993/I994. 
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From Table 5.4 and Figure 5.4 it can be seen that the sediments at Cawsand Bay contain 

different proportions of types of bacteria throughout the annual sampling progranmie. There 

is a fairiy even distribution of Gram negative and Gram positive bacteria at this site, 

although there appear to be more rod-shaped bacteria than cocci at this site. Gram positive 

rods are present in every month except March at this site, and peak as a proportion of the 

bacterial assemblage in November and June. Gram positive cocci are absent from the 

assemblage in September, November, May and July but peak in August and December. 

Gram negative rods form a proportion of the assemblage in all months at this site, peaking 

as a proportion of the assemblage in September, April and July. Gram negative cocci form a 

proportion of the assemblage only from November to May, perhaps indicating that these 

bacteria have different environmental requirements from the others at this site. From Table 

5.4 and Figure 5.5 it can be seen that the proportion of the bacterial assemblage which is 

Gram positive fluctuates throughout the annual sampling period, but generally appears to be 

above 50% during all months except during spring (March to May). Cocci-shaped bacteria 

only form greater than 50% of the assemblage during the months of August and December, 

indicating that rod-shaped bacteria dominate the bacterial assemblage at this site. 

Table 5.5: Annual variation in stain and shape characteristics of bacteria from 
Drake's Island sediments 1993/1994. 
Month % Gram % Gram % Gram % Gram % Gram % cocci 

positive positive negative negative positive 
rods cocci rods cocci bacteria 

August 0 0 67 33 0 33 
September 50 38 12 0 88 38 
October 33 17 50 0 50 17 
November 20 0 80 0 20 0 
December 29 29 13 29 58 58 
January 20 40 40 0 60 40 
Febniaiy 18 73 9 0 91 73 
March 25 0 75 0 25 0 
April 43 0 57 0 43 0 
May 50 25 25 0 75 25 
June 0 57 43 0 57 57 
July 0 0 67 33 0 33 
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Figure 5.6: Temporal variation in percentage of stain and shape characteristics of 
bacteria from sediments from Drake's Island, 1993/1994. 

D r a k e s s and 

Figure 5.7: t emporal variation in percentage of totnl stain and shape characteristics 
of bacteria from sediments from Drake's Island, 1993/1994. 

From Table 5.5 and Figure 5.6 it can be seen that the sediments of Drake's Island contain 

very varied proportions of types of bacteria throughout the annual sampling programme 

The bacterial assemblage at this site appears to be dominated by rod-shaped bacteria, 

especially Gram negative rods. Gram positive rods are present in every month except 

August, June and July, and peak as a proportion of the bacterial assemblage in September 

and May, perhaps indicating a nutritional need for settled phytoplankton. Gram positive 

cocci are absent from the assemblage in August, November. March, April and July but 

peak in abundance in February. Gram negative rods form a proportion of the assemblage in 

all months at this site, peaking as a proportion of the assemblage in the months of 

November and March Gram negative cocci form a proportion of the assemblage only in 

the months of 
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August, December and July, and just as with the Cavvsand Bay Gram negative cocci, this 

may indicate that these bacteria have difTerent environmental requirements than the other 

bacteria at this site From Table 5 5 and Figure 5.7 it can be seen that Gram positive and 

cocci-shaped bactena increase and decrease as a proportion of the bacterial assemblage 

cyclically The pattern of these two types of bactena is very similar indicating that, at this 

site, most of the Gram positive bacteria are also cocci-shaped The two groups increase as 

a proportion of the assemblage in September and Februarv 

Table 5.6: Annual variation in stain and shape characteristics of bacteria from White 
Patch sediments 1993/1994. 
Month % Cram % Gram % Gmm •/• Gram % Gram % cocci 

positive positive negative negative positive 
rods cocci rods cocci bacteria 

August 75 25 0 0 100 25 
September 78 11 11 0 89 11 
October 57 43 0 0 100 43 
November 33 0 50 17 33 17 
December 36 46 0 18 82 64 
January 25 50 12 5 12 5 75 62 5 
Februarv 38 50 12 0 88 50 
March 0 17 66 17 17 34 
April 30 10 60 0 40 10 
Mav 50 25 25 0 75 25 
June 0 67 33 0 67 67 
July 12 5 37 5 37.5 12 5 50 50 

White Patch 
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Figure 5.8: Temporal variation in percentage of stain and shape characteristics of 
bacteria from sediments from White Patch, 1993/1994. 
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Figure 5.9: Temporal variation in percentage of total stain and shape characteristics 
of bacteria from sediments from White Patch, 1993/1994. 

From Table 5 .6 and Figure 5 .6 it can be seen that the sediments of White Patch, like those 

of Cawsand Bay and Drake's Island, contain very varied proportions of types of bacteria 

throughout the annual sampling programme. The bacterial assemblage at this site appears to 

be mainly dominated by Gram positive bacteria, especially Gram positive rods. Gram 

positive rods are present in every month except March and June, and peak as a proportion 

of the bacterial assemblage in September. Gram positive cocci are absent from the 

assemblage in the month of November, but peak in abundance in the month of June. Gram 

negative rods form a proportion of the assemblage in all months at this site except October, 

peaking as a proportion of the assemblage in March. Gram negative cocci form a proportion 

of the assemblage in the months of August, September, October, February, April, May and 

June, and just as with the Cawsand Bay Gram negative cocci, may indicate that these 

bacteria have diflferent environmental requirements from the other bacteria at this site. From 

Table 5 .6 and Figure 5 .9 it can be seen that the proportions of Gram positive and cocci-

shaped bacteria have similar patterns of abundance, indicating that most Gram positive 

bacteria at this site are cocci. Gram positive bacteria increase as a proportion of the 

assemblage in August, September, October, December, February and May. The cocci-

shaped bacteria increase as a proportion of the bacterial assemblage at this site in 

December, January and June. 
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( Ompunson of siics 

All sites appear to be dominated by rod-shaped bacteria, but whereas Cawsand Bay and 

Drake's Island sediments have similar abundances of Gram positive and Gram negative 

bacteria. White Patch sediments are dominated by Gram positive bactena Gram negative 

rods are present at all sites in all months sampled 
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Figure 5.10: Proportion of 
(A) pigmented bacteria and unpigmented (white/cream) bacteria 
(B) pi«imentation from all cfu's throughout the annual sampling programme. 

Marine bacteria can be pigmented with a wide range of colours. From Figure 5.10 (A) it 

can be seen that all cfu grown from all sites throughout the annual sampling programme 

were 
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mainly pigmented, with 62% being coloured colonies and 38% of the colonies being white or 

cream in colour. From Figure 5 .10 (B) it can be seen that colours recorded of the colonies 

grown included white, cream, yellow, pink, orange, bufl̂  brown and red. Red bacteria are 

rare from the assemblages sampled with brown, bufl̂  pink, cream, orange, yellow and white 

colonies forming increasing proportions of the total bacteria sampled. 

5.3.4. DISCUSSION 

Ahufidofice 

The abundance of bacteria in marine sediments have been connected with the spring and 

autumnal phytoplankton blooms (Rheinheimer, 1992) and, in winter months, with eroded 

macrophytes, re-suspended sediment and terrestrial material (Meyer-Reil, 1984; quoted by 

Rheinheimer, 1992). The peak in bacterial abundance at all sites in the month of October 

may, therefore, be due to the autumnal bloom of phytoplankton and detrital algae settling 

on the sea bed providing a rich nutrient source for the proliferation of benthonic bacteria. At 

Drake's Island the abundance of bacteria in the sediment is relatively high in the months of 

August to December (although the sand is well-sorted), which may indicate that the sewage 

input at this site controls the proliferation of bacteria at these times. The abundance of 

bacteria at all sites falls slightly in June, possibly reflecting predation upon bacteria by 

settled invertebrate spat. All sites show a rise from this fall in the month of July possibly 

indicating the death of juvenile predators. Whereas Drake's Island and White Patch 

sediments show a slight peak in abundance in January, Cawsand Bay sediments contained 

fewer bacteria than the previous month, perhaps reflecting the limited effects of rivers, 

sewage and detrital macroalgae at this site. Ellison (1984) shows that bacterial populations 

in mudflats at the mouth of the River Tamar are largest in February, April and May (1974), 

although the timing of this bacterial production does not seem to be reflected in any of the 

assemblages in the Sound. The maximum abundance of 2.0 x 10̂  bacteria per wet gram of 

sediment corresponds well with Fry's calculation of 1.6 x 10̂ ^ bacteria per ml for the top 1 

cm of sediment assuming that the sediment consists of 60% water (Fry, 1982). 
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Although the abundance of bacteria per gram of wet sediment is not significantly different 

between sites, Drake's Island sediments often contained relatively high numbers of bacteria. 

According to Newell (1979), the number of microbes is related to particle size and the 

degradation of organic debris is governed by particle size and wave energy, perhaps 

indicating the possible reason for the differences in bacterial abundances at the three sites. 

Scanning Electron Microscopy has shown that bacteria are mainly found in grooves and 

holes of sand grains where they are largely protected from the mechanical eflFects caused by 

movement of the sand (Rheinheimer, 1992). Surface bacteria have very effective adherent 

mechanisms to remain attached to the substratum, and sediments of coarse sand contain, as 

a rule, considerably fewer bacteria than do fine silts (Rheinheimer, 1992). This is not the 

case with the bacterial populations sampled within this study. 

Number of cfu 

The number of cfu at Cawsand Bay and Drake's Island increase in the months of February 

and in October and September respectively. The number of cfii at White Patch increase in 

the months of December and April. An increase in the number of cfu at the sites 

investigated may reflect the presence of several diflFerent types of organic matter at the times 

of increased abundance of different types of bacteria. The increase in number of cfli in 

October, September and December may rely upon the organics supplied by detrital 

macrophytes, whereas the increase in February may depend upon the re-suspension of 

organic matter by storms. 

Types of bacteria 

The composition of bacterial flora differs widely, and is influenced not only by the salt and 

organic content, the pH, turbidity and temperature, but also by the sources from which 

organics enter the water (Rheinheimer, 1992), as well as upon sediment location, rate of 

sedimentation, depth of water column, chemical nature of the sedimenting material and local 

hydrographic conditions (Battersby & Brown, 1982). Phytoplankton blooms are also known 

to affect bacterial numbers; algae produce substances which inhibit the growth and 
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respiration in Gram positive bacteria, whereas Gram negative bacteria are resistant 

(Rheinheimer, 1992). The effect of all these different factors upon the bacterial flora may 

help to explain why the sites differ in the temporal distribution of types of bacteria 

throughout the sampling period. 

Moriarty & Hayward (1982) state that in the upper aerobic sediments marine benthonic 

bacteria consist of 90% Gram negative and 10% Gram positive bacteria and Atlas & Bartha 

(1981) state that over 95% of marine bacteria are Gram negative. Although all sites appear 

to be dominated by rod-shaped bacteria, Cawsand Bay and Drake's Island sediments have 

similar abundances of Gram positive and Gram negative bacteria, whilst White Patch 

sediments are dominated by Gram positive bacteria. This contradicts the above findings and 

may indicate that nearshore bacteria dififer fi-om the deeper marine bacteria sampled by the 

above authors. Gram positive bacteria are surrounded by a thick layer of peptidoglycan, 

whereas the layer of peptidoglycan surrounding Gram negative bacteria is relatively thin. 

This may indicate a difference in nutritional value to deposit-feeders, although the relative 

nutritional value of exudates produced by these two groups is unknown. Both Gram 

positive and Gram negative bacteria have extensive slime layers or envelopes and some of 

the external envelopes may contain other compounds such as protein in addition to 

polysaccharide, and thus be nutritionally important (Moriarty & Hayward, 1982). 

Pigmentation 

Rheinheimer (1992) states that yellow, orange, brown and red bacteria are the most 

frequent pigments of marine bacteria, whilst violet, blue, black or green are rare. This study 

largely supports this finding, although he onmiits to mention the occurrence of pink 

bacterial colonies. Pigmented bacteria which contain carotenoids are light-tolerant to a large 

degree and are not inhibited by light of normal intensity (Rheinheimer, 1992) and, because 

all sampled sediments lie within the photic zone, this may be the reason why the majority of 

sampled cfli were pigmented. 
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5.4. O T H E R MEIOFAUNA. 

5.4.1. INTRODUCTION. 

During the course of sampling the sediments for benthonic Foraminiferida, other meiofauna 

present in the samples have been isolated from the floated sediments. The method of 

processing the sediment for analysis of the foraminiferal content has resulted in the staining 

of live meiofauna with the protoplasmic stain Rose Bengal. Only those meiofauna vnih 

calcareous or chitinous tests which can withstand the rigorous drying and sieving techniques 

employed in this study were identifiable from the samples. Therefore, fragile meiofauna such 

as nematode worms and juvenile sea anemones, jelly-fish and nudibranchs will be 

unrepresented. The meiofauna present in the samples are only identified to the level of 

Classes and Orders. 

The purpose of including within this study of Foraminiferida the abundance of the other 

meiofauna present is to evaluate if any of the other meiofauna compete with Foraminiferida 

for the resources the sites provide. All members of communities v^ll be affected by both the 

abiotic and biotic factors present in their environment in different ways, and also interact 

together. Any organism in a habitat has particular needs for space and nutrition to allow 

growth and reproduction. These particular needs are termed the niche of that organism, and 

density dependent inter- and intra-competition of organisms within a habitat are known to 

occur. Ellison (1984) found that a rich and varied meiofaunal assemblage exists on a 

Cornish mudflat at the mouth of the River Tamar, consisting of Foraminiferida, harpaticoid 

copepods and nematodes in roughly equal numbers. 

The meiofaunal groups recorded from the three sampling sites are Copepoda, Amphipoda, 

Ostracoda, Polychaeta, Bivalvia, Gastropoda, Scaphopoda and Acariformes. Bryozoa, 

sponge spicules and fragments of unidentified arthropods are excluded. The Class 

Copepoda consist of smaU crustaceans which are abundant in marine habitats, lack a 

carapace and may be planktonic or benthonic (Fish & Fish, 1989). Members of the Order 
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Amphipoda are generally benthonic, have laterally-compressed bodies, and feeding 

strategies include suspension feeding, scavenging and detritus feeding. Ostracoda have a 

bivalved calcareous carapace, are commonly benthonic and may be filter-feeders, 

scavengers, detritivores, herbivores or carnivores (Athersuch et al., 1989). Polychaeta are 

annelid worms: only sedentary members of this class were recorded from this study. 

Polychaeta may be carnivorous, scavengers, deposit feeders or suspension feeders (Fish & 

Fish, 1989). The Class Bivalvia are mainly sedentary molluscs with two valves, and 

suspension-feed by passing a water current over their gills. The Class Gastropoda are also 

members of the phylum Mollusca, possessing a coiled shell in the subclass Prosobranchia; 

they may graze upon algae or detritus (Barnes et al., 1988). The Class Scaphopoda secrete 

a calcareous tube and burrow into soft marine sublittoral sediments, and are known to prey 

upon Foraminiferida. The order of Acariformes consist of marine mites. 

5.4.2. M A T E R I A L S & METHODS. 

Meiofauna were extracted from sediment samples analysed for Foraminiferida. The methods 

are exactly the same as those put forward in Chapter 2 (Section 2.4) and calculated to 

provide numerical abundance per grab of sediment to standardise abundance both within 

and between sample sites. (Counts of Bivalvia and Ostracoda were limited to specimens 

possessing both valves connected to each other). Residues of floats were examined to see if 

some groups were selectively not floated by this method. Residues from the August samples 

(when the floating technique was unfamiliar) were examined. Number of meiofauna per 

grab are recorded in Appendix V. 

5.4.3. R E S U L T S . 

Residues of "floats" 

Table 5.7: Specimens of stained meiofauna not separated from the sediment by 

Type >63 >125 >250 >500 >1000 
Mm Mm Mm Mm 

Copepoda 10 45 3 
Ostracoda 2 7 
Gastropoda 2 
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Table 5.8: Specimens of stained meiofauna not separated from the sediment by 

T>pe >63 >125 >250 >500 >1000 
]im nm fim tun 

Copepoda 4 1 
Ostracoda 2 3 1 
GastFopcxja 1 
Bh'alvia 1 
Scaphopoda 2 
Acariformes I 

Table 5.9: Specimens of stained meiofauna not separated from the sediment 
flotation from the quarter grab sample of August, 1993 from White Patch. 

Type >63 >125 >250 >500 >1000 
lim Mm 

Copepoda 7 2 
Ostracoda 2 
Gastropoda 2 

All residues contained stained meiofauna not separated by flotation from all groups 

investigated except those of Amphipoda and Polychaeta. There were more specimens of 

meiofauna not floated at Cawsand Bay than at Drake's Island and White Patch respectively. 

The Cawsand Bay residue contained a large number of Copepoda (Boltovskoy {1964} 

found these mostly in the size range >125 jim), nine Ostracoda and two Gastropoda. The 

residue of Drake's Island contained five and six Copepoda and Ostracoda respectively with 

one or two representatives of Gastropoda, Bivalvia, Scaphopoda and Acariformes from all 

size ranges. The White Patch residue contained nine Copepoda (mostly in the >63 nm size 

range) with two specimens of Ostracoda and Gastropoda. 

The omission of meiofaunal specimens from floats was not type-specific, with almost all 

types represented in residues. The Drake's Island residue contained un-floated meiofauna 

although it did not contain any un-floated Foranfiiniferida. Also, unlike Foraminiferida found 

in residues, other meiofauna not separated by the flotation technique were not confined to 

the smaller size ranges. 
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('opepoda. 

C o p e p o d a 
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Month 

• C a w i a n d B a y D r a k e ' s I t b n d W h i l e Patch 

Figure 5.11: C omparison of abundance of C opepoda between the three sites sampled, 
1993/1994. 

From Figure 5.11 it can be seen that the absolute abundance of Copepoda at the three sites 

is relatively high and comparable to numbers of Foraminiferida (see Chapter 3). Cawsand 

Bay Copepoda have the highest abundances at this site in September and March, and have 

a very similar temporal distribution as Foraminiferida at this site. The Copepoda at Drake's 

Island occur in relatively low numbers, yet peak in abundance in October and January 

White Patch sediments contain a fluctuating a.ssemblage of Copepoda, which increase in 

abundance in September, November and July. 

Amphip<tda 

A a p h i p o d a 

M onlh 

D r a k e ' ! I i l a n d Whi te Patch 

Figure 5.12: Comparison of ahurulance of Vmphipoda bet̂ Ncen the three sites 
sampled, 1993/1994. 
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From Figure 5.12 it can be seen that although Amphipoda at all three sites have relatively 

low numbers, they generally peak in abundance in the late autumn and winter months. 

Amphipoda from Cawsand Bay peak in August, October and slightly in April. The 

sediments from Drake's Island contain comparable numbers of Amphipoda as the other 

sites and these peak in August, November and February. The Amphipoda retrieved from 

White Patch sediments peak in abundance in September, November and June. 

Ostracoda 

O s t r a c o d a 

A u g Sep O c t N o v Dee Jan Feb M a r A p t M a y Juo J u l 

Month 

C a w i a o d Bay Dralcc** U b a d W h i l e Pa tch 

Figure 5.13: Comparison of abundance of Ostracoda (two connected valves and 
stained) between the three sites sampled, 1993/1994. 

Figure 5.13 shows that Drake's Island sediments contain the highest numbers of Ostracoda 

of the three sites, having a very large peak in abundance in August, and slight peaks in the 

months of May and June. Sediments from both Cawsand Bay and White Patch contain 

relatively stable populations which both peak in September and in the months of March 

and July respectively. 
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I iuure 5.14: ( omparison of abundance of Polvchaeta between the three sites sampled, 
1993/1994. 

With reference to Figure 5.14 it can be seen that the abundance of Polychaeta at all sites is 

relatively low; they were virtually absent from Drake's Island. Cawsand Bay sediments 

contained a few specimens in October and November. January and Februarv and May, 

whilst Polychaeta at White Patch peaked in abundance in September and January 

Hivalvia 

B i v a l v i a 

luo 

M on th 

^ C a w t a n d Bay • W h i l e Pa i ch 

I iiiin c 5.15: ( omparison of abundance of Bivalvia (two connected \al\es and stained) 
between the three sites sampled, 1993/1994. 

Figure 5.15 shows that the abundance of Bivalvia is very different at each of the three sites 

sampled. The sediments at Cawsand Bay and White Patch contain relatively constant 

populations of Bivalvia, whereas Drake's Island sediments contain Bivalvia which appear 

to increase and decrease in abundance on a monthly basis. 
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Gastropoda 

G as tropoda 

Sep O c t N o v D e c Jan Feb M A T A p i M a y Jua 
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C a w i a n d Bay * D i a k c ' i I i b D d • W h i l e Pa lcb 

Figure 5.16: Comparison of abundance of Gastropoda between the three sites 
sampled, 1993/1994. 

Figure 5.16 shows that sediments at Drake's Island contain more Gastropoda throughout 

the year than those of Cawsand Bay and White Patch. Gastropoda increase slightly in 

Cawsand Bay sediments in September and June, whereas in White Patch sediments 

Gastropoda increase slightly in January, May and July. The abundance of Gastropoda in 

Drake's Island sediments increases and decreases monthly. 

Scaphopoda 

Figure 5.17 shows that no specimens of Scaphopoda are recorded from Cawsand Bay 

sediments and only 4 specimens in the month of September from White Patch sediments. 

Drake's Island sediments contain fluctuating numbers of Scaphopoda which peak in 

September. 
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Figure 5.17: Comparison of abundance of Scaphopoda between the three sites 
sampled, 1993/1994. 

Acariformes 

A c a r i l o r m e s 

A u g Sep O c t N o v Dec J an Feb M a r A p i M a y Jua 
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C a w i a n d Bay D r a k e - i U b n d Whi te Pa tch 

Figure 5.18: Comparison of abundance of Acariformes between the three sites 
sampled, 1993/1994. 

From Figure 5.18 it can be seen that Acariformes are present at only one of the three sites, 

at Drake's Island. It may be that this group of marine mites benefit from the Zostera bed at 

this site, or from the different parameters this habitat provides. From Figure 5.18 it can be 

seen that Acariformes at Drake's Island peak in abundance in June and October. 

Comparison of sites 

Copepoda form two peaks in abundance at Cawsand Bay and Drake's Island, whereas at 

White Patch abundance of this group of meiofauna fluctuate greatly. The patterns of 

abundance of Amphipoda at all sites fluctuate greatly and generally are highest in the 
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months of August to December and numbers of Polychaeta are low at all sites. Ostracoda 

form two peaks of abundance at all sites, although patterns of abundance at Cawsand Bay 

and White Patch appear to have more relatively stable populations of these meiofauna than 

Drake's Island. Cawsand Bay and White Patch appear to have small, relatively stable 

populations of Bivalvia and Gastropoda compared to Drake's Island sediments. Scaphopoda 

are absent from Cawsand Bay and very few specimens are present in White Patch 

sediments, whereas Drake's Island sediments contain relatively high, fluctuating numbers. 

Acariformes are only present at Drake's Island, being entirely absent from the other two 

sites under investigation. 

5.4.4. DISCUSSION. 

The sedimentary characteristics of the sampling sites and the salinity of the water probably 

determine to a large extent the meiofauna able to survive at each site. Whereas Copepoda 

dominate the fauna at Cawsand Bay and White Patch, Ostracoda dominate the meiofaunal 

assemblage at Drake's Island. This may reflect the comparative abundance of organic matter 

a Drake's Island for the proliferation of Ostracoda and perhaps, Copepoda prefer the more 

stable substrata that Cawsand Bay and White Patch provide. Polychaeta and Scaphopoda 

require a sediment which is thixotropic to support their tests, and the dynamic environment 

of Drake's Island does not provide the correct conditions for this group, whereas the 

pooriy-sorted sediment of White Patch does. The spat of Bivalvia and Gastropoda settle at 

all three sites, although the populations of these groups at Drake's Island fluctuate greatly, 

possibly reflecting the inability of these groups to successfully maintain stable populations in 

this dynamic environment with more fresh water input than the other two sites. The 

presence of Acariformes at Drake's Island only may reflect a need for this group for the sea 

grass Zostera. 
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5.5. B A C I L L A M O P H Y C E A E . 

5.5.1. INTRODUCTION. 

The class Bacillariophyceae are diatoms; unicellular, eukaryotic micro-organisms. They 

probably comprise the most abundant group of plants on Earth (Round et al., 1990). The 

diatoms are abundant in all aquatic ecosystems and even occur in moist terrestrial habitats 

(Round et a/., 1990). Most diatoms are pigmented and photosynthetic and there are at least 

10,000 living species from all parts of the world (Womardt, 1967). 

Diatoms produce distinctive siliceous cell walls called frustules; the principal source of the 

soluble silicon used is orthosilicic acid (Boney, 1989). The diatom frustule is taxonomically 

important, as are the silicified internal structures. The external shape of diatoms can range 

from centric (circular), to panduriform (figure-of-eight), semi-lanceolate (orange segment), 

lanceolate (spear-shaped), sigmoid (S-shaped), elliptical (egg-shaped) and other shapes 

(rectangular, triangular etc.). Plate 2 (produced from Hendey, 1964) shows representative 

shapes of diatoms from this study. Atlas & Bartha (1981) state that the cell walls typically 

have bilateral or radial symmetry and cells may be unicellular or colonial. Reproduction of 

this group is by division with the formation of cells of unequal sizes, since each daughter 

cell reconstructs the smaller inside half of the frustula regardless of which half of the 

parental frustula it received (Atlas & Bartha). Auxospores (rejuvenescent cells larger than 

the cells which produced them) are occasionally produced to reverse the trend of decreasing 

size. Movement of these algal cells is possible, but is restricted to those which possess a 

raphe (a median line) and, therefore, not found in centric genera (Womardt, 1967). 

As diatoms are photosynthetic, the amount of light available is important and depends upon 

the sky light-level (a function of latitude, season, time of day and cloud cover) and the 

proportion of surface light which is able to penetrate the overiying water column; a function 

of water depth and turbidity (Pilgrim & Millward, 1989). The transmissive exponents of 

light vary for the different wavelengths, being smaller for blue and green than for violet and 
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red, with the result that blue and green penetrate to the maximum depths (Vaughan, 1940). 

The depth of penetration is also dependent on the amount of organic and inorganic matter 

suspended in the water (Vaughan, 1940), and turbidity linked to deposition of clays and its 

prolongation will produce a reduction in penetration of the photic zone (Goard, 1975). 

Every element, with the exception of silicon, increases in concentration in the sea as 

compared to river waters; and so the relatively higher concentration of silicon in river 

waters allows diatoms to proliferate in the proximity of estuaries. Species of planktonic 

diatoms appear to react differently throughout the year; whilst some species maintain small 

populations in the euphotic zone, others have brief periods of abundance and then 

disappear. Ellison (1984) finds that diatoms on a mudflat at the mouth of the River Tamar 

(1974) produce much larger populations in May and July than in the period between 

December and April. 

As diatoms are unicellular algae they serve to structure the habitat of meiofauna due to their 

trophic value and, apart from bacteria, diatoms are the most important food source (Giere, 

1993). Vinogradov (1953) states that diatoms are rich in iodine, iron and possibly arsenic. 

Organic content has been found to increase abundance of diatoms and Round (1981) states 

that the supply of nutrients from land is essential to algal growth, with the main source of 

nitrate in agricultural areas being provided by excess of fertihsers, and with phosphate 

provided by the input of sewage. Phytoplankton (and zooplankton) are known to deplete 

nitrogen levels in sea water in early summer (Herbert, 1982). As well as organic content and 

light quality there appears to be an interaction between diatoms and bacteria. Provasoli 

(1960) quotes Waksman ei al., (1937) as stating that there is a close correspondence 

between the numbers of bacteria and the number of diatoms in the sea, perhaps due to the 

exchange of metabolites. Round (1981) states that the presence of bacteria is necessary for 

algae to grow, as the uptake of organic acids into algae is influenced by uptake into the 

associated bacterial flora. Giere (1993) finds that the production of mucus from diatoms 

promotes bacterial growth. 
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Diatoms raise the dissolved oxygen content of sediments (Newell, 1979) and Nisbet (1984) 

states that diatoms migrate vertically in the top 2 cm of silt, causing a considerable amount 

of variation in the amount of dissolved oxygen in interstitial water. Foraminiferida may well 

benefit fi-om increased dissolved oxygen content of sediments, especially the infaunal forms. 

The direct benefit to Foraminiferida fi-om diatoms is as a food source. Lee & Lee (1979) 

state that meiofauna are highly selective in feeding habits. Kitazato (1994) states that 

shallow infaunal benthonic Foraminiferida presumably feed selectively on benthonic diatoms 

that grow on the surface of sea weeds and/or the sediment surface and Lee (1974) states 

that Foraminiferida are very selective feeders and may gain different nutritive values fi-om 

the food they do assimilate. Foraminiferida form lipid droplets when they consume large 

amounts of algae (Lee et al., 1969) and although Round (1981) finds that the colour of 

foraminiferal cytoplasm is not always due to algae, Murray (1963) finds that Elphidiiim 

crisptim fed upon Phaeodactyhim formed brown cytoplasm and when fed upon Tetraselmis 

formed green cytoplasm. 

Laboratory experiments have been carried out by Lee et al. (1966) who find that the algal 

prey of Ammonia beccarii changed with the ontogeny of the Foraminiferida, and that the 

young Foraminiferida eat young diatoms. Some species of Foraminiferida cany 

endosymbiotic algae within their tests and appear to be highly specific as to the algal species 

of chloroplast utilised. Round (1981) states that when an alga enters into a symbiotic 

relationship its grov^h rate slows dovm whilst the photosynthetic rate is unaffected, leading 

to an excess of carbohydrates which are leaked to the host. Akers (1983) states that in five 

species of larger Foraminiferida most specimens are hosts for only one species of 

endosymbiotic diatom at a time, which are small and usually pennate. 

Field studies of both diatomaceous and Foraminiferidal content of sediments have been 

rarely carried out. Phleger (1954) identifies sbc species of diatoms in association with 

Foraminiferida fi-om the Mississippi Sound and Buzas (1969) finds that regression 

coefiBcients for the chlorophylls a, b and c (measured 1 m ofif bottom) suggest that both the 

amount and kind of food available is important in determining foraminiferal species 
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densities. Matera & Lee (1972) find that the species composition of diatoms indicate that 

this important part of the community has a similar pattern to that of the Foraminiferida; they 

identify more than 225 species of diatoms, but state that, in general, most communities are 

composed of 1 or 2 species in large numbers whilst most species are represented by small 

populations. Walker (1976) states that diatoms such as Navicula sp. are often found 

permanently attached to the tests of Foraminiferida in tide pools. Frankel (1974) states that 

Lepidodeiiterammina ochracea has a sessile infaunal habitat living attached over 

depressions in sand grains, within which are living diatoms which may provide food for the 

foraminiferid. De Rijk (1995) studied nine sediment samples for diatom and foraminiferal 

densities and finds that they do not correlate. 

Many selective marine organisms have specialised mouth parts for the ingestion of prey, and 

Gere (1993) states that many ciliates, nematodes and oligochaetes have specialised mouth 

parts enabling utilisation of, and even differentiation between, various algal cells and shapes. 

The various apertural shapes displayed by Foraminiferida must have a fijnctional role and 

may be adaptations to the shape of diatom species preferred as prey, although Lee {pers, 

comm.), Faber & Lee, 1991 and Lee et al., 1991 {a} state that normally digestion of 

diatoms occurs outside of the test, within the pseudopodia. 

The aim of this part of the study is to assess the seasonal variability in diatoms available, 

and, although not quantitative, wall provide some insight into the change in shapes of 

diatoms present at each site each season. 

5.5.2. IVUTERIALS & METHODS. 

Seasonal samples of sediment were taken fi-om each of the sampling sites simultaneously 

with the respective month's sampling of Foraminiferida. Samples for diatom identification 

were taken in the months of August, October, January and April, 1993/1994. 
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Extraction of diatoms from the sediment 

The quantification of abundance of diatoms is very difficult (Dr. D. Harbour, PML; pers. 

comm.) and so the method of extracting diatoms fi-om sediment samples is a compromise. 

Within 6 hours of collection each sediment sample was placed into a Petri dish with a little 

extra fi-esh sea water to cover the sediment and make it more thixotropic. The surface of the 

sediment was covered in I cm^ pieces of doubled lens tissue and the Petri dish covered with 

a clear lid to prevent evaporation. The samples were placed in a north-facing window and 

left until the following morning so that living motile diatoms could move up towards the 

light, and become trapped within the lens tissue. 

Cleansing of the diatoms 

The lens tissues containing the diatoms were placed into separate sterile bijou bottles. An 

equal volume of concentrated sulphuric acid was added to the tissue and agitated gently to 

access all parts of the solution. Saturated potassium permanganate solution was added to 

the bottles until a slight purple tint could be perceived. Saturated oxalic acid was then 

titrated against the solution until it again became colouriess. The solutions were centrifiiged 

for 5 minutes at 1000 rpm. The supematants were removed, and distilled water added; and 

the centrifuge process repeated 6 times. 

Mounting of diatoms 

The remaining cleansed solutions were mounted on glass coverslips by dropping a drop of 

the fluid fi'om a height of approximately 30 cm and allowing it to dry by evaporation. (This 

method spreads the diatoms within the droplet evenly and prevents the over-lapping of 

specimens). Once dry, 3 drops of DPX mountant were placed on a microscope slide, and 

the coverslip inverted on to the mountant so that the diatom-rich droplet was embedded in 

the mountant. The slides were placed into an incubator to thoroughly dry overnight. 

Examination of diatoms 

Random selection of diatom-rich drops on slides was carried out. The diatoms were 

examined on a cardioid dark-field condenser with a X 40 lens. The specimens were 
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identified with direct reference to Hendey (1964) and recorded Colonial species were 

excluded fi-om this study The identification of diatoms fi-om each season at each site was 

continued until approximately 300 specimens had been noted. This method was used instead 

of examination directly by SEM, as this was tried and found to be unsuccessful. 

Photographs of each species were taken through the dark-field cardioid condenser, but due 

to the depth of field were unclear Subsequent image analysis of the negatives was not 

successful. Abundances and relative abundances of diatoms from the three sites are given in 

Appendix V. 

5.5.3. RESULTS. 
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Figure 5.19: Temporal variation in relative abundance of difTerently-shaped diatoms 
at Cawsand Bay, 1993/1994. 

From Figure 5 19 it can be seen that centric specimens are relatively few at this site, the 

proportion of this group increases in January and decline again in April. The panduriform 

specimens increase as a proportion of the assemblage in January and suffer a slight decline 

in April. Semi-lanceolate individuals are approximately 3% throughout the year except in 

October when this group rises to form approximately 10% of the assemblage. Lanceolate 

specimens form approximately 10% in August, 9% in October and decline to 0.4% in 

January and slightly rise to 4.5% in April Diatoms of other shapes are relatively rare at this 

site, forming approximately 1% of the assemblage in August and January and 0% in October 
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and April Sigmoid-shaped diatoms at Cawsand Bay are relatively abundant in August and 

January, whilst the diatom assemblage at this site is dominated by elliptically-shaped forms. 

In August the assemblage at Cawsand Bay is dominated by sigmoid and elliptical forms with 

some lanceolate and panduriform specimens and other groups comprising a minor 

proportion of the assemblage In October the assemblage mostly consists of elliptical forms 

followed by semi-lanceolate and lanceolate forms, whereas in January the assemblage at this 

site is comprised mostly of elliptical forms with fewer proportions of sigmoid and 

panduriform specimens and a lesser proportion of centric forms. In April the assemblage at 

this site is mostly of elliptical diatoms with a lesser proportion of panduriform specimens, 

and with other groups forming a minor proportion. 

Drake's Island 
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Figure 5.20: Temporal variation in relative abundance of difTerently-shaped diatoms 
at Drake*s Island, 1993/1994. 

Centric diatoms are few: they form 0 6% and 0.7% of the assemblage in August and April 

respectively with 0% in both October and January Panduriform diatoms peak as a 

proportion of the assemblage in August forming approximately 9% of the diatom fauna and 

decrease to approximately 3% in the other months Semi-lanceolate diatoms form a fairly 

constant small proportion of the assemblage at this site. Lanceolate diatoms form a 

relatively stable proportion of the assemblage at this site during the sampling period; 

forming between 8 5% and 17.2% of the assemblage at this site. Diatoms of other shapes 
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and sigmoid forms form minor proportions of the diatom assemblage throughout the year, 

whilst the percentage of elliptical specimens is always above 70% at this site. 
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Figure 5.21: Temporal variation in relative abundance of differently-shaped diatoms 
at White Patch, 1993/1994. 

From Figure 5.21 it can be seen that there is a much more even distribution of diatom 

shapes at this site in the seasonal samples taken than at either Cawsand Bay or Drake's 

Island Centric diatoms rise from a percentage of 3.5% in August through October to reach 

a peak of 25.6% in January and only slightly decline fi-om this to 23 .3% in April. 

Panduriform specimens form a good percentage of the assemblage at this site throughout 

the year ranging from 23.1% in August to 46.0% in January. Semi-lanceolate, lanceolate 

and diatoms of other shapes form relatively small proportions of the assemblages at this site 

in the seasonal samples. Sigmoid diatoms range from 2.2% in October to 17.6% in August, 

whilst elliptical diatoms form over 20% of the assemblage every season and peak at 46% of 

the assemblage in August. 

In August, the diatom assemblage at White Patch is dominated by elliptically-shaped 

diatoms followed by panduriform and sigmoid-shaped diatoms. In October the diatom 

assemblage is dominated by panduriform diatoms followed by elliptical diatoms. In January 

panduriform diatoms are relatively more numerous than centric and elliptical forms In April 
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at this site elliptical, panduriform and centric specimens are roughly similar for percentage 

abundance. 
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Figure 5.22: Comparison of Shannon diversity of diatoms at the three sampling sites, 
1993/1994. 

From Figure 5.22 it can be seen that the Shannon diversity measure was generally highest 

at Cawsand Bay, whilst diversity of diatoms at Drake's Island was lowest of the three sites 

and White Patch was intermediate between the other two sites. 

Richness 

D i o t o m r i c h n e s s 
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Figure 5.23: Comparison of Margalefs species richness of diatoms at the three 
sampling sites, 1993/1994. 

From Figure 5.23 it can be seen that diatom richness of species is generally highest at 

Cawsand Bay, except for April; Drake's Island diatoms were generally lowest in terms of 
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species richness; and White Patch diatoms are fairly stable and intermediate between the 

two other sites. 

Evenness 

D i a t o m e v e n n e s s 

M o n t h 
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Figure 5.24: Comparison of Pielou's species evenness of diatoms at the three sampling 
sites, 1993/1994. 

From Figure 5.24 it can be seen that Drake's Island diatoms have the lowest evenness 

values of the three sites, indicating that the assemblage at this site is dominated by a few 

species. Cawsand Bay and White Patch diatoms alternate in levels of evenness, with White 

Patch diatoms having a higher level of evenness in August and October, and lower levels 

than Cawsand Bay in January and April. 

Comparison of sites 

The three sites sampled contained very different assemblages of diatoms in the seasonal 

samples taken. White Patch assemblages contained the most even distributions of the 

different shapes of diatoms, with Cawsand Bay assemblages being the next most even in 

distribution, and Drake's Island assemblages being dominated by elliptical specimens. 

Centric, panduriform and other-shaped diatoms were most numerous at White Patch; semi-

lanceolate and sigmoid diatoms were generally most numerous at Cawsand Bay; lanceolate 

and elliptical diatoms were most numerous at Drake's Island. 

Drake's Island diatom assemblages had the lowest values for Shannon diversity, species 

richness and species evenness. Diatoms from Cawsand Bay had the highest values for 
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Shannon diversity and species richness and were highest for species evenness in January and 

April. White Patch diatoms were generally intermediate between the other two sites for 

Shannon diversity, and species richness and was highest for species evenness in August and 

October. 

5.5,4. DISCUSSION. 

Cawsand Bay diatoms had the highest values of the three sites sampled for Shannon 

diversity and species richness, and were highest for species evenness in January and April. 

This may reflect that this site was more marine in nature than the other two sites sampled, 

which appears to allow a high number of diatom species, and high equitability in abundance 

of each species which inhabits this site. Cawsand Bay assemblages were fairiy even for 

distribution of different shapes of diatoms, being lower in evenness of shapes than White 

Patch, but more even than Drake's Island assemblages. Semi-lanceolate and sigmoid 

diatoms were generally more numerous at Cawsand Bay than at the other two sites, perhaps 

indicating a preference for these diatoms for more marine conditions. 

The domination of the Drake's Island diatom fauna by elliptical specimens during the 

sampling months may reflect the inability of many other types of diatom to survive in the 

dynamic and variable habitat this site provides. This may also be the reason for the low 

values of species diversity, species richness and evenness at this site. This site contained the 

most numerous number of lanceolate and elliptical diatoms of the three sites, indicating that 

these shapes of diatoms can withstand the environmental fectors at this site and so dominate 

the sampled assemblages. 

The assemblage at White Patch had a more even distribution of shapes of diatoms than 

those of Cawsand Bay and Drake's Island respectively. This may reflect the fact that this site 

is intermediate between Cawsand Bay and Drake's Island for salinity and temperature, 

therefore allowing many different species of diatoms to be present at this site, whereas 

diatom species with specific salinity and temperature requirements may be unable to live at 
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the comparatively more marine Cawsand Bay or the comparatively more fi-esh-water site of 

Drake's Island. The pooriy-sorted substratum at White Patch, together with high organic 

input fi-om the Rivers Tamar and Plym, may also favour the proliferation of many shapes of 

diatoms at this site. White Patch diatoms were generally intermediate between the other two 

sites for Shannon diversity and species richness, and was highest for species evenness in 

August and October. The distribution of shapes of diatoms revealed that centric, 

panduriform and other-shaped diatoms were most numerous at White Patch. 

5.6. SUMMARY. 

The three sampling sites were dififerent for all biotic variables sampled. The sediments at the 

sites contained different proportions of total organic content, with generally highest 

amounts at Drake's Island; then White Patch and Cawsand Bay respectively. The cyclic 

fluctuation of total organic content at Cawsand Bay could be the result of bacterial blooms 

and the high organic content at Drake's Island may be due to the variable discharge of 

organics fi-om the River Tamar and the relatively high ability of water to flush organics fi-om 

this well-sorted substratum. The sediments fi-om White Patch were generally intermediate 

between Cawsand Bay and Drake's Island for organic content; the peak in May may be the 

result of the spring phytoplankton bloom settling on the sediment, or to unicellular algae 

proliferating in the River Plym and becoming deposited at White Patch. 

Although the abundance of bacteria per gram of wet sediment is not very dififerent between 

sites, Drake's Island sediments often contained relatively high numbers o f bacteria. The peak 

in bacterial abundance at all sites in October may be due to excess detrital algae providing a 

rich nutritive substratum for the proliferation of benthonic bacteria, and the fall in bacterial 

abundance may perhaps reflect predation of bacteria by settled invertebrate spat. The 

increase in number of cfii at the sites probably depends upon organic matter: in winter 

months this is probably suppHed by detrital macrophytes, whilst the increase in February 

may depend upon the re-suspension of organic matter by storms. The effect of the different 

environmental variables upon the bacterial flora may help to explain why the sites differ in 
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the temporal distribution of types of bacteria throughout the sampling period. Pigmentation 

of bacterial colonies probably reflects the position of the sampling sites within the photic 

zone. 

Other meiofauna diflfer between sites; no Acariformes were found at Cawsand Bay or White 

Patch and Scaphopoda were absent from Cawsand Bay sediments. Copepoda and 

Ostracoda are constantly present at all sites and levels of Bivalvia and Gastropoda at 

Cawsand Bay and White Patch may reflect the more stable substrata these sites provide for 

these meiofauna and perhaps reflect the better salinity these envirormients provide. Numbers 

of Amphipoda were very variable at all sites and Polychaeta relatively rare. Copepoda form 

two peaks in abundance at Cawsand Bay and Drake's Island, whereas at White Patch 

abundance of this group of meiofauna fluctuates greatly. The patterns of abundance of 

Amphipoda at all sites fluctuate greatly and generally are highest in the months of August to 

December. Ostracoda form two peaks of abundance at all sites, although patterns of 

abundance at Cawsand Bay and White Patch appear to have more relatively stable 

populations of these meiofauna than Drake's Island. Cawsand Bay and White Patch appear 

to have small, relatively stable populations of Bivalvia and Gastropoda compared to Drake's 

Island sediments. Scaphopoda are absent from Cawsand Bay and very few specimens are 

present in White Patch sediments, whereas Drake's Island sediments contain relatively high, 

fluctuating numbers. Acariformes are only present at Drake's Island, being entirely absent 

from the other two sites under investigation. 

The relatively high values for diversity, richness and evenness which the Cawsand Bay 

diatoms provide and the fairly equal distribution of shapes of diatoms at this site may 

indicate that the stable substratum and marine conditions appear to allow a high number of 

diatom species, and high equitability in abundance of each species to inhabit this site. The 

domination of Drake's Island diatoms by elliptical and lanceolate forms, and the low values 

for diversity, richness and evenness may reflect that few species of diatoms can withstand 

the dynamic, low-salinity environment of this site. White Patch diatoms had a more even 

distribution of shapes than those of the other two sites and was generally intermediate for 
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diversity, richness and evenness. This site is intermediate between Cawsand Bay and 

Drake's Island for salinity, temperature and organic content, and this may be reflected by the 

more even distribution of types of diatoms at this site. 
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PLATE 2. 

Figures illustrating shapes of diatoms (after Hendey, 1964.) 

Figure 1: Example of a centric diatom; Coscinodisa/s radiatus Ehrenberg 

Figure 2: Example of a panduriform diatom; Diploneis crabro Ehrenberg 

Figure 3: Example of a semi-lanceolate diatom; Amphora ventricosa Gregory 

Figure 4: Example of a lanceolate diatom; Nitzschia angitlaris Wm. Smith 

Figure 5: Example of other shapes of diatom; Grammatophora serpentina 

Ehrenberg 

Figure 6: Example of a sigmoid diatom; Pleurosigma aestuarii (de Brebisson 

ex Kiitzing) Wm. Smith 

Figure 7: Example of an elliptical diatom; Diploneis littoralis (Donkin) Cleve 
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CHAPTER 6. 

CORRELATIONS O F ABIOTIC V A R I A B L E S AND FORAMEVIFERIDA. 

6,1. INTRODUCTION. 

Analysis of data by statistical methods was carried out to ascertain i f any 

significant relationships exist between the data for Foraminiferida and those of the 

abiotic environmental variables. The statistical method used was correlation; a 

measure of the strength of the relationship between two variables. The value of the 

correlation coefficient always lies between minus one and plus one, and strong 

correlation coefficients are close to the extreme values. Positive coefficients are 

obtained i f one variable rises as the other variable rises, whereas negative 

coefficients are obtained i f one variable rises as the other falls. I f there is a strong 

correlation between two variables this does not mean that there is necessarily a 

cause-and-effect relationship between them; i.e. correlation, unlike regression, is 

not a predictive tool. The correlation coefficients were calculated by use of 

MINITAB software package (Version 7.1) and analysed for Pearson's Correlation 

Coefficients. This correlation coefficient assumes that a plot of the X,Y variables 

would have a bivariate normal distribution which, because the measurements of 

variables in nature are fi'om a continuous scale of measurements and not discrete 

values, makes this correlation test the most applicable. The null hypothesis is that 

there is no significant relationship between the X values and the Y values. The 

correlation coefficients differ as to whether the relationship between the variables 

is tested for being either positive or negative (a one-tailed test: tt]), or whether no 

assumption is made about the direction of the relationship (a two-tailed test: 

For this study no assumptions were made about the direction of relationships 

between variables. The correlation coefficient obtained is compared to values in 

statistical tables to obtain percentage values of significance; e.g. i f a value of 

0.7082 is obtained this is greater than the value obtained for 1% significance. This 
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means that the chances of getting that correlation coefficient by chance are less 

than 1%. It must be appreciated, however, that a significant relationship between 

variables and Foraminiferida may not be the result of a direct relationship but may 

be a common factor relying upon a variable not measured; e,g. a positive 

relationship between number of Foraminiferida and temperature may be due to 

phytoplankton blooming in higher-temperature waters leading to greater nutrients 

available to enable foraminiferid reproduction. Both the calculated number per 

grab (absolute abundance) and the percentage (relative abundance) of each 

foraminiferid group have been correlated with variables. 

Table 6.1: Statistical table values for Pearson's Correlation CoefTicients. All 
values from Neave (1981) except the correlation coefTicient for 0.1 % 

Correlation coefficieDt 
(D = 12) 

02 percentage value description of relationship 

0.823 0.1% very strong correlation 
0.7079 1.0% strong correlation 
0.6581 2.0% good correlation 
0.5760 5.0% correlation 

Correlation coefficients greater than 5% significance have been tabulated and only 

correlation coefficients greater than 0.1% {i.e. 0.823, or very strong correlations) 

have been plotted. Temperature at depth, salinity at depth, mean phi size of the 

sediment, sorting, skewness, kurtosis and percentage of the sediment less than 

63 ^m were recorded monthly, the samples being taken simultaneously with the 

foraminiferid samples. The measurement of salinity in May, 1993, was not taken 

due to instrument malfunction, and so the average salinities at the sites were used 

to correlate variables with Foraminiferida. 
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6.2. T E M P E R A T U R E . 

Table 6.2: Significant correlation coefTicienU between temperature and 

1 Foraminiferida 1 Cawsand Bay | Drake's Island White Patch J 

Abundance 0.584 0.781 0.644 
Richness 0.587 
Fisher coefficient 0.584 
Number of Spirillinina 0.609 
Number of MilioUna 0.611 0.825 0.747 
Number of Lagenina 0.635 0.686 0.769 
%Lagenina 0.604 0.583 
Number of Rotaliina 0.681 0.582 
Number of hyaline 0.697 0.594 
Number of unilocular 0.664 0.821 
% unilocular 0.658 
Number of biserial 0.679 0.714 
Number of planispiral 0.585 0.686 
Number of trochospiral 0.624 
Number of quinqueloculine 0.826 0.745 
Number of roimd apertures 0.685 0.742 0.773 
Number of arch apertures 0.764 0.615 
Number of slit apertures 0.604 0.733 0.628 
Number of epifaunal 0.644 0.805 0.637 
Number of herbivores 0.584 0.811 0.604 
Number of detritivores 0.632 0.683 
Number of suspension-feeders 0.595 
Number >63 urn 0.765 0.791 
Number > 125 tun 0.634 0.614 0.583 
Number >250 um 0.692 
% >250 \im -0.678 
Number >500 \m 0.718 

AD correlation coefficients obtained between temperature and Foraminiferida are 

positive (except that for the percentage of the foraminiferid assemblage at 

Cawsand Bay which is greater than 250 \im), indicating that generally as 

temperature rises so does the number of the sub-groups of Foraminiferida having a 

significant relationship with this variable. This variable appears to be important at 

all sites for many groups of Foraminiferida. 

The number of Foraminiferida is significantly correlated with temperature at all 

three sites and the higher correlation coeflBcient obtained for Drake's Island (1%) 

may either be because foraminiferid abundance at this site is comparatively low 

(and so an increase in numbers at this site would have more effect), or that there 
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are comparatively more species at this locality at their northern limit of distribution 

reproducing in response to higher temperatures. The abundance of Miliolina and 

Lagenina are significantly correlated with temperature at all sites, as are epifaunal 

and herbivorous Foraminiferida and the number of Foraminiferida with round and 

slit apertures and the number of Foraminiferida greater than 125 ^m. Drake's 

Island and White Patch Foraminiferida increase in abundance as the temperature 

increases for the sub-groups of percentage of Lagenina, number of Rotaliina, 

biserial, quinqueloculine, detrivores and those with arch apertures and the number 

of Foraminiferida greater than 63 \im. Planispiral Foraminiferida at Cawsand Bay 

and Drake's Island increase in abundance as the temperature increases. The number 

of unilocular Foraminiferida at both Cawsand Bay and White Patch increases as the 

temperature increases, as does the percentage of unilocular forms at White Patch. 

Drake's Island Foraminiferida increase in both richness of species and Fisher 

diversity as the temperature increases, as do the numbers of Spirillinina, 

trochospiral and suspension-feeders. The Drake's Island Foraminiferida greater 

than both 250 ^m and 500 \im bear positive relationships with temperature, whilst 

the percentage of Cawsand Bay Foraminiferida greater than 250 ^m bears a 

negative relationship with temperature. 

These correlations may be directly linked to the timing of reproduction, especially 

for species at their northern limit of distribution in the south-west of Britain, or 

may be indirectly related to the phytoplankton bloom or the benthonic bloom of 

diatoms. Sampled assemblages contain Elphidium crisptim and Ammonia beccarii, 

which are known to be eurythermal (Alve & Nagy, 1990). Myers (1943) states that 

Elphidium crisptim succeeds where summer surface sea temperatures range from 

TQ to 30"C, although Jepps (1942) found that temperature does not affect the 

timing of schizogony in this species. Schnitker (1974) found that lowering 

temperature of laboratory-held Ammonia beccarii resulted in no growth or 

reproduction. Elphidium crispum and Ammonia beccarii are important members 

of all sampled assemblages and so temperatures affecting these two species may 
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well affect overall abundance of subgroups of Foraminiferida at the sites 

investigated. 

Reproduction of these sub-groups is linked to temperature at depth, although 

proliferation of unicellular algae of shapes which can be carried through the above 

foraminiferid apertures and of epifaunal species may induce foraminiferid 

reproduction. It may also be that these significant correlation coefficients resuh 

ft^om a relationship between temperature and composition of the sediment. 

Temperature is significantly correlated with the richness of foraminiferid species at 

Drake's Island; therefore as the temperature rises so does the number of 

foraminiferid species at this site. This may reflect a direct relationship of 

transportation into this site (fi-om outside of the Breakwater) of species which are 

at the northern limit of their distribution and can survive at this site during wanner 

water temperatures, or an indirect relationship whereby higher temperatures occur 

at the time when unicellular algae reproduce and relatively rare species reproduce 

in response to this and are therefore represented in the fi-actions of the grab 

examined. Little is known of Lagenina, but it is possible that this group is parasitic 

upon other Foraminiferida and so may increase in numbers in response to a rise in 

the abundance of other Foraminiferida. There is a very strong relationship between 

quinqueloculine individuals and temperature at Drake's Island (0.1%) indicating 

that temperature is directly or indirectly important to this shape of test at this 

locality. Temperature may indirectly promote the reproduction of herbivorous 

species due to directly promoting the growth and reproduction of unicellular algae. 

Numbers of detritivorous individuals are correlated with temperature at Drake's 

Island and White Patch, indicating that at these two localities temperature bears a 

relationship with the abundance of detrital material. Temperature is highest in 

September when parts of old macroalgae break of f fi-om the fi-onds to become 

detrital particles; possibly providing an important food source for detritivorous 

Foraminiferida. The numbers of suspension-feeders are significantly correlated 

with temperature at Drake's Island, perhaps indicating that as temperature rises at 
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this site so does the amount of seston in the water column. Temperature also 

appears to be an important variable for sizes of Foraminiferida. The positive 

relationships with temperature and >63 \im Foraminiferida indicate that 

foraminiferid reproduction occurs when temperature is highest at these sites 

(including those species which never get greater than this size fraction). Significant 

correlations between >125 ^m Foraminiferida and temperature may be because the 

juveniles of larger species such as Elphidhim crispitm or Ammonia beccarii are 

rarely present in the >63 ^m fraction as juveniles but are present in the >125 |im 

fraction. The positive relationships between temperature and number of 

Foraminiferida of > 125 jim size may therefore reflect the reproduction of these 

Foraminiferida of greater sizes. The relationship between temperature and number 

>250 ^m Foraminiferida at Drake's Island may be indirect and reflect a good food 

supply when temperature of the water at depth is highest. Numbers of >500 ^m 

Foraminiferida are positively strongly correlated with temperature at Drake's Island 

(+0,718: 1%) indicating that Foraminiferida at this site are mature when 

temperature is higher at this site and are, perhaps, ready to reproduce so that the 

offspring are produced when temperature is still relatively high. Percentage of 

Foraminiferida of >250 fim at Cawsand Bay is negatively correlated with 

temperature and it may be that perhaps as temperature was positively correlated to 

number of >63 ^m Foraminiferida, that the growth of Foraminiferida to >250 pm 

occurs when temperature is lowest. 

10 15 

Temperature (degrees Celsius) 

Figure 6.1: Scatter plot showing correlation between number of Miliolina per 
grab and temperature at Drake's Island (+0.825). 
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10 13 

Temperature (degrees Celsius) 

Figure 6.2: Scatter plot showing correlation of number of quinqueloculine 
Foraminiferida per grab and temperature at Drake's Island (+0.826) 

6.3. SALINITY. 

Table 6.3: Signiflcant correlation coefficients between salinity and 

1 Foraminiferida Cawsand Bay Drake's Island White Patch J 

Number of round apertures 0.626 
% round apertures 0.610 
% arch apertures -0.584 

Salinity here has very few significant correlations with the Foraminiferida, possibly 

because the salinity was generally good at all three sites. Salinity will have little 

effect upon euryhaline species such as Ammonia beccarii (Walton & Sloan, 1990 ) 

but will affect stenohaline species such as Elphidium crispum (Buzas, 1969) . In 

addition, Myers ( 1 9 4 3 ) states that Foraminiferida at Drake's Island have a 

maximum salinity tolerance between 26.6%o and 34.9%o at low and high tide 

respectively. 

Salinity is positively correlated with both the number of, and percentage of, 

Foraminiferida with round apertures at Drake's Island. This may be a direct 

relationship, with round-apertured forms reproducing when salinity at depth is 

higher, or may be indirectly related to stenohaline unicellular algae reproducing at 

high salinities and providing a good food source for these Foraminiferida. 

Percentage o f Foraminiferida with arch apertures is negatively correlated with 

salinity at White Patch indicating that as salinity increases the percentage of 

Foraminiferida with arch apertures falls. These Foraminiferida appear to reproduce 
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when salinity is low, and may be the response of euryhaline opportunistic species 

reproducing when other stenohaline species are prevented from reproducing by the 

low salinity. 

6.4. MEAN PHI SIZE O F T H E SEDIMENT. 

Table 6.4: Significant correlation coefficients between mean phi size of the 

Foraminiferida 1 Cawsand Bay I Drake's Island | White Patch | 

Abundance 0.886 
Fisher coefficient -0.613 
Number of Miliolina 0.841 
Number of Lagenina 0.775 
Nimiber of Rotaliina 0.791 
Number of Hyaline 0.794 
Number of unilocular 0.755 
Number ofbiserial 0.879 
Number of triserial 0.816 0.684 
Number of planispiral 0.742 0.579 
Number of trochospiral 0.798 
Number of quinqueloculine 0.794 
Number of other coiling 0.617 
Number of round apertures 0.819 
Number of arch apertures 0.929 
Number of slit apertures 0.760 
Number of core apertures 0.727 0.618 
Number of other apertures -0.602 
Number of infaunal 0.806 0.641 
Number of epifaunal 0.884 
Number of herbivores 0.889 
Number of detritivores 0.842 
Number >63 ^m 0.797 
Number > 125 ̂ m 0.883 0.721 
Number >250 mn 0.873 
Number >500 um 0.769 

Mean phi size of the sediment appears to be an important variable for many groups 

of Foraminiferida at Cawsand Bay, although it is not correlated with many groups 

of Foraminiferida at Drake's Island and bears no significant relationship with any 

foraminiferid group at White Patch. An increase in the mean phi size of sediment 

means that the sediment is composed of finer particles in mm size diameter and 

most of the significant relationships at this site are positive. Mean phi size of the 

sediment may be more important to Foraminiferida at Cawsand Bay as the 

sediment at this site is usually well-sorted throughout the annual cycle, whereas it 

is moderately-sorted at Drake's Island and pooriy-sorted at White Patch. The 
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sediment at Cawsand Bay is mainly, therefore, of one size and a reduction in mean 

grain size is of benefit to the foraminiferid community at this site. 

This finding contradicts that of Goard (1975) who states that coarser substrata 

support higher populations of Foraminiferida due to them being less prone to 

predation in coarser sediments. Whereas some species, such as Ammonia beccarii, 

are found in both fine and coarse sediments (Walton & Sloan, 1990), other species 

appear to have more specific requirements. Myers (1943) states that sublittoral 

Elphidittm crispum is most numerous on firmly packed sand or a mixture o f coarse 

sand and shell gravel; Sliter (1965) states that fine sands between 125 ^m and 250 

Jim favour the grazing of Rosalina globuiaris and Buchanan & Hedley (1960) 

state that medium sand of 250 ^m to 500 ^m with less than 10% silt and 2% clay 

favours Astrorhiza iimnicola. Murray (1986) states that muddy sand favours 

Fnrsenkoim fitsiformis and shelly sand favours Texiularia tnmcata. 

The mean phi size of the sediment is positively correlated with all groups of 

Foraminiferida at Cawsand Bay except those of Shannon diversity, richness of 

species, Textulariina, Spirillinina, uniserial and suspension-feeders; and bears 

negative relationships with Fisher diversity and number of Foraminiferida with 

other types of apertures. Drake's Island Foraminiferida are positively correlated 

with abundance of triserial and planispiral forms, those of other coiling, pore 

apertures and infaunal forms. 

Positive relationships indicate that Foraminiferida reproduce when the sediment 

becomes finer: this may indicate a preference for a more stable substratum and, 

because finer substrata are more nutritionally rich, this perhaps allows the growth 

necessary before reproduction can occur. The numbers of both epifaunal and 

infaunal Foraminiferida are strongly positively correlated with mean phi size at 

Cawsand Bay; however, the coefficient obtained for those which are epifaunal is 

higher than that for infaunal forms. Numbers of infaunai species are correlated with 

mean phi size at Drake's Island. Both epi- and in-faunal species probably benefit 

from the sediment being more stable as it becomes finer, and being able to support 

more unicellular algae and bacteria. The reproducing infaunal Foraminiferida at 

Drake's Island will probably not suffer from a lack of oxygen as the sediment 
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becomes finer in composition, due to the sediment being well-sorted at this site. 

The numbers of both herbivorous and detritivorous Foraminiferida are very 

strongly positively correlated with mean phi size at Cawsand Bay. South-westerly 

gales in the area during both autumn and spring probably result in high mean phi 

sizes at these times and would also be the time of bloom for unicellular algae and 

the deposition of detrital particles of macro-algae, allowing the reproduction of 

both groups without competition. This partitioning of feeding strategies reflects 

that there is little competition between the two groups, or species within the two 

groups. It appears that an increase in mean phi size at Cawsand Bay favours the 

growth of all sizes of Foraminiferida (specimens greater than 1000 ^m are absent 

fi-om this site). The >125 ^m Foraminiferida at Drake's Island may prefer, more 

than other sizes, the stability and nutrition that a finer sediment may provide, or 

reflect the reproduction of larger species of Foraminiferida at this time. 

There is a negative correlation between foraminiferid diversity and mean phi size at 

Cawsand Bay, indicating that as the sediment becomes finer the number of 

different species per number of Foraminiferida reduces. This relationship may be 

due to the increase in abundance of Foraminiferida which would reduce the Fisher 

a diversity index, and does not necessarily reflect a fall in the number of species 

present. 

Mean phi 

Figure 6.3: Scatter plot showing correlation of number of Foraminiferida per 
grab and mean phi size at Cawsand Bay (+0.886). 
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Figure 6.4: Scatter plot showing correlation of number ofMilioIina per grab 
and mean phi size at Cawsand Bay (+0.841). 

Mean pbi 

Figure 6.5: Scatter plot showing correlation of number of biserial 
Foraminiferida per grab and mean phi size at Cawsand Bay (+0.879). 

Mean pbi 

Figure 6.6: Scatter plot showing correlation of number of arch-shaped 
apertures per grab and mean phi size at Cawsand Bay (+0.929). 
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Mean phi 

Figure 6.7: Scatter plot showing correlation of number of epifaunal 
Foraminiferida per grab and mean phi size at Cawsand Bay (+0.884). 
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Figure 6.8: Scatter plot showing correlation of number of herbivorous 
Foraminiferida per grab and mean phi size at Cawsand Bay (+0.889). 

Mean phi 

Figure 6.9: Scatter plot showing correlation of number of detritivorous 
Foraminiferida per grab and mean phi size at Cawsand Bay (+0.842). 
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Figure 6.10: Scatter plot showing correlation of number of >125 îm 
Foraminiferida per grab and mean phi size at Cawsand Bay (+0.883). 
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Figure 6.11: Scatter plot showing correlation of number of >250 
Foraminiferida per grab and mean phi size at Cawsand Bay (+0.873). 

6.5. SORTING O F T H E SEDIMENT. 

Table 6.5: Significant correlation coefficients between sorting of the sediment 

1 Foraminiferida Cawsand Bay Drake's Island White Patch | 

Number of Spirillinina 0.832 
% Spirillinina -0.768 0.753 
% trochospiral -0.598 
% other apertures 0.870 
% >63 Jim •0.636 
%>125 ^m 0.944 
Number > 500 îm 0.723 
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Negative relationships between Foraminiferida and sorting of the sediment mean 

that as the sorting coefficient reduces (the sediment becomes better-sorted) the 

numbers of Foraminiferida rise. Strong currents and wave-action sort the sediment 

by placing the grains into suspension; the larger particles fall out of suspension 

closer to the area, whereas smaller particles may be transported by the current to 

be deposited further away. An increase in sorting of the sediment results in 

sediment that is mainly of one size. Sand-sized sediments are more easily 

transported and therefore better-sorted than finer or coarser sediments. Well-

sorted sediments of particles greater than 63 ^m are loosely-compacted and well-

oxygenated, and toxins are more easily flushed from the sediment. Positive 

relationships between Foraminiferida and sorting indicate that Foraminiferida 

prefer the sediment to be less well-sorted and therefore more stable, and the 

mixture of particle sizes may include finer particles which will provide more 

attachment sites than coarser particles for unicellular algae and bacteria. 

Foraminiferida at Drake's Island significantly correlated with sorting of the 

sediment (the number of Spirillinina, percentage of Spirillinina, percentage of other 

apertures and number > 500 pm) all bear positive relationships with this variable. 

Cawsand Bay percentage of Spirillinina, trochospiral forms and Foraminiferida > 

63 pm are negatively correlated with sorting of the sediment, whilst the percentage 

of Foraminiferida > 125 pm are positively very strongly correlated with sorting of 

the sediment. 

The negative correlation of percentage >63 pm sized Foraminiferida at Cawsand 

Bay with sorting may be the response to larger, mature Foraminiferida reproducing 

when the sediment is better sorted and oxygenated, and therefore juveniles of this 

size are present. Frankel (1972) states that some Foraminiferida reproduce below 

the sediment surface, and i f the sediment is better sorted this would increase the 

oxygenated layer of the sediment, perhaps allowing sub-surface reproduction; and 

so the appearance of >63 pm Foraminiferida at the times of better-sorting of 

sediments. The very strong positive correlations between the percentage of the 
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assemblage at Cawsand Bay which is >125 pm, and the number of Foraminiferida 

at Drake's Island >500 pm, with sorting of the sediment indicate that these 

Foraminiferida are abundant when the sediment is pooriy sorted. The negative 

correlations recorded may indicate that these foraminiferids benefit fi-om the 

increased stability and nutritional value provided by a more pooriy-sorted 

sediment, and the timing of reproduction in Foraminiferida may be to take 

advantage of these conditions. Positive correlations with sorting may indicate a 

preference for a more oxygenated, toxin-fi-ee sediment. 

Sorting 

Figure 6.12: Scatter plot showing correlation of number of SpiriUinina per 
grab with sorting at Drake's Island (+0.832). 

SortiDg coefTicient 

Figure 6.13: Scatter plot showing correlation of percentage of >125 
Foraminiferida with sorting at Cawsand Bay (+0.944). 
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6.6. SKEWNESS O F T H E SEDIMENT. 

Table 6.6: Significant correlation coefficients between skewness of the 

1 Foraminiferida 1 Cawsand Bay Drake's Island I White Patch || 

Abundance -0.897 -0.700 
Number of Textulariina -0.639 
Number of Spirillinina -0.826 
% Spirillinina -0.737 
Number of Miliolina -0.789 -0.673 
Number of Lagenina -0.690 -0.592 
% Lagenina -0.704 
Number of Rotaliina -0.828 -0.580 
Number of hyaline -0.827 -0.610 
Number of unilocular -0.678 
Number of uniserial -0.699 
Number of biserial -0.786 -0.719 
Number of triserial -0.735 
Number of planispiral -0.810 
Number of trochospiral -0.812 -0.723 
Number of quinqueloculine -0.742 -0.679 
Number of round apertures -0.829 
Number of arch apertures -0.896 -0.669 
Number of slit apertures -0.693 -0.681 -0.612 
Number of pore apertures -0.821 
Number of epifaunal -0.877 -0.712 
Number of infaunal -0.838 
Number of herbivores -0.912 -0.657 
Number of detritivores -0.829 
Number of suspension-feeders -0.767 
Number >63 \m -0.790 -0.644 
Number >125 \m -0.927 
Number >250 um -0.842 -0.807 
Number >500 um 4).778 -0.759 

Skewness of the sediment appears to be a very important variable for most groups 

of Foraminiferida at Cawsand Bay and for several groups at Drake's Island, whilst 

only having a significant relationship with two groups of Foraminiferida at White 

Patch. All significant correlations are negative, showing that as numbers of 

Foraminiferida within the groups increase the skewness coefficients fall. A 

reduction in skewness coefficients mean that the sediments become more coarsely-

tailed in distribution; consisting of coarse particles. The negative correlations 

between groups of Foraminiferida and skewness indicate that numbers of 

Foraminiferida rise as sediments at the sites become coarser. 
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All data of Foraminiferida at Cawsand Bay, except Shannon and Fisher diversity 

measures, richness, evenness and those of other coiling and aperture types, are 

negatively correlated with skewness of the sediment. This means that almost all 

groups of Foraminiferida at Cawsand Bay reproduce when the sediment has a 

coarse tail of distribution. Drake's Island Foraminiferida (except Shannon and 

Fisher diversities, richness, evenness, Textulariina, unilocular, uniserial, triserial, 

planispiral, other coiling types, round apertures, pore apertures, infaunal and 

detritivores) are also negatively correlated with skewness of the sediment. The 

percentage of Lagenina and those with slit apertures at White Patch are negatively 

correlated with skewness. 

These negative correlations may indicate that these types have sub-surface 

reproduction and/or benefit from the greater oxygenation a coarser sediment 

provides. Infaunal Foraminiferida would benefit fi^om coarser sediment by having 

better oxygenated interstitial pore water, whereas epifaunal Foraminiferida may 

reproduce when the sediment is better flushed of toxins. The numbers of 

herbivores and detritivores are very strongly correlated with skewness at Cawsand 

Bay and numbers of herbivores and suspension feeders are correlated with 

skewness at Drake's Island. The correlation coefficients for Cawsand Bay are 

higher for herbivores than for detritivores indicating that skewness of the sediment 

is more important for the reproduction of herbivores than detritivores at this site. 

As the sediment becomes coarser these Foraminiferida reproduce and increase in 

numbers. The positive relationship between suspension feeders at Drake's Island 

and skewness of the sediment may indicate that although most suspension feeders 

are epilithic or epiphytic, having no direct contact with the sediment, the faster 

currents which better sort the sediment may provide the suspension feeders with a 

greater quantity of particles upon which to feed. The stronger relationship for 

>125 \im and >250 fim at Cawsand Bay, rather than for the >63 ^m and >500 jim 

sizes, perhaps indicates that the >63 ^m Foraminiferida are scarce due to larger 

species reproducing when the sediment is negatively skewed. The relatively weak 
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correlation between Cawsand Bay specimens of >500 pm and skewness may 

indicate that reproduction of this size of Foraminiferida occurs when the skew of 

the sediment is negative and so the parental Foraminiferida are lost fi'om the live 

assemblage. 

Cawsand Bay sediments are generally symmetrically distributed or positively-

skewed, whereas sediments at Drake's Island are mainly symmetrical or negatively-

skewed and White Patch sediments are generally negatively-skewed; and this may 

explain the number of relationships between Foraminiferida and skewness at each 

of these sites. 

Skewocss 

Figure 6,14: Scatter plot showing correlation of number of Foraminiferida 
per grab and skewness at Cawsand Bay (-0.897). 
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Figure 6.15: Scatter plot showing correlation of number of hyaline 
Foraminiferida per grab and skewness at Cawsand Bay (-0.827). 
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Figure 6.16: Scatter plot showing correlation of number of Spirillinina per 
grab and skewness at Drake's Island (-0.826). 
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Figure 6.17: Scatter plot showing correlation of number of Rotaliina 
Foraminiferida per grab and skewness at Cawsand Bay (-0.828). 
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Figure 6.18: Scatter plot showing correlation of number of Foraminiferida 
with round apertures per grab and skewncss at Cawsand Bay (-0.829). 
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Figure 6.19: Scatter plot showing correlation of number of Foraminiferida 
with arch-shaped apertures per grab and skewness at Cawsand Bay (-0.896). 

Number of cpifauaal Foramiaiferida 

Figure 6.20: Scatter plot showing correlation of number of epifaunal 
Foraminiferida per grab and skewness at Cawsand Bay (-0.877). 
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Figure 6.21: Scatter plot showing correlation of number of infaunal 
Foraminiferida per grab and skewness at Cawsand Bay (-0.838). 
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Figure 6.22: Scatter plot showing correlation of number of herbivorous 
Foraminiferida per grab and skewness at Cawsand Bay (-0.912). 

Number of detritivorous Foraminiferida 

Figure 6.23: Scatter plot showing correlation of number of detrivorous 
Foraminiferida per grab and skewness at Cawsand Bay (-0.829). 
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Figure 6.24: Scatter plot showing correlation of number of >125 ^m 
Foraminiferida per grab and skewness at Cawsand Bay (-0.927). 
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Skewoess 

Figure 6.25: Scatter plot showing correlation of number of >250 \im 
Foraminiferida per grab and skewness at Cawsand Bay (-0.842). 

