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Abstract

Physiology and ecology of three amphipod species in UK. estuaries
Colette Suzanne Mesher

The physiology and ecology of three amphipod species, Corophium volutator, Gam-
marus marinus and G. chevreuxi were examined. The physiology of the amphipods
were investigated in two ways. The physiological capacity was measured as the rate
of oxygen consumption (MO; - il of oxygen per mg of wet mass per hour), over two
time durations, 4 hours (short term) and 5 days (medium term) in a variety of salinities
with individuals of all size classes. Overall, larger individuals of all species exhibited
lower MO, by mass. More specifically, C. volutator and G. chevreuxi exhibited lowest
rates of respiration at salinities between 15 and 20ppt. G. marinus was found to have
high mortality at 2 ppt, with high rates of respiration measured at 5 ppt. The second
set of physiology experiments examined the effect of acclimation temperature, salinity
and seasonality on the temperature limits of the three amphipod species. The critical
thermal maximum (CTMax) and minimum (CTMin) were investigated using multiple
endpoints for summer 2007 and winter 2008 using two test acclimation temperatures
(10 and 20°C) and three test salinities (2, 20 and 35ppt). C. volutator had the highest
CTMax, whereas G. marinus had the highest tolerance to cold temperatures with the
largest temperature range. The CTMin for male G. chevreuxi was found to be signifi-
cantly lower than females. The ecology of the three amphipod species was studied over
a two year sampling period (June 2006 to June 2008) across 11 sites in three estuaries
(Avon, Taw/Torridge and Plym). A large amount of variation in the densities was noted
with the sex ratios for all species found to have a significant bias towards females at all
sites. The density of G. chevreuxi fluctuated across site and date equally, compared to
C. volutator which showed a strong spatial component and G. marinus which showed
a strong temporal component. A model was developed to incorporate the results of the
physiology and ecology investigations. A Binary Logistic Regression approach was
adapted and occupancy was found 10 be a strong predictor of presence/absence data



for all three species. The implications of this model are discussed in relation to a wider

physiological and ecological context.
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Chapter 1

Introduction

‘Ecology is the total relations of the animal to both

its organic and its inorganic environment’

Ernst Haeckel 1904

1.1 Ecological background

It is necessary to understand the background of any research being undertaken, in order
to fully contextnalise data gathered. To this end, it is important to review the ecological
literature so that when data are analysed it is possible to determine what mechanisms
are driving the observed patterns. The broad definition of ecology by Haeckel (1904)
at the start of this chapter is considered to be the first attempted, yet it remains as
relevant today as at the turn of the 20th century. From these beginnings, a consider-
able amount of research has been conducted to define and unravel the concepts which
comprise current ecology. Charles Elton’s innovative 1927 book ‘Animal Ecology’
described ecology as ‘scientific’ natural history and employed the term ‘niche’ to de-
scribe the trophic roles of organisms in their habitats (Elton 1927). This book enabled
Andrewartha & Birch (1954) to describe ecology as having two components; the first
encompassed older disciplines such as physiology, behaviour, evolution, the second is

the study of animals in their *habitat’ or ‘niche’ (Elton 1927). An expansion of this def-
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I.1. ECOLOGICAL BACKGROUND

inition is found in Andrewartha (1970), where population ecology is described as the
study of an organism’s abundance and distribution. Krebs (1978) was unsatisfied with
Andrewartha’s original definition of ecology due to its lack of emphasis on relation-
ships. Krebs therefore defined ecology as ‘the study of interactions that determine the
distribution and abundance of organisms’ (Krebs 1978). Andrewartha & Birch (1984}
further developed their definition of ecology to include the distribution and abundance
of a species as predicted through study of the environment. Despite several new edi-
tions (Krebs 1985, 1994), Krebs’ definition remains the same, and is perhaps the most

frequently encountered today.

Brown & Maurer (1989) found these definitions of ecology to be microscopic, tak-
ing a very narrow view of species in space and time. They proposed focusing atten-
tion instead on larger spatial and temporal scales to elucidate patterns in nature which
can provide a new way of formulating predictions about the future distribution of all
species in a community or geographic area. The developing field of macroecology
emerged from this perspective, and represents a top-down, rather than bottom-up ap-
proach which helps us to focus in on some of the most relevant questions in ecology
(Brown & Maurer 1989, Brown et al. 2004, Gaston & Biackburn 2000). This is not
as easy using a reductionist approach. Macroecology represents the quest for ecologi-
cal interpretation of repeated, persistent, large scale spatial or temporal patterns in the
distribution, abundance, morphology, physiology or behaviour of organisms (Chown
& Gaston 1999, McGill 2003, Osovitz & Hofmann 2007). It holds as a central tenet
the notion that by taking a sufficiently distant view of ecological systems, idiosyn-
cratic ‘noise’ will disappear, leaving only important generalities (Brown 1995). This

approach is complementary, not antithetical, to the traditional ecological approach

2



L1, ECOLOGICAL BACKGROUND

{Gaston & Blackburn 2000), and can even be seen to have its roots firnly embed-
ded in the kind of ‘ecological web’ proposed by Andrewartha and Birch (1954) as well
as the biogeographic research of MacArthur (MacArthur & Wilson 1967, MacArthur
et al. 1972). By viewing species’ autoecology as the dominant driver of distribution
and abundance, macroecology links a species to its environment in a more parsimo-
nious fashion than is possibie using explicitly relationship-oriented explanations. At
the centre of macroecological application of physiological studies lie several generali-
ties, which have been derived from synthetical studies of groups of organisms. These
include metabolic scaling laws (West et al. 2002, 2003) which can predict patterns of
body size and mass in organisms based upon temperature dependent relative rates of
energy usage, and efficiencies of conversion of energy into reproduction (Brown et al.