6.7. K U R T O S I S O F T H E S E D I M E N T . 

Table 6.7: Signiflcant correlation coeflicient between kurtosis of the sediment 
and Foraminiferida. 

1 Foraminiferida Cawsand Bay Drake's Island White Patch 1 

1 % trochospiral -0.623 

Kurtosis has only one significant correlation with Foraminiferida from the three 

sites. The relationship is negative, which means that means that the foraminiferid 

group increases as the sediment becomes less peaked than a normal distribution. 

The percentage of trochospiral Foraminiferida at Drake's Island is negatively 

correlated with kurtosis of the sediment and these individuals form a significant 

proportion of the assemblage, whilst the central portion of the sediment is poorly-

sorted. 
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6.8. P E R C E N T A G E O F T H E SEDIMENT L E S S THAN 63 nm. 

Fine sediment less than 63 ^m provides a rich nutrient source for Foraminiferida, 

as unicellular algae and bacteria adhere to these fine particles in greater numbers 

than on coarser particles. Clay will also increase the laminar flow of water over the 

sediment, resulting in less disturbance of the sediment surface and to epifaunal 

Foraminiferida. Murray (1963) shows that Foraminiferida will ingest particles of 

kaolinite and he hypothesised that it was the size of the particle which is primarily 

important for selection and not the nutritional value. Kaolinite, however, will have 

proportionally greater numbers of unicellular algae and bacteria attached to it than 

coarser particles and, therefore, may be selected for digestion. An excess of fine 

sediment will reduce the oxygenated layer of sediment and may adversely aflfect 

infaunal Foraminiferida; Goard (1975) states that too much fine sediment may 

result in the coating of Foraminiferida and unicellular algae, thereby retarding 

metabolism. The percentage of the sediment less than 63 ^m appears to be a very 

important variable for groups of Foraminiferida at Drake's Island. There are no 

significant relationships between White Patch Foraminiferida and the percentage of 

the sediment below 63 \im. This lack of relationship at this site probably reflects 

that there is sufficient clay at this site throughout the year (hence the name "White 

Patch", due to china clay settling here fi-om the River Plym). There are very few 

significant relationships between Cawsand Bay specimens and percentage of fine 

sediment; here, too, perhaps there is sufficient fine sediment at this site throughout 

the annual cycle. At Drake's Island there are significant positive relationships 

between almost all groups of Foraminiferida and the percentage of fine sediment, 

reflecting the low proportion of the sediment which is fine (mean 4.26%). Almost 

all correlations (except one), are positive, indicating that groups of Foraminiferida 

reproduce in response to a more stable, nutrient-rich, substratum. 
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Table 6.8: SigniHcant correlation coefficients between the percentage of the 

1 Foraminiferida 1 Cawsand Bay | Drake's Island | White Patch | 

Abundance 0.763 
Number of Textulariina 0.661 
Number of Spirillinina 0.653 
% SDirillinina 0.653 
Number of Miliolina 0.676 
Number of La^nina 0.611 
Number of Rotaliina 0.765 
Number of hyaline 0.769 
Number of unilocular 0.648 
Number of biserial 0.690 
Number of planispiral 0.814 
Number of trochospiral 0.707 
Number of quinqueloculine 0.677 
Number of round apertures 0.734 
Number of arch apertures 0.676 
Number of slit apertures 0.724 
Number of pore apertures 0.692 
Number of other apertures 0.582 
Number >63 jim 0.712 
Number > 125 nm 0.629 
Number >250 \m 0.705 
Number >500 \m 0.580 
Percentafie >500 jim -0.584 
Number of epifaunal 0.719 
Number of infaunal 0.653 
Number of heibivores 0.741 
Number of detritivores 0.669 
% detriiivores 0.678 
Number of suspension-feeders 0.819 

This variable is very important to most groups of Foraminiferida at Drake's Island 

(except for Shannon and Fisher diversities, evenness, richness, uniserial and 

triserial forms and those of other coiling). Cawsand Bay Foraminiferida of other 

apertures and the percentage of detritivores are positively correlated with the 

proportion of the sediment less than 63 nm. The percentage of Foraminiferida 

>500 ^m are negatively correlated with the proportion of the sediment less than 

63 \im. White Patch Foraminiferida bear no significant correlations with this 

variable. 

The positive correlations may indicate that the increased nutritional value of silts 

and clay probably allows growth and subsequent reproduction of Foraminiferida, 

and may also indicate the importance of fine sediment providing additional stability 
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of the sediment. The correlation coefficients are slightly higher for epifaunal 

specimens than for infaunal specimens at Drake's Island, indicating that although 

the percentage of fine sediment is an important variable to both groups, then 

perhaps the increased laminar flow which fine sediment provides is important to 

epifaunal Foraminiferida. This finding contradicts Goard (1975), who states that 

infaunal forms depend more upon the amount of fine grains within the substratum, 

as most organic matter is concentrated with finer materiaJs and supplements 

unicellular plants. The numbers of suspension feeders at Eh-ake's Island increase in 

response to higher levels of fine sediment, perhaps because the levels of seston and 

phytodetritus at this site would be highest when the percentage of fine sediment is 

high. All sizes of Foraminiferida except those >1000 ^m at Drake's Island are 

positively correlated with the percentage of fine sediments. It appears that most 

sizes at this site benefit fi-om the increased nutrition the fine sediment provides for 

growth and reproduction. Specimens > 1000 \im may not be correlated with fine 

sediment due to reproduction and death, however there is not a negative 

correlation, indicating that grov^h to this size and death through reproduction are 

balanced. The percentage of >500 ^m Foraminiferida is negatively correlated with 

fine sediment at Cawsand Bay, indicating that, as Foraminiferida do not increase 

past this size at this site, the increased nutrients may induce reproduction and, 

therefore death in this size of Foraminiferida here. 

6.9, S U M M A R Y . 

Temperature is a very important variable for most groups of Foraminiferida at all 

sites. Most relationships are positive, indicating that reproduction of 

Foraminiferida occurs when temperature is relatively high. These relationships may 

also be linked to the bloom of the benthonic and planktonic unicellular plants, 

which also occur when temperature is high. 
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Salinity is not an important variable for the Foraminiferida at the three sites, 

producing only two significant correlations at Drake's Island. Salinity does not 

appear to affect the abundance of the sub-orders of Foraminiferida at the sites 

under investigation, probably because the sea water is of relatively good salinity, 

however, the influence of the River Tamar bringing fi-esh water to Drake's Island 

probably accounts for the correlations at this site. 

Mean phi size of the sediment has no significant relationships with Foraminiferida 

at White Patch, and few at Drake's Island, but it is a very important variable for 

Foraminiferida at Cawsand Bay. This is a marine site with little organic input from 

the land, and therefore mean phi would be important for nutrition and stability of 

the sediment. Sorting is not an important variable for Foraminiferida at White 

Patch, but is positively correlated with some foraminiferid groups at Cawsand Bay 

and Drake's Island. The relationship between an increase in sorting coefficients and 

number of Foraminiferida indicates that some Foraminiferid groups benefit from 

greater oxygenation of the sediment. Skewness of the sediment appears to be 

important for Foraminiferida at Cawsand Bay, less so at Drake's Island, and only 

correlates with Foraminiferida at White Patch twice. All significant relationships 

with skewness are negative, indicating that Foraminiferida, especially at Cawsand 

Bay, prefer coarser sediments. Kurtosis of the sediment is not an important 

variable with only two significant correlations with Foraminiferida. Percentage of 

the sediment less than 63 ^m is not an important variable for Foraminiferida at 

White Patch or Cawsand Bay, although it is a very important variable at Drake's 

Island. These relationships reflect the amount of fine material at these sites and it 

appears that at Drake's Island the fine material might provide more stability and 

nutrients to enable the Foraminiferida to reproduce. 

Abiotic variables appear to be important to the Foraminiferida investigated and 

seem to dictate the timing of reproduction of many groups. These factors may 

influence biotic factors in the vicinity and therefore indirectly drive foraminiferid 

reproduction. Due to using correlation instead of regression techniques, it is 
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unclear as to whether increases in abiotic factors would fiirther increase 

reproduction of the foraminiferid groups positively correlated with Foraminiferida. 
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C H A P T E R 7. 

C O R R E L A T I O N S O F B I O T I C V A R I A B L E S AND FORAMINCTi:Rn)A. 

7.1. I N T R O D U C T I O N . 

The data obtained fi'om samples were analysed by statistical methods to ascertain i f 

any significant relationships exist between the data for Foraminiferida and those of 

the biotic environmental variables at the three sampling sites. The statistical 

method used was correlation (see Chapter 6.O.). Correlation coefficients greater 

than 5% significance have been tabulated and only correlation coefficients greater 

than 0.1%, {i.e. 0.823; very strong correlations), have been plotted. Variables 

analysed were organic content of the sediment, number of bacteria per gram, 

number of colony-forming units per gram, percentage Gram positive rod-shaped 

bacteria, percentage Gram positive cocci bacteria, percentage Gram negative rods, 

percentage Gram negative cocci, percentage of the bacteria which are Gram 

positive, percentage of the bacteria which are cocci and numbers of Copepoda, 

Amphipoda, Ostracoda, Polychaeta, Bivalvia, Gastropoda, Scaphopoda and 

Acariformes per grab. Due to the great number of very strong correlations 

between Foraminiferida and other meiofauna at the sites investigated, plots 

between these groups are omitted. Four seasonal samples of diatoms were also 

taken fi-om each site as part of the sampling suite, and because correlations are not 

valid for less than five data points, there are no site correlations. The diatom data 

set was correlated to that of the foraminiferid data set corresponding to the months 

and sites sampled for diatoms. 
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7.2. P E R C E N T A G E T O T A L O R G A N I C C O N T E N T . 

Table 7.1: Significant correlation coefficients between percentage organic 
content of the sediment and Foraminiferida. 

1 Foraminiferida Cawsand Bay Drake's Island White Patch | 
Eveness 0.670 
% biserial 0.738 
% other coiling 0.697 
% pore apertures -0.644 
% arch apertures 0.622 
%>250 \im 0.616 

Organic content of the sediment should be an important variable by providing 

direct nutrition for detrivores and suspension feeders, whilst providing indir^t 

nutrition for herbivores by providing nutrition for unicellular algae upon which the 

herbivorous species feed. Giere (1993) states that much of the detritus in 

sediments is the result of phytoplankton; and Thiel ei al. (1988, 1989) state that an 

abundance of phytodetritus leads to a significant increase in meiofaunal abundance 

and diversity. There are few significant correlations, however, between total 

organic content of the sediment and Foraminiferida. This is doubtless because the 

measurement of the Total Organic Content of the sediments is not a true reflection 

of the available nutrients for Foraminiferida to utilise, as it incorporates sources of 

carbon not necessarily of nutrient material. The relationships at Drake's Island are 

positive, whilst at Cawsand Bay the single significant correlation is negative. No 

significant correlations were found at White Patch. Sediments fi'om Drake's Island 

generally contained more organic material than at the other two sites and so the 

number of correlations between Foraminiferida and organic content at this site is 

unexpected. It may be, however, that because the sediment at this site is well-

sorted medium sand that the nutrients are flushed fi-om the sediment regularly, and 

although present at the time of sampling, are unstable and therefore not a true 

reflection of the proportion of nutrients available to the Foraminiferida at this site. 

Evenness of Foraminiferida is positively correlated with percentage organic 

content of the sediment at Drake's Island. Percentage of biserial types and 
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Foraminiferida of other coiUng are positively correlated with organic content at 

Drake's Island, as are the percentages of Foraminiferida with arch apertures and 

those >125 ^m. The percentage of Foraminiferida with pore apertures is negatively 

correlated with organic content at Cawsand Bay. 

The positive relationship between evenness of the fauna at I>rake's Island and 

organic content of the sediment may reflect that when food is abundant species 

cannot dominate others and out-compete them. Biserial Foraminiferida such as the 

bolivinids and brizalinids (which generally have arch apertures) have been 

correlated with sediments high in organic content (Sieglie, 1968; Sen Gupta & 

Machain-Castillo, 1993), and h appears that at this site there is also such a positive 

correlation (as well as with the percentage of Foraminiferida with arch apertures). 

The increase in Foraminiferida >250 jim when organic content of the sediment 

rises perhaps indicates that relatively large species of Foraminiferida reproduce 

when the organic content of the sediment is high, so producing more individuals of 

this size range. The negative relationship between the percentage of pore-apertured 

Foraminiferida and organic content at Cawsand Bay may indicate that the pore-

apertured elphidiids may suffer fi^om oxygen deficiency i f organic content is too 

high. The elphidiids have a high requirement for oxygen (Hannah et al., 1994, 

Schafer e( a/., 1995) and organic content is a factor which governs the depth at 

which sediments become anoxic (Fenchel, 1987). Altenbach (1992) finds that the 

biomass and reproductive cycles of Elphidinm excavatum clavatum are directly 

related to the development and sedimentation of phytoplankton biomass over the 

year. 

Although various authors have found that organic content of the sediment could be 

limiting to the distribution of Foraminiferida (see Uchio, 1962; Ansari et al., 1980, 

Ajao et a/., 1991; Steinsund et al., 1991) there is little evidence that organic 

content is limiting at the sites investigated. Bemhard (1986) states that there is a 

strong correlation between test morphology and total organic carbon in Jurassic to 
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Holocene Foraminiferida; and this is supported by the positive relationships 

between the percentages of biserial and other coiling forms at Drake's Island. 

Whilst Alve & Nagy (1986) state that agglutinated taxa have an affinity for 

increased organic content, this was not found at these nearshore locations. Setty & 

Nigam (1982) state that although Ammonia species have a positive tendency 

towards organic carbon and miliolids have a negative tendency; the positive 

relationship between Foraminiferida with arch apertures at Drake*s Island may 

partially be caused by Ammonia batavtis, although there is no evidence for a 

negative relationship between miliolids and organic content. 

7.3. N U M B E R O F B A C T E R I A P E R G R A M O F S E D I M E N T . 

Table 7.2: Signiflcant correlation coefflcients between number of bacteria per 

1 Foraminiferida Cawsand Bay Drake's Island White Patch J 

Evenness -0.598 
Number of Miliolina 0.683 
% Miliolina 0.746 
%RotaUina -0.706 
% hyaline -0.703 
% Lagenina 0.762 
% unilocular 0.830 
Number of quinqueloculine 0.744 
% quinqueloculine 0.735 
% arch aperture 0.689 
% infaimal -0.624 
% epifaunal 0.608 
%>125tim 0.665 

From laboratory experiments, Foraminiferida have a definite indispensable need for 

bacteria in their environment. It would be expected, therefore, that perhaps there 

would be more significant correlations between Foraminiferida and number of 

bacteria in the sediment, although the requirement for bacteria may be met by less 

bacteria than are present in the sediments at the localities investigated. More 

significant correlations are found at Cawsand Bay than at White Patch, with none 

present at Drake's Island. The numbers of bacteria at Drake's Island were usually a 

magnitude higher than at the other sites, perhaps explaining why there are no 
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significant correlations at this site. The numbers of bacteria at Cawsand Bay and 

White Patch are generally similar, however, reflecting that Cawsand Bay 

Foraminiferida react to the abundance of bacteria differently to those at White 

Patch. 

Evenness of Foraminiferida at Cawsand Bay is negatively correlated with number 

of bacteria at this site, indicating that the evenness of foraminiferid species rises as 

the number of bacteria in the sediment falls. Numbers of Miliolina, and percentage 

Miliolina, are positively correlated with number of bacteria per gram at Cawsand 

Bay, whilst the percentage of Rotaliina and hyaline Foraminiferida are negatively 

correlated with the numbers of bacteria at this site. The percentage of Lagenina 

and unilocular specimens at White Patch are positively strongly correlated to the 

number of bacteria in the sediment. Both the number of, and percentage of, 

quinqueloculine Foraminiferida at Cawsand Bay are strongly positively correlated 

with bacterial numbers, as is the percentage of Foraminiferida with arch apertures. 

The percentage of epifaunal Foraminiferida at Cawsand Bay is positively correlated 

with number of bacteria per gram, whereas the percentage of infaunal 

Foraminiferida is negatively correlated with number of bacteria per gram of 

sediment at this site. The percentage of Foraminiferida >125 nm at Cawsand Bay 

is significantly correlated with number of bacteria in the sediment. 

l.a3E+fl8 

•5 l-OOE+06 

S 

I l.OOE+05 
as 

lXlOE+04 

l.OOE+08 

Percentage uailocular 

Figure 7.1: Scatter plot showing correlation of percentage of unilocular 
Foraminiferida per grab and number of bacteria per gram at White Patch 
(+0.830). 
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The negative relationship between evenness of Foraminiferida and number of 

bacteria present at Cawsand Bay may reflect that dominance by species through 

reproduction, which depend more upon bacteria for nutrition, take place when the 

bacteria are more numerous. It appears that the Miliolina at this site also reproduce 

when the bacteria in the sediment are more numerous, whereas the negative 

correlations between the percentages of both hyaline Foraminiferida and Rotaliina 

may indicate that as the number of, and percentage of, Miiiolina rise in response to 

number of bacteria the percentage of hyaline and Rotaliina suffer a relative decline. 

The percentage of both unilocular Foraminiferida and Lagenina at White Patch are 

very strongly positively correlated with number of bacteria in the sediment, so that 

as the numbers of bacteria rise so the proportion of the assemblage which is 

unilocular also rises, as do Lagenina. The correlations of quinqueloculine coiling 

are slightly greater than the correlation between percentage of Miliolina and 

bacterial abundance at this site, indicating that the quinqueloculine miliolids have a 

stronger relationship with bacteria than the miliolids of other test shapes. As most 

miliolids have arch-shaped apertures, this correlation may also be linked to the 

response of this sub-order at this site to bacterial abundance. From the correlation 

coefficients, the percentage of epifaunal Foraminiferida shows a slightly stronger 

relationship with bacteria than that of the infaunal forms, perhaps suggesting that 

the relationship between bacteria and epifaunal specimens is the true relationship, 

and that the correlation with infaunal forms is in response to the epifaunal 

relationship. It appears, therefore, that epifaunal Foraminiferida reproduce when 

the number of bacteria in the sediment is high and the bacteria may provide direct 

nutrition, and/or indirectly provide vitamins and other metabolites which enable 

these Foraminiferida to reproduce. The bacteria may similarly promote the growth 

of >63 \im sized Foraminiferida to > 125 ̂ m. 

230 



7.4. B A C T E R I A : N U M B E R O F M O R P H O L O G I C A L L Y 

D I F F E R E N T L \ T E D C O L O N Y F O R M I N G UNTTS P E R G R A M O F 

S E D I M E N T . 

Table 7.3: Significant correlation coefficients between number of 
morphologically differentiated colony forming units per gram of sediment 
and Foraminiferida. 
Foraminiferida Cawsand Bay Drake's Island White Patch 
E\'enness -0.633 
% planispiral -0.826 
% arch apertures 0.759 
% pore apertures -0.815 
Number of infaiuial -0.583 

The number of morphologically differentiated colony forming units (cfij) which the 

bacteria form gives an indication of the diversity of bacteria at each site each 

month. This factor is significantly correlated with groups of Foraminiferida at 

Cawsand Bay, whilst only being significantly correlated with one group at Drake's 

Island. 

Pielou's evenness of Foraminiferida is significantly negatively correlated with the 

number of different bacterial colony forming units at Cawsand Bay, as is the 

percentage of planispiral Foraminiferida. The percentage of Foraminiferida with 

pore apertures is very strongly negatively correlated with the number of cfii per 

gram of sediment at Cawsand Bay, whereas the percentage of arch-apertured 

Foraminiferida at this site increases as a proportion of the assemblage as the 

number of cfli rises. The numbers of infaunal Foraminiferida at Drake's Island are 

negatively correlated with the number of cfu at this site. 
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Figure 7.2: Scatter plot showing correlation of percentage planispiral 
Foraminiferida per grab and number of cfu per gram at Cawsand Bay 
(-0.826). 

The negative correlation between Pielou's evenness of the foraminiferal fauna at 

Cawsand Bay and the number of cfli present at this site may show that when the 

diversity of the bacteria is high those species which rely upon bacteria as a food 

source, or benefit fi^om their metabolites, reproduce when other species do not and 

therefore dominate the assemblage. The percentages of the assemblage at Cawsand 

Bay which have pore apertures and are planispiral are both negatively correlated 

with number of cfu. This may indicate that the percentage of planispiral forms 

(many of which have pore apertures) decrease as a proportion of the assemblage as 

those Foraminiferida with arch apertures reproduce and take advantage of the 

greater diversity of bacteria. The negative correlation with infaunal Foraminiferida 

at Drake's Island with number of cfu perhaps indicates that as the diversity of 

bacteria at this site rises the number of infaunal Foraminiferida suffer fi-om the 

presence of some bacteria. It may be that some species of bacteria cause disease to 

Foraminiferida, especially infaunal forms. 
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7.5. BACTERIA: P E R C E N T A G E O F GRAM POSITIVE RODS. 

Table 7.4: Significant correlation coefficients between percentage of Gram 

1 Foraminiferida Cawsand Bay Drake's Island White Patch | 
Number of Rotaliina 0.594 
Number of Lagenina 0.633 
Number of ĥ 'aline 0.597 
Number of biserial 0.695 
Number of triserial 0.688 
Number of other coiling 0.638 
% other coiling 0.638 
Number of round apertures 0.688 
% round apertures 0.688 
Number of arch apertures 0.591 
Number of infaunal 0.620 
% heibh'ores -0.642 
Number of detritivores 0.689 
% detriti\'ores 0.623 
Number suspension feeders 0.640 
Number >63 \im 0.699 
%>63 ^m 0.581 

The shape and type of bacteria present in the environment may be important 

nutritionally and/or for causing diseases of Foraminiferida. The percentage of the 

bacterial flora which are Gram positive rods are mainly correlated with 

Foraminiferida at White Patch, but form two significant correlations with 

Foraminiferida at Cawsand Bay. The percentage of Gram positive rods is 

comparatively high at White Patch in August and September, when the number of 

Foraminiferida at this site is maximal. None of these correlations is very strong, 

perhaps indicating that these correlations are happenstance. All correlations except 

one are positive, indicating that most groups of Foraminiferida benefit from the 

presence of Gram positive rod-shaped bacteria at White Patch. 

The numbers of Rotaliina, Lagenina and hyaline Foraminiferida are all significantly 

positively correlated with percentage of Gram positive rods at White Patch. The 

numbers of both biserial and triserial Foraminiferida are also positively correlated 

with this group of bacteria at White Patch, as are the number and percentage of 

Foraminiferida with round apertures and the number of Foraminiferida with arch 
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apertures. Both the number and percentage of Foraminiferida of other types of 

coiling are positively correlated with percentage of Gram positive rods at Cawsand 

Bay. The number of infaunal Foraminiferida at White Patch is significantly 

positively correlated with percentage of Gram positive rod bacteria, as is the 

percentage of detritivorous Foraminiferida and the number of suspension feeders, 

whilst the percentage of herbivorous Foraminiferida at this site is negatively 

correlated with Gram positive rods. Both the numbers of̂  and percentage of, 

Foraminiferida >63 ^m are positively correlated with Gram positive rods at White 

Patch. 

The positive relationships indicate that numbers of these groups of Foraminiferida 

increase as the percentage of Gram positive rods increases. It may be possible that 

these bacteria provide, directly or indirectly, valuable nutrition, metabolites or 

vitamins which enable these groups of Foraminiferida to reproduce. It also may be 

that the shape of these bacteria benefits certain Foraminiferida of specific apertural 

shapes. These bacterial types also appear to benefit infaunal Foraminiferida, 

perhaps because these bacteria are infaunal themselves, thus providing nutrition for 

infaunal specimens rather than for epifaunal individuals. It appears that the 

detrivores and suspension feeders at this site prefer a high abundance of Gram 

positive rods; the detritivores will depend more upon bacteria as a food source 

than herbivores, perhaps explaining the negative relationship with herbivores at this 

site. The positive relationship between suspension feeders and percentage of Gram 

positive rods may be related to these bacteria multiplying in response to seston 

falling fi-om the water column. This type of bacteria may also, by aiding 

foraminiferid reproduction, produce specimens of >63 |im, or indicate that 

reproduction of species which do not grow greater than this size has occurred. 
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7.6. B A C T E R I A : P E R C E N T A G E O F GRAM POSITIVE C O C C I . 

Table 7.5: Significant correlation coefficients between percentage of Gram 

1 Foraminiferida Cawsand Bay Drake's Island White Patch | 

Number of other apertures -0.584 
% round apertures -0.665 
% dethtivores -0.651 
% >63 \un -0.625 
%>125um 0.710 

From Table 7.5 it can be seen that significant correlation coefficients between 

Foraminiferida and the percentage of Gram positive cocci are relatively few and 

mostly negative. No significant coefficients are produced for Drake's Island 

Foraminiferida and this variable, with two between Cawsand Bay Foraminiferida 

and three produced between White Patch Foraminiferida and this variable. 

The number of Foraminiferida with other apertures is significantly negatively 

correlated with percentage of Gram-positive cocci at Cawsand Bay, whilst the 

percentage of Foraminiferida at White Patch with round apertures is negatively 

significantly correlated with this variable. At White Patch the percentage of 

detritivores is negatively correlated with these bacteria. The percentage of 

Foraminiferida >63 \im at Cawsand Bay is negatively correlated with the 

percentage of Gram positive cocci at this site, whilst the percentage of White Patch 

foraminiferid fauna >125 \im is positively correlated with the percentage of Gram 

positive cocci. 

The negative relationships demonstrated between Foraminiferida and these bacteria 

may indicate that these Foraminiferida may be directly adversely affected by an 

increase in these bacteria through disease or the metabolites they produce, or may 

be adversely aflFected by the conditions in which this type of bacteria proliferate. 

The positive relationship may indicate that the foraminiferid group benefits 

directly, or indirectly fi-om the presence of these bacteria. 
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The White Patch fauna bears opposing coefficients for the same two groups of 

Foraminiferida and the percentage of the bacterial fauna which is Gram positive 

cocci and rods. The percentage of Foraminiferida at this site with round apertures 

and those which are detritivores are negatively correlated with Gram positive cocci 

whilst being positively correlated with Gram positive rods. The positive 

relationships have slightly higher coefficients than the negative relationships and so 

it may be inferred that the positive relationships are the most likely to affect these 

groups. 

7.7. BACTERIA: P E R C E N T A G E O F GRAM N E G A T I V E RODS. 

Table 7.6: SigniFicant correlation coefTicients between percentage of Gram 

1 Foraminiferida Cawsand Bay Drake's Island White Patch | 

1 %Textulariina -0.601 
1 Number of other apemires 0.629 

These types of bacteria have very few significant correlation coefficients with 

groups of Foraminiferida from the sites investigated. One relationship is positive 

and the other is negative, so no suggestions as to whether their presence is 

generally beneficial or detrimental to Foraminiferida can be made. The percentage 

of Textulariina is negatively correlated with the percentage of Gram-negative rod-

shaped bacteria at Drake's Island and the number of Foraminiferida with other 

types of apertures is positively correlated with percentage of Gram-negative rod-

shaped bacteria at Cawsand Bay. It may be that the Textulariina increase as a 

proportion of the foraminiferid assemblage at Drake's Island when other types of 

bacteria proliferate, although no positive significant coeflScients have been 

produced for this group and any other group of bacteria identified. The positive 

relationship between Foraminiferida of other types of apertures may be the result 

of the positive relationship between this group and the percentage of Gram 

positive cocci already discussed. 
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7.8. B A C T E R I A : P E R C E N T A G E O F GRAM N E G A T I V E C O C C I . 

Table 7.7: Signiflcant correlation coefTicients between percentage of Gram 

1 ForainiQirerida 1 Cawsand Bav 1 Drake's Island J White Patch | 

1 % round apertures 1 1 -0.589 1 

From Table 7.7 it can be seen that only one weak significant relationship exists 

between Foraminiferida at the three sites and the percentage of Gram negative 

cocci. This may reflect the limited relative abundance of this type of bacteria at the 

three sites (reaching maxima of 40% at Cawsand Bay in May; 33% at Drake's 

Island in August and July, although fi-equently 0%; 18% at White Patch in 

December). The percentage of Foraminiferida with round apertures is negatively 

correlated with percentage of Gram negative cocci at Drake's Island. It may be for 

this group of Foraminiferida at this site, that a proliferation of Gram negative cocci 

causes a detrimental environment, or these foraminiferids proliferate when other 

types of bacteria dominate the bacterial assemblage. 

7.9, B A C T E R I A : P E R C E N T A G E O F G R A M 

posmvE. 

Table 7.8: Significant correlation coefTicients between percentage of Gram 

1 Foraminiferida Cawsand Bay Drake's Island White Patch { 

Number of Spirilinina -0.646 
% Spirilinina -0.617 

From Table 7.8 there are only two significant correlations with the percentage of 

the bacterial fauna which is Gram positive; both relationships are between 

Spirillinina at White Patch and the bacteria, and both are negative. It appears that 

Spirillinina, therefore, benefit from the presence of Gram negative bacteria and are 

detrimentally affected by a predominance of Gram positive bacteria. It would be 

expected that there would be many significant coefficients with reference to Tables 
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7.5 and 7.6, and the relative lack of significant coefficients indicates that the shape 

of the bacteria is an important factor to the Foraminiferida. 

7.10. B A C T E R I A : P E R C E N T A G E O F C O C C I . 

Table 7.9: Significant correlation coefficients between percentage of cocci 

1 Foraminlferida Cawsand Bay Drake's Island White Patch J 

Number of other apertures -0.679 
%>63 Jim -0.599 

The number of Foraminiferida with other apertures at Cawsand Bay is negatively 

correlated with cocci-shaped bacteria. Foraminiferida with this type of aperture 

will be positively correlated with rod-shaped bacteria, therefore, and perhaps 

benefit fi-om their presence and allow reproduction of these foraminiferid groups. 

The percentage of Foraminiferida >63 ^im at White Patch is negatively correlated 

with cocci-shaped bacteria at White Patch; therefore, the rod-shaped bacteria may 

promote the reproduction of Foraminiferida at this site. 

The relative lack of significant correlations between cocci-shaped bacteria and, 

fi-om Table 7.8 the percentage of Gram positive bacteria, indicate that both the 

stain and the shape of bacteria within the environment are important factors to the 

Foraminiferida in the habitat. 
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7.11. O T H E R MEIOFAUNA: ABUNDANCE O F COPEPODA. 

Table 7.10: SigniFicant correlation coefTicients between numbers of Copepoda 
and Foraminiferida. 

1 Foraminiferida Cawsand Bav Drake's Island White Patch | 
Number per grab 0.852 0.717 
Number of Miliolina 0.866 0.719 
Number of Lagenina 0.783 0.714 
Number of Rotaliina 0.734 0.692 
Number of hyaline 0.740 0.696 
Number of unilocular 0.774 0.730 
Number of biserial 0.921 0.778 
Number of triserial 0.764 
Number of planispiral 0.674 
Number of trochospiral 0.750 0.578 
Number of quinqueloculine 0.827 0.709 
Number of round apertures 0.844 0.716 
Number of slit apertures 0.756 0.650 
Number of arch apertures 0.913 0.739 
Number of pore apertures 0.650 
Number of epifaunal 0.900 0.615 
Number of infaunal 0.742 0.699 
Number of herbivores 0.850 0.692 
Number of delritivores 0.828 0.723 
% Suspension-feeders -0.693 
Number >63 \im 0.748 0.705 
Number > 125 pm 0.864 0.592 
Number >250 \m 0.862 0.577 
Number >500 jun 0.721 

The abundance of Copepoda is significantly positively correlated to almost all 

groups of Foraminiferida from both Cawsand Bay and White Patch. The almost 

complete lack of relationships between Copepoda and Foraminiferida at Drake's 

Island reflects that this site is dominated by Ostracoda, whilst Cawsand Bay and 

White Patch are dominated by Copepoda throughout the annual sampling period. 

The positive correlations obtained probably indicate that Copepoda reproduce 

when the Foraminiferida do, although they do not compete for food or space 

resources in the environment. The correlation coefficients produced fi-om the data 

are all positive with the exception of the only significant coefficient between 

Foraminiferida fi-om Drake's Island and Copepoda. 

The number of Foraminiferida at Cawsand Bay has a very strong relationship with 

the number of Copepoda at this site, and the number of Foraminiferida at White 
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Patch also has a strong relationship with the abundance of Copepoda. These 

relationships indicate that Copepoda reproduce at the same time as the 

Foraminiferida, and probably in response to the same environmental cues. Numbers 

of Miliolina, Lagenina, Rotaiiina and hyaline Foraminiferida are correlated with 

number of Copepoda at both Cawsand Bay and White Patch. The correlation 

coefficients at both sites increase fi'om Rotaiiina to hyaline taxa to Lagenina and 

MiUolina. The number of unilocular, biserial, triserial, planispiral, trochospiral and 

quinqueloculine Foraminiferida are all positively correlated with number of 

Copepoda per grab at Cawsand Bay, whilst at White Patch unilocular, biserial, 

trochospiral and quinqueloculine Foraminiferida are positively correlated with 

these organisms. The number of Foraminiferida with round, sUt and arch apertures 

are correlated with number of copepods at both Cawsand Bay and White Patch, 

whilst the number of Foraminiferida with pore apertures at Cawsand Bay is also 

correlated positively with Copepoda. The numbers of both infaunal and epifaunal 

Foraminiferida at Cawsand Bay and White Patch are positively correlated with 

number of Copepoda. These correlations probably form part of the relationships 

between Foraminiferida and Copepoda and fiirther demonstrate the synchronised 

reproduction of Foraminiferida and Copepoda in these areas. The numbers of 

herbivores and detritivores are correlated with numbers of Copepoda; the 

correlations are good at White Patch and very strong at Cawsand Bay. The 

numbers of all test sizes present at Cawsand Bay are strongly correlated with the 

number of Copepoda, whilst at White Patch all test sizes except those of >500 jim 

and >1000 ^m are correlated with Copepoda. This may indicate that at White 

Patch, although the growth of Foraminiferida may be relatively quick after 

reproduction, there is a slowing-down of the growth rate so that those individuals 

of >500 ^m and >1000 ^m are not part of the correlation for reproduction of these 

two groups of benthonic meiofauna. Copepoda collected are rarely greater than the 

size range between 250 \im and 500 \xm, and therefore might not correspond with 

the larger species of Foraminiferida at White Patch for this reason, although 

growth rates of the two groups may differ considerably. These groups of 
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Foraminiferida must reproduce at the same time as the Copepoda, and it appears 

that neither group of these benthonic meiofauna suffers fi-om competition. 

7.12. O T H E R MEIOFAUNA: ABUNDANCE O F AMPHIPODA. 

Table 7.11: Significant correlation coefficients between number of 

1 Foraminiferida Cawsand Bay Drake's Island White Patch J 

Number per grab 0.741 
Number of Milioiina 0.722 
Number of hyaline 0.651 
Number of Rotaliina 0.651 
Number of uniserial 0.741 
Number of biserial 0.679 
Number of planispiral 0.701 
Number of trochospiral 0.594 
Number of quinqueloculine 0.687 
Number of round apertures 0.719 0.599 
Number of arch apertures 0.716 
Number of pore apertures 0.717 
Number of epifaunal 0.782 
Number of infaunal 0.658 0.577 
Number of herbivores 0.772 
Number >63 \im 0.632 
Number > 125 jun 0.842 

The number of Amphipoda per grab was relatively low at all sites sampled, but the 

abundance of these meiofauna corresponded well with abundance of 

Foraminiferida at Cawsand Bay, reflecting the more numerous significant 

correlations at this site than at the other two sites. All correlations are positive 

meaning that these two groups of meiofauna probably reproduce at the same time 

and do not compete for food or space. 

The number of Foraminiferida per grab and the number of Amphipoda per grab are 

strongly correlated at Cawsand Bay as are the numbers of Milioiina, Rotaliina and 

hyaline Foraminiferida. The numbers of uniserial, planispiral, trochospiral and 

quinqueloculine Foraminiferida are all correlated with the numbers of Amphipoda 

at Cawsand Bay, whilst the numbers of biserial forms are correlated with 

Amphipoda at White Patch. Foraminiferida with arch and pore apertures are 
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correlated with the number of Amphipoda at Cawsand Bay, and the number of 

Foraminiferida with round apertures are correlated with Amphipoda at both 

Cawsand Bay and at Drake's Island. The number of epifaunal Foraminiferida is 

correlated strongly v^th Amphipoda at Cawsand Bay, whilst the number of 

infaunal Foraminiferida is correlated with Amphipoda at both Cawsand Bay and 

Drake's Island. The number of herbivores is strongly correlated with the abundance 

at Cawsand Bay. Amphipoda feed upon seston, detritus and scavenge amongst the 

sediment and so do not compete with herbivorous Foraminiferida for food. The 

number of Foraminiferida of both >63 ^m and >125 ^m size are correlated with 

number of Amphipoda at Cawsand Bay. This re-inforces the assumption that these 

two groups of benthonic meiofauna reproduce at the same time at this site. At this 

site the Amphipoda reproduce when the Foraminiferida reproduce, probably in 

response to the same environmental cues. 

242 



7.13. O T H E R MEIOFAUNA: ABUNDANCE O F OSTRACODA. 

Table 7.12: Significant correlation coefTicients between number of Ostracoda 

1 Foraminiferida Cawsand Bay Drake*s Island White Patch _ \ 

Number per grab 0.845 0.956 0.837 
Richness 0.578 
Number of Textulariina 0.701 
Number of Miliolina 0.613 0.966 0.778 
Number of SpirilUnina 0.759 0.658 
Number of Lagenina 0.884 0.960 0.869 
% Lagenina 0.751 
Number of Rotaliina 0.837 0.883 0.821 
Number of h\'aline 0.844 0.904 0.827 
Number of unilocular 0.885 0.881 
Number of uniserial 0.589 
Number of biserial 0.790 0.953 0.872 
Number of triserial 0.898 0.723 
Number of planispiral 0.834 0.811 0.685 
Number of trochospiral 0.801 0.864 0.643 
Number of quinqueloculine 0.965 0.780 
Number of other coiling 0.880 
Number of roimd apertures 0.859 0.746 0.885 
Number of slit apertures 0.885 0.966 0.860 
Number of arch apertures 0.811 0.967 0.817 
Number of pore apertures 0.792 0.667 
Number of other apertures 0.786 
Number of epifaunal 0.712 0.971 0.717 
Number of infaunal 0.823 0.712 0.819 
Number of herbivores 0.815 0.951 0.798 
Number of detritivores 0.885 0.909 0.867 
Number suspension-feeders 0.747 0.883 
Number >63 ^m 0.880 0.963 0.823 
Number >125 jun 0.743 0.668 0.787 
Number >250 ^m 0.755 0.887 0.580 
Number >500 um 0.705 0.805 
Number > 1000 tun 0.732 
%> 1000 m 0.732 

Ostracoda are strongly correlated with the number of almost all groups of 

Foraminiferida from all sites. This means that Ostracoda share the same 

reproductive period of all groups of Foraminiferida and as there is no evidence of 

negative relationships between these two groups of meiofauna it seems likely that 

Ostracoda and Foraminiferida do not compete for food resources or for space in 

the sites investigated. 
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All sites investigated have very strong correlation coefficients between abundance 

of Ostracoda and Foraminiferida. The numbers of Ostracoda are significantly 

positively correlated to the richness of foraminiferid species at White Patch; 

therefore, as numbers of Ostracoda rise, so do number of foraminiferid species. It 

may be possible that more species of Foraminiferida provide different metabolites 

benefiting Ostracoda directly or indirectly, or vice versa. The oflen very strong 

correlations of Ostracoda and groups of Foraminiferida at all sites indicate that 

these two groups of benthonic meiofauna suffer no detrimental effects of the 

presence of each other. Ostracoda are detritivores and it would be expected that 

the detrivorous Foraminiferida would compete with the Ostracoda for this food 

source; this does not occur and perhaps indicates that these meiofauna utilise 

different components of the detrital organic matter which is available at the sites 

investigated. 

7.14. O T H E R MEIOFAUNA: ABUNDANCE O F F O L Y C H A E T A . 

Table 7.13: Significant correlation coefTicients between number of Polychaeta 
and Foraminiferida. 

1 Foraminiferida Cawsand Bay Drake's Island White Patch | 
Number per grab 0.603 
Number of Lagenina 0.653 
% of Lagenina 0.594 
Number of Rotaliina 0.659 
Number of hyaline 0.661 
Number of unilocular 0.656 
% unilocular 0.599 
Number of biserial 0.798 
Number of trochospiral 0.621 
% trochospiral 0.578 
Number of round apertures 0.764 
Number of arch apertures 0.625 
Number of slit apertures 0.578 
% slit apertures 0.620 
Number of other apertures 0.661 
Number of infaunal 0.737 
Number of detritivores 0.719 
% suspension-feeders 0.621 
Number >63 jun 0.696 
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Polychaeta are relatively rare components of the meiofauna at the sites 

investigated. Only one specimen was found at Drake's Island, reflecting that the 

unstable substratum at this site is unsuitable for Polychaeta to form their tube-

shaped burrows, and indicates that the significant correlations found for percentage 

of trochospiral Foraminiferida and suspension-feeders at this site are untenable. 

Polychaeta are present at Cawsand Bay only in five months of the year and always 

less than five specimens per sample. This site only has few significant correlations 

with the percentage of the foraminiferid fauna which is Lagenina, unilocular and 

those with slit apertures. White Patch Polychaeta are present only in two months 

of the sampling period; 20 specimens in September and 4 specimens in January. 

The correlation with abundance of Foraminiferida and number of >63 \im 

Foraminiferida at White Patch shows that the Polychaeta probably reproduce at 

this site when the Foraminiferida do, and, in particular, when the Lagenina, 

Rotaiiina and hyaline forms do. Significant correlations are also found for 

unilocular, biserial and trochospiral Foraminiferida, as well as those Foraminiferida 

with round, arch, slit and other types of apertures. Strong correlations are found at 

White Patch for number of infaunal Foraminiferida and detritivores indicating that 

these Foraminiferida and the Polychaeta share both life-position and feeding 

strategies. All correlations are positive, indicating that both groups increase in 

abundance at the same time; probably the Polychaeta, which are predators of 

Foraminiferida, benefit fi-om the increased abundance of Foraminiferida. 
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7.15. O T H E R MEIOFAUNA: ABUIVDANCE O F BIVALVIA. 

Table 7.14: Significant correlation coefficients between number of Bivalvia 

1 Foraminiferida Cawsand Bay Drake*s Island White Patch | 
Number per grab 0.661 
Shannon di\'ersity 0.705 
Number of Milioiina 0.619 
Number of Rotaliina 0.699 
Number of ĥ iUine 0.686 
Number of unilocular 0.595 
Number of planispiral 0.690 
Number of trochospiral 0.680 
Number of quinqueloculine 0.622 
Number of other coiling 0.642 
Number of round apertures 0.747 
Number of arch apertures 0.600 
Number of pore aperture 0.657 
Number of infaunal 0.663 
Number of epifaunal 0.619 
Number of heibivores 0.679 
Number suspension-feeders 0.683 0.583 
Number >63 \m 0.586 
Number > 125 \un 0.762 
Number >250 \ixn 0.609 

The numbers of Bivalvia at Cawsand Bay and White Patch are relatively few, but 

at Drake's Island Bivalvia are present in relatively large numbers throughout the 

year. This is reflected by the number of correlations between Bivalvia and 

Foraminiferida at the sites. Abundance of all Foraminiferida is correlated at Drake's 

Island with abundance of Bivalvia, as are the abundance of Milioiina, Rotaliina, 

hyaline, unilocular, planispiral, trochospiral, quinqueloculine and Foraminiferida of 

other coiling. The numbers of Foraminiferida with round, slit, arch and pore 

apertures, as well as those of >63 ^m, >125 \im and >250 ^m, are correlated with 

Bivalvia at Drake's Island. Numbers of Bivalvia at Drake's Island are also 

correlated with the Shannon diversity of the Foraminiferida at this site; this may 

indicate that the seston providing food for the suspension-feeding Bivalvia 

provides nutrients for suspension-feeding Fonumniferida at this site, so increasing 

the diversity of Foraminiferida. The numbers of both infaunal and epifaunal 

Foraminiferida at Drake's Island are correlated with Bivalvia, although the 

coefficient for the infaunal forms is slightly higher than that for the epifaunal forms. 
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Although herbivores are correlated with BivaJvia at Drake's Island, the numbers of 

suspension-feeders are correlated with Bivalvia at both Drake's Island and White 

Patch; reflecting that Bivalvia are both herbivorous and suspension-feeders, and 

that both groups increase in abundance to capitalise upon the seston and unicellular 

algae available in the environment. 

7.16. O T H E R MEIOFAUNA: ABUNDANCE O F GASTROPODA. 

Table 7.15: Significant correiation coeflicients between the number of 

1 Foraminiferida Cawsand Bav Drake's Island White Patch I 
Number of Spirillinina 0.803 
% Spirillinina 0.629 
Number of Lagenina 0.811 
Number of Rotaliina 0.625 
Number of hyaline 0.635 
Number of unilocular 0.809 
Number of uniserial 0.637 
% uniserial 0.723 
Number of triserial 0.689 
Number of planispiral 0.635 
Number of trochospiral 0.612 
Number of round apertures 0.681 
Number of slit apertures 0.823 
Number suspension-feeders 0.842 
Number of detritivores 0.590 
Number >63 pm 0.706 

Gastropoda are relatively rare at Cawsand Bay and White Patch, although at 

Drake's Island numerous specimens were present in most of the samples. Only one 

gastropod was found at Cawsand Bay, bringing all significant correlations at this 

site into doubt. The correlation with Drake's Island Foraminiferida, however is 

probably valid. 
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7.17. O T H E R MEIOFAUNA: ABUNDANCE O F SCAPHOPODA. 

Table 7.16: Significant correlation coefTicients between the number of 

1 Foraminiferida Cawsand Bav Drake's Island White Patch || 
Number per grab 0.604 
Number of Spirillinina 0.867 
% Spirillinina 0.839 
Number of Lagenina 0.690 
Number of Rotaliina 0.648 
Number of h>'aline 0.652 
Number of unilocular 0.678 
Number of biserial 0.812 
Number of triserial 0.583 
Number of trochospiral 0.577 
Number of round apertures 0.782 
Number of arch apertures 0.620 
Number of slit apertures 0.617 
Number of other apertures 0.621 
Number infaunal 0.724 
Number detritivores 0.745 
Number suspension-feeders 0.633 
Number >63 \un 0.726 
Number >500 \m 0.743 

There were no Scaphopoda found at Cawsand Bay throughout the sampling 

period, hence the lack of correlations. Scaphopoda were only found in one month 

at White Patch, probably making these correlations at this site invalid. Scaphopoda 

were found throughout the year at Drake's Island, so these correlations with 

Spirillinina, suspension-feeders and Foraminiferida of >500 jim are probably true 

relationships. Scaphopoda are selective predators of Foraminiferida and probably 

reproduce at Drake's Island in order to take advantage of the Foraminiferida 

reproducing at this site. 
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7.18. O T H E R MEIOFAUNA: ABUNDANCE O F ACARIFORMES. 

Table 7.17: Significant correlation coefTicients between the number of 
Acarifonnes and Foraminiferida. 

1 Foraminiferida Cawsand Bav Drake*s Island White Patch ] 
Evenness -0.594 
Number of MilioUna 0.592 
% MilioUna 0.588 
% Rotaliina -0.702 
% hyaline -0.627 
Number of quinqueloculine 0.591 
% infaunal -0.638 
% suspension-feeders -0.722 
Number >500 ^m 0.588 

Acariformes were only found at Drake's Island, hence the lack of correlations at 

the other two sites investigated. Acariformes are one of the few groups of other 

meiofauna to produce negative correlation coefficients with Foraminiferida. 

Negative relationships exist between Acariformes and the evenness of 

Foraminiferida, the percentage of Rotaliina, hyaline Foraminiferida, infaunal and 

suspension-feeders. The number of Foraminiferida of >500 jim are positively 

correlated with the number of Acarifonnes at Drake's Island, however. The 

number of Acariformes per grab being negatively correlated to evenness at Drake's 

Island indicates that as the number of Acariformes increases, evenness falls and 

dominance by a few species of Foraminiferida occurs. This may indicate that 

Acariformes may compete for a food source utilised by some species of 

Foraminiferida and deplete the area of these food items when Acariformes 

reproduce. The negative relationships between Acariformes and Foraminiferida 

may indicate that these two groups compete for food resources or for space; both 

commodities are very important to benthonic meiofauna. 
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B A ( II I A R I O P i n c I \ l . 

Multi-variate analysis was carried out upon the diatom assemblages from the 

three sites to investigate i f the diatoms form discrete assemblages at the samplmg 

sites. The data were transformed by natural logarithms. The inclusion of colour-

coded lines around the samples is to easily distinguish the geographical areas and 

is not mtended to influence the interpretation of the plots. From Figure 7.3 it can 

be seen that the sites sampled contain different assemblages of diatoms as the 

sites can be grouped together. The diatom assemblage for Cawsand Bay in April 

appears to be more similar to the White Patch diatom assemblages than to 

assemblages at Cawsand Bay in other months 

Stress = 0.11 

WP Jan 

CB Jan 

WP Apr 

WPO^^ DlAug 

CB Apr 

CB Aug 

CB Oct 

WP Aug 

Dl Oct 

CB Aug 

CB Oct 
Dl Apr 

Dl Jan 

1 iiiurc ".3: Multi-dimensionijl scaling plot of diatom assemblages from the 
three sampling sites, 1993/1994. 
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Stress = 0 01 

Figure 7.4: Multi-dimensional scaling plot of foraminiferidal assemblages 
from the three sampling sites, I993/I*m 

The multi-dimensional scaling plot of Foraminiferida at the three sites for the 

months of August, October, January and April (the months sampled for diatoms) 

show that the Foraminiferida for these months are not as discrete in terms of site 

as the diatoms, although the Drake's Island assemblage in April appears to be 

quite different to the other samples. By comparison of Figures 7.3 and 7.4, it can 

be inferred that the diatom assemblages at the sites sampled do not dictate the 

species of Foraminiferida present 
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7.19.1. P E R C E N T A G E C E N T R I C DIATOMS. 

Table 7.18: Significant correlation coefficients between centric diatoms and 
Foraminiferida. 

1 Foramiaiferida Correlation coefficient I 
%Rotalima 0.6471 
% Hyaline 0.6566 
% trochospiral 0.7577 
% quinqueloculine -0.5800 
Number of other apertures 0.7109 
% other apertures 0.6577 
% infaunal 0.6404 
%epifaunal -0.6289 
% 250 mn 0.8993 
% 500 nm 0.5775 

Centric diatoms are positively correlated with both percentage Rotaliina and 

percentage of hyaline specimens, although the coefficient for hyaline forms is 

slightly higher than that for Rotaliina, indicating that centric diatoms reproduce 

when hyaline forms as a whole form a higher proportion of the assemblages 

sampled. The negative correlation between quinqueloculine Foraminiferida and 

centric diatoms could indicate that when centric diatoms and hyaline laxa are high 

the proportion of quinqueloculine forms is relatively small. The percentage of 

trochospiral Foraminiferida and both the number of and percentage of 

Foraminiferida with other apertures rise when the proportion of centric diatoms is 

also high. Both the percentage of >250 ^m and of >500 ^m Foraminiferida rise as 

the proportion of centric diatoms rise at the sites. Whilst the proportion of infaunal 

Foraminiferida rises as the proportion of centric diatoms rises, there is a 

subsequent fall in the proportion of epifaunal forms; the coefficient for infaunal 

forms is slightly higher than the coefficient for epifaunal forms, perhaps indicating 

that this is the true relationship. 

The positive relationships between groups of Foraminiferida and centric diatoms 

may indicate that these groups reproduce at the same time, or may indicate that 

one group reproduces in response to the other. Negative relationships between 

centric diatoms and groups of Foraminiferida indicate that as the proportion of 
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centric forms in the diatom assemblage increases the foraminiferid group 

decreases. This may reflect competition between diatom shapes and perhaps 

indicates that the centric diatoms out-compete some other shape of diatom which 

would benefit the foraminiferid group. 
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Figure 7.5: Scatter plot showing correlation of percentage centric diatoms 
and percentage of foraminiferid fauna >250 fim (0.8993). 

7.19.2. P E R C E N T A G E PANDURIFORM DIATOMS. 

Table 7.19: Signiflcant correlation coefficients between panduriform diatoms 
and Foraminiferida. 

1 Foraminiferida Correlation coefncient | 
% Miliolina -0.6883 
% Rotaliina 0.7307 
% hyaline 0.7606 
% trochospiral 0.8547 
% quinqueloculine -0.6919 
Number of other apertures 0.8017 
% other apemires 0.7341 
% infaunal 0.6563 
% epifaunal -0.6682 
%>63 um -0.6030 
%>250^m 0.9196 

From Table 7.19 it can be seen that most of the relationships with panduriform 

diatoms and groups of Foraminiferida are positive. As the proportions of hyaline 

forms and Rotaliina rise with the proportion of panduriform diatoms, there is a 

negative relationship between these diatoms and percentage of Miliolina, and with 

quinqueloculine-coiled Foraminiferida. The percentages of trochospiral forms and 

253 



both the number of and percentage of Foraminiferida with other types of apertures 

have positive relationships with panduriform diatoms. Whilst the percentage of 

Foraminiferida >63 |im is negatively correlated with this shape of diatoms, the 

percentage of Foraminiferida >250 ^m has a very strong positive relationship with 

these diatoms. As with the centric diatoms, the percentage of infaunal 

Foraminiferida increases as the proportion of panduriform diatoms rises and the 

percentage of epifaunal Foraminiferida falls as this group of diatoms increases. 

P e r c e n t a g e p o D d u r i f o r m 

Figure 7.6: Scatter plot showing correlation of percentage panduriform 
diatoms and percentage of foraminiferid fauna >250 (+0.9196). 
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Figure 7.7: Scatter plot showing correlation of percentage panduriform 
diatoms and percentage of trochospiral Foraminiferida (+0,8547). 
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7.19.3. P E R C E N T A G E S E M I - L A N C E O L A T E DL\TOMS. 

Table 7.20: Significant correlation coeflicients between semi-lanceolate 
diatoms and Foraminiferida. 

1 Foraminiferida Correlation coefTicient | 
Number Milioiina 0.6124 
%Milioiina 0.6027 
Number quinqueloculine 0.6276 
%quinqueIoculine 0.5831 
%>125um 0.6866 

Semi-lanceolate diatoms are positively correlated with number and percentage of 

both Milioiina and quinqueloculine-coiled forms. There is not a consequent 

negative correlation between this diatom group and Rotaliina, however, indicating 

that the increased presence of Milioiina and quinqueloculine Foraminiferida is not 

at the expense of rotalinids. This group of diatoms is also positively correlated with 

the percentage of Foraminiferida >125 \im. 

7,19.4. P E R C E N T A G E L A N C E O L A T E DL\TOMS. 

Table 7.21: Significant correlation coeflicients between lanceolate diatoms 
and Foraminiferida. 

1 Foraminiferida Correlation coefficient | 
% MiUolina 0.7006 
% Rotaliina -0.7518 
% hvaline -0.7634 
% trochospiral -0.7907 
% quinqueloculine 0.7019 
% other aperuires -0.6273 
% infaunal -0.7646 
% epifaimal 0.7756 
%>63 jun 0.6964 
% >250 um -0.8396 

From Table 7.21 it can be seen that lanceolate diatoms have more negative 

correlations with Foraminiferida than positive. As the proportion of lanceolate 

diatoms increases so do the percentage of Milioiina and quinqueloculine forms; 

whereas the percentages of Rotaliina, hyaline, trochospiral and those with other 

apertures fall. The proportion of infaunal Foraminiferida is negatively correlated 
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with lanceolate diatoms and the proportion of epifaunal forms is correspondingly 

positively correlated with these diatoms, perhaps indicating the preference of 

epifaunal Foraminiferida for this group of diatoms. The percentage of 

Foraminiferida >63 ^m is positively correlated with lanceolate diatoms and the 

percentage of Foraminiferida >250 ^im is strongly negatively correlated with 

lanceolate forms perhaps indicating the reproduction of Foraminiferida when 

lanceolate diatoms reproduce. 

P e r c c D t a g c > 2 S 0 p i i i 

Figure 7.8: Scatter plot showing correlation of percentage lanceolate diatoms 
and percentage of foraminiferid fauna >250 ^m (-0.8396). 

7.19.5. P E R C E N T A G E SIGMOID DIATOMS. 

Table 7.22: Significant correlation coeflicients between sigmoid diatoms and 
Foraminiferida. 

1 Foraminiferida Correlation CDefficient I 

Number of Textulariina 0.6794 
Number of Rotaliina 0.5908 
Number of hi-aline 0.5875 
Number of uniserial 0.7033 
Number > 125 \xm 0.6558 

From Table 7.22 it can be seen that ail significant correlations between sigmoid 

diatoms and Foraminiferida are positive. Sigmoid diatoms appear to reproduce at 

the same time as Textulariina, Rotaliina, hyaline, uniserial and Foraminiferida of 

>125 ^m, whilst not causing a subsequent decrease in other foraminiferid groups. 
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7.19.6. P E R C E N T A G E E L L I P T I C A L DIATOMS. 

Table 7.23: Significant correlation coefficients between elliptical diatoms and 
Foraminiferida. 
Foraminiferida Correlation coefficient 
% Miliolina 0.6942 
% Rotaliina -0.7540 
% hyaline -0.7778 
Number of trochospiral -0.6844 
% trochospiral -0.7445 
% quinqueloculine 0.7104 
Number of other apertures -0.6417 
% other apertures -0.6468 
% infniinni -0.6990 
% epifaunal 0.6989 
% suspension feeders 0.5989 
%>63 um 0.6405 
Number >250 um -0.5999 
% >250 um -0.8531 

From Table 7.23 it can be seen that the proportion of Miliolina rises together with 

the proportion of elliptical diatoms as the proportions of both Rotaliina and hyaline 

specimens fall. Similarly, both the number and proportion of trochospiral 

Foraminiferida, which in part form part of the relationship between both Rotaliina 

and hyaline forms, are negatively correlated with elliptical diatoms, whereas the 

proportion of quinqueloculine forms, which form a major part of the relationship 

between Miliolina, is positively correlated with elliptical diatoms. Both the number 

and percentage of Foraminiferida with other apertures are negatively correlated 

with elliptical diatoms. Whereas the proportion of epifaunal Foraminiferida 

increases as a proportion of the assemblage when elliptical diatoms increase as a 

proportion of the diatom assemblage, the percentage of infaunal Foraminiferida 

falls. The percentage of suspension-feeding Foraminiferida increases with an 

increase in epifaunal forms, perhaps indicating that this group benefits from 

elliptical diatoms as a food source. The percentage of >63 ^m Foraminiferida is 

positively correlated with this group of diatoms, indicating that reproduction of 

most Foraminiferida occurs when elliptical diatoms proliferate, whereas both the 

number and percentage of Foraminiferida >250 \im are negatively correlated with 

this diatom group. 
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Percentage >250 

Figure 7.9: Scatter plot showing correlation of percentage elliptical diatoms 
and percentage of foraminiferid fauna >250 ^m (-0.8531). 

7.19.7. P E R C E N T A G E O T H E R T Y P E S O F DIATOMS. 

Table 7.24: Significant correlation coefficients between other types of 
diatoms and Forarainiferida. 

1 Foraminiferida Correlation coefficient | 

% roimd apertures 0.5805 
%>\25m -0.6836 

Correlations with other types of diatoms are very few, perhaps reflecting the 

limited abundance of this type of diatom at the sampling sites. Foraminiferida with 

round apertures increase as a proportion of the foraminiferid fauna together with 

other types of diatom, whereas the proportion of Foraminiferida >I25 ^m falls. 

7.19.8. SHANNON DIVERSFTY O F DIATOMS. 

Table 7.25: Significant correlation coefficients between Shannon diversity of 
diatoms and Foraminiferida. 

1 Foraminiferida Correlation coefTicient | 

Fisher diversity -0.658 
Richness -0.585 
% Textulariina -0.675 
% other coiling -0.824 
% arch apertures -0.615 
% suspension feeders -0.610 
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All significant correlations with Foraminiferida and the Shannon diversity of 

diatoms are negative. As the diversity of diatoms rises the diversity of 

Foraminiferida, richness of species of Foraminiferida, the percentage of 

agglutinated, of other coiling, arch apertures and suspension-feeders decreases. 

The decrease in foraminiferid diversity as diversity of diatoms rises indicates that 

only a limited number of species of diatom are useful as food or symbiotic 

chloroplasts to Foraminiferida and as the diversity of diatoms rises there are, 

perhaps, fewer useful diatoms for the foraminiferid assemblages. Similarly it 

appears that Textulariina, Foraminiferida with other coiling, arch apertures and 

suspension feeders suffer in the same way from an increase in diversity of diatoms. 
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Figure 7.10: Scatter plot showing correlation of Shannon diversity of diatoms 
and percentage of foraroiniferid fauna of other coiling (-0.8240). 

7.19.9. M A R G A L E F ' S RICHNESS O F DIATOMS. 

Table 7.26: Significant correlation coeflicients between richness of diatoms 
and Foraminiferida. 

1 Foraminlferida Correlation coefficient | 

Abundance 0.586 
Number of infaunal 0.704 
Number of herbivores 0.648 

All significant correlations between richness of species of diatoms and 

foraminiferid abundance, number of infaunal and herbivorous specimens are 
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positive, indicating that as the number of diatom species increases these groups 

benefit from a varied food source. 

7.19.10. PIELOU'S EVENNESS O F DLVTOMS. 

Table 7.27: Significant correlation coefficients between evenness of diatoms 
and Foraminiferida. 

1 Foraminiferida Correlation coefficient | 
% Textulariina -0.728 
% other coiling -0.792 
% arch apertures -0.618 
% slit apertures 0.591 
% infaunal 0.626 

The evenness of diatom species is positively correlated with the percentage of 

Foraminiferida with slit apertures and with infaunal specimens, whilst being 

negatively correlated with the percentage of Textulariina, other coiling and 

Foraminiferida with arch apertures. This may indicate that Textulariina and 

Foraminiferida with other coiling and arch apertures are more selective for diatom 

species and therefore benefit fi-om dominance of certain diatom species. 

7.19.11. D L \ T O M SHAPE AND FORAMINITERID GROUPS. 

The percentage of Textulariina is positively correlated with sigmoid diatoms, and 

may benefit directly fi-om an increased abundance of this diatom shape. The 

percentage of Rotaliina and hyaline types share the same correlations with diatoms 

and are positively correlated with centric, panduriform and sigmoid diatoms, whilst 

being negatively correlated with lanceolate and elliptical diatoms. Correlations for 

Miliolina for panduriform, lanceolate and elliptical diatoms are opposite to those of 

hyaline and Rotaliina, and, in addition, are positively correlated with semi-

lanceolate forms. 

Trochospiral and quinqueloculine-coiled Foraminiferida produce opposing 

correlations; trochospiral forms are positively correlated to centric and 
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panduriform diatoms and negatively correlated with lanceolate and elliptical 

diatoms, whereas quinqueloculine Foraminiferida are negatively correlated with 

centric and panduriform diatoms and positively correlated with lanceolate and 

elliptical diatoms, and semi-lanceolate diatoms. There are similar relationships 

between trochospiral and hyaline types and Rotaliina (with the exception of 

sigmoid diatoms) and Miliolina and quinqueloculine Foraminiferida (with the 

exception of centric diatoms) indicating that quinqueloculine Foraminiferida form 

the major constituent of the Miliolina, and that the abundance of trochospiral forms 

dictates the abundance of Rotaliina and hyaline forms. 

The number of Foraminiferida with other apertures is positively correlated with 

centric and panduriform diatoms, whilst being negatively correlated with elliptical 

forms, and the percentage of Foraminiferida with other apertures is positively 

correlated with panduriform diatoms whilst being negatively correlated with 

lanceolate and elliptical diatoms. Foraminiferida with round apertures are positively 

correlated with other-shaped diatoms. These correlations of minor groups of 

aperture type indicate that the apertural shape of Foraminiferida is not an adaptive 

feature for the ingestion of unicellular algae into the test. This supports the finding 

of Lee ipers. comm.) that digestion of diatoms occurs outside of the test. 

Life position of Foraminiferida is correlated with diatom shape; infaunal forms are 

positively correlated with centric and panduriform diatoms and negatively 

correlated with lanceolate and elliptical forms. Epifaunal forms have opposite 

correlations to infaunal forms. This may indicate that infaunal Foraminiferida and 

centric and panduriform diatoms reproduce when environmental variables favour 

this and may indicate that these diatoms benefit fi-om the environment at this time. 

Epifaunal Foraminiferida are correlated positively with lanceolate and elliptical 

diatoms and may indicate that these diatoms are also strongly epifaunal. 
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It was expected that the feeding strategies of Foraminiferida would be correlated 

with diatom shape, especially amongst herbivores. Only suspension-feeders are 

correlated with diatoms of a shape (elliptical), and whilst suspension-feeders may 

be selective feeders of this shape of diatom, other Foraminiferida appear to be 

unselective for shape of diatom. 

Sizes of Foraminiferida are correlated with shapes of diatoms. Foraminiferida 

between 63 ^m and 125 ^m are positively correlated with lanceolate and elliptical 

diatoms and negatively correlated vnth panduriform diatoms. Foraminiferida 

between 125 nm and 250 ^m are positively correlated with semi-lanceolate and 

sigmoid-shaped diatoms and negatively correlated with other shapes of diatoms. 

Foraminiferida between 250 ^m and 500 \im are positively correlated with centric 

and panduriform diatoms and negatively correlated with lanceolate and elliptical 

diatoms. Specimens between 500 ^m and 1000 ^im are positively correlated with 

centric diatoms. The correlations between the 63 ^m-125 |im and 125 ^m-250 ^m 

Foraminiferida and shape of diatom are common to correlations between the 

Miliolina and diatom shape. The correlations for Foraminiferida of 250 ^m-500 nm 

and 500 nm-1000 ^m are common to the correlations between the Rotaliina and 

shape of diatom. This may indicate that the correlations between the smaller sizes 

of Foraminiferida and diatom shapes reflect the reproduction of Miliolina and the 

correlations between the larger sizes of Foraminiferida and shapes of diatom reflect 

the reproduction of Rotaliina. 

7.20. SUMMARY. 

Organic content of the sediment appears to be an important variable to certain 

groups of Foraminiferida at Drake's Island, whilst only being significantly 

correlated with one group at Cawsand Bay and having no significant correlations 

with the White Patch fauna. The number of significant correlations at the sites may 

reflect the differences in the energy of the environments; the pooriy-sorted 
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sediment of White Patch would hold organic matter, the fine sand sediment of 

Cawsand Bay will probably hold organic matter well, whilst the well-sorted 

medium sand of Drake's Island will be more easily flushed of organic content. 

Most significant relationships are positive indicating that reproduction of 

foraminiferid groups occurs when organic content is relatively high. These 

relationships may also be linked to the bloom of the benthonic and planktonic 

unicellular plants or to bacterial blooms or the deposition of detrital macroalgae. 

The number of bacteria per gram of wet sediment is significantly negatively 

correlated with 4 groups of Foraminiferida at Cawsand Bay and significantly 

positively correlated with I group at Cawsand Bay and 2 groups at White Patch. 

These relationships may indicate that there is a limited number of bacteria at 

Cawsand Bay and slightly more at White Patch, and sufficient bacteria at Drake's 

Island which do not adversely affect the Foraminiferida. The diversity of bacteria, 

measured by the number of cfii (colony forming units) appears to be less important 

to Foraminiferida than the number of bacteria present: 1 positive correlation exists 

between the number of cfu and a group of Foraminiferida at Cawsand Bay, 3 

negative correlations exist between Foraminiferida and number of cfu at Cawsand 

Bay and 1 negative correlation between cfti and Foraminiferida at Drake's Island. 

The shapes and types of bacteria do not appear to be very important to 

Foraminiferida at the sites, with relatively few significant relationships noted 

above. At Cawsand Bay there are two positive correlations with Gram positive 

rods, 2 negative relationships with Gram positive cocci, 1 positive correlation with 

Gram negative rods, and 1 negative relationship with that percentage of the 

bacteria which are cocci. At Cawsand Bay the fauna appears to reproduce when 

bacterial rods are abundant. The Foraminiferida at Drake's Island have few 

correlations with types of bacteria, having I negative correlation with Gram 

negative rods and 1 negative correlation with Gram negative cocci and may prefer 

an abundance of Gram positive bacteria in order to reproduce. White Patch 

Foraminiferida are positively correlated with Gram positive rods (14 groups), and 
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Gram positive cocci (1 group), whilst being negatively correlated with Gram 

positive rods (1 group). Gram positive cocci (1 group). Gram positive bacteria (2 

groups) and cocci-shaped bacteria (1 group). These correlations indicate that most 

foraminiferid groups at this site reproduce when Gram positive rods are abundant. 

These correlations between Foraminiferida and types of bacteria present in the 

environment indicate that rod-shaped bacteria at Cawsand Bay are important. 

Gram positive bacteria are important at Drake's Island and Gram positive rods are 

important to the foraminiferid fauna at White Patch. 

The presence of other meiofauna appears to be beneficial to Foraminiferida at all 

sites, with the exceptions of Acariformes (5 groups) and Copepoda (1 group) at 

Drake's Island. In general, the other meiofauna appear to reproduce at the same 

time as the Foraminiferida at the sites, probably in response to the same 

environmental cues or just perhaps because excreta produced by the 

Foraminiferida is beneficial to them, or their excreta is beneficial to the 

Foraminiferida. There appears to be little competition (with the exception of 

Acariformes) between other meiofauna and Foraminiferida. 

The correlations with shapes of diatom present and Foraminiferida indicate that the 

major sub-orders of Foraminiferida (Miliolina and Rotaliina) are correlated with 

specific shapes of diatoms, and the correlations of foraminiferid shapes and sizes 

reflect these relationships. The relative lack of correlations between foraminiferid 

apertural shape and shape of diatoms indicate that the apertural shape of 

Foraminiferida is not an adaptive feature to allow entry of particular shapes of 

diatom into the foraminiferid test. Infaunal and epifaunal Foraminiferida are 

correlated with specific diatom shapes, whilst amongst feeding strategies only the 

suspension-feeders are correlated with shape of diatom. 

The correlations between Foraminiferida and biotic variables appear to have been 

worth investigating. The correlations between Foraminiferida and organic content, 
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abundance and types of bacteria, other meiofauna and diatoms reveal that, as with 

abiotic variables, the differences between sites lead to different correlations, but 

are important to the reproduction of foraminiferid groups. Further work should be 

carried out between foraminiferid species and the variables investigated to truly 

understand the importance of variables to the Foraminiferida present in the habitats 

studied. 
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C H A P T E R 8.0. 

C U L T U R E EXPERIMENTS. 

8.1. INTRODUCTION. 

According to Boltovskoy & Wright (1976), the first published accounts of the examination 

of live Foraminiferida are provided by BlainviUe (1825) and d'Orbigny (1826). The latter 

believed them to be a part of the life-cycle of Cephalopoda. Boltovskoy & Wright (1976) 

also state that Ehrenberg (1839), and ahnost simultaneously EHijardin (1841), managed to 

maintain Foraminiferida in the laboratory. Since these initial investigations many workers 

have made observations of Foraminiferida in the laboratory, and have described their 

behaviour, reproduction and structural organisation, notably the reticulose pseudopodial 

networks. Although much of the basic understanding of the biology of Foraminiferida has 

been obtained fi*om these laboratory studies, to what extent these observations reflect 

events in the natural environment remains unclear. 

Nutritional requirements of Foraminiferida maintained under laboratory conditions have 

been undertaken on a limited number of species by various authors. Studies on the quality 

of algal prey have been carried out (see Lee et ai, 1961; Murray, 1963; Hedley & 

Wakefield, 1967; Schnitker, 1974). Lee et al (1966) carried out tracer experiments and 

determined that the algal needs of Ammonia beccarii changed with ontogeny. Nutritional 

needs of Foraminiferida vary fi'om species to species, but diatoms and other unicellular 

algae appear to provide a good nutritional basis for most species (Arnold, 1974). The 

quantity of food has also been investigated by authors such as Lee (1980), Be et a/. (1981) 

and Lee et al. (1991 {b}). Lee et al. (1966) related feeding to food density and found that 

food uptake was directly proportional to concentrations between 10^ and 10^ individual 

cells per 10 ml of medium, becoming erratic at lower concentrations. Studies on feeding 

fi-equency (Be et al., 1981) showed that this varied inversely to survival time and that 

smaller, starved, individuals may resorb their chambers. Ecological experiments have also 
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been carried out upon a proteinaceous testate allogromid (Bradshaw, 1955, 1961; Kitazato, 

1981),//a///7/ry5^/wa(HedIey, 1958; Lee & Pierce, \963X Heterostegim depressa 

d'Orbigny (Rottger & Berger, 1972), Astrorhiza limicola Sandahl (Buchanan & HedJey, 

1960) and Allogromia laticollaris Arnold (Lee et a!., 1969). In addition, Moodley (1990 

{b}) observed that "soft" Foraminiferida would move into empty tests of other species; and 

Schnitker (1974) observed ecotypic variation in Ammonia beccarii kept under differing 

conditions in the laboratory. 

Reproduction of some species maintained in the laboratory has been observed and described 

for Palellim corrugaia (Myers, 1934, 1938), Allogromia laticollaris Arnold (Lee & 

McEnery, \970), Discorbis (Myers, 1940), Elphidium crispum {Jepps, 1942), 

Amphistegim madagascariensis ^Orbigny (MU\\QT, 1974), Trochammim inflata 

(Montagu) (Angell, 1990) and Rotaliella elatiatia Pawlowski & Lee (Pawlowski, 1991). 

These observations have provided vital information on the appearance and production of 

gametes, on schizogony and on the subsequent calcification of offspring. The observation of 

the reproduction of Foraminiferida in the laboratory is of vital importance to micro-

palaeontologists, as stages of development in the past have been described, occasionally, as 

separate species. 

Chamber formation has also been observed in some species and has provided a useful 

insight to the processes involved. In 1967 Angell observed chamber formation in the 

calcareous Rosalina floridana (Cushman). Arenaceous species, such as Textularia 

catideifia d'Orbigny (Bender, 1992) and Trochammim injlata (Angell, 1990), have been 

observed forming and mineralising chambers, and Be et a/. (1981) found that rate of 

chamber formation and test size was proportional to feeding frequency. Pseudopodial 

functions and arrays have been described by many authors. Sandon (1934) described 

pseudopodial movements and the two-way movement of granules within a single 

pseudopodium. The pattern of pseudopodial networks has been described for many species 

(see Jepps, 1942; Jahn & Rinaldi, 1959; Knight, 1986). The movement of various 

Foraminiferida both upon and within sediments is described by Kitazato (1988). 
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Whilst observations on Foraminiferida maintained in the laboratory have proved to be vital 

in the understanding of the basic requirements and responses to environmental variables, it 

is only by culturing species that one can ascertain the variety of responses through ontogeny 

in terms of habitat, nutritional requirements and the natural alternation of reproductive 

strategies. General culture methods for marine invertebrates are plentiful {e.g. Galtsoff, 

1937) and methods for the culture of Foraminiferida have been detailed by authors such as 

Myers (1935, 1937) and Arnold (1954 {b}). A laboratory system designed specifically for 

the culture of Foraminiferida is described by Arnold (1966), although a lathe and a great 

deal of patience must have been necessary to make the equipment. 

Many investigations of live Foraminiferida have been carried out at the Marine Biological 

Association (MBA), Plymouth using Foraminiferida fi*om collections in the region. Jepps 

(1942) maintained Elphidhm crispitm in the laboratory and describes the feeding 

requirements and the reproduction of this species. Myers (1935) made similar observations 

for Elphidium crispum, and he also observed the alternation of generations and the 

morphology of the gametes in 1943. Murray (1963) maintained Elphidium crispum and 

found that this species prefers live food, and that it selects food on a size basis. He also 

found that a reduction in salinity causes a reduction in feeding fi'equency in this species. 

Hedley & Wakefield (1967) maintained Rosalina leei Hedley & Wakefield collected fi-om 

Plymouth, and record observations on its reproduction and feeding requirements. Bryan 

ipers. comm.) successftilly maintained Elphidium crispiim on a shell/gravel substratum in a 

recirculating marine aquarium at the MBA prior to their use in radiological experiments 

(Bryan, 1963). 

Although many authors have maintained Foraminiferida under laboratory conditions for a 

limited period, there are few accounts of the successfiil culture of these organisms. Any 

organism in culture must demonstrate its complete life-cycle throughout several generations 

(Anderson et a/., 1991). Amongst those who have carried out extended studies, there are 

three notable exceptions who have managed to culture Foraminiferida: Professor John Lee, 

of the City College, (New York); Dr. Hiroshi Kitazato of Shizuoka University, (Japan) and 
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Dr. Jan Pawlowski of the University of Geneva, (Switzeriand). Professor Lee has cultured 

AUogromia laiicolaris for long periods (Lee & McEnery, 1970); Dr. Kitazato has observed 

most of the life cycle of Trochammina hadai Uchio (oral presentation. Proceedings of the 

Fourth International Workshop on Agglutinated Foraminifera, Krakow, Poland, 1993); Dr. 

Pawlowski has kept Rotaliella elatiana Pawlowski & Lee in culture for several years 

(Pawlowski, 1991). To date there are no records of any species of planktonic 

Foraminiferida which have completed their life-cycle in culture. Of those maintained in the 

laboratory, Bijima et al. (1990) discovered the temperature and salinity limits for some 

species, and discovered that some species reproduce according to the lunar cycle. 

Agnotobiotic cultures (that is those which contain other organisms) were tried first, as these 

would be the most simple to initiate and maintain. Lee et al. (1966) found that gnotobiotic 

cultures resulted in greatly reduced fecundity. Bacteria are essential to the viability of 

Foraminiferida in the laboratory (Muller & Lee, 1969); and those workers who have 

attempted to maintain Foraminiferida have found that growth and fecundity are greatly 

reduced in systems which used antibiotics to limit bacterial growth. Benthonic 

Foraminiferida have traditionally been maintained in vessels containing sediment or algal 

substrata; this approach would be disadvantageous to later work involving heavy metals, 

due to the ubiquitous chelation of heavy metals to organic materials, and therefore attempts 

were made to culture Foraminiferida in high-quality glass vessels without substrata. 

Although the preliminary system was a mixture of foraminiferal species, the assemblage was 

dominated by Elphidium crispum\ the two subsequent attempts to culture native benthonic 

Foraminiferida involved only Elphidium crispum. This species is readily available in 

Plymouth Sound, and has been studied by many authors. 

The aim of this study was to establish benthonic Foraminiferida in culture throughout the 

life-cycle as a basis for further studies on the possible relationship between pollutants and 

deformation of the test. 
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8.2. M A T E R I A L S & METHODS. 

8.2.L A L G A L C U L T U R E . 

Pure cultures of three marine algal species were established as a source of food for 

indigenous Foraminiferida. The algal species, a motile Chlorophyte Dittialiella praemolecta, 

a motile Phaeophyte Isochrysis galbana and a benthonic diatom Phaeodactylum 

triconiatiim, were maintained in sterile media following the methods utilised by Plymouth 

Marine Laboratory (PML). Starter cultures, obtained fi-om PML, were each inoculated into 

250 ml conical flasks containing 100 ml of sterile 'TC" medium (Appendix VI) following 

standard microbiological sterile procedures. The cultures were placed in a constant-

temperature room of 15**C, approximately 30 cm below two 40 Watt fluorescent lights, and 

gently agitated every other day. Subculturing was carried out approximately every two 

weeks to prevent senescence of the algae as the youth of the culture was considered to be 

important (Lee et al., 1966; Lee, 1974). The algae were fed live to the Foraminiferida 

because, whilst some authors advocate the use of heat-killed algae, Arnold (1974) found 

that this led to bacterial multiplication. A mbcture of the three algal species was added to 

each culture of Foraminiferida to provide a concentration of between 10^ and 10^ food 

organisms per 10 ml of sea water (Lee et al., 1966); these were counted using a 

haemocytometer (Laing, 1991). 

8.2.2. C O L L E C T I O N AND ISOLATION O F INDIGENOUS FORAMINIFERIDA. 

Sediment containing Foraminiferida was collected fi"om the MBA Research Vessel Sepia 

with the use of a small Naturalist's Dredge, or the "Murray Grab". Upon collection, the 

sediment was placed into plastic containers in the ratio of approximately 20% sediment, 60% 

sea water and 20% air (Lee, 1974; Anderson et al., 1991) and placed into a cool box. 

Within four hours of collection the sediment was emptied into a shallow polypropylene 

trough containing aerated sea water at approximately 2'*C below that recorded at the 

collection site, to reduce stress (Muller, 1974), with a daylight-fluorescent light situated 
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20 cm above the trough. The Foraminiferida were extracted either by direct removal on a 

sable brush or by allowing them to migrate up microscope slides held vertically in the 

sediment by perspex racks (Arnold, 1974), and identified to species level. 

8.2.3. MAINTENANCE O F INDIGENOUS FORAMINIFERIDA. 

Density of Foraminiferida within vessels was limited to approximately ten specimens to each 

Petri dish of 50 nrmi diameter and each "finger bowl" of 90 mm diameter (Arnold, 1954 

{b}). Sea water of high quality was supplied by PML: this was collected fi^om a deep trench 

within Plymouth Sound. The sea water in the cultures was changed twice daily for a period 

of three days; then once daily for a period of a week; and thereafter every other day 

(following Arnold, 1966). Foraminiferida were maintained as simply as possible with no 

prior cleansing of the specimens. Light was provided by a single fluorescent light of 40 

Watts, and the culture vessels situated approximately 25 cm fi*om it. When contaminated 

specimens were noted, the bases of the containers were brushed with a sable brush every 

other day, and a jet of sea water directed against the walls of the dish to help remove debris 

(Myers, 1935) before removing the sea water. 

8.2.4. C R I T E R I A F O R SUCCESS. 

Individual Foraminiferida were examined prior to changing the media, using dark-field 

microscopy on a Swift Instruments International microscope, for indications of healthiness. 

The extension of the pseudopodia for feeding or locomotion; the presence of a feeding cyst 

encapsulating, or adjacent to, an individual; or vertical movement were taken as indications 

of healthiness. Inactivity, together with loss of colour and the visible adherence of 

contamination were indications of unhealthiness. Dead or contaminated specimens were 

removed fiom the culture containers and placed into separate containers to prevent 

contamination of healthy individuals. 
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8,3, EXPERIMENTS AND R E S U L T S . 

The purpose of conducting these experiments was to evaluate the best method of 

maintaining indigenous benthonic Foraminiferida. The first experiment was to investigate 

the survivability of benthonic Foraminiferida with time taken to emerge fi-om the sediment, 

following collection using Petri dish culture at 10** C. The second experiment was to 

investigate the survivability of specimens of Elphidium crispum held in a continuous-flow 

system with temperature fluctuations. The third experiment was carried out at a constant 

temperature, involved the use of anti-biotics within the sea water, and investigated the 

survivability and fecundity of Elphidium crispum. 

8,3.L P E T R I DISH C U L T U R E AT 

Indigenous benthonic Foraminiferida for this experiment were collected on the 17th of 

November, 1992, fi-om the areas of "White Patch" (off Jennycliff Bay) and Drake's Island, 

both within Plymouth Sound, and fi-om Cawsand Bay outside of the Breakwater. Only 

Foraminiferida which migrated on to slides were used in this investigation. The species 

involved were mainly Elphidium crispum (Linne), with four Quinqueloculina semimlum 

(Linne), four Ammonia beccarii (Linne) and one Quinqueloculina oblonga (Montagu). 

These were removed fi-om slides on days 3, 6, 9, and 12 (Table 8.1), following the initial 

collection of the sediment, and maintained separately in Petri dishes in unsterile sea water as 

described above. These specimens were maintained at 10° C because this temperature was 

slightly lower than that of the natural environment when collected. A total of 76 un-lidded 

Petri dishes were placed into a tray containing wet tissue to create a humidifying chamber. 

The Foraminiferida were examined every three days for vitality for a maximum period of 54 

days. 
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Table 8.1: The number of specimens in each group from the three sampling sites and 
the time taken for each group to emerge from the sediment after collection for lO^C 

Collection site Number emerging with day 
following collection 

Total 

3 6 9 12 

Cawsand Bay 58 111 119 64 352 
Drake's Island 6 7 15 10 38 
White Patch 79 103 60 106 348 
Total 143 221 194 180 738 

The data for this experiment constitutes Appendix V I and consists of activity and 

contamination levels for each group from each collection site every three days. The speed at 

which individuals had migrated on to the vertical slides might indicate the health of the 

specimens and possibly immunity to bacterial contamination. 

It ŵ as noted that the specimens collected for this study were green, whilst those collected 

from White Patch in December, a month later, were rust-brown. Ciliated protozoa were 

noted on the bases of the containers on the 14th December, 1992, and appeared to 

preferentially colonise the empty feeding cysts left by the Foraminiferida. No reproduction 

occurred in this experimental group, even when transferred to a 20°C Constant 

Temperature room. The specimens which became contaminated (transferred to a separate 

container) periodically appeared to become less coated in the contaminant. Although largely 

inactive, some contaminated specimens formed feeding pseudopodial nets and feeding cysts, 

whilst still appearing devoid of colour and covered in the contaminant. On the 11th of 

January (1993) one contaminated specimen was removed and placed on a cover-slip for 

examination; it withdrew its cytoplasm into the test and the contaminant was then no longer 

visible. Frequently small specimens of hving Elphidium crisptim were observed floating on 

the meniscus of the sea water in the containers, although the larger specimens did not 

display this behaviour. The Foraminiferida were maintained in this system for three months, 

until the 18th of February (1993) when the few specimens not contaminated with bacteria 

were transferred to a constant-temperature room of 20°C in an attempt to induce 

reproduction. 
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8.3.2. CONTINUOUS-FLOW C U L T U R E 

Specimens for the continuous-flow system were collected from the "White Patch" area oflf 

JennycliflFBay on the 30th of March, 1993. One hundred and twenty Elphidium crispum 

(greater in size than 500 jim diameter) were selected from the sediment and washed over a 

500 nm nylon sieve. This system was terminated on the 30th of June (1993) when the 

number of specimens contaminated with bacteria was in excess of those that were healthy, 

and showed no sign of recovery. Groups of twelve Elphidium crispum were transferred into 

glass finger bowls. The culture containers were placed into two perspex aquaria filled with 

sea water, with an outlet pipe situated 10 cm above the height of the finger bowls. The 

aquaria were placed into a trough containing sea water to minimise temperature 

fluctuations; this trough was placed into a larger trough. Sea water and algae were held in a 

header tank, cooled to approximately 10-14°C by a Hetofing cooler and pumped by a 

peristaltic pump (H.R. Flow Inducer: Watson-Marlow Ltd., Falmouth, England) into both 

aquaria, with a water replacement rate of approximately four Utres per aquarium every 24 

hours. The water from the outlet pipes went to waste in the trough. In this way the 

containers were constantly covered in sea water and supplied with fresh sea water and 

nutrients in a continuous-flow system. The temperature of the water surrounding the 

Foraminiferida fluctuated with room temperature, however, and to minimise these 

fluctuations both the external trough and the aquaria were covered with small, floating, 

polystyrene particles. 

From Figure 8.1 ( A ) it can be seen that the specimens in the continuous-flow system were 

initially very active and gradually decreased in activity as time progressed. The decrease in 

activity was mirrored by an increase in contamination. Figure 8.1 ( B ) demonstrates how 

the temperature ranged temporally within the medium of this system. The temperature rose 

to a maximum of M'̂ C three times and fell to a minimum of 2'*C. There was no apparent 

relationship between the wide fluctuation in temperature in this system with either activity 

or contamination levels of the experimental specimens. 
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Table 8.2: Activity and contamination levels of Elphidium crispum in the continuous-

1 Day 1 Temperature **€ Percentage active Percentage contaminated | 

2 10 75.83 0.83 
3 11.5 88.33 0.83 
5 11 86.67 0.83 
7 11.5 79.17 0.00 
9 14 80.00 0.83 
11 10 84.17 0.83 
15 11 84.17 3.33 
17 11 72.50 11.67 
18 11 59.17 5.83 
21 11.5 61.67 14.17 
23 10.5 63.33 12.50 
25 11 63.33 8.33 
28 11 55.83 24.17 
30 13 55.00 19.17 
32 14 51.67 39.17 
35 12 53.33 35.00 
38 14 52.50 36.67 
39 12 47.50 42.50 
42 5 45.83 40.83 
44 7 44.17 39.17 
46 8 51.67 40.83 
49 2 45.83 43.33 
51 7 55.00 40.00 
53 7 47.50 50.83 
56 8.5 53.33 45.00 
58 11 46.67 48.33 
60 11 47.50 41.67 
63 11.5 46.67 50.00 
65 11 40.00 54.17 
67 11 39.17 53.33 
70 13 42.50 53.33 
72 12 36.67 52.50 

Two adult Elphidium crispum within this experimental group reproduced. On the 28th 

April (1993) {day 9} an adult became colouriess and extruded a brown protoplasmic mass 

fi-om its test. On the 30th April (1993) {day 11} another specimen became colouriess and 

extruded several brown spheres fi-om the test. This specimen was transferred to a small 

Petri dish to be examined, but the globular masses of cytoplasm extruded lost their spherical 

nature and disintegrated. By the 10th May (1993) {day 21} the parentdl Elphidium crispum 

had regained its colour and formed a pseudopodial feeding net by the 12th May (1993) {day 

23}. Stalked protozoa were noted attached to the tests of the Foraminiferida on the 14th 

May (1993) {day 25} and holotrichous ciliated protozoa were noted on the bases of the 

containers on the 17th May (1993) {day 28}. Figure 8.2 shows a specimen whose test is 

clearly covered in a contaminant and Figure 8.3 shows a specimen with stalked protozoa 
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attached to the exterior of its test; these were identified as Vorticella sp. (Jahn & Jahn, 

1949). 

( A ) 

( B ) 
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Figure 8.1: (A) Temporal fluctuations in activity and contamination oTElphidium 
crispum in the continuous-flow experiment 
(B) Temporal fluctuations In temperature of the medium within the 
continuous-flow experiment. 
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Figure 8.2: Contaminated Elphidium crispum from the continuous-flow experiment 

Figure 8.3: Continuous-flow Elphidium crispum with Vorticella attached to the test. 
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8.3.3. CONSTANT-TEMPERATURE EXPERIMENT. 

The Foraminiferida were maintained in sterile Petri dishes in a constant-temperature room 

of 15X and each container was supplied with 10 ml aerated, ambient-temperature sea 

water which had been filtered through a cellulose-nitrate Millipore filter of 45 \im pore size. 

Two antibiotics were added to the sea water to reduce bacterial contamination; 

Chloramphenicol at a concentration of three mg per litre and Streptomycin at a 

concentration of two mg per litre (Arnold, 1967). Streptomycin binds with the 30s subunit 

of the bacterial ribosome to inhibit protein synthesis and cause misreading of mRNA; 

Chloramphenicol binds to the 50s ribosomal subunit and blocks peptide bond formation 

through inhibition of peptidyl transferase (Prescott et al., 1996). This system was run 

simultaneously with the continuous-flow system. Specimens were collected from the "White 

Patch" area off Jennycliff Bay on the 30th of March, 1993. One hundred Elphidium crispum 

(greater than 500 ^m diameter) were extracted from the sediment and washed over a 500 

(im nylon sieve. 

When the specimens became contaminated on the 6th of May (1993) the contaminant was 

tested to establish whether it was bacterial or fungal in nature. Selective nutrient agar plates 

were prepared; four of Tryptone Soy Agar plus added salt, and four of Malt Agar plus 

added salt. The Malt Agar plates have a relatively low pH and allow fiingi to grow and 

proliferate; the Tryptone Soy Agar plates are suitable for the growth of bacteria. Of the four 

plates of each media, two were designated as duplicate assays for Control and two were 

designated as duplicate assays for Contaminant Growth. 0.1 ml of sea water was extracted 

from the proximity of a contaminated specimen four times and spread on to each of the four 

Contaminant Growth plates, and 0.1 ml of sea water was extracted from the proximity of a 

healthy specimen and spread on to the four Control plates. The grown contaminant was 

then subjected to ftirther identification procedures. This system was terminated on the 30th 

of June (1993) when contaminated specimens were in excess of healthy specimens and 

showed no sign of recovery. 
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From Table 8.4 and Figure 8.4 ( A ) it can be seen that activity was variable in this system. 

Activity initially declined sharply, oscillated until day 42 and then gradually decreased until 

the end of the experimental period. The levels of activity were almost mirrored by 

contamination levels. Figure 8.4 (B) and (C) illustrate that activity was consistently higher 

and contamination was generally lower in the continuous-flow experiment than in the 

constant-temperature experiment. 

Table 8.3: Contammant growth on selective media 
Nutrient Agar Plates Average number of bacterial colonies 

per ml of medium 

Tryptone Soy Agar: Control 4600 

ToT3tone Sov Agar: Contaminant Growth 4650 
Mali Agar: Control 0 
Malt Agar: Contaminant Growth 0 

Contaminant growth only occurred on the Tryptone Soy Agar plates, indicating that the 

contaminant was bacterial in nature. The colonies from both the Control plates and from the 

Contaminant Growth plates were subjected to Gram-Stain analysis. The Control plates 

yielded Gram-negative rods, whilst the Contaminant Growth plates yielded both Gram-

positive and Gram-negative rods. Holotrichous ciliated protozoa were observed in this 

system on 23rd June, 1993, and it was noted that they appeared to feed on the masses of 

contamination, with the result that the few containers which lacked ciliated protozoa were 

more contaminated than the rest. 
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Table 8.4: Records of the activity and contamination levels in the constant-

1 Day Percentage acthe | Percentage contaminated | 

2 77 0 
3 70 0 
5 38 1 
7 58 0 
9 48 0 
11 57 3 
15 37 26 
17 28 33 
18 24 31 
21 40 39 
23 27 42 
25 56 32 
28 48 37 
30 47 39 
32 41 45 
35 31 47 
38 52 37 
39 35 38 
42 38 45 
44 27 46 
46 29 40 
49 21 46 
51 32 44 
53 24 53 
56 15 62 
58 26 63 
60 20 59 
63 16 65 
65 14 64 
67 13 74 
70 7 77 
72 10 80 
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Figure 8.4: ( A ) Relationship between activity and contamination in constant 
temperature flow experiment 

( B ) Comparison of activity levels between continuous-flow and 
constant-temperature specimens 

( C ) Comparison of contamination levels between continuous-flow and 
constant-temperature specimens 
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One specimen reproduced in this system on the 17th May (1993) {day 28} and produced 97 

oflFspring. The parent died on 21st May (1993) {day 32}. The ofiFspring initially actively fed 

and moved, but by the 7th June (1993) {day 49} approximately 20 were white in colour and 

failed to form pseudopodial nets and were therefore assumed to be dead. This assumption 

was proved to be incorrect by the juveniles becoming devoid of contamination and actively 

feeding again by the 21st June (1993) {day 63}. On the 9th June (1993) {day 51} it was 

thought that the ofiFspring had calcified sufificiently to be safely transferred, and 19 juveniles 

were transferred to clean containers. The oflfspring were again transferred on 14th June 

(1993) {day 56}. By the 30th June (1993) {day 72} all had become inactive and colourless. 

It was noted that by the 10th May (1993) {day 21} the pseudopodial nets of all specimens 

had become notably thinner, indicating a loss in vitahty of all specimens. 

Figures 8.5 and 8.6 show ofiFspring leaving the parental test; Figure 8.5 gives some scale to 

the size of the proloculi, whilst Figure 8.6 clearly shows that the test had partially de

calcified, especially in the terminal chamber. Figure 8.7 shows that cytoplasmic filaments 

connected the proloculi of the ofiFspring upon release fi-om the parental test. Figure 8.8 

shows two proloculi, in the centre of the picture, which apparently secreted one chamber 

between them. Figure 8.9 shows that the juveniles formed feeding pseudopodial nets and 

cysts at a very early stage in their development. Figure 8.10 shows that, at a later stage of 

chamber addition, the pseudopodia had become morphologically difiFerent, becoming both 

thicker and longer. Figure 8.11 shows a nine-chambered juvenile with stalked protozoa 

attached to the exterior of its test. The stalked peritrichous protozoa were identified as 

Voriicella sp. (Jahn & Jahn, 1949). 
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Figure 8,5: Elphidium crispum ofTspring leaving parental test. 

Figure 8.6: Partial de-calcification of parental test. 
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Figure 8.7: Cytoplasmic Filaments connecting proloculi of offspring. 

Figure 8.8: The secretion of a common chamber between two proloculi. 
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Figure 8.9: Juveniles forming pseudopodial nets and feeding cysts. 

Figure 8.10: Morphologically different pseudopodia produced from an older juvenile. 
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Figure 8.11: Nine chambered juvenile with attached Vorticella sp. 
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8.4. DISCUSSION. 

Number of Foraminiferida collected in samples 

There was good extraction of Elphidium crispiim for the Petri dish culture at \(fQ from the 

sediment by using the microscope slides held vertically in racks, but this method was not 

viable for other species of Foraminiferida. Murray (1991) describes species of Elphidium 

and Quinqueloailina as epifaunal and those of Ammonia as infaunal. It would be expected 

therefore that only Ammonia beccarii would not have migrated onto the vertical slides. 

Elphidium crispiim has, however, been described as negatively geotaxic (Murray, 1963: 

Arnold, 1974) and positively phototaxic (Kitazato, 1981), possibly explaining why it 

mounted the vertical slides in larger numbers than the other species present in the sediment. 

Elphidium crispum was abundant in samples collected in March, 1993, for the second and 

third experiments, probably corresponding with the Spring bloom of Foraminiferida at 

White Patch following the bloom of phytoplankton. 

Vitality of specimens 

From the Petri dish culture at 10°C there was no significant difference in activity and 

contamination levels between specimens which emerged at different times from the 

sediment, except for Group 3 from Drake*s Island. It was expected that perhaps the first 

specimens to emerge from the sediment would be more active and less susceptible to 

contamination than the specimens which were collected later, but this was not so. There 

appears to be no link between speed of migration on to the microscope slides and resistance 

to contamination, possibly because speed of migration was probably more dependent upon 

burial in the sediment than healthiness. 

Eiphiditmi crispum in the continuous flow experiment appeared to have higher activity 

levels than those in the constant temperature experiment indicating that this system was 

more beneficial to the Foraminiferida than that of the third experiment. Contamination levels 

were also significantly lower in the continuous-flow specimens, supporting Anderson et al. 

(1991), who claim that Foraminiferida thrive in circulating and recirculating aquaria. 
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Benthonic Foraminiferida have a high requirement for oxygen and respire ten times more 

rapidly than naked amoebae of equivalent size (Hannah et al., 1994). Although not a true 

comparison of "like with like" due to factors other than the flow of the media being 

diflFerent (higher temperature, added anti-biotics and smaller containers used in the constant-

temperature system), the continuous-flow specimens were more vital than the constant-

temperature specimens; perhaps benefitting fi^om increased oxygenation of the media a 

continuous-flow system provides. 

Contamination 

There was no clear pattern of diflFerences in contamination between sites in those maintained 

at 10*'C. From subsequent sampling of the sites (see Chapter 5), the sediment fi-om Drake's 

Island generally held bacterial numbers a magnitude higher than those of White Patch and 

Cawsand Bay. Therefore, it was to be expected that specimens collected fi-om Drake's 

Island might become contaminated more quickly than those from other sites and, as this did 

not occur (except in Group 3), it must be concluded that the contaminant originated from 

the sea water supplied to the laboratory. 

There was an inverse relationship in the continuous flow experiment between activity and 

contamination levels, strongly indicating that contamination was the major cause of the 

decline in activity levels. Contamination of the Foraminiferida appeared to afiFect the ability 

to form pseudopodial feeding nets and cysts, and to move. 

The presence of holotrichous ciliated protozoa indicates that the contaminant was bacterial 

in nature, as ciliates are major consumers of bacteria; and once present, they did not 

disappear. These ciliated protozoa also probably originated from the sea water supphed to 

the laboratory. The periodic loss of visible contamination of the separated Foraminiferida 

might have been linked to fluctuations in the ciliated protozoan population and therefore to 

their consumption of the bacteria. Although the contaminated specimens were devoid of 

colour and obviously covered in contaminant, some still occasionally formed pseudopodial 

nets and feeding cysts; this confirmed that the contaminant did not colonise only dead 
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Foraminiferida. It may be that the metabolites of the contaminant were toxic to the 

Foraminiferida. The contaminated specimen from amongst those maintained at lO^C placed 

on a coverslip for examination withdrew its cytoplasm and the contaminant was no longer 

visible, indicating that the contaminant had not attached to the exterior of the test, but was 

present on the foraminiferal cytoplasm. 

Activity levels were an inverse relationship of contamination levels in the constant 

temperature experiment, further supporting the theory that the contaminant adversely 

affected the Foraminiferida. It was noted in this experimental system that badly-

contaminated specimens were adjacent to specimens devoid of contamination, suggesting 

that differences amongst individuals governed their potential for contamination. 

Holotrichous ciliated protozoa were noted in the constant temperature experiment on the 

23rd June (1993); they appeared to feed on masses of contaminant and reduce its 

abundance. Tests carried out on the contaminant showed that it consisted of two species of 

bacteria. Samples taken from the vicinity of a healthy specimen yielded Gram-negative rods, 

whereas media from the vicinity of a contaminated specimen yielded both Gram-negative 

and Gram-positive rods. Seiglie (1973) states that bacteria invade foraminiferal protoplasm 

as a type of disease, and it appears from the results obtained that the Gram-positive rods 

were responsible for the loss in activity and overgrowth of the Foraminiferida. It was hoped 

that the two antibiotics added to the medium of this experiment would have prevented 

bacteria from affecting the vitality of the Foraminiferida, although there are many microbial 

populations which are tolerant to antibiotics and are capable of degrading them (Atlas & 

Bartha, 1981). The lowering in activity is comparable to Schnitker's (1974) experience with 

cultures of Ammonia beccarii which had reproduced through 9 generations before a water 

change introduced a "mold infection" which killed nearly all specimens. Although many 

authors have reported the presence of bacteria in containers whilst trying to maintain 

Foraminiferida (see Myers, 1940; Sliter, 1965 and Lee, 1974), usually sediment and algal 

substrata have also been present. The sediment would provide a natural community of 

bacteria and other protozoa which would regulate themselves, whilst still providing 
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Foraminiferida with a food source. It is also possible that the epifaunal Elphidium crispiim 

could remove contaminants from its test by locomotion through sediment in the natural 

environment, or in laboratory cultures containing a sedimentary substratum. In the third 

experimental system it appeared that only two species of bacteria were tolerant to the 

antibiotics and only one species was detrimental to the vitality of the Foraminiferida through 

over-production. It has also been noted in other systems that antibiotics inhibited 

foraminiferal growth and increased mortality (Bradshaw, 1961). 

Buzzati-Traverso (1960) states that there is a great need for studies on diseases of marine 

organisms which may well be responsible for the rise and fall of large populations in the 

oceans. He also quotes Lucas (1947) as saying that substances having antibiotic activity 

might be responsible for the survival of delicate forms of planktonic plants and animals 

during the most critical periods in their life cycles, and it is known that antibiotic 

metaboUtes are produced by bacteria and algae. Rheinheimer (1992) states that bacteria and 

fungi may settle, at least temporarily, on surfaces of many plants and animals and there 

produce a fairiy dense layer of growth called aufwuchs: animals shed excreta and bits of 

tissue which serve as nutrients for the aufwuchs flora on their surface. Fry (1982) states that 

the external surfaces of aquatic invertebrates are potentially an ideal habitat for bacterial 

colonisation and wall benefit from organic material excreted by the invertebrate. In the 

marine environment the natural antibiotics produced by algae may prevent the detrimental 

effects of bacteria upon Foraminiferida observed in the laboratory experiments. 

Colour of cytoplasm 

Elphidium crispum harbours algal chloroplasts throughout its ontogeny (htQ^pers. comm.) 

and although this is not a true symbiotic relationship, the chloroplasts are generally of one 

specific algal species. Foraminiferida collected in November for the 10**C experiment were 

green in colour, whereas those collected in December for another purpose were rust-brown. 

This change in colour may be related to the Foraminiferida feeding upon Phaeophyte algae 

rather than Chlorophyte algae, or may indicate a change in chloroplasts harboured by this 

species. 
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Dispersal mechanism 

Small specimens of Elphidium crispiim in the first experiment were frequently found 

floating on the meniscus of the sea water in the containers and it may be that this represents 

a potential dispersion mechanism in cahn waters or intertidally in the natural environment. 

Temperature 

The fluctuation in temperature experienced by Elphidiiim crispitm in the continuous-flow 

system was likely to have aflFected both the activity of the Foraminiferida and the 

contaminant. It was expected that foraminiferid metabolism would be greatly aflFected by the 

fall in temperature; whilst a background temperature above that experienced in the natural 

environment for this species may have caused damage to enzymes and tissues and allowed 

bacteria to proliferate. This did not occur, however; and neither foraminiferid activity nor 

the contaminant was afiFected. The temperature dropped to a minimum of 2°C, which would 

not be experienced by Elphidium crisptim under natural conditions and yet it appeared that 

the experimental specimens were not adversely afiFected by this extreme of temperature. 

Reproduction 

Placing specimens from the first experiment into a constant-temperature room of 20°C did 

not induce reproduction, indicating that possibly time of year rather than temperature 

governs reproduction. Two specimens reproduced in the second experiment in late April, 

consistent v^th observations by Jepps (1942) that maximum sporulation occurred just 

before the bloom of diatoms in the natural habitat. Although Myers (1935) advocated that 

transfer of the ofiFspring is possible a day after reproduction, the oflFspring that were 

transferred did not survive and were obviously transferred at too early a stage. It was not 

known which type of reproduction had taken place: Jepps (1942) reported that this species 

became pale or white before the production of gametes, which usually occurred at 2 am. 

The mode of reproduction was likely to have been schizogony, as Lee et al. (1966) state 
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that schizogony is less sensitive to feeding than gamogony and Lee et al. (1969) found that 

often when daughter schizoids are released they are contacted to the parental test by thick 

pseudopodia. Myers (1943) states that reproduction results in death because all the 

protoplasm and ahnost all of the calcium carbonate goes to the new generation or gametes. 

One of the parental Elphidium crispum did not die, but regained its colour and started to 

feed after a few days, discounting the accepted maxim that all Foraminiferida die after 

reproduction. 

Although Lee (1980) states that antibiotics inhibit reproduction, one specimen reproduced 

in the constant temperature experiment and produced 97 offspring. As Jepps (1942) states 

that up to 200 young can be produced from the asexual reproduction of this species, the 

fecundity may have been lowered by the antibiotics (Lee, 1974). Jepps (1942) states that the 

protoplasm from asexual reproduction issues from small openings in the canal near the last 

chamber and probably also from terminal openings. From Figure 8.6 it can be seen that the 

terminal chamber had become partially de-calcified, perhaps to allow emergence of the 

proloculi and to provide the prolocuii with a source of dissolved calcite to secrete their 

tests. The difference in morphology of pseudopodia with ontogeny may relate to increased 

locomotion; Kitazato (1990) correlated different morphologies of pseudopodia with the 

mode of life. 

By the end of June, 1993, it had been established that maintaining a thriving culture of 

Elphidium crispum was far more difiScult than had first appeared. Three distinct approaches 

had been tried, and all three had failed due to bacterial contamination. A year, then, had 

been virtually wasted as attempts to successfully culture indigenous benthonic 

Foraminiferida had failed. 

8.5. SUMMARY. 

Attempts to culture indigenous Foraminiferida should be carried out with the sediment 

collected with the Foraminiferida in the natural environment, so that natural communities of 

bacteria and holotrichous ciliated protozoa are present and will regulate their populations so 
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that the Foraminiferida are not subject to bacterial overgrowth. Sediment might also 

provide a possible means of foraminiferid cleansing, i f they became contaminated. The use 

of antibiotics is to be avoided, as it reduces fecundity and growth in Foraminiferida, and 

does not prevent the overgrowth of those pathogenic bacteria which are tolerant to 

antibiotics. The media should also be well supplied with oxygen. 
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CHAPTER 9. 

GEOTAXIS AND PHOTOTAXIS IN ELPHIDWM CRISPUM (LINNE). 

9.1. INTRODUCTION. 

Sedentary photosynthetic organisms are capable of detecting sunlight and can 

usually orientate themselves with respect to this stimulus: this is termed a tropic 

response. Tropic responses are common amongst terrestrial plants which orientate 

their leaves to follow the path of the sun to gain the most energy possible for 

photosynthesis. Some motile organisms are capable of detecting changes in their 

environment and move towards or away from the stimulus: this is termed a taxic 

response. I f the organism moves towards the stimulus, this is regarded as a positive 

response, whereas if the organism moves away from the stimulus it is regarded as a 

negative response (Lincoln etai^ 1982). 

The zonation of intertidal marine invertebrates often relies upon the ability to 

respond to light and gravity: for example, intertidal marine gastropods may use a 

combination of negative geotaxis and negative phototaxis to cUmb up rock faces, 

travelling vertically up the rock face in response to negative geotaxis, and then 

crawling into crevices under the influence of negative phototaxis. This alternation 

of the two types of taxis is repeated until the gastropod reaches the appropriate 

height for settlement. Geotaxic and photoiaxic responses are well-documented in 

marine invertebrates and in the settlement behaviour of intertidal marine larvae and 

the phenomena of phototaxis and cyclic rhythms are very frequent among marine 

organisms (Buzzati-Traverso, 1960). Positive phototaxis of pelagic larvae 

facilitates their return to the shore as they rise close to the sea surface in the day 

when the wind is predominantly landward (Tait, 1981). Responses to light and 

gravity also aid the dispersion of larvae from marine invertebrates: the newly 

released larvae of corals (planulae) are geonegative and photopositive and enter 
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surface waters to be carried in currents; the planulae of most species studied 

reverse their response to gravity and light within two days, to settle on the sea bed 

(Barnes & Hughes, 1988). 

Micro-organisms also display taxic responses to stimuli and may display 

thermotaxis (heat), geotaxis (gravity), aerotaxis (oxygen), thigmotaxis (mechanical 

force), or magnetotaxis (magnetic field) (Atlas & Bartha, 1981). These taxic 

responses to stimuli generally allow micro-organisms to move to sites that are 

favourable for growth and survival and even some non-photosynthetic micro

organisms, such as some protozoa, may exhibit phototaxic responses (Atlas & 

Bartha, 1981). Round (1981) states that all the major components of the epipelon 

are actively motile and positively phototaxic so they can move rapidly back to the 

surface after disturbance and burial. 

Each foraminiferid species can be either epifaunal or infaunal in soft substrata. The 

reason for the vertical distribution of a species is unknown, but may be related to 

its feeding strategy or upon its requirement for oxygen. A mechanism is therefore 

necessary to allow each species to maintain the correct vertical distribution in 

sediments for its maximal growth and reproduction. It has been noted that when 

samples of sediment containing Foraminiferida have been returned to the 

laboratory by researchers and placed into a container of aerated sea water then 

some foraminiferal species appear at, and remain upon, the surface of the sediment. 

The mechanism for this behaviour has been pooriy understood, and often reported 

as negative geotaxism or positive phototaxism. Verwom, 1889 {fide Boltovskoy 

and Wright, 1976) and Jepps (1942) note that Elphidium crispum is attracted to 

light and Myers (1943) observes that most Foraminiferida are positively phototaxic 

which, combined with negative geotaxis, allows the organism to reach the best 

position to release gametes. Lankford (1959) states that living Foraminiferida at 

the sediment-water interface may keep from being buried by crawling up through 

the fall of detritus and Murray (1991) states that some species living at the surface 
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may become buried by sediment during storms and because they are negatively 

geotaxic, they crawl upwards. Severin et ai. (1982), found that the velocity o f 

movement was inversely correlated with the depth of burial in Quinqueloculina 

impressa Reuss and suggest that higher velocities in surface layers may allow 

Foraminiferida to escape from a rising anoxic layer and may also allow for 

increased foraging rates. 

Elphidium crispum is a shallow-water epifaunal species (Murray, 1991), which 

harbours chloroplasts throughout its ontogeny (Lee,per5. comm.). Lee & Lee 

(1989) find that this species, collected from the Plymouth area, carry 

approximately 150 chloroplasts when first captured. Many authors have noted that 

Elphidium crispum has appeared at the surface of collected sediment and Arnold 

(1974) used vertical microscope slides to harvest this species from the sediment. 

Myers (1943) states that buried Elphidium crisptm individuals can escape from 

burial to a depth of 5-7 times their diameter and authors have variously described 

this species as being negatively geotaxic or positively phototaxic. Kitazato (1981) 

states that this species is positively phototaxic, whilst Murray (1963) states that 

Elphidium crispum is negatively geotaxic and {ibid 1979 {a}) that isolating 

Foraminiferida by allowing them to climb up the sides of the containing dish is 

feasible by reason of this taxism. Sheehan & Banner (1972) find in experiments 

upon Elphidium incertum (Williamson) from floating weed that 80% of the group 

displayed positive phototaxism and 20% of a group collected from sediment 

displayed negative geotropism when kept in the dark for four days. 

In samples collected to extract Foraminiferida from sediment it was noted that the 

specimens of Elphidium crispum would migrate to the surface of the sediment 

within a few days; this response was variable, however, and in two winter samples 

this species had to be extracted with the aid of a stereoscopic microscope, showing 

that although present in the samples, they had not migrated to the sediment 

surface. Myers (1943) claims that in late autumn Foraminiferida become negatively 
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phototaxic and retreat into crevices, especially in the microspheric generation. The 

study of tactic responses is complex as responses may differ between individuals, 

through ontogeny, reproductive cycles, or be modified by the external environment 

or by the condition of the animal (Tait, 1981). 

Despite various authors claiming that Elphidium crisptm is phototaxic or geotaxic, 

no experiments have been carried out to distinguish which mechanism enables this 

species to remain epifaunal. This work was designed to study the mechanism by 

which Elphidhim crispiim remains epifaunal, geotaxism, phototaxism, temporal 

influence and response of the species through ontogeny. 

9.2. MATERIALS AND METHODS. 

9.2.1. COLLECTION & ISOLATION. 

Foraminiferida were collected fi^om the MBA Research Vessel Sepia fi-om the 

White Patch area of Plymouth Sound, either by Naturalist's Dredge or by the 

Murray Grab. The temperature on the sea bed was assessed by use of a 

Temperature/ Salinity Bridge, type M.C.5 {manufactured by Electronic Switchgear 

(London) Ltd} and licensed by the National Institute of Oceanography. The probe 

was weighted and lowered until the sea bed was reached, so that temperature at 

depth could be measured. Upon collection, the sediment was placed into plastic 

containers in the ratio of approximately 20% sediment 60% sea water and 20% air 

(Lee, 1974; Anderson ei aL, 1991) and placed into a cool box. Within four hours 

the sediment was emptied into a shallow polypropylene trough containing aerated 

sea water at room temperature. Specimens of Elphidium crispum were extracted 

by the use of a stereoscopic microscope and a sable brush. Viable specimens 

(assessed by movement and the production of pseudopodia) were washed in sea 

water over a set of nylon sieves, to produce specimens of different size classes 

without causing damage to their tests. The sieves were of aperture sizes 1 mm, 
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710 ^im, 500 nm, 355 \im, 250 nm, 125 urn and 63 urn. The abundance of 

different size classes in the samples fluctuated throughout the year, and this was 

reflected in the size-classes tested. Half of the representatives of each size-class 

each month were designated as Control Specimens and the other half were 

designated as Experimental Specimens. 

9.2,2, PRELIMINARY EXPERIMENTS. 

Maintefimwe 

Specimens of Elphidium crispum collected in July, October and November, 1993, 

formed the Preliminary Experimental Organisms. They were placed into lidded 

perspex Petri dishes of 47 mm diameter, together with 10 ml of aerated sea water. 

A mixture of the three unicellular algal species kept in culture {Phaeodactylum 

tricomatttm, Isochrysis galbofia and Dumliella praemolecta) was added to the 

sea water to provide a concentration of 10^ to 10^ organisms per 10 ml of sea 

water (Lee, et a!., 1966). After the experimental period, the bases of the containers 

were cleaned with a sable brush, and the sea water and food organisms replaced. 

The Foraminiferida were maintained and tested within a Fison's Fi-totron 600 H 

Environmental Chamber at the temperature measured at the time o f sampling. 

Light was provided by a 40 W fluorescent tube, with a photoperiod of 12 hours 

light/12 hours dark. The specimens within this preliminary system were tested for 

response to light above them, light below them (placed under the light source in a 

random manner) and to a sloped base for the months of July, 1993 and November, 

1993. The tests for the month of October, 1993, were only carried out for gravity 

and for a light source below, as evaporation and the resultant salinity stress made 

the test for response to a light source above them inoperable. 
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Geotaxis 

The containers used to test for response to gravity, for both experimental and 

control specimens, had black-painted bases and clear lids. The experimental 

specimens were placed on a perspex sheet, elevated at one end to provide a slope 

o f 12**, and with a line ruled widthways across it. The control specimens were 

placed on a perspex sheet lying horizontally in the environmental chamber. The 

foraminiferal specimens were manoeuvred with a sable brush to lie along the line 

ruled across the sloping sheet or, in the case of the control specimens, to lie along 

a line drawn across a diameter of the base; in all cases, the orientation of the 

apertures was random. Individual movements were assessed as into one semi-circle 

or the other in the control samples and up or down the slope in the experimental 

cases. A positive geotactic response was recorded i f individual specimens had 

moved down the slope; negative response was recorded i f individual specimens 

moved up the slope. 

Phototaxis 

The containers used to test for response to a light source above the experimental 

specimens were modified: the bases were painted black, so that no extraneous light 

from below the specimens would affect their behaviour, and half o f the lid was 

painted black to differentiate between a response into or out of the lit area. It is not 

thought that there was a temperature diflference under the clear perspex half of the 

container lid and the black half of the lid due to differential absorption of thermal 

radiation, as the distance of the containers fi-om the fluorescent light source was 

probably great enough to negate this effect. The intercept between the clear 

perspex and the painted area of the lid was oriented to correspond with a line 

drawn along the diameter of the base. The containers used for the control 

specimens had painted bases and clear lids. The foraminiferal specimens were 

manoeuvred with a sable brush to lie along the line drawn across the base; the 

orientation of the apertures was random. The positions of the control and 

experimental specimens were recorded every day, at the end of the experimental 
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period, on a piece of clear acetate on to which the diameter and the circumference 

of the Petri dish containers had been photocopied. 

The containers used to test for response to a light source situated below the 

experimental specimens had painted black lids, to exclude light from above the 

specimens affecting their response and half of the base was painted black. The 

containers used for the control specimens had painted lids and clear bases. The 

individual specimens were manoeuvred with a sable brush to lie along a line drawn 

across the diameter of the base; the orientation of the apertures was random. 

Positive phototaxic response was recorded for the light-source-above-the-

specimens experiment i f individual specimens had moved into the area beneath the 

clear half of the lid; negative response was recorded i f individual specimens moved 

into the area covered by the painted half of the lid. Positive phototaxic response 

was recorded for the light-source-below-the-specimens experiment if individuals 

had moved into the area of the clear half of the base; negative response was 

recorded i f individual specimens moved into the area covered by the painted half of 

the base. 

Statistics 

The experiments were repeated for five days with the same individuals and the 

total number of specimens which were positively or negatively active over that 

period was recorded. The null hypothesis was that the specimens of Elphidium 

crisptm of each size-class for each month were neither phototaxic nor geotaxic. 

The results were analysed using a Chi-square Oc^) contingency table test, with a 

continuity correction applied (for a 2 x 2 table). The resultant y} value was 

compared to the critical values obtained from y} tables (Murdoch & Barnes, 

1986). 
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9.2.3. SECONDARY EXPERIMENTS. 

Specimens collected for these experiments were not tested for response to a light 

source below them. The experimental technique was refined for testing the 

Secondary Experimental Specimens in 1994. Food organisms were removed from 

the containers prior to the experimental period by brushing the bases of the 

containers and rinsing with fresh sea water and then filling the containers with sea 

water. This minimised the risk of evaporation and removed the possibility that the 

Foraminiferida were following the motile unicellular algae in the containers, as the 

algae were themselves quite possibly phototaxic or geotaxic. The photoperiod was 

adjusted to correlate with Civil Twilight times (Nautical Ahnanac, 1993) for each 

month, so that the photoperiod would correspond to that of the natural 

environment. The Civil Twilight times were given for Greenwich (Latitude 5(f N), 

and a correction for Plymouth (plus 5** W) was calculated as an added 20 minutes. 

The size-class pairs of experimental and control specimen containers were placed 

in a linear pattern beneath the fluorescent tube; within each pair the containers 

were set equidistant from the centre of the tube, to eliminate the possibility of 

different responses to differing Ught intensities. For the testing of a response to 

gravity the light-tube in the environmental chamber was replaced by two short 

tubes. The tube above the experimental specimens was hung 20 cm parallel to the 

elevated perspex sheet; the tube above the control specimens was hung 20 cm 

horizontally above the (unelevated) specimens (Figure 9.1). The slope was 

increased to 25° from the horizontal for the month of April, 1995. 

Response to gravity was tested for March and April, 1994 (denoting Spring 

responses), June and July, 1994 (denoting Summer responses) and the month of 

September, 1994 (denoting Autumn response). Response to light above was also 

tested as above; except for September, 1994, when the Environmental Chamber 

failed, and this behavioural experiment was terminated. A schematic diagram of the 

experimental system is given in Figure 9.1. 
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Figure 9.1: Schematic diagram of equipment to test geotaxis. 

9.3. RESULTS. 

The raw data of these experiments is contained in Appendix V I I . 

9.3.1. PRELIMINARY EXPERIMENTAL SPECIMENS. 

Geotaxis 

From Table 9.1, significant results were obtained for this experiment for the month 

of November, 1993, for size-classes of 500 nm-7l0 fim and 710 nm-IOOO ^m and 

the null hypothesis that Elphidinm crispum of these sizes were not geotaxic, was 

rejected. The geotaxis demonstrated in the above specimens was negative, with 

movement upwards in both cases. 

Month, year Size dim) Number Si&niricant Test statistic p-value 

Julv, 1993 250-500 200 X 0.321 -
Julv, 1993 500-1000 600 X 0.027 -
October, 1993 250-500 60 X 3.675 -
October̂  1993 500-710 500 X 2.650 -
October, 1993 >1000 60 X 1.697 -
November, 1993 500-710 300 >/ 10.752 <0.005 
November, 1993 710-1000 300 < 9.284 <0.005 
November, 1993 >1000 150 X 0.459 -
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Phototaxis 

From Table 9.2 significant results were obtained for responses to a light source 

above the specimens for all size-classes and months; the null hypothesis was 

rejected and hence a significant phototaxic response was present. A comparatively 

high test statistic (108.338) and p-value (<0.001) was calculated for July, 1993 for 

individuals of 500 ^m-1000 ^m. The phototaxis demonstrated in the above 

specimens was positive, with all groups in both months moving into lit areas. 

Table 9.2: Response of preliminary experimental specimens to a light source 

Month, year Size ()im) Number SiemTicant Test statistic i>-value 

July, 1993 250-500 200 5.664 <0.02 

July, 1993 500-1000 600 108.338 <0.001 
November, 1993 500-710 300 10.387 <0.005 
November, 1993 710-1000 300 6.283 <0.02 
November, 1993 >1000 150 10.446 <0.005 

From Table 9.3 significant results were obtained for responses to a light source 

below the specimens for the months of July and November, 1993, for two size-

classes. The null hypothesis, that Elphidium crispum of 500 urn-1000 jim in July, 

1993, and 500 ^m-1000 fim in November, 1993 were not phototaxic was rejected. 

From the p-values obtained the response to light fi-om below the specimens was 

stronger in November, 1993. The phototaxis demonstrated in the above specimens 

was positive, with individuals moving into lit areas in both cases. 

Table 9.3: Response of preliminary experimental specimens to a light source 

1 Month, year Size (|im) Number Sleniflcont Test statistic o-value 

July. 1993 250-500 200 X 1.758 -
July, 1993 500-1000 600 4.878 <0.05 
October, 1993 250-500 60 X 1.0774 -
October, 1993 500-710 500 X 0.0 -
October, 1993 >1000 60 X 1.313 -
November, 1993 500-710 300 < 14.901 <0.001 

No\'ember, 1993 710-1000 300 X 0.480 -
November, 1993 >1000 150 X 1.318 -
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9.3.2. SECONDARY EXPERIMENTAL SPECIMENS. 

Geotaxis 

From Table 9.4, significant geotaxic responses were observed on just three 

occasions. The null hypothesis that Elphidium crispum individuals were not 

geotaxic was rejected for the following: March, 1994, 250 jim-355 ^m (p<0.001); 

June, 1994, 350 jim-500 nm (p<0.02); and September, 1994, 500 urn-1000 îrn 

(p<0.005). For all other months and size-classes there was no evidence against the 

null hypothesis. The geotaxis for individuals in March, 1994, was positive, with 

individuals moving down from the horizontal; whilst in June and September, 1994, 

the geotaxis response was negative, with individuals moving up from the 

horizontal. 

Month, vear Size (um) Number Signiricant Test Statistic p-volue 
March, 1994 250-355 80 11.509 0.001 
March, 1994 355-500 400 X 1.001 -
April, 1994 355-500 400 X 0.041 -
April, 1994 500-1000 60 X 0.267 -
June, 1994 250-355 100 X 0.160 -
June, 1994 355-500 200 V 6.512 0.02 
June, 1994 500-1000 500 X 2.89 -
June, 1994 >1000 200 X 2.016 -
July, 1994 355-500 60 X 0.067 -
Julv, 1994 500-1000 500 X 0.806 -
JuW. 1994 >1000 40 X 0.11 -
September, 1994 355-500 40 X 3.609 -
September, 1994 500-1000 400 10.3 0.005 

Phototaxis 

Significant results were obtained for this experiment for all size-classes and 

months, except April, 1994, when there was no evidence that Elphidium crispum 

specimens of 500 ^m-lOOO ^m were phototaxic. For all other months and size-

classes, the null hypothesis was rejected and hence a significant phototaxic 

response was present. The p-values were below 0.001 for all significant phototaxic 

responses, except March, 1994 250 ^m-355 ^m (p<0.025) and July, 1994 355 

Hm-500 ^m (p<0.01). The greatest phototaxic responses were for individuals of 
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500 nm-1000 Jim for the months of June and July, 1994. The phototaxis 

demonstrated in the above specimens was positive, with all moving into lit areas. 

Table 9.5: Response of secondary experimental specimens to a light source 

Month, vear Size (um) Number Sianificant Test Statistic v-vahit 
March, 1994 250-355 80 5.158 <0.025 
March, 1994 355-500 400 25.79 <0.001 
April, 1994 355-500 400 13.964 <0.001 
April, 1994 500-1000 60 X 1.736 -
June, 1994 250-355 100 V 16.536 <0.001 
June, 1994 355-500 200 V 14.583 <0.001 
June, 1994 500-1000 500 >/ 61.756 <0.001 
June, 1994 >1000 200 34.396 <0.001 
July, 1994 355-500 60 7.05 <0.01 
July, 1994 500-1000 500 114.94 <0.001 
July, 1994 >1000 40 16.41 <0.001 

9.4. DISCUSSION. 

9.4.1. MECHANISM BY W H I C H ELPHIDIUM CRISPUM REMAINS 

EPIFAUNAL, 

Positive phototaxis appears to be an important mechanism for Elphidium crisptim 

to remain epifaunal in Summer months. The positive phototaxism demonstrated 

would be a mechanism for bringing a lightly-buried individual to the sediment-

water interface, and maintaining it there. This is probably connected with providing 

the algal chloroplasts harboured by this species with sufficient light to 

photosynthesise. 

The specimens of size-class 250 ^m to 355 fim in March, 1994, showed strong 

evidence of being both geopositive (p<0.001) and photopositive (p<0.025). These 

opposing responses would counteract each other. It is possible that this might 

allow Elphidium crispum to avoid storms. I f buried at this time of year by storm-

produced sediment, or i f the tuitidity of the water increased due to waxing storm 

action, the organism would be unable to detect light and a geopositive response to 

move deeper into the sediment could well be advantageous. I f light could still be 
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detected at this time of year, then the positive phototaxism displayed would enable 

the organisms to remain at the sediment/water interface. 

In November, 1993, the specimens of size-class 500 ^m to 710 urn were 

geonegative and photopositive (in response to light source situated both above and 

below the specimens) and the size-class 710 ^m to 1000 \im were both 

geonegative and photopositive (in response to light source above the specimens 

only). In June, 1994 (Secondary Experimental Specimens) the size-class of 355 jim 

to 500 ^m individuals was geonegative and photopositive; as was the size-class of 

500 ^m to 1000 nm individuals in September, 1994. These two types of taxism 

would act together to ensure that the species would move to the sediment surface. 

It appears fi'om the data that negative geotaxism is a usefijl secondary mechanism 

to remain at the surface i f light cannot be detected, but in March, 1994, positive 

geotaxis may have helped Elphidium crispum to avoid storms and being carried 

out of the area by strong currents. 

9.4.2. GEOTAXISM. 

Negative geotaxis was demonstrated in only two of eight tests in the Preliminary 

Experiments; both of which were in November, 1993, for two different size-

classes. Geotaxism was significant in only three of the thirteen tests of the 

Secondary Experiments. The slope was increased fi-om 12** to 25** for April, 1994 

to ascertain i f this would lead to an increased response; both size-classes tested 

were not significant for geotaxis, however, indicating that the gradient was 

probably not important in April for the response to occur. 

Moodley (1990 {b)) discovered fi-om laboratory experiments that benthonic 

Foraminiferida exhibited negative geotaxis and Langer et al. (1989) observed 

elphidiid and ammoniid species digging into the sediment (positive geotaxis). This 
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study showed that positive and negative geotaxis was demonstrated in Elphidium 

crispum at different times of the year. Geotaxis in protozoa has been largely 

discounted as no organelle has been found, although vacuole contents could act as 

a statolith (Fenchel, 1987). Fenchel (1987) states that true geotaxis is only present 

in the ciliated protozoan Loxodes which contains a Miilier vesicle which serves as a 

gravity sensor informing this geotaxic ciliate of its vertical positioning. Fenchel & 

Finlay (1984) determined that geotaxis in Loxodes is sensitive to dissolved oxygen 

tension: in low oxygen tensions it swinns up, and in high oxygen tensions it swims 

down. 

Positive phototaxis was demonstrated in Preliminary and Secondary Experimental 

individuals with no correlation to water temperature, but it may be possible that 

the temperature of the water acts as a trigger for geotaxic behaviour in Elphidium 

crispum. Negative geotaxis was observed in November, 1993, and June and 

September, 1994, when the water temperature was rising; whereas positive 

geotaxis was observed in March, 1994, when the temperature of the water was at a 

minimum. I f the contents of vesicles are the mechanisms of the geotaxic behaviour 

observed, the density of the contents would be affected by water-temperature, and 

perhaps lead to the observed change in response. 

Geotaxism was variable, both in terms of significance and whether it was positive 

or negative. It is possible that the temperature of the water acts as a trigger for the 

opposing geotaxic behaviour in Elphidium crispum. The media within the 

experimental containers was not agitated within the experimental period, and so 

possible sensory input by the reticulopodes to induce geotaxism was not possible. 

In addition, the media was uniformly oxygenated before filling of the containers, so 

movement in response to varying oxygen concentrations was not possible. 
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9.4.3. PHOTOTAXIS. 

Comparison of the phototaxic data from the light above the specimens and the 

light source below the specimens shows that Elphidium crispum reacted more 

consistently to the experiment of the light source situated above the specimens. 

All size-classes of all months tested for response to a light source above the 

specimens in the Preliminary Experiments were positively phototaxic. The test 

statistic value for specimens of 500 ^m-1000 nm in July, 1993 was comparatively 

much higher than that of other size-classes and months tested. 

Only two of the eight tests carried out for response to a light source below the 

specimens in the Preliminary Experiments yielded significant positive phototaxic 

responses. It would be assumed that i f the Elphidium crispum had followed the 

motile food source into light, then all tests would have been significant. It seems 

likely, therefore, that either the algae did not preferentially move into the lit area, 

or that the foraminiferid specimens did not follow the food source. This is 

substantiated by Murray's work (1963), who finds that Elphidium crispum did not 

follow the positively phototropic Tetraselmis suecica alga into the light side of the 

culture dish, although Sliter (1965) finds in his experiments upon Rosalim 

globidaris that this species did follow diatoms to the light side of the culture dish. 

In the Secondary Experiments all size-classes for all months tested were positively 

phototaxic except for April, 1994, for the size class 500 ^im to 1000 fim. The 

p-values for the phototaxic responses were all 0.001 except for the size class of 

250 nm to 355 jxm specimens in March, 1994, when it was 0.025. Specimens 

between 500 nm to 1000 pm tested in June and July, 1994, produced 

comparatively very high Test Statistics. 

This study concurs with that of Lee (1990) who observed phototaxis in three 

species of Foraminiferida which contained endosymbionts, and Murray (1991) who 
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stated that as the symbionts require light, symbiont-bearing benthonic 

Foraminiferida are responsive to this. Fenchel (1987) put forward the idea that 

ciliated protozoa containing symbiotic photosynthetic cells which accumulated in 

the hght were not demonstrating a true taxic behaviour. He found that 

Paramecium bursaha which normally contain symbiotic Chloreila cells are 

attracted to light, but i f no symbionts are present there is no response to light. It is 

likely that the positive movement towards light observed in the above study is a 

behavioural response to maintain the chloroplasts harboured by Elphidium crispum 

in the light; however, it is maintained that this is a motile response to a stimulus, 

and as such, is a taxic behaviour. 

By comparison of results fi'om the experiments carried out upon the Preliminary 

and Secondary experimental specimens, it appears that the Elphidium crispum in 

the Preliminary experiments were little affected by the presence of the unicellular 

algae in the containers, although in the natural environment their behaviour may 

well be mediated by the unicellular algae in their habitat. 

9.4.4. TEMPORAL INFLUENCE. 

Both geotaxis and phototaxis appeared to be affected by the time of year tested. In 

the Preliminary Experiment for geotaxis only two size-classes were significantly 

geonegative, both in November, 1993; and in the Secondary Experiment for 

geotaxis specimens were geopositive in Spring (March, 1994) and geonegative in 

Summer (June, 1994), Autumn (September, 1994) and Winter (November, 1993). 

Positive phototaxism appears to be an important mechanism for Elphidium 

crispum to remain epifaunal in Spring (March and April, 1994), Summer (June, 

1994; July, 1993; July, 1994) and Winter (November, 1993). 
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9.4.5. ONTOGENY. 

Individuals of greater than 250 \im demonstrated geotaxis and phototaxis. Stage of 

development appears to be important for phototaxis in Elphidium crispum as 

strong significant test statistics were obtained in the months of July, 1993, and 

June and July, 1994, for individuals of 500 ^m to 1000 ^m. This increase in 

response was probably not due to natural variability or sampling error, and it is 

tentatively assumed that phototaxis is more important to the larger, adult 

Elphidium crispum in these Summer months; perhaps to facilitate the release of 

gametes. Although Jepps (1942) stated that culture Elphidium crisptim gametes 

settle with no orientation to light or to gravity, individuals of greater than 250 ^m 

were capable of geotaxis and phototaxis. 

The quality and intensity of the light were not altered during the experimental 

period and this would possibly have aifected the responses observed. Intensity of 

light at depth is a complex variable, which may change by the hour in the natural 

environment. Although the quality o f the light could have been approximated by 

the use of coloured screens over the fluorescent tube, it was not possible to 

accurately reflect the changes in intensity in the natural environment. 

Additional research needs to be carried out to test the responses of this species to 

light and gravity throughout an annual cycle, and to test whether the temperature 

of the water is the fundamental factor which renders the geotaxism positive or 

negative. It would also be necessary to determine the mechanism of geotaxism and 

phototaxism. The positive geotaxism observed must be reversed at some stage 

(when light is not detected) and may, in the natural environment, be related to 

available oxygen within the sediment: the trigger for this change in behaviour needs 

to be assessed. In addition, it would be useful to determine the responses of this 

species to gravity at night. 
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9.5. SUMMARY. 

Positive phototaxism appears to be an important mechanism to maintain harboured 

chloroplasts in the photic zone, and, combined with negative geotaxism, both 

responses ensure that Elphidium crispum remains epifaunal. The observed 

combination of positive geotaxism and positive phototaxism in March might be a 

mechanism to avoid storms and being carried out of the area on high currents. 

Specimens as small as 250 ^m demonstrated the ability to respond to light and 

gravity, although there appeared to be a very strong response to light for large 

specimens in Summer, perhaps to facilitate reproduction. The time of year appears 

to affect whether geotaxism is positive or negative perhaps indicating the possible 

mechanism of geotaxis (density of vesicles). A light source above the specimens 

appeared to induce a phototaxic response, perhaps demonstrating that a 

photoreceptor exists on the dorsal side of the organism. 
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CHAPTER 10. 

DEFORMATION OF THE TEST. 

10.1. INTRODUCTION. 

Stress ofid morphological differentiation 

Organisms under environmental stress may become morphologically different from members 

of their own species not subject to stress. This response is known to occur amongst marine 

algae (both amongst micro-algae and macro-algae) and amongst marine invertebrates. 

Organisms with higher levels of tissue complexity and compartmentalisation are generally 

able to excrete or secrete excess pollutant materials. Free-living Foraminiferida, in general, 

form very regular, synmietrical tests, which allows relatively easy identification of the taxa, 

although attached epiphytic and epilithic forms often form tests distorted to allow easier 

attachment. Miller et ai (1982) find that the morphological variation in the Elphidium 

excavatum group is a fiinction of natural physical variables. 

The test of Foraminiferida is believed to act as an effective barrier against stressfijl 

conditions. The separation of the series of chambers by narrow openings, (Marszalek, 

1969; Marszalek et ai, 1969; Murray, 1991) and the observed withdrawal of protoplasm 

into inner chambers, (Marszalek, 1969; Marszalek et a/., 1969; Hottinger & Dreher, 1974; 

Murray, 1991) are both thought to be mechanisms to protect the organism from 

unfavourable changes in environmental chemistry. These mechanisms are thought to be 

important to miliolids and planispiral Foraminiferida and the genera of Sorites, 

Ploiiorbulim, Bolivina and Discorbis. Arnold (1954 {a}) finds that the pore plugs of 

Discorinopsis aguayoi might act as valves to allow the escape of pseudopodia and then 

close as soon as the pseudopodia are retracted, and Pierce et al. (1968) state that the 

organic matrix of calcareous and arenaceous tests and organic tests of "tectinous" 

Foraminiferida have a vital role in regulating the entrance of various elements in the 

environment into the interior of the test. Behaviour of Foraminiferida may also be affected 
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by the environment, as Sieglie (1975) observed Ammonia caiesbycom burying in sediments, 

which he states may be a form of defence against sudden and unfavourable conditions. 

Micropalaeontologists have discovered from sedimentary cores that a proportion of 

foraminiferid tests examined are sometimes morphologicaily deformed. The cause of 

deformation of tests of Foraminiferida is unknown. Examination of foraminiferid tests from 

living assemblages have sometimes also revealed a proportion of the assemblage to have 

deformed tests, and many authors have suggested a relationship between deformed 

foraminiferid tests and particular environmental variables from field collections. Murray 

(1979 {b}) states that although growth is genetically controlled in some environments, 

abnormalities are "not uncommon" and range from reduced chamber size to changes in 

coiling direction. Deformation of foraminifend tests is believed to occur in response to 

extremes of food items, salinity, temperature, organic content and heavy metal content of 

the sediment. 

Nutrition 

It is believed that food deficiency in winter results in the formation of chambers smaller, or 

longer and thinner, than those produced before and after the shortage of food organisms 

(Myers, 1943; Alve, 1991), producing tests of uneven peripheries. Setty (1976) states that 

Ammonia beccarii living in an environment high in organic content are high spired, with 

crooked, bent or curved terminal whoris. Sieglie (1975) finds that high organic content 

zmsQS Ammonia catesbyatm to produce a high-spired form (and some specimens may also 

possess a protruding proloculus); whilst Quinqueloctilina rhodiensis may develop an 

abnormal form in response to organic pollution. Sieglie (1975) also finds Ammonia 

catesbymia to be mostly megalospheric, indicating that sexual reproduction provides a 

quick way to adapt to the organic pollution. Sieglie (1973) finds that living pyritised 

specimens are found at organically polluted sites, especially amongst variants Ammonia 

tepida, and suggests that pyrite may be produced by sulphate-reducing bacteria and may 

invade foraminiferal protoplasm as a type of disease. High organic pollution, caused by the 

Amoco Cadiz oil spillage, resulted in malformed Foraminiferida (especially Protelphidiiim 
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paralhim\ possibly due to affected growth rates and modes of calcification which might 

affect foraminiferaJ resistance to parasitic attack (Venec-Peyre, 1981) . 

Salinity 

The morphology of Foraminiferida is also believed to be affected by the salinity of the water 

within the habitat. Murray ( 1 9 7 3 {a}) states that specimens which reproduce near the limits 

of favourable salinities commonly have more chambers and are slightly larger than those 

reproducing under favourable conditions; and Malmgren (1984) identifies three 

morphotypes of Ammonia beccarii fi-om salinas samples ranging from 7%o to 92%o. Almogi-

Labin et al. (1992) observe in a hypersaline pool (ranging from 39.7%o to 54.5%o) that 

abnormal tests were formed in Ammonia beccarii as a result of seasonal stress conditions 

and the ionic composition of the water. Deformities due to hypersalinity ranged from 

deformed chambers smaller than previous chambers to changes in coiling direction and the 

presence of twinned forms, with some specimens having abnormal early stages with no 

fijrther growth. Aberrant calcareous specimens have been observed fi-om both hypersaline 

and hyposaline environments, indicating possible interference with the precipitation of the 

test. 

Temperature 

Temperature also affects the morphology of some calcareous Foraminiferida, this may be 

because the solubility of calcium carbonate is increased at lower temperatures and 

pressures. Overall size, as well as thickness of the wall and strength of ornament, may vary 

with changes in salinity and temperature (Haynes, 1981). Boltovskoy & Wright (1976) 

quoted Lutze (1962) as observing that benthonic specimens of Bolivina spissa varied 

morphologically, fi-om being narrow at 1000m depth in cold water to becoming broader and 

more highly ornamented in warmer and shallower waters. It is also possible that this may be 

due to hydrodynamic activity rather than to temperature. The benthonic species Ammonia 

beccarii seems to have physiological races based on temperature optima (Matera & Lee, 

1972), and cultured Ammonia beccarii grown at lower temperatures produce larger tests 

(Bradshaw, 1961). Planktonic Foraminiferida also demonstrate morphological variations 
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based on temperature, with asymmetry and aperture losses in colder water (Boltovskoy, 

1962). Be (1968) related the porosity of planktonic Foraminiferida to temperature with 

warm, tropical, species having a 20% porosity while those from cold polar waters have a 5% 

porosity. This may indicate that porosity of the test is related to diflferent buoyancy 

requirements o f planktonic Foraminiferida in waters of different temperatures; those from 

warmer waters requiring a higher porosity of the test. Sieglie (1975) states that thermal 

pollution results in Ammonia tepida having distorted chamber arrangement and tumour-Uke 

outgrowths of chambers in larger specimens, and that Quinquelociilim rhodietisis develops 

an abnormal form in response to thermal pollution. 

Heavy metals 

Although marine Foraminiferida show only a very small proportion of the population to be 

abnormal, some fossilised Foraminiferida have shown abnormalities in test morphology 

(Amal, 1955). Sharifi el al. (1991) are the first authors to directly correlate foraminiferid 

test deformation in core samples with the presence of heavy metals in the surrounding 

sediment. They find that the distributions of some Foraminiferida are altered by some heavy 

metals, and, whilst some species are able to tolerate this type of pollution, others form 

deformed tests. Examination of core material reveals that prior to higher levels of copper 

and zinc there are no foraminiferid deformities, but that deformations are apparent in 

specimens associated with these higher levels of heavy metals. Since their paper, other 

authors have also attempted to correlate deformation of foraminiferid tests in field 

collections with the concentration of heavy metals in the substrata at the time of collection 

(see Stubbles, 1993; Yanko el a/., 1994). To substantiate the hypothesis that heavy metals 

were causing the observed deformities, Sharifi etal. (1991) maintained livingAmmonia 

beccarii, and exposed them to levels of copper between 10 and 20 parts per billion; 

specimens formed deformed tests after 12 weeks. Types of deformation observed from this 

trial included producing a high spiral side, additional chamber development, twisting and 

twinning. Unfortunately, laboratory Foraminiferida are known to show aberrances in the 

absence o f metals (Hedley & Wakefield, 1967), and, as the number of specimens tested was 

only a maximum of six, the results are not statistically viable. However, unlike other 
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authors, Sharifi et al. (1991). by carrying out laboratory experiments under controlled 

conditions, attempted to prove that heavy metals were capable of causing the observed 

deformation. 

It is necessary to fiilly understand the chemistry and properties of heavy metals before 

attempting to theorise the possible cause of test deformation. A heavy metal is distinguished 

from a metal i f it has a density greater than 5g cm^ and has the chemical properties of a 

metal. There are 32 heavy metals which often occur with the metalloids of arsenic, antimony 

and bismuth. Most heavy metals are transition elements, which means that they can move a 

newly-gained electron to the penultimate shell. This ability alters the chemical properties of 

the element. Its reactivity is changed, and up to 5 electrons can be moved into the inner 

shell, making the element pentavalent. There is no re-distribution of valence electrons 

during bond formation; the degree of covalent bonding between two atoms is determined to 

a significant extent by the relative energies of the valence orbitals (Whitfield & Turner, 

1983). Similarity between heavy metals is expressed along the vertical axis of the periodic 

table e.g. zinc, cadmium and mercury, because as each electron shell is added to the 

transition elements, the mass and reactivity is increased. Heavy metals chelate easily with 

other elements, and even gases. Because they are transition elements, when the electron is 

moved to the inner shell by loose bonding, the heavy metal may attract another element. 

This characteristic means that heavy metals can be used to transport an element from the 

place of uptake to the place of use, and this is why they are common components of 

respiratory pigments. Although heavy metals transport elements without oxidising them, 

they have no method of control. Many heavy metals readily adhere to organic matter and, i f 

the organic content in the environment is high, there is a high rate o f heavy metal chelation. 

Heavy metals are important aquatic pollutants, which are both naturally and 

anthropogenically introduced into the marine environment. These elements are subject to 

biogeochemical cycling as a natural part of the ecosystem. The particles settle out as dust 

from magma eruptions and the vapours condense on particulate materials in the atmosphere. 

Fumaroles on the sea bed may also release heavy metals. By the processes of vulcanism and 
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fumaroles, the marine system receives particles or vapours of heavy metals by precipitation. 