2003).

One rich area of recent research has been the integration of aspects of autoecology de-
rived from organismal physiology over large temporal and spatial scales into macroe-
cological theory. Chown et al. (2004) states that "macrophysiology"” can be defined as:
‘the investigation in physiological traits over large geographical and temporal scales
and the ecological implications of this variation’. Chown et al. (2004) attribute the be-
ginnings of macrophysiology to several researchers, the earliest being Scholander et al.
{1953), whose work concerned large scale studies comparing Arctic and tropical poik-
ilotherms, which was further extended by Lawton (1991). This ‘macrophysiology’ has
been developed greatly since then by authors such as Gillooly et al. (2002, 2003), West
et al. (2002, 2003), West & Brown (2004), Emest et al. (2003) and Brown et al. (2004).
More specifically, macrophysiology is considered to deal with three types of patterns;

intraspecific, interspecific and assembiage (Gaston et al. 2008, 2009, and references

3



1.1. ECOLOGICAL BACKGROUND

therein). However, the importance of organismal physiology is not lost, interspecific
and assemblage patterns are often derived from means or median data from individuals

in a population (Gaston et al. 2009).

Physiology has changed drastically and can now be split into many separate sub-
disciplines, forcing a re-definition of terms to incorporate new technologies (Weibel
1997). Further to this, the importance of environmental change in the form of climate
challenge has come to the forefront as a critical issue for both macroecology (Gaston &
Blackburn 1999) and macrophysiology (Stillman 2003). The research concerning the
effects of climate change using macrophysiology has been wide-ranging. Research has
taken a variety of forms; testing the implication of a changing environment on animals
which currently live at their temperature limits {(e.g. Bernardo & Spotila 2006, Stillman
2003, Clarke 1991), to comparison studies of animal populations at different latitudes
(e.g. Calosi et al. 2008, Addo-Bediako et al. 2000), comparative phylogenetic studies
{e.g. Garland et al. 2005) to physiclogical variation in insects (e.g. Chown et al. 2007,
Terblanche et al. 2006, Terblanche & Chown 2006, Jgrgensen et al. 2006), analysis of
metabolic biochemistry of thermal tolerance (e.g. Portner et al. 2005, Portner 2002,

Portner & Knust 2007) and a great deal more (for a review see Gaston et al. 2009).

It is important to note that the exact definition of macrophysiology is still hotly debated
(Chown & Gaston 1999). The question is, at what level do we move from organismal
or population physiology to a more general and large-scale macrophysiology? For ex-
ample, Stillman & Somero (2000) worked on 20 different species of porcelain crabs
of the genus Petrolisthes which occur on shores from Mexico to Oregon and Chile and
Panama. They found that despite being in the same clades, the species have distinctly

different critical thermal maxima (CTMax) as a response to their micro-habitats. The

4



1.1. ECOLOGICAL BACKGROUND

high intertidal species were found to be living at their physiological limits and are
therefore at a greater risk due to increasing global temperatures. In contrast, Fangue
et al. (2006, 2009) worked on two subspecies of killifish, Fundulus heteroclitus (Lin-
naeus), one northern population from New Hampshire and one southern population
from Georgia, U.S.A.. They compared the whole organism metabolic rate with mi-
tochondrial respiration rates. The critical thermal minimum (CTMin) was greater in
the northern population, whereas the CTMax was highest in the southern population
(Fangue et al. 2006); furthermore the mitochondrial response was found to not nec-.
essarily be equivalent to the whole organism response (Fangue et al. 2009). From
these examples, it can be seen that the research conducted over a wider geographic
range did not necessarily reveal more generalised conclusions. Is physiological work
on one species representative of an entire genus or group of animals? Amphipods in
the genus Gammarus from North American and European species have been shown
to be genetically similar despite living in extremely varied environments (Hou et al.
2007). Is the variability found among closely-related species important in the gener-
alised physiological tolerances relating to large-scale geographic distribution patterns

of amphipods?

Viewing assemblages or populations of species on a large scale can also be counter-
productive; the search for generalities can often lead to real patterns being missed or
hidden. The lack of environmental homogeneity in a habitat or amongst species in
an assemblage can be masked by scaling across species, communities or geographic
scales (Bakker & Kelt 2000). If a set of species found in an environment conforms to a
classic % scaling rule between body mass and metabolic rate (Gillooly et al. 2001), but

individuals within the same species show no such relationship (Clarke 2006), can this
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1.1. ECOLOGICAL BACKGROUND

rule really be viewed as an emergent property of organismal physiology and ecology?
For example, using abundance data based not on species but on genera can often mask
differences in biological traits such as dispersal mode (Statzner et al. 2008). Other
methodological errors in execution of studies emerge which further confuse the situ-
ation; for example Rakusa-Suszczewski & Lach (1991) measured osmoregulation in
individual amphipods without recording their masses, making it impossible to compare
their results to any other study. In essence, indiscriminate scaling across life stages or
species is inappropriate as, for example, the physiological tolerance of a juvenile can-
not be assumed to be equivalent to that of an adult (e.g. Morritt & Spicer 1996a.c), nor
the metabolic scaling within species to be comparable to that across species and vice
versa. The macroecological and macrophysiological approaches must, therefore, be
used cautiously as the latest tools researchers can apply to unraveling the factors un-
derlying the distribution and abundance of species, the core of the definition of ecology

provided by Krebs.