The erosion of igneous rocks also releases heavy metals, as all igneous rocks contain them, 

although erosion may be at widely dififerent rates. Natural localised high concentrations of 

heavy metals may be due to the local biology or geology. Biogenic rocks are generally fine 

sediments with high organic content, which chelate heavy metals into the sediment; and 

estuarine muds generally carry a high heavy metal content (Atlas & Bartha, 1981). The 

activity of man can place naturally-occurring heavy metals at problem levels into the marine 

ecosystem; the drainage of mine works frequently results in the release of acid water which 

has leached heavy metals from the rocks mined; and the extraction or spillage of oil places 

these heavy metals into the marine ecosystem in unnatural concentrations. I f the activity of 

man distributes high concentrations of heavy metals into areas which were previously not 

subjected to them, this is pollution. The unnatural release of heavy metals occurs by many 

processes, and includes: the mining of rock which accelerates the erosional process and 

places heavy metal laden dust into the atmosphere to be carried in all types of water 

courses; smelting of ores; the use of pesticides, fungicides and metals as supplements for 

livestock feed; car emissions which release lead into the air; photographic laboratories 

which release silver into discharge points etc. Cadmium is present in phosphate-bearing 

rocks, and therefore in phosphate-based fertilisers (Atlas & Bartha, 1981). Jones & Johnson 

(1991) state that cadmium, chromium, copper, nickel, lead and zinc are associated with 

sewage input and Balogh (1988) states that an adult man excretes between 7 and 20 mg of 

zinc daily. Ramelow (1985) finds that shipping and sewage elevate levels of zinc, but reduce 

levels of nickel and cadmium. 

Factors which affect the transportation of heavy metals also afifect their uptake and toxicity. 

The aquatic system ensures that metals exist in a variety of physical and chemical forms. 

The chemical form is variable and is largely dependent upon the chemistry of the receiving 

waters, which affects metals and changes their chemical state. The two major transport 

phases are either dissolved or in suspension; i f dissolved, the metal is usually in the form of 

a free ionic salt, or associated with a soluble organic molecule, whereas i f the metal is in 

suspension, it may be adsorbed on to or into organic or inorganic particles, or be 
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precipitated as a salt of the metal. Most metals exist in the dissolved state and this affects 

their uptake by organisms. In suspension, the particles are adsorbed on to the surface of 

materials, which makes them relatively easily adsorbed by digestion (due to pH changes in 

the gut changing their state fi-om the particulate to the soluble form). I f heavy metals are 

incorporated into organic particles, they may not be fully available, and may be excreted. 

Uptake of heavy metals may occur either via the surrounding water or from food items 

taken into the body. Interstitial waters which have low levels of oxygenation generally are 

highly acidic, and act as reservoirs for heavy metals; this results in deposit-feeders generally 

suffering more heavy metal uptake fi'om the medium than suspension-feeders. Active uptake 

may also occur via the cellular pumps for sodium and potassium. Uptake via food 

organisms is the major route of heavy metal passage into an organism, except for those 

which are small and have a high surface-area-to-volume ratio. Bacteria are known to have 

highly anionic walls and, in the few species of bacteria studied, the outer membrane of Gram 

positive bacteria was more effective at binding heavy metals than the walls of Gram 

negative bacteria (Beveridge, 1984). Although Boyle (1984) states that bioaccumulation of 

heavy metals by algae may be important through food chains to consumer organisms, and 

Abel (1989) states that heavy metals in the tissues of prey may form a threat to long-lived 

organisms at higher trophic levels, metals do not appear to accumulate through the trophic 

chains to the top predators of a community, with the exception of methyl mercury (Bryan & 

Langston, 1992). 

Life evolved with heavy metals present, and at naturally-occurring levels they are normally 

harmless. Many heavy metals are incorporated into the biochemistry of many organisms, 

and are vital to much of the life on the planet. Vanadium, chromium, manganese, iron, 

cobalt, nickel, copper, zinc, molybdenum and tin are all essential elements. Manganese, iron, 

copper, zinc and molybdenum are essential for plants, whilst iron is important in vertebrate 

respiration. Zinc is present in DNA, and copper and vanadium are important in molluscan 

and ascidian respiration respectively. These heavy metals are termed "essential" i f the lack 

of them causes a process to be less efficient. Dale (1991) quotes Curd (1982) that some 
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metals, such as copper, zinc, iron and cobalt are micronutrients and are, therefore, needed at 

very small concentrations, whereas metals such as lead, cadmium, mercury and arsenic are 

not needed at all. Many authors have published upon the requirements of organisms for 

metals, and include: Sunda & Gillespie (1979) on the requirements of bacteria and marine 

algae for copper; Amon (1960) on the requirements of green plants for heavy metals; 

Knauer & Martin (1983) on the role of copper, manganese and zinc in primary production; 

White & Rainbow (1985), who discuss the enzymatic requirements for molluscs and 

crustaceans and Fries (1982), who states that additional vanadium in culture media 

increased the fresh weight of the green marine alga Enteromorpha compressa by 90%. 

White and Rainbow (1985) calculated that for molluscs and crustaceans, the number of 

copper- and zinc-containing enzymes, RNA and DNA polymerases, malate and lactate 

dehydrogenases, plus cytochromes and haemocyanin mean that these organisms have a 

requirement of 26.3 ng per g dry weight of copper and 34.5 ^g per g dry weight of zinc. 

The concentration of heavy metals in sediments usually exceeds those of over-lying waters 

by between three and five times (Bryan & Langston, 1992), and due to physical adsorption 

and chemical bonds, pollutants become highly enriched in sediments and are only slowly 

released into the water column (Giere, 1993). In addition, trace contaminants that are not 

easily degraded (such as polychlorinated biphenyls, chlorinated pesticides and metals) are 

adsorbed on to the surfaces of the bacteria or sludge particles (Capuzzo et a/., 1985). In 

order for a metal to be taken up by organisms, it is important that the metal is in a form 

which is readily incorporated. The most readily available forms are those of the free ions, 

Bryan & Langston (1992) state that the free ions of copper and cadmium are the most 

bioavailable inorganic forms, although they only account for a small proportion of total 

dissolved copper, and the most bioavailable form of zinc is Zx&^ > which is often the most 

abundant dissolved form. The principal forms of cadmium are as chlorides in sea water, 

although the available free ions of this metal increase with decreasing salinity (Bryan, 1985; 

Bryan & Langston, 1992). Amdurer et al. (1983) state that iron probably forms Fe(0H)3 in 

sea water; zinc probably forms Zn"*^, ZnCl**", ZnCl2, Zn(0H)2, ZnC03; and cadmium 
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probably exists as CdCl2, CdC|-*-, CdCI"" \ Kremling & Wenck (1983) state that numerous 

studies have indicated the association of copper with dissolved organic matter. 

Although no work has been published upon the heavy metal requirements of Foraminiferida, 

it is known that most marine invertebrates have essential requirements for zinc and copper 

(White & Rainbow, 1985), whereas cadmium is usuaDy toxic. It is known that iron is bound 

to the organic tests of Foraminiferida (Hedley, 1960) and is incorporated into foraminiferai 

calcite (Izuka, 1988). The incorporation of iron into agglutinated tests is believed to be a 

secondary feature of chelation of this metal to the tests after the chambers are formed in 

Jadammim macrescens (Brady) (K. Allen, pers. comm.). Iron is probably the agent 

responsible for the golden-tan coloration of agglutinated tests. Boyle (1980) states that 

Foraminiferida may be significant carriers in the oceanic cycling of zinc, and McCrone & 

Schafer (1966) state that in their study, the sediments containing Foraminiferida at low 

salinities were highly undersaturated with the common metallic ions that are usually 

important in nutrition. 

Whether a metal is essential or not, all trace metals are potentially toxic at a threshold 

bioavailability (Rainbow et a!., 1990). Pollutants may cause genetic derangement or 

chromosomal damage resulting in morphological abnormalities (Capuzzo el al., 1985). 

Segar el (1971) state that the heavy metal content of eleven species of mollusc varied 

greatly both inter- and intra-specifically. Rheinheimer (1992) states that copper and mercury 

entering the water via sewage and waste can completely destroy natural living communities; 

and Lande (1977) finds that the sessile marine fauna and flora of areas adjacent to mining 

communities were found to be considerably reduced in quality and quantity. In addition, 

once wastes are sedimented out of suspension, the action of bioturbation, erosion and 

bottom currents can resuspend them (Capuzzo el al., 1985). Both particle size of the 

substratum and organic content can affect trace metal concentration (Jaffe & Walters, 

1977); and McClusky et al. (1986) state that increased temperatures and salinities increase 

the toxicity of metals to molluscs. Microbial production of chelators and acids can reverse 

adsorption and remobilise toxic heavy metals, and is capable of transferring methyl groups 

320 



on to various heavy metals, thus increasing toxicity. Diatoms are known to suffer marked 

effects in fine structure with the addition of heavy metals to culture media (see Berland et 

a/., 1977; Canterfiard et a!., 1978; Coccetti & Lee, 1979; Thomas et a/., 1980; Rueter & 

Morel, 1981; Smith, 1983; Stauber & Florence, 1990) and to incorporate heavy metals into 

polyphosphate bodies during phosphate uptake (Sicko-Goad & Lazinsky, 1982). Copper 

and iron are associated with the silica frustules of diatoms (Lindahl et ai, 1983), and it has 

been established by Sunda et a/. (1981) that copper competes with manganese in 

phytoplankton, whilst Moore & Ramamoorthy (1984) state that copper is toxic to plants, as 

it inhibits the electron transport of photosynthesis. The absorption of zinc by the macro-alga 

Lamhun-ia digitata increases in older parts of the frond (Bryan, 1969), perhaps suggesting 

that for macro-algae exposure time rather than metal concentration is important. It is 

thought that heavy metals probably inhibit enzyme systems in macrofauna (Bryan, 1971; 

Verriopoulos & Hardouvelis, 1988), due to the binding of the sulphydryi groups of enzymes 

(Rheinheimer, 1992). This concurs with Harvey & Luoma's study (1985) of the clam 

Macoma balthica, which exhibited feeding avoidance with increased metal availabihty. 

McClusky et ai (1986) state that the sublethal effects of cadmium upon crustaceans include 

limb regeneration, moulting of the exoskeleton, osmoregulation problems and greater 

oxygen consumption. The occurrence of two or more metals together in the environment 

greatly modifies their effect upon the organisms present; zinc and copper suppress the 

bioavailability of cadmium by competing for metal-binding sites in Fitais vesiadosus (Bryan 

& Hummerstone, 1973), whereas other metals may act as synergists. Moore & 

Ramamoorthy (1984) find that cadmium displaces zinc in many vital enzymatic reactions, 

causing disruption or cessation of activity in plants. Competition also exists between metals 

such as copper and silver, and zinc and cadmium for uptake sites in organisms. Bryan 

(1969) states that copper and manganese inhibit the uptake of zinc in Lamuiaria digitata. 

Bryan & Langston (1992) state that the level of iron oxides in the sediment determines the 

availability of sediment-bound copper. In addition, Moore & Ramamoorthy (1984) state 

that zinc and cadmium, and zinc and copper, act as synergists to inhibit plant growth. 

Toxicity of metals may depend upon the stage of development of an organism, as embryonic 

and larval stages are usually more sensitive (often by orders of magnitude) than adults 
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(Bryan & Langston, 1992); and the reproductive cells of sea weeds are often the most 

vulnerable link in the algal life cycle (Levine, 1984). The timing of heavy metal pollution can 

also affect an organism; Alliot & Frenet-Piron (1990) state that seasonal pollution occurs in 

spring and summer, due to the activity in a harbour, whilst sampled shrimps appear to 

detoxify during winter. 

The release of dissolved organic matter by living organisms serves to detoxify the 

environment of heavy metals by chelation (Atlas & Bartha, 1981) and chelators can 

decrease rates of accumulation of copper by competing with membrane Hgands (Zamuda & 

Sunda, 1982). It is thought that the exudation of polyphenols from brown macro-algae may 

also contribute to the natural chelating capacity of inshore sea water (Ragan et al., 1980), 

and Bryan (1971) states that the alginates in brown sea weeds have a high affinity for 

divalent metals. Salinity of the water can also affect the levels of metals; high salinity 

reduces levels of ionic copper (Bryan & Langston, 1992), and Sunda & Ferguson (1983) 

find that copper added to low-salinity coastal water was more highly complexed and, 

therefore, less toxic. Zinc is generally better regulated than other metals by organisms 

(Bryan, 1985) and there is great biological evidence that a wide range of organisms can 

develop a genetic resistance to heavy metals (Bellinger & Benham, 1978; Gower et al., 

1994). The polysaccharide coating of bacteria may bind heavy metals, and prevent their 

entry into cells (Moriarty & Hayward, 1982). The primary production of the oceans relies 

on keeping heavy metals at levels between toxicity and deficiency and, as some 

phytoplankton live in a wide range of metal concentrations, it is clear that some species 

have evolved mechanisms of adaptation to permit growth at both high and low 

concentrations (Rao & Sivasubramanian, 1985). Blue-green algae and diatoms appear to be 

more tolerant of zinc, copper, lead, nickel, cobalt and manganese ions than Chlorophyceae 

(Reddy & Venkateswarlu, 1985); and it may be that the incorporation of metals such as 

copper, zinc and cadmium into excreted photosynthetically-fixed carbon fi'om diatoms relies 

upon the activity level of the cells (Fisher & Farris, 1982). The Chlorophycean 

Enteromorpha compressa appears to have genetically-determined tolerance to copper, and 

this may be due to internal detoxification (Reed & Moffat, 1983). Ciliated protozoa may 
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gain tolerance from calcium or magnesium chelators and Jones & Johnson (1991) quote 

Curd and Cockbum (1970) that there is no evidence that sewage containing heavy metal-

laden industrial wastes had any detrimental effects on the protozoan populations of 

percolating filters. Macrofauna are able to regulate and detoxify their bodies of heavy 

metals due to having both better internal compartmentalisation and the production of 

proteins which bind the metal in a harmless state until excreted. Decapod crustaceans 

possess these proteins (Rainbow et a/., 1990), called metallothioneins, and, in addition, it is 

thought that the calcium deposits in the exoskeleton can sequester divalent cations (Weis, 

1985) or that the organism can deposit metals in the exoskeleton (White & Rainbow, 1985). 

The primary ftinction of metallothioneins is in regulating normal metal metabolism (Engel 

and Brouwer, 1984); and metallothionein-bound metals may concentrate the metal, but in 

this state it does not diffuse back into the environment. Each metallothionein is specific for 

one metal, and may be used to store metals for use in times of metal scarcity. Rainbow & 

White (1989) state that decapod crustaceans can regulate zinc at a level of 79 ng per g , 

until regulation breaks down and accumulation begins; and that no crustacean is capable of 

regulating non-essential metals such as cadmium. Nott & Nicolaidou (1989) have found that 

molluscs are able to form inert metal-containing granules, and it is thought that this group 

may have adapted the mechanism for the storage of calcium ions in granules to form the 

exoskeleton. Bryan (1976) finds that in molluscs temporary protection from metals may be 

afforded by binding the metal to proteins, polysaccharides and amino acids; and in scallops 

the excretion of metalliferrous granules from the kidneys and in spheres pinched off from 

digestive cells occurs. Bryan (1976) also states that in molluscs translocation and 

detoxification of metals are carried out by leucocytes. 

The uptake of radioactive caesium and potassium by Foraminiferida has been investigated 

by Bryan (1963). He found that Eiphiditim crispttm, which had been maintained in a 

recirculating aquarium {pers. comm.), absorbed *̂ ^Cs more slowly than although it 

reached a higher concentration. Boltovskoy (1956) states that the lead present in the tests 

of Foraminiferida from the Argentinean shelf and the general impoverishment of both 

foraminiferal and other invertebrate fauna is probably due to lead brought into the area by 
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Andean streams. Boltovskoy (1956) also states that specimens are smaller, and that both 

abundance and diversity are affected; and that Lagenidae and Nonionidae display a tendency 

towards asymmetry. Boyle (1986) states that certain trace elements such as cadmium are 

highly correlated with oceanic nutrients such as phosphorus in the oceanic water column; 

and so, because they are incorporated into foraminiferai tests in proportion to the 

concentration in the water, these trace elements can be used as tracers of past oceanic 

nutrient distributions. Takashi Toyofiiku working at the Shizuoka University upon 

Qiimquelociilim yabei finds that as temperature rises the concentration of magnesium 

calcite decreases, which may cause problems with the calcification of the test in this species 

H. Kitazato,/7e/-5. comm.). Alve (1991) states that test malformation in both fossilised and 

living Foraminiferida are the result of environmental stress, and the action of both salinity 

and metals. She identifies seven deformation types from stressed assemblages, in which 

between 1-3% of the assemblage produce deformations: double apertures, small chambers, 

protuberances, twisted chambers, enlarged apertures, aberrant chamber shapes and twinned 

forms. Yanko elal. (1994) state that, because of heavy metal contamination, Foraminiferida 

produce smaller tests which are frequently pyritised; and that up to 2-3% of the 

Foraminiferida sampled were deformed (comprising 16 species including both calcareous 

and agglutinated taxa). Chang & Kaesler (1974) found that in Ammonia beccarii both 

temperature and salinity are important controls of morphological variations, and that there 

is a higher correlation with temperature plus salinity than with either characteristic 

separately. Although Stubbles (1993) states that the number of deformed living specimens 

of Foraminiferida in Restronguet Creek decreases with increasing distance from a discharge 

point of acid mining water, she does not indicate whether the ratio of undeformed/deformed 

individuals changes with distance. Somerfield et al. (1994 {a}) state that the concentration 

of heavy metals in this estuary before and after the mine discharge was not significantly 

different, and the overflow had no significant effect on the benthonic infauna in the estuary, 

although nematodes are more affected by heavy metals than copepods (Somerfield et al., 

1994 {b}). Abnormal grov^h of Foraminiferida is usually defined by authors as specimens 

forming additional chambers, enlarged final or penultimate chambers, protruding chambers, 

multiple distorted chambers, twinned tests, and uneven chamber or suture shape. Although 
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some authors analyse the heavy metal content of foraminiferid tests, Boyle (1979) advises 

that it is first necessary to remove iron and manganese contaminants. Despite many authors 

stating that heavy metals in greater-than-background levels are harmful to Foraminiferida 

causing deformations of the test and/or faunal shifts, it should be recognised that at least 

one type of foraminiferid conmiunity prospers upon deep-sea manganese nodules rich in 

many types of heavy metals (copper, cobalt and nickel) and may be responsible for their 

formation (Riemann, 1983). 

Much of the published work on the relationship between heavy metals and deformations in 

living Foraminiferida is restricted to studies of estuarine species. An estuary is one of the 

most variable habitats in the worid with the salinity, pH, suspended matter, organic content 

and temperature extremes experienced by organisms fluctuating daily. The movement and 

accumulation of heavy metals within estuarine systems is, therefore, very complex. 

Estuaries, due to the change in pH of fi^esh waters to sea water of pH 8.1, cause a rapid 

change of the transport phase, and metals move from being dissolved into their particulate 

form, and settle out of solution. This results in the escape of small, low-density particles 

from an estuary, whilst larger, denser particles are trapped (Duinker, 1983). There is also 

more particulate material for the heavy metals to adsorb on to, and so estuaries become 

highly contaminated with heavy metals. Martin & Whitfield (1983) state that more than 90% 

of the river-suspended matter settles with its associated colloidal material produced when 

river water mixes with sea water. It is vitally important, therefore, that any estuarine study 

intended for the study of trace-metals' geochemical cycles should include suspended matter 

content and important water parameters, especially pH (Bourg, 1983). The concentration 

and bioavailability of metals in estuarine sediments depends upon many different processes: 

mobilisation of metals to interstitial waters and chemical speciation; transformation; the 

control exerted by major sedimentary components {e.g. oxides of iron and organics) to 

which metals are preferentially bound; competition between metals for uptake sites in 

organisms; and the influence of bioturbation, salinity, redox or pH on these processes 

(Bryan & Langston, 1992). Schafer & Cole (1974) find that the pH of bottom sediments 
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seems to be important in controlling the establishment of foraminiferal populations in 

polluted environments. 

Experimentation upon organisms to test their resistance to heavy metal contamination 

commonly uses a standardised test, based upon the concentration of a metal which causes 

50% mortality in a set time (usually 96 hours). The measurement of the sublethal toxic 

effects is more representative o f natural environments, however, and toxic effects can 

include the depression of fecundity, viability of sperm, behavioural changes and percentage 

survival of offspring. 

Indicators 

Marine biologists have searched for many years for organisms which deform in specific 

ways to pollution of different kinds, so that simple examination of the morphology of 

organisms will provide definitive proof of pollution in the area under investigation without 

the need to carry out expensive and time-consuming analytical tests of the substratum or 

water. An indicator of pollution must, therefore, be an organism which can suggest the 

presence or absence of a particular environmental variable (Whitton, 1984). Increased 

interest amongst foraminiferologists has occurred recently with the realisation that 

Foraminiferida may be such important indicators of pollution. Bandy et al. (1964) state that 

the use of Foraminiferida as indicators of pollution is possible because tests are abundant, 

reflect growth patterns, are left after death, and their small size means that it is relatively 

easy to collect and preserve large numbers; so making statistical analyses of the data 

possible. Yanko et al. (1994) state that Foraminiferida make useful biological monitors as 

they are ubiquitous in marine environments and live on, or in, sediment which receives and 

stores many pollutants. In addition, Foraminiferida have a wide range of taxonomic 

diversity; the relatively small, hard tests are preserved in the environment making statistics 

feasible, and they have short reproductive cycles, so they are capable of showing a rapid 

response to a factor. Setty (1982) also states that Foraminiferida are good indicators of 

pollution; and Seiglie (1975) states that test deformation, size ratios of the tests of living 

and dead individuals, change of morphological characteristics with time, and specific 
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content of assemblages (in cores) are tools which cannot be used with other taxa. Seiglie 

(1975) also states that Foraminiferida are sensitive in situ monitors of coastal pollution. 

Despite the above authors suggesting that Foraminiferida would make important indicators 

of pollution due to deformation of the test, Rottger & Berger (1972) suggest that there 

exists a lag between the growth response and environmental change and possible slowing or 

cessation of growth during stress, resulting in minor changes in morphology. Watkins 

(1961) finds that the sensitivity of Foraminiferida is highly variable and related to both the 

type and the nature of the pollutant. Rottger & Berger (1972) also find that siblings vary in 

response to the same stimulus. Correlation of deformations in Foraminiferida from field 

collections with environmental variables measured at the time of collection, does not allow 

authors to state that a particular variable has caused the Foraminiferida to deform. It is 

equally likely that an unmeasured variable may be responsible for the deformations 

observed, or that deformation of the test is a natural response of the population to unstable 

conditions, or a predominance of sexual reproduction leading to more genetic variability 

and more mutations. Bryan & Langston (1992) concur vAih this and state that under field 

conditions deleterious effects on benthonic organisms cannot be attributed to specific metals 

as the effects are ameliorated by induction of metal-tolerance mechanisms in some species 

and in others by tolerant strains. 

Changes in assemblage composition 

Important work on the correlation of environmental variables (including pollutants) and 

populations living in a habitat has been carried out by some authors. Warwick (1984) states 

that the abundance and diversity of foraminiferid species are often used as indicators of 

"pollution", "disturbance" or "stress"; and Setty (1976) observes that certain living 

foraminiferid species restrict themselves to the least polluted zones of an area, and thereby 

are usefiil in establishing zones of effects of pollutants in a region. Seiglie (1975) finds that 

low foraminiferal species-diversity and high intraspecific polymorphism are characteristic of 

stressed and polluted environments. Alve (1991) states that a faunal shift occurs in response 

to the presence of heavy metals; Vemeuilina media gives way to Eggerelloides scabnim, 
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and, if assemblages are stressed, then the abundance of Foraminiferida decreases and some 

shallow-water-tolerant species may extend their habitat to deeper waters. Ellison el al. 

(1986) state that zinc, chromium and vanadium present in cores resulting from municipal 

and industrial pollution, produce large populations of a few opportunistic species of 

Foraminiferida in a "subnormal zone", where the concentration of pollutants is below the 

critical level. Rao & Rao (1979) state that species diversity nearby a titanium plant is low in 

comparison to other sites. 

Aims 

The proportion of deformed Foraminiferida from a year-long sampling program of three 

sites in Plymouth Sound (see Chapter 2.0) is recorded together writh the types of deformities 

exhibited. The heavy metal content of the substrata (five metals) and water samples is given 

for four summer months at each site. In order to clarify whether heavy metals do cause 

deformation of the test, it is necessary to expose a statistically significant number of 

individuals to varying regimes of metal toxicity. The phenotype of an organism is caused 

partly by its genotype and partly by its environment, and in order to eliminate genetic 

variability when subjected to experimental conditions, it was hoped to culture a species of 

Foraminiferida until asexual reproduction occurred, and then to use the offspring of a single 

parent to show response to the metal contaminants. In this way genetic variability would be 

negligible, and only the morphological response to the contaminant would be expressed. 

Attempts were made to induce reproduction of Elphidium crispum in the laboratory in 

order to expose the offspring of asexual reproduction to heavy metals (see Chapter 8). 

Failure to have offspring survive long enough in the laboratory to experiment upon, resulted 

in obtaining a foraminiferid species already successfully cultured for use in laboratory 

experiments. The use of the rapidly-reproducing and morphologically stable Rolaliella 

elaliana means that the action of the three main heavy metals (copper, zinc and cadmium) 

could be investigated and compared to the action of salinity extremes. In order to 

understand the action of heavy metals upon indigenous Foraminiferida it was decided to 

investigate the action of zinc upon the test formation of Ammonia batavus to complement 

the work of Sharifi elal. (1991), and to see i f the same types of deformation are caused by 
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a diflferent metal. It is hoped that these tests will reveal i f deformations of the test are 

induced by short-term experiments; i f deformation is specific to metals or salinity; or i f 

deformation is metal-specific. The deformed specimens recorded fi*om samples fi-om 

Plymouth Sound will provide an insight into types and proportions of deformity produced 

by natural assemblages of Foraminiferida. 

10.2, T E S T DEFORMATION IN FORAMINIFERIDA C O L L E C T E D F R O M 

P L Y M O U T H SOUND. 

10.2.L INTRODUCTION. 

The input of heavy metals into Plymouth Sound varies for each of the three sites sampled. 

The Breakwater isolates the body of water enclosed by it until flushed fi-om the area by tidal 

activity, making the Sound a catchment area for fluvial waters. This isolation of water 

between tides may allow toxic materials to be deposited wdthin the area and allow heavy 

metals to become chelated to organic detritus within the substratum. Plymouth Sound is 

dominated by the River Tamar and, to a lesser extent, the River Plym. The Plym carries 

waste washings of china clay fi-om EngUsh China Clay works. The Tamar, with its two 

tributaries o f the Lynher and Tavy, flows fi-om west Dartmoor over Devonian and 

Carboniferous rocks, with the Tavy rising among the peat bogs overiying the Dartmoor 

granite (Butler & Tibbitts, 1972). The Tavy probably carries heavy metals fi-om the peat 

bogs into the River Tamar, and Bland e( ai. (1982) state that the high metal content of 

sediments fi"om the River Lynher is probably due to run-oflF fi*om the metalliferrous 

catchment area, coupled with a high mercury content fi-om local sewage input. The increase 

in the number of marinas in the area will also serve to elevate the content of heavy metals 

due to the spillage of diesel and oil fi-om yacht engines. 

There is much input of sewage into the Sound; and sewage is laden with heavy metals such 

as zinc. From NRA (National Rivers Authority) data for 1993, the upper Tamar tidal 

catchment area between Gunnislake and Emesettle contains ten sewage treatment works 
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and three waste-disposal sites. The lower estuary contains seven sewage treatment works, 

twenty-nine outfalls and fifty-six consented discharge points (mainly Ministry of Defence 

and Dockyard). NRA data also shows that the number of bacterial coliforms (enteric 

bacteria) per 100 ml of water measured at a monitoring point near to the Dockyard is within 

the range of 2.1 x 10^ and 2.1 x 10^ and is always higher when measured at low tide than at 

high tide. This indicates that the river Tamar has a greater input of sewage to the Sound 

than vice versa. NRA data for 1993 also shows that the catchment area encompassing the 

Rivers Plym and Meavy contains seven sewage treatment works, five waste-disposal sites 

and four China-clay works. NRA data supplied shows that the number o f coliform bacteria 

per 100 ml water measured at a monitoring point in Jennycliflf Bay contained between 4 x 

102 and 3.1 X 10^ coliforms. In addition to the above sources of heavy metals to Plymouth 

Sound, there are numerous outfalls along the fi-ont of Plymouth Hoe. 

Cawsand Bay lies outside of the Breakwater and has relatively little local sewage input or 

industrial waste compared to the other two sites, although an area just oflF Cawsand Bay has 

regularly been used by the Navy as a de-gaussing site (correcting the magnetic field of 

shipping). Drake's Island, as well as being subject to high sewage input fi-om the River 

Tamar, also lies just oflf the large Devil's Point outfall. The Dockyard lies just up-river from 

Drake's Island and may subject this site to sea water containing heavy metal based anti-

fouling paints, wastes from electro-plating, filings and turnings o f heavy metals, and 

possibly radiation from work upon nuclear submarines. The acquirement o f heavy metal 

based anti-fouling paints has been banned (due to documented deleterious effects upon 

molluscs), although stocks held by organisations are allowed to be used. It is also possible 

that shipping not refitted and painted since the ban may come into the Dockyard. The 

change of pH as fresh water from the River Tamar becomes mixed with more alkaline sea 

water will precipitate metals in solution into particulate forms at this site. White Patch is 

also subject to a change of pH as the fresh water of the Plym becomes mixed with sea water 

and subject to heavy metals from sewage, leachate from Chelson Meadow waste-disposal 

site, and discharges from Sutton Harbour. 
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The aim of this part of the study is to record the number of, and types of, foraminiferid test 

deformation from the assemblages sampled at Cawsand Bay, Drake's Island and White 

Patch (see Chapter 2), to check upon deformation in natural habitats. The heavy metal 

content of sediments from these sites has also been recorded for four months, to ascertain 

the amounts of heavy metals present in the foraminiferid habitats during summer months. 

10.2.2. M A T E R I A L S & METHODS. 

Collection of Foraminiferida 

The methods utilised in the collection and isolation of living Foraminiferida from the three 

study sites are detailed in Sections 2.3 and 2.4. Sample site descriptions are given in Section 

2.5. 

IdetUificaiion of deformed tests 

Foraminiferida which exhibited chamber growth not in the same plane as previous 

chambers, of excessive size, of reduced size, or with un-uniform surface details are 

recorded. The presence of "tvwnned" tests and specimens with two apertures was also 

recorded, as were individuals of abnormal length. Only living/stained individuals have been 

isolated from samples, so that only those living in the habitat at the time of collection, and 

therefore subject to the environmental variables acting upon fauna at that site at the time of 

sampling, have been recorded. It should be noted that identification of test deformation is a 

very subjective process and Plate 3 provides representative specimens showing deformation 

types found in this part of the study. 

Preparation of water samples 

Duplicate sea water samples were collected from each site in 10 cm^ plastic bottles. Due to 

the problems of chelation and possible contamination, the bottles had previously been 

placed into a bath of concentrated nitric acid for a period of not less than 12 hours, twice 

rinsed in de-ionised distilled water, and then filled wdth de-ionised distilled water and lidded 

until use. Upon return to the laboratory, the sea water samples were placed into a 

331 



refrigerator at 4''C until acidification of the sample could be performed by the addition of 

1 ml of concentrated nitric acid. The cooling and subsequent acidification prevents 

microbiological activity in the sample which may aflfect the concentration of heavy metals. 

Preparation of sediment samples 

Sediment samples from each of the three sites were obtained in the months of April, May, 

June and July, 1994, simultaneously with the collection of Foraminiferida at these sites. All 

equipment used was previously bathed in concentrated nitric acid, twice rinsed in de-ionised 

distilled water, and filled with de-ionised distilled water until use. Following practical 

methods outlined by Dr. G. Wigham (Biological Sciences, University of Plymouth) 

approximately 25 g of wet sediment was dried in an oven at 60*'C. The dry sediment was 

cooled and sieved over an Endacott sieve of aperture size 250 jim. This method splits the 

sediment into a coarse (>250 \xm) and fine (<250 \xm) fraction. Extraction of heavy metals 

was carried out using both EDTA and hydrochloric acid: EDTA chelates metals so that the 

biologically available heavy metals can be measured, whilst hydrochloric acid dissolves the 

total amount of heavy metals from the sediment samples. Both coarse and fine fractions of 

each sediment sample were analysed, using both fluids. The raw data are contained in 

Appendix VHI. 

EDTA extraction 

1 g of coarse sediment and 1 g of fine sediment were separately placed into centrifiige tubes 

containing 10 cm^ of 0.25% of EDTA. The tubes were vigorously shaken for two minutes 

so that the EDTA could access all particles, and centrifliged for 5 minutes. The supernatant 

liquid was decanted into a 25 cm^ volumetric flask; the residue was resuspended in 10 cm^ 

of de-ionised distilled water, and recentrifuged for 5 minutes. The supernatant was added to 

that in the 25 cm^ volumetric flask and the process repeated with 5 cm^ of de-ionised 

distilled water. The volume of supernatant was adjusted to 25 cm^ by the addition of de-

ionised distilled water, and filtered through Whatman Number 1 filter paper. 
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Hydrochloric acid extraction 

1 g of coarse sediment and 1 g of fine sediment were separately placed into 100 cm^ conical 

flasks. 10 cm^ of 0.5M hydrochloric acid were added to each flask and the mixture heated 

upon a hot-plate to boiling point. The mixture was then boiled for a further 20 minutes and 

allowed to cool. The sediment and acid were centrifijged for 5 minutes and the supernatant 

decanted into a 50 cm^ volumetric flask. The residue was resuspended in 10 cm^ of de-

ionised distilled water and the supernatant was again decanted into the volumetric flask. 

This process was repeated with a further 10 cm^ of de-ionised distilled water. The volume 

of supernatant was adjusted to 50 cm^ with the addition of de-ionised distilled water and 

filtered through Whatman Number 1 filter paper. 

Atomic Absorption Spectrophotometry 

The processed sediment supematants and the water samples were analysed for the 

concentration of copper, zinc, cadmium, lead and iron by Alex Eraser (Biological Sciences; 

University of Plymouth) using a Varian AA-975 Atomic Absorption Spectrophotometer. 

The produced concentrations of these metals in parts per million referred to water samples 

and were converted to micrograms per gram for the sediment samples by multiplying the 

metal ppm by the volume and dilution factor and dividing by the dry weight of the sample. 

333 



10.2.3. R E S U L T S . 

Total number of deformed Foraminiferida from each site 

Species exhibiting abnormal forms from each of the sample sites are detailed below, 

together with descriptions of the type of deformity. 

Cawsand Bay 
August: 

October: 

November: 
December: 

March: 
April: 
June: 

July: 

1 X Quinqueioadina aspera, 2 apertures at opposite ends of the test, 
with only one stained. 
1 X Qninqueloculina aspera\ 2 apertures at the same end, with both 
stained. 
1 X Ammonia bataviis; irregular coiling in latter part of test. 
1 X Ammonia batavus; asymmetrical terminal chamber, too bulbous on 
umbilical side. 
1 X Ammonia batavus, terminal chamber has excess test material. 
1 X Ammonia batavus^, coiling slightly twisted. 
2 X Bulimineila elegantissima, very elongate. 
1 X Bulimineila elegantissima, very elongate. 
1 X Qianqueloctilifja aspera, 90° bend in terminal chamber so that the 
aperture lies bent over preceding chambers. 
2 X twinned Btdimina elongata. 

Drake's Island 
August 
September: 

October: 
November: 

March: 
May: 
July: 

1 X Quinquelocidina semimdum\ chamber and aperture wrapped over base. 
1 X Quinquelocidina aspera, terminal chamber shorter than previous, 
therefore the aperture is adjacent to, not above, the previous chamber. 
1 X Quinqueioadina aspera, terminal chamber "buckled". 
1 X Quinquelocidina aspera, terminal chamber wrapped one-third around 
the previous chamber. 
1 \ Quinqueloctdina aspera, "buckled". 
1 X Quinquelocidim aspera; bulbous chambers. 
1 X Quinqueloctdina oblonga, outer chamber "buckled". 
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White Patch 
August: 

September: 

October: 

November: 

December: 

January: 

February: 

April: 
June: 
July: 

1 X Btdimina elongata^ chamber mis-aligned 
3 X Ammonia bata\iis, two twinned forms and one with an inflated terminal 
chamber 
1 X QumqiiekKuiina sp ; with mis-aligned coiling direction. 
1 X Elphidium cnspum, one twinned form 
2 X Ammonia batavtts, one twinned form and one with a chamber produced 
fi-om the terminal chamber at 90°. 
1 X QuinqtielociditKi charensis, distended proloculus 
1 X Qtiinqueloctthm semintilum^ inflated inner chamber 
5 X Ammonia batavtis\, 2 with chamberlets produced off the proloculus, one 
twirmed form, and two with irregular coiling. 
2 X Ammonia batavtts^ one with irregular coiling and one with multiple 
chamberlets produced fi-om the proloculus 
1 X Ouinqueloculma charensis\, disproportionately long chamber which coils 
around towards the proloculus 
1 X Quinqueloculifia lata, shortened terminal chamber so that the aperture is 
only half way up the adjacent chamber 
2 X Qidnqtteloculina sp . both have short terminal chambers so that the 
aperture is only half way up the adjacent chamber 
4 X Ammonia batavus, 3 of irregular coiling and one with an additional 
stained chamber attached to the penultimate chamber 
1 X Ammonia batavus, chamber produced ft'om the proloculus in the same 
plane, but 100° fi-om the stained terminal chamber 
I X Ammonia bata\iis\ additional chamberlet on the terminal chamber. 
1 X Ammonia batavtts, coiling irregular. 
5 X Ammonia batavus, two have a double proloculi and 3 have irregular 
coiling. 
1 X Adelosina sp.; one twinned form 
1 X Quinqueloculina sp., one twinned form. 

\̂ 'hne Patch 

Figure 10.1: Comparison of sampling sites for the number of deformed 
Foraminiferida. 
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From the above descriptions and Figure 10.1 it is apparent that test deformation of living 

Foraminiferida is relatively rare at the sampling sites A total of 54 deformed individuals was 

identified from the sample suites of the three sampling sites under investigation As the total 

number of Foraminiferida examined from the three sites over the period of a year was 

12,205, the percentage of individuals showing deformation is 0 44%. From Figure 10 1 it 

can be seen that individuals from Drake's Island included only 7 deformed specimens, the 

total number of Foraminiferida examined from this site was 1,632, and so the deformation 

percentage for Drake's Island fauna is 0 43%. From Figure 10 1 it can be seen that 

individuals from Cawsand Bay included 12 deformed specimens, the total number of 

Foraminiferida examined from this site was 4,192, and so the deformation percentage for 

Cawsand Bay fauna is 0.29% White Patch-collected Foraminiferida contained 35 deformed 

specimens, the total number of Foraminiferida examined from this site was 6,381 and so the 

deformation percentage is 0 55%. From these calculations it can be seen that although the 

number of deformed individuals appears to increase from Drake's Island to Cawsand Bay to 

White Patch fauna, the percentage of deformations increases from Cawsand Bay to Drake's 

Island to the White Patch fauna. 

... ^ ^ 

§ E l o n ^ fo r iM 

B Afkhtionil chnnbMWi 
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DuMnkd prolociiui 

Figure 10.2: Comparison of types of deformity shown by Foraminiferida sampled 
1993/1994. 

From Figure 10 2 it can be seen that the main deformation type exhibited is that of irregular 

coiling followed by "twinned" forms Irregular coiling is exhibited mainly by the species 

Ammonia haiavus {\4 of 17 specimens), whereas "twinned" specimens are produced by five 
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different species. The next most numerous types of deformation include the groups 

producing additional chamberiets, inflated chambers, a short final chamber and buckled 

chambers: these are aU equally represented. Additional chamberiets are only produced by 

Ammonia batavus in this study; those producing a short final chamber are represented only 

by species of the genus Quinqueloailina; and both Ammonia batavus and Quinqiieloculim 

species produce specimens with inflated and buckled chambers. The next most numerous 

types of deformation include the groups which are elongate and those which produce a bent 

final chamber: elongate forms are represented solely by the species Bidiminella 

elegantissima, whereas species producing a bent final chamber are Ammonia batavus and 

Quinqueloctdina aspera. Two specimens of Ammonia batavus produced two proloculi in 

each test, and two specimens of Quinqueloculim aspera were found each possessing two 

apertures. A specimen of Quinqueloculina cliarensis exhibited a distended proloculus and 

another exhibited an abnormally long chamber. 

Table 10.1: Number of individuals of each species showing deformations from all 

ll Species Number deformed ij 

Adelosina sp. I 

Ouinaueloculina aspera 8 

Ouinaueloculina cliarensis 2 

Ouinaueiocuiina lata 1 

Ouinaueloculina oblonga 1 

Ouinaueloculina seminulum 2 

Ouinaueloculina so. 4 

Buliminella ele^antissima 3 

Bulimina eloneata 3 

Ammonia batavus 28 

Elphidium crispum 1 
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Figure 10.3: Species composition of test deformities exhibited in samples of 
Foraminiferida 1993/1994. 

From Figure 10.3 and Table 10.1 it can be seen that only 11 species of Foraminiferida 

collected from the three sampling sites included deformed individuals. Although Ammonia 

batavus composed 51% of the deformed fauna, the genus Quinquelocidina seems to be 

morphologically unstable, forming a third (33%) of all deformed specimens identified and is 

the only genus exhibiting deformations in the Drake's Island fauna. 

Deformatiofis with possible natural causes 

The occurrence o f "twinned" Foraminiferida (two adult foraminiferid tests of the same 

species apparently cemented together), is probably to allow the transfer of gametes during 

sexual reproduction. Myers (1933) states that it is not unusual to find two or more tests of 

some species cemented together so that their apertures are roughly opposed to each other, 

and suggests that this is for reproduction. Frankel (1972) also believes that abutting tests 

are the remains of Foraminiferida which have completed gamogony below the sediment 

surface. Foraminiferida which are twinned and form part of this deformation set include four 

Ammonia batavus, two Btdimina elongata and one each of Elphidium crispum, Adelosina 

sp. and Quinqueioadina sp. 

The two specimens of Ammonia batavus with double proloculi are believed to be the resuh 

of failure to separate as they were issued from the parental test, and, as such, are unlikely to 

be the result of adverse environmental conditions. Elphidium crispum maintained in the 
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laboratory also exhibited individuals in which two proloculi secreted a single chamber 

between them (see Figure 8 8). 

The three elongate forms of Buliminella eleganttssima described are thought to be the 

natural response of a species to natural conditions, and are possibly an adaptation to 

increased hydrodynamic activity All three elongate forms of this species occurred in the 

samples fi-om Cawsand Bay: two in the month of April and one specimen in the month of 

June 

Deformations with possible adverse environmental causes 

When the deformations with possible natural causes are removed from the data set the 

proportions of sites producing deformed specimens and the species exhibiting deformities 

change It is also possible that some of the deformations below have natural causes and are 

not the product of adverse environmental variables. 

Vb-hte Pitch 

.•S Dnke ' .Wand 
Vi 

Figure 10.4: Comparison of numbers of deformed specimens between sites 1993/1994, 
after removal of the believed-naturally-deformed individuals. 

Form Figure 10.4 it can be seen that Cawsand Bay and Drake's Island produced the same 

number of deformed specimens (7) over the sampling period, but White Patch produced far 

more deformed specimens (26). When compared to the total number of Foraminiferida 

examined fi-om the sites (12,205) the production of aberrant forms is 0.33%, with Cawsand 
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Bay producing 0 167% aberrant forms, Drake's Island producing 0.43% aberrant forms and 

White Patch producing 0 41% aberrant forms. 

Table 10.2: Comparison of number of individuals within species exhibiting types of 
aberrant test deformation from all sites 1993/1994, after removal of the believed-
• K l t U l « ! • » U V I V ^ l • - i - - -

1 T\pc of deformation Species Number 1 

Irrceular coilina Ammonia halm us 14 
p " — BuUmina elon^ata 1 

Quinqueloculina seminulum 1 
Ouinquehculina sp. 1 

Additional chamberlets Ammonia hata\'us 4 

Inflated chamber/s Ammonia hata\'u.s 2 
Quinqueloculina aspera 1 
Ouinqueloculma seminulum 1 

Short final chamber Quinqueloculina sp. 2 
Quinqueloculina aspera 1 
Quinqueloculina lata 1 

"Buckled*' chamber/s Quinqueloculina aspera 2 
Ammonia hatax'us 1 
Ouinqueloculina ohhnjia 1 

Bent final chamber Ouinqueloculina aspera 2 
Ammonia hatax'us 1 

Two arxrtures Quinqueloculina aspera 2 

Distended prolocuius 
Ouinqueloculina cliarensis 1 

' 

Long chamber Oumqueloculina cliarensis 1 

42H 

03 

[}[[} TwoqmtvM 

• UngchMibcr 

Figure 10.5: Comparison of types of deformity shown by Foraminiferida sampled 
1993/1994, after removal of the believed-naturally-deformed individuals. 

From Table 10 2 and Figure 10.5 it can be seen that the principal cause of aberrant tests is 

that of irregular coiling exhibited mainly by Ammonia hatavus with single specimens of 

Buhmina elongata, QumquekKidina seminulum and Ouinqueloculina sp. Aberrances of 
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inflated chambers, short final chambers and "buckled" chambers are next in abundance. 

Inflated chambers were produced by two specimens of Ammonia bata\iis and singular 

specimens of Ouinqneloctdma aspera and OuinquehKuUna seminidum, short final 

chambers were only produced by species of the Ouinquelocidma genus (two specimens of 

Ouinqueloculina sp and single specimens of Quinqneiocuhna aspera and Oninqiwloculina 

lata)^ whilst "buckled" chambers were produced by two OumquelcKidina aspera, one 

Ammonta hatavtis and one specimen of Quinqiteloculitia oblonga Only specimens of 

Ammonia bataxus were found to produce additional chamberlets The production of a bent 

final chambers was exhibited by two specimens of OutnqueUKidifut aspera and one 

specimen of Ammonia batavus, two specimens of QwnquehKidina aspera produced two 

apertures per test and Ouinqueloculina cliarensis produced one specimen with a distended 

proloculus and one with an abnormally long chamber 

m 

• QiBiviudonAm IP 

^ Qunqudoc i i i i a d m n u 

Q (^ inqt i r iocxi im lata 

Figure 10,6: Species composition of aberrant test deformities exhibited in samples of 
Foraminiferida 1993/1994, after removal of the believed-naturally-deformed 
individuals. 

Nine categories of test deformation in Foraminiferida collected have been identified From 

Table 10 2 and Figure 10 6 it can be seen that Ammonia batavus produced most aberrant 

tests (22) with reducing abundances of OuinquehKtdina aspera (8), Qtunqueloculina sp 

(3), Quinquelocultna semimdum and Ouinqueloculina cliarensis (2 each) and single 

specimens of Bulimina elongata, Ouinqueloculina lata and Quitiquelocnditta oblonga 

forming aberrant tests ft'om the sample suite. 
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P L A T E 3. 

Examples of deformation types in natural assemblages sampled 

Figure 1: Example of twinned forms; Elphidium crispum 

Figure 2: Example of forms with two apertures; Quinqueioadina aspera 

Figure 3: Example of forms vnih distended proloculus; Quinqueioadina 

cliarensis 

Figure 4: Example of forms with inflated chambers; Ammonia batavus 

Figure 5: Example of forms with short final chambers; Qidnqueloadina lata 

Figure 6: Example of forms with irregular coiling; Ammonia batavus 

Figure 7: Example of double proloculi forms; Ammonia batavus 

Figure 8: Example of forms with additional chamberiets; Ammonia batavus 

Figure 9: Example of forms with buckled chambers; Quinqueloculina 

oblonga 

Figure 10: Example of elongate forms; Buliminella elegantissima 

Figure 11: Example of forms with bent final chambers; Quinqueioadina 

aspera 
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Concentrations of heaxy metals 

Table 10.3: Mean values of heavy metals in sea water samples from the three sites in 

par iN pc i i i i m i u i i V 

1 Site 

11 

Copper Zinc Cadmium Lead Iron 1 

1 595 0.335 0 198 0928 0.815 

Drake's Island 0.853 0.315 0.175 0.948 0 480 

White Patch 0,545 0098 0 150 0.740 0 468 

W aU* r samples 

He •d\ \ mc tal 

,^ssmiB*y HI DrakcMsbnd g Patch 

Figure 10.7: Comparison of mean heavy metal content of sea water samples from the 
three sampling sites April to July, 1994. 

From Table 10 3 and Figure 10.7 it can be seen that the mean values for the five heavy 

metals investigated are fairly similar at the three sites sampled. Despite having similar values 

(especially for concentration of cadmium) the concentration of the metals copper, zinc, 

cadmium and iron all decrease from Cawsand Bay to Drake's Island to White Patch, 

whereas the concentration of lead in the water samples decreases from Drake's Island to 

Cawsand Bay to White Patch The mean concentrations of metals in sea water samples at 

the three sites all have different distributions. The concentrations of the metals in sea water 

at Cawsand Bay have decreasing values of cadmium, zinc, iron, lead and copper 

respectively; those of Drake's Island decrease from cadmium, zinc, iron, copper to lead and 

those at White Patch decrease fi-om zinc, cadmium, iron, copper to lead These values are 

relatively low compared to the sediment concentrations. 
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Table 10.4: Comparison of mean values of copper in fine and coarse sediment samples 
from the three sites extracted by EDTA and hydrochloric acid in per g dry 

ISite E D T A <25n Mm E D T A >250 nm H C I <250 nm H C I >250 um 1 

Ca\^san(i Ba> n 870 15.:^57 13 457 24.619 

Drake's Island 5 014 4098 9.529 8.805 

White Patch 15.450 8 107 118 521 63 427 

120 -r 

"SB 

40 

Copper 

EDTA<250fim EDTA -250 Mm Ha<250Min 
Extraction fluid and coarseness of sediment 

Ha 250fun 

EBc^wndBay IH DraLc shtnd ^ U T - e Patch 

Figure 10.8: Comparison of mean total and bioavailabie copper content of coarse and 
fine sediments from the three sampling sites Apri l to July, 1994. 

From Table 10.4 and Figure 10.8 it can be seen that fine and coarse sediments fi-om 

Cawsand Bay extracted with EDTA and the fine fi-action of sediment extracted with 

hydrochloric acid contain similar amounts of copper, whereas the coarse fi-action of 

sediment extracted with hydrochloric acid contains approximately 10 ^g per g more copper. 

Copper in Drake's Island sediments is lower than that of Cawsand Bay sediments and values 

are higher in fine sediments than in coarse sediments fi-om this site by both extraction 

methods. Extraction of copper fi-om White Patch sediments reveals that the fine fi^action 

contains more copper than the coarse fi-action when extracted with EDTA and much more 

copper in the fine fi-action than the coarse fi-action when extracted with hydrochloric acid. 

The total amount of copper in sediments is highest at White Patch and bioavailable copper 

is highest at White Patch in the fine fi-action of sediment and highest in Cawsand Bay coarse 

sediments. 
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Table 10.5: Comparison of mean values of zinc in fine and coarse sediment samples 
from the three sites extracted by EDTA and hydrochloric acid in per g dry 

1 Site E D T A <250nm E D T A >250nm HC I <250 >im HC I >25n urn | 

C sand B a \ 8 579 1 >̂ 798 :̂ 8 308 52 443 

Drake's Island 89()4 9 349 34 217 24 882 

White Patch 12 473 9 211 42 989 33 990 

1 
20 

Zinc 

Em-A<250Mm EDTA 2̂50 Mm HO 250 urn 

Extraction fluid and coanenes* of sediment 

( aw.̂ andBa> Oil I>a^''* I^bnd S W"hic Patch 

HCI -250 Mm 

Figure 10.9: Comparison of mean total and bioavailable zinc content of coarse and 
fine sediments from the three sampling sites Apri l to July, 1994. 

From Table 10 5 and Figure 10.9 it can be seen that all sites have similar concentrations of 

zinc in both fine and coarse fractions extracted with EDTA, although in the fine fraction of 

sediment, values decrease from White Patch to Drake's Island to Cawsand Bay, and 

decrease in coarse fractions from Cawsand Bay to Drake's Island and White Patch 

sediments Hydrochloric acid extraction of the total amount of zinc in sediments show that 

Drake's Island and White Patch sediments contain more zinc in the fine fraction of sediment 

than in the coarse fractions and Cawsand Bay contains more zinc in the coarse fraction than 

in the fine fraction White Patch fine sediments contain more zinc than Cawsand Bay and 

Drake's Island fine sediments respectively and in the coarse fractions Cawsand Bay 

sediments contain more zinc than White Patch and Drake's Island sediments respectively. 
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Table 10.6: Comparison of mean values of cadmium in fine and coarse sediment 
samples from the three sites extracted by EDTA and hydrochloric acid in ^g per g dry 

|l Site E D T A <250 Jim 1 EDTA>25(tMm H C I <250 H C I >250 Jim 1 
' = 

Caw sand Ba> 1.696 1 286 2 232 3.580 

Drake's Island 0 5()4 0418 3.018 3.672 

White Patch 0.375 0 991 4911 4.365 

Cadmiuin 

EDTA ^ 250 nm EDTA -250 Jim HO -250 

Extraction fluid and coaneness of sediment 

• Cavs^ndBay OE Drike's Ishnd g While Patch 

Figure 10.10: Comparison of mean total and bioavailabie cadmium content of coarse 
and fine sediments from the three sampling sites Apri l to July, 1994. 

From Table 10.6 and Figure 10 10 it can be seen that EDTA extraction of cadmium from 

sediments that in Cawsand Bay and Drake's Island sediments there is more bioavailable 

cadmium in the fine fraction of sediment than the coarse, whereas for sediments from White 

Patch there is more bioavailable cadmium in the coarse fraction of the sediment than the fine 

fraction In fine sediments the bioavailable cadmium is highest at Cawsand Bay with fine 

sediments from Drake's Island and White Patch containing less respectively In the coarse 

fraction of the sediment, sediments from Cawsand Bay contain more cadmium than White 

Patch and Drake's Island respectively At all sites the total amount of cadmium (extracted 

by hydrochloric acid) exceeds the bioavailable concentration and in both fine and coarse 

fractions of the sediment, the concentration of cadmium is highest at White Patch than at 

Drake's Island and Cawsand Bay respectively Cadmium content extracted with 

hydrochloric acid reveals that more cadmium is present in the coarse fraction of the 

sediment than the fine fraction at Cawsand Bay and Drake's Island, whereas at White Patch 

more total cadmium is present in the fine fraction than the coarse fraction. 
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Table 10.7: Comparison of mean values of lead in fine and coarse sediment samples 
from the three sites extracted by EDTA and hydrochloric acid in per g dry 

[Site E D T A <250pm E D T A >250 nm | H C I <250 nm H C I >250>im J 

C a^^sand B a \ 11 9^5 18.2^2 42 040 49 117 

Drake's Island 10814 10462 38 939 39.601 

White Patch i.v:^i8 14 432 41.5% 45 536 

Lead 

EDTA -250 ^m EDTA >250 nm HCT 250 tun 

Extraction fluid and coarseness o f sediment 
na 250 >im 

CawMndBay HU Drake's Ubnd S \̂•hlc Patch 

Figure 10.11: Comparison of mean total and bioavailable lead content of coarse and 
fine sediments from the three sampling sites Apri l to July, 1994. 

From Table 10 7 and Figure 10.11 it can be seen that extraction of bioavailable lead by 

EDTA is greater in the coarse fraction of sediment than the fine for the sites of Cawsand 

Bay and White Patch, whereas Drake's Island fine sediments contain slightly more lead than 

the coarse fi-action The fine fraction of sediment contains more lead at White Patch than 

Cawsand Bay and Drake's Island respectively and the coarse fi-action contains more lead at 

Cawsand Bay than White Patch and Drake's Island respectively. All sites contain more lead 

in the sediment extracted by hydrochloric acid than EDTA and, at all sites, the total amount 

of lead is higher in the coarse fi-action of sediment than the fine. Hydrochloric acid 

extraction of fine and coarse ft-actions of sediment reveal that all sites contain very similar 

amounts with Cawsand Bay sediments containing more total lead than White Patch and 

Drake's Island respectively. 
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Table 10.8: Comparison of mean values of iron in fine and coarse sediment samples 
from the three sites extracted by EDTA and hydrochloric acid in fig per g dry 

ISite E D T A <250 >im E D T A >250 nm H C I <250 urn | H ( 1 >25(i ^im | 

Caw sand Ba> 22 128 31 806 1(H)59 20 4768 36 

Drake's Island 16 362 15 067 264697 2239 31 

White Patch 30 378 23.986 3825.11 1558 172 

Iron 

00000 

100 ' 

EDTA<230Mni EDTA-250Min Ha-^250Mni Ha>250Mm 

Extraction fluid and coarseness of sediment 

• Civraand Biy IID Drake K Isbnd g Pitch 

Figure 10.12: Comparison of mean total and bioavailable iron content of coarse and 
fine sediments from the three sampling sites Apri l to July, 1994. 

From Table 10 8 and the logarithmic plot of Figure 10 12 it can be seen that for both EDTA 

and hydrochloric acid extraction of iron fi-om sediments that for Drake's Island and White 

Patch sediments there is a higher iron content in the fine fi-action of sediments than in the 

coarse, whereas for Cawsand Bay sediments there is more iron in the coarse ft-actions than 

in the fine Fine fi-actions of sediment have higher concentrations of bioavailable iron at 

White Patch and Cawsand Bay and Drake's Island respectively, whereas the coarse fractions 

have higher concentrations of bioavailable iron in Cawsand Bay sediments than sediments 

fi-om White Patch and Drake's Island respectively. The total amount of iron in fine ft-actions 

of sediment is higher at White Patch than Drake's Island and Cawsand Bay respectively and 

the total amount of iron in coarse fi-actions of sediment is higher at Cawsand Bay than 

Drake's Island and White Patch respectively. 
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10.2.4. DISCUSSION. 

Lead and cadmium are not essentia! for the life of any known organisms and are therefore 

more toxic, even at low concentrations, than copper, zinc and iron, which are essential to 

most marine organisms. However, the heavy metals of copper, zinc and iron can be toxic at 

relatively high concentrations. The decision to analyse these five heavy metals was made so 

that the background levels of the most commonly-occurring heavy metals and the most 

abundant toxic heavy metals in the nearshore environment could be assessed. 

The concentration of heavy metaJs in water samples is thought to be far less important to 

Foraminiferida than those bioavailable within sediments. With the exception of lead, which 

was highest at Drake's Island, Cawsand Bay water samples had the highest concentrations 

of copper, zinc, cadmium and iron. The major input of these metals in sea water to Cawsand 

Bay must the direct input from the marine environment and is possibly the result of 

incorporation of these metals into phytoplankton and zooplankton. Iron may be 

incorporated into the sediment from the de-gaussing point situated off this site. The major 

sources of heavy metals to both Drake's Island and White Patch would be phyto- and zoo-

plankton, sewage, the Rivers Tamar and Plym, industrial effluent, the Dockyard, marinas 

and Sutton Harbour. The limited sampling period of four months should represent the 

maximal input of metals to the sites from phyto-and zooplankton blooms, sewage levels 

boosted by tourism, less dilution by rainwater of metals carried from the catchment areas 

into the rivers, and the increased activity of marinas. 

The distinction made between bioavailable (EDTA extracted) and total concentrations (HCI 

extracted) of heavy metals in sediments is very important: although some authors continue 

only to measure the total concentration of metals in sediment, the possible effects upon 

organisms may only result from the bioavailable content. With the exception of copper at 

Cawsand Bay, the concentration of total metals in the sediment samples was always higher 

than the bioavailable content (especially so in the case of iron). The examination of fine 

(<250 ^m) and coarse (>250 \xm) fractions of the sediment would be expected to reveal 
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that higher concentrations of bioavailable heavy metals are available on fine sediments as 

there is a greater surface-area-to-volume ratio, although this was not found to be always the 

case. 

The separation of deformation type into those with probable natural causes and those 

producing aberrant tests in response to unknown factors is arbitrary. The production of 

short, buckled or bent chambers or irregular coiling may equally be the product o f 

hydrodynamic activity during the delicate process of chamber secretion or a change in 

temperature, salinity or heavy metal content of the sediment. It is also possible, however, 

that other heavy metals not measured (such as mercury or tin) have caused deformation of 

foraminiferid tests. 

From the heavy metal concentrations measured it can be seen that within sediments Drake's 

Island samples contained the lowest concentrations of the five heavy metals analysed. The 

percentage of aberrant tests sampled fi-om this site (not counting those which might be 

attributable to natural causes) was the highest of the three sites sampled (0.43%). It 

therefore seems unlikely that test deformation at this site is attributable to bioavailable 

heavy metal concentration of the sediments. All species showing test deformities at this site 

were of the genus Qitinqiieiociilim and it is probably more likely that the variable input of 

fi-esh water to this site fi-om the River Tamar would affect test formation in this stenohaline 

genus. In addition, although the concentrations of bioavailable heavy metals sampled at 

Cawsand Bay and White Patch are very similar for copper, zinc and iron those of Cawsand 

Bay sediments exceed those of White Patch for concentrations of cadmium and lead. 

Aberrant forms (discounting-counting those with possible natural causes) sampled at 

Cawsand Bay were only 0,167% of the fauna compared to 0.41% of the White Patch 

foraminiferid fauna. Of the total number of deformed tests, Cawsand Bay produced 0.29% 

deformities, the lowest percentage of the three sites. 
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These results suggest that although the sites sampled have various sources for the heavy 

metals sampled, deformation of the test are not caused by the presence of these heavy 

metals. 

10.3. EXPERIMENTS UPON ROTALIELLA ELATIANA PAWLOWSKJ & LEE. 

10.3.1. INTRODUCTION. 

Despite the relatively large number of authors who have maintained Foraminiferida in 

laboratories, the investigations carried out have been mainly upon the nutritional needs, 

reproductive strategies, the process of chamber formation and the effects of antibiotics (see 

Section 8.1). The effects of salinity regimes upon Foraminiferida have included the 

reduction of feeding frequency of Elphidhim crispum (Murray, 1963), effects of salinity 

upon growth and reproduction of Ammonia beccarii tepida (Bradshaw, 1961), the eflfect of 

temperature w^on Ammonia beccarii (Schnitker, 1974), the behavioural effects of reduced 

salinity upon Quinqueioculina semimdum by Murray (1968 {b}) and morphological 

changes in Roialiella elatiana (Tintori-Angelli, 1995). Studies of the effect of heavy metals 

upon Foraminiferida have been carried out by Bryan (1963) on the uptake of radioactive 

metals, and by Sharifi et a/. (1991) who studied the deformations of Ammonia beccarii 

caused by copper in the range of 10-20 parts per billion. Sharifi et al. (1991) are the only 

authors to discuss deformation of the test in laboratory-maintained Foraminiferida with 

reference to heavy metals. Foraminiferida are known to form aberrant tests when 

maintained in laboratories with temperature, salinity and nutrition standardised, especially 

the species Ammonia beccarii. 

Due to the failure to culture Elphidium crispum in the laboratory (see Chapter 8) the 

exposure of offspring of one parental Foraminiferida to metals was not possible. It was 

hoped to eliminate genetic variability of the phenotype in this way, so that morphological 

changes in response to the effects of the metals and salinity regimes under investigation 

could be assessed. Rotaliella elatiana Pawlowski & Lee is one of a very few species of 
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Foraminiferida successfliUy cultured in the laboratory and is very morphologically stable in 

culture. Rotaliella elaiiarm was originally collected by Dr. Jan Pawlowski (University of 

Geneva) from the Gulf of Elat in the Red Sea, and he had maintained this species in culture 

in the laboratory for approximately four years, prior to kindly providing an inoculate for this 

study. The inoculate was brought to England fi-om Switzeriand by Dr. Pawlowski's 

colleague, Sylvie Tintori Angelli, on the 6th of December, 1993, together with 

Enteromorpha intestinalis (the food of the Foraminiferida) and full instructions and 

methods for the successful culture of this species. This species has a classic heterophasic life 

cycle (Pawlowski, 1990; Pawlowski & Lee, 1992), with a regular altemance of a diploid 

agamontic phase and a haploid gamontic phase, although sometimes the agamontic phase is 

repeated many times (Pawlowski, 1991). This species is found in sea water of high salt 

content (40.9%o) and in association with the macrophytic alga Enteromorpha (Pawlowski, 

1989). 

Rotaliella elatiatia is a relatively small species of Foraminiferida, and completes its life 

cycle very quickly in comparison to other species of Foraminiferida (usually completing its 

cycle in a week). The number of oflTspring produced by sexual reproduction of one pair of 

gamonts can number 4,6 or 8 embryos and depends upon the number of gametes and 

mitotic divisions. There is a relationship between the number of embryos and their volume 

(Pawlowski, 1991). The number of gamontic embryos produced via asexual reproduction of 

an agamontic individual afifects the size of the proloculi of the ofifspring. Either 4, 8 or 12 

embryos may be produced asexually; the fewer in number of offspring, the larger the 

proloculus. Because offspring move away from the parental test to browse, and because the 

number of embryos produced by asexual and sexual reproduction have the number of 4 and 

8 embryos in common, it is not always possible to ascertain if the embryos have been 

produced by sexual or asexual reproduction. The total number of offspring can be 

measured, however, and therefore the fecundity of Rotaliella elatioFia under various metal 

and salinity regimes can be measured. The relatively quick reproductive potential, small 

size, and lack of morphological variation whilst in culture makes this species invaluable to 

the study of the effect of environmental variables and pollutants upon Foraminiferida. 
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Sub-lethal toxicity experiments are usually carried out in clean glassware devoid of 

substratum to prevent chelation of heavy metals which would lower the bioavailable forms. 

In this case, the base of chemically-clean glassware was covered in young Enteromorpha 

intestijialis to provide food and oxygen for the Rotaliella elaticaut. It was felt that the 

uptake of metals from the Enteromorpha and from the surrounding sea water was a more 

natural means of uptake of toxin, and the juvenile fronds of the alga would uptake less 

metal from solution than older fronds. As starvation and salinity increase the effects of metal 

toxicity (Bryan, perx comm.), the provision of Enteromorpha intestimlis as food and 

monitoring of salinity for these experiments mean that only the effects upon morphology 

and fecundity would be expressed. 

The heavy metals of copper, zinc and cadmium are tested for their toxicity, as the metals of 

nickel and lead have been found to have little effect in toxicity experiments with 

invertebrates (Bryan, pers. comm.). The chemical form of the heavy metal under 

investigation is an important consideration because, although the compound will ionise in 

sea water, the anionic element may well cause some effects; e.g. i f using a nitrate 

compound, the nitrate component may cause toxicity effects in itself For this series of 

experiments only the chlorides and sulphate compounds of the metals are used, because 

chlorides and sulphates are abundant in sea water (Bryan; pers. comm.). In conducting sub

lethal metal experiments upon invertebrates it is often difficult and time-consuming to gauge 

the correct concentration of a metal which produces discernible effects; these experiments 

involved using logarithmic series of concentration of metals so that the effects of different 

concentrations of metal could be evaluated. The salinity regimes to be used are also quite 

different in concentration, so that clear responses to reduced or elevated levels can be 

assessed. The aim of this part of the study is to establish i f test deformation is induced by 

salinity or heavy metal regimes and whether deformation is variable specific, and specific to 

each metal. 
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10.3.2. MATERIALS & METHODS. 

Taxotiomy. 
Order FORAMINIFERIDA Eichwald, 1830 

Suborder ROTALONA Delage & Herouard, 1896 
Superfamily GLABRATELLACEA Loeblich & Tappan, 1964 

Family ROTALIELLIDAE Loeblich & Tappan, 1964 
Genus 7?<7/fl/ie//fl Grell, 1954 

Species Roialielia elatiana Pawlowski & Lee, 1992 

Diagfwsis 

A species of Rotaliella with a lobate test, broadly open umbilicus, and slightly 

undulate spiral sutures. This species has numerous denticles surrounding the 

umbilicus. 

Remarks 

In contrast to other rotaliellids the embryonic pseudochamber is not perforate and the radial 

grooves and denticles are more numerous. 

Culture methods 

The specimens of Rotaliella elatiatia were maintained in sterile, lidded glass finger bowls 

and perspex Petri dishes (90 nmi diameter) within a Fison's Fi-totron 600 H Environmental 

Chamber at a temperature of 20°C. Enteromorpha intestmalis, the food of Rotaliella 

elatiafia, was maintained in a large, sterile crystallising dish of 25 cm diameter covered with 

a sterile plate of glass. Light was provided by four fluorescent lights, each of 40 Watts, on a 

12 hour light/dark cycle. The macrophytic Enteromorpha intestimlis was maintained and 

grown in Brackish Water Medium (Appendix VIII) . Because Rotaliella elatiana is sensitive 

to high levels of ammonia (J. Pawlowski, p^r^. comm,), sea water was obtained (fi-om 

Plymouth Marine Laboratory) which had been collected fi-om twelve miles off the coast of 

Plymouth. This was evaporated until a salinity of approximately 40.9%o (corresponding to 

the salinity at the sample site of the Gulf of Elat) was obtained and checked with a 

refi^actometer. The pH of the solution was adjusted to 8.0-8.1, using dilute hydrochloric 

acid and dissolved pearls of sodium hydroxide and it was then Millipore-fiitered using 

0.2 nm cellulose-nitrate filters and autoclaved at 121°C at 15 pounds per 
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square inch for 15 minutes. The sea water medium was changed approximately every week 

in the foraminiferal culture vessels, and the Brackish Water Medium was changed 

approximately every fortnight in the Enteromorpha intestinaJis culture vessels. Fresh 

Enteromorpha intestinalis was added to the foraminiferal vessels using sterile techniques 

when the Enteromorpha in them became less strongly-coloured due to ingestion of the 

chloroplasts by Rotaliella elaticoia or due to senescence of the algae. Due to difficulties in 

counting Rotaliella elaticom when attached to the tubular Enteromorpha intestinalis, 

Pawlowski and Tintori Angelli devised a system of inducing asexual reproduction of the 

algae (sporulation) in Erdshreiber Medium (Appendix VIII) , so that it formed a "lawn" of 

germlings on the base of a Petri dish, which could then be inoculated with the 

Foraminiferida (Pawlowski & Tintori Angelli,/?^r5. comm.). 

The culture was bacteria-free as sterilised media and containers were used. The specimens 

of Rotaliella elatiana were examined at every change of media, and there appeared to be no 

variation of the morphology of the test induced by culture conditions. This small species 

reproduced very regularly, completing its fiill life cycle within a week. 

Experimental procedures 

New glassware was bathed in concentrated nitric acid and twdce rinsed in de-ionised 

distilled water and air-dried. The Petri dishes were sterilised in a hot-air oven overnight. 

The method to form a lawn of germlings devised by Pawlowski and Tintori-Angelli was 

used: to each base of several Petri dishes two pieces of Enteromorpha intestinalis each of 1 

cm length were added to each Petri dish and covered with Erdshreiber Medium to induce 

sporulation. The Petri dishes were then placed into the same Environmental Chamber as the 

culture until germlings of Enteromorpha intestinalis formed an even coating on the base of 

the Petri dish (approximately 2 weeks). 

Stock solutions of the heavy metals of copper, zinc and cadmium were prepared using 

autoclaved de-ionised distilled water. Stock solution of copper was prepared by dissolving 

2.6824g of CuCl2 2H2O into 1 litre of water in a chemically-clean volumetric flask to 
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provide a solution containing 1000 parts per million copper. Stock solution of zinc was 

prepared by dissolving 4.399 g of ZnS04 7H2O into 1 litre of water in a chemically-clean 

volumetric flask to provide a solution containing 1000 parts per million zinc. Stock solution 

of cadmium was prepared by dissolving 2.032 g of CdCl2 2I/2H2O into 1 litre of water in a 

chemically-clean volumetric flask to provide a solution containing 1000 parts per million 

(ppm) cadmium. These stock solutions were stored at 1 Ô C until use. From the metal stock 

solutions, (using sea water prepared for the culture of Rotaliella eiatiana), solutions 

containing metals at different concentrations were made in chemically-clean volumetric 

flasks. Solutions were of sea water (Control) and added 0,01 ppm, 0.1 ppm, 1.0 ppm, 10.0 

ppm and 100.0 ppm of metal. For the experiments to assess the effects of salinity regimens 

upon Rotaliella elatiana, sea water prepared for cultures was evaporated or diluted to 

provide solutions of 25.9%o, 30.9%o, 40.9%o (Control), 50.996o and 55.9%o and the pH 

adjusted to 8.0 to 8.1. 

Petri dishes containing an even coverage of Enteromorpha intestinalis germlings were used 

in experiments. Prior to inoculation v/ith 15 agamonts with 6 or 7 chambers, the Erdshreiber 

medium was rinsed from the Enteromorpha intestinalis with sea water. Rotaliella elatiana 

for cadmium experiments were inoculated into Petri dishes of 90 mm diameter, whilst all 

other experiments were carried out in Petri dishes of 50 mm. 20 ml of each solution was 

added to each Petri dish and the sterile glass Petri lid replaced. All containers were placed 

into the environmental chamber with the culture, and each Petri dish examined every other 

day. The experimental solutions remained in the containers for the duration of the 

experiment, although the salinity was checked every other day. Salinity did not need 

adjustment as evaporation from the lidded Petri dishes did not occur. The decision to leave 

the experimental solutions in the containers was taken rather than replace them so that 

chelation of metals to the glassware and to Enteromorpha intestinalis would not be 

accumulatory. The Control solutions were not tested for heavy metal content, and therefore 

the response of the Rotaliella elatiam in the experiments was to both the background 

levels of metals and the concentrations used in the experimental media. 

At the end of the experimental time (ten days) the solution was rinsed from the 

Enteromorpha with distilled de-ionised water and representatives of agamonts randomly 
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removed and mounted upon SEM stubs. These individuals were coated with gold prior to 

examination in a JEOL JSM-5200 Scanning Electron Microscope. The number o f 

individuals living at the end of the experimental procedure varied greatly and so by 

randomly selecting living individuals in this way the type of deformation produced by each 

type of solution is assessed, although not quantitatively. 

10.3.3. RESULTS. 

Table 10.9: Comparison of number of l iving Rotaliella elatiana exposed to each 

Number of days 
exposed 

Control 0.1 ppm 1.0 ppm 10.0 ppm 

0 15 15 15 15 
2 158 59 62 61 

4 342 171 279 58 
6 556 171 307 58 

8 1906 274 337 58 

10 3616 696 1098 8 

From Table 10.9 and Figure 10.13 it can be seen that Rotaliella elaiiana in the Control 

containers produced the highest number ofliving Foraminiferida showing that any amount 

of cadmium was detrimental to the health of offspring. The specimens exposed to 1.0 ppm 

cadmium produced more living Foraminiferida than those exposed to 0.1 ppm, however, 

perhaps suggesting that the weaker solution of cadmium is more detrimental to 

Foraminiferida than the stronger one. Those Rotaliella elatiana exposed to 10.0 ppm 

cadmium increased in number by day 2, but then decreased in number suggesting that 

exposure time is as important as concentration for lethal effects of cadmium. Rotaliella 

elatiofta under all regimes of cadmium exposure except for 10.0 ppm all increased in 

number from the first day of the experiment until the final day of exposure. On the final day 

of the experiment the Control group had produced more living specimens than the 

specimens exposed to 1.0 ppm, 0.1 ppm and 10.0 ppm respectively indicating the effects of 

cadmium upon fecundity. 
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Table 10.10: Comparison of percentage of Roialielia elatiana eiposed to each 

Number of days 
exposed 

Control 0.1 ppm 1.0 ppm 10.0 ppm 

0 0.00 0.00 0.00 0.00 
2 18.35 10.17 12.90 16.39 

4 2.34 5.26 5.73 1.72 
6 5.94 0.00 1.63 0.00 
8 5.88 6.57 1.78 0.00 

10 2.10 6.75 4.37 0.00 

With reference to Table 10.10 and Figure 10.14 it can be seen that percentage reproduction 

of all groups was highest on the second day of examination. The cadmium Control group 

had the highest percentage reproduction level on the second day of experimentation 

followed by the 10.0 ppm, 1.0 ppm and the 0.1 ppm groups respectively. The 10.0 ppm 

group then declined fi-om this point in the percentage of individuals reproducing, as did the 

1.0 ppm group, although this group had a slightly higher percentage of individuals 

reproducing on the final day of the experiment. 1.0 ppm cadmium group declined in 

percentage reproducing until day 6 and reached a plateau of reproduction for days 8 and 10. 

The Control cadmium group had approximately 5% reproduction in days 6 and 8 before 

declining in the reproduction rate again. 

From Plate 4 it can be seen that cadmium affected the appearance of tests. In some cases 

cadmium made the surface of the test rough, affected coiling of the test, caused under-

inflation of some tests, infilling of sutures and the umbilicus, and few denticles. 

Table 10.11: Comparison of number of \\\ing Rotaliella eiatiana exposed to each 

Number of days 
exposed 

Control 0.1 ppm 1.0 ppm 10.0 ppm 

0 15 15 15 15 

2 59 68 21 0 

4 181 231 33 0 

6 213 231 18 0 

8 308 460 22 0 

10 1220 1273 4 0 

From Table 10.11 and Figure 10.13 h can be seen that specimens exposed to 0.1 ppm 

copper produced slightly more living specimens than the Control group. Specimens exposed 
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to 1.0 ppm slightly increased in number until day 4, fluctuated in number and then decreased 

to only 4 specimens left alive on day 10. The group of Rotaliella elatiana exposed to 10.0 

ppm of copper failed to reproduce and died soon after inoculation into the solution. On the 

final day of the experiment the 0.1 ppm group had produced more living specimens than the 

Control group and specimens exposed to l.O ppm and 10.0 ppm respectively indicating the 

effects of copper upon fecundity. 

Table 10.12: Comparison of percentage of Rotaliella elatiana exposed to each 
concentration of copper which re produced. 
Number of days 
exposed 

Control 0.1 ppm 1.0 ppm 10.0 ppm 

0 0.00 0.00 0.00 0.00 

2 15.25 16.18 4.76 0.00 

4 8.29 11.26 6.06 0.00 

6 3.29 0.00 0.00 0.00 

8 6.17 5.00 4.55 0.00 

10 3.77 3.53 0.00 0.00 

From Table 10.12 and Figure 10.14 it can be seen that the group exposed to O.l ppm 

copper initially had a higher proportion which reproduced than the Control group, but was 

slightly less in days 6 to 10. The 1.0 ppm copper group had a relatively low reproductive 

rate which fluctuated. The 10.0 ppm copper group failed to reproduce throughout the 

experimental period. 

From Plate 5 it can be seen that copper affected the appearance of tests. In some cases 

additional copper made the surface of the test rough, affected coiling of the test, caused 

over-inflation of some chambers, infilling of sutures and the umbilicus, few denticles, 

shallowang of the radial grooves, and pores smaller than in the control specimens. The 

solution of lO.O ppm copper caused death of all specimens and so the effects of copper at 

this concentration are only apparent on the final chambers of the test formed in response to 

the copper: they appear to involve irregular coiling, and irregular inflation and length of 

chambers, as well as infilling of sutures and umbilici. 
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Table 10.13: Comparison of number of living Rotaliella eladana exposed to each 

Number of 
davs exposed 

25.9%o 30.9%o 40.9%o 50.9%o 55.9%o 

0 15 15 15 15 15 

2 15 15 22 15 11 

4 15 39 65 7 9 

6 0 110 239 7 7 

8 0 175 239 0 4 

10 0 115 255 0 4 

From Table 10.13 and Figure 10.13 it can be seen that those maintained under Control 

conditions, i.e. 40.9%Q, produced the most live specimens. Those kept at 30.9%owere the 

next most productive group, whilst those maintained at 25.9%o, 50.9%o and 55.9%o all failed 

to reproduce, and died. Fecundity of Rotaliella elatiatia is therefore greatly affected by 

salinity different from that used to keep this species in culture. 

Table 10.14: Comparison of percentage of Rotaliella eiatiana exposed to each 

Number of 
days exposed 

25.9%o 30.9%o 40.9%o 50.9%o 55.9%o 

0 0.00 0.00 0.00 0.00 0.00 

2 0.00 0.00 4.55 0.00 0.00 

4 0.00 10.26 12.31 0.00 0.00 

6 0.00 10.91 10.88 0.00 0.00 

8 0.00 4.00 0.00 0.00 0.00 

10 0.00 0.87 1.18 0.00 0.00 

From Table 10.14 and Figure 10.14 it can be seen that deviation from the "normal" salinity 

needed for this species severely affected the ability to reproduce. Only specimens kept in 

40.9%o sea water (Control) and 30.9%o sea water reproduced, whilst those in 25.9%o, 50.9%o 

and 55.9%o sea water failed to reproduce. Percentage reproduction of Control specimens 

was generally higher than those held in 30.9%o sea water, except for day 8. 

From Plate 6 it can be seen that different sea water concentrations affected the appearance 

of tests. In some cases sea water concentrations made the sutures shallow, gave fewer 

denticles, irregular coiling and caused infilling of the umbilici. Only specimens subjected to 

concentrations of 40.9%o and 30.9%o lived and reproduced in the experimental period, and so 

the effects of other sea water concentrations upon tests will only be apparent on the final 
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chambers, although infilling of umbilici may occur on surviving Foraminiferida which failed 

to reproduce. 

Table 10.15: Comparison of number of living Rotaliella elatiana exposed to each 

Number of 
davs exposed 

Control 0.01 ppm 0.1 ppm 1.0 ppm 10.0 ppm 

0 15 15 15 15 15 

2 27 25 17 25 15 

4 57 79 41 45 12 

6 78 83 41 45 6 

8 84 89 81 50 3 

10 84 89 81 50 0 

From Table 10.15 and Figure 10.13 it can be seen that Rotaliella elaiiofia produced more 

specimens under the 0.01 ppm zinc regime than the Control group, indicating that this small 

additional amount of zinc was probably beneficial to the fecundity of this species of 

Foraminiferida. Groups exposed to 0.1 ppm, 1.0 ppm and 10.0 ppm zinc respectively 

appeared to suffer deleterious effects from zinc. There was no reproduction in specimens 

maintained under 10.0 ppm zinc and these Foraminiferida gradually died. 

Table 10.16: Comparison of percentage of Rotaliella elatiana exposed to each 

Number of 
davs exposed 

Control 0.01 ppm 0.1 ppm 1.0 ppm 10.0 ppm 

0 0.00 0.00 0.00 0.00 0.00 

2 7.41 8.00 5.88 8.00 0.00 

4 17.54 15.19 7.32 11.11 0.00 

6 3.85 1.20 0.00 0.00 0.00 

8 1.19 1.12 11.11 2.00 0.00 

10 0.00 0.00 0.00 0.00 0.00 

From Table 10.15 and Figure 10.14 it can be seen that the greatest percentages of 

Rotaliella elatiaia exposed to zinc mainly occurred on day 4, although the greatest 

percentage of reproducing individuals exposed to 0.1 ppm zinc occurred on day 8. Control 

specimens had the highest percentage reproduction, followed by 0.01 ppm, 0.1 ppm and 1.0 

ppm zinc, although those in 10.0 ppm zinc failed to reproduce. 
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From Plate 7 it can be seen that different zinc concentrations affected the appearance of 

tests. In some cases zinc affected coiling, inflation, made the sutures and radial grooves 

shallow, caused fewer denticles, and caused infilling of the umbilici. Specimens subjected to 

10.0 ppm failed to reproduce and so the effects of zinc upon tests at this concentration will 

only be apparent on the final chambers, although infilling of umbilici may occur on surviving 

Foraminiferida which failed to reproduce. 
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Figure 10.13: Temporal variation of number oTRoiaiieUa elatiana living under each experimental regime. 
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Figure 10.14: Temporal variation of percentage ofRotalieiia elatiana which reproduced under each experimental regime. 
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P L A T E 4. 

Deformations ofRotalielia elatiana subjected to concentrations of cadmium 

Figure 1: Control specimen 

Figure 2: Control specimen 

Figure 3: 0.1 ppm; irregular coiling of proloculus and deuteroconch. 

Figure 4: 0.1 ppm; rough surface, umbilicus and sutures infilled, few 

denticles. 

Figure 5: 1.0 ppm; surface rough and sutures infilled. 

Figure 6: 1.0 ppm; surface rough, sutures infilled, and denticles almost 

absent. 

Figure 7: 10.0 ppm; rough surface and coarser pores than in Controls. 

Figure 8: 10.0 ppm; calcite plate covering umbilicus, and sutures infilled. 





P L A T E 5. 

Deformations ofRotaiieUa elatiana subjected to concentrations of copper 

Figure 1: Control 

Figure 2: Control 

Figure 3: 0.1 ppm; terminal chamber is over-inflated and pores are small. 

Figure 4: 0.1 ppm; surface rough, sutures infilled and terminal chamber has 

fev^ small pores. 

Figure 5: 1.0 ppm; coiling irregular, infilled umbilicus and sutures, radial 

grooves and denticles absent. 

Figure 6: 1.0 ppm; umbilicus and sutures infilled, and few denticles. 

Figure 7: 10.0 ppm; surface rough, sutures infilled and the terminal chamber 

is over-inflated with few small pores. 

Figure 8; 10.0 ppm; umbilicus and sutures infilled, radial grooves poorly-

defined on final three chambers, and terminal chamber has small 

pores. 
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P L A T E 6. 

Deformations ofRotalieUa eiatiana subjected to concentrations of salinity 

Figure 1: 25.996©; irrregular coiling. 

Figure 2: 25.9%o; umbilicus infilled and few denticles present. 

Figure 3: 30.9%©; proloculus has additional chamberlets. 

Figure 4: 30.9%o; umbilicus infilled. 

Figure 5: 40.9%o, Control (contaminated with salt residue). 

Figure 6: 40.9%o; Control (contaminated with salt residue). 

Figure 7: 50.9%o; surface rough and pores coarse. 

Figure 8: 50.9%o; umbilicus and sutures infilled, few denticles and coarse 

radial grooves. 

Figure 9: 55.9%©; sutures infilled. 

Figure 10: 55.9%©; sutures infilled. 
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P L A T E 7. 

Deformations ofRoialieila elatiana subjected to concentrations of zinc 

Figure 1: Control 

Figure 2: Control 

Figure 3: 0.01 ppm; few denticles and infilling of one suture and part of 

umbilicus. 

Figure 4: 0.01 ppm; under-inflation of chambers. 

Figure 5: 0.1 ppm; coiling irregular and under-inflation of terminal chamber. 

Figure 6. 0.1 ppm; few denticles, sutures shallow and radial grooves not well-

defined. 

Figure 7: 1.0 ppm; surface rough and coiling irregular. 

Figure 8: 1.0 ppm; coiling irregular, under-infiation of chambers, shallow 

sutures and no pores present. 

Figure 9: 10.0 ppm, umbilicus and sutures infilled, few shallow radial 

grooves, no denticles and over-inflated terminal chamber. 

Figure 10: 10.0 ppm; terminal chamber under-inflated. 
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10.3.4. DISCUSSION. 

The importance of the presence of bacteria in foraminiferal cultures has been detailed by 

MuUer & Lee (1969). That the culture of Rotaiiella elatiana was bacteria-free and healthy 

indicates that it has adapted so as not to need the presence of bacteria. The relationship 

between bacteria and Foraminiferida is unclear; the bacteria may provide vitamins 

unobtainable in the environment. Enteromorpha intestimlis is rich in vitamin B 1 2 

(Provasoli, 1960), and polysaccharides (Dodson & Aronson, 1978), and provides a good 

source o f a variety of amino acids (Sauze, 1981); so it may be that the nutrients that 

bacteria may normally provide to other species are provided by the alga. Enteromorpha 

intestinalis is also known to produce anti-bacterial substances (Parekh et a/., 1985) as well 

as antibiotic producing bacteria (Lemos et al., 1985) and, as Rotaliella elatiana lives in 

close association with this alga, it may gain all it needs nutritionally from it and benefit by 

not being in contact with potentially pathogenic bacteria. In addition, Enteromorpha 

intestinalis provided the Rotaliella elatiana with an abundance of dissolved oxygen for 

growth and reproduction, as it photosynthesised in the foraminiferid containers until 

consumption. Limited oxygen would be potentially damaging to Foraminiferida and possibly 

may harm the immune system. 

The Enteromorpha intestinalis probably suffered from the addition of heavy metals to the 

media and, at high concentrations, may have died. This alga, as well as supplying oxygen for 

the Foraminiferida, is also high in carbohydrate and protein content (Fontaine & Bonilla-

Ruiz, 1978) and Vinogradov (1953) states that the majority of chlorophyceans tend to 

concentrate calcium. The Enteromorpha thalli are one to two cell layers thick resulting in a 

large surface-area-to-volume ratio, which enhances their bioaccumulation efficiency 

(Levine, 1984). 

The number of living Rotaliella elatiana produced by Control groups for each experiment 

varied greatly. The number produced by the cadmium Control group totalled more than 

3600 on the final day of exposure compared to approximately 1200, 250 and 80 by Control 
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groups of copper, sea water and zinc respectively. This may reflect that the Petri dishes 

used for cadmium experiments were larger in size than those used for the other experiments, 

but does not explain the variability between sea water, copper and zinc Control groups. 

The Control groups for cadmium and sea water both produced more living Foraminiferida 

than other dilutions of the toxin reflecting that cadmium and solutions of salt deviating fi'om 

the normal content in sea water are very deleterious to this species. For copper and zinc, the 

experimental solutions of 0.1 ppm and 0.01 ppm respectively produced more living 

specimens than the Control groups, perhaps suggesting that there is a beneficial effect of 

dilute inputs of these metals for this species. The death of specimens exposed to 10.0 ppm 

of copper and zinc and their inability to reproduce may reflect that, although dilute inputs 

may be beneficial, these metals become toxins at this level. The death and lack of 

reproduction of specimens exposed to 25.9%o, 50.996o and 55.9%o indicate that salinity is 

extremely important to this species. Only two salinity regimes, the Control 40.9%o and 

30.9%o, allowed any survivors, indicating that slight hyposalinity can be tolerated, but 

hypersalinity and extreme hyposalinity cannot be tolerated by this species. 

Deformation of the test of Rotaliella elatiam was caused by cadmium, copper, zinc and by 

diSerent salinities. Control specimens did not show test aberrances, and so deformation of 

this species was caused by the heavy metals or salinity extremes. Fecundity varied greatly 

amongst experimental groups, but within groups fecundity was greatly affected by 

concentration of the agent. The test deformations produced are very similar for all the 

metals and the sea water concentrations. Infilling of sutures between chambers and the 

umbilici was a common feature of deformation, and coiling mode and inflation of chambers 

were affected by the experiments conducted. It is not possible to differentiate between tests 

for the causative agent, which casts doubt upon some previous author's correlation of test 

deformity with heavy metals in field studies, and particularly upon the correlation of specific 

deformity with a particular cause. 
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10.4. T H E E F F E C T O F ZINC UPON AMMONIA BA TA VUS. 

10.4.1. INTRODUCTION, 

Test aberrances of Foraminiferida kept in the laboratory are known to occur in the absence 

of metals (Hedley & Wakefield, 1967) and, although the genus Ammonia is euryhaline and 

known to be extremely variable in culture, the experimentation of the action of zinc upon 

Ammonia batavits is to complement Sharifi eia/.'s work (1991) upon the action of copper 

on this genus. Sharifi et a/. (1991) tested a maximum of six specimens to each concentration 

of copper and, therefore, the results are not statistically viable. In an attempt to clarify 

whether heavy metals do cause deformation of the test, it is important to subject a larger 

number of specimens to varying concentrations of a heavy metal to ascertain their response, 

and also to run control groups as a check upon the level of natural variability. 

Sharifi ei a/. (1991) find that the distribution of some Foraminiferida in cores are altered by 

some heavy metals, whilst some species are able to tolerate this type of pollution, others 

construct deformed tests. Examination of core material reveals that prior to higher levels of 

copper and zinc there are no foraminiferid deformities, but that deformations are apparent 

after these higher occurrences of these heavy metals. Since their paper, other authors have 

also attempted to correlate deformations of the tests of Foraminiferida in field collections 

with the concentrations of heavy metals in the substrata at the time of collection. To 

substantiate the hypothesis that heavy metals were causing the observed deformities, Sharifi 

et a/. (1991) maintained living Ammonia beccarii and exposed them to levels of copper 

between 10 and 20 parts per billion: specimens formed deformations after 12 weeks. 

Deformations observed fi-om this trial included production of a high spiral side, additional 

chamber development, twisting and twinning. Unlike other authors, Sharifi etal. (1991), by 

carrying out laboratory experiments under controlled conditions, attempted to prove that 

heavy metals were capable of causing the observed deformations. 
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Ammonia hatcmis is indigenous to the Plymouth sampling area. This genus is the major 

species in Section 10.2.3 to have aberrations o f the test in the natural communities sampled 

within Plymouth Sound. Deformations of the test may be specific to each metal, but the 

testing o f the action of zinc upon this species may clarify which type o f deformation, i f any, 

occurs in response to zinc contamination. Ammonia batavus is slow-growing in comparison 

to Roialieila elatiana and reproduction is unlikely to occur. Fecundity cannot be tested as a 

possible response to zinc contamination, although the activity and numbers becoming 

deformed can be studied. 

10.4.2. M A T E R I A L S & METHODS. 

Sediment samples were collected from Dartmouth on the 13th April, 1994 at low tide from 

mudflats bordering the estuary. The sediment was placed into containers in the ratio of 

approximately 20% sediment, 60% sea water and 20% air (Lee, 1974; Anderson el al., 1991) 

and placed into a cool box. Within four hours of collection the sediment was emptied into a 

shallow polypropylene trough containing aerated sea water at room temperature and 

covered in a glass sheet to prevent evaporation. The specimens of Ammonia hataviis were 

extracted from the sediment by direct removal with a pipette and examined for aberrances 

of the test. Those which had already produced aberrances of the test were discarded and 

only those with symmetrical tests used in the experiment. Suitable specimens were placed 

into sterilised glass lidded Petri dishes of 90 mm diameter. Aerated sea water (from 12 miles 

off the coast of Plymouth) was Millipore filtered (0.45 \xm) and the salinity corrected to 

35%o and pH of 8.1 before autoclaving for 20 minutes. This solution was used to make 

dilutions of zinc in the concentrations of Control, 0.01 ppm, 0.1 ppm, 1.0 ppm, 10.0 ppm 

and 100 ppm. Thirty specimens were placed into each dilution on the 20th of April, 1994 

and the experiment was conducted for 10 days. The Ammonia batavtts were fed a mixture 

of Phaeodactylum triconjatum, Dtmaliella praemolecta and Isochrysis galbana in the 

concentration of 10^ to 10^ which had been centrifiiged to remove the metal-rich growing 

medium and resuspended in fresh sea water. The zinc media and food items were replaced 

every day and the activity levels of Ammonia batavtis recorded. 
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10.4.3. RESULTS. 

Activiiy 
Table 10.17: Activity levels of Ammonia batavus maintained under different 

1 Day Control 0.01 ppm 0.1 ppm 1.0 ppm 10.0 ppm 100.0 p^m 1 
1 26 20 19 18 9 0 
2 23 19 20 19 13 0 
3 29 22 23 22 11 0 
4 28 19 19 15 5 1 
5 21 16 18 18 4 i 
6 23 15 18 14 4 1 
7 20 16 14 19 0 0 
8 20 13 13 17 0 2 
9 18 13 13 11 0 0 
10 16 11 7 14 0 0 

Act iv i ty 

30 T 

aoi ppm 

0.1 ppm 

LOppni 

I OX) ppm 

100.0̂ 111 

Figure 10.15: Comparison of activity levels of Ammonia batavus maintained under 
varying concentrations of zinc. 

From Table 10.16 and Figure 10.15 it can be seen that activity o f Ammonia bataxms was 

consistently highest in the Control groups, although activity of specimens declined from day 

3 onwards. Zinc concentrations of 0.01 ppm, 0.1 ppm and 1.0 ppm produced similar activity 

levels although those specimens subjected to l.O ppm often had higher activity levels than 

within the other two. Approximately a third of the specimens subjected to 10.0 ppm zinc 

were active initially and rapidly declined from this level to be totally inactive from day 7 

onwards. Activity levels Ammonia bataviis subjected to 100.0 ppm fluctuated, with no 

368 



activity present in day 1 to day 3, one specimen active from day 4 to day 6 and two 

specimens active on day 8. 

Deformatiom 
Table 10.18: Number of deformations of Ammonia batavus maintained under 
different concentrations of zinc. 
Concentration Control 0.01 ppm 0.1 ppm 1.0 ppm 10.0 ppm lOO.O ppm 
Number 
deformed 

2 3 6 3 4 3 

lOOOppn Kufppni aOlpoD aippm 

Zinc concentrnboD 

Figure 10.16: Comparison of number of deformations of Ammonia batavus 
maintained under varying concentrations of zinc. 

From Table 10.18 and Figure 10.16 it can be seen that the number of deformed specimens is 

highest in the group of Ammonia batavns subjected to 0.1 ppm zinc. The occurrence of 

deformation is lowest in the Control group, although 2 specimens did produce abnormal 

chambers. Six specimens produced abnormal chambers in the solution containing 0.1 ppm 

zinc and the number of deformations decreased with increasing concentration of zinc from 

this concentration. 

Plates 8 and 9 show the types of deformation produced by the diflFerent concentrations of 

zinc. Deformed chambers consisted of buckled, inflated, deflated or additional chamberiets, 

with no common pattern linking deformation type with concentration. The terminal 

chambers produced were also often brittle and broke with gentle manipulation of a sable 

brush. 
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P L A T E 8. 

Deformations of Ammonia batavus subjected to concentrations of zinc 

Figure I : Control, terminal chamber^Ijuckled". 

Figure 2: Control; terminal chamber "buckled". 

Figure 3: 0.01 ppm, terminal chamber under-inflated and preceding two 

chambers malformed. 

Figure 4: 0.01 ppm; terminal chamber broken-off and preceding chamber 

over-inflated. 

Figure 5; 0.01 ppm; under-inflation of final three chambers. 

Figure 6: 0.1 ppm, irregular coiling and the terminal chamber was secreted 

from the centre of the umbilicus. 

Figure 7: 0.1 ppm; terminal chamber under-inflated and additional calcite 

secreted into the suture. 

Figure 8: 0.1 ppm; terminal chamber appears to be split into two sections. 

Figure 9: 0.1 ppm; final three chambers under-inflated and secreted close to 

previous whorl. One chamber broken. 

Figure 10: 0.1 ppm; five final chambers over-inflated and the terminal chamber 

is "buckled" and irregular. 

Figure 11: 0.1 ppm; terminal chamber under-inflated. 
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P L A T E 9. 

Deformations of Ammonia batavus subjected to concentrations of zinc 

Figure 1: 1.0 ppm, terminal chamber "buckled" and broken. 

Figure 2: 1.0 ppm; terminal chamber *1)uckled", broken and under-inflated. 

Figure 3: 1.0 ppm; terminal chamber under-inflated and additional chamberlet 

formed. 

Figure 4: 10.0 ppm, terminal chamber slightly over-inflated. 

Figure 5: 10.0 ppm; terminal chamber *1)uckled" and under-inflated. 

Figure 6. 10.0 ppm; chamber preceding terminal chamber is under-inflated. 

Figure 7: 10.0 ppm; terminal chamber broken-ofif and last three chambers 

formed are under-inflated. 

Figure 8: 100.0 ppra; final four chambers are over-inflated. 

Figure 9: 100.0 ppm; terminal chamber broken-off and preceding two 

chambers are "buckled" and broken. 

Figure 10: 100.0 ppm; terminal chamber "buckled" 
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10.4.4. DISCUSSION. 

Ammonia bataviis formed deformations of the test at all tested concentrations. The Control 

group also produced deformed chambers on two specimens, indicating that some aberrances 

of the test were caused by simply being under laboratory conditions. The relatively large 

number of aberrant tests produced by six specimens maintained at 0.1 ppm is probably due, 

at least in part, to the zinc contamination. 

Additional zinc in the media at all concentrations appears to be detrimental to Ammonia 

batavus, producing aberrant specimens. The decline in number of deformed individuals at 

concentrations of additional zinc above 1.0 ppm probably reflects the detrimental affects of 

zinc upon the food and/or the direct death or inactivity of the Foraminiferida thus 

preventing them from forming any further chambers. The brittleness of terminal chambers 

may indicate that the calcification process was affected. 

The type of deformation produced by the different concentrations of zinc were not 

concentration-specific, vAth common aberrances being produced by all concentrations 

produced. The production of additional chamberiets and twisting of the coiling of the tests 

are as resulted from Sharifi et a/.'s experiments (1991) with copper, indicating that these 

deformations are not metal-specific. 

10.5. SUMMARY. 

The natural foraminiferid assemblages sampled have a very low abundance of deformed 

specimens from all three sites, despite having an abundance of the five heavy metals tested 

in the sediments. The levels of heavy metals at the three sites were not mirrored by the 

numbers of deformed specimens at the sites sampled. It therefore appears that the most 

common heavy metals in the environment do not cause foraminiferid deformations of the 

test. 
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Experiments upon Rotaliella elatiana reveal that any amount of additional cadmium or 

changes in saUnity are detrimental to the health and fecundity of this species, although 

copper and zinc appear to be beneficial at low concentrations. Control groups produced no 

deformed specimens, and so the deformations produced were ascribable to the solutions 

tested. Roialieila elatiana has shown that, for this species at least, Foraminiferida cannot be 

used as indicators of pollution, for deformation type could not be correlated to specific 

metals or salinity regimes. This is in agreement with the finding of Boltovskoy ei a/. (1991) 

who find that almost no variable acts independently upon test morphology. 

Experiments upon Ammonia batavus with various regimes of zinc reveal that similar types 

of deformations occurred in the control groups and in the experimental groups, and the type 

of deformation bore no specific relationship to the concentration of metal used. When 

compared to the resuhs of Sharifi etal. (1991), some of the deformation types exhibited 

when exposed to concentrations of zinc were produced by their experiments with copper. 

The infilling of umbilici and sutures in Rotaliella elatiana and the brittleness of terminal 

chambers of Ammonia batavus indicate that the calcification process of experimental 

individuals was affected. The infilling of areas of the Rotaliella elatimia test open to the 

environment may reflect a protective mechanism of this species to unfavourable conditions 

in the external environment and the Enteromorpha intestinalis provides an abundance of 

calcium which the Foraminiferida can use. The brittleness of Ammonia batavus chambers 

reflects the inability of this species to form well-calcified chambers when under 

environmental stress. Although deformed agglutinated Foraminiferida have been recovered 

from samples by other authors (see Heron-Allen & Earland, 1930; Petrucci et ai, 1983), in 

the examination of samples from Plymouth Sound no agglutinated specimens were found to 

be deformed, further indicating that perhaps the calcification process is affected. The Golgi 

Body is the major organelle of secretion of calcite and is perhaps affected by environmental 

factors. 
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C H A P T E R 11-

CONCLUSIONS. 

The benefit of carrying out this varied study of Foraminiferida is that many 

conclusions can be drawn from the data. Culturing techniques, changes in 

assemblage composition of sampled sites, temporal changes in abiotic and biotic 

factors and their relative importance to the Foraminiferida were all studied. Also, 

the possible mechanisms of test deformation, and the mechanism by which 

Elphidium chspum remains epifaunal have all been investigated. The main 

conclusions are listed below. 

( i ) Only the living benthonic Foraminiferida were analysed from 36 

sediment samples. These consisted of 85 species from 47 genera in 

5 sub-orders. 

( i i ) The Murray Grab recovered the maximum numbers of live 

Foraminiferida by sampUng the upper surface layer of sediment 

(without losing the fines), and so allowed absolute abundance to be 

calculated. 

( i i i ) From core data, hyaline species were found living at depth (13 cm 

to 28 cm) within the sediment in the Withyhedge Beacon area in 

consecutive years, especially the species Elphidhim crispiim. 

( i v ) Absolute abundance of living Foraminiferida was generally highest 

at White Patch, dropping in Cawsand Bay, and lowest at Drake's 

Island. Although the Fisher measure of diversity and Margalef s 

richness of species were not very different between sites, the 

Shannon diversity and Pielou's evenness of species were. 
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( V ) Analysis of test size revealed that Drake's Island sediments 

contained more 63-125 pm specimens, Cawsand Bay more 

125-250 nm, and White Patch more 250-500 pm and 500-1000 pm 

tests, than the other two sites. 

( v i ) Cawsand Bay sediments were dominated by hyaline taxa, with an 

almost even distribution of quinqueloculine, trochospiral and 

planispiral forms, and corresponding distributions of specimens 

with arch, slit and pore apertures. 

( v i i ) Drake's Island sediments were dominated by porcellaneous taxa, 

with a corresponding dominance of quinqueloculine forms and 

arch-apertured forms. 

(vi i i ) Trochospiral and planispiral taxa predominated in White Patch 

sediments, with corresponding distributions of arch- and pore-

apertured specimens. 

( i x ) Foraminiferida from the three sampled sites were dominated by 

herbivorous taxa, followed by detritivorous taxa and then 

suspension-feeders. 

( X ) Multi-variate analysis of the assemblages reveals that, although the 

sampled sites contained similar foraminiferid assemblages in some 

months, the assemblages generally formed discrete groupings in 

terms of site. 
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( x i ) Analysis of abiotic variables revealed that the sites do not greatly 

differ for temperature or salinity, although the substrata of the sites 

differ markedly. Cawsand Bay sediments consisted of fine, well-

sorted, symmetrically-skewed sand. Drake's Island sediments 

consisted of medium, well-sorted, slightly negatively-skewed sand. 

White Patch sediments consisted of medium, pooriy-sorted, 

negatively-skewed and polymodal sand. 

(x i i ) Organic content of the sediments was highest at Drake's Island, 

followed by White Patch, and then Cawsand Bay. 

( x i i i ) Neither the abundance of bacteria nor the number of colony 

forming units showed a great difference between sites, 

although the bacterial assemblages did differ for the shapes and 

types of bacteria present. Rod-shaped bacteria dominated all 

bacterial assemblages, but whereas Cawsand Bay and Drake's 

Island assemblages had a fairly even distribution of Gram positive 

and Gram negative bacteria. White Patch bacteria were 

predominantly Gram positive. 

( x iv) Other meiofauna at the sites were generally more abundant in 

sediments from Drake's Island than at White Patch, with Cawsand 

Bay being poorest. 

( X V ) Seasonal diatom assemblages were very different between sites. 

White Patch assemblages had a more even distribution of shapes of 

diatoms than Cawsand Bay; and Drake's Island assemblages were 

dominated by elliptical and lanceolate forms. 
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( x v i ) Correlations of Foraminiferida and abiotic variables reveal that 

temperature is important to the timing of reproduction of most 

groups, whilst salinity is not important. Mean phi size of the 

sediment is an important variable to groups at Cawsand Bay, and 

sorting and skewness of the sediment is important to some groups 

at Cawsand Bay and Drake's Island. Kurtosis of the sediment does 

not appear to affect Foraminiferida. The proportion of the sediment 

finer than 63 ^m appears to be more important to Drake's Island 

Foraminiferida than to those at White Patch, and least so at 

Cawsand Bay. 

( x v i i ) Correlations of Foraminiferida and biotic variables reveal that 

organic content at Drake's Island is linked to the reproduction of 

several groups. Although not many foraminiferid groups are 

correlated with abundance of bacteria or abundance of colony 

forming units, foraminiferid groups at Cawsand Bay appear to 

reproduce when the proportion of rod-shaped bacteria rises, and 

Foraminiferida at Drake's Island and White Patch appear to prefer 

the presence of Gram positive bacteria. Other meiofauna appear to 

reproduce at the same time as the Foraminiferida at the sites and do 

not appear to compete with them, with the exception of 

Acariformes. From multi-variate analysis it is clear that the diatom 

assemblages do not dictate the foraminiferal assemblages, although 

Textulariina are positively correlated with sigmoidal diatoms; 

Rotaliina with centric, panduriform and sigmoid diatoms; and 

Miliolina with lanceolate, semi-lanceolate and elliptical diatoms. 

Apertural shape of Foraminiferida is not correlated with shape of 

diatoms. 
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( xviii ) Geotaxis and phototaxis experiments with Elphidium crispum 

have shown that both positive phototaxis and negative 

geotaxis are utilised by this species to remain epifaunal. A 

combination of both positive geotaxis and positive phototaxis may 

enable this species to avoid storms, by depending upon the 

turbidity of the water. A very strong phototaxic response was 

observed in large specimens in summer months, perhaps to 

facilitate reproduction. Whether geotaxis is positive or negative 

appears to be seasonally driven. It is possible that a photoreceptor 

is located on the dorsal side of this species. 

( x i x ) In attempting to culture, or maintain Foraminiferida, in the 

laboratory, it is beneficial to avoid anti-biotics, and to use a 

recirculating system which is well-aerated. 

( X X ) The natural assemblages of Foraminiferida sampled at the three 

sites displayed only rare occurrences of deformed tests, which were 

not correlated with the abundance of five common heavy metals 

(analysed once a month for four months) and were not, therefore, 

likely to have been induced by these heavy metals. In toxicology 

experiments upon Rotaliella elaticam, both additional 

cadmium and concentrations of salinity other than that used to 

culture this species had detrimental effects upon health and 

fecundity of this species. Zinc and copper may have been 

beneficial at low additional concentrations. It was not possible to 

discriminate between the deformation of tests in response to the 

metals or to salinity or between metals. The lack o f deformation 

specificity means that test deformation of Foraminiferida cannot be 

used as an indicator of any specific stressor. Toxicology studies 

upon Ammonia batavus show that similar test deformations 
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occurred in both control and experimental groups, and are common 

to deformation types observed by Sharifi et al. {\99\) 'm response 

to copper concentrations. 

As with most research, more questions are raised than answered. The occurrence 

of Elphidium cri^m living between 13 cm and 28 cm depth in sediments at 

White Patch in two consecutive years needs further investigation, in order to 

attempt to find out what benefits, i f any, are to gained for this normally epifaunal 

species from hving at this depth. The correlations of Foraminiferida with biotic 

factors should be further investigated. Limiting monthly sampling to one site, and 

recording monthly the changes in diatom assemblage composition would clarify the 

relationships between Foraminiferida and diatoms, which appears to be an 

important variable for the sub-orders of Foraminiferida. As the vertical distribution 

of Foraminiferida is ecologically important, a year-long experiment upon 

Elphidium crispum, together with an infaunal species, investigating geotaxis and 

phototaxis should be undertaken. Ecotoxicology experiments, to complement 

those already carried out, should be undertaken with an agglutinated species to 

help understand the mechaiusm of test deformation. 

377 



Abel, P.D., 1989. Water pollution biology. Chichester: Ellis-Harwood Ltd. 

Adams, T.D., Haynes, J., 1965. Foraminifera in Holocene Marsh samples at Borth, 
Cardiganshire (Wales). Palaeontology, 8, 27-38. 

Ajao, E.A., Fagade, S.O., 1991. Recent benthonic foraminifera in Tarkwa Bay, Nigeria. Archiv 
filer Hydrobiologie, 122, (2), 245-253. 

Akers, W.H., 1983. Protistology and the fossil record. Bulletin of Marine Science, 33, 777. 

Akpati, B.N., 1975. Foraminiferal distribution and environmental variables in Eastern Long 
Island Sound, New York. Jounml of Foraminiferal Research, 5, 127-144. 

Alberts, B., Bray, D., Lewis, J., Raff, M . , Roberts, K., Watson, J.D., 1983. Molecttlar Biology 
of the Cell. New York: Garland Publishing, Inc. 

Alliot, A., Frenet-Piron, M . , 1990. Relationships Between Metals in Sea-Water and Metal 
Accumulation in Shrimps. Marine Pollution Bulletin, 21, 30-33. 

Almogi-Labin, A., Perelis-Grossovicz, L., Raab, M . , 1992. ]J\vix\% Ammonia from a hypersaline 
inland pool, Dead Sea area, Israel. Journal of Foraminiferal Research, 22, 257-266. 

Altenbach, A.V., 1992. Short term processes and patterns in the foraminiferal response to 
organic flux rates. Marine Micropaleontology, 19, 119-129. 

Altenbach, A.V., Heeger, T., Linke, P., Spindler, M . , Thies, A., 1993. Miliolinella subrotunda 
(Montagu), a miliolid foraminifer building large detritic tubes for a temporary epibenthic 
lifestyle. Marine Micropaleontology, 20, 293-301. 

Alve, E., 1990. Variations in estuarine Foraminiferal biofacies with diminishing oxygen 
conditions in Drammens^ord, S.E. Norway. In Paleoecology, Biostratigraphy, 
Paleoceofiography and Taxonomy of Agglutinated Foraminifera, (ed C. Hemleben), 
661-694. The Netherlands: Kluwer Academic Publishers. 

Alve, E., 1991. Benthic Foraminifera in sediment cores reflecting heavy metal pollution in 
SorQord, western ^orwsty. Jounial of Foraminiferal Research, 21, 1-19. 

Alve, E., Bemhard, J .M., 1995. Vertical migratory response of benthic foraminifera to 
controlled oxygen concentrations in an experimental mesocosm. Marine Ecology Progress 
Series, 116, 137-151. 

Alve, E., Nagy, J., 1986. Estuarine Foraminiferal distribution in Sandebukta, a branch of the 
Oslo Fjord. Journal of Foraminiferal Research, 16, 261-284, pi. 1-4. 

Alve, E., Nagy, J., 1990. Main features of Foraminiferal distribution reflecting estuarine 
hydrography 'mOs\o¥']OTd. Marine Micropaleontology, 16, 181-206. 

378 



Amdurer, M. , Adier, D., Santschi, P.H., 1983. Studies of the chemical forms of trace elements 
in sea water using radiotracers. In Trace metals in sea water, (eds C.S. Wong, E. Boyle, 
K.W. Bruland, J.D. Burton, & E.D. Goldberg), New York: Plenum Press, 537-562. 

Anantha, M.G., Setty, P., Nigan% R., 1986. Benthic foraminifers as indices of diversity and 
hyposalinity in a modem clastic shelf regime, ofiF Bombay, India. In: Biology of Benthic 
Marine Organisms: Techniques and Methods as Applied to the Indian Ocecaf. (eds M.F. 
Thompson, R. Sarojini, R. Nagabhushanam), no. 12, Rotterdam: Balkema, 283-288. 

Anderson, H.V., 1952. Buccella a new genus of the rotalid foraminifera. Journal of (he 
Washington Academy of Science, 42, 143-151, tfs 1-13. 

Anderson, O.R., Lee, J.J., Faber, W.W. Jr., 1991. Collection, maintenance and culture methods 
for the study of Uving Foraminifera. In Biology of Foraminifera, (eds J.J. Lee, 
O.R. Anderson), London; Academic Press, 335-359. 

Angell, R.W., 1967. The process of Chamber Formation in the Foraminifer Rosaiina floridatia 
(Cushman). Journal of Protozoology, 14, 566-574. 

Angell, R.W., 1990. Observations on reproduction and juvenile test building in the Foraminifer 
Trochammim inflata. Journal of Foraminiferal Research, 20, 246-247. 

Ansari, Z.A., Parulekar, A.H., Jagtap, T.G., 1980. Distribution of sub-Uttoral meiobenthos off 
Goa coast, India. Hydrobiologia, 74, 209-214. 

Amal, R.E., 1955. Significance of abnormal Foraminifera. Geological Society of America 
Bulletin, 66, 1641. 

Arnold, Z.M., 1954 {a}. Discorinopsisaguayoi (Bermudez) and Discorinopsis vadescens 
Cushman and Bronnimann: A study of variation in cultures of living Foraminifera. 
Contributions from the Cushman Foundation for Foraminiferal Research, 5,4-13. 

Arnold, Z.M., 1954 {b}. Culture methods in the study of living Foraminifera. Journal of 
Paleontology, 28, 404-416. 

Arnold, Z.M., 1966. A laboratory system for maintaining small-volume cultures of foraminifera 
and other organisms. Micropaleontology, 12, 109-118. 

Arnold, Z.A., 1967. Application a la technique des cultures des Foraminiferes. Vie et Milieu, A, 
18, 36-45. 

Arnold, Z.M., 1974. Field and laboratory techniques for the study of living Foraminifera. In 
Foraminifera, (eds R.H. Hedley & C.G. Adams), 1, London: Academic Press, 153-207. 

Amon, D.I . , 1960. Some functional aspects of inorganic micronutrients in the metabolism of 
green plants. In Perspectives in Marine Biology, (ed. A. A. Buzzati-Traverso), Berkeley: 
University of California Press, 351-383. 

379 



Athersuch, J., Home, D.J., Whittaker, J.E., 1989. Marine and brackish water ostracods 
(Superfamilies Cypridacea and Cytheracea). Synopses of the British Fauna, No. 43, (eds D M . 
Kermack & R.S.K. Barnes). New York: E.J. Brill. 

Atkinson, K., 1969. The association of living foraminifera with algae from the littoral zone, 
south Cardigan Bay, Wales. Jounml of natural History, 3, 517-542. 

Atlas, R.M., Bartha, R., \9^]. Microbial Ecology. Fundamentals and Applications, 
Massachusetts: Addison-Wesley Publishing Company. 

Balogh, K.V., 1988. Comparison of mussels and crustacean plankton to monitor heavy metal 
pollution. Water, Air aiui Soil Pollution, 37,281-292. 

Balkwill, F.P., Wright, J., 1882. Recent foraminifera of Dublin and Wicklow. Proceedings of 
the Royal Irish Academy, series 2 and 3, 545-550. 

Balkwill, P.P., Millett, F.W., 1884. The foraminifera of Galway. Journal of microscopical, 
natural Sciences, 3, 19-28: 78-90, pis 1-4. 

Bandy, O.L., 1950. Some later Cenozoic foraminifera from Cape Blanco, Oregon. Journal of 
Paleontology, 24, 269-281, pis 41, 42, 2 tfs. 

Bandy, O.L., Ingle, J.C. Jr., Resig, J.M., 1964. Foraminiferal trends, Laguna Beach outfall area, 
California. Limnology and Oceanography, 9 {-^ Sixppl), 112-123; 124-137. 

Bandy, O.L. Ingle, J.C. Jr., Resig, J.M., 1965. Foraminiferal trends, Hyperion Outfall, 
California. Limnology atui Oceatiography, 10 (+ suppl), 314-332. 

Banner, F.T., Culver, S.J., 1978. quartemary y/av//f5/wa N. Gen. and Palaeogene 
Protelphidium Haynes; their morphology, affinities and distriibutioa Jounml of Foraminiferal 
Research, 8, 177-207. 

Bao, G.D., 1987. A preliminary study on organic material, nitrogen and phosphorus in the 
deep-sea sediments of the Pacific western region. Acta sedimentologica sinica / Chenji-
Xuebao, 5, 114-124. 

Barnes, R.S.K., Hughes, R.N., 1988. An Introduction to Marine Ecology, 2nd Edition. Oxford: 
Blackwell Scientific Publications. 

Barnes, R.S.K., Calow, P., Olive, P.J.W., Golding, D.W., 1988. The Invertebrates. A new 
syfithesis, London: Blackweli Scientific Publications. 

Bates, J.M., Spencer, R.S., 1979. Modification of foraminiferal trends by the Chesapeake-
Elizabeth Sewage Outfall, Virginia Beach, Virginia. Jounml of Foraminiferal Research, 9, 
125-140. 

Batsch, 1791. "Testaceorum arenulae marinae", 1-4, pi. 2, fig. 4a, b. 

380 



Battersby, N.S., Brown, C M . , 1982. Microbial activity in organically enriched marine 
sediments. In Sediment Microbiology, (eds D.B. Newell & C M . Brown), 
London: Academic Press, 147-170. 

Be, A.W.H., 1968. Shell porosity of Recent planktonic foraminifera as a climatic index. 
Science, 161,881-884. 

Be, A.W. H., Caron, D.A., Anderson, O.R., 1981. Effects of feeding frequency on life 
processes of the planktonic foraminifer Globigerinoides sacculifer in laboratory culture. 
Journal of the Marine Biological Association of the U.K., 61, 257-277. 

Bellan, G., 1985. Effects of pollution and man-made modifications on marine benthic 
communities in the Mediterranean: a review. In Mediterranean Marine Ecosystems, 
(eds M. Moriaitou-Apostolopoulou & V. Kiortis), New York: Plenum Press, 163-194. 

Bellinger, E.G., Benham, B.R., 1978. The levels of metals in dock-yard sediments with 
particular reference to the contributions from ship-bottom paints. Efivironmental Pollution, 15, 
71-81. 

Belser, W.L., 1960. Marine Microorganisms: Some Generalisations concerning Their 
Importance to Marine Life. In Perspectives in Marine Biology, (ed. A. A Buzzati-Traverso), 
Berkeley: University of California Press, 405-408. 

Bender, H. , 1992. Chamber formation and biomineralisation in Textidaria candeiafja D'Ort)igny 
(Sarcodina: Textularia). Journal of Foraminiferal Research, 22, 229-241. 

Berkeley, R.CW., 1979. Structure and classification of prokaxyotic micro-organisms. In 
Micro-organisms. Function, form ofid environment, (eds L.E. Hawker & A.H. Linton), 
London: Edward Arnold, 135-175. 

Beriand, B.R., Bonin, D.J., Guerin-Ancey, O.J., Kapov, V . I . , Arlhac, D P., 1977. Action of 
sublethal doses of heavy metals on the growth characteristics of the diatom Skeletonema 
costatum. Marine Biology, 42, 17-30. 

Bemhard, J.M., 1986. Characteristic Assemblages and Morphologies of Benthic Foraminifera 
from Anoxic, organic-rich Deposits: Jurassic through Holocene. Journal of Foraminiferal 
Research, 16, 207-215. 

Bemhard, J.M., 1989. The distribution of benthic Foraminifera with respect to oxygen 
concentration and organic carbon levels in shallow-water Antarctic sediments. Limnology aiid 
Oceanography, 34, 1131-1141. 

Berthelin, G., 1878. Liste des foraminiferes recueillis dans la baie de Bourgneuf et a Pomichet. 
Societe Academie NafUes ser. 5, 203-246. 

381 



Beveridge, T.J., 1984. Bioconversion of Inorganic Materials. Mechanisms of the Binding of 
Metallic Ions to Bacterial Walls and the Possible Impact on Microbial Ecology. In Current 
Perspectives in Microbial Ecology Proceedings of the Third hiteniatioml Syposium on 
Microbial Ecology, Michigan State University, (eds M.J. Klug, C. A. Reddy). American 
Society for Microbiology, 601-607. 

Bijma, J., Faber Jr., W.W., Hemleben, C , 1990. Temperature and salinity limits for growth and 
survival of some planktonic foraminifers in laboratory cultures. Journal of Foraminiferal 
Research, 20, 95-116. 

Billen, G., 1982. Modelling the processes of organic matter degradation and nutrients recycling 
in sedimentary systems. In Sediment Microbiology, (eds D.B. Newell & C M . Brown), London: 
Academic Press, 15-52. 

Bilyard, G. R., 1974. The feeding habits and ecology of Dentalium entale stimpsoni Henderson 
(Mollusca; Scaphopoda). The Veliger, 17, 126-138. 

Bland, S., Ackroyd, D.R., Marsh, J.G., Millward, G.E., 1982. Heavy metal content of oysters 
from the Lynher Estuary, U.K.. The Science of the Total Efivironment, 22, 235-241. 

Bock, W., Hay, W., Lee, J.J., 1985. Order Foraminiferida D'Orbigny, 1826. In Illustrated guide 
to the Protozoa, (eds J.J. Lee, S.H. Hutner, & E.G. Bovee), Lawrence: Allen Press Inc., 252-
273. 

Boltovskoy, E., 1954. Foraminferos del Golfo San Jorge. Revista Instituto mcional 
Investigation Ciencias natural Museum Argentina Ciencias mtural Bernardino Rivadavia 
Ciencias geologicas, 3, 79-228, pis 1-19. 

Boltovskoy, E., 1956. Applications of chemical ecology in the study of the foraminifera. 
Micropaleontology, 2, 321-325. 

Boltovskoy, E., 1964. Seasonal occurrences of some Living Foraminifera in Puerto Deseado 
(Patagonia, Argentina). Journal du Conseil Permanent pour TExploration de la Mer, 29, 136-
145. 

Boltovskoy, E., Lena, H., 1969. Seasonal occurrences, standing crop and production in benthic 
foraminifera of Puerto Deseado. Contribution from the Cushman Fowidation for 
Foraminiferal Research, 20, 87-95. 

Boltovskoy, E., Wright, R., 1976. Recent Foraminifera. The Hague: Dr. W. Junk. 

Boltovskoy, E., Giussani, G., Watanabe, S., Wright, R., 1980. Atlas of benthic shelf 
foraminifera of the southwest Atlantic, (ed. G. Giussani). The Hague: Dr. W. Junk. 

Boltovskoy, E., Scott, D.B., Medioli, F.S., 1991. Morphological variations of benthic 
foraminiferal tests in response to changes in ecological parameters: a review. Journal of 
Paleontology, 65, 175-185. 

382 



Boney, A.D., 1989. Phytoplafikton. 2ndEdition. London: Edward Arnold. 

Bourg, A C M . , 1983. Role of fresh water/sea water mixing on trace metal adsorption 
phenomena. In Trace metals in sea water, (eds CS. Wong, E. Boyle, ICW. Bruland, 
J.D. Burton, & E.D. Goldberg), New York: Plenum Press, 195-208. 

Boyle, E. A , 1979. Cu, Ni and Cd in the tests of Foraminifera. £05, 60, 297. 

Boyle, E.A., 1980. Cd, Zn, Cu and Ba in Foraminifera tests (core v 22-174). Eos, 61, 269. 

Boyle, T.P., 1984. The EflFect of Environmental Contaminants on Aquatic Algae. In Algae as 
ecological indicators, (ed. L. E. Shubert), London: Academic Press, 237-256. 

Boyle, E.A., 1986. Chemical Tracers in Planktonic and Benthic Foraminifera. Society of 
Economic Paleontologists mul Mineralogists Special Publication, 3, 14. 

Bradshaw, J.S., 1955. Preliminary laboratory experiments on ecology of foraminiferal 
populations. Micropaleontology, 1, 351-358. 

Bradshaw, J.S., 1961. Laboratory Experiments on the Ecology of Foraminifera. Contributions 
from the Cushman Foundation for Foraminiferal Research, 12, 87-106. 

Brady, H,B., 1864. Contributions to the knowledge of the foraminifera. On the Rhizopodal 
fauna of the Shetlands. Transactions of the Linnean Society of London, 24, 463-475, pi. 48. 

Brady, H,B., 1867. A catalogue of the Recent Foraminifera of Northumberiand and Durham. 
Transactions of the Natural History Society of NorthumberlaruJ, 1, 83-107. 

Brady, H.B., 1870. Foraminifera. In The Ostracoda and Foraminifera of tidal rivers, (eds G.S. 
Brady, D. Robertson, H.B. Brady), Annual Magazine of natural History ser 4, 273-306, pis 11, 
12. 

Brady, H.B., 1884. Report on the Foraminifera dredged by H.M.S. "Challenger" during the 
years 1873-1876. Challenger Report Zoology, 9, 814 pp, 115 pis, 2 maps, in 2 volumes. 

Brasier, M.D., 1975. Morphology and habitat of living benthonic foraminiferids from Caribbean 
carbonate environments. Revista Espcoiola de Micropaleontologia, 1, 567-578. 

Bridson, E.Y., 1990. Tryptone Soy Agar. In The OxoidManual, 6th Edition, Basingstoke: 
Unipath Ltd. 

Briggs, D., 1977. Sources and methods in geography. Sediments. London: Butterworths. 

Bronnimann, P., 1978, Recent benthic foraminifera from Brasil. Morphology and Ecology. Pt. 
3. Notes on Asterotrochammina Bemudez and Seiglie, Geneve. 29, 215-218. 

Bronnimann, P., Zaninetti, L., 1984. Agglutinated foraminifera mainly Trochamminaceafrom 
the Baia de Sepetiba, near Rio de Janeiro, Brasil. Revue de Paleobiologie, 3,63-115. 

383 



Brown, T., 1844. Illustrations of the Recent conchology of Great Britain and Ireland, with the 
descriptions a/id localities of all the species, 2nd Edition, London, 145 pp, 59 pis. 

Bryan, G.W., 1963. The accumulation of radioactive Caesiimi by marine invertebrates. Jounml 
of the Marine Biological Association of the U.K., 43, 519-539. 

Bryan, G. W., 1969. The absorption of zinc and other metals by the brown seaweed Laminaria 
digitata. Jounml of the Marine Biological Association of the U.K., 49, 225-243. 

Bryan, G.W., 1971. The effects of heavy metals (other than mercury) on marine and estuarine 
organisms. Proceedings of the Royal Society, London B, 177, 389-410. 

Bryan, G.W., 1976. Some aspects of heavy metal tolerance in aquatic organisms. In Effects of 
pollutofUs on aquatic organisms, (ed. A.P.M. Lockwood), Cambridge: Cambridge University 
Press 

Bryan, G.W., 1985. Bioavailability and effects of heavy metals in marine deposits. In Wastes in 
the ocean, v. 6, Nearshore waste disposal, (eds B.H. Ketchum, J.M. Capuzzo, W.V. Burt, I.W. 
Duedall, P.K. Park, D.R. Kester), New York: John Wiley & Sons, 42-79. 

Bryan, G.W., Hummerstone, L.G., 1973. Brown seaweed as an indicator of heavy metals in 
estuaries in south-west England. Journal of the Marine Biological Association of the U.K., 53, 
705-720. 

Bryan, G.W., Langston, W.J., 1992. Bioavailability, accumulation and effects of heavy metals 
in sediments with special reference to United Kingdom estuaries: a review. Environmental 
Pollution, 76, 89-131. 

Buchanan, J.B., 1984. Sediment Analysis. In Methods for the Study of Marine Benthos, 
(eds N. A. Hohne & A.D. Mc Intyre), 2nd Edition, Oxford: Blackwell Scientific Publications, 
41-65. 

Buchanan, J.B., Hedley, R.H., 1960. A contribution to the biology ofAstrorhiza limicola 
(Foraminifera). Jounml of the Marine Biological Association of the U.K., 39, 549-560. 

Buchanan, J.B., Moore, J.J., 1986. A broad review of variability and persistance in the 
Northumberland benthic fauna - 1971 -85. Jounml of the Marine Biological Association of the 
a/r , 66, 641-658. 

Bullock, T.H., 1955. Compensation for Temperature in the Metabolism and Activity of 
Poikilotherms. Biological Reviews of the Cambridge Philosophical Society, 30, 311 -342. 

Butler, E.I., Tibbitts, S., 1972. Chemical survey of the Tamar Estuary. I . Properties of the 
waters. Jounml of the Marine Biological Association of the UK, 52, 681-699. 

Buzas, M.A., 1969. Foraminiferal species densities and environmental variables in an estuary. 
Limnology and Oceanography, 14,411-422. 

384 



Buzas, M.A., Collins, L.S., Richardson, S.L., Severin, K.P., 1989. Experiments on predation, 
substrate preference, and colonization of benthic Foraminifera at the shelfbreak off the Ft. 
Pierce Inlet, Florida. Journal of Foraminiferal Research, 19, 146-152. 

Buzas, M A . , Culver, S.J., Jorissen, F.J., 1993. A statistical evaluation of the microhabitats of 
living (stained) infaunal benthic foraminifera. Marine Micropalaeoniology, 20, 311-320. 

Buzzati-Traverso, A.A., 1960. Perspectives in Marine Biology. In Perspectives in Marine 
Biology, (ed. A. A. Buzzati-Traverso), Berkeley: University of California Press, 613-621. 

Le Calvez, J., Le Calvez, Y., 1958. Repartition des Foraminiferes dans la Baie de Ville-fi'anche. 
1- Miliolidae. Anmles. Institut Oceatiographique (Motiaco), 35, 159-234, pis 3-16. 

Le Calvez, Y., Boillot, G., 1967. Etude des Foraminiferes contenus dans les sediments Actuels 
de la Manch Occidentale. Revue de Geographie Physique et de Geologie Dynamique, 9, 394-
408, pis. 1-3, 3 tfs. 

Canterford, G.S., Buchanan, A.S., Ducker, S.C., 1978. Accumulation of heavy metals by the 
marine diatom {Ditylum brightwellii) (West) Gnmow. Australia}} Journal of Marine and 
Freshwater Research, 29, 613-622. 

Capriulo, G.M., 1991. Community grazing in heterotrophic marine protista - Session summary. 
In Protozoa mid their Role in Marine Processes, NATO ASI Series, G.25, (eds P C. Reid, 
C M . Turiey, & P H. Burkill), 204-218. Berlin: Springer-Veriag. 

Capriulo, G.M., Sherr, E.B., Sherr, B.F., 1991. Trophic Behaviour and Related Conmiunity 
Feeding Activities of Heterotrophic Marine Protists. In Protozoa and their Role in Marine 
Processes, NATO ASI Series, G.25, (eds P.C. Reid, C M . Turiey, & P.H. Burkill), 219-265. 
Beriin: Springer-Veriag. 

Capuzzo, J.M., Burt, W.V., Duedall, I . W., Park, P.K., Kester. D.R., 1985. The impact of 
waste disposal in nearshore environments. In Wastes in the ocean, v. 6, Nearshore waste 
disposal, (eds B.H. Ketchum, J.M. Capuzzo, W.V. Burt, I.W. Duedall, P.K. Park, D.R 
Kester), 4-38. New York: John Wiley & Sons. 

Caron, D.A., 1991. Evolving role of protozoa in aquatic nutrient cycles. In Protozoa and their 
Role in Marine Processes, NATO ASI Series, G.25, (eds P C. Ried, C M . Turiey, & P H. 
Burkill), 386-415. Beriin: Springer-Veriag. 

Carpenter, W. B., Parker, W. K., Jones, T.R., 1862. ''Introduction to the study of 
foraminifera". London: Ray Society. 319 pp, 22 pis, 47 tfs. 

Castignetti, P., 1996. A time-series study of foraminiferal assemblages of the Plym Estuary, 
South-West England. Journal of the Marine Biological Association of the UX., 76, 569-578. 

Chandler, G.T., 1989. Foraminifera may structure meiobenthic communities. Oecologia, 81, 
354-360. 

385 



Chang, Y.M., Kaesler, R.L., 1974. Morphological variation of the Foraminifer..4m/wo/?/a 
beccarii (Linne) from the Atlantic Coast of the United States. Paleontological Contributions 
from the University of Kansas, paper 69, 2-23. 

Chapman, F., Parr, W.J., 1932. Victorian and South Australian shallow water foraminifera. 
Pt. 1, Proceedings Royal Society of Victoria, n. s. 44, 218-234, pis 21-22. 

Chaster, G.W., 1892. Report on the foraminifera of the Southport District. Report of the 
Southport Society of natural Sciences, 4, 54-72, pi. I . 

Cheng, X. R., 1987. A preliminary study of the distribution of Uving foraminiferids in surface 
sediments of the Changjiang River estuary. Marine Geology atid Quaternary Geology/ 
Haiyatig dizhi yu disiji dizhi, 7, (1), 73-80. 

Chong, V.C., Sasekumar, A., 1981. Food and Feeding Habits of the White Prawn Penaeus 
merguiensis. Marine Ecology Progress Series, 5, 185-191. 

Clarholm, M. , 1984. Microbes as Predators or Prey. Heterotrophic, Free-Living Protozoa: 
Neglected Microorganisms with an Important Task in Regulating Bacterial Populations. In 
Current Perspectives in Microbial Ecology - Proceedings of the Third International 
Symposium on Microbial Ecology, Michigan State University, (eds M.J. Klug, C.A Reddy), 
American Society for Microbiology. 

Coccetti, G.F., Lee, J.J., 1979. The potential effects of energy related activities on the seasonal 
trajectories of epiphytic marine diatoms. Hydrobiologia, 67, 51-80. 

Corliss, B.H., 1985. Microhabitats of benthic foraminifera within deep-sea sediments. Nature, 
314, 435-438. 

Coriiss, B.H., 1991. Morphology and microhabitat preferences of benthic foraminifera from the 
northwest Atlantic Ocean. Marine Micropaleontology, 17, 195-236. 

Corliss, B.H., Chen, C , 1988. Morphotype patterns of Norwegian Sea deep-sea benthic 
foraminifera and ecological implications. Geology, 16, 716-719. 

Corliss, B.H., Fois, E., 1990. Morphotype analysis of deep-sea benthic foraminifera from the 
Northwest Gulf of Mexico. Palaios, 5, 589-605. 

Coriiss, B.H., van Weering, T.C.E., 1993. Living (stained) benthic foraminifera within surficial 
sediments of the Skagerrak. Marine Geology, 111, 323-355. 

Costerton, J.W., Ingram, J. M . , Cheng, K.J., 1974. Structure and Function of the Cell Envelope 
of Gram-Negative Bacteria. Bacteriological Reviews, 38, 87-110. 

Cushman, J. A , 1911 . A monograph of the foraminifera of the North Pacific Ocean: Pt. 2-
Textulariidae. Bulletin of the US. Natioml Museum, 71, 1-108, 1 t f 

386 



Cushman, J.A., 1918. The foraminifera of the Atlantic Ocean; Pt. 1- Astrorhizidae. Bulletin of 
the US. National Museum, 104, 1-111, pis 1-39. 

Cushman, J. A , 1920. The Foraminifera of the Atlantic Ocean; Pt. 2- Lituolidae. Bulletin, of the 
United States National Museum, 104, 1-111, pis 1-18. 

Cushman, J.A, 1922 {a}. The Foraminifera of the Atlantic Ocean; Pt. 3- Textularidae. 
Bulletin, of the United States National Museum, 104, 1-149, pis 1-26. 

Cushman, J.A, 1922 {b}. Professiotml Papers of the U.S. Geological Survey, no. 129E, 97. 

Cushman, J.A, 1923. The Foraminifera of the Atlantic Ocean; Pt. 4- Lagenidae. Bulletin, of the 
United States National Museum, 104, 1-228, pis 1-42. 

Cushman, J.A, 1927. An outline of a reclassification of the foraminifera. Contributions from 
the Cushma^j Fotiftdation for Foraminiferal Research, 3, 1-105, pis 1-21. 

Cushman, J. A., 1929. Some species of Fossil and Recent Polymorphinidae found in Japan. 
Japanese Journal of Geology and Geography, 6. 

Cushman, J. A., 1930. The foraminifera of the Atlantic Ocean. Pt. 7 - Nonionidae, Camerinidae, 
Peneroplidae and Alveolinellidae. Bulletin of the U.S. Natiotml Museum, 104, 1-79. 

Cushman, J.A., 1931. The Foraminifera of the Atlantic Ocean; Pt. 8- Rotaliidae, 
Amphisteginidae, Calcarinidae, Cymbaloporettidae, Globorotaliidae, Anomalinidae, 
Planorbulinae, Rupertiidae and Homotremidae. Bulletin of the U. S. Natiofml Museum, 104, 
1-179, pis 1-26. 

Cushman, J.A.,1937. A monograph of the foraminiferal family Vemeuilinidae. Special 
Publication of the Cushmati Laboratory, 7, 1-157, pis 1-20. 

Cushman, J.A., 1944. Foraminifera from the shallow waters of the New England Coast. Special 
Publication of the Cushmati Laboratory, 12, 1-37, pis 1-4. 

Cushman, J.A., 1948. Arctic Foraminifera. Special Publication of the Cushman Laboratory, 
23, 1-79, pis 1-8. 

Cushman, J. A., 1949. Recent Belgian Foraminifera. Institut Royal des Sciences Nanirelles de 
Belgique, III, 3-59, pis 1-10. 

Cushman, J.A., Grant, U.S., 1927. Late Tertiary and Quaternary Elphidiiums of the West coast 
of North America. Transactions of the Sati Diego Society of Natural History, 5, 69-82. 

Cushman, J.A, Cole, W. S., 1930. Pleistocene foraminifera from Maryland. Contributions from 
the Cushmati Laboratory for Foraminiferal Research, 6, 94-100, pi. 13. 

387 



Dale, T., 1991. Protists and pollution - with an emphasis on planktonic ciliates and heavy 
metals. In Protozoa and their role in Marine Processes, NATO ASI Series, G25, 
(eds P C. Reid, C M . Turiey, & P.H. Burkill), 115-131. Berlin: Springer-Verlag, 

Davenport, L , 1985. Environmental stress and behavioural adaptation. London: Croom Hebn. 

Defrance, M.J.L., 1824. In "Mollusques, vers et zoophytes", (Blainville, H.M. Ducrotay De), 
Dictionnaire des Sciences Naturelles, 32, 1-567. Paris: F.G. Levrault. 

Dodson, J.R, Jr., Aronson, J.M., 1978. Cell wall composition of Enteromorpha intestinalis, 
Botofiica Marina, 21,241 -246. 

Douglas, R.G., 1979. Benthic Foraminiferal Ecology and Paleoecology: A Review of Concepts 
and Methods. In Foraminiferal Ecology and Paleoecology, S.E.P.M. Short Course No. 6, 
Houston, Texas, Society of Economic Paleontologists and Mineralogists, 21-53. 

Douglas, R.G., Liestman, J., Walch, C , Cotton, M.L., 1980. In The transition from live to 
sediment assemblage in benthic foraminifera from the southern California borderlafid, (eds 
M.Field, A. Buoma, I . Colbum, R.G. Douglas, J. Ingle), Pacific Coast Paleogeography 
Symposium, Pacific Section, 4, 256-280. 

Duinker, J.C., 1983. Effects of particle size and density on the transport of metals to the 
oceans. In Trace metals in sea water, (eds C.S. Wong, E. Boyle, K.W. Bruland, J.D. Burton, & 
E.D. Goldberg), 209-226. New York: Plenum Press. 

Earland, A , 1933. Foraminifera; Pt. 2- South Georgia. "Discovery" Report, 7, 27-138, pis 1-7. 

Ehrenberg, C. G., 1843. Verbreitlung und Einfluss des mikroskopischen Lebens in Siid-und 
Nord-Amerika. Kaiserliche Akademie der Wissenschaften, Berlin Physik, 1841, 291-445, pis 
1-4. 

Eleftheriou, A., Holme, N. A , 1984. Meiofaunal Techniques. /// Methods for the study of 
marine benthos, 2nd Edition, (eds N.A. Holme & A.D. Mclntyre). Oxford: Blackwell Scientific 
Publications. 

Ellison, R.L., 1984. Foraminifera and meiofauna on an intertidal mudflat, Cornwall, England: 
Populations; respiration and secondary production; and energy budget. Hydrobiologia, 109, 
131-148. 

Ellison, R.L., Broome, R., Ogilvie, R., 1986. Foraminiferal Response to Trace Metal 
Contamination in the Patapsco River and Baltimore Harbour, Maryland. Marine Pollution 
Bulletin, 17,419-423. 

Engel, D.W., Brouwer, M. , 1984. Trace metal-binding proteins in marine molluscs and 
crustaceans. Marine Environmental Research, 13, 177-194. 

388 



Faber, Jr., W W., Lee, J.J., 1991. Histochemical evidence for digQSUon in Heterostegina 
depressa and Operadina ammonoides (Foraminifera). Endocytobiosis & Cell Research, 8, 53-
59. 

Fabrikant, R., 1984. The Effect of Sewage Effluent on the Population Density and Size of the 
Clam Parvilucina temiscidpta. Marine Pollution Bulletin, IS, 249-253. 

Fenchel, T., 1987. Ecology of Protozoa. The Biology of Free-living Phagotrophic Protists. 
Beriin: Springer-Veriag. 

Fenchel, T.M., Jergensen, B.B., 1977. Detritus Food Chains of Aquatic Ecosystems: The Role 
of Bacteria. \x\ Advances in Microbial Ecology, volume I , (ed. M . Alexander), Plenum Press: 
New York, 1-49. 

Fenchel, T., Finlay, B.J., 1984. Geotaxis in the ciliated protozoan Loxodes. Journal of 
Experimental Biology, 110. 17-33. 

Feyling-Hanssen, R. W., 1954. Late- Pleistocene foraminifera from the Oslo Fjord Area, South 
east Norway. Norsk Geologisk Tidsskrift, 33, (1-2). 109-150, 2 pls. 

Feyling-Hanssen, R. W., 1964. Foraminifera in late Quaternary deposits from the Oslo Fjord 
area. Norges Geologiske Undersoekelse (Publikasjoner), 235, 7-385, 21 pis, 41 tfs. 

Fichtel, L., Moll, J. P. C , 1798. Testacea microscopica aliaque minuta ex generibus Argonauta 
et Nautilus ad naturam delineata et descripta (Mikroskopische und andere kleine Schalthiere 
aus den Geshlechtem Argonaute und Schiffer, nach der Natur gezeichnet und beschrieben). 
Wien Camesina, (1803 reprint), 124 pp, 24 pis. 

Findlay, R.H., White, D.C., 1983. The effects of feeding by the sand doW^s Mellita 
quinquiesperforata (Leske) on the benthic microbial conmiunity. Journal of Experimental 
Marine Biology and Ecology, 72, 25-41. 

Fischer, P., 1870. Foraminiferes marine du Department de la Gironde et des cotes du Sudouest 
de la France. Actes Societe Linneenne de Bordeaux, 27, 377-397. 

Fish, J.D., Fish, S., 1989. A Student's Guide to the Seashore. London: Unwin Hyman. 

Fisher, R.A, Corbet, AS. , Williams, C.B., 1943. The relationship between the number of 
individuals in a random sample of an animal population. Journal of Animal Ecology, 12, 42-58. 

Fisher, N.S., Farris, J.G., 1982. Complexation of Cu, Zn and Cd by Metabolites Excreted from 
Marine Diatoms. Marine Chemistry, 11, 245-255. 

Fleming, J., 1828. "A history of British animals, exhibiting the descriptive characters atid 
systematic arrangements of the genera and species of quadrupeds, birds, fishes, mollusca and 
Radiata of the United Kingdom". Edinburgh. 

389 



Fontaine, M. , Bonilla-Ruiz, J., 1978. Composicion quimica de macroalgas marinas 
representativas del Edo. Sucre, Venezuela. Boletin Instituto Oceanografico Universidad de 
Oriente, (Cumana), 17, 35-54. 

Frankel, L., 1972. Subsurface reproduction in Foraminifera. Journal of Paleontology, 46, 62-
65. 

Frankel, L., 1974. Observations and speculations on the habitat of Trochammina ochracea 
(Williamson) in subsurface sediments. Journal of Paleontology, 48, 143-148. 

Fries, L., 1982. Vanadium: An essential element for some macroalgae. PlatUa, 154, 393-396. 

Fry, J.C, 1982. Interactions between bacteria and benthic invertebrates. In Sediment 
Microbiology, (eds D.B. Newell, & C M . Brown), London: Academic Press, 171-201. 

Galehouse, J.S., 1971. Sedimentation analysis. In Procedures in Sedimentary Petrology, 
(ed. R.E. Carver), New York: Wiley-Interscience, 69-94. 

Galtsoff^ P.S., 1937. General Methods of Collecting, Maintaining, and Rearing Marine 
Invertebrates in the Laboratory. In Culture Methods for Invertebrate Animals, 
(eds P S. Galtsoff, F.E. Lutz, P S. Welch, & J.G. Needham), New York: Dover Publications, 
5-40. 

Gee, J.M., Warwick, R.M., Schaanning, M. , Berge, J.A., Ambrose, Jr. W.G., 1985. Effects of 
organic enrichment on meiofaunal abundance and community structure in sublittoral soft 
sediments. Journal of Experimental Marine Biology and Ecology, 91, 247-262. 

Geriach, S.A., 1978. Food-chain relationships in subtidal silty sand marine sediments and the 
role of meiofauna in stimulating bacterial productivity. Oecologia, 33, 55-69. 