One macroecological pattern that has been apparent throughout the development of
ecology is the positive relationship between abundance and distribution (Darwin 1859,
Gaston et al. 2000). This relationship states that a species which is widespread will
be locally abundant compared to a species with a restricted distribution which will be
locally rare (Gaston et al. 2000). Many theories have been proposed to explain this
positive relationship (Hanski 1991, Hanski et al. 1993, Gaston et al. 2000, Freckleton
et al. 2005). Gaston et al. (1997) proposed eight different mechanisms to explain the
positive relationship between abundance and occupancy. Firstly, it is possible that a
spurious relationship can be produced through sampling artefact; a species which oc-

curs at low densities has a lower probability of being sampled than a more abundant

6



1.1. ECOLOGICAL BACKGROUND

one even if they have an equal extent of distribution (Brown 1984). Evidence to sup-
port the artefacts hypothesis is scarce however (Blackburn & Gaston 1998, Blackburn
2004), and despite a debate having raged over the inclusion of effects of aggregation or
random placement of individuals that could possibly cause artefactual patterns (Gas-
ton, Blackburn & Lawton 1998, Hartley 1998, Falster et al. 2001), the issue of wholly

artefactual generation of patterns seems to no longer be valid (Blackburn et al. 2006).

Next, phylogenetic non-independence can occur where organisms in an assemblage
have a shared ancestry, effectively creating pseudoreplicated sets of data points com-
prising sibling taxa (Gaston et al. 1997b, Levitan 2000, Diniz-Filho & Torres 2002,
Prinzing et al. 2004, Ozinga et al. 2004). Clusters of such sibling taxa could generate
weak relationships between abundance and occupancy with pseudoreplication effec-
tively generating spurious statistical significance. However, little evidence to support
this theory; phylogenetically corrected analyses rarely contradict uncorrected counter-
parts (Cofre et al. 2007, Rundle et al. 2007, Kockemann et al. 2009), although some
research does exist (see Huey & Bennett 1987). Range position could also account
for the positive relationship in studies with limited geographic extent of coverage. In
any given area some species are less locally abundant and are sparsely distributed due
to being at the edge of their distribution while other species which are closer to their

range centre are locally abundant and widespread in distribution (Gaston et al. 1997b).

Brown (1995) took the reasoning behind the range position hypothesis one step further
encompassing aspects of the organisms’ niches, creating a ‘resource breadth’ hypothe-
sis. Here, generalist species have wide environmental tolerances and are subsequently
more abundant and widely distributed, whereas specialists have smaller distributions

and are less locally abundant (Bolnick et al. 2002, Kotze et al. 2003, Fernandez &
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Vrba 2005, Nagelkerken et al. 2006). The resource availability hypothesis meanwhile,
proposes that the positive relationship between abundance and distribution can be ex-
plained by some species utilising the most widespread resources resulting in them be-
ing similarly widespread whilst others whose limiting resources are scarcer are accord-
ingly less abundant and less frequently encountered (Gregory & Gaston 2000). Habi-
tat selection could also explain a positive abundance-distribution relationship: species
may be forced to occupy a wider variety of habitats when they are very abundant
compared to when they are less so, leading to a more widely dispersed distribution
(Jenkins 2005, Olivier & Wotherspoon 2006). When the diet of a species is flexible
and resources are scarce a corresponding increase in niche breath or degree of general-
isation can be seen. For example bumblebees (Bombus terrestris (Linnaens)) increased

the number of flower species they visited when conspecifics are present (Fontaine et al.

2008).

Perhaps the most persuasive theories explaining the patterns deal with population dy-
namics. Firstly, metapopulation dynamics may result in positive abundance-range
size relationships (Hanski & Gilpin 1991, Hanski & Gyllenberg 1997, Hanski 1998).
Metapopulation-based explanations can be broken down into the carrying capacity and
the rescue effect hypotheses (Gaston et al. 1997). The carrying capacity of a species is
reflected in its local abundance and regional distribution, where all areas are equal and
available to that species. Highly abundant species thus, are considered to have high
carrying capacities with low extinction rates and/or a high colonization rates but can
be limited by resource availability or use. The rescue effect hypothesis meanwhile only
considers immigration; a positive relationship can be obtained if immigration is high

enough to prevent extinction, the more immigration that occurs the greater the number
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of patches that are occupied. Finally, the vital rates hypothesis (Holt et al. 1997, 2004)
is similar to the rescue effect in that immigration must be adequate to allow the species
to persist in a given habitat, but it differs in that immigration per se does not determine
the local abundance. The positive relationship instead is generated by the rate at which

births exceed deaths differing for different species.