Giere, O., \993. Meiobenthology, The Microscopic Faufia in Aquatic Sediments. Springer-
Verlag: London. 

Glaessner, M.F., 1963. Life history and structure of the Foraminifera. In Principles of 
Micropalaeontology, New York: Hafiier Publishing Company, 55-76. 

Goard, CJ., 1975. The relationship of living benthonic foraminifera to the sediments of 
Plymouth Sound. Unpublished BSc dissertation, Plymouth Polytechnic, U.K. 

Goes, A., 1894. A synopsis of the Arctic and Scandinavian recent marine foraminifera hitherto 
discovered. Kunglia Svenska Vetenskaps-Akademiem Nandl Natti For, 25, 1-127, 25 pis. 

Gonzalez-Donoso, J. M. , 1969. Donnees nouvelles sur la texture et la structure du test de 
quelques foraminiferes du Bassin de Grenade (Espagne). Revue Micropaleontologie, 12, 3-8, 
pis 1,2. 

Gooday, A.J., 1986. Meiofaunal foraminifera from the bathyal Porcupine Seabight (northeast 
Atlantic): size structure, standing crop, taxonomic composition, species diversity and vertical 
distribution in the sediment. Deep Sea Research, 33, 1345-1373. 

390 



Gooday, A_J., Turley, C M . , 1990. Responses by benthic organisms to inputs of organic 
material to the ocean floor: A review. In The deep sea bed: its physics, chemistry and biology, 
(eds H. Chamock, J.M. Edmond, I.N. Mc Cave, A.L. Rice, T.R.S. Wilson), Philosophical 
Transactiom Royal Society of Lofidon, A, 331,119-138. 

Gower, A.M., Myers, G., Kent, M. , Foulkes, M.E., 1994. Relationship between 
macroinvertebrate communities and environmental variables in metal-contaminated streams in 
south-west England. Freshwater Biology, 32, 199-221. 

Haake, F. W., 1962. Untersuchungen an der Foraminiferen-Fauna im Wattgebiet zwischen 
Langeoog und dem Festland. Meytiimm, 12, 25-64, pis 1-12, 5 tabs., 9 tfs. 

Hannah, F., Rogerson, A., Layboum-Parry, J., 1994. Respiration rates and biovolumes of 
common benthic foraminifera (Protozoa). Jounml of the Marine Biological Association of the 
UK, 74, 301-312. 

Hansen, H.J., 1965. On the sedimentary and the qualitative distribution of living foraminifera in 
the northern part of the Oresund. Ophelia, 2, 323-331. 

Hart, M.B., Thompson, S., 1974. Foraminiferida of Budle Bay, Northumberiand, a preliminary 
investigation. Transactions of the Natural History Society of Northumberland, Durham, arid 
Newcastle upon Tyne, 41, 204-219. 

Harvey, R.W., Luoma, S.N., 1985. Effect of adherent bacteria and bacterial extracellular 
polymers upon assimilation by Macoma balthica of sediment-bound Cd, Zn and Ag. Marine 
Ecology Progress Series, 22, 281-289. 

Haynes, JR., 1973. Cardigan Bay Recent Foraminifera (Cruises of the R.V. Antur, 1962-
1964). London; Bulletin of the British Museum (Natural History) Zoology, Supplement 4, 

Haynes, J.R, 1981. Foraminifera. London: Macmillan Publishers Ltd. 

Haynes, J.R., 1990. The Classification of the Foraminifera-A Review of Historical and 
Philosophical Perspectives. Palaeontology, 33, 503-528. 

Hedley, R.H., 1958. A Contribution to the Biology and Cytology of Haliphysema 
(Foraminifera). Proceedings of the Zoological Society of Lofuion, 130, 569-579. 

Hedley, R.H., 1960. The Iron-containing Shell of Gromia oviforms (Rhizopoda). Quarterly 
Jounml of Microscopical Science, 101, 279-293. 

Hedley, R. H., Hurdle, C. M. , Burdett, I . D. J., 1965. A Foraminiferal fauna from the western 
continental shelf off North Island, New Zealand. Bulletin, New Zealatul Department of 
Scientific and Industrial Research, 180, 9-56, pis 1-12 and frontis, tfs 1-60. 

Hedley, R.H., Wakefield, J. St. J., 1967. Clone culture studies of a new Rosalinid Foraminifer 
from Plymouth, England and Wellington, New Zealand. Jounml of the Marine Biological 
Association of the UK, 47, 121-128. 

391 



Hendey, N. I . , 1964. An Introductory Account of the Smaller Algae of British Coastal Waters 
Part V: Bacillariophyceae (Diatoms). Ministry of Agriculture, Fisheries and Food Fishery 
Investigations Series IV. London: Her Majesty's Stationery OflBce. 

Herbert, R.A., 1982. Nitrate dissimilation in marine and estuarine sediments. In Sediment 
Microbiology, (eds D.B. Newell & C M . Brown), London: Academic Press, 53-71. 

Heron-Allen, E., Earland, A., 1909. Royal Microscopical Society Journal, pt. 4, 677-698, 
pis 20,21. 

Heron-Allen, E., Earland, A., 1911. Royal Microscopical Society Journal, pt. 7, 298-343. 

Heron-Allen, E., Earland, A., 1912. Royal Microscopical Society Journal, pt. 4, 385-387, pi. 
5, figs 5-6. 

Heron-Allen, E., Earland, A , 1913 {a}. The foraminifera of the Clare Island District, County 
Mayo, Ireland. Clare Island Survey, part 64. Proceedings Royal Irish Academy, 31, 1-188, pis 
1-13. 

Heron-Allen, E., Earland, A , 1913 {b}. On some Foraminifera fi-om the North Sea, etc., 
dredg^ by the Fisheries Cruiser "Goldseeker*^ (International North Sea Investigations-
Scotland), ni. On Conmspira diffusa, a new type fi^om the North Sea. Journal of the Royal 
Microscopical Society, 272-276. 

Heron-Allen, E., Earland, A., 1930. The foraminifera of the Plymouth District. Journal of the 
Royal microscopical Society, pt. 1, SO; 161-199, pis 4, 5. 

Heron-Allen, E., Earland, A , 1932. Foraminifera Pt. 1. The ice fi'ee area of the Falkland Islands 
and adjacent seas. ""Discovery" Report, 4, 291-460, pis 6-17. 

Hinga, K.R., Sieburth, J., Mc N. , Heath, G.R., 1979. The supply and use of organic material at 
the deep-sea floor. Journal of Marine Research, 37, 557-579. 

Hobson,D.M., 1978. Geologists'Association Guide, No. 38: The Plymouth Area, 1-17. 
Geologists' Association: London. 

Hofker, J., 1951 (a). The foraminifera of the Siboga Exped. Pt. 3. Uitkomsten op Zool. Bot. 
Oceanograph. en Geol Gebied Monogr FV a, 1-513, 348 tfs. 

Hoflcer, J., 1951 (b). The toothplate foraminifera. Archives Neerlandaises de Zoologie, 8, 353-
372, 30 tfs. 

Hoflcer, J., 1971. The foraminifera of Piscadera Bay, Curacao. Studies on the fauna of Curacao 
aauiother Caribbean Islands, 35, 1-57. 

Hoglund, H., 1947. Foraminifera in the GuUmar Fjord and Skagerak. Zoologiska Bidrag 
Uppsala, 26, 1-328, pis 1-32, tfs 308, 2 maps, 7 tabs. 

392 



Hottinger, L., Dreher, D., 1974. Differentiation of Protoplasm in Nummulitidae (Foraminifera) 
from Flat, Red Sea. Marine Biology, 25, 41-61. 

Howarth, R.J., Murray, J.W., 1969. The Foraminiferida of Christchurch Harbour, England: a 
reappraisal using multivariate techniques. Journal of Paleontology, 43, 660-675. 

Hunt, A.S., Coriiss, B. H., 1993. Distribution and microhabitats of living (stained) benthic 
foraminifera from the Canadian Arctic Archipelago. Marine Micropaleontology, 20, 321-345. 

Ingram, R.L., 1971. Sieve analysis. In Procedures in sedimentary petrology, (ed. R.E. Carver), 
49-67. New York: Wiley-Interscience. 

Iturriaga, R., 1979. Bacterial Activity Related to Sedimenting Particulate Matter. Marine 
Biology, SS, 157-169. 

Izuka, S.K., 1988. The variation of magnesium concentrations in the tests of Recent and 
Fossil Benthonic Foraminifera. Unpublished PhD Thesis, University of Hawaii. 

Jahn, T.L., Jahn, F.F., 1949. How to hiow the Protozoa. Dubuque, Iowa: Wm C. Brown Co. 

Jahn, T.L., Rinaldi, R.A., 1959. Protoplasmic movement in the Foraminiferan, Allogromia 
laticoUaris: and a theory of its mechanism. Biological Bulletin, Woods Hole, 117, 100-118. 

Jaffe, D., Walters, J.K., 1977. Intertida! trace metal concentrations in some sediments from the 
Humer Estuary. The Science of the Total Environment, 7, 1-15. 

Jepps, M.W., 1942. Studies on Polystomella Lamarck (Foraminifera). Journal of the Marine 
Biological Association of the U.K., 25, 607-667. 

Jones, M.B., Johnson, I . , 1991. Effects of saline sewage on the biological community of a 
percolating filter. In Protozoa atui their Role in Marine Processes, (eds P.C Reid, 
C M . Turiey, & P.H. Burkill), NATO ASI Series, G25, Beriin: Springer-Veriag, 131-141. 

Jones, R.W., Chamock, M.A., 1985. "Morphogroups" of agglutinating Foraminifera. Their life 
positions and feeding habits and potential applicability in (Paleo)Ecological Studies. Revue de 
Paleobiologie, 4, 311-320. 

Jorrisen, F. J., Barmawidjaja, D. M. , Puskaric, S., Van der Zwaan, G. J., 1992. Vertical 
distribution of benthic foraminifera in the northern Adriatic Sea: The relation with the organic 
flux. Marine Micropleontology, 19, 131 -146. 

Kinne, O., 1963. The Effects of Temperature and Salinity on Marine and Brackish water 
animals. 1. Temperature. Oceanography & Marine Biology Animal Review, 1, 301-340. 

Kitazato, H., 1981. Observation of Behaviour and Mode of Life of Benthic Foraminifers in 
Laboratory. Geoscience Report Shizwoka University, 6, 61-71. 

393 



Kitazato, H., 1984. Microhabitats of benthic foraminifera and their application to fossil 
assemblages. In Benthos, '83, 2nd International Symposium on Benthic Foraminifera (Pau, 
1983), Elf Aquitaine Esso R.E.P. and Total C.F.P., Pau & Bordeaux, (ed. H.J. Oertli), 339-
344. 

Kitazato, H., 1988. Locomotion of Some Benthic Foraminifera In and On Some Sediments. 
Journal of Foraminiferal Research, 18, 344-349. 

Kitazato, H., 1990. Pseudopodia of Benthic Foraminifera and Their Relationships to the Test 
Morphology. In "Benthos '90", Sendai; Tokai University Press, 103-108. 

Kitazato, H., 1994. Foraminiferal microhabitats in four marine environments around Japan. 
Marine Micropaleontology, 24, 29-41. 

Knauer, G.A, Martin, J.H., 1983. Trace elements and primary production: problems, effects 
and solutions. In Trace metals in sea water, (eds C.S. Wong, E. Boyle, K.W. Bruland, 
J.D. Burton, & E.D. Goldberg), New York: Plenum Press, 825-840. 

Knight, R., 1986. A novel method of dark field illumination for a stereomicroscope and its 
application to a study of the pseudopodia of Reophax moniliformis, Siddall (Foraminiferida). 
Journal of Micropalaeontology, 5, 83-90. 

Kremling, K., Wenck, A , 1983. Variations of dissolved organic copper in marine waters. In 
Trace metals in sea water, (eds C.S. Wong, E. Boyle, K.W. Bruland, J.D. Burton, & 
E.D. Goldberg), New York: Plenum Press, 609-620. 

Kruit, C , 1955. Sediments of the Rhone Delta 1: Grain size and Microfauna. Verha/ulelingen. 
Koninklijke Nederlatuise Geologisch Mijnbouwkundig Genootschap, 15, 357-499, 6 pis, 37 tfs. 

Lacroix, E., 1931. Les Lituolides du plateau continental Mediterraneen entre Saint-Raphael et 
Monaco. Bulletin Institute oceajwgraphie, Monaco, 549, 1-16, tfs 1-21. 

Laing, I . , 1991. Cultivation of marine unicellular algae. MW/J/T^'q/"/l^/c?///wre, Fisheriesand 
Food, Directorate of Fisheries Research, Laboratory leaflet, 67, Lowestoft. 

Lamarck, J.B., 1882. Histoire naturelles des animaux sans vertebres, 7, 711 pp. 

Lande, E., 1977. Heavy metal pollution in TrondheimsQorden, Norway, and the recorded 
effects on the fauna and flora. Environmental Pollution, 12, 187-198. 

Langer, M. , Hottinger, L. , Huber, B., 1989. Functional Morphology in Low-Diverse Benthic 
Foraminiferal Assemblages from Tidal Flats of the North Sea. Senckenbergiana Maritima, 20, 
81-99. 

Langer, M.R., Gehring, C.A., 1993. Bacteria farming: a possible feeding strategy of some 
smaller, motile Foraminifera. Journal of Foraminiferal Research, 23,40-46. 

394 



Lankford, R.R., 1959. Distribution and ecology of Foraminifera from East Mississippi Delta 
margin. Bulletin of the Amehccai Association of Petroleum Geologists, 43, 2068-2099. 

Leadbeater, B.S.C., 1991. Protista and Mineral cycling in the sea. In Protozoa and their Role 
in Marine Processes, (eds P.C. Reid, C M . Turley, & P.H. Burkill), NATO ASI Series, G25, 
Berlin: Springer-Verlag, 361-385. 

Lee, J. J., 1974. Towards Understanding the Niche of Foraminifera. In Foraminifera, 1, 
(eds R.R Hedley & C.G. Adams). London: Academic Press,-207. 

Lee, J. J., 1980. Nutrition and Physiology of the Foraminifera. In Biochemistry and Physiology 
of Protozoa, 2fid Edition, 3, (eds M . Levandowsky & S.H. Hutner), London: Academic Press, 
43-66. 

Lee, J.J., 1990. Phylum Granuloreticulosa (Foraminifera). In Hafidbook of Protista, 
(eds L. Margulis, J O. Coriiss, M. Melkonian, & D J. Chapman), Boston: Jones & Bartlett 
Publishers, 524-548. 

Lee, J.J., 1992. Symbiosis in foraminifera. In Algae atidSymbioses: Plants, Animals, Fungi, 
Viruses, Interactions Explored, (ed. W.Reisser), Bristol: Biopress Ltd., 63-79. 

Lee, J.J., Pierce, S., Tentchoff, M. , Mc Laughlin, J.A., 1961. Growth and physiology of 
foraminifera in the laboratory: Part 1- Collection and maintenance. Micropaleontology, 7,461-
466. 

Lee, J.J., Pierce, S., Freudenthal, H.D., TentchofF, M. , Muller, W.A., 1962. Studies on m vitro 
growth of foraminifera, EI . Journal of Protozoology, 9, 16-17. 

Lee, J. J., Pierce, S., 1963. Growth and physiology of Foraminifera in the Laboratory; Part 4 -
Monoxenic Culture of an Allogromid with Notes on its Morphology. Journal of Protozoology, 
10, 404-411. 

Lee, J.J., Mc Enery, M. , Pierce, S., Freudenthal, H.D., Muller, W.A., 1966. Tracer experiments 
in Feeding Littoral Foraminifera. Journal of Protozoology, 13, 659-670. 

Lee, J.J., Mc Enery, M. , Rubin, H., 1969. (Quantitative Studies on the Growth ofAllogromia 
/a//co//flr/5 (Foraminifera). Journal of Protozoology, 16, 377-395. 

Lee, J.J., Mc Enery, M.E., 1970. Autogamy in Allogromia laticollaris (Foraminifera). Journal 
of Protozoology, 17, 184-195. 

Lee, J.J., Muller, W.A., 1973. Trophic Dynamics and Niches of Salt Marsh Foraminifera. 
American Zoology, 13, 215-223. 

395 



Lee, J.J., Lee, M.J., 1979. The growth and reproduction of selected species of meiofauna in 
selected natural microfloral assemblages. Biological Bulletins Marine Biological Laboratory, 
Woods Hole, Massachusets, U.S.A., 157, 378-379. 

Lee, J.J., Lee, R.E., 1989. Chloroplast Retention In Elphidids (Foraminifera). Endocytobiology, 
4,215-220. 

Lee, J.J., Anderson, O.R., 1991. Symbiosis in foraminifera. In Biology of Foraminifera, 
(eds J.J. Lee & O.K. Anderson). London: Academic Press, 157-220. 

Lee, J.J., Faber, Jr., W.W., Lee, R.E., 1991 (a). Granular Reticulopodal Digestion - A Possible 
Preadaptation to Benthic Foraminiferal Symbiosis ?. Symbiosis, 10, 47-61. 

Lee, J.J., Sang, K., Ter Kuile, B., Strauss, E., Lee, P.J., Faber, W.W. Jr., 1991 (b). Nutritional 
and related experiments on laboratory maintenance of three species of symbiont-bearing, large 
foraminifera. Marine Biology, 109, 417-425. 

Lemos, M.L., Toranzo, A.E., Baija, J.L., 1985. Antibiotic Activity of Epiphytic Bacteria 
Isolated from Intertidal Seaweeds. Microbial Ecology, 11, 149-163. 

Leutenegger, S., 1984. Symbiosis in benthic foraminifera: specificity and host adaptations. 
Journal of Foraminiferal Research, 14, 16-35. 

Levine, H.G., 1984. The Use of Seaweeds for Monitoring Coastal Waters. In Algae as 
ecological indicators, (ed. L. E. Shubert), London: Academic Press, 189-210. 

Linnaeus, C , 1758. "Systema naturae''. Ed. 10, Hohniae, Stockhohn. 

Linnaeus, C , 1767. "Systema naturae". Ed. 12, Holmiae, Stockhohn, impensisL. Salvii, 1, 
1-1327. 

Lipps, J.H., 1983. Biotic Interactions in Benthic Foraminifera. In Biotic interaction in Recent 
and Fossil Benihic Communities, (eds M.J.S. Tevesz, P.L. McCall), London: Plenum Press. 

Lincoln, R.J., Boxshall, G.A., Clark, P.F., 1982. A dictionary of ecology, evolution and 
systematics. Cambridge: Cambridge University Press. 

Lindahl, G., Wallstroem, K., Roomans, G.M., Pedersen, M. , 1983. X-Ray Microanalysis of 
planktonic diatoms in in situ studies of metal pollution. Botmtica Marina, 26, 367-373. 

Lindhohn, R.C., 1987. A Practical Approach to Sedimentology, London: Allen & Unwin, 276. 

Loeblich, A. R., Tappan, H., 1953. Studies of Arctic foraminifera. Smithsoniaii Miscellofieous 
Collections, 4105,121, 1-150, pis 1-24, 1 tab., 2 tfs. 

Loeblich, A. R., Tappan, H., 1957. Eleven new genera of foraminifera. Bulletin of the United 
States National Museum, 215, 223-232, pis 72, 73. 

396 



Loeblich, A. R., Tappan, H., 1964, Part C, Protista 2, Sarcodina chiefly "Thecamoebians" and 
Foraminiferida.In "Treatise on Invertebrate Paleontology", (ed. R. C. Moore), 2 vols.. 
Geological Society of America & University Kansas Press. 

Loeblich, A R., Tappan, H., 1987. Foraminiferal genera and their classification. New York: 
van Nostrand Reinhold. 

Loubere, P., 1989. Bioturbation and Sedimentation Rate Control of Microfossil Taxon 
Abundances in Surface Sediments: A Theoretical Approach to the Analysis of Species 
Microhabitats. Marine Micropaleontology, 14, 317-325. 

Lukashina, N.P., 1987. Benthic foraminifera and their relationship to water masses on sills of 
the North Atlantic Ocean. Oceanology Academy Sciences U.S.S.R, 27, (2), 201-205. 

Lutze, G.F., Thiel, H., 1989. Epibenthic Foraminifera from elevated microhabitats: 
Cibicidoides miellerstorfi and Planulina arimensis. Journal of Foraminiferal Research, 19, 
153-158. 

Macfadyen, W. A., 1930. Nfiocene foraminifera from the Clysmic area of Egypt and Sinai. 
Egyptian Geological Survey of Cairo, 1-149, pis 1-4, map. 

McClusky, D.S., Bryany, V., Campbell, R., 1986. The effects of temperature and salinity on the 
toxicity of heavy metals to marine and estuarine invertebrates. Oceanographic Marine 
Biological Review, 24, 481-520. 

Mc Crone, A.W., Schafer, C , 1966. Geochemical and sedimentary environments of 
foraminifera in the Hudson River estuary. New York. Micropaleontology, 12, 505-509. 

Mageau, N.C., Walker, D., 1976. Effects of ingestion of Foraminifera by larger invertebrates. 
Maritime Sediments Special Publication, 1, Ist International Symposium on Benthic 
Foraminifera of Continental Margins, Part A., Ecology and Biology, 89-105. 

Magurran, A.E., 1988. ''EcologicalDiversity attdltsMeasurement". CroomHeim: London. 

Malcolm, S.J., Stanley, S.O., 1982. The sediment environment. In Sediment Microbiology, (eds 
D.B. Newell & C M . Brown), London: Academic Press, 1-14. 

Mahngren, B.A., 1984. Analysis of the environmental influence on the morphology of 
Ammonia beccarii (Linne) in southern european salinas. Geobios, 17, 737-746. 

Margalef, R., 1972. Homage to Evelyn Hutchinson, or why is there an upper limit to diversity. 
Transactions of the Conneticut Academy of Arts Science, 44, 211-235. 

Marine Biological Association, 1957. Plymouth Marine Fauna. Plymouth: Marine BiologicaJ 
Association of the U K. 

Marszalek, D.S., 1969. Foraminiferal test as an environmental buffer. Bulletin of the American 
Association of Petroleum Geologists, 53, 730. 

397 



MarszaJek, D.S., Wright, R.C., Hay, W.W., 1969. Function o f the test in foraminifera. 
Transactions of the Gulf Coast Association of Geological Societies, 19, 341 -352. 

Martin, J.M., Whitfield, M . , 1983. The significance of the river input of chemical elements to 
the ocean. In Trace metals in sea water, (eds C.S. Wong, E. Boyle, K.W. Bruland, J.D. Burton 
& E.D. Goldberg), New York: Plenum Press, 265-296. 

Martin, R.E., Liddell, W.D., 1989. Relation of Counting Methods to Taphonomic Gradients 
and Biofecies Zonation o f ForaminiferaJ Sediment Assemblages. Marine Micropa/eontology, 
15, 67-89. 

Matera, N.J., Lee, J. J., 1972. Environmental factors affecting the standing crop of foraminifera 
in sublittoral and psammolittoral communities of a Long Island salt marsh. Marine Biology, 14, 
89-103. 

Meyer-Reil, L.A., Koester, M. , 1991. Fine-scale distribution of hydrolytic activity associated 
with foraminiferans and bacteria in deep-sea sediments of the Norwegian-Greenland Sea. In 
Distribution and activity of microorganisms in the sea, (eds G.Rheinheimer, K. Gocke, H.G. 
Hoppe, K.Lochte, L.A. Meyer-Reil), 8,4th European Marine Microbiology Symposium, 
Ostseebad Damp, Kiel, 8-12 Oct., 1990, 121-126. 

Miao, Q., Thunell, R.C., 1993. Recent deep-sea benthic foraminiferal distributions in the South 
China and Sulu Seas. Marine Micropaleontology, 22, 1-32. 

MiDer, A.A,L., Scott, D.B., Medioli, F.S., 1982. Elphidhim excavatum (Terquem): 
ecophenotypic versus subspecific variation. Journal of Foraminiferal Research, 12, 116-144, 
pi 1-6. 

Mills, F. W., 1900. The Recent foraminifera of the river Humber. Tramactions. Hull Scientific 
Field Naturalist Club, 1, 142-151, pis 10-11. 

Montagu, G., 1803. "Testacea Britannica or Natural History of British Shells, marine, land 
and freshwater". 3 vols., 606 pp, 16 pis, Romsey: J. S. Mollis. 

Montfort, D., 1808. Conchyliologie systematique et classification methodique des Coquilles. I. 
Paris: Schoell. 

Moodley, L. , 1990 {a}. Southern North Sea seafloor and subsurface distribution of living 
Benthic Foraminifera. Netherlands Journal of Sea Research, 27, 57-71. 

Moodley, L. , 1990 {b}. "Squatter" Behaviour in Soft-shelled Foraminifera. Marine 
Micropaleontolgy, 16, 149-153. 

Moodley, L., Hess, C , 1992. Tolerance of Infaunai Benthic Foraminifera for Low and High 
Oxygen Concentrations. Biological Bulletin, 183, 94-98. 

Moore, J.W., Ramamoorthy, S., 1984. Heayy metals in natural waters. Applied monitoring 
aiui impact assessment, (ed. R.S. De Santo). London: Springer-Veriag. 

398 



Moriarty, D.J.W., Barclay, M.C., 1981. Carbon and Nitrogen Content of Food and the 
Assimilation Efficiencies of Penaeid Prawns in the Gulf of Carpentaria. Australian Journal of 
Marine and Freshwater Research, 32, 245-251. 

Moriarty, D.J.W., Hayward, A.C., 1982. Ultrastructure of Bacteria and the Proportion of 
Gram-Negative Bacteria in Marine Sediments. Microbial Ecology, 8, 1-14. 

Muller, W.A., Lee, J.J., 1969. Apparent indispensability of Bacteria in Foraminiferan Nutrition. 
Journal of Protozoology, 16,471-478. 

Muller, P.H., 1974. Sediment production and population biology of the benthic foraminifer 
Amphistegifia madagascarietisis. Limnology mui Oceanography, 19, 802-809. 

Murdoch, J., Barnes, J.A., 1986. Statistical tables for science, engineering, managemetit and 
business studies. 3rd Edition. London: Macmillan. 

Murray, J.W., 1963. Ecological experiments on foraminiferida. Journal of the Marine 
Biological Association of the U.K., 43, 621-642. 

Murray, J. W., 1965 {a}. On the Foraminiferida of the Plymouth region. Journal of the Marine 
Biological Association of the U.K., 45, 481-505. 

Murray, J.W., 1965 {b}. Two species of British Recent Foraminiferida Contributions from the 
Cushman Foundation for Foraminiferal Research, 16, 146-150. 

Murray, J.W., 1968 (a). The living Foraminiferida of Christchurch Harbour, England. 
Micropaleontology, 14, 83-96. 

Murray, J.W., 1968 (b). Living foraminifers of lagoons and estuaries. Micropaleontology, 14, 
435-455. 

Murray, J.W., 1971 {a}. An Atlas of British Recent Foraminiferids. London: Heinemann. 

Murray, J.W., 1971 {b}. Living Foraminiferids of tidal marshes; a review. Journal of 
Foraminiferal Research, 1, 153-161. 

Murray, J.W., 1973. Distribution and Ecology of Living Benthic Foraminiferids, London: 
Heinemann Educational Books, 150-266. 

Murray, J.W., 1979 (a). A Sytiopsis of the British Nearshore Foraminiferids. The Linnean 
Society of London: Synopses of the British Fauna (New Series), 16, (eds D.M. Kemack & 
R.S.K. Barnes). London: Academic Press. 

Murray, J.W., 1979 (b). Recent Benthic Foraminiferids of the Celtic Sea. Journal of 
Foraminiferal Research, 9, 193-209. 

Murray, J.W., 1980. The Foraminifera of the Exe Estuary. Devonshire Association Special 
Publication, 2, 89-115. 

399 



Murray, J.W., 1983. Population dynamics of benthic Foraminifera: Results from the Exe 
Estuary, Journal of Foraminiferal Research, 13, 1-12. 

Murray, J.W., 1986. Living and dead Holocene Foraminifera o f Lyme Bay, Southern England. 
Journal of Foraminiferal Research, 16, 347-352. 

Murray, J.W., 1987. Biogenic indicators of suspended sediment transport in margina] marine 
environments: qualitative examples from SW Britaia Journal of the Geological Society of 
London, 144, 127-133. 

Murray, J.W., 1991. Ecology and Palaeoecology of benthic foraminifera. New York: J. Wiley 
and Sons Inc. 

Murray, J.W., 1992. Distribution and population dynamics of benthic Foraminifera from the 
southern North Sea. Journal of Foraminiferal Research, 22, 114-128. 

Murray, W.G., Murray, J.W., 1987. A device for obtaining representative samples from the 
sediment-water interface. Short note, Marine Geology, 76, 313-317. 

Myers, E.H., 1933. Multiple tests in the foraminifera. Proceedings of the National Academy of 
Sciences, 19, 893-899. 

Myers, E.H., 1934. The life history o^Patellina corrugata, a foraminifera. Science, 79,436. 

Myers, E.H., 1935. Culture methods for the marine Foraminifera of the littoral zone. American 
Microscopical Society, 54, 264-267. 

Myers, E.H., 1937. Culture methods for marine Foraminifera of the littoral zone. In Culture 
Methods for Invertebrate Animals, (eds PS. Galtsoff, F.E. Lutze, PS. Welch & J.G. 
Needham), New York: Dover Publications, 93-96. 

Myers, E.H., 1938. The present state o f our knowledge concerning the life cycle of the 
foraminifera. Proceedings of the National Academy of Sciences, 24, 10-17. 

Myers, E.H., 1940. Observations on the origin and fate of flagellated gametes in multiple tests 
of Discorbis (Foraminifera). Journal of the Marine Biological Association of the U.K., 24, 
201-229. 

Myers, E.H., 1943. Life activities of Foraminifera in relation to marine ecology. Proceedings of 
the American Philosophical Society, 86, 439-458. 

Nagy, J., Alve, E., 1987. Temporal changes in foraminiferal faunas and impact of pollution in 
Sandebukta, Oslo Fjord. Marine Micropaleontology, 12, 109-128. 

The Nautical Almanac, 1993. Issued by H.M. Nautical Almanac Office. London: Her Majesty's 
Stationery Office. 

Neave, H.R., \9%\. Elementary Statistics Tables, London: George Allen & Unwin, 21. 

400 



Newell, R.C., 1979. Biology of Intertidal Animals. Faversham, Kent: Marine Ecological 
Surveys Ltd. 

Nisbet, B., 1984. Nutrition afid Feeding Strategies in Protozoa. London: Croom Helm. 

Nott, J. A., Nicolaidou, A., 1989. The cytology of heavy metal accumulations in the digestive 
glands of three marine gastropods. Proceedings of the Royal Society of London, Series B, 237, 
347-362. 

Norvang, A., 1966. Textilina nov. gen., Textularia Defrance and Spiroplectammim Cushman 
(Foraminifera). Biologicheskie Skrifter, 15, 1-16, pis 1-2. 

D'Orbigny, A.D., 1826. Tableau methodique de la classe des Cephalopodes. Annales des 
Sciences Naturelles Paris, ser. 1, 7. 

D'Orbigny, A.D., 1839 {a}. Foraminiferes des isles Canaries. In "Histoire Naturelle des Isles 
Catiaries", (eds P. Barker-Webb, S. Berthelot), Paris: Bethune, 2, Zoologie, 119-146, pis 1-3. 

D'Orbigny, A.D., 1839 {b}. "Voyage dans TAmerique Meridionale: Foraminiferes". 
Strasbourg, P. Bertrand, 5, 1-86, pis 1-9. 

D'Orbigny, A.D., 1846. Foram Foss Bass Tert Vienne, 271, pi. 16, figs 19-21. 

Palmer, M.A., MoUoy, R.M., 1986. Water flow and the vertical distribution of meiofauna: A 
flume experiment. Estuaries, 9, 225-228. 

Parekh, K., Parekh, H. , Mody, H.M., Rao, P.S., 1985. Effect of antibacterial substances fi-om 
seaweeds on the growth of bacteria. \n Marine Plants (eds V. Krishnamurthy & A.G. 
Untawale). Papers presented at the All India Symposium on Marine Plants, their Biology, 
Chemistry and Utilisation, Dona Paula, Goa, 175-178. 

Parker, F. L., 1952. Foraminiferal distribution in the Long Island Sound- Buzzards Bay area. 
Bulletin. Museum of Comparative Zoology at Harvard University, 106, 428-473, 5 pis. 

Parker, W. K., Jones, T. R., 1857. Descriptions of some Foraminifera from the Coast of 
Norway. Annals and Magazine of Natural History, ser. 2, 19, 273-303, pis 10, 11. 

Parker, W. K., Jones, T. R., 1865. On some foraminifera from the North Atlantic and Arctic 
oceans including the Davis Straits and Baffin Bay. Philosophical Transactions. Royal Society, 
155, 325-441, pis 13-19, 12 tabs., map. 

Pawlowski, J., 1989. Association of foraminifera with the alga Enteromorpha. Revue de 
Paleobiologie, 8, 73-75. 

Pawiowski, J., 1990. Life Cycle of Rotaliella elatiana. Video produced by the University of 
Geneva, Swntzerland. 

401 



Pawlowski, J., 1991. Morphologie embryonnaire chez les foraminiferes et biologic de la 
reproduction. Cahiers de la Factilte des Sciences, Universite de Geneve, No. 21,43-56. 

Pawlowski, J., Lee, J.J., 1992. The Life Cycle ofRotaliella elatiana N . sp.: A Tiny 
Macoalgavorous Foraminifer fi-om the Gulf of Elat. Journal of Protozoology, 39, 131-143. 

Petrucci, F., Medioli, F.S., Scott, D.B., Pianetti, F.A., Cavazzini, R., 1983. Evaluation of the 
usefiilness of foraminefera as sea level indicators in the Venice lagoon (N. Italy). Acta 
Naturalia de rAteneo Parmense, 19, 63-77. 

Phleger, F.B ., 1954. Ecology of Foraminifera and associated micro-organisms fi-om Mississippi 
Sound and environs. Bulletin of the American Association of Petroleum Geologists, 38, 584-
647. 

Phleger, F.B., 1964. Foraminiferal Ecology and Marine Geology. Marine Geology, 1, 16-43. 

Phleger, F.B., 1976. Foraminiferal and ecological processes in St. Lucia Lagoon, Zululand. In 
First International Symposium on Benihonic Foraminifera of Continental Margins. Part A: 
Ecology and Biology. Maritime Sediments Special Publication, \, (eds C.T. Schafer & B.R. 
Pelletier), Dartmouth, Canada: J O. Woods Litho Ltd., 195-204. 

Pierce, S., Kossoy, V., Valenti, R., Smetana, D.G., 1968. Cytochemical studies on the test of 
Allogromia laticollare. Micropaleontology, 14, 242-246. 

Pilgrim, D.A., Millward, G.E., 1989. Variation in the difiuse optical depth of the bed of a tidal 
estuary. \n Developments in E^tuarine and Coastal Study Techniques, E.B.S.A. 17 
Symposium, (eds J. McManus, M . Elliot), Fredensborg: Olsen & Olsen, 101-107. 

Poon, P.A., 1987. The diet and feeding behaviour ofCadulus tolmei Dall, 1897 (Scaphopoda: 
Siphonodentalioida). Nautilus, 101, 88-92. 

Prescott, L.M., Harley, J.P., Klein, D.A., 1996. Microbiology, 3rd Edition, London: Wm. C. 
Brown Publishers. 

Pringsheim, E.G., 1949. Iron bacteria. Biological Reviews, 24, 200-245. 

Provasoli, L., 1960. Growth Factors in Unicellular Marine Algae. In Perspectives in Marine 
Biology, (ed. A. A. Buzzati-Traverso), Berkeley: University of California Press, 385-403. 

Ragan, M.A., Ragan, C M . , Jensen, A., 1980. Natural chelators in sea water: detoxification of 
Zn2+ by brown algal polyphenols. Journal of Experimental Marine Biology and Ecology, 44, 
261-267. 

Rainbow, P.S., White, S.L., 1989. Comparative strategies of heavy metal accumulation by 
crustaceans: zinc, copper and cadmium in a decapod, an amphipod and a barnacle. 
Hydrobiologia, 174, 245-262. 

402 



Rainbow, P.S., PhilUps, D.J.H., Depledge, M.H., 1990. The Significance of Trace Metal 
Concentrations in Marine Invertebrates. A Need for Laboratory Investigation of Accumulation 
Strategies. Marine Pollution Bulletin, 21, 321-324. 

Raraelow, G.J., 1985. A study of heavy metals in limpets {Patella sp.) collected along a section 
o f the southeastern Turkish Mediterranean coast. Marine Efmronmental Research, 16, 243-
253. 

Rao, K.K., Rao, T.S.S., 1979. Studies on pollution ecology of Foraminifera of the Trivandnjm 
coast. Indian Journal of Marine Science, 8, 31 -3 5. 

Rao, V.N.R., Sivasubramanian, V., 1985. Physiological responses of some marine diatom 
cultures to the presence of heavy metals. In The Oceans: Realities and Prospects, 
(ed. R.C. Sharnia), New Delhi: Rejesh Publications, 243-268. 

Rathbum, A.E., Corliss, B.H., 1994. The ecology of living (stained) deep sea benthic 
foraminifera from the Sulu Sea. Paleoceanography, 9, 87-150. 

Raup, D.M., Stanley, S.M., 1971. Principles of Paleontology, 2nd Edition, U.S.A.; W.H. 
Freeman and Co. 

Reddy, P.M., Venkateswarlu, V., 1985. Ecological studies in the paper mill effluents and their 
impact on the River Tungabhadra: Heavy metals and algae. Proceedings Indian Academy of 
Sciences. Plant Sciences, 95, 139-146. 

Reed, R.H., Moflfat, L., 1983. Copper toxicity and copper tolerance in Enteromorpha 
compressa (L.) Grev. Journal of Experimental Marine Biology and Ecology, 69, 85-103. 

Reuss, A. E., 1850. Neues Foraminiferen aus den Schichten des "osterreichischen 
Tertiarbeckens. Denkschrifien Akademiya Wissenschaften Wiener, vol. 1, 365-390, pis 46-51. 

Reuss, A. E., 1862. Entwurf einer systematischen Zusammenstellung der Foraminiferen. 
Kaiserliche Akademie der Wissenschaften Wiener Mathematische-Naturwissenschaftliche 
Klasse 44,0^61), 1,395-396, 

Rheinheimer, G., 1992. Aquatic Microbiology, 4th Edition. Chichester: J.Wiley and Sons. 

Rhumbler, L., 1913. Die Foraminiferen (Thelamophoren) der Plankton- Expedition: Zweiter 
Teil; Systematik. Plankton- Exped Humbolt-Stiftung, Ergeb, Kiel u Leipzig 3 (Lc): 333-476, tfs 
111-175. 

Riemann, F., 1983. Biological aspects of deep-sea manganese nodule formation. Ocemwiogica 
acta, 6, 303-311. 

De Rijk, S., 1995. Agglutinated foraminifera as indicators of sah marsh development in 
relation to late Holocene sea level rise. (Great Marshes at Barnstable, Massachusetts). 
Unpublished PhD Thesis; Vrije Universiteit Amsterdam. 

403 



Rottger, R., Berger, W.H., 1972. Benthic Foraminifera: morphology and growth in clone 
cultures of Heterostegina depressa. Marine Biology, 15, 89-94. 

Rottger, R., Spindler, M. , Schmaljohan, R., Richwien, M. , Fladung, M . , 1984. Functions of the 
canal system in the rotaliid foraminifer, Heterostegina depressa. Nature, 309, 789-791. 

Round, F.E., 1981. The ecology of algae. Cambridge: Cambridge University Press. 

Round, F.E., Crawford, R.M., Marm, D.G., 1990. The Diatoms. Biology & Morphology of the 
Genera. Cambridge: Cambridge University Press. 

Rueter, J.G. Jr., Morel, F.M.M., 1981. The interaction between zinc deficiency and copper 
toxicity as it affects the silicic acid uptake mechanisms in Thalassiosira pseudonana. 
Limnology atid Oceatiography, 26, 67-73. 

Said, R., 1950/51. The distribution of Foraminifera in the Northern Red Sea. Contributiom 
from the Cttshmati Foundation for Foraminiferal Research, 1-2, 9-29. 

Sandon, H., 1934. Pseudopodial Movements of Foraminifera. Nature, 133, 761-762. 

Sauze, F., 1981. Potentiel Energetique et Chimique de la Biomasse Aquatique. Technique de 
TEau Assainissement, 413, 7-23. 

Schafer, C.T., 1973. Distribution of foraminifera near pollution sources in Chaleur Bay. Water, 
Air a^id Soil Pollution, 2, 219-233. 

Schafer, C.T., Cole, F.E., 1974. Distributions of benthonic foraminifera:their use in delimiting 
local nearshore environments. Geological Survey of Caamda, Paper 74-30,1, 103-108. 

Schafer, C.T., Cole, F.E., 1976. Foraminiferal distribution patterns in the Restigouche Estuary. 
In First International Symposium on Benthonic Foraminifera of Continental Margins. Part A : 
Ecology and Biology. Maritime Sediments Special Publication, 1, (eds C.T. Schafer & B.R. 
Pelletier), Dartmouth, Canada: J.O. Woods Litho Ltd., 1-24. 

Schafer, C.T., Winters, G.V., Scott, D.B., Pocklington, P., Cole, F.E., Honig, C , 1995. Survey 
of living foraminifera and polychaete populations at some Canadian aquaculture sites: potential 
for impact mapping and monitoring. Journal of Foraminiferal Research, 25,236-259. 

Schlumberger, C , 1887. Note sur les Biloculina bulloides d'Orbigny et Biloadina ringens 
Lamarck. Bulletin. Societe Geologique de France ser 3, 15, 573-584, pi. 15. 

Schlumberger, C , 1893. Monographic des Miliolidees du Golfe de Marseille. Memoires. 
Societe Zoologique de France, 6, 57-80, pis 1-4, tfs 1-37. 

Schnitker, D., 1974. Ecotypic variation in Ammonia beccarii (Linne). Journal of Foraminiferal 
Research, 4,217-223. 

404 



Segar, D.A., Collins, J.D., Riley, J.P., 1971. The Distribution of the Major and Some Minor 
Elements in Marine Animals. Part n. Molluscs. Journal of the Marine Biological Association 
of the U.K.,Z\, 131-136. 

Seguenza, 1862. Descrizione dei Foraminiferi Monotalamici delle Mame Mioceniche de 
Distreno di Messina. Messina, p 66, pi. 2, figs 19, 20. 

Seiglie, G.A., 1968. Foraminiferal assemblages as indicators of high organic content in 
sediments and of polluted waters. Bulletin of the American Association of Petroleum 
Geologists, 52, 2231-2241. 

Seiglie, G.A., 1973. Pyritization in living foraminifers. Journal of Foraminiferal Research, 3, 
1-6. 

Seiglie, G.A., 1975. Foraminifers of Guayanilla Bay and their use as environmental indicators. 
Revista Espanola de Micropaleontologia, 7, 453-487. 

Sen-Gupta, B.K., Machain-Castillo, M.L., 1993. Benthic foraminifera in oxygen-poor habitats. 
Marine Micropaleontology, 20, 183-201. 

Setty, M.G.A.P., 1976. The relative sensitivity of benthonic foraminifera in the polluted marine 
environment of Cola Bay, Goa. Proceedings of the 6th Indian Colloquium on 
Micropaleontology and Stratigraphy, 225-234. 

Setty, M.G. A.P., 1982. Pollution effects monitoring with foraminifera as indices in the Thana 
Creek, Bombay area. International Journal of Environmental Stttdies, 18, 205-209. 

Setty, M.G.A.P., Nigam, R., 1982. Foraminiferal assemblages and organic carbon relationship 
in benthic marine ecosystem of western Indian continental shelf Indian Journal of Marine 
Science, 11,225-232. 

Severin, K.P., Culver, S.J., Blanpied, C , 1982. Burrows and trails produced by 
Quinqueloculina impressa Reuss, a benthic foraminifer, in fine-grained sediment. 
Sedimentology, 29, 897-901. 

Severin, K.P., 1983. Test morphology of benthic Foraminifera as a discriminator of biofacies. 
Marine Micropaleontology, 8, 65-76. 

Sharifi, A.R., Croudace, I.W., Austin, R.L., 1991. Benthic foraminiferids as pollution indicators 
in Southampton Water, southern England, U.K. Journal of Micropalaeontology, 10, 109-113. 

Sheehan R., Banner, F.T., 1972. The pseudopodia of Elphidium incertum. Revista Espafwla de 
Micropaleontologia, 4, 31-63. 

Sherr, B.F., Sherr, E.B., 1984. Role of Heterotrophic Protozoa in Carbon and Energy Flow in 
Aquatic Ecosystems. In Current Perspectives in Microbial Ecology- Proceedings of the Third 
Intewatioml Symposium on Microbial Ecology, Michigan State University, 7-12 August, 
1983, (eds M.J. Klug & C.A. Reddy). 

405 



Sicko-Goad, L . , Lazinsky, D., 1982. Polyphosphate body formation and degradation in 
Plectonema boryanum (Cyanophyceae). Micron, 13, 459-460. 
Sidebottom, H. , 1904. Report on the Recent foraminifera from the coast of the Island o f Delos. 
Pt. \. Manchester Literary Philosophical Society. Memoirs mid Proceedings, 48, 1-26, pis 2-5. 

Silvestri, A , 1901. Appunti sui rizopodi reticolari della Sicilia; ser 1 Atti Rc, Accaddafrica 
Acireale n.s. 10 (1898-1900), 7, 1-50, pi. 1. 

Silvestri, A., 1903. Dimorfismo e nomenclatura d"una Spiroplecta. Altre notizie sulla strttura 
dcWa Siphogenerina columellaris. Atti. AccademiapontifNuovi Lincei, 56, 59-66, tfs 1-9. 

Skinner, H.C., 1961. Revision of Proteonim difflugiformis. Journal of Paleontology, 35, 
1239. 

Sleigh, M . A , 1991. A taxonomic review of heterotrophic protists important in marine ecology. 
In Protozoa and their Role in Marine Processes, (eds P.C. Reid, C M . Turiey & P.H. Burkill), 
NATO ASI Series, G25, Berlin: Springer-Veriag, 9-38. 

Sliter, W.V., 1965. Laboratory Experiments on the Life Cycle and Ecologic Controls of 
Rosalina globularis d' Orbigny. Journal of Protozoology, 12, 210-215. 

Smith, M.A., 1983. The effect of heavy metals on the cytoplasmic fine structure of 
Skeletonema costatum (Bacillariophyta). Protoplasma, 116, 14-23. 

Somerfield, P.J., Gee, J.M., Warwick, R.M., 1994 (a).Benthic Community Structure in 
Relation to an Instantaneous Discharge of Waste Water from a Tin Mine. Marine Pollution 
Bulletin, 28, 363-369. 

Somerfield, P.J., Gee, J.M., Warwick, R.M., 1994 (b). Soft sediment meiofaunal community 
structure in relation to a long-term heavy metal gradient in the Fal estuary system. Marine 
Ecology Progress Series, 105, 79-88. 

Serensen, J., 1984. Seasonal Variation and Control of Oxygen, Nitrate, and Sulphate 
Respiration in Coastal Marine Sediments. In Current Perspectives in Microbial Ecology-
Proceedings of the Third Intenmtioml Symposium on Microbial Ecology, Michigan State 
University, 7-12 August, 1983, (eds M.J. Klug & C.A. Reddy), American Society for 
Microbiology, 447-453. 

Stauber, J.L., Florence, T.M., 1990. Mechanism of toxicity of zinc to the marine diatom 
Nitzschia closterium. Marine Biology, 105, 519-524. 

Steinsund, P.I., Hald, M. , Poole, D A. R., 1991. Modem benthic foraminiferal distribution in 
the southwestern Barents Sea. Paleo-oceanographic applications. Norsk Geologisk Tidsskrift, 
71, 169-171. 

Stubbles, S., 1993. Recent benthic Foraminiferida as indicators of pollution in Restronguet 
Creek, Cornwall. Notes, Proceedings of the Ussher Society, 8, 200. 

406 



Sunda, W.G., Gillespie, P.A., 1979. The response of a marine bacterium to cupric ion and its 
use to estimate cupric ion activity in seawater. Journal of Marine Research, 37, 761-777. 

Sunda, W.G., Barber, R.T., Huntsman, S.A., 1981. Phytoplankton Growth in Nutrient Rich 
Seawater: Importance of Copper-Manganese Cellular Interactions. Journal of Marine 
Research, 39, 567-586. 

Sunda, W.G., Ferguson, R.L., 1983. Sensitivity of natural bacterial communities to additions of 
copper and to cupric ion activity: a bioassay of copper complexation in seawater. In Trace 
metals in sea water, (eds C.S. Wong, E. Boyle, K.W. Bruland, J.D. Burton & E.D. Goldberg), 
New York: Plenum Press, 871-891. 

Tait, R.V., 1981. Elements of Marine Ecology, Third Edition. London: Butterworths. 

Terquem, O., 1875. "Essai sur le classement des afiimaux qui vivent sur la plage et dans les 
environs de Dunkerque". Pt. 1, pp 1-54, pis 1-6. 

Terquem, O., 1876. "Essai sur le classement des miimaux qui vivent sur la plage et dmis les 
environs de Dunkerque". Pt. 2, pp 55-100, pis 7-12. 

Thiel, H. , 1983. Meiobenthos and nanobenthos of the deep sea. In Sea, (ed. G.T. Rowe), New 
York: J. Wiley. 

Thomas, W.H., Hollibaugh, J.T., Siebert, D.L.R., 1980. Effects of heavy metals on the 
morphology of some marine phytoplankton. Phycologia, 19, 202-209. 

Thomsen, L., Altenbach, A.V., 1993. Vertical and areal distribution of foraminiferal abundance 
and biomass in microhabitats around inhabited tubes of marine echiurids. Marine 
Micropaleontology, 20, 303-309. 

Thomson, N.M. , 1979. An examination of sedimentation distribution in the marine 
environment of Jennycliff Bay, Plymouth Sound. Unpublished BSc. dissertation, Plymouth 
Polytechnic. 

Tintori Angeli, S., 1995. Influence de facteurs physico-chimiques sur le cycle de vie et la 
morphogenese de Rotaliella elatiana (Foraminifere). Unpublished Travail de Diplome, 
Universite de Geneve. 

Todd, R., Low, D., 1961. Nearshore foraminifera of Martha's Vineyard, Massachusets. 
Contributions of the Cifshman Foupidation for Foraminiferal Research, 12, 5-21, pis 1,2. 

Trask, P.D., 1939. Organic content of Recent marine sediments. Recent Marine Sediments 
Special Publication, Society of Economic Paleontology and Mineralogy, (ed. P.D. Trask), 4, 
428-453. 

Troelsen, J.C., 1954. Studies on Ceratobuliminidae (Foraminifera). Meddelesler Dansk 
Geologisk Forening, 12, 448-478. 

407 



Tucker, M.E., 1981. Sedimentary Petrology. An introduction, London: Blackwell Scientific 
Publications. 10-23. 

Uchio, T., 1962. Influence of the River Shinano on Foraminifera and Sediment Grain Size 
Distributions. Publications of the Seto Marine Biological Laboratory, Japan, 10, 219-249. 

Varshney, P.K., 1985. Meiobenthic study off Mahim (Bombay) in relation to prevailing organic 
pollution. Mahasagar, 18, 27-35. 

Vaughan, T.W., 1940. Ecology of modem marine organisms with reference to PaJeogeography. 
Bulletin of the Geological Society of America, 51, 433-468. 

Veldkamp, H., Van Gemerden, H., Harder, W., Laanbroek, H.J., 1984. Microbial Competition. 
Competition Among Bacteria: an Overview. In Current Perspectives in Microbial Ecology-
Proceedings of the Third Intenmtional Symposium on Microbial Ecology, Michigan State 
University, 7-12 August, 1983, (eds M.J. Klug & C.A. Reddy), American Society for 
Microbiology. 

Venec-Peyr^, M.T., 1981. Foraminifera and pollution: study of the microfauna of the Cale de 
Dourduff (Moriaix river estuary). Cahiers de biologic marine, 22, 25-33. 

Verriopoulos, G., Hardouvelis, D., 1988. Effects of Sublethal Concentration of Zinc on 
Survival and Fertility in Four Successive Generations of Tisbe. Marine Pollution Bulletin, 19, 
162-166. 

Vinogradov, A.P., 1953. The Elementary Chemical Composition of Marine Organisms. 
Translated fi-om Vinogradov's original Russian by J. Efi-on & J.K. Setlow. Bibliography by 
V.W. Odum. Memoir Sears Foundation for Marine Research, ( n ), Denmark: Bianco Luno, 1-
175. 

Voorthuysen, J. H., van, 1951. Recent (and derived Upper Cretaceous) foraminifera of the 
Netheriands Wadden Sea (tidal flats). Mededelingen. Geologische Stichting, n.s. 11: 27-39, pis 
23-26. 

Voorthuysen, J. H., van, 1957. Foraminiferan aus dem Eemien (Riss-Wurm interglazial) in der 
Bohrung Amersfoort I (Locus typicus). Mededgeol. Sticht. n.s. 11: 27-39, pis 23-26. 

Voorthuysen, J. H., van, 1960. Die foraminiferen des Dollart-Ems Estuarium. Verhofidelingen. 
Koninklijke Nederlcaidse Geologisch MijnbouwkufuJig Genootschap, 19, 237-269, pis 10, 11. 

Walker, D.A., 1976. An /// situ investigation of life cycles of benthonic midlittoral foraminifera. 
In First Inteniatioml Symposium on Benthonic Foraminifera of Continental Margins. Part A: 
Ecology and Biology. Maritime Sediments Special Publication, 1, (eds C.T. Schafer & B.R. 
Pelletier), Dartmouth, Canada: J.O. Woods Litho Ltd., 51-59. 

Walker, G., Boys, W., 1784. "Testacea minuta rariora nuperrime detecta in arena littoris 
Sandvicensis (A collection of the minute and rare shells lately discovered in the sand of the 
sea shore near Sandwich)". London: J. March. 

408 



Walker, G., Jacob, E., 1798. In "Essays on the microscope, containing a practical description 
of the most improved microscopes: a general history of Insects. A description of 383 
animalada etc.*", 2nd edition, (Adams, G.), with considerable additions and improvements by 
F. Kanmacher. London: Dillon & Keating. 

Walton, W.R, 1952. Techniques for recognition of living foraminifera. Contributions from the 
Cushman Fowidation for Foraminiferal Research, 3, 56-60. 

Walton, W.R., 1955. Ecology of living benthonic foraminifera, Todos Santos Bay, Baja 
California. Journal of Paleontology, 29, 952-1018. 

Walton, W.R., Sloan, B.J., 1990. The g^nus Ammonia Briinnich, 1772: its geographic 
distribution and morphologic variability. Journal of Foraminiferal Research, 20, 128-156, pi 1-
4. 

Wang, P.X., Zhao, X.Q., 1985. Living Foraminifera and Ostracoda: Distribution in the coastal 
area of the East China Sea and the Huanghai Sea. In: Marine Micropaleontology of Chim, (ed. 
P.X.Wang), New York: Springer-Veriag, 243-255. 

Warwick, R.M., 1984. The Benthic Ecology of the Bristol Channel. Marine Pollution Bulletin, 
15, 70-76. 

Watkins, J.G., 1961. Foraminiferal ecology around the Orange County, California, ocean sewer 
outfall. Micropaleontology, 1, 199-206. 

Wefer, G., 1976. Environmental effects on growth rates of benthic foraminifera (shallow water, 
Baltic Sea). In First Intematioml Symposium on Benthonic Foraminifera of Continental 
Margins. Part A: Ecology and Biology. Maritime Sediments Special Publication, 1, (eds C.T. 
Schafer & B.R. Peiletier), Dartmouth, Canada: J O. Woods Litho Ltd., 39-50. 

Weis, J.S., 1985. Cadmium Acclimation and Limb Regeneration in the Fiddler Crab, Uca 
pugilator: Sex Differences. Marine Environmental Research, 16, 199-214. 

Weisner, H. , 1931. Die Foraminiferen der deutschen Sudpolar-Expedition 1901-1903. In " 
Deutsche Siidpolar-Expedition 1901-1903" (Drygalski, E. von), Berlin u. Leipzig, 
Deutschland, de Gruyter, 1931, 20, (Zool. 12), 53-169. 

White, S.L., Rainbow, P.S., 1985. On the Metabolic Requirements for Copper and Zinc in 
Molluscs and Crustaceans. Marine Environmental Research, 16, 215-229. 

Whitfield, M. , Turner, D.R., 1983. Chemical periodicity and the speciation and cycling of the 
elements. In Trace metals in sea water, (eds C.S. Wong, E. Boyle, K.W. Bruland, J.D. Burton 
& E D. Goldberg), New York: Plenum Press, 719-747. 

Whitton, B. A., 1984. AJgae as Monitors of Heavy Metals in Freshwaters. In Algae as 
ecological indicators, (ed. L. E. Shubert), London: Academic Press, 257-280. 

409 



Williamson, W.C ., 1848. On the Recent British species of the genus Lagetm. Anmls aaui 
Magazine of Natural History ser. 2, 1, 1-20, pis 1, 2. 

Williamson, W.C., 1858. On the Recent Foraminifera of Great Britain. Ray Society of London, 
20, 107 pp., 7 pis. 

Wolter, K., 1982. Bacterial Incorporation of Organic Substances Released by Natural 
Phytoplankton Populations. Marine Ecology Progress Series, 7, 287-295. 

Womardt, W.W. Jr., 1967. Diatoms, past, present, fijture. Proceedings Ist International 
Conference on Planktonic Microfossils, 2, 690-714. 

Wright, J., 1889. Report of a deep sea trawling cruise off" the south west coast of Ireland. 
Annals and Magazine of Natural History ser. 6, 4, 447-449. 

Wright, J., 1891. Report on the foraminifera obtained off the south west of Ireland during the 
cruise of the "Flying Falcon", 1888. Proceedings, Royal Irish Academy ser. 3, 1, 460-502, 
pi. 1. 

Yanko, V.. Kronfeld, J., Flexer, A., 1994. Response of benthic foraminifera to various pollution 
sources: implications for pollution monitoring. Journal of Foraminiferal Research, 24, 1-17. 

Zamuda, CD. , Sunda, W.G., 1982. Bioavailability of Dissolved Copper to the American Oyster 
Crassostrea virginica. I . Importance of Chemical Sp^iation. Marine Biology, 66, 77-82. 

410 



APPENDIX I: PHI S I Z E DOWN T H E C O R E S . 

W B 1 W B 2 W B 5 A W B 5 B W B S C W B I O A WB lOB 

MEAN 2.54 2.42 2.4 2.33 2.23 2.14 2.23 

MEDIAN 2.54 2.49 2.46 2.41 2.34 2.22 2.32 

D I 1 D I 2 DI SA DI SB DI SC DI lOA DI lOB 

M E A N 2.47 2.49 2.37 2.16 2.14 2.31 2.27 

MEDIAN 2.49 2.49 2.43 2.3 2.25 2.4 2.37 

B P l BP 2 BP5A BP SB B P S C BP lOA 

MEAN 0.41 0.6 0.59 0.63 0.46 0.46 

MEDIAN -0.28 -0.12 -0.2 -0.13 -0.27 -0.26 

Q G l Q G 2 Q G 5A Q G SB Q G SC 
MEAN 0.36 0.22 0.14 0.31 0.32 

MEDIAN 0.33 0.18 0.12 0.32 0.32 

A P I U L C O R E S , 199S. 

W P l W P 2 W P S A W P S B W P S C WPlOA W P l O B 

MEAN 2.31 2.11 1.74 2.19 2.1 1.85 1.94 

MEDIAN 2.43 2.27 2.08 2.34 2.24 1.78 1.93 

B P l BP 2 B P S A BP SB BP SC BP lOA 

MEAN 2.08 2.42 2.52 2.36 2.42 2.32 

MEDIAN 2.42 2.64 2.64 2.5 2.62 2.46 

M B l MB 2 M B 5 A MB SB M B S C MB lOA 

MEAN 1.75 1.61 1.18 1.72 1.63 1.58 

MEDIAN 2.31 2.16 1.25 2.23 2.15 2.1 

BW 1 B W 2 BW SA BW SB BW SC BW lOA BW lOB BW IOC 

MEAN 2.97 2.15 3 2.83 2.9 3.05 3.05 3.11 

MEDIAN 3.13 2.43 3.17 3.04 3.11 3.2 3.18 3.25 

D I l D I 2 DI SA DI SB DI SC DI lOA 

MEAN 2.44 2.45 2.35 2.42 2.49 2.32 

MEDIAN 2.47 2.46 2.42 2.46 2.49 2.4 
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APPENDIX I: L I V E S P E C I E S A T D E P T H ; QUEEN*S GROUND, JUNE. 1994. 

Queen*s Ground: 300694 Q G 1cm Q G 2cm Q G 5a Q G 5b Q G 5 c 
A G G L U T I N A T E D Live Live Live Li\'e Live 
Cribrostomoides jejjreysi 3 2 4 0 0 
Textularia truncata 12 9 1 1 0 
Trochammina rotaliformis 0 0 0 1 0 

15 11 5 2 0 
P O R C E L L A N E O U S 
Miliolina alberiana 0 1 0 0 0 
MiliolmeUa drcularis 0 8 3 0 0 
MilioUneUa subrotunda 5 6 0 0 0 
Quinquehculina sp. 1 5 3 I 1 
Qumquehcuhna oblonga 0 1 0 0 0 
Quinquehculina seminuium 0 I 0 1 1 
Quinqueloculina ct lata seminuium 3 2 0 0 0 

9 24 6 2 2 
H Y A L I N E 
Ammonia beccari batavus 1 0 0 0 0 
Asterigerinata mamilla 0 0 1 0 0 
Bolivina pseudolicata 0 1 0 0 0 
Brizalina pseudopunctata 0 0 0 1 0 
BuUmina gibba 0 0 I 0 0 
Cibicides pseudoungerianus 0 0 0 1 0 
Elphidium articulatum 0 0 1 0 0 
Elphidium gerthi 1 2 1 0 0 
Fissurina lucida 0 0 0 1 0 
Fissurina marginata 0 0 0 I 0 
Glabratella miletti 3 2 6 2 1 
Gravelinopsis praegeri 0 0 2 0 0 
Nonionella turgida 1 0 0 1 0 
Patellina corrugata 0 0 1 0 0 
Planorbulina mediterranensis 4 11 12 0 0 

10 16 25 7 1 

Adjusted for volume 
Depth 1 cm 3 cm 8 cm 13 cm 18 cm Total % 
Agglutinated 15 5.5 1 0.4 0 21.9 31.5 

Porcellaneous 9 12 1.2 0.4 0.4 23 33.1 

Hyaline 10 8 5 1.4 0.2 24.6 35.4 

Total Number 34 25.5 7.2 2.2 0.6 69.5 100 

% 48.92 36.69 10.36 3.17 0.86 100.00 

412 



APPENDIX I: L I V E S P E C I E S A T D E P T H ; BARN P O O L , JUNE, 1994. 

Barn Pool: 300694 BP 1cm BP 2cm BPSa BP 5b BP 5c BP 10a 
A G G L U T I N A T E D 
Eggerelloides scaburum 2 4 2 0 0 0 
Psammosphaera bowmani 0 1 0 0 0 0 
Reophax scottii 6 1 0 0 0 0 
Textularia eariandi 1 0 0 0 0 0 

9 6 2 0 0 0 

P O R C E L L A N E O U S 
Quinqueloculina aspera 1 0 0 1 0 0 0 
Quinqueloculina seminulum 0 0 0 1 0 0 

0 0 1 1 0 0 

H Y A L I N E 
Ammonia beccari batavus 11 3 0 0 0 1 

Ammonia beccarii limnetes 0 1 0 0 0 0 
Bolivina pseudoplicata 1 0 0 0 0 0 
Brizalina pseudopunctata 4 0 0 0 0 0 
Buiimina elongata 1 0 0 0 0 0 

Fissurina lucida 0 0 0 0 1 0 
Fissurina marginata 1 0 0 0 0 0 

Fissurina orbignyana 0 0 0 0 0 1 

18 4 0 0 1 2 

Adjusted for volume 
Depth 1 cm 3 cm 8 cm 13 cm 18 cm 28 cm Total % 
Agglutinated 9 3 0.4 0 0 0 12.4 37.5 

PorceUaneous 0 0 0.2 0.2 0 0 0.4 1.21 

Hyaline 18 2 0 0 0.2 0.2 20.4 61.6 

Total number 27 5 0.6 0.2 0.1 0.2 33.1 100 

54 10 1.2 0.4 0.3 0.4 
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APPENDIX I : L I V E S P E C I E S A T D E P T H ; W I T H Y H E D G E , JUNE, 1994. 

Withyhedge: 300694 W B 1 W B 2 W B 5 a W B S b W B 5 c W B l O a WB 10b 
A G G L U T I N A T E D 
Clavulina obscura 1 0 0 0 0 0 0 
Eggerelloides scabrum 1 0 0 0 1 0 0 

Psammosphaera bofwmani 0 0 0 1 0 0 0 

Textularia truncata 0 1 0 0 0 0 0 

Textularia earlandi I 0 0 0 0 0 0 

3 1 0 1 1 0 0 

P O R C E L L A N E O U S 
S-ftliotina aiberiana 3 0 0 0 0 0 0 

MiliotineUa circularis 0 0 0 2 0 0 0 

Quinqueioculina lata 1 0 0 0 0 0 0 
Quinquelocuiina oblonga 2 0 0 0 0 I 0 

6 0 0 2 0 1 0 

H Y A L I N E 
Ammonia beccaii batavus 8 0 0 0 5 0 0 

Ammonia beccari limnetes 1 0 0 1 0 0 0 

Brizalina pseudopunctata 1 0 0 0 1 0 0 
Brizalina spathulata 2 0 0 0 3 0 0 

Bulimina elegantissima 0 0 0 0 3 0 0 

Globuiina gibba 1 0 0 0 4 0 0 

Globulina marginata 2 0 0 0 0 0 0 

Elphidium articulatum 1 1 0 0 2 0 0 

Elphidium crispum 96 7 2 3 23 26 I 

Elphidium gerthi 1 0 0 0 1 0 0 

Fissurina lucida 0 0 0 1 0 0 0 

Fursenkoina fusiformis 0 0 0 0 1 0 0 

Lagena laevis 0 0 0 0 1 0 0 

Lagena semistriata 0 0 0 0 1 0 0 

Nonion depressulus 11 0 1 1 7 1 0 

124 8 3 6 52 27 1 

Adjusted for volume 
Depth 1 cm 3 cm 8 cm 13 cm 18 cm 28 cm 38 cm Total % 
Agglutinated 3 0.5 0 0.2 0.2 0 0 3.9 2.54 

Porcellaneous 6 0 0 0.4 0 0.1 0.1 6.6 4.3 

H>'aline 124 4 0.6 1.2 10.4 2.7 0.1 143 93.2 

Total number 133 4.5 0.6 1.8 10.6 2.8 0.2 154 

86.6 2.93 0.391 1.173 6.906 1.8241 0.1303 100 
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APPENDIX I: L I V E S P E C I E S A T D E P T H ; D R A K E ' S ISLAND, JUNE, 1994. 

Drake's Island: 300694 1cm 2cm Sa Sb Sc 10a 10b 

A G G L U T I N A T E D 
Textularia truncata 2 0 0 0 0 0 0 

2 0 0 0 0 0 0 

H Y A L I N E 
Ammonia beccarii batavus 1 0 0 0 0 0 0 

Globulina gibba 0 1 0 0 0 0 0 

1 1 0 0 0 0 0 

Adjusted for volume 
Depth Icm 2cm 8cm 13cm 18cm 28cm 38cm Total % 

Agglutinated 2 0 0 0 0 0 0 2 50 

Porcellaneous 0 0 0 0 0 0 0 0 0 

Hyaline 1 1 0 0 0 0 0 2 50 

Total number 3 1 0 0 0 0 0 4 100 

Percentage 75 25 0 0 0 0 0 

APPENDIX I: L I V E S P E C I E S A T D E P T H ; B R E A K W A T E R , A P R I L , 199S. 

Breakwater 06049S BW 
1cm 

BW 
2cm 

BW 5a BW 
Sb 

BW 
Sc 

BW 10a 

P O R C E L L A N E O U S 
Ouinaueloculina c£ lata seminulum 0 0 1 0 0 0 

Spirohculina excavata 0 0 1 0 0 0 
0 0 2 0 0 0 

H Y A L I N E 
Fissurina lucida 0 0 0 0 0 1 

Grieelis cC euttifera 0 0 0 0 0 1 
0 0 0 0 0 2 

Adiusted for volume 
Depth 1cm 2cm 8cm 13cm 18cm 28cm Total % 
AgRlutinated 0 0 0 0 0 0 0 0 

Porcellaneous 0 0 0.4 0 0 0 0.4 66.67 

Hyaline 0 0 0 0 0 0.2 0.2 33.33 

Total number 0 0 0.4 0 0 0.2 0.6 

Percentage 0 0 66.66 0 0 33.33 
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APPENDIX I: L I V E S P E C I E S A T D E P T H ; MELAMPUS B E A C O N , A P R I L , 1995. 

Melampus Beacon: 060495 Mlcm M2cm M5a M5b M5c MlOa 
AGGLUTINATED 
Eggerelloides scabrum 1 0 1 0 0 1 

1 0 1 0 0 1 

PORCELLANEOUS 
Quinqueloculina spi 0 0 0 0 1 0 

0 0 0 0 1 0 

HYALINE 
Ammonia beccarii batavus 2 0 0 0 0 0 

Fissurina lucida 0 0 0 0 1 0 

Trifarina ansulosa 0 0 0 0 1 0 
2 0 0 0 2 0 

Adjusted for volume 
Melampus Beacon 1cm 3cm 8cm 13cm I8cm 28cm Total % 

Agglutinated 1.00 0.00 0.13 0.00 0.00 0.04 1.16 34.9 

Porcellaneous 0.00 0.00 0.00 0.00 0.06 0.00 0.06 1.67 

Hyaline 2.00 0.00 0.00 0.00 0.11 0.00 2.11 63.4 

Total 3.00 0.00 0.13 0.00 0.17 0.04 3.33 

Percentage 90.16 0.00 3.76 0.00 5.01 1.07 

APPENDIX I: L I V E S P E C I E S A T D E P T H ; BARN P O O L , A P R I L , 1995. 

Bam Pool: 060495 BP 1cm BP 2cm BP 5a BP 5b BP 5c BP 10a 
AGGLUTINATED 
Psammosphaera bowmani 1 0 0 0 0 0 

PORCELLANEOUS 
Pyrgosjp. 0 0 0 0 0 1 

OuinquelocuHna oblonga 4 0 0 1 0 0 

HYALINE 
Ammonia beccarii batavus 9 0 4 1 0 0 
Bolivina pseudoplicata 1 0 0 0 0 0 

Brizalina pseudopunctata 2 0 0 0 0 0 

Cycloeyra invotvens 0 0 1 0 0 0 

Fissurina lucida 0 0 2 0 1 0 

Haynesina germanica I 0 0 0 0 0 

Nonion depressulus 2 0 0 0 0 0 

Uviserina spL 2 0 0 0 0 0 

Adjusted for volume 
Depth I cm 3cm 8cm 13 cm 18cm 28cm Total % 

Agglutinated 1 0 0 0 0 0 1 4.065 

PorceUaneous 4 0 0 0.2 0 0.1 4.3 17.48 

Hyaline 17 0 1.4 0.2 0.2 0 18.8 76.42 

Total niunber 22 0.5 1.4 0.4 0.2 0.1 24.6 

Percentage 89.431 2.03252 5.69105 
7 

1.626 0.81300 
8 

0.40 
7 
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APPENDIX I: L I V E S P E C I E S A T D E P T H ; D R A K E ' S ISLAND, A P R I L , 1995. 

Drake's Island: 060495 DI 1cm DI 2cm DI 5a DI5b DI 5c DI tOa 
AGGLUTINATED Li\'e LK'e Live Li\'e Li\'e LKe 
Psammosphaera bowmani 2 2 4 2 0 2 

PORCELLANEOUS 
Siiliolinella circularis 0 2 0 0 0 0 
Quinqueloculina oblonga 0 2 0 0 1 0 
Quinqueloculina seminuium 1 0 0 0 0 0 

HYALINE 
Ammonia beccarii batavus 4 0 0 1 0 0 
Globulina gibba 0 1 0 0 0 0 
Globulina marginata 0 1 0 0 0 0 
Cibicides lobatulus 1 0 0 0 0 0 
Elphidium margaritaceum 0 1 0 0 0 0 
Lagena substriata 0 0 0 1 0 0 
Nonion depressulus 0 1 0 0 0 0 
Rosalina globularis 0 1 0 0 0 0 
Stainforthia cf. concava 1 0 0 0 0 0 

Adjusted for volume 
Depth icm 3cm 8cm 13cm 18cm 28cm Total % 
Agglutinated 2 1 0.8 0.4 0 0.2 4.4 26.7 

Porcellaneoiis 1 2 0 0 0.2 0 3.2 19.4 

Hyaline 6 2.5 0 0.4 0 0 8.9 53.9 

Total number 9 5.5 0.8 0.8 0.2 0.2 16.5 100 

Percentage 1 54.55 33.33 4.85 4.85 1.21 1.21 
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APPENDIX I: L I V E S P E C I E S A T D E P T H ; W I T H Y H E D G E , A P R I L , 1995. 

WithvhedKe: 060495 WBlcm WB2cm WB5a WB5b \VB5c WB 10a WB 10b 
AGGLUTINATED 
Eggerelloides scabrum 1 0 1 0 0 2 0 
Psammosphaera bowmani 1 0 0 0 0 0 0 

2 0 1 0 0 2 0 

PORCELLANEOUS 
Miliolinella circularis 0 0 0 0 3 0 0 
Quinquehculina aspera I 0 0 I 0 0 0 0 
Quinqueloculina oblonga 0 0 0 0 0 1 0 

0 0 1 0 3 1 0 

HYALINE 
Ammonia beccarii batavus 1 0 13 1 8 44 3 
Asterigerinata mamilla 0 0 0 1 0 0 0 
Bolivina pseudoplicata 1 0 0 0 0 0 0 
Bulimina elegantissima 0 0 0 0 0 I 0 
Elphidium crispum 0 1 3 3 4 23 1 
Fissurina lucida 0 0 2 3 0 2 0 
Fissurina marginata 2 1 0 0 0 0 0 
Globulina gibba 0 0 2 0 0 0 0 
Lagena clavata 0 0 0 0 0 1 0 
Nonion depressulus 2 0 0 0 6 25 0 
Stainforthia cf. concava I 0 0 0 0 0 0 

7 2 20 8 18 96 4 

Adjusted for volume 
Depth 1 cm 3 cm 8 cm 13 cm 18 cm 28 cm 38 cm Total % 
Agglutinated 2 0 0.2 0 0 0.2 0 2.4 7.868 
Porcellaneous 0 0 0.2 0 0.6 0.1 0 0.9 2.950 
Hyaline 7 1 4 1.6 3.6 9.6 0.4 27.2 89.18 
Total nimiber 9 I 4.4 1.6 4.2 9.9 0.4 30.5 100 

29.5082 3.2787 14.42 5.2459 13.77 32.459 1.3115 
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APPENDIX I: L I V E ELPHIDWM CRISPUM A T D E P T H ; W I T H Y H E D G E , JUNE, 1994. 

Withvhedge: 300694 
Size 1cm 5c 10a 
I50-300Mm 1 3 0 
30M50jun 3 1 1 
451-600jim 11 1 3 
601-750jun 39 7 12 
751-900iim 27 8 9 
90M050jun 10 2 2 
1051-1200um 2 0 0 
1201-1350jun 1 0 0 

APPENDIX I : L I V E ELPHIDIUM CRISPUM A T D E P T H ; W I T H Y H E D G E , A P R I L , 199S. 

Wilh>'hedge: 060495 060495 
Size 1 cm 5c 10a 
150-300nm 0 0 0 
301-450jim 0 0 1 
451-600jim 0 0 0 
601-750jmi 0 0 3 
751-900nm 1 1 8 
901-1050^m 1 2 4 
1051-1200jim 1 1 7 
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APPENDIX H: NUMBER O F SPECIMENS P E R G R A B . 

Cawsand Bay: August 63-125 f U D 125-250 fun 250-500 fan 500-1000 f U D >i000fini Total 1 

R. scottii 40 24 0 0 0 64 
E. scabrum 0 16 28 0 0 44 
T. earlandi 0 8 0 0 0 8 
C. invohens 20 48 8 0 0 76 
Q. aspera 8 0 16 0 0 24 
Q. cliarensis 0 12 0 0 0 12 
Q. dimidiata 84 24 0 0 0 108 
Q. lata 32 40 68 0 0 140 
Q. obionga 184 128 0 0 0 312 
M. subrotunda 12 12 0 0 0 24 
F. lucida 32 0 0 0 0 32 
F. marginata 12 0 0 0 0 12 
B. pseudoplicata 12 0 0 0 0 12 
B. spathulata 4 0 0 0 0 4 
B. variabilis 44 0 0 0 0 44 
B. elongata 20 20 0 0 0 40 
B. marginata 0 4 0 0 0 4 
B. elegantissima 12 0 0 0 0 12 
Uvigerina sp. 12 0 0 0 0 12 
F. fusiformis 20 0 0 0 0 20 
R. williamsoni 8 0 0 0 0 8 
C. lobatulus 0 4 0 0 0 4 
C. pseudoungerianus 4 0 0 0 0 4 
H. germanica 88 72 0 0 0 160 
N. depressulus 220 380 0 0 0 600 
Nonionella sp. 0 12 0 0 0 12 
A. batavus 104 432 224 0 0 760 
E. crispum 108 68 56 60 0 292 
E. gerthi 20 4 0 0 0 24 
E. magellanicum 0 4 0 0 0 4 

2872 
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A P P E N D K H: NUMBER O F SPECBVIENS P E R G R A B . 

Cawsand Bay: September 63-125 (im 125-250 fim 250-500 fim 500-1000 fun >1000fun Total 1 

R. scoftii 12 0 0 0 0 12 
A. pseudospiralis 4 0 0 0 0 4 
C. obscura 4 0 0 0 0 4 
P. corrugata 4 4 0 0 0 8 
C. involvens 68 120 8 0 0 196 
Adelosina sp. 1 12 0 0 0 0 12 
0. aspera 8 4 12 0 0 24 
0. dimidiata 80 0 0 0 0 80 
Q. lata 12 28 56 0 0 96 
Q. oblonga 128 140 0 0 0 268 
Q. seminuium 0 0 12 0 0 12 
M. subrotunda 12 4 0 0 0 16 
L orbiculatis 0 4 0 0 0 4 
L clavata 4 0 0 0 0 4 
L. interrupta 0 4 0 0 0 4 
0. squamosa 0 4 0 0 0 4 
F. lucida 72 12 0 0 0 84 
F. marginata 4 0 0 0 0 4 
F. orbignyana 8 0 0 0 0 8 
B. pseudoplicata 8 0 0 0 0 8 
Bolivina sp. 12 0 0 0 0 12 
B. spathulata 8 0 0 0 0 8 
B. variabilis 52 0 0 0 0 52 
S. concava loeblichi 4 0 0 0 0 4 
B. elongata 108 44 0 0 0 152 
B. marginata 4 0 0 0 0 4 
B. elegantissima 36 0 0 0 0 36 
F. fusiformis 24 0 0 0 0 24 
R. williamsoni 44 0 0 0 0 44 
C. lobatulus 0 4 0 4 0 8 
C. pseudoungerianus 4 12 0 0 0 16 
P. mediterranensis 0 4 4 0 0 8 
H. germanica 136 32 0 0 0 168 
N. depressulus 276 260 0 0 0 536 
Nonionella sp. 4 8 0 0 0 12 
A. batavus 292 264 260 0 0 816 
E. crispum 0 76 80 68 0 224 
E. gerthi 100 16 0 0 0 116 

3092 
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APPENDIX O: NUIVIBER O F SPECIMENS P E R G R A B . 

Cawsand Bay: October 63-125 iim 125-250 ̂  250-500 fim 500-1000 fim >1000pm Total 1 

C invotvens 4 20 8 0 0 32 
Adelosina sp. 1 0 12 0 0 0 12 
Q. aspera 0 0 20 0 0 20 
Q. aspera XTU. I 0 8 0 0 0 8 
Q. cliarensis 0 8 16 0 0 24 
Q. dimidiata 8 24 0 0 0 32 
Q. lata 16 28 36 0 0 80 
Q. mediterranensis 0 0 0 4 0 4 
Q. oblonga 80 768 0 0 0 848 
Q. seminulum 0 0 4 4 0 8 
L. clavata 4 0 0 0 0 4 
0. melo 8 0 0 0 0 8 
F. lucida 8 0 0 0 0 8 
F. marginata 16 0 0 0 0 16 
F. orbignyana 8 0 0 0 0 8 
B. variabilis 8 0 0 0 0 8 
B. elongata 16 0 0 0 0 16 
F. fusiformis 48 0 0 0 0 48 
N. depressulus 84 4 0 0 0 88 
A. batavus 0 56 104 0 0 160 
E. crispum 0 8 0 4 0 12 
E. gerthi 8 8 0 0 0 16 

1460 
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APPENDIX H: NUMBER O F SPECIMENS P E R G R A B . 

jCawsand Bay: November 6^125 p z D 125-250 fim 250-500 lun 500-1000 fim >1000ruD 1 Total 1 

R. scottii 2 0 0 0 0 2 
E. scabrum 2 0 2 0 0 4 

C. obscura 2 0 0 0 0 2 
P. corrugata 2 0 0 0 0 2 

C. involvens 2 4 0 0 0 6 
Q. aspera 0 0 2 0 0 2 
Q. lata 34 8 2 0 0 44 

Q. oblonga 60 54 0 0 0 114 

Q. seminulum 0 2 6 0 0 8 

F. lucida 18 0 0 0 0 18 
F. marginata 2 0 0 0 0 2 

F. orbignyana 2 0 0 0 0 2 
B. spathulata 10 0 0 0 0 10 

B. variabilis 8 0 0 0 0 8 

B. elongata 18 8 0 0 0 26 

B. elegantissima 2 0 0 0 0 2 

Uvigerina sp. 2 0 0 0 0 2 

F. fusiformis 2 0 0 0 0 2 

R. globularis 0 2 0 0 0 2 

R. williamsoni 6 0 0 0 0 6 
P. mediterranensis 0 4 0 0 0 4 

H. germanica 4 6 0 0 0 10 

N. depressulus 108 28 0 0 0 136 

A. batavus 20 48 48 0 0 116 

E. crispum 0 2 6 14 0 22 

E. gerthi 0 2 0 0 0 2 

E. macellum 0 2 0 0 0 2 

E. margaritaceum 0 2 0 0 0 2 
558 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

llCawsand Bay: December 63-12S|im 125-250 t u D 250-500 fun 500-1000 >1000 pin Totaj 

E. scabrum 0 1 0 0 0 1 

C. involvens 0 2 1 0 0 3 

Q. aspera 0 0 1 0 0 1 

Q. cliarensis 0 1 0 0 0 1 

Q. dimidiata 2 1 0 0 0 3 

Q. lata 4 1 4 17 0 26 

Q. oblonga 13 31 0 0 0 44 

Q. seminulum 0 1 0 0 0 1 
M. circularis \'ar. elongata 0 0 1 0 0 1 
M. subrotunda 1 0 0 0 0 1 
L. orbiculatis 0 0 1 0 0 1 
L clavata 0 1 0 0 0 1 
F lucida 2 0 0 0 0 2 

B. variabilis 2 0 0 0 0 2 

B. elongata 1 I 0 0 0 2 

N. depressulus 7 0 0 0 0 7 

A. batavus 0 5 26 0 0 31 

E. crispum 0 0 I 2 0 3 

E. gerthi 1 0 0 0 0 1 
132 
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APPENDIX U: NUMBER O F SPECIMENS P E R G R A B . 

Cawsand Bay: January 163-125 | 125-250 pm 250-500 1500-1000 fun >]000(iin Total | 

H. bradyi 0 2 0 0 0 2 

D. rotaliformis 4 0 0 0 0 4 

E. scabrum 0 6 0 0 0 6 

C. obscura 2 0 0 0 0 2 

S. vivipara 2 0 0 0 0 2 

C. involvens 0 2 0 0 0 2 

Adelosina sp. 1 0 4 0 0 0 4 

Q. aspera 0 4 6 0 0 10 

Q. dimidiata 4 0 0 0 0 4 

Q. lata 6 0 10 0 0 16 

Q. obhnga 34 28 6 0 0 68 

M. circularis var. elongata 2 2 0 0 0 4 

M. subrotunda 0 0 4 0 0 4 

L. perlucida 0 2 0 0 0 2 

F. lucida 0 2 0 0 0 2 

F. marginata 4 0 0 0 0 4 

F. orbignyana 6 0 0 0 0 6 

Fissurina sp. 1 2 0 0 0 0 2 

Fissurina sp. 2 2 0 0 0 0 2 

B. pseudoplicata 6 0 0 0 0 6 

B. spathulata 8 2 0 0 0 10 

B. variabilis 8 0 0 0 0 8 

B. elongata 4 6 0 0 0 10 

Uvigerina sp. 2 0 0 0 0 2 

T. angulosa 8 0 0 0 0 8 

F. fusiformis 12 0 0 0 0 12 

R. globularis 0 2 0 0 0 2 

C. lobatulus 0 0 2 0 0 2 

C. pseudoungerianus 2 4 0 0 0 6 

A. mamilla 0 2 0 0 0 2 

N. depressulus 24 4 0 0 0 28 

A. batavus 20 44 96 0 0 160 

E. crispum 0 0 6 8 0 14 

E. gerthi 2 0 0 0 0 2 
418 
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APPENDIX H: NUMBER O F SPECIMENS P E R G R A B . 

Cawsand Bay: February 63-125 pm 125-250 fim 2SO-500pin 500-1000(uii| > 1 0 0 0 ^ Total 1 

R. scottii 2 0 0 0 0 2 
D. ochracea sinuosa 2 0 0 0 0 2 
D. rotaliformis 2 0 0 0 0 2 
E. scabrum 0 4 2 0 0 6 
C. involvens 2 4 0 0 0 6 
Q. aspera 0 0 2 0 0 2 
O. dimidiata 4 0 0 0 0 4 
Q. lata 14 30 22 0 0 66 
Q. mediterranensis 0 0 2 0 0 2 
Q. oblonga 32 148 0 0 0 180 
Q. seminulum 0 0 4 0 0 4 
A/, circularis \'ar. elongata 0 2 0 0 0 2 
M. subrotunda 2 0 0 0 0 2 
L. orbiculatis 2 0 0 0 0 2 
L substriata 0 2 0 0 0 2 
F. lucida 6 12 0 0 0 18 
B. pseudoplicata 6 0 0 0 0 6 
B. spathulata 6 10 0 0 0 16 
B. variabilis 20 0 0 0 0 20 
B. elongata 14 12 2 0 0 28 
B, marginata 2 0 0 0 0 2 
B. elegantissima 6 4 0 0 0 10 
T. angulosa 2 2 0 0 0 4 
F. fusiformis 18 22 0 0 0 40 
G. praegeri 0 2 0 0 0 2 
R. williamsoni 2 4 0 0 0 6 
C. lobatulus 0 4 2 0 0 6 
C. pseudoungerianus 0 4 0 0 0 4 
N. depressulus 54 6 0 0 0 60 
A. batavus 20 128 254 4 0 406 
E. crispum 0 0 14 52 0 66 
E. gerthi 2 2 0 0 0 4 
E. macellum 0 2 0 0 0 2 

984 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

Cawsand Bay: March 63-125 Mm 125-250 tim 250-500 fun 500-1000 fun MOOOftm Total 1 

C. jejfreysii 0 4 0 0 0 4 
D. rotaliformis 0 4 0 0 0 4 
E. scabrum 0 32 20 0 0 52 
C. obscura 4 0 0 0 0 4 
S. vivipara 4 0 0 0 0 4 
C. invotvens 8 8 0 0 0 16 
Adelosina sp. 1 4 0 0 0 0 4 
Q. dimidiata 20 0 0 0 0 20 
Q. lata 16 20 24 0 0 60 
Q. oblonga 112 352 0 0 0 464 
Q. seminuium 4 8 0 0 0 12 
A. sp. cf. >I. scalaris 4 0 0 0 0 4 
F. iucida 16 0 0 0 0 16 
F. marginata 8 0 0 0 0 8 
F. orbignyana 4 0 0 0 0 4 
B. pseudoplicata 16 4 0 0 0 20 
B. spathulata 24 0 0 0 0 24 
B. variabilis 32 0 0 0 0 32 
S. concava var. ioebiichi 0 0 4 0 0 4 
B. elongata 24 8 0 0 0 32 
Uvigerina sp. 4 0 0 0 0 4 
F. fusiformis 24 0 0 0 0 24 
R. williamsoni 12 0 0 0 0 12 
C. lobatulus 0 4 0 0 0 4 
N. depressulus 200 72 0 0 0 272 
A. batavus 32 96 240 0 0 368 
E. crispum 0 4 20 32 0 56 
E. gerthi 12 0 0 0 0 12 

1540 
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APPENDIX O: NUMBER OF SPECIMENS PER GRAB. 

Caw'sand Bay: April 63-125 tun 125-250 inn 250-500 Mffl 500-1000 fun >1000fiin Total 

H. bradyi 2 0 0 0 0 2 
E. scabrum 0 2 0 0 0 2 
C. invotvens 2 0 0 0 0 2 
Q. cliarensis 0 2 0 0 0 2 
Q. dimidiata 18 0 0 0 0 18 
Q. lata 2 4 2 2 0 10 
O. obionga 46 38 0 0 0 84 
O. seminulum 0 0 4 0 0 4 
F. lucida 2 0 0 0 0 2 
Fissurina sp. 1 2 0 0 0 0 2 
B. spathulata 2 0 0 0 0 2 
B. variabilis 4 0 0 0 0 4 
B. elongata 0 2 0 0 0 2 
B. elegantissima 4 0 0 0 0 4 
F. fasiformis 10 0 0 0 0 10 
G. praegeri 6 0 0 0 0 6 
R. williamsoni 2 0 0 0 0 2 
N. depressulus 92 48 0 0 0 140 
A. batavus 24 60 110 2 0 196 
E. crispum 0 0 10 4 0 14 
E. gerthi 4 2 0 0 0 6 

514 
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APPENDIX D: NUMBER OF SPECBVIENS PER GRAB. 

jCawsand Bay: May 163-125 |im 125-250^ 1 250-500 fim 1500-1000 fim >1000|im Total 

L arenulata 0 0 1.33 0 0 1.33 
H. bradyi 0 1.33 0 0 0 1.33 
D. rotaliformis 1.33 0 0 0 0 1.33 
E. scabrum 0 1.33 0 0 0 1.33 
C. obscura 1.33 0 0 0 0 1.33 
C. invohens 0 2.67 0 0 0 2.67 
0. aspera 0 0 5.33 0 0 5.33 
Q. cUarensis 0 1.33 1.33 0 0 2.67 
Q. dimidiata 6.67 1.33 0 0 0 8 
Q. lata 9.33 14.67 1.33 0 0 25.33 
Q. oblonga 8 20 0 0 0 28 
Q. seminulum 0 4 1.33 0 0 5.33 
M. circularis \'ar. elongata 0 1.33 0 0 0 1.33 
AY. subrotunda 0 1.33 0 0 0 1.33 
L clavata 1.33 1.33 0 0 0 2.67 
F. lucida 12 0 0 0 0 12 
F. orbignyana 1.33 0 0 0 0 1.33 
B. pseudoplicata 2.67 0 0 0 0 2.67 
B. variabilis 10.67 1.33 0 0 0 12 
S. concava var. loebiichi 0 1.33 0 0 0 1.33 
B. elongata 8 13.33 0 0 0 21.33 
B. elegantissima 1.33 0 0 0 0 1.33 
Uvigerina sp. 1.33 0 0 0 0 1.33 
T. angulosa 1.33 0 0 0 0 1.33 
F. fusiformis 5.33 0 0 0 0 5.33 
G. praegeri 1.33 0 0 0 0 1.33 
R. \villiamsoni 4 2.67 0 0 0 6.67 
C. lobatulus 0 1.33 2.67 0 0 4 
C. pseudoungerianus 1.33 1.33 0 0 0 2.67 
A. mamilla 1.33 0 0 0 0 1.33 
N, depressulus 46.67 80 0 0 0 126.67 
A. batavus 9.33 42.67 29.33 2.67 0 84 
E. crispum 0 8 4 0 0 12 
E. gerthi 0 2.67 0 0 0 2.67 
E. macellum 1.33 0 0 0 0 1.33 

392 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

ICawsand Bay: June 63-12S(ini 125-250 pm 250-500 run 500-1000 >l000pni Total 

E. scabrum 0 0 1 0 0 1 
C. diffusa 0 0 2 0 0 2 
M. secans 0 0 0 1 0 1 
Q. aspera 0 0 3 2 0 5 
Q. ciiarensis 1 0 0 0 0 1 
Q. lata 7 16 0 0 0 23 
Q. oblonga I 8 0 0 0 9 
Q. seminulum 0 1 2 0 0 3 
M. circularis var. elongata I 0 0 0 0 1 
M. subrotunda 0 1 0 0 0 I 
L. clavata 1 0 0 0 0 1 
O. melo I 0 0 0 0 1 
F. lucida 2 0 0 0 0 2 
B. spathulata 1 0 0 0 0 1 
B. variabilis 1 0 0 0 0 1 
B. elongata 3 1 0 0 0 4 
B. elegantissima 2 0 0 0 0 2 
Uvigerina sp. 2 0 0 0 0 2 
F. fusiformis 1 0 0 0 0 1 
G. praegeri 0 1 0 0 0 1 
R. Milliamsoni 2 0 0 0 0 2 
N. depressulus 2 3 0 0 0 5 
A. batavus 3 14 14 0 0 31 
E. crispum 0 17 18 0 0 35 

136 
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APPENDIX D: NUMBER OF SPECIMENS PER GRAB. 

|Cawsand Bay: July 63-125 fim 125-250 pm 250-500 Jim 500-lOOOpn] >1000fim Total 1 

P. bowmani 0 1 0 0 0 1 
H. bradyi 0 4 0 0 0 4 
R. scottii 12 0 0 0 0 12 
T. earlandi 2 7 0 0 0 9 
C. obscura 6 0 0 0 0 6 
C. dijfijsa 0 0 1 0 0 1 
Q. aspera 0 1 1 1 0 3 
Q. dimidiata 16 1 0 0 0 17 
Q. lata I 4 4 0 0 9 
Q. obionga 3 47 0 0 0 50 
Q. seminulum 0 4 1 0 0 5 
Si. subrotunda 0 1 0 0 0 1 
L perlucida 0 1 0 0 0 1 
O. laevigata 0 1 0 0 0 1 
F. lucida 3 0 0 0 0 3 
B. spathulata 2 0 0 0 0 2 
B. variabilis 2 0 0 0 0 2 
B. elongata 0 1 4 0 0 5 
Uvigerina sp. 1 0 0 0 0 1 
F. fusiformis 6 0 0 0 0 6 
G. praegeri 1 1 0 0 0 2 
C. lobatulus 0 0 1 0 0 1 
C. pseudoungerianus 0 0 1 0 0 1 
H. germanica 2 3 0 0 0 5 
N. depressulus 15 38 0 0 0 53 
Nonionella sp. 0 2 0 0 0 2 
A. batavus 3 7 9 0 0 19 
E. crispum 1 6 17 6 0 30 

252 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

[Drake's Island: August 63-125 fim 125-250 pm 250-500 |im 500-1000 pm >1000piii Total 

P. bowmani 0 2 0 0 0 2 
R. scottii 2 0 0 0 0 2 
S. wrightii 0 2 0 0 0 2 
D. ochracea sinuosa 2 0 0 0 0 2 
D. rotaliformis 2 0 0 0 0 2 
E. scabrum 0 2 0 0 0 2 
T. sagittula 4 2 12 0 0 18 
S. vivipara 2 0 0 0 0 2 
C. invohens 4 0 0 0 0 4 
A/ secans 0 0 0 0 2 2 
Q. aspera 0 0 4 0 0 4 
Q. dimidiata 44 0 0 0 0 44 
Q. lata 136 4 0 0 0 140 
Q. oblonga 2 4 0 0 0 6 
Q. seminulum 4 0 16 4 0 24 
A/, circularis var. elongata 20 20 0 0 0 40 
\4. subrotunda 8 10 0 0 0 18 
L clavata 0 2 0 0 0 2 
G. gibba 0 0 6 0 0 6 
G. gibba var. myristiformis 0 0 2 0 0 2 
F. lucida 4 0 0 0 0 4 
F. marginata 2 0 0 0 0 2 
F. orbignyana 2 0 0 0 0 2 
B. pseudoplicata 2 0 0 0 0 2 
B. spathulata 6 0 0 0 0 6 
B. variabilis 44 0 0 0 0 44 
S. concava var. loeblichi 0 2 0 0 0 2 
B. elongata 12 0 0 0 0 12 
B. marginata 2 0 0 0 0 2 
B. elegantissima 8 0 0 0 0 8 
Uvigerina sp. 2 0 0 0 0 2 
F. fusiformis 2 0 0 0 0 2 
G. praegeri 4 0 0 0 0 4 
R. williamsoni 6 2 0 0 0 8 
C. lobatulus 0 2 6 2 0 10 
C. pseudoungerianus 2 0 0 0 0 2 
P. mediterranensis 0 0 6 0 0 6 
A. mamilla 4 0 2 0 0 6 
H. germanica 6 8 0 0 0 14 
M depressulus 16 4 0 0 0 20 
Nonionella sp. 0 0 2 0 0 2 
A. batavus 4 18 4 0 0 26 
E. crispum 0 6 6 0 0 12 
E. gerthi 20 4 0 0 0 24 

378 94 66 6 2 546 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

Drake's Island: September 63-125 Mm 125-250 Mm 250-500 Mm 500-lOOOMm >1000Mm Total 

P. bowmani 0 6 0 0 0 6 
H. bradyi 0 2 0 0 0 2 
C. jeffreysii 0 0 2 0 0 2 
D. rotaliformis 0 2 0 0 0 2 
T. sagittula 8 4 8 0 0 20 
S. vivipara 6 0 0 0 0 6 
S. vivipara vai. runiana 2 0 0 0 0 2 
P. corrugata 4 0 0 0 0 4 
C. invohens 2 0 0 0 0 2 
Q. aspera 0 0 10 4 0 14 
Q. cliarensis 0 2 0 0 0 2 
Q. dimidiata 54 0 0 0 0 54 
Q. lata 106 2 0 0 0 108 
0. oblonga 2 0 0 0 0 2 
Q. seminuium 2 10 8 2 0 22 
A / , circularis \'ar. elongata 18 2 0 0 0 20 
A / , subrotunda 12 6 0 0 0 18 
G. gibba 0 0 2 2 0 4 
F. marginata 0 4 0 0 0 4 
F. orbignyana 4 0 0 0 0 4 
B. pseudoplicata 2 0 0 0 0 2 
B. variabilis 26 0 0 0 0 26 
B. elongata 4 4 0 0 0 8 
F. fusiformis 2 0 0 0 0 2 
G. praegeri 4 2 0 0 0 6 
R. anomala 4 0 0 0 0 4 
R. globularis 0 2 0 0 0 2 
R. williamsoni 4 0 0 0 0 4 
C. lobatulus 0 0 6 4 0 10 
C. pseudoungerianus 0 2 2 0 0 4 
P. mediterranensis 0 2 0 0 0 2 
A. mamilla 0 2 0 0 0 2 
H. germanica 4 0 0 0 0 4 
N. depressulus 8 6 0 0 0 14 
A. batavus 2 4 6 0 0 12 
E. crispum 6 8 20 2 0 36 
E. gerthi 18 0 0 0 0 18 

304 72 64 14 0 454 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

Drake*s Island: October 63-125 pin 125-250 fun 250-500 ftm 500-1000 pm >1000pm TotaJ 

P. bowmani 0 3 0 0 0 3 
T. teivyense 0 1 0 0 0 1 
H. bradyi 0 1 0 0 0 1 
D. ochracea sinuosa 3 0 0 0 0 3 
T. sagittula 0 2 1 0 0 3 
S. vivipara 1 0 0 0 0 1 
S. vivipara vai. runiana 1 0 0 0 0 1 
C. invotvens 0 1 0 0 0 1 
Adelosina sp. 1 0 1 0 0 0 1 
Q. aspera 0 0 3 3 0 6 
O. cliarensis 0 1 0 0 0 1 
Q. dimidiata 17 0 0 0 0 17 
Q. lata 64 7 0 0 0 71 
Q. mediterranensis 0 0 1 0 0 1 
Q. oblonga 3 4 0 0 0 7 
Q. seminulum 0 3 3 0 0 6 
M. circularis var. elongata 1 1 0 0 0 2 
M. subrotunda 1 4 0 0 0 5 
L. clavata I 0 0 0 1 
F. marginata 1 0 0 0 0 1 
F. orbignyana 0 0 0 0 2 
Ftssurina sp. 1 1 0 0 0 0 1 
B. spathulata 1 0 0 0 0 1 
B. variabilis 11 0 0 0 0 11 
B. elongata 1 1 0 0 0 2 
B. marginata 1 0 0 0 0 1 
B. elegantissima 5 0 0 0 0 5 
T. angulosa 1 0 0 0 0 1 
F. fusiformis 4 0 0 0 0 4 
R. globularis 0 1 0 0 0 1 
R. williamsoni 5 0 0 0 0 5 
C. lobatulus 0 0 1 0 0 1 
C. pseudoungerianus 1 0 0 0 0 I 
H. germanica 6 2 0 0 0 8 
N. depressulus 3 0 0 0 0 3 
A. batavus 0 6 11 0 0 17 
E. crispum 1 0 2 1 0 4 
E. gerthi 7 0 0 0 0 7 

142 40 22 4 0 208 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

[Drake's Island: November 63-125 pm 125-250 pm 250-500 pm 500-1000 pm >1000pm Total 1 

P. bawmani 0 2 0 0 0 2 
H. bradyi 0 2 0 0 0 2 
D. ochracea sinuosa 2 0 0 0 0 2 
S. vivipara 2 0 0 0 0 2 
Adelosina sp. 1 0 2 0 0 0 2 
Q. aspera 0 2 6 2 0 10 
Q. cliarensis 0 4 2 0 0 6 
Q. dimidiata 8 0 2 0 0 10 
Q. lata 24 4 6 0 0 34 
Q. mediterranensis 0 0 2 0 0 2 
Q. obionga 2 8 0 0 0 10 
Q. seminulum 4 8 6 0 0 18 
M. drcularis var. elongata 2 6 0 0 0 8 
M. subrotunda 6 0 6 0 0 12 
F. marginata 2 0 0 0 0 2 
B. pseudoplicata 2 0 0 0 0 2 
B. variabilis 12 0 0 0 0 12 
B. elongata 0 6 0 0 0 6 
B. elegantissima 6 0 0 0 0 6 
R. williamsoni 2 0 0 0 0 2 
C. lobatulus 0 0 6 0 0 6 
C. pseudoungerianus 0 4 0 0 0 4 
P. mediterranensis 0 0 2 0 0 2 
A. mamilla 0 2 0 0 0 2 
H. germanica 2 2 0 0 0 4 
N. depressulus 30 0 0 0 0 30 
B. frigida 0 2 0 0 0 2 
A. batavus 6 8 0 0 0 14 
E. crispum 0 4 2 0 0 6 
E. gerthi 2 0 0 0 0 2 

114 66 40 2 0 222 

Drake's Island: December 63-125 pm 125-250 pm 250-500 pm 500-1000 pm >1000pm Total 1 

T. sagittula 0 2 0 0 0 2 
Q. dimidiata 1 0 0 0 0 1 
Q. lata 1 0 0 0 0 1 
Q. obionga 2 0 0 0 0 2 
Q. seminulum 0 0 1 0 0 1 
A / circularis var. elongata 2 1 0 0 0 3 
A / , subrotunda 3 1 0 0 0 4 
B. variabilis 3 0 0 0 0 3 
C. lobatulus 0 0 1 0 0 1 
A. batavus 0 0 2 0 0 2 
E. crispum 0 0 1 0 0 1 
E. gerthi 1 0 0 0 0 I 

13 4 5 0 0 22 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

Drake's Island: January 63-125 Mm 125-250 Mm 250-500 pm 500-1000 Mm >1000Mm Total 1 

P. bawmani 0 8 0 0 0 8 
H. bradyi 0 6 0 0 0 6 
0. rotaliformis 3 0 0 0 0 3 
E. scab rum 0 3 0 0 0 3 
Adelosina sp. 1 0 1 0 0 0 1 
Q. aspera 0 1 0 0 0 1 
Q. cliarensis 0 2 0 0 0 2 
Q. dimidiata 3 0 0 0 0 3 
Q. lata 14 4 0 0 0 18 
Q. oblonga 3 3 0 0 0 6 
Q. seminuium 4 0 0 0 0 4 
\4. circularis var. elongata 5 1 0 0 0 6 
M. subrotunda 7 0 0 0 0 7 
G. gibba 0 0 0 1 0 1 
B. variabilis 12 0 0 0 0 12 
S. concava loeblichi 0 0 i 0 0 1 
B. elongata 5 4 0 0 0 9 
B. eiegantissima 3 0 0 0 0 3 
F. fusiformis 1 0 0 0 0 1 
R. williamsoni 3 0 0 0 0 3 
C. lobatulus 0 1 4 0 0 5 
C. pseudoungerianus 0 2 0 0 0 2 
H. germanica 0 2 0 0 0 2 
N. depressulus 17 2 0 0 0 19 
A. batavus 1 14 3 0 0 18 
E. gerthi 5 0 0 0 0 5 

86 54 8 1 0 149 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

Drake's Island: February' 63-125 pm 12S250pzn 250-500 pm 500-1000 pm >iOOOpm Total 

P. bowmani 0 2 0 0 0 2 
H. bradvi 0 1 0 0 0 1 
E, scabrum 0 1 0 0 0 1 
T. sagittula 0 2 0 0 0 2 
Q. aspera 0 0 2 0 0 2 
Q. ciiarensis 0 1 1 0 0 2 
Q. dimidiata 2 0 0 0 0 2 
0. lata 5 0 0 0 0 5 
Q. oblonga 1 1 0 0 0 2 
Q. seminulum 0 I 3 0 0 4 
A / , circularis var. elongata 2 0 0 0 0 2 
A / , subrotunda 1 0 0 0 0 1 
G. gibba 0 0 1 0 0 1 
B. variabilis 1 0 0 0 0 1 
B. elongata 1 1 0 0 0 2 
C. lobatulus 0 0 4 0 0 4 
C. pseudoungerianus 0 1 0 0 0 1 
H. germanica 1 0 0 0 0 1 
N. depressulus 9 0 0 0 0 9 
A. batavus 0 5 3 0 0 8 
E. gerthi 1 2 0 0 0 3 

24 18 14 0 0 56 

Drake's Island: March 63-125 pm 125-250 pm 250-500 pm 500-1000 pm >1000pm Total] 

P. bowmani 0 1 0 0 0 1 
T. earlandi 2 0 0 0 0 2 
S. vivipara 0 1 0 0 0 1 
C. invotvens 1 0 0 0 0 1 
A / , secans 0 0 0 1 0 1 
Q. aspera 0 0 4 0 0 4 
Q. ciiarensis 0 1 0 0 0 1 
Q. dimidiata 1 0 0 0 0 1 
Q. lata 29 1 1 0 0 31 
Q. seminulum 3 0 1 0 0 4 
A / , subrotunda 3 0 0 0 0 3 
G. gibba 0 0 1 0 0 1 
B. spathulata 1 0 0 0 0 1 
B. variabilis 3 0 0 0 0 3 
B. elongata 1 0 0 0 0 1 
B. elegantissima 2 0 0 0 0 2 
C. lobatulus 0 0 5 0 0 5 
C. pseudoungerianus 0 0 2 0 0 2 
H. germanica 0 0 1 0 0 1 
N. depressulus 19 0 0 0 0 19 
A. batavus 1 1 3 0 0 5 
E. gerthi 3 0 0 0 0 3 

69 5 18 1 0 93 
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APPENDIX U: NUMBER OF SPECIMENS PER GRAB. 

Drake*s Island: April 63-125 fim 125-250 250-500 |un 500-1000 pm >1000pn) Total 1 

R. scottii 1 0 0 0 0 1 
Q. aspera 0 0 0 1 0 1 
Q. lata 7 1 0 0 0 8 
Q. seminulum 1 0 0 0 0 1 
A / , circularis w . elongata 1 0 0 0 0 1 
C. lobatulus 0 0 1 0 0 1 
A. mamilla 0 0 1 0 0 1 
N. depressulus 3 0 0 0 0 3 
B. frigida 1 0 0 0 0 1 

14 1 2 1 0 18 

Drake's Island: May 63-125 run 125-250 fan 250-500 fun 500-1000 pm >1000pm Total 1 

P. bowmani 0 6 0 0 0 6 
H. bradyi 4 10 0 0 0 14 
D. ochracea sinuosa 1 0 0 0 0 1 
E. scabrum 0 12 1 0 0 13 
C. obscura 2 0 0 0 0 2 
Adelosina sp. 1 0 1 0 0 0 1 
Q. aspera 0 1 2 0 0 3 
Q. aspera var. 1 0 2 0 0 0 2 
Q. cliarensis 0 2 0 0 0 2 
Q. dimidiata 3 0 0 0 0 3 
Q. lata 21 17 0 0 0 38 
Q. oblonga 0 4 0 0 0 4 
Q. seminulum 0 4 0 0 0 4 
M. circularis var. elongata 2 1 0 0 0 3 
A / , subrotunda 1 2 1 0 0 4 
P. depressa 0 1 1 0 0 2 
0. melo 0 1 0 0 0 1 
F. orbignyana 0 1 0 0 0 1 
Fissurina sp. 1 1 0 0 0 0 1 
B. pseudoplicata 1 0 0 0 0 1 
B. variabilis 6 0 0 0 0 6 
S. concava var. loebiichi 1 0 0 0 0 1 
B. elongata 5 5 0 0 0 10 
B. marginata 1 0 0 0 0 1 
B. elegantissima 4 0 0 0 0 4 
F. fusiformis 1 0 0 0 0 1 
R. anomala 0 1 0 0 0 1 
R. williamsoni 2 0 0 0 0 2 
C. lobatulus 0 3 4 0 0 7 
P. mediterranensis 0 1 0 0 0 1 
A. mamilla 0 1 0 0 0 1 
H. germanica 4 11 0 0 0 15 
N. depressulus 37 5 0 0 0 42 
B. frigida 1 1 0 0 0 2 
A. batavus 0 3 1 0 0 4 
E gerthi 9 3 0 0 0 12 

107 99 10 0 0 216 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

Drake's Island: June 63-125 pm 125-250 pm 250-500 pm 500-1000 pm >1000pm Total 1 

P. bowmani 0 3 0 0 0 3 
S. MTightii 0 0 I 0 0 1 
M. secans 0 0 0 1 0 1 
Q. aspera 0 1 0 1 0 2 
Q. cliarensis 2 0 0 0 0 2 
Q. dimidiata 6 1 0 0 0 7 
Q. lata 24 4 0 0 0 28 
Q. obionga 2 9 0 0 0 11 
Q. seminulum 1 2 2 0 0 5 
A / , circularis var. elongata 2 9 0 0 0 11 
M. subrotunda 3 3 1 0 0 7 
B. variabilis 1 0 0 0 0 1 
B. elongata 0 1 0 0 0 I 
R. williamsoni 1 0 0 0 0 1 
C. lobatulus 0 0 1 0 0 1 
P. mediterranensis 0 0 I 0 0 I 
M depressulus 9 5 0 0 0 14 
A. batavus 0 2 0 0 0 2 
E. crispum 0 0 0 2 0 2 
E. gerthi 0 1 0 0 0 1 

51 41 6 4 0 102 

Drake's Island: July 63-125 pm 125-250 pm 250-500 pm 500-1000 pm >1000pm Total 1 

P. bowmani 0 4 0 0 0 4 
H. bradyi 3 6 0 0 0 9 
Q. cliarensis 0 1 0 0 0 1 
Q. dimidiata 16 1 0 0 0 17 
Q. lata 17 0 0 0 0 17 
Q. obionga 1 21 0 0 0 22 
Q. seminulum 2 1 0 0 0 3 
\4. circularis var. elongata 2 1 2 0 0 5 
M. subrotunda 0 1 3 0 0 4 
P. depressa 0 0 2 0 0 2 
G. gibba 0 0 1 0 0 1 
B. spathulata 2 0 0 0 0 2 
B. variabilis 6 0 0 0 0 6 
B. elongata 1 0 0 0 0 1 
B. elegantissima 7 0 0 0 0 7 
F. fusiformis 3 0 0 0 0 3 
G. praegeri 0 1 0 0 0 1 
C. lobatulus 0 3 2 0 0 5 
P. mediterranensis 0 0 1 0 0 1 
H. germanica 7 7 0 0 0 14 
N. depressulus 17 5 0 0 0 22 
A. batavus 1 1 0 0 0 2 
E. crispum 0 1 0 0 0 1 
E. gerthi 4 3 0 0 0 7 

89 57 11 0 0 157 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

White Patch: August ^ " 5 Mm 125-250 Mm 250-500Mm 500-1000 Mm >I00OMm Total 1 

D. ochracea sinuosa 4 0 0 0 0 4 
E. scabrum 0 20 0 0 0 20 
T. earlandi 12 4 0 0 0 16 
T. sagittula 4 16 56 4 0 80 
C. involvens 36 28 0 0 0 64 
Adelosina sp. I 8 20 0 0 0 28 
Q. aspera 4 4 4 0 0 12 
Q. cliarensis 4 8 4 0 0 16 
Q. dimidiata 340 20 0 0 0 360 
Q. lata 108 0 16 0 0 124 
Q. mediterranensis 0 0 4 4 0 8 
Q. oblonga 180 112 0 0 0 292 
Q. seminuium 4 36 0 0 0 40 
M. circularis var. elongata 8 12 0 0 0 20 
A / , subrotunda 80 56 0 0 0 136 
L orbiculatis 8 4 0 0 0 12 
L. clavata 48 0 0 0 0 48 
L perlucida 4 0 0 0 0 4 
F. lucida 20 8 0 0 0 28 
F. orbignyana 12 0 0 0 0 12 
Ftssurina sp. 2 0 8 0 0 0 8 
B. pseudoplicata 56 4 0 0 0 60 
B. striatula 4 0 0 0 0 4 
B. pseudopunctata 8 0 0 0 0 8 
B. spathulata 64 0 0 0 0 64 
B. variabilis 144 4 0 0 0 148 
B. elongata 108 64 0 0 0 172 
B. marginata 28 0 0 0 0 28 
B. eiegantissima 56 0 0 0 0 56 
Uvigerina sp. 72 0 0 0 0 72 
F. fusiformis 96 0 0 0 0 96 
G. praegeri 12 0 0 0 0 12 
R. globularis 0 4 0 0 0 4 
R. williatnsoni 16 0 0 0 0 16 
H. gennanica 4 0 0 0 0 4 
N. depressulus 64 64 0 0 0 128 
M turgida 4 0 0 0 0 4 
Nonionella sp 20 4 0 0 0 24 
A. batavus 180 224 324 0 0 728 
E. crispum 4 48 372 380 0 804 
E. gerthi 92 68 0 0 0 160 

3924 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

|White Patch: September 63-125 pm 125-250 pm 250-500 pm 1500-1000 pm|>1000pm Total | | 

R. scottii 4 0 0 0 0 4 

C. Jeffreys! i 4 0 0 0 0 4 
A. pseudospiralis 0 0 16 4 0 20 
S. wrightii 0 0 4 0 0 4 
D. ochracea sinuosa 4 0 0 0 0 4 
D. rotaliformis 8 0 0 0 0 8 
E. scabrum 0 24 0 0 0 24 
T. earlandi 12 0 0 0 0 12 
T. sagittula 8 0 8 0 0 16 
C. obscura 8 0 0 0 0 8 
C. involvens 40 4 0 0 0 44 
C. diffusa 0 0 8 0 0 8 
Adelosina sp. 1 32 16 0 0 0 48 
Adelosina sp. 2 0 4 0 0 0 4 
2- aspera 4 12 4 4 0 24 
2- ciiarensis 0 12 8 4 0 24 
2- cf. ciiarensis 0 32 0 0 0 32 
2- dimidiata 116 16 0 0 0 132 
Q. lata 48 8 0 0 0 56 
2- oblonga 200 276 4 0 0 480 
'). seminulum 40 24 12 0 0 76 
M. circularis var. elongata 20 8 0 0 0 28 
A / , subrotunda 76 40 0 0 0 116 
L orbiculatis 8 0 0 0 0 8 
A. sp.of.A. scalaris 4 0 0 0 0 4 
L. clavata 28 0 0 0 0 28 
L. perlucida 16 0 0 0 0 16 
F. lucida 40 12 0 0 0 52 
F. marginata 48 8 0 0 0 56 
F. orbignyana 4 0 0 0 0 4 
Fissurina sp. 2 0 4 0 0 0 4 
B. striatula 4 0 0 0 0 4 
B. spathulata 172 4 0 0 0 176 
B. variabilis 248 0 0 0 0 248 
S. concava vnr. loeblichi 20 8 0 0 0 28 
B. elongata 188 36 0 0 0 224 
B. marginata 28 0 0 0 0 28 
B. elegantissima 48 0 0 0 0 48 
Uvigerina sp. 24 0 0 0 0 24 
F. fusiformis 280 0 0 0 0 280 
G. praegeri 16 0 0 0 0 16 
R. globularis 0 4 0 0 0 4 
R. williamsoni 52 0 0 0 0 52 
C. lobatulus 0 8 0 0 0 8 
C. pseudoungerianus 4 0 0 0 0 4 
N. depressulus 100 116 0 0 0 216 
N. turgida 4 0 0 0 0 4 
Nonionella spL 12 0 0 0 0 12 
A. batavus 256 364 644 0 0 1264 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

[White Patch: September 63-125 pm 125-250 pm 2 5 0 ^ pm 500-1000 pm ' >1000pm Total 1 

E. crispum 12 8 104 348 0 472 

E. gerthi 112 4 0 0 0 116 
E. margaritaceum 4 0 0 0 0 4 

4580 

White Patch: October 63-125 jim 125-250pm 250-500pm 1500-1000pm >1000pni Total | | 

Z>. ochracea sinuosa 4 0 0 0 0 4 

D. rotaliformis 4 0 0 0 0 4 

T. sagittula 0 0 4 0 0 4 

C. involvens 4 0 0 0 0 4 

C. diffusa 0 4 0 0 0 4 

A/, secans 0 0 4 0 0 4 

Q. aspera 0 0 4 0 0 4 

Q. cliarensis 4 8 8 0 0 20 

Q. dimidiata 24 0 0 0 0 24 

Q. lata 0 0 36 0 0 36 

Q. oblonga 32 68 0 0 0 100 

Q. seminulum 0 4 8 0 0 12 

AY. circularis var. elongata 4 0 0 0 0 4 

M. subrotunda 4 0 8 0 0 12 

P. depressa 0 0 4 0 0 4 

L clavata 12 0 0 0 0 12 

O. squamosa 4 0 0 0 0 4 

F. lucida 20 12 0 0 0 32 

F. marginata 8 0 0 0 0 8 

F. orbignyana 4 4 0 0 0 8 

B. variabilis 28 0 0 0 0 28 

B. elongata 20 8 0 0 0 28 

F. fusiformis 64 0 0 0 0 64 

G. praegeri 4 0 0 0 0 4 

R. williamsoni 4 0 0 0 0 4 
C. pseudoungerianus 4 4 0 0 0 8 

P. mediterranensis 0 4 0 0 0 4 

M depressulus 4 12 0 0 0 16 

Nonionella sp. 0 4 0 0 0 4 

A. batavus 56 228 236 0 0 520 

E. crispum 0 8 8 0 0 16 

E. gerthi 12 0 0 0 0 12 
1012 
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APPENDIX n: ^ fUMBER OF SPECIMENS PER GRAB. 

IWhhe Patch: November « - > 2 5 pm ns-zso fim 250-500 fun 500-1000 (im | >1000fini Total | 

R. scottii 4 0 0 0 0 4 

D. ochracea sinuosa 4 0 0 0 0 4 

E. scabrum 0 4 0 0 0 4 

T. sagittula 0 0 12 0 0 12 

C. involvens 16 8 0 0 0 24 

Adelosina sp. 1 8 0 0 0 0 8 

Adelosina sp. 2 0 0 4 0 0 4 

Q. aspera 0 0 12 0 0 12 

Q. cliarensis 8 12 12 0 0 32 

Q. cL cHarensis 0 12 8 0 0 20 

Q. dimidiata 40 8 0 0 0 48 

Q. lata 40 8 12 0 0 60 

Q. mediterranensis 0 0 4 0 0 4 

2- oblonga 48 76 4 0 0 128 

Q. seminuium 8 0 28 0 0 36 

AY. circularis var. elongata 0 0 4 0 0 4 

M. subrotunda 20 0 4 0 0 24 

L orbiculatis 8 0 0 0 0 8 

A. sp. cf i4. scataris 4 0 0 0 0 4 

L gracilis 4 0 0 0 0 4 

L. sulcata 4 0 0 0 0 4 

G. gibba 4 4 0 0 0 8 

F. lucida 8 24 0 0 0 32 

F. marginata 4 0 0 0 0 4 

F. orbignyana 8 0 0 0 0 8 

B. pseudoplicata 4 0 0 0 0 4 

B. pseudopunctata 4 0 0 0 0 4 

B. spathulata 64 4 0 0 0 68 

B. variabilis 168 0 0 0 0 168 

S. concava var. loeblichi 8 4 4 0 0 16 

B. elongata 40 12 0 0 0 52 

B. marginata 0 12 0 0 0 12 

T. angulosa 8 0 0 0 0 8 

F. fusiformis 20 0 0 0 0 20 

R. williamsoni 8 0 0 0 0 8 

C. lobatulus 0 0 4 0 0 4 

N. depressulus 20 0 0 0 0 20 

Nonionella sp. 8 0 0 0 0 8 

A. batavus 88 176 396 0 0 660 

E. crispum 0 0 0 92 0 92 
1644 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

White Patch: December « - > 2 5 jim 125-250 nm | 250-500 SOO-IOOOMID >1000fim| Total | 

C. invohens 12 24 2 0 0 38 

Adelosina sp. 1 2 6 0 0 0 8 

Q. cUctrensis 0 4 0 0 0 4 

Q. cf. cliarensis 0 0 2 0 0 2 

Q. dimidiata 12 8 0 0 0 20 

Q. lata 26 2 0 0 0 28 

0. oblonga 48 60 0 0 0 108 

Q. seminulum 0 2 4 0 0 6 

A/, subrotunda 4 2 0 0 0 6 

L orbiculatis 4 0 0 0 0 4 

A. sp. c£ / I . scalaris 2 0 0 0 0 2 

F. lucida 10 2 0 0 0 12 

B. pseudopHcata 4 0 0 0 0 4 

B. pseudopunctata 2 0 0 0 0 2 

B. spathulata 26 0 0 0 0 26 

B. variabilis 54 0 0 0 0 54 

S. concava v'ar. loeblichi 0 4 0 0 0 4 

B. elongata 10 0 0 0 0 to 

B. marginata 2 0 0 0 0 2 

B. elegantissima 8 0 0 0 0 8 

T. angulosa 2 4 0 0 0 6 

F. fusiformis 14 0 0 0 0 14 

R. wiliiamsoni 2 0 0 0 0 2 

A. mamilla 0 2 0 0 0 2 

N. depressulus 0 4 0 0 0 4 

Nonionella sp. 6 0 0 0 0 6 

A. batavus 16 28 138 4 0 186 

E. crispum 0 0 6 24 0 30 

E. gerthi 4 0 0 0 0 4 
602 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

[White Patch: Januar>' 63-125 125-250 pm 250-500 fim 500-1000 fim >1000fuii Total 

P. bowmani 0 12 0 0 0 12 

R. scottii 12 0 0 0 0 12 

A. pseudospirails 0 0 4 0 0 4 

E. scabrum 0 4 0 0 0 4 

T. sagittula 0 8 4 0 0 12 

C. involverts 0 8 0 0 0 8 

C. diffiisa 0 4 4 0 0 8 

Adelosina sp. 1 4 8 0 0 0 12 

Q. aspera 0 8 16 0 0 24 

Q. cliarensis 12 12 0 0 0 24 

Q. cf. cliarensis 0 0 8 4 0 12 

Q. dimidiata 4 32 0 0 0 36 

Q. lata 4 4 16 0 0 24 

Q. oblonga 40 104 0 0 0 144 

Q. seminulum 4 0 0 8 0 12 

M. circularis var. elongata 0 8 0 0 0 8 

fvf. subrotunda 0 4 0 0 0 4 

L. clavata 8 0 0 0 0 8 

G. gibba 0 4 0 0 0 4 

F. lucida 4 16 0 0 0 20 

B. spathulata 56 0 0 0 0 56 

B. variabilis 72 0 0 0 0 72 

S. concava \'ar. loeblichi 0 8 0 0 0 8 

B. elongata 20 4 0 0 0 24 

B. elegantissima 4 0 0 0 0 4 

T. angulosa 0 4 0 0 0 4 

F. fusifomiis 16 0 0 0 0 16 

C. lobatulus 0 0 0 4 0 4 

Nonionella sp. 4 0 0 0 0 4 

A. batavus 32 220 608 28 0 888 

E. crispum 0 0 0 364 0 364 
1836 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

[White Patch: Februar>' 63-125 |im 125-250 nm I 250-500 jim 1500-1000 (im >1000 pni Total 

A. pseudospiraiis 0 4 12 4 0 20 

S. wrightii 0 0 4 0 0 4 

E. scabrum 0 120 56 0 0 176 

T. earlandi 0 8 0 0 0 8 

T. sagittula 0 12 16 0 0 28 

C. invofvens 8 16 0 0 0 24 

Adelosina sp. 1 0 4 0 0 0 4 

Adelosina sp. 2 0 4 0 0 0 4 

Q. aspera 0 0 16 0 0 16 

Q. cliarensis 4 20 0 0 0 24 

Q. cf. cliarensis 0 0 4 0 0 4 

Q. lata 12 128 36 0 0 176 

Q. oblonga 20 0 0 0 0 20 

O. seminulum 0 24 4 0 0 28 

M. circularis var. elongata 4 0 0 0 0 4 

M. subrotunda 12 0 0 0 0 12 

L orbiculatis 4 4 0 0 0 8 

A. sp. cf. / I . scalaris 0 4 0 0 0 4 

G. gibba 0 20 0 0 0 20 

F. lucida 4 44 0 0 0 48 

B. pseudopurtctata 0 8 0 0 0 8 

B. spathulata 8 24 0 0 0 32 

B. variabilis 24 36 0 0 0 60 

S. concava var. loeblichi 0 12 0 0 0 12 

B. elongata 12 24 0 0 0 36 

B. marginata 0 4 0 0 0 4 

T. anguiosa 0 16 0 0 0 16 

R. williamsoni 8 0 0 0 0 8 

C. lobatulus 0 4 16 0 0 20 

P. mediterranensis 0 0 4 0 0 4 

H. gennanica 0 8 0 0 0 8 

N. depressulus 4 0 0 0 0 4 

S'onionella sp. 4 0 0 0 0 4 

A. batavus 8 312 868 32 0 1220 

E. crispum 0 0 28 488 4 520 

E. gerthi 4 8 0 0 0 12 
2600 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

tWhite Patch: March 63-125 fUQ 125-250 f i i n 1 250-500 j n n 500-1000 pun | >1000 pm | Total | | 

A. pseudospiralis 0 2 0 0 0 2 

E. scabnan 0 28 20 0 0 48 

C. obscura 2 0 0 0 0 2 

S. vivipara 8 0 0 0 0 8 

A/, secans 0 0 0 0 4 4 

Q. aspera 0 0 14 4 0 18 

1. bicomis 0 0 0 2 0 2 

Q. cliarensis 0 6 2 0 0 8 

Q. dimidiata 10 0 0 0 0 10 

Q. lata 4 0 0 2 0 6 

Q. oblonga 12 6 2 0 0 20 

Q. seininulum 0 6 12 0 0 18 

M. subrotunda 4 6 2 0 0 12 

L. interrupta 0 2 0 0 0 2 

F. lucida 16 2 0 0 0 18 

Fissurina sp. 2 0 2 0 0 0 2 

B. pseudopunctata 8 0 0 0 0 8 

B. spathulata 6 2 0 0 0 8 

B. variabilis 8 0 0 0 0 8 

S. concava var. loeblichi 2 2 2 0 0 6 

B. elongata 6 10 0 0 0 16 

F. fusiformis 8 0 0 0 0 8 

G. praegeri 2 2 0 0 0 4 

R. globularis 0 2 0 0 0 2 

R. wiliiamsoni 2 2 0 0 0 4 

C. lobatulus 0 0 4 0 0 4 

A. mamilla 2 0 0 0 0 2 

N. depressulus 4 6 0 0 0 10 

Nonionella sp. 0 2 0 0 0 2 

A. batavus 10 72 308 20 0 410 

E. crispum 0 6 4 188 0 198 
870 
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APPENDIX D: NUMBER OF SPECIMENS PER GRAB. 

White Patch: Apr i l 63-125 pm 125-250 250-500 500-1000 run 1 >1000piii Total 1 

C. involvens 0 1 0 0 0 1 

0. aspera 1 0 2 1 0 4 

Q. cliarensis 0 0 1 0 0 1 

Q. dimidiata 6 0 0 0 0 6 

O. lata 2 0 0 0 0 2 

Q. oblonga 6 7 0 0 0 13 

Q. seminulum 1 1 3 0 0 5 

M. subrotunda 1 0 0 0 0 1 

F. marginata 1 0 0 0 0 1 

F. orbignyana 1 0 0 0 0 1 

B. striatula 1 0 0 0 0 1 

B. spathulata 2 0 0 0 0 2 

B. variabilis 11 0 0 0 0 11 

S. concava var. loeblichi 1 1 0 0 0 2 

B. elongata 4 0 0 0 0 4 

B. elegantissima 2 0 0 0 0 2 

Uvigerina sp. 1 0 0 0 0 1 

F. fusiformis 4 0 0 0 0 4 

M depressulus 2 1 0 0 0 3 

A. batavus 4 5 23 0 0 32 

E. crispum 0 0 0 4 0 4 
101 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

White Patch: May 63-125 (im 125-250^111 250-500 pin 500-1000 fun >1000Min| Total | | 

P. bowmani 0 6 0 0 0 6 

H. bradyi 6 0 0 0 0 6 

C. jejfreysii 0 4 0 0 0 4 

S. wrightii 0 0 6 0 0 6 

D. ochracea sinuosa 2 0 0 0 0 2 

E. scabrum 0 0 8 0 0 8 

T. sagittula 2 0 2 0 0 4 

C. involvens 2 0 0 0 0 2 

Adelosina sp. 1 2 4 0 0 0 6 

Q. aspera 0 0 2 0 0 2 

Q. cliarensis 0 2 2 0 0 4 

Q. cf cliarensis 0 2 0 2 0 4 

0. dimidiata 32 6 0 0 0 38 

Q. lata 38 10 0 0 0 48 

Q. oblonga 22 88 0 0 0 110 

Q. seminulum 4 4 0 0 0 8 

A/, circularis var. elongata 8 12 0 0 0 20 

M. subrotunda 2 12 0 0 0 14 

A. sp. cC ̂ . scalaris 2 0 0 0 0 2 

G. gibba 2 10 0 0 0 12 

F. lucida 10 6 0 0 0 16 

F. orbignyana 0 2 0 0 0 2 

Fissurina sp. 2 0 2 0 0 0 2 

B. pseudoplicata 2 0 0 0 0 2 

B. pseudopunctata 10 0 0 0 0 10 

B. spathulata 18 0 0 0 0 18 

B. variabilis 34 6 0 0 0 40 

S. concava var. loeblichi 6 2 0 0 0 8 

B. elongata 20 24 0 0 0 44 

B. marginata 6 6 0 0 0 12 

B. elegantissima 12 0 0 0 0 12 

Uvigerina spt 24 0 0 0 0 24 

T. anguiosa 2 4 0 0 0 6 

F. fusiformis 16 0 0 0 0 16 

G. praegeri 0 10 0 0 0 10 

R. anomala 0 2 0 0 0 2 

R. williamsoni 4 2 0 0 0 6 

C. lobatulus 0 8 6 0 0 14 

C. pseudoungerianus 0 2 0 0 0 2 

P. mediterranensis 0 2 0 0 0 2 

A. mamilla 0 2 0 0 0 2 

H. germanica 8 0 0 0 0 8 

N. depressulus 8 26 0 0 0 34 

Nonionella sp. 4 6 0 0 0 10 

A. batavus 20 52 88 4 0 164 

E. crispum 10 42 12 84 0 148 

E. gerthi 40 28 0 0 0 68 
988 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

MOOOfHD I Total I hite Patch: June 63-125 125-250)1111 250-500 Mm 500-1000^10 

H. bradyi 2 0 0 0 0 2 

A. pseudospiralis 0 0 2 0 0 2 

S. wrightii 0 0 4 0 0 4 

C. involvens 0 2 0 0 0 2 

C. diffusa 0 2 0 0 0 2 

Adelosina sp. 1 0 2 0 0 0 2 

Adelosina sp. 2 0 2 0 2 0 4 

Q. aspera 0 0 0 4 0 4 

Q. cliarensis 0 0 4 0 0 4 

Q. dimidiata 14 0 0 0 0 14 

Q. lata 4 6 0 0 0 10 

Q. oblonga 18 40 0 0 0 58 

Q. seminuium 8 16 10 0 0 34 

A/, circularis var. elongata 20 60 4 0 0 84 

M. subrotunda 6 0 2 0 0 8 

L. clavata 2 2 0 0 0 4 

L. sulcata 0 4 0 0 0 4 

F lucida 0 2 0 0 0 2 

Fissurina sp. 1 2 0 0 0 0 2 

B. pseudopunctata 6 0 0 0 0 6 

B. spathulata 10 0 0 0 0 10 

B. variabilis 22 0 0 0 0 22 

S. concava var. loeblichi 2 4 0 0 0 6 

B. elongata 0 6 0 0 0 6 

B. elegantissima 4 0 0 0 0 4 

F. fusiformis 8 0 0 0 0 8 

A. mamilla 0 2 0 0 0 2 

N. depressulus 0 16 0 0 0 16 

Nonionella sp. 2 2 4 0 0 8 

B. frigida 2 0 0 0 0 2 

A. batavus 44 96 10 4 0 154 

E. crispum 0 86 90 32 0 208 

E. gerthi 4 8 0 0 0 12 
710 
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APPENDIX U : NUMBER OF SPECIMENS PER GRAB. 

IWhite Patch* July 63-125pm 125-250Mm 2SO-S0OMni S0O-1000|IID MOOOpm Total 11 

P. bowwani 0 4 0 0 0 4 

T. teivyense 0 8 0 0 0 8 

H. bradyi 12 0 0 0 0 12 

R. scottii 12 8 0 0 0 20 

A. pseudospi rati s 0 16 40 20 0 76 

S. wrightii 0 0 4 0 0 4 

D. ochracea sinuosa 8 0 0 0 0 8 

D. rotaliformis 4 0 0 0 0 4 

E. scabrum 0 20 4 0 0 24 

T. earlandi 16 48 0 0 0 64 

T. sagittula 0 4 20 4 0 28 

C. obscura 8 0 0 0 0 8 

S. vivipara 4 0 0 0 0 4 

C. involvens 0 8 8 0 0 16 

C. diffusa 0 0 4 4 0 8 

Adelosina sp. 1 0 12 4 0 0 16 

Adelosina sp. 2 0 4 0 0 0 4 

S. excavata 0 0 4 0 0 4 

Q. aspera 16 8 4 4 0 32 

Q. cliarensis 0 4 12 0 0 16 

Q. cf. cliarensis 0 0 24 0 0 24 

Q. dimidiata 88 0 0 0 0 88 

Q. lata 36 24 0 0 0 60 

Q. mediterranensis 0 16 20 0 0 36 

Q. oblonga 24 104 4 0 0 132 

Q. seminulum 16 152 68 0 0 236 

A/, circularis var. elongata 52 76 24 0 0 152 

A/, subrotunda 244 80 0 0 0 324 

L. clavata 12 16 0 0 0 28 

L gracilis 0 4 0 0 0 4 

L. perlucida 8 0 0 0 0 8 

G. gibba 0 12 0 0 0 12 

F. lucida 24 32 0 0 0 56 

B. pseudoplicata 20 0 0 0 0 20 

B. spathulata 36 4 0 0 0 40 

B. variabilis 40 4 0 0 0 44 

S. concava var. loeblichi 8 4 0 0 0 12 

B. elongata 16 32 0 0 0 48 

B. elegantissima 4 0 0 0 0 4 

Uvigerina sp 32 0 0 0 0 32 

T. angulosa 12 4 0 0 0 16 

F. fusiformis 12 0 0 0 0 12 

R. williamsoni 8 4 0 0 0 12 

P. mediterranensis 0 4 0 0 0 4 

H. germanica 20 0 0 0 0 20 

N. depressulus 24 116 0 0 0 140 

Nonionella sp 0 0 8 0 0 8 
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APPENDIX n: NUMBER OF SPECIMENS PER GRAB. 

White Patch: July 63-125 fUD 125-250 Mm 250-SOOpii] 500-1000 fim >1000pm Total 1 

B. JHgida 4 0 0 0 0 4 

A. batavus 40 156 220 0 0 416 

E. crispum 4 12 336 412 8 772 

E. gerthi 28 32 0 0 0 60 
3184 
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APPENDIX l U : CAWSAND BAY; ABSOLUTE ABUNDANCE OF FORAMINIFERID GROUPS. 

1 no. per grab no. per lOOg 63-125^111 125-250 (un 250-500 pjn 500-1000 pm >1000fim Teitulartlna Splrilllnlna MilioUna Logenlna Rotolllna ll^nllnc unilocular untscrlal | 

Aug 2872 2513 1100 1312 400 60 0 116 0 696 44 2004 2060 44 64 

Sep 3092 1106 1544 1044 432 72 0 20 8 704 112 2248 2368 108 20 

Oct 1460 995 316 944 188 12 0 0 0 1068 44 348 392 44 0 

Nov 558 333 306 172 66 14 0 8 2 174 22 352 376 22 4 

Dec 132 158 33 45 35 19 0 1 0 81 4 46 50 3 0 

Jan 418 379 164 116 130 8 0 14 2 112 18 272 292 20 2 

Feb 984 696 220 404 304 56 0 12 0 268 22 682 704 20 2 

Mar 1540 716 584 616 308 32 0 64 4 576 32 864 900 28 8 

Apr 514 454 222 158 126 8 0 4 0 120 4 386 390 6 0 

May 392 233 137 205 47 2.67 0 6.67 0 80 16 289 305 18.7 1.3 

JUD 136 93 31 62 40 3 0 1 0 46 4 85 89 4 0 

Jul 252 182 76 130 39 7 0 32 0 86 5 129 134 9 18 

1 blserial triscriol plnnlsptrol trochospiml qulnquclocullne other colling round arch silt pore other aperture bifaunal cplfaunal hcrfaU'orcs dctrlUvores Buspcnston-fcedcrs | 

Aug 88 100 1156 800 620 0 188 1584 44 1056 0 1788 964 2468 276 8 

Sep 108 156 1244 948 508 0 276 1780 104 928 4 1848 924 2408 332 32 

Oct 56 16 148 160 1036 0 144 1184 32 100 0 320 1052 1300 72 0 

Nov 20 6 180 158 168 0 36 326 22 172 2 318 208 468 54 4 

Dec 2 3 15 31 78 0 5 114 3 10 0 43 83 120 6 0 

Jan 36 26 48 176 110 0 50 306 16 44 2 250 136 314 62 8 

Feb 82 40 140 438 262 0 92 742 22 128 0 600 354 806 136 12 

Mar 104 88 364 388 560 0 72 1096 28 340 4 832 644 1276 196 4 

Apr 16 8 162 204 118 0 18 324 10 162 0 360 148 478 24 6 

May 21 27 145 101 77 0 42.7 192 14.7 141 1.33 260 110.7 313 49.3 8 

Jun 3 7 40 36 43 3 18 73 3 40 2 48 82 117 12 I 

Jul 19 6 88 25 86 1 30 118 5 92 7 107 132 196 39 4 

453 



APPENDIX I I I : CAWSAND BAY; RELATIVE ABUNDANCE OF FORAMINIFERID GROUPS. 

1 no. per grab 63-125 run 125-250 Mm 250-500 Mm 500-1000 Mm >IOO0Mni TcxtularUnii SplrUIinlnn MUioUna Lagcnina RotoUlna li^nllnc unilocular untscriol blscrinl 

Aug 2872 38.30 45.68 13.93 2.09 0.00 4.04 0.00 24.23 1.53 69.78 71.73 1.53 2.23 3.06 

Sep 3092 49.94 33.76 13.97 2.33 0.00 0.65 0.26 22.77 3.62 72.70 76.58 3.49 0.65 3.49 

Oct 1460 21.64 64.66 12.88 0.82 0.00 0.00 0.00 73.15 3.01 23.84 26.85 3.01 0.00 3.84 

Nov 558 54.84 30.82 11.83 2.51 0.00 1.43 0.36 31.18 3.94 63.08 67.38 3.94 0.72 3.58 

Dec 132 25.00 34.09 26.52 14.39 0.00 0.76 0.00 61.36 3.03 34.85 37.88 2.27 0.00 1.52 

Jan 418 39.23 27.75 31.10 1.91 0.00 3.35 0.48 26.79 4.31 65.07 69.86 4.78 0.48 8.6! 

Feb 984 22.36 41.06 30.89 5.69 0.00 1.22 0.00 27.24 2.24 69.31 71.54 2.03 0.20 8.33 

Mar 1540 37.92 40.00 20.00 2.08 0.00 4.16 0.26 37.40 2.08 56.10 58.44 1.82 0.52 6.75 

Apr 514 43.19 30.74 24.51 1.56 0.00 0.78 0.00 23.35 0.78 75.10 75.88 1.17 0.00 3.11 

May 392 34.95 52.30 11.99 0.68 0.00 1.70 0.00 20.41 4.08 73.72 77.81 4.77 0.33 5.36 

Jun 136 22.79 45.59 29.41 2.21 0.00 0.74 0.00 33.82 2.94 62.50 65.44 2.94 0.00 2.2! 

Jul 252 30.16 51.59 15.48 2.78 0.00 12.70 0.00 34.13 1.98 51.19 53.17 3.57 7.14 7.54 

trtscrtnl pbuilspinil trochosplrnl qulnqucloculine other coiling round arch sUt pore oth aperture (nfounal eplfaunnl herbivores detfillvorcs suspension* 
feeders 

Aug 3.48 40.25 27.86 21.59 0.00 6.55 55.15 1.53 36.77 0.00 62.26 33.57 85.93 9.61 0.28 

Sep 5.05 40.23 30.66 16.43 0.00 8.93 57.57 3.36 30.01 0.13 59.77 29.88 77.88 10.74 1.03 

Oct l.IO 10.14 10.96 70.96 0.00 9.86 81.10 2.19 6.85 0.00 21.92 72.05 89.04 4.93 0.00 

Nov 1.08 32.26 28.32 30.11 0.00 6.45 58.42 3.94 30.82 0.36 56.99 37.28 83.87 9.68 0.72 

Dec 2.27 11.36 23.48 59.09 0.00 3.79 86.36 2.27 7.58 0.00 32.58 62.88 90.9! 4.55 0.00 

Jan 6.22 11.48 42.11 26.32 0.00 11.96 73.21 3,83 10.53 0.48 59.81 32.54 75.12 14.83 1.91 

Feb 4.07 14.23 44.51 26.63 0.00 9.35 75.4! 2.24 13.01 0.00 60.98 35.98 81.9! 13.82 1.22 

Mar 5.71 23.64 25.19 36.36 0.00 4.68 71.17 1.82 22.08 0.26 54.03 41.82 82.86 12.73 0.26 

Apr 1.56 31.52 39.69 22.96 0.00 3.50 63.04 1.95 31.52 0.00 70.04 28.79 93.00 4.67 1.17 

May 6.89 36.99 25.77 19.64 0.00 10.89 48.98 3.75 35.97 0.34 66.33 28.24 79.85 12.58 2.04 

Jun 5.15 29.41 26.47 31.62 2.21 13.24 53.68 2.21 29.41 1.47 35.29 60.29 86.03 8.82 0.74 

Jul 2.38 34.92 9.92 34.13 0.40 11.90 46.83 1.98 36.51 2.78 42.46 52.38 77.78 15.48 1.59 
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CROUPS. 

1 no. per grab no. per lOOg 63-125 Mm 125-250 |iin 250-500 iun 500-1000^ >1000fini Tcxtularllna SplrllllnlnQ MUloIlmi Lagcnlnn Rotalllna lljuilnc unilocular unlscriol 1 

Aug 546 374 378 94 66 6 2 30 2 282 18 214 234 12 2 

Sep 454 295 304 72 64 14 0 32 12 242 12 156 180 16 0 

Oct 208 122 142 40 22 4 0 11 2 118 5 72 79 10 0 

Nov 222 150 114 66 40 2 0 6 2 112 2 100 104 6 0 

Dec 22 34 13 4 5 0 0 2 0 12 0 8 8 0 0 

Jan 149 118 86 54 8 1 0 20 0 48 I 80 81 14 0 

Feb 56 116 24 18 14 0 0 6 0 20 1 29 30 3 0 

Mar 93 95 69 5 18 1 0 3 1 46 1 42 44 1 0 

Apr 18 26 14 I 2 1 0 1 0 11 0 6 6 0 I 

May 216 236 107 99 10 0 0 36 0 66 3 111 114 20 5 

Jun 102 172 51 41 6 4 0 4 0 74 0 24 24 3 0 

Jul 157 141 89 57 11 0 0 13 0 71 1 72 73 13 0 

1 blserlol trlscrinl plnnispIroJ trochosplrol quinquclocuUnc other coiling round arch aUt pore other aperture Infaunnl eplfauiml herbivores detrlth'ores suspension-feeders | 

Aug 58 44 76 68 276 10 40 440 18 48 0 146 370 380 104 22 

Sep 50 8 84 52 240 4 38 342 18 56 0 68 364 342 60 22 

O a 19 9 25 28 117 0 27 161 4 16 0 53 141 162 28 2 

Nov 14 12 44 34 112 0 36 142 2 42 0 76 138 172 28 12 

Dec 5 0 2 3 12 0 0 21 0 1 0 5 17 16 5 1 

Jan 14 15 26 31 48 1 12 104 1 32 0 68 69 101 29 7 

Feb 3 3 13 13 20 1 8 36 1 11 0 25 28 42 6 5 

Mar 6 3 25 12 45 1 11 61 1 20 0 32 58 73 9 7 

Apr 0 0 3 3 11 0 2 12 1 3 0 5 13 15 2 1 

May 9 28 69 19 64 2 31 96 4 83 2 100 101 154 39 8 

Jun 2 1 17 5 73 1 9 76 0 17 0 18 80 94 2 2 

Jul 11 8 44 9 69 3 16 91 4 46 0 57 93 124 19 7 
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APPENDIX I D : DRAKE'S ISLAND; RELATIVE ABUNDANCE OF FORAMINIFERID CROUPS. 