One of the ways to deduce the relevant questions which will determine the cause of the
abundance-occupancy relationship is by modeling the abundance and distribution of
the species in question. Gaston & Blackburn (1999} pointed out that there was a lack
of proper models and rigorous testing in macroecology, which results in a community
analysis where no hypotheses can be rejected outright, as it is important to consider
all mechanisms. In a review Gaston et al. (1997b) referenced almost a hundred papers
which focused on a particular group of animals. Of those, about 30% deal with in-
sects, with almost half of them focusing of butterflies. Another 30% of papers refer to
models describing birds, with the remaining papers focusing upon plants and fish, with
only a single paper each on barnacles and molluscs. More recently, Blackburn et al.
(2006) reiterated essentially the same summary of the state of the field, and again drew
attention to the dearth of contributions from marine science. There appears to be a gap
in the literature with respect to ecological models pertaining to marine and particularly
estuarine organisms. However, there has been a resurgence in ecological modelling ap-
pearing in recent research (e.g. Thrush et al. 2008, Hewitt & Thrush 2009). Foggo et al.
(2003) studied the abundance and distribution of estuarine macroinvertebrates, whilst
Frost et al. (2004) studied abundance and occupancy of macrofauna on sandy beaches.
Neither found major difference between the distributions of species with distinctly dif-

ferent reproductive strategies, indicating that the mode of dispersal was not the likely

9



L.1. ECOLOGICAL BACKGROUND

mechanism creating the positive abundance-occupancy relationship. However, more
recent contributions by Foggo et al. (2007) suggest that dispersal does affect the na-
ture of abundance-occupancy relationships in more connected, fully marine systems.
Neither set of findings appears conclusive, with the role of habitat and patch connec-
tivity appearing to be important in determining whether biological traits such as repro-
ductive and developmental biclogy play a part in structuring the relationship between
abundance and distribution. Further evidence of the importance of such strategies in
determining abundance-occupancy relationships can be found in non-marine oriented
work. A wider niche breadth along with an understanding of biological traits and how
these can be modified by environmental factors is argued to be a determinant of abun-
dance (Statzner et al. 2008). The difficuity with this was demonstrated by Gaston et al.
(2008); they noted a lack of basic information such as body size and animal fecundity
for a portion of the world’s avian species. This makes formulating generalities regard-
ing abundance and occupancy impossible. Another example exists for fish found in
freshwater lakes in south-eastern France (Mason et al. 2008). The abundance of fish
species was thought to be determined by niche size based on resource use. Abundant
species avoid overlap due to specialised feeding modes and prey species. However,
due to lack of data on environmental factors, life stage and resource availability, limits
to the conclusions reached in this research exist. However, examples of research with
a more comprehensive set of data can be found. Energy limitations due to a large body
size of insectivorous birds in the Mediterranean and Temperate forests of Chile are
associated with low abundances (Cofre et al. 2007). Habitat specificity was found to
limit their latitudinal range and this was further confounded by habitat fragmentation

and small clutch sizes (Cofre et al. 2007).
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1.2 Estuaries as model systems

Estuaries are unique environments and are ideally suited to test macroecological mod-
els. The argument brought forth by Gaston and Blackburn (1999) regarding the lack
of proper testing of models arises again in Attrill’s 2002 paper on diversity trends in
estuaries. Attrill (2002) points out the common estuarine diversity model is based on
Remane’s work from 1934, a model actually developed for the tideless Baltic Sea,
making it inappropriate for use in estuaries. Estuaries are considered to be transitional
areas between rivers and seas but have not been properly investigated as such (Attrill
& Rundle 2002). Attrill (2002) thought the use of Remane’s model to be inappropriate
and developed a new mode] based on a dataset describing the Thames estuary. This
model indicates that salinity variation is one of the main factors affecting diversity
and distribution 6f estuarine species, with salinity range experienced being key (Attrill
2002). A large body of work exists which categorises terrestrial and marine systems,
yet the unique environment created by the river and sea interface in estuaries is often
overlooked. Attrill et al. (2001) showed that the latitudinal diversity cline apparent in
many terrestrial environments is also present in estuaries; estuarine diversity increases
with ambient environmental temperature, perhaps as a result of tropical communities
having had longer to settle a temperate estuary. Attrill & Rundle (2002) continued to
categorise estuaries using ideas developed for use in terrestrial ecology. They cato-
gorised estuaries as being unusual due to having two transitional zones, ecoclines,
rather than just one. The river to the mid-estuary is one ecocline and mid-estuary to
sea is the second. Attrill & Rundle (2002) argue that there are no true estuarine species,
merely two distinct groups of animals, freshwater and marine, living at the edge of their

limits in mid-estuary. This research presents estuaries as unique environments able to
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contribute to the abundance-occupancy debate by placing definable boundaries on a
species distribution due to its ability or lack thereof to tolerate salinity fluctuations.
Estuaries therefore represent challenging environments for organisms to live in, and
place demands upon many aspects of their biology. This also makes them interesting
and challenging environments in which to test the contributions of physiology to dis-
tribution and abundance, and therefore in which to bring together macroecology and

physiology.

1.3 Aim and Objectives

Aim The main aim of this work is to integrate physiological and ecological studies
of a set of model estuarine organisms to seck inter-relations between physiological
capabilities and spatio-temporal patterning of distribution and abundance. Ultimately,
the goal is to construct a model with both conceptual and mathematical elements, in-
corporating physiological and ecological data. The model can then be used as a tool to

predict aspects of distribution and abundance of the organisms concerned.

Objectives The model operates on three key parameters, which define the following

objectives:

Define physiological tolerance/capacity in key selected species The first step to
constructing this model is to determine the physiological capabilitics and limits of the
species considered. Salinity and temperature tolerances are critical factors affecting
the survival and distribution of species in estuaries (eg: Attrill 2002, Attrill & Power
2004). Thus, the first two data chapters of this thesis will investigate the metabolic
oxygen utilisation of the species’ as a proxy for physiological performance or capacity

(Chapter 2) and critical maximal and minimal temperatures as a proxy for physiolog-
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ical tolerance (Chapter 3). To avoid confusion, a single unit for salinity will be used

throughout this thesis; parts per thousand (ppt).

Determining ecological context Once the physiological limits have been established,
it is then possible to place these into context with respect to the ecological data col-
lected. Therefore, it is necessary to quantify actual abundances and distributions of
species in space and time. Thus, chapter 4 will document the abundance, distribution

and demographics of the species within their respective habitats.

Construct and validate model The penultimate chapter (Chapter 5) discusses the
construction and validation of the model using well-established ecological and math-
ematical approaches based around techniques such as logistic regression. The final
chapter is a general discussion, examining the physiological and ecological chapters in

a wider context.

Previous researchers have often built models describing abundance and distribution
in estuaries on the basis of ecological data alone (see Attrill et al. 2001, Foggo et al.
2003), this could lead to a misrepresentation of the niche size of estuarine organisms
as the physiology of the species is not taken into account. It is for this reason that an
integrated approach focusing on both physiology and ecology is necessary to gain a
more complete understanding of why animals live in a given habitat. The predictive
tool will take the form of a model, its purpose being a platform for the prediction of
species population density and spatial distribution. The possible applications of such
a model are wide-ranging, provided it is flexible enough to deal with a number of
simultaneously differing parameters and can predict interactions between the inputs.
The proposed model will be designed to indicate predicted population density and

spatial distribution given input parameters of salinity, temperature and local proportion
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of sites occupied.

The derivation of such a model does have certain limitations, which are broadly out-
lined here. Predictions can only be made about a species if its abundance and distri-
bution is limited by physiological processes, within a tractable system, with distinct
habitat patches. For example, the salinity and temperature in the pelagic environment
in the open ocean is relatively stable compared to a benthic habitat in an estuary, where
salinity can change several times a day with the incoming and outgoing tides, or the
amount of freshwater input (Barnes 1974). The tides can also leave habitats exposed
and this can lead to large fluctuations in temperature (Newell 1979). Habitat availabil-
ity can also be limited by variable sediment types and patchy vegetation. The physio-
logical stress as well as limited habitat availability make estuaries an ideal habitat for
development of such a predictive tool. Although estuaries are considered to be very
variable environments, many species still choose to withstand these changes in salinity
and temperature as they offer shelter and an abundance of nutrients not available else-
where (Barnes 1974). In order to increase the applicability of the tool, choosing a study
organism which is widespread and experimentally tractable is crucial. Amphipeds are

one such group of organisms.

1.4 Study site and organisms

Amphipods were chosen as the study organisms for this study; they are abundant in
a variety of estuaries locally, and are tractable subjects for laboratory studies. They
are found throughout the world and are often present in variable environments such as
estuaries as many species have wide salinity and temperature tolerances (Sexton 1928,

Segerstrile 1959, McLusky 1968, Aikins & Kikuchi 2001). Amphipods are known
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to be reliable laboratory animals due to low mortality and simple feeding regimes
(Gaston & Spicer 1998). Two abundant and widespread species, Corophium volu-
tator (Pallas, 1766) and Gammarus marinus (Leach, 1815), as well as a less abundant
species Gammarus chevreuxi (Sexton, 1913) with a more localised distribution were
chosen as study organisms. Corophium volutator 1s a common species of amphipod
in estuaries, ranging across the European coasts into the North Atlantic and Amer-
ican coasts (Lincoln 1979). 1t has an apparent wide salinity tolerance, ranging be-
tween 2.6 and 46 ppt, which increases when supplied with a suitable substrate (with a
biofilm as a food source) due to increased energy requirements in extrernely low salin-
ities (McLusky 1967). Gammarus marinus (also known as Chaetogammarus marinus,
Marinogammarus marinus (Lincoln 1979) and Echinogammarus marinus (Ford et al.
2003); hereafter referred to solely as Gammarus marinus (Bellan-Santini 2009)) is
a widespread species which is often used in toxicological studies (Ford et al. 2003,
Clason et al. 2004). Gammarus marinus is considered to be a true marine species
(Sexton & Spooner 1940) but has been shown to tolerate salinities between 0 to 35
ppt with preferences for 28 ppt to full strength seawater (Bettison & Davenport 1976).
Gammarus chevreuxi meanwhile is a rare species with its worldwide distribution being
limited to only a few reported locations in the U.K. (where it appears to be locally abun-
dant - see Lincoln (1979)), France, and an isolated case in Portugal (Crawford 1937,
Stock 1967). Yet, there are contradictory reports where G. chevreuxi is also considered
to be abundant in Europe and North Africa (Sexton 1928, Subida et al. 2005). Lincoln
(1979) states that the main distinguishing feature of G. chevreuxi is the long curled
hairs on large adult males as there are many anatomical similarities to other species
of Gammarus. This could lead to an under-recording of the species; north Wales is

presently the northern extent of its recorded range (Lincoln 1979). Early physiology
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experiments on G. chevreuxi showed it to be highly tolerant of brackish (25 ppt) water
with respiratory rates comparable to G. marinus and G. pulex (Linnaeus) (Lowenstein
1935). In Portugal, G. chevreuxi were found to inhabit low salinities (up to 4 ppt) and
were most abundant during the winter months with an average water temperature of
12°C (Subida et al. 2005). Corophium volutator is considered to be a true estvarine
species, and these physiological tolerances contrasts with the more marine G marinus
which in turn is physiologically very different from G. chevreuxi. These stark dif-
ferences in habitat choice and physiological limitations make these amphipod species
ideal for comparison in order to elucidate the main factors limiting each species distri-
bution. The ready availability of these species of amphipods and their varying physio-
logical characters, distributions and abundances makes them ideal study organisms for

both laboratory and field sampling, and for the purposes of this work.

The Avon, the Plym and the Taw/Torridge estuaries were recognised as ideal test sys-
tems. Three sites were selected on the Avon and Plym estuaries and four on the
Taw/Torridge estuary system. Gammarus chevreuxi and G. marinus were collected
from the Avon and the Plym estuaries; C. volutator from the Avon and the Taw/Torridge.
Although the three species of amphipods chosen live in ecologically different niches,
they are all found within close proximity at each site in the estuaries studied. Sites
where the specific gammarids were collected had flowing water with stony bottoms
(G. chevreuxi) and the presence of patches of Fucus spp. seaweed (G. marinus).
Corophium meanwhile has a patchy distribution on large areas of mud and muddy
sand flats, which are exposed at low tide (Meadows 19644); both the Avon and the
Taw/Torridge have well established populations. These systems were chosen after ex-

tensive preliminary research on the above estuaries as well as the Tavy, the Exe and
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the Tamar. In order to be included in a site, a species had to be found at a minimum
density to allow abundance to be estimated meaningfully. The sites chosen reflect dif-
ferent aspects of their localities: the Avon is a southern English estuary which is well
maintained with grade A water quality (Buck 1997); the Plym is also a southern es-
tuary but it is much more polluted by the china clay quarrying activities, the .city of
Plymouth and dockyards (Buck 1997) and by virtue of a considerable volume of heavy
boat traffic due primarily to Sutton Harbour (Smith et al. 1995); the Taw/Torridge is a
northern site but is well maintained environmentally with the exception of the Apple-
dore boat yard and low levels of commercial and military boat traffic. The selection of
these sites was firstly based on the presence of the animals as well as site accessibility
and habitat type. Some limits were imposed due to the lack of sufficiently large Fucus
spp. patches or flowing water on the Avon; the Taw/Torridge estuaries meanwhile were
treated as a single system due to accessibility and safety while sampling, and the lack

of adequate numbers of discrete sites within each of the two systems.
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Chapter 2

The effect of biotic and abiotic factors

on physiological capacity

2.1 Introduction

Amphipods are an ubiquitous component of estuaries due in part to their ability to cope
with varying salinities; Corophium volutator, Gammarus marinus and G. chevreuxi are
common species in estuaries across Europe (McLusky 1968, Bettison & Davenport
1976, Subida et al. 2005). An animal’s ability to respond to changes in salinity can
be a significant determinant of its distribution (see Attrill 2002). There are numerous
ways in which to measure the response of animals to a change in salinity. For example,
McLusky (1967) used choice experiments where C. volutator were allowed to choose
their preferred salinity by swimming or crawling between compartments of different
salinity. Previous studies agreed with the findings of this work and showed C. volu-
tator to have a wide salinity tolerance, being able to survive from nearly freshwater
to hypersaline conditions (47 ppt) (McLusky 1867). Acclimation studies showed that
when suitable substrate is available, the distribution of C. volutator might be limited
by exposure to low salinities; reproduction can only occur when the water is at a mini-
mum salinity of 7.5 ppt (McLusky 1968). However, waiting for reproduction to occur

and the subsequent development of the young is very time consuming as a laboratory
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or field-based approach to studying the physiclogical constraints upon the organisms
in their habitat. A more immediate approach is the use of oxygen consumption as a
measure of physiological capacity, as a shift in requirements away from metabolic pro-
cesses (such as reproduction) can occur in order to maintain normal respiration rates

(McLusky 1969).

Oxygen consumption data on their own are not very informative, but it is assumed that
the animals’ oxygen consumption is directly related to their metabolic rate and thus
energetic costs (Lofts 1956). This relationship has been tested previously, by measure-
ment of direct heat dissipation during salinity challenge of crabs (Rhithropanopeus
harrisii (Gould), but this method can be expensive and extremely time consuming
(Normant & Gibowicz 2008). As the maintenance of osmotic balance has a high ener-
getic cost (Potts 1954), oxygen consumption is considered to be the preferable method.
In this case the animal’s mass specific oxygen consumption rate is expressed as rate
of O; consumed (MO;). Results from MO; experiments can be interpreted in general
terms by considering that deviation from baseline oxygen consumption requires en-
ergy expenditure, and thus is considered to represent ‘reduced capacity’. However, on
occasion it is not always possible to obtain a baseline, for example, in a widely fluctu-
ating natural environment. In these cases, results have to be compared to one another
to estimate in what conditions the lowest oxygen consumption occurs, with this set of
conditions then considered to be those producing ‘high capacity’ and representing the

‘baseline’.

Traditionally, quantitative analysis of organismal oxygen consumption has been based
on the widely accepted assumption that a change in energy expenditure results in a di-

rect change in metabolic rate (Schmidt-Nielson 2004). Most recently Brooks & Mills
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(2006) were able to quantify the impact of acclimation of G. pulex to different salin-
ities with the use of gill Na, K ATPase activity. The highest rates of enzyme activity
were found in gammarids acclimated in the most dilute medium; a significant increase
in haemolymph sodium concentration was noted when freshwater acclimated animals
were subjected to 12 ppt. A high enzyme activity rate would presumably require more
energy, which would have to be diverted from other processes such as growth and re-
production. This research is significant because it uses a direct measurement of energy
expenditure to quantify an animal’s response to a change in salinity. The research
supports the assumption that oxygen consumption can be used as an indication of the
metabolic response to environmental stress. Previously, results from experiments us-
ing oxygen consumption have been varied. For example, Dikerogammarus villosus
(Sowinsky) from the River Rhine was seen to have maximum oxygen consumption at
20°C with the minimum at 5°C; animals were able to tolerate salinities up to 20 ppt,
with baseline oxygen consumption obtained between 0 and 10 ppt (Bruijs et al. 2001).
Results from experiments using G. oceanicus (SegerstrA¢le) meanwhile indicated an
increase in oxygen consumption with an increase in temperature, with results affected

by the moulting state of the animals (Halcrow & Boyd 1967).

Although tractable techniques for studying physiological capacity exist, there are still
many ‘unknowns’ in the available literature. Previous work has shown developmen-
tal differences in physiological capacity in several crustacean species (e.g. Morritt &
Spicer 1996a,b, 1999, Spicer & Eriksson 2003, Spicer & Stromberg 2003), however
most early research was conducted only on adults. For example, Halcrow & Boyd
(1967) measured locomotory activity as a proxy for standard metabolic rate in G.

oceanicus, but they only used large adult males. The physiological limits of Mytilus
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edulis (Linnaeus) meanwhile would not have been found unless larvae were used, as
the combination of temperature and salinity limited their growth outside of 25-35 ppt
at 15°C (Brenko & Calabrese 1969). In a review of oxygen uptake in gammarids,
Sutcliffe (1984) determined that the absolute rate of oxygen uptake was not directly
proportional to body mass, and therefore a standard comparison of results across dif-
ferent experiments is not possible if data describing mass are neglected as has often

been the case (Spicer & Stromberg 2003).

When these problems are corrected for, it is possible to further our understanding of
these complex physiological results by placing them into an ecological context to see
whether these data can explain patterns in abundance and distribution. The oxygen
consumption of an animal exposed to changes in salinity over various time periods
may give insight into how the animals have adapted to salinity changes experienced
over daily tidal cycles, e.g. when C. volutator is adequately acclimated to a new salin-
ity, the animals do not show any significant changes in oxygen consumption compared
to baseline levels (McLusky 1969). This could be related to a diversion of energy re-
quirements (McLusky 1969) as C. volutator has been shown to have a reduced growth
in very low salinities (McLusky 1967). Indeed, early research on two species of Palae-
monetes shrimp concluded that the increase in metabolic rate when exposed to a change
in salinity had energy costs, and these went beyond the osmoregulatory mechanism
into other physiological processes (Lofts 1956). Hence, the distribution of an animal
may be limited not by the maximum and minimum salinities it can survive in, rather by
the energetic costs associated with living in a physiologically challenging environment

over its entire lifespan.

There are thus a variety of factors which influence oxygen consumption and which
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may impact upon other metabolic processes. The aim of this chapter is therefore to
investigate the effect of biotic and abiotic factors on physiological capacity of the three
'amphipod species, C. volutator, G. marinus and G. chevreuxi. The biotic factor con-
sidered is body mass and the abiotic factors are salinity and acclimation (time). The
physiological capacity will be measured as rates of oxygen consumption - MO;. In
particular, the studies are designed to investigate short term effects of salinity stress
on animals to determine their responses to acute shock (4 hours), whilst contrasting
medium term (5 days) experiments are designed to determine animals’ outright accli-
matory capacities. Therefore, the objective of this chapter was to measure the oxygen
consumption of these three amphipod species over different lengths of exposure to test

for acute and acclimatory responses to changes in salinity.

2.2 Materials and Methods

Corophium volutator were collected from the Avon Estuary (National grid reference
SX 666 439). The animals were collected from a small mud flat accessable from the
road, hereafter referred to as the ‘Tidal Road’ site, collected by scraping the top 1cm
of muddy sediment and sieving it through a 500 pm sieve bag in situ. The isolated
animals were then placed in a bucket with sediment to be returned to the laboratory
and kept at 20 ppt. Both species of Gammarus were collected from the Plym Estuary
(National grid reference SX 540 566) at the Chelson Meadow site and returned to the
laboratory where they were kept at 35 ppt and 20 ppt respectively. Gammarus marinus
were collected by hand from under dense patches of Fucus vesiculosus (Linnaeus)
and G. chevreuxi were collected by kicking sediment in the centre of an outflow into a

standard FBA net. All animals collected were put into buckets with appropriate habitat,
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Fucus and rocky sediment, respectively. These salinities were selected to reflect the
average experienced over a typical tidal cycle based on preliminary observations. All
animals were kept in a 12:12 light:dark cycle at 15°C. Corophium volutator and G.
marinus were kept in aquaria (vol. = 15L) tanks covered with cling film (to reduce
evaporation) held in place by plastic tank covers. Three aquaria for each species were
maintained with suitable substrate and the water was changed weekly. In order to allow
for larger rocky substrate, G. chevreuxi was kept in a covered aquarium (vol. = 50L)

with a filter. Water changes were also undertaken weekly.

Two sets of experiments were undertaken, one short term (4 hours) and one medium
term (5 days). The short term experiment measured the oxygen consumed by the
animals after four hours of exposure to a change in salinity. For each salinity, 15 in-
dividual animals were used for each species. In the medium term experiment, animals
were taken from their laboratory acclimation tanks and exposed to a change in salinity
for five days, in individual flow through containers (see fig. 2.1), prior to being trans-
ferred for measurement of oxygen consumption using the same protocol employed in
the 4h trial. For both experiments, in order to measure the oxygen consumption, in-
dividual animals were placed in darkened vials covered with gauze to reduce activity
(see Agnew & Taylor 1985, Spicer 1998), and left in aerated aquaria (considered to be
normoxia or 100% oxygen) for 30 minutes. After this time, the animals were sealed
in their vials and left for four hours. Once the four hour time period was completed,
a sample of water (vol. = 10mL) was taken from the vial and oxygen concentrations
determined using a Strathkelvin Instruments (Glasgow, Scotland} model 781 closed
respirometry meter (see fig. 2.1). Oxygen consumption or metabolic oxygen (MO, -

u1 of oxygen per mg of wet mass per hour) were used. After experimentation all ani-
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mals were blot dried and weighed on a Fisherbrand PS-100 precision balance (100 g x
0.1 mg) before being preserved in 70% ethanol, in order to be examined individually

to determine length and to ensure the correct species in smaller individuals.

The set up of the medium term (5 days) experimental equipment was time consuming
as many modifications to the flow-through containers were required in order to ensure
consistency and containment of the animals. Preliminary experiments found that it
was extremely difficult to keep the more saline-adapted G. marinus in the low salinity
conditions for extended periods of time due to high mortality. Therefore, it was not
possible to expose all species to the same range of salinities. For the short term exper-
iment therefore, C. volutator was kept in 20 ppt and the experimental salinities were
2, 5,10, 15, 20, 25, 30 and 35 ppt, with only 2 ppt not being repeated in the medium
term experiments. G. marinus was kept in 35 ppt until the start of the experiments and
then exposed to 2, 5, 20 and 35 ppt, with the medium term experiments using 5, 20 and
35 ppt. The salinities used in the short term for G. chevreuxi were 2, 5, 15, 20 and 35
ppt, with 2 ppt being omitted in the medium term experiments. For each salinity and

temperature combination, 15 individuals were used per trial.
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4 O, electrode in jacket

- O2 meter

Closed bottle
respirometry cells

Water bulk tank
with pump

Figure 2.1: Experimental set-up; (a) Closed respirometry system (Picture curtesy of P. Dono-
hue) and (b) 5-day flow-though system.
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2.2.1 Statistical Analysis

There was significant variability in available animal size within and between species,
and depending on exact timing, within the season. For both these reasons it was not
always possible to obtain data across the entire size range for each species in all trial
combinations. In order to visualise the data as a whole and make standardised com-
parisons across sizes of organisms, acclimation, durations and salinities, a regression-
based line fitting approach was employed to extrapolate results for typical ‘small’ and
‘large’ animals in each species. Standardised sizes were derived from the average min-
imum and maximum mass data for each species. The ‘small’ animals for C. volutator
and G. chevreuxi were 2 mg and for G. marinus 10 mg. The ‘large’ mass for C. vo-
lutator was found to be 10 mg, for G. chevreuxi was 13 mg and for G. marinus 100
mg. The In (wet mass) vs In (MO,) relationships were plotted for each salinity level
in each trial, and the equation of the line fitted by ordinary least-squares (OLS) regres-
sion in Minitab (version 15). This was used to predict MO, at standard masses for
each species. A 95% confidence interval was used for these fitted lines at the standard-
ised masses, calculated following Bailey (1995), to represent typical variability around
the fitted values. Plotting these standardised values made it more tractable to visually
compare the differences in response at each salinity for different sizes of individual in

each species (see figs. 2.2 10 2.7).

Exploratory analysis using Kolmogorov-Smirnov tests on residuals of full factorial
models indicated that the best conformity to ANOVA assumptions were achieved us-
ing log transformed MO, and body mass data (R? = 0.63). The main analysis was
then conducted in three parts. The first level comprised the entire data set, with all

species, trial durations and salinities being considered, to test whether all species have
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the same oxygen consumption across salinity, duration or mass. An ANOVA Gen-
eral Linear Mode! (GLM) was used (Minitab 15.0). The model used species and trial
duration as fixed factors, with salinity