1 63-125 |iin 125-250 run 250-500 |un 500-1000 run >1000run Textularilmi SpirUUnlna MUloUiia I^gcnfaia RotaUInn il}-ailne unilocular unbcriol blserinl triscriol 1 

Aug 69.23 17.22 12.09 1.10 0.37 5.49 0.37 51.65 3.30 39.19 42.86 2.20 0.37 10.62 8.06 

Sep 66.96 15.86 14.10 3.08 0.00 7.05 2.64 53.30 2.64 34.36 39.65 3.52 0.00 11.01 1.76 

Oct 68.27 19.23 10.58 1.92 0.00 5.29 0.96 56.73 2.40 34.62 37.98 4.81 0.00 9.13 4.33 

Nov 51.35 29.73 18.02 0.90 0.00 2.70 0.90 50.45 0.90 45.05 46.85 2.70 0.00 6.31 5.41 

Dec 59.09 18.18 22.73 0.00 0.00 9.09 0.00 54.55 0.00 36.36 36.36 0.00 0.00 22.73 0.00 

Jan 57.72 36.24 5.37 0.67 0.00 13.42 0.00 32.21 0.67 53.69 54.36 9.40 0.00 9.40 10.07 

Feb 42.86 32.14 25.00 0.00 0.00 10.71 0.00 35.71 1.79 51.79 53.57 5.36 0.00 5.36 5.36 

Mar 74.19 5.38 19.35 1.08 0.00 3.23 1.08 49.46 1.08 45.16 47.31 1.08 0.00 6.45 3.23 

Apr 77.78 5.56 11.11 5.56 0.00 5.56 0.00 61.11 0.00 33.33 33.33 0.00 5.56 0.00 0.00 

May 49.54 45.83 4.63 0.00 0.00 16.67 0.00 30.56 1.39 51.39 52.78 9.26 2.31 4.17 12.96 

Jun 50.00 40.20 5.88 3.92 0.00 3.92 0.00 72.55 0.00 23.53 23.53 2.94 0.00 1.96 0.98 

Jul 56.69 36.31 7.01 0.00 0.00 8.28 0.00 45.22 0.64 45.86 46.50 8.28 0.00 7.01 5.10 

1 plonisplrol (rochosplnil qulnquclocullne other coUIng round arch sUt pore other aperture Infuunol epiraunol herbivores dctritU'orcs SOS pension-feeders | 

Aug 13.92 12.45 50.55 1.83 7.33 80.59 3.30 8.79 0.00 26.74 67.77 69.60 19.05 4.03 

Sep 18.50 11.45 52.86 0.88 8.37 75.33 3.96 12.33 0.00 14.98 80.18 75.33 13.22 4.85 

Oct 12.02 13.46 56.25 0.00 12.98 77.40 1.92 7.69 0.00 25.48 67.79 77.88 13.46 0.96 

Nov 19.82 15.32 50.45 0.00 16.22 63.96 0.90 18.92 0.00 34.23 62.16 77.48 12.61 5.41 

Dec 9.09 13.64 54.55 0.00 0.00 95.45 0.00 4.55 0.00 22.73 77.27 72.73 22.73 4.55 

Jan 17.45 20.81 32.21 0.67 8.05 69.80 0.67 21.48 0.00 45.64 46.31 67.79 19.46 4.70 

Feb 23.21 23.21 35.71 1.79 14.29 64.29 1.79 19.64 .0.00 44.64 50.00 75.00 10.71 8.93 

Mar 26.88 12.90 48.39 1.08 11.83 65.59 1.08 21.51 0.00 34.41 62.37 78.49 9.68 7.53 

Apr 16.67 16.67 61.11 0.00 11.11 66.67 5.56 16.67 0.00 27.78 72.22 83.33 11.11 5.56 

May 31.94 8.80 29.63 0.93 14.35 44.44 1.85 38.43 0.93 46.30 46.76 71.30 18.06 3.70 

Jun 16.67 4.90 71.57 0.98 8.82 74.51 0.00 16.67 0.00 17.65 78.43 92.16 1.96 1.96 

Jul 28.03 5.73 43.95 1.91 10.19 57.96 2.55 29.30 0.00 36.31 59.24 78.98 12.10 4.46 
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APPENDIX I I I : W H I T E PATCH; ABSOLUTE ABUNDANCE OF FORAMINIFERID GROUPS. 

no. per grab no. per lOOg 63-125 fun 125-250 Mm 250-500 iim 500-1000 tun >1000Mni TeitularUna SplrUUnhu MUloUnn fjigentna RotalUna liyaUnc unilocular unlscriol 

Aug 3924 2473 1916 840 780 388 0 120 0 1100 112 2592 2704 100 0 

Sep 4580 2169 2356 1052 812 360 0 104 0 1072 172 3232 3404 160 44 

Gel 1012 562 324 368 320 0 0 12 0 228 64 708 772 64 4 

Nov 1644 1093 680 364 508 92 0 24 0 404 72 1144 1216 60 8 

Dec 602 700 270 152 152 28 0 0 0 220 18 364 382 12 2 

Jan 1836 1074 296 472 660 408 0 44 0 316 32 1444 1476 40 24 

Feb 2600 1561 140 868 1064 524 4 236 0 316 80 1968 2048 48 24 

Mar 870 916 114 166 370 216 4 52 8 98 22 690 720 22 4 

Apr 101 80 51 16 29 5 0 0 0 33 2 66 68 2 0 

May 988 244 378 394 126 90 0 36 0 256 34 662 696 32 2 

Jun 710 727 180 358 130 42 0 8 0 226 12 464 476 14 4 

Jul 3184 1926 892 1032 808 444 8 260 4 1148 108 1664 1776 120 112 

blsertal triserlal pLmlsplral trochosplral qulnquelocullne other colling round arch sUt pore other aperture Infaunol eplfaunol herbivores detrtUvores suspcnslon-fccdcra 

Aug 476 348 1172 792 1036 0 540 2376 72 936 0 1616 2112 2852 864 12 

Sep 768 348 864 1376 1020 0 788 2924 160 692 16 2604 1684 3096 1164 28 

Oct 96 28 48 552 212 8 136 784 56 32 4 660 268 784 128 16 

Nov 292 76 144 684 380 0 188 1284 60 112 0 1048 492 1148 388 4 

Dec 104 26 76 200 182 0 56 496 16 34 0 326 216 402 140 0 

Jan 164 36 372 896 300 4 152 1284 28 364 8 1096 668 1540 220 4 

Feb 152 232 576 1256 292 20 112 1860 96 532 0 1600 892 2056 412 24 

Mar 38 64 216 428 94 4 66 568 26 208 2 526 312 724 106 8 

Apr 20 7 8 32 32 0 16 76 2 7 0 62 36 71 27 0 

May 104 106 264 214 254 12 138 612 42 196 0 416 516 686 218 28 

Jun 56 10 238 166 222 0 40 424 6 238 2 244 440 594 90 0 

Jul 224 124 1012 456 1124 12 320 1760 144 944 16 936 2056 2532 452 4 
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APPENDIX H I : W H I T E PATCH; RELATIVE ABUNDANCE OF FORAMINIFERIP GROUPS. 

63-125 fun 125-250 |un 250-500 fun 500-1000 |un >1000pLni Tcitulnrilna SplrilUnlna MiUoUna Lagenina Rotalllna lljiillne unilocular untserlal 

Aug 48.83 21.41 19.88 9.89 0.00 3.06 0.00 28,03 2.85 66.06 68.91 2.55 0.00 

Sep 51.44 22.97 17.73 7.86 0.00 2.27 0.00 23.41 3.76 70.57 74.32 3.49 0.96 

Oct 32.02 36.36 31.62 0.00 0.00 1.19 0.00 22.53 6.32 69.96 76.28 6.32 0.40 

Nov 41.36 22.14 30.90 5.60 0.00 1.46 0.00 24.57 4.38 69.59 73.97 3.65 0.49 

Dec 44.85 25.25 25.25 4.65 0.00 0.00 0.00 36.54 2.99 60.47 63.46 1.99 0.33 

Jan 16.12 25.71 35.95 22.22 0.00 2.40 0.00 17.21 1.74 78.65 80.39 2.18 1.31 

Feb 5.38 33.38 40.92 20.15 0.15 9.08 0.00 12.15 3.08 75.69 78.77 1.85 0.92 

Mar 13.10 19.08 42.53 24.83 0.46 5.98 0.92 11.26 2.53 79.31 82.76 2.53 0.46 

Apr 50.50 15.84 28.71 4.95 0.00 0.00 0.00 32.67 1.98 65.35 67.33 1.98 0.00 

May 38.26 39.88 12.75 9.11 0.00 3.64 0.00 25.91 3.44 67.00 70.45 3.24 0.20 

Jun 25.35 50.42 18.31 5.92 0.00 1.13 0.00 31.83 1.69 65.35 67.04 1.97 0.56 

Jul 28.02 32.41 25.38 13.94 0.25 8.17 0.13 36.06 3.39 52.26 55.78 3.77 3.52 

btseriol trlseriol ptoiUspiral trochosplral quinquelocuUnc other coiling round arch sUt pore other aperture Infaunnl epifttunnl herbivores dctrlUvores suspcnsion-feede ra 

Aug 12.13 8.87 29.87 20.18 26.40 0.00 13.76 60.55 1.83 23.85 0.00 41.18 53.82 72.68 22.02 0.31 

Sep 16.77 7.60 18.86 30.04 22.27 0.00 17.21 63.84 3.49 15.11 0.35 56.86 36.77 67.60 25.41 0.61 

Oct 9.49 2.77 4.74 54.55 20.95 0.79 13.44 77.47 5.53 3.16 0.40 65.22 26.48 77.47 12.65 1.58 

Nov 17.76 4.62 8.76 41.61 23.11 0.00 11.44 78.10 3.65 6.81 0.00 63.75 29.93 69.83 23.60 0.24 

Dec 17.28 4.32 12.62 33.22 30.23 0.00 9.30 82.39 2.66 5.65 0.00 54.15 35.88 66.78 23.26 0.00 

Jan 8.93 1.96 20.26 48.80 16.34 0.22 8.28 69.93 1.53 19.83 0.44 59.69 36.38 83.88 11.98 0.22 

Feb 5.85 8.92 22.15 48.31 11.23 0.77 4.31 71.54 3.69 20.46 0.00 61.54 34.31 79.08 15.85 0.92 

Mar 4.37 7.36 24.83 49.20 10.80 0.46 7.59 65.29 2.99 23.91 0.23 60.46 35.86 83.22 12.18 0.92 

Apr 19.80 6.93 7.92 31.68 31.68 0.00 15.84 75.25 1.98 6.93 0.00 61.39 35.64 70.30 26.73 0.00 

May 10.53 10.73 26.72 21.66 25.71 1.21 13.97 61.94 4.25 19.84 0.00 42.11 52.23 69.43 22.06 2.83 

Jun 7.89 1.41 33.52 23.38 31.27 0.00 5.63 59.72 0.85 33.52 0.28 34.37 61.97 83.66 12.68 0.00 

Jul 7.04 3.89 31.78 14.32 35.30 0.38 10.05 55.28 4.52 29.65 0.50 29.40 64.57 79.52 14.20 0.13 
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APPENDIX 111: DIVERSITY MEASURES. 

CAWSAND BAY DRAKE'S ISLAND WHITE PATCH 

Alpha Shannon Richness Evenness Alpha Shannon Richness Evenness Alpha Shannon Richness Evenness 
Aug 4 2.37 3.64 0.698 10 2.9 6.51 0.776 6 2.78 4.83 0.749 
Sep 6 2.55 4.6 0.701 10 2.89 5.88 0.802 8 2.8 6.05 0.709 

Oct 3 1.72 2.88 0.557 14 2.71 6.93 0.744 6 2.1 4.48 0.606 
Nov 6 2.27 4.27 0.682 10 2.97 5.37 0.874 7 2.48 5.39 0.667 

Dec 6 1.96 3.69 0.667 3 2.35 3.56 0.946 6 2.45 4.37 0.727 
Jan 8 2.45 5.3 0.7 9 2.89 5 0.888 5 1.93 4.12 0.556 

Feb 6 2.13 4.64 0.608 7 2.78 4.97 0.912 6 1.98 4.45 0.551 

Mar 5 2.16 3.68 0.65 8 2.34 4.63 0.758 6 1.95 4.43 0.568 

Apr 4 1.79 3.04 0.598 2 1.78 2.77 0.812 7 2.43 4.33 0.799 

May 9 2.4 5.69 0.676 12 2.87 6.51 0.801 10 3.03 6.67 0.788 

Jun 8 2.3 4.68 0.725 7 2.4 4.11 0.801 7 2.38 4.88 0.682 

Jul 8 2.57 4.88 0.772 8 2.73 4.55 0.859 8 2.88 5.96 0.74 
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APPENDIX IV: W E I G H T O F SEDIMENT R E T A I N E D UPON S f E V E S (g); CAWSAND BAY. 
Phi Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul 

-1.00 0.31 0.49 0.01 0.07 0.10 0.17 0.06 0.05 0.53 0.16 0.41 0.18 

0.00 0.44 0.41 0.01 0.01 0.04 0.01 0.01 0.01 0.06 0.02 0.13 0.01 

0.50 0.34 0.31 0.18 0.06 0.27 0.30 0.35 0.11 0.36 0.21 l . l l 0.19 

1.00 0.45 0.57 0.13 0.07 0.36 0.29 0.43 0.06 0.21 0.20 0.46 0.16 

1.50 0.54 0.69 0.19 0.18 0.44 0.36 0.65 0.19 0.36 0.23 0.62 0.35 

2.00 0.96 0.82 0.23 0.52 0.76 1.34 0.79 0.31 1.88 1.61 1.13 1.08 

2.50 2.86 2.13 1.95 16.30 9.15 26.17 4.23 3.28 23.99 12.90 26.23 17.96 

3.00 19.34 23.57 10.63 52.03 62.54 139.30 28.39 28.55 85.61 44.79 51.20 39.40 

3.50 36.20 51.87 9.47 22.69 27.11 30.02 22.99 31.41 42.01 23.04 16.12 13.93 

4.00 19.84 29.28 7.44 6.63 15.77 22.33 10.75 22.27 16.28 13.54 8.31 8.10 

Total 81 110 30 99 117 220 69 86 171 97 106 81 

APPENDIX IV: W E I G H T O F SEDIMENT R E T A I N E D UPON S I E V E S ,(g); D R A K E ' S ISLAND. 
Phi Aug Sep Ocl Nov Dec Jan Feb Mar Apr May Jun Jul 

-1.00 0.44 5.33 0.5 0.36 1.62 0.08 0.77 0.68 1.47 0.53 0.34 0.7 

0.00 1 10.12 0.64 0.1 0.34 0.05 0.36 0.41 0.56 0.01 0.09 0.12 

0.50 1.84 4.59 4 2.72 4.71 3.6 7.62 12.34 20.6 1.14 1.96 3.93 

1.00 7.12 8.46 6.27 5.12 16.46 5.23 17.61 27.01 17.29 1.93 4.55 9.36 

1.50 17.61 18.74 6.95 10.25 26.04 6.54 16.2 31.89 17.95 6.15 7.97 16.03 

2.00 41.88 29.26 7.37 17.7 55.7 9.73 25.01 38.17 24.98 20.11 27.39 37.86 

2.50 47.87 24.08 5.74 19.58 29.93 6.94 16.53 22.95 16.76 19.63 20.6 22.97 

3.00 63.08 19.32 0.5 10.97 17.28 2.99 7.21 9.75 7.49 12.5 13.74 13.77 

3.50 17.54 5.21 0.02 1.31 2 0.43 0.82 1.25 1.16 3.35 3.25 2.74 

4.00 2.29 1.53 0.16 0.27 0.25 0.1 0.16 0.24 0.18 0.68 0.46 0.7 

Total 200.67 126.64 32.15 68.38 154.33 35.69 92.29 144.69 108.44 66.03 80.35 108.18 
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Phi Aug Sop Oct Nov Dec Jan Feb Mar Apr May Jun 

• 1.00 20.46 4.13 4.02 8.42 37.84 30.33 5.68 15.88 14.07 31.78 15.59 15.85 

0.00 5.17 0.77 0.12 0.37 0.8 3.15 0.54 0.41 0.62 1.95 0.43 0.31 

0.50 5.33 0.98 1.51 4.92 8.12 22.31 7.55 6.54 10.4 19.34 10.32 6.53 

1.00 9.87 2.47 1.78 9.69 9.85 12.99 9.1 11.43 14.01 15.23 19.73 10.69 

1.50 14.99 5.14 2.35 20.64 12.08 9.23 13.09 16.83 14.38 13.36 17.82 12.73 

3.00 16.39 8.6 4.67 28.07 16.63 7.57 23.31 19.76 16.97 17.32 25.53 19.67 

2.50 10.02 7.25 9.29 36.82 16.37 6.02 20.06 15.97 11.05 20.27 19.29 13.91 

3.00 12.4 8.9 6.66 33.06 28.94 10.39 18.45 11.36 11.88 17.09 17.93 9.96 

3.50 9.51 6.57 4.11 9.18 7.32 8.25 11.55 5.92 6.66 12.91 7.98 6.78 

4.00 5.34 4.23 1.8 6.78 4.65 3.51 6.64 3.03 3.39 6.64 3.19 3.24 

Total 109.48 49.04 36.31 157.95 142.6 113.75 115.97 107.13 103.43 155.89 137.81 99.67 

Month Total sed > 63 f im < 63 nn» % < 63 MLin Month Total scd > 6 3 | u n <63 % < 63 Month Total scd >63 fun < 63 % < 63 pm 

Aug 93.08 84.70 8.38 9.00 Aug 211.20 198.67 12.53 5.93 Aug 130.26 113.48 16.78 12.88 

Sep 133.05 120.24 12.81 9.63 Sep 50.05 46.15 3.90 7.79 Sep 61.05 53.66 7.39 12.10 

O a 82.07 75.73 6.34 7.73 Oct 114.00 110.20 3.80 3.33 Oct 173.17 148.45 24.72 14.27 

Nov 108.24 100.26 7.98 7.37 Nov 73.68 69.68 4.00 5.43 Nov 205.32 164.54 40.78 19.86 

Doc 241.24 237.14 4.10 1.70 Dec 36.53 36.23 0.30 0.82 Dec 117.49 115.29 2.20 1.87 

Jan 137.19 121.75 15.44 11.25 Jon 162.54 154.81 7.73 4.76 Jan 156.06 147.29 8.77 5.62 

Feb 80.90 70.90 10.00 12.36 Feb 96.10 93.50 2.60 2.71 Feb 138.70 118.50 20.20 14.56 

Mar 109.00 90.30 18.70 17.16 Mar 152.40 146.10 6.30 4.13 Mar 128.10 109.00 19.10 14.91 

Apr 199.55 180.68 18.87 9.46 Apr 115.12 110.18 4.94 4.29 Apr 118.40 104.88 13.52 11.42 

May 116.14 100.80 15.34 13.21 May 70.18 66.88 3.30 4.70 May 188.56 156.99 31.57 16.74 

Jun 127.49 107.61 19.88 15.59 Jun 83.83 82.31 1.52 1.81 Jun 162.92 139.38 23.54 14.45 

Jul 98.68 83.16 15.52 15.73 Jul 115.68 109.49 6.19 5.35 Jul 120.63 100.87 19.76 16.38 

461 



APPENDIX IV: P E R C E N T A G E O F SEDIMENTS <63 fim. 
Cawsand Bay Drake's Island White Patch 

size (microns) % below % Size (microns) % below Size (microns) % below % 

0.59 0.827 0.76 0.59 0.59 1.045 0.99 

0.71 1.8933 1.066 0.71 0.71 2.4068 1.3618 

0.86 3.1555 1.262 0.86 0.2961 0.2961 0.86 4.0324 1.6256 

1.04 

1.26 

4.4394 1.284 1.04 1.0486 0.7525 1.04 

5.6581 1.219 1.26 2.0356 0.987 1.26 

5.7002 

7.2942 

1.6678 

.594 

1.52 6.8659 1.208 1.52 3.0472 1.0116 1.52 8.8882 1.594 

1.84 8.2152 1.349 1.84 4.0712 1.024 1.84 10.7038 1.8156 

2.23 9.8799 1.665 2.23 5.3419 1.2707 2.23 12.9522 2.2484 

2.7 11.9256 2.046 2.7 7.0444 1.7025 2.7 15.7179 2.7657 

3.27 14.2541 2.329 3.27 8,9937 1.9493 3.27 18.9058 3.1879 

3.95 16.8002 2.546 3.95 11.35 2.3563 3.95 22.3998 3.494 

4.79 19.5205 2.72 4.79 14.0025 2.6525 4.79 26.1155 3.7157 

5.79 22.3605 2.84 5.79 16.914 2.9115 5.79 29.9579 3.8424 

7.01 25.2766 2.916 7.01 20.0723 3.1583 7.01 33.9059 3.948 

8.48 28.2362 2.96 8.48 23.4773 3.405 8.48 37.9594 4.0535 

10.27 

12.43 

31.2394 3.003 10.27 27.2771 3.7998 10.27 

34.3404 3.101 12.43 31.6074 4.3303 12.43 

42.2029 

46.7525 

4.2435 

4.5496 

15.05 37.6918 3.351 15.05 36.6162 5.0088 15.05 51.7138 4.9613 

18.21 41.6525 3.961 18.21 42.3653 5.7491 18.21 57.1291 5.4153 

5.8586 22.04 

26.68 

46.6577 5.005 22.04 48.8052 6.4399 22.04 

53.2081 6.55 26.68 55.8003 6.9951 26.68 

62.9877 

69.279 6.2913 

6.7031 32.29 61.6082 8.4 32.29 63.3011 7.5008 32.29 75.9821 

39.08 71.6187 10.01 39.08 71.1598 7.8587 39.08 82.9068 6.9247 

6.6081 
47.3 82.1298 10.51 47.3 79.1172 7.9574 47.3 89.5149 

57.25 

69.3 

91.6833 9.554 57.25 86.9388 7.8216 57.25 

99.2238 7.54 69.3 94.5384 7.5996 69.3 

95.2257 

99.6909 

5.7108 

4.4652 
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APPENDIX V: C A L C U L A T I O N O F ORGANIC CONTENT. 

Calculation of organic content 

Weight of salt 

. , ^ , f wet sediment weight - dry sediment weight 
Weight of salt = \ — • 

I 24.61 

Percentage loss 

fdry weight of sediment - ashed weight of sediment] 
Percentage loss = < — > 

[ dry weight of sediment J 
Correction for salt content 
_ . . . ^ ^ [weight of salt] 
Correction for salt content = < — > 

1 0.0405 J 
Percentage organic content 

Percentage organic content = percentage loss - correction for salt content 
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APPENDIX V: C A L C U L A T I O N O F ORGANIC CONTENT. 

CAWSAND BAY 
[ Month Wet weight (c) Dry weieht (g) Ashed weight (e) | 

August 1.03022 0.72602 0.70922 
September 1.00084 0.70704 0.68366 
October 1.03888 0.69123 0.66526 
November 1.00624 0.71389 0.69723 
December 1.06273 0.80527 0.78562 
January 0.98817 0.64603 0.62515 

Februao' 1.02862 0.71127 0.68637 
March 1.04753 0.72695 0.70852 
April 0.98740 0.71088 0.69447 
Mav 1.01099 0.69969 0.68259 
June 1.45859 0.97652 0.94812 
July 1.09420 0.70484 0.68784 

DRAKE'S ISLAND 
1 Month Wet weight (g) Dry weight (g) Ashed weight (g) | 

August 1.01892 0.62851 0.57566 
September 1.01886 0.69970 0.67909 
October 1.05178 0.67685 0.63627 
November 1.02369 0.60112 0.53977 
December 1.07904 0.59165 0.47068 
January 0.97928 0.53115 0.49350 
February 0.97554 0.49453 0.45242 
March 0.97698 0.59218 0.56061 
April 1.05046 0.53759 0.49821 
May 1.07528 0.70758 0.68778 
June 1.26768 0.73148 0.71143 
July 0.99673 0.57863 0.54767 
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APPENDIX V: C A L C U L A T I O N O F ORGANIC CONTENT. 

WHITE PATCH 
LMonth Wet weight iu) Dry weight (s) Ashed weight (g) | 
August 0.95946 0.57777 0.54355 
September 1.02737 0.64669 0.61146 
October 0.97495 0.64665 0.60894 
November 1.05224 0.62090 0.58338 
December 1.14353 0.67988 0.64211 
January 1.03277 0.61758 0.58571 
Februar>' 1.03291 0.63892 0.60768 
March 0.93717 0.59513 0.56459 
April 0.99759 0.66499 0.64439 
Mav 0.90246 0.46496 0.43616 
June 1.03470 0.65392 0.62486 
July 1.09628 0.78936 0.75902 
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APPENDIX V: ABSOLUTE ABUNDANCE O F O T H E R MEIOFAUNA, 

Copepoda Amphipoda Ostracoda Polychaeta Bivalvia Gastropoda Scaphopoda Acarifonncs 
CB DI WP CB DI WP CB DI WP CB DI WP CB DI WP CB DI WP CB DI WP CB DI WP 

Aug 568 56 408 24 8 0 84 768 64 0 0 0 0 70 0 0 8 0 0 6 0 0 36 0 

Sop 728 68 616 12 0 16 144 638 224 0 0 20 0 84 8 4 10 0 0 44 4 0 26 0 

Oct 632 195 160 16 2 0 56 152 12 4 0 0 0 38 0 0 5 0 0 2 0 0 37 0 

Nov 222 118 516 0 10 16 42 132 48 4 0 0 6 100 4 0 12 0 0 12 0 0 2 0 

Dec 64 34 366 1 0 2 10 25 10 0 0 0 0 19 2 0 4 0 0 5 0 0 2 0 

Jon 230 10 448 4 0 4 30 71 36 2 0 4 2 78 8 0 7 4 0 16 0 0 0 0 

Feb 490 5 220 0 3 0 46 29 52 2 I 0 2 17 8 0 0 0 0 4 0 0 0 0 

Mar 620 9 62 0 0 0 84 39 34 0 0 0 0 32 4 0 14 0 0 19 0 0 0 0 

Apr 178 17 144 6 1 1 IS 29 5 0 0 0 2 15 0 0 2 0 0 1 0 0 3 0 

May 172 29 158 1.33 3 2 50.7 178 38 5.33 0 0 2.67 56 8 0 6 2 0 8 0 0 11 0 

Jim 92 83 52 3 2 0 36 199 38 0 0 0 1 56 2 1 0 0 0 7 0 0 49 0 

Jul 362 67 472 3 0 4 66 130 112 0 0 0 3 51 4 0 0 4 0 7 0 0 2 0 
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APPENDIX V: ABUNDANCE O F C E N T R I C DIATOMS. 
Centric CB Aug C B O c t CB Jon CB Apr D l Aug D l Oct DI Jan D l A p r \VP Aug WP Oct WPJan WP Apr 

Actinocyclus octonarius 1 0 2 0 0 0 0 0 0 1 0 0 

Actinoptychus scnarius 2 0 11 12 1 0 0 0 4 4 7 6 

Actinoptychus splcndens 0 0 1 0 0 0 0 0 0 0 0 0 

Asteromphalus heptactis 1 0 1 0 0 0 0 0 0 0 0 0 

Aulacodiscus kiitonii 0 0 1 0 0 0 0 0 0 0 0 0 

Coscinodiscus marginatus 0 0 0 0 1 0 0 1 0 0 13 19 

Coscinodiscus nodullfar 0 0 0 0 0 0 0 1 7 18 37 36 

Coscinodiscus radiatus 3 0 17 16 0 0 0 0 5 13 27 8 

Podosira stalliger 0 0 2 0 0 0 0 0 0 0 20 1 

Ropcria tcsscllata 0 0 0 0 0 0 0 0 0 0 4 0 

APPENDIX V: ABUNDANCE O F PANDURIFORM DL\TOMS. 
Panduriform CJB Aug C B O c t CB Jan C B A p r D I Aug D I Oct D I Jan DI Apr WP Aug WPOct WPJan WP Apr 

Amphiprora angustata 1 0 0 1 27 0 0 2 8 0 2 0 

Amphiprora surirelloidcs 3 0 1 3 2 0 1 2 0 2 26 4 

Diploneis bombus 4 1 0 12 0 0 0 0 0 18 3 4 

Diploneis chcrsonensis 10 7 22 20 0 0 3 3 9 31 29 61 

Diploneis crabro 8 8 25 37 0 6 9 1 9 59 133 20 

Diploncis didyma 0 0 1 0 0 0 3 2 79 9 0 0 

Diploneis fusca 2 I I 0 0 0 0 0 0 0 0 0 

Diploneis sp. 0 2 4 5 0 0 0 0 1 1 0 0 

Nitzschia bilobata 1 0 0 0 0 0 0 0 0 0 1 0 

Oestrupia musca 1 0 1 0 0 0 0 0 0 0 0 0 
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APPENDIX V: ABUNDANCE OF S E M I - L A N C E O L A T E DIATOMS. 
Semi lanceolate CB Aug C B O c t CBJon CB Apr DI Aug D I O c t DI Jan D I A p r \VP Aug \VPOct \VP Jan \VP Apr 

Amphora graeffi var. minor 6 1 0 0 0 0 0 0 0 0 0 0 

Amphora grevilleana 0 1 0 0 0 0 0 0 0 0 0 0 

Amphora hyalina 4 1 0 0 0 0 0 0 0 0 4 0 

Amphora ocellata 0 0 0 0 0 0 0 0 0 0 0 I 

Amphora ostrearia 0 0 0 0 0 1 0 0 0 0 0 1 

Amphora ostrearia vor. vitrea 1 I 1 0 0 2 9 7 0 0 0 0 

Amphora robusta I 12 1 0 0 0 0 0 0 0 0 0 

Amphora spectabilis 0 2 4 0 2 I 5 3 1 I 0 0 

Amphora ventricosa 3 16 1 8 7 0 0 2 15 1 1 4 

Amphora sp. 0 2 0 3 0 0 0 0 0 I 1 0 

Hantzschia marina 0 1 0 0 0 0 0 0 0 1 0 0 

Hantzschia virgata 0 I 0 0 0 0 0 0 0 0 0 0 

Hantzschia virgata var. gracilis 0 1 0 0 0 0 0 0 0 1 0 0 0 

APPENDIX V: ABUNDANCE O F O T H E R SHAPES O F DIATOMS. 
Other CB Aug C B O c t CB Jon C B A p r D l Aug D l Oct D l J a n DI Apr \VPAog \VP Oct WPJon \VP Apr 

Crammatophora serpentina 0 0 1 0 2 0 0 1 0 2 1 2 

Licmophora Jlabellata 3 0 0 0 0 0 0 0 4 0 1 0 

Navicula cancellata 1 16 0 4 1 4 0 0 0 1 9 5 

Pinnularia rectangulata 1 0 0 0 0 4 0 1 0 0 0 4 

Pinnularia trevelyana 0 0 1 0 0 0 0 4 0 0 3 0 

Rhabdonema arcuatum 0 0 0 0 0 1 0 0 0 0 0 0 
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APPENDIX V: ABUNDANCE O F L A N C E O L A T E DIATOMS 
1 Lanceolate 1 CB Aug CB Oct CB Jon CB Apr D l Aug D l O c t D l Jan D l A p r W P A u g 1 WPOct 1 WP Jan 1 W T A p r 1 

Brebissonia boeckii 0 0 0 0 0 1 0 3 0 0 0 0 

Caloneis bravis 1 0 0 0 0 0 0 0 0 0 0 0 

Caloncis liber 4 1 0 0 0 0 0 0 1 1 0 0 

Caloneis wostii 19 6 0 0 1 7 1 0 0 0 4 2 

Navicula meniscus 3 1 0 0 8 I 0 13 0 0 0 0 

Navicula palpebralis 2 3 0 0 0 17 6 10 1 0 2 0 

Navlcula peregrina 1 1 0 2 15 20 2 5 5 5 0 3 

Navicitla phyllepta 0 1 0 0 0 0 0 0 0 0 0 0 

Navicula pseudocomoides I 0 0 0 7 7 0 0 0 0 0 0 

Navicula ^ . 8 7 1 8 18 0 0 0 4 0 0 0 

Nitzschia angularis 0 12 0 10 1 3 1 0 0 2 0 1 

Scoliopleura tumida 0 0 0 0 0 0 16 11 5 0 0 0 

Stauroneis amphioxys I 0 0 0 0 0 1 1 7 0 0 0 

Tropioneis lepidopiera 0 0 0 0 0 0 . 1 0 
0 0 0 0 

APPENDIX V: ABUNDANCE O F SIGMOID DIATON IS. 

1 Sigmoid 1 C B A u g C B O c l CBJon CB Apr D l Aug D l O c t D l J a n D l A p r 
1 W P A u g 1 W P O c t 

WPJan WF Apr 

Donkinia recta 0 1 0 0 0 0 0 1 18 0 0 0 

Gyrosigma balticum 87 4 5 0 0 2 0 0 7 0 0 0 

Gyrosigma hippocampus 9 0 0 0 0 0 0 0 0 0 0 0 

Gyrosigma Unorale 1 0 0 0 0 0 0 0 0 0 0 0 
n 

Gyrosigma wansbeckii 1 0 0 2 0 0 0 0 1 0 0 0 

Pleurosigma aestuarii 1 0 0 0 1 1 2 2 1 1 11 13 

Pleurosigma marinum 26 9 15 11 0 0 0 0 9 3 0 1 
1 c 

Plcurosigma strigosum 20 10 37 10 0 3 2 3 45 2 4 15 
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APPENDIX V: ABUNDANCE O F E L L I P T I C A L DIATOMS. 
P I Aug I P i Oct I D l J a n | D I Apr W P A p r ll \VP Jon WP Oct W P A u g CB Apr CB Jon C B O c t CB Aug BUIpticnl 

lAchnanihos brevipes 

Achnanthcs longipas 

Achnanihes psaudogroenlandica 

Amphora ovalis 

Campylodiscus echencis 

Cocconeis disculoides 

Cocconeis scutellum 

Cocconeis speciosa 

Cocconeis sublittoralis 

Diploneis lineaia 

oneis littoralis 

Diploneis notabilis 

Diploneis smithii 

Mastogloia splendida 

Navicula abrupta 

Navicula atlantica 

Navicula britannica 

Navicula clavata 

Navicula dementis 

Navicula cruciculoidos 

Navicula crucifera 

Navicula dirccta var. remota 

Navicula distans 

iNavicula clegans 

Navicula Jlonnao 

Navicula forcipata 

Navicula hennedyii 
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APPENDIX V: ABUNDANCE O F E L L f f T I C A L DIATOMS. 
EUlpUcal CB Aug CB Oct CBJon CB Apr DI Aug D I O c t DI Jan D l Apr WP Aug WPOct WPJan WP Apr 

Navicula hyalina 1 10 0 8 0 0 6 5 1 0 1 0 

Navicula inclcmentis 1 0 0 1 0 0 1 0 0 0 0 0 

Navicula latissima 1 0 2 0 0 0 0 0 0 0 0 0 

Navicula lyra 1 0 0 1 0 1 0 0 1 3 0 0 

Navicula lyroidos 8 6 0 2 0 1 0 0 14 1 1 0 

Navicula maculosa 3 2 0 14 11 2 0 0 3 0 0 0 

Navicula marina 0 0 0 0 1 0 0 0 0 0 1 0 

Navicula pennata 2 1 1 0 1 0 0 1 0 1 0 0 

Navicula pseudopalpebralis 1 0 0 0 0 0 0 0 0 0 0 0 

Navicula tuscula 2 0 0 0 0 0 0 0 5 0 1 0 

Nitzschia navicularis 0 0 I 2 1 2 5 5 0 3 1 1 

Pinnularia ambigua 0 0 1 0 5 0 0 0 4 6 0 0 

Rhaphoneis surirclla 4 0 0 10 0 I 1 4 3 1 4 5 

Scoliotropis latestriata 0 0 0 0 0 0 1 0 0 0 0 0 

Surirella comis 3 0 6 1 0 0 0 0 1 6 3 3 

Suriralla fatuosa 0 0 1 0 0 0 0 0 0 0 1 3 

Surirella ovata 0 0 0 0 0 0 0 0 0 0 1 I 

Surirella smithii 1 1 1 11 0 0 0 1 2 2 2 0 

Surirella sp. 0 0 0 0 0 0 0 0 1 5 0 0 
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APPENDIX VI 
' K ' MEDFUM 
Stock solutions 
Compound 
NaN03 
Na2GlyP04 
TRIS 
NH4CI 
HjSeO, 

Amount Amount of sterile, distilled water 
7.5 g 100 ml 

0.315 g 100 ml 
12.1 g 100 ml 

0.054 g 100 ml 
0.013 g 100 ml 

Trace Stock 
Na2MoO4.2H20 0.07 g 
C0SO4.7H2O O . U g 
ZnS04.7H20 0.23 g 
MnCl2.4H20 1.8 g 
CUSO4.7H2O 0.025 g 
FeNaEDTA 0.429 g 
Na2EDTA.2H20 3.72 g 

Method for Stock Solutions 

Dissolve the amounls of ihe above compounds inio separate sterile bottles of 100 ml sterile, distilled water. 

Method/or Trace Stock 

Dissolve the first five compounds into 100 ml of sterile, distilled water. Remove 1 ml of this solution with a sterile s> ringe and add to a sterile boitle containing 100 ml of sterile, distilled 
water. Add the remaining two ingredients to this solution. 
Vitamin Stock 
Biotin 
C>'anocobalamin 
Thiamin HCl 

1.0 mg 
1.0 mg 
0.010 g 

Methodfor Vitamin Stock solution 
Dissolve the Biolin and the Cyanocobalamin into 200 ml of sterile, distilled water. Remove 0.1 ml of this solution with a sterile s>'ringc and add to a bottle containing 100 ml of sterile, 
distilled water. Add the Thiamin HCl to this bottJe and shake to dissolve. 

Method for 'K' Medium 
Using aseptic techniques Millipore filter I I of sea water (which has not been collected close to shore and has no ammonia in it) over cellulose nitrate filters of 0.45 îm pore diameter, 
into a sterile bottle. To the sea water add I ml of each of the Stock soulutions and the Trace stock solution. Heat the mixture in a microwave to 85X. Cool to below 40°C and add I ml of 
the vitamin stock solution. 
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APPENDIX VI: 10°C C U L T U R E . 

Records of activity and contamination of Croupl Foraminlfcrida from Cawsand Bay. 

Number of days Number active Number inactive Number 
contaminated 

Percentage 
active 

Percentage inactive Percentage 
contaminated 

18 37 31.03 63.79 5.17 

J2_ 
15 

J l 
2l_ 
24 
H 
30 
33 
36 
39 
42 

i l 
48 
51 
54 

26 
25 

13 

25_ 
24_ 
12 
23_ 
_23_ 
12 
17 

J J _ 
II 
14 
22_ 
11 
10 
23 

16 

50.98 
50.0 
18.75 
23.33 
23.33 
20.0 

43.33 
20.0 

21.43 
0.00 
21.43 
21.43 
28.57 
17.86 
35.71 
23.08 
16.67 

49.02 
48.0 
75.0 

76.67 
76.67 
80.0 
56.67 
73.33 
78.57 
100.0 
78.57 
78.57 
71.43 
82.14 
57.14 
76.92 
53.33 

2.0 
6.25 
0.0 
0.0 
0.0 
0.0 
6.67 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
7.14 
0.0 
30.0 
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APPENDIX VI: 10°C C U L T U R E . 

Number of days Number active Number inactive Number 
contaminated 

Percentage active Percentage inactive Percentage 
contaminated 

3 52 52 7 46.85 46.85 6.31 

6 31 52 6 34.83 58.43 6.74 

9 36 41 1 46.15 52.56 1.28 

12 2 22 1 8.00 88.00 4.00 

15 12 36 0 25.00 75.00 0.00 

18 10 36 1 21.28 76.60 2.13 

21 7 16 0 30.43 69.57 0.00 

24 13 32 1 28.26 69.57 2.17 

27 5 17 0 22.73 77.27 0.00 

30 5 17 0 22.73 77.27 0.00 

33 3 19 0 13.64 86.36 0.00 

36 7 37 0 15.91 84.09 0.00 

39 4 18 0 18.18 81.82 0.00 

42 2 20 0 9.09 90.91 0.00 

45 15 28 1 34.09 63.64 2.27 

48 2 19 0 9.52 90.48 0.00 

51 5 16 0 23.81 76.19 0.00 

54 18 15 9 42.86 35.71 21.43 
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APPENDIX VI: 10"C C U L T U R E . 

Records of activity and contamination of Group 3 Foraminiferida from Cawsand Bay. 
Number of days Number active Number inactive Number 

contaminated 
Percentage active Percentage inactive Percentage 

contaminated 

39 63 17 32.77 52.94 14.29 

39 47 43.33 52.22 4.44 
19 56 22.62 66.67 10.71 

\2_ 
J l 
18 
2}_ 
24 
27 

M. 
33 
36 
39 
42 
45 

i i 
51 
54 

10 

I I 

10 

10 

20_ 
30_ 
28 
J0_ 
2L 
16 

_12_ 
18 
30 

_17_ 
_I0_ 
28 

_16̂  
_12_ 
26 

0.00 
22.50 
26.32 
47.37 
28.95 
15.79 
36.84 
5.26 
21.05 
10.53 
47.37 
26.32 
15.79 
36.84 
26.32 

100.00 
75.00 
73.68 
52.63 
71.05 
84.21 
63.16 
94.74 
78.95 
89.47 
52.63 
73.68 
84.21 
63.16 
68.42 

0.00 
2.50 
O.OQ 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
5.26 
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APPENDIX VI: 10°C C U L T U R E . 

Records of activity and contamination of Group 4 Foraminifcrida from Cawsand Bay. 
Number of days Number active Number inactive Number 

contaminated 
Percentage active Percentage inactive Percentage 

contaminated 

3 20 31 13 31.25 48.44 20.31 

6 17 17 5 43.59 43.59 12.82 

9 10 13 6 34.48 44.83 20.69 

12 3 4 0 42.86 57.14 0.00 

15 3 11 0 21.43 78.57 0.00 

18 5 9 0 35.71 64.29 0.00 

21 2 5 0 28.57 71.43 0.00 

24 3 9 I 23.08 69.23 7.69 

27 3 3 0 50.00 50.00 0.00 

30 2 4 0 33.33 66.67 0.00 

33 0 6 0 0.00 100.00 0.00 

36 5 7 0 41.67 58.33 0.00 

39 0 6 0 0.00 100.00 0.00 

42 1 5 0 16.67 83.33 0.00 

45 6 6 0 50.00 50.00 0.00 

48 1 5 0 16.67 83.33 0.00 

51 2 4 0 33.33 66.67 0.00 
.̂1 a 8 0 33.33 66.67 0.00 
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APPENDIX VI: I C C C U L T U R E . 

Number of days Number active Number inactive Number 
contaminated 

Percentage active Percentage inactive Percentage 
contaminated 

3 3 3 0 50.00 50.00 0.00 
6 I 5 0 16.67 83.33 0.00 
9 0 6 0 0.00 100.00 0.00 
12 0 2 0 0.00 100.00 0.00 
15 0 4 0 0.00 100.00 0.00 
18 0 4 0 0.00 100.00 0.00 
21 0 2 0 0.00 100.00 0.00 
24 I 2 1 25.00 50.00 25.00 
27 0 3 0 0.00 100.00 0.00 
30 0 3 0 0.00 100.00 0.00 
33 0 3 0 0.00 100.00 0.00 
36 2 1 0 66.67 33.33 0.00 
39 0 3 0 0.00 100.00 0.00 
42 0 2 1 0.00 66.67 33.33 
45 0 2 0 0.00 100.00 0.00 
48 0 2 0 0.00 100.00 0.00 
51 0 2 0 0.00 100.00 0.00 
54 1 1 0 50.00 50.00 0.00 
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APPENDIX VI: 10"C C U L T U R E . 

Records of activity and contamination of Group 2 Foraminiferida from Drake's Island. 
Number of days Number active Number inactive Number 

contaminated 
Percentage active 

42.86 

Percentage inactive 

42.86 

Percentage 
contaminated 

14.29 
33.33 
50.00 

66.67 
50.00 

0.00 
0.00 

12 0.00 100.00 0.00 
15 25.00 75.00 0.00 
18 75.00 25.00 0.00 
21 50.00 50.00 0.00 
24 50.00 50.00 0.00 
27 50.00 50.00 0.00 
30 0.00 100.00 0.00 
33 0.00 100.00 0.00 
36 0.00 100.00 0.00 
39 
42 
45 

0.00 
0.00 
25.00 

100.00 
100.00 
50.00 

0.00 
0.00 
25.00 

48 100.00 0.00 0.00 
51 100.00 0.00 0.00 
54 50.00 50.00 0.00 
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APPENDIX VI: l O X C U L T U R E , 

Records of activity and contamination of Group 3 Foraminifcrida from Drake's Island. 
Number of days Number active Number inactive Number 

contaminated 
Percentage active Percentage inactive Percentage 

contaminated 
12 0.00 

0.00 
0.00 
0.00 

100.00 
100.00 

12 
0.00 
0.00 

0.00 
0.00 

100.00 
100.00 

15 0.00 0.00 100.00 
18 0.00 0.00 100.00 
21 0.00 0.00 100.00 
24 0.00 0.00 100.00 
27 
30 

0.00 
0.00 

0.00 
0.00 

100.00 
100.00 

33 0.00 0.00 100.00 
36 0.00 0.00 100.00 
39 0.00 0.00 100.00 
42 0.00 0.00 100.00 
45 0.00 0.00 100.00 
48 0.00 0.00 100.00 
51 0.00 0.00 100.00 
54 0.00 0.00 100.00 
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APPENDIX VI: 10"C C U L T U R E . 

Records of activity and contamination of Group 4 Foraminiferida from Drake's Island. 
Number of days Number active 

20 

Number inactive 

31 

Number 
contaminated 

13 

Percentage active Percentage inactive 

31.25 48.44 

Percentage 
contaminated 

20.31 
17 17 43.59 43.59 12.82 
10 13 34.48 44.83 20.69 

12 
15 11 

42.86 
21.43 

57.14 
78.57 

0.00 
0.00 

18 35.71 64.29 0.00 
21 28.57 71.43 0.00 
24 23.08 69.23 7.69 
27 50.00 50.00 0.00 
30 33.33 66.67 0.00 
33 0.00 100.00 0.00 
36 41.67 58.33 0.00 
39 
42 

0.00 
16.67 

100.00 
83.33 

0.00 
0.00 

i l 
48 
51_ 
54 

50.00 
16.67 
33.33 
33.33 

50.00 
83.33 
66.67 
66.67 

0.00 
0.00 
0.00 
0.00 
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APPENDIX VI: 10°C C U L T U R E . 

Records of activity and contaminalion of Group 1 Foraminifcrida from White Patch. 

Number of days Number active Number inactive 

23 

Number 
contaminated 

Percentage active Percentage inactive 

51 29.11 64.56 

Percentage 
contaminated 

0.06 

26 34 40.63 53.13 0.06 

n_ 
15 
18 
21_ 
24 
r7_ 
30_ 
33 
36 

_39_ 
42 
45 

51 
54 

29 

i l 

J± 
10 

28 
_17_ 
24 
26 
20_ 
24 
10 

\0_ 
\9_ 
\0_ 
\0_ 
15 

50.88 
10.53 
32.43 
27.78 
38.89 
29.41 
23.53 
42.86 
21.43 
26.92 
23.08 
23.08 
19.23 
28.57 
42.86 
42.86 

49.12 
89.47 
64.86 
72.22 
55.56 
70.59 
58.82 
57.14 
71.43 
73.08 
76.92 
76.92 
57.69 
71.43 
57.14 
57.14 

0.00 
0.00 
0.03 
0.00 
0.06 
0.00 
0.18 
0.00 
0.07 
0.00 
0.00 
0.00 
0.23 
0.00 
0.00 
0.00 
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APPENDIX VI: I C C C U L T U R E . 

Number of days Number active Number inactive Number 
contaminated 

Percentage active Percentage inactive Percentage 
contaminated 

3 24 49 30 23.30 47.57 29.13 
6 17 33 5 30.91 60.00 9.09 
9 16 25 2 37.21 58.14 4.65 
12 2 11 0 15.38 84.62 0.00 
15 7 19 0 26.92 73.08 0.00 
18 7 15 2 29.17 62.50 8.33 
21 4 7 0 36.36 63.64 0.00 
24 11 11 0 50.00 50.00 0.00 
27 I 10 0 9.09 90.91 0.00 
30 5 5 1 45.45 45.45 9.09 
33 0 10 0 0.00 100.00 0.00 
36 1 17 2 5.00 85.00 10.00 
39 2 6 0 25.00 75.00 0.00 
42 2 6 0 25.00 75.00 0.00 
45 5 11 0 31.25 68.75 0.00 
48 3 5 0 37.50 62.50 0.00 
51 4 4 0 50.00 50.00 0.00 
54 9 4 3 56.25 25.00 18.75 
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APPENDIX VI: l O X C U L T U R E . 

Records of aaivity and contamination of Group 3 Foraminiferida from White Patch. 
Number of days Number active 

20 

Number inactive 

25 

Number 
contaminated 

15 

Percentage active 

33.33 

Percentage inactive 

41.67 

Percentage 
contaminated 

25.00 
34 20.00 75.56 4.44 
17 26.67 56.67 16.67 

12 0.00 100.00 0.00 
15 42.86 42.86 14.29 
18 16.67 83.33 0.00 
21 66.67 33.33 0.00 
24 33.33 50.00 16.67 
27 66.67 33.33 0.00 
30 
33 
36 

33.33 
66.67 
33.33 

66.67 
33.33 
66.67 

0.00 
0.00 
0.00 

39 
42 

0.00 
33.33 

100.00 
66.67 

0.00 
0.00 

45 33.33 66.67 0.00 
48 33.33 66.67 0.00 
51 100.00 0.00 0.00 
54 100.00 0.00 0.00 
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APPENDIX VI: l O X C U L T U R E . 

Records of activity and contamination of Group 4 Foraminifcrida from White Patch 
Number of days Number active Number inactive Number 

contaminated 
Percentage active Percentage inactive Percentage 

contaminated 
3 43 53 10 40.57 50.00 9.43 
6 35 46 5 40.70 53.49 5.81 
9 41 26 3 58.57 37.14 4.29 
12 2 20 0 9.09 90,91 0.00 
15 13 28 1 29.55 63.64 2.27 
18 12 29 1 28.57 69.05 2.38 
21 5 15 0 25.00 75.00 0.00 
24 17 23 0 42.50 57.50 0.00 
27 7 12 1 35.00 60.00 5.00 
30 11 8 0 57.89 42.11 0.00 
33 9 10 0 47.37 52.63 0.00 
36 6 32 0 15.79 84.21 0.00 
39 3 16 0 15.79 84.21 0.00 
42 5 16 0 26.32 84.21 0.00 
45 11 27 0 28.95 71.05 0.00 
48 3 15 1 15.79 78.95 5.26 
51 12 6 0 66.67 33.33 0.00 
54 16 18 2 44.44 50.00 5.56 
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APPENDIX Vn , 

GEOTAXIS AND PHOTOTAXIS PRELIMIARY EXPERIMENTAL SPECIMENS: RAW DATA 
July, 1993: Geotaxis. 

1 Day & size (^m) Control Experimental | 
Day 1 High Low Hi&b Low 
250-500 13 7 16 4 
500-1000 30 30 35 25 
Day 2 
250-500 10 10 8 12 
500-1000 29 31 32 28 
Day 3 
250-500 6 14 8 12 
500-1000 30 30 26 34 
Day 4 
250-500 8 12 9 11 
500-1000 27 33 26 34 
Day 5 
250-500 8 12 9 11 
500-1000 28 32 22 38 

Totals 
250-500 45 55 50 50 
500-1000 144 156 141 159 

July, 1993:Phoiotaxis (Light below). 

1 Day & size (pm) Control Experimental | 
Day 1 Lifiht Dark Light Dark 
250-500 12 8 12 8 
500-1000 23 37 34 26 
Day 2 
250-500 10 10 12 8 
500-1000 27 33 24 36 
Day 3 
250-500 13 7 17 3 
500-1000 34 26 41 19 
Day 4 
250-500 11 9 14 6 
500-1000 32 28 32 28 
Dav5 
250-500 13 7 14 6 
500-1000 29 31 42 18 

Totals 
250-500 59 41 69 31 
500-1000 145 155 173 127 
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APPENDIX V n . 

GEOTAXIS AND PHOTOTAXIS PRELCVtlARY EXPERIMENTAL SPECIMENS: RAW DATA 
July, 1993: Phototaxis (Light abo\'e). 

1 Day & size Gun) Control Experimental 
Day 1 Light Dark Light Dark 
250-500 13 7 12 8 
500-1000 22 38 48 12 
Day 2 
250-500 12 8 16 4 
500-1000 31 29 54 6 
Day 3 
250-500 14 6 14 6 
500-1000 28 32 49 11 
Day 4 
250-500 9 11 15 5 
500-1000 27 33 55 5 
Days 
250-500 9 11 17 3 
500-1000 24 36 49 11 

Totals 
250-500 57 43 74 26 
500-1000 132 168 255 45 

October, 1993: Geotaxis. 

1 Day & size (iim) Control Experimental | 
Day 1 High Low High Low 
250-500 3 3 4 2 
500-1000 36 14 39 11 
>1000 4 2 2 4 
Day 2 
250-500 1 5 1 5 
500-1000 18 32 24 26 
>1000 4 2 3 3 
Day 3 
250-500 2 4 1 5 
500-1000 26 24 29 21 
>1000 3 3 3 3 
Day 4 
250-500 5 1 0 6 
500-1000 23 27 28 22 
>1000 5 1 1 5 
Dav5 
250-500 3 3 0 6 
500-1000 31 19 33 17 
>1000 4 2 5 1 

Totals 
250-500 14 16 6 24 
500-1000 134 116 153 97 
>1000 20 10 14 16 
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GEOTAXIS AND PHOTOTAXIS PRELIMIARY EXPERIMENTAL SPECIMENS: RAW DATA 
October, 1993: Phototaxis (Light belo^). 

1 Day & size Qim) Control Experimental 
Day 1 Dark Light Dari( l ight 
250-500 3 3 4 2 
500-1000 26 24 30 20 
>1000 2 4 4 2 
Day 2 
250-500 0 6 2 4 
500-1000 22 28 18 32 
>1000 0 6 1 5 
Day 3 
250-500 3 3 4 2 
500-1000 19 31 22 28 
>1000 2 4 1 5 
Day 4 
250-500 4 2 3 3 
500-1000 27 23 22 28 
>1000 2 4 1 5 
Day 5 
250-500 4 2 6 0 
500-1000 30 20 31 19 
>1000 0 6 4 2 

Totals 
250-500 14 16 19 11 
500-1000 124 126 123 127 
>1000 6 24 11 19 

November, 1993: Geotaxis. 

1 Day & size Oun) Control Experimental 
Day 1 Hieh Low High Low 
500-710 10 20 22 8 
710-1000 17 13 24 6 
>1000 10 5 12 3 
Day 2 
500-710 16 14 23 7 
710-1000 17 13 24 6 
>1000 8 7 12 3 
Day 3 
500-710 18 12 26 4 
710-1000 19 11 23 7 
>1000 8 7 12 3 
Day 4 
500-710 16 14 15 15 
710-1000 14 16 22 8 
>1000 10 5 8 7 
Day 5 
500-710 13 17 16 14 
710-1000 19 11 19 11 
>1000 9 6 6 9 

Totals 
500-710 73 77 102 48 
710-1000 86 64 1120 38 
>1000 45 30 50 25 

487 



APPENDIX V n . 

GEOTAXIS AND PHOTOTAXIS PRELIMIARY EXPERIMENTAL SPECIMENS: RAW DATA 

1 Day & size Qun) Control Experimental 
Dav l Light Dark Licht Dark 
500-710 17 13 20 10 
710-1000 17 13 21 9 
>1000 9 6 8 7 
Day 2 
500-710 14 16 27 3 
710-1000 16 14 18 12 
>1000 11 4 9 6 
Day 3 
500-710 11 19 20 10 
710-1000 9 21 11 19 
>1000 5 10 4 11 
Day 4 
500-710 13 17 21 9 
710-1000 16 14 7 23 
>1000 5 10 3 12 
Day 5 
500-710 15 15 16 14 
710-1000 18 12 12 18 
>10D0 8 7 6 9 
Totals 
500-710 70 80 104 46 
710-1000 76 74 69 81 
>1000 38 37 30 45 

November, 1993: Pholota.\is (Light above). 

1 Day & size Oim) Control Experimental 
Day 1 Lifiht Dark Liaht Dark 
500-710 16 14 23 7 
710-1000 14 16 20 10 
>1000 10 5 8 7 
Day 2 
500-710 14 16 20 10 
710-1000 16 14 24 6 
>1000 4 11 13 2 
Day 3 
500-710 20 10 18 12 
710-1000 19 11 22 8 
>1000 8 7 11 4 
Day 4 
500-710 18 12 23 7 
710-1000 15 15 22 8 
>1000 10 • 5 12 3 
Day 5 
500-710 12 18 24 6 
710-1000 19 11 17 13 
>1000 6 9 14 1 
Totals 
500-710 80 70 108 42 
710-1000 83 67 105 45 
>1000 38 37 58 17 
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GEOTAXIS AND PHOTOTAXIS SECONDARY EXPERIMENTAL SPECIMENS: RAW DATA 
March, 1994: Gtotaxis 

Day & size {jun) Control Experimental 
Day 1 Hiah Low High Low 
250-355 6 2 0 8 
355-500 22 18 20 20 
Dav2 
250-355 5 3 2 6 
355-500 22 18 22 18 
Day 3 
250-355 5 3 0 8 
355-500 17 23 14 26 
Day 4 
250-355 7 1 5 3 
355-500 24 16 17 23 
Day 5 
250-355 2 6 2 6 
355-500 18 22 19 21 
Totals 
250-355 25 15 9 31 
355-500 103 97 92 108 

March, 1994: Phototaxis (Light above) 
Day & size (^m) Control Experimental 
Day 1 Dark Ufiht Dark Light 
250-355 6 2 3 5 
355-500 24 16 8 32 
Day 2 
250-355 3 5 3 5 
355-500 24 16 13 27 
Day 3 
250-355 7 1 1 7 
355-500 22 18 12 28 
Day 4 
250-355 4 4 1 7 
355-500 19 21 12 28 
Day 5 
250-355 2 6 3 5 
355-500 19 21 12 28 
Totals 
250-355 22 18 11 29 
355-500 108 92 57 143 
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GEOTAXIS AND PHOTOTAXIS SECONDARY EXPERIMENTAL SPECIMENS: RAW DATA 
April, 1994: Geotaxis (25*̂  
Day & size Oun) Control Experimental 
Day 1 High Low High Low 
355-500 22 18 13 27 
500-1000 4 2 2 4 
Day 2 
355-500 15 25 17 23 
500-1000 3 3 4 2 
Day 3 
355-500 13 27 20 20 
500-1000 4 2 3 3 
Day 4 
355-500 19 21 17 23 
500-1000 3 3 5 1 
Days 
355-500 16 24 15 25 
500-1000 3 3 0 6 
Totals 
355-500 85 115 82 118 
500-1000 17 13 14 16 

April, 1994: Phototaxis (Light above) 

Day & size (\im) \ Control Experimental 
Day I Dark Light Dark Light 
355-500 20 20 14 26 
500-1000 2 4 2 4 
Day 2 
355-500 23 17 14 26 
500-1000 3 3 3 3 
Day 3 
355-500 21 19 12 28 
500-1000 3 3 0 6 
Day 4 
355-500 17 23 15 25 
500-1000 4 2 0 6 
Day 5 
355-500 24 16 12 28 
500-1000 3 3 4 2 
Totals 
355-500 105 95 67 133 
500-1000 15 15 9 21 
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APPE^a)IX v i L 

GEOTAXIS AND PHOTOTAXIS SECONDARY EXPERIMENTAL SPECIMENS: RAW DATA 
June, 1994: Gcotaxis 

Day & size (Mm) Control Experimental 

Day 1 High Low High Low 
250-355 8 2 7 3 
355-500 13 7 5 15 
500-1000 25 25 31 19 
>1000 6 14 13 7 
Day 2 
250-355 6 4 5 5 
355-500 3 17 16 4 
500-1000 20 30 27 23 
>1000 6 14 10 10 
Day 3 
250-355 5 5 4 6 
355-500 12 8 13 7 
500-1000 21 29 28 22 
>1000 10 10 11 9 
Day 4 
250-355 3 7 3 7 
355-500 7 13 13 7 
500-1000 31 19 27 23 
>1000 9 11 10 10 
Days 
250-355 5 5 5 5 
355-500 9 11 16 4 
500-1000 21 29 25 25 
>1000 9 11 7 13 
Totals 
250-355 27 23 24 26 
355-500 44 56 63 37 
500-1000 118 132 138 112 
>1000 40 60 51 49 

491 



APPENDIX V n . 

GEOTAXIS AND PHOTOTAXIS SECONDARY EXPERIMENTAL SPECIMENS: RAW DATA 
June, 1994: Phototaxis (Light abme) 

Day & size Qiin) 

Day 1 
250-355 
355-500 
500-1000 
>1000 
Day 2 
250-355 
355-500 
500-1000 
>1000 
Day 3 
250-355 
355-500 
500-1000 
>1000 
Day 4 
250-355 
355-500 
500-1000 
>1000 
Days 
250-355 
355-500 
500-1000 
>1000 
Totals 
250-355 
355-500 
500-1000 
>1000 

Control 

Dark 

10 
20 
11 

11 
27 

10_ 
28. 
10 

26 
10 

_!1 
25_ 
13 

31 
50 
126 
53 

30 

23_ 
11 

\0_ 

10 

i l 
24 
10 

25 

19 
50 
124 
47 

Experimental 

Dark 

24 

23 
42 
13 

Light. 

26 
16 

15 
47 
16 

17 
43 
18 

42_ 
20 

50 
17 

40 
77 
208 
87 
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GEOTAXIS AND PHOTOTAXIS SECONDARY EXPERIMENTAL SPECIMENS: RAW DATA 
July, 1994: Gcotaxis 

Day & size (jim) \ Control Experimental 

Day 1 High Low High Low 
355-500 3 3 4 2 
500-1000 36 14 29 21 
>1000 1 3 2 2 
Day 2 
355-500 4 2 5 1 
500-1000 30 20 28 22 
>1000 0 4 3 1 
Dav3 
355-500 5 1 2 4 
500-1000 22 28 26 24 
>1000 2 2 0 4 
Day 4 
355-500 1 5 3 3 
500-1000 33 17 22 28 
>1000 0 4 2 2 
Day 5 
355-500 3 3 2 4 
500-1000 20 30 25 25 
>1000 3 1 1 3 
Totals 
355-500 16 14 16 14 
500-1000 141 109 130 120 
>1000 6 14 8 12 

July, 1994: Phototaxis 

Day & size Oim) Control Experimental 

Day 1 Dark Licht Dark Light 
355-500 3 3 2 4 
500-1000 27 23 2 48 
>1000 2 2 0 4 
Dav2 
355-500 5 1 1 5 
500-1000 28 22 7 43 
>1000 2 2 0 4 
Day 3 
355-500 3 3 0 6 
500-1000 27 23 3 47 
>1000 3 I 0 4 
Dav4 
355-500 4 2 1 5 
500-1000 21 29 6 44 
>1000 3 1 0 4 
Day 5 
355-500 2 4 2 4 
500-1000 25 25 0 50 
>1000 3 1 0 4 
Totals 
355-500 17 13 6 24 
500-1000 128 122 18 232 
>1000 13 7 0 20 
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GEOTAXIS AND PHOTOTAXIS SECONDARY EXPERIMENTAL SPECIMENS: RAW DATA 

Day & size Oim) Control Experimental 

Day 1 Hiah Low High Low 
355-500 1 3 2 2 
500-1000 14 26 26 14 
Day 2 
355-500 0 4 4 0 
500-1000 20 20 33 7 
Day 3 
355-500 4 0 2 2 
500-1000 22 18 23 17 
Day 4 
355-500 2 2 4 0 
500-1000 17 23 20 20 
Days 
355-500 0 4 2 2 
500-1000 18 22 22 18 
Totals 
355-500 7 13 14 6 
500-1000 91 109 124 76 
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APPENDIX V m . 

Variation in concentration of copper in pg per gram of dr>- sediment and in sea water in 

1 Month EDTA<250fmi EDTA >2S0(im HO <250tun Ha>2S0|un 1 Water ppm I 

Apr i l 34.739 0.999 4.499 3.998 6.04 

May 3.975 8.005 9.909 10.628 0.07 

June 11.847 42.263 26.486 76.288 0.15 

Julv 4.917 10.610 12.935 7.560 0.12 

Variation in concentration of zinc in pg per gram of dr>' sediment and in sea water in parts 
per million at Cawsand Bav Apr i l to July, 1994. 

1 Month EDTA<250pni EDTA>2S0imi Ha<250jini Ha>250pm Water ppm | 

Apr i l 5.748 8.992 12.498 19.988 0.94 

May 9.936 11.474 39.166 60.817 0.08 

June 7.814 17.068 64.253 98.726 0.14 

Julv 10.817 17.658 37.313 30.242 0.18 

Variation in concentration of cadmium in pg per gram of do' sediment and in sea water in 
parts per million at Cawsand Bay Apr i l to July, 1994. 

1 Month EDTA <250|un EDTA >250fini I i a <2S0fini H a >250 um Water ppm | 

Apr i l 0.499 1.499 2.999 3.498 0.03 

May 0.248 0.000 0.000 0.000 0.17 

June 5.545 2.438 2.943 6.283 0.29 

Julv 0.492 1.209 2.985 4.536 0.30 

Variation in concentration of lead in pg per gram of dry sediment and in sea water in parts 
per million at Cawsand Bav A p r i l to July, 1994. 

1 Month EDTA <2S0 fun EDTA>250iini H a <250Min H a >250 lira Water ppm | 

A p r i l 9.747 18.2334 29.996 33.979 0.85 

Mav 10.682 15.477 39.166 38.38 0.42 

June 10.839 13.817 35.315 72.698 0.74 

Julv 16.472 25.399 63.682 51.411 1.7 

Variation in concentration of iron in pg per gram of dr>' sediment and in sea water in parts 
per million at Cawsand Bay A p r i l to July, 1994. 

1 Month 1 EDTA<250|un EDTA >250 (im HO <250»ini a a >250 lua Water ppm I 

Apr i l 13.496 23.978 17717.34 2918.22 0.66 

Mav 20.866 17.344 7248.02 1399.39 0.25 

June 22.434 44.295 10221.7 14584.46 1.71 

July 31.714 41.606 5049.75 171.37 0.64 

Variation in concentration of copper in pg per gram of 6ry sediment and in sea water in 
parts per million at Drake's Island A p r i l to Julv, 1994. 

1 Month EDTA <250 jun EDTA >250 Mm H a <2S0>mi H a >2S0 pm Water ppm | 

A p r i l 5.493 1.747 16.472 9.477 3.07 

May 3.708 3.873 0.454 0.935 0.07 

June 5.492 4.786 20.686 22.398 0.13 

July 5.361 5.985 0.505 2.411 0.14 
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Variation in concentration of zinc in per gram of dry sediment and in sea water in parts 

1 Month EDTA<250pm EDTA>2S0|mi Ha<2S0pin H O >250 {nn Water ppm | 

Apr i l 6.492 7.486 21.464 16.996 0.87 
May 9.393 8.957 14.982 4.673 0.07 

June 7.989 8.06 85.267 73.035 0.14 
July 11.743 12.891 15.153 4.823 0.18 

Variation in concentration of cadmium in f ig per gram of dr>' sediment and in sea water In 

1 Month EDTA<2S0pni EDTA >2S0 fun HQ <2S0|un H a >250fim Water ppm | 

Apr i l 0.749 0.499 3.993 4.489 0.07 

May 0.000 0.000 0.000 0.000 0.06 

June 0.499 0.252 4.541 7.304 0.29 

July 0.766 0.921 3.536 2.894 0.28 

Variation in concentration of lead in ^g per gram of dr>' sediment and in sea water in parts 

1 Month EDTA<2S0pni EDTA >250 inn Ha<250|im H a >250fim Water ppm | 

Apr i l 10.987 9.233 27.454 27.433 0.92 

May 7.415 8.715 17.252 15.422 0.48 
June 7.240 7.557 64.581 80.339 0.78 

July 17.615 16.344 46.470 35.208 1.61 

Variation in concentration of iron in per gram of dry sediment and in sea water in parts 

1 Month EDTA <250 pm EDTA >2S0 lun Ha<250|im Ha>250tmi Water ppm | 

Apr i l 14.982 9.732 17.471 16.460 0.59 

May 17.303 13.315 2.724 3.271 0.21 

June 12.483 17.884 10514.63 8929.789 0.62 

July 20.678 19.337 53.036 7.717 0.5 

Variation in concentration of copper in ^g per gram of do' sediment and in sea water in 

1 Month EDTA <250fmi EDTA >2SG Mm HCi<250nra U a >250|mi Water ppm I 

A p r i l 16.741 0.499 339.423 199.862 1.81 

May 8.726 4.597 7.285 1.958 0.07 

June 29.081 20.161 111.208 43.167 0.14 

July 7.252 7.171 16.168 8.719 0.16 

Variation in concentration of zinc in ^g per gram of dry sediment and in sea water in parts 

1 Month EDTA <250jmi EDTA>250|un n a <2S0pm Ha>2S0|mi 1 Water ppm | 

Apr i l 6.497 8.498 24.458 16.489 0.05 

May 12.97 10.344 24.769 7.342 0.06 

June 14.168 8.605 80.286 68.021 0.13 

July 16.255 9.397 42.441 44.107 0.15 
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Variation in concentration of cadmium in per gram of dry sediment and in sea water in 

1 Month EDTA<250fim EDTA >2S0 mn Ha<2S0|im H a >ZS0 tun Wotcr ppni 1 

A p r i l 0.750 0.750 5.990 4.497 0.07 
May 0.000 0.000 1.943 1.958 0.00 
June 0.249 0.246 8.680 7.413 0.27 
July 0.500 2.967 3.032 3.590 0.26 

Variation in concentration of lead in ̂ g per gram of dry sediment and in sea water in parts 

1 Month EDTA <250 pro EDTA >250 pro HQ <2S0pm HCI>250pro Water ppm | 

A p r i l 15.242 12.247 27.953 29.480 0.82 
May 10.848 9.424 11.656 13.705 0.54 
June 12.428 8.114 65.64 93.311 0.81 
July 14.754 27.943 61.136 45.646 0.79 

Variation in concentration of iron in ^g per gram of dry sediment and in sea water in parts 

1 Month EDTA <250pm EDTA >250 pro H a <250pm H a >250 pm Water ppm | 

Apr i l 17.491 17.246 18.469 18.487 0.70 
May 26.413 20.458 227.780 0.489 0.21 
June 28.833 20.407 11305.200 6078.312 0.50 
July 48.765 37.834 3748.990 135.399 0.46 

APPENDIX v m . 

MICRONUTRIENT SOLUTION 
ZnSOJH^O 1 ml (solution 0.1%) 

2 ml (solution 0.1%) 

5 ml (solution 0.2%) 

Co{NO^)6Hfi 5 ml (solution 0.02%) 

Na-^MoO^ 5 ml (solution 0.02%) 

CuSO^SH^O 1 ml (solution 0.0005%) 

Distilled water 981 ml 
FeSO.lH^O 0.7 g 

EDTA 0.8 g 

5b;7 extract 
The soil used should be good qualit>' garden or leaf soil: not too high in clay content, and 
containing no fertilisers or herbicides or pesticides. 

Sieve the soil over a 1mm aperture sieve. Place 600g of soil into 2 litres of distilled water and 
shake to mix. Autocla\'e the medium for 60 minutes at 120°C. Filter u i th a fine gauze the next 
day. Separate the decanted extiaa from soil particles by centrifugation (10 minutes at 8,000 
r.p.m ). Filter the extract through Whatman No. I paper, and place into small (lOOml) conical 
flasks, and form lids out of doubled aluminium foil. Autoclave for 60 minutes at 120°C. After 24 
hours, autoclave again for 30 minutes at 120°C. Store in the refrigerator until use. 
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BRACKISH W A T E R M E D I U M 
KNO^ 20 ml (soluUonl.0%) 

K^HPO^ 20 ml (soluuon0.l%) 

MgSO^lHfi 20 ml (solution0.1%) 
soil extract 30 ml 
micTonutrient solution 5 ml 
distiUed u-ater 450 ml 
0.2 fun MiUipore-filtered sea water 455 ml 

Method 
Add all ingredients together, and adjust pH to 8.0 using sodium hydroxide and hydrochloric acid 
Filter the solution o\'er Whatman No. 1 paper, and aulocUne the medium for 20 minutes at 
nO^C. I f the medium shows precipitation, re-filter with Whatman No. 1 paper. Add 5pg of 
vitamin B^j when the mediiun has cooled 

APPENDIX v m . 

ERDSHREIBER M E D I U M 
NaNO^ 100 mg 
Na^HPOJHfi 20 mg 
soil extract 50 ml 
sea water 950 ml 

Method 

Add all ingredients together, adjust pH to 8.0 b>' the addition of sodium hydro.xide or 
hydrochloric acid Filler the medium through Whatman No. 1 paper and autoclave for 20 minutes 
at 120°C. I f precipitation occurs, re-filter through filter paper. 

SEA W A T E R M E D I U M 
Sea water for the culture ofRotalieila elatiana was prepared b>' e\'aporating the sea water to a 
salinity of 40.9%â  and the pH was adjusted to 8.0-8.1 b>' the addition o f sodium hydroxide or 
hydrochloric acid The resultant medium was Millipore-filtered (0.2 ^m) and autoclaved at 120°C 
for 20 minutes. 
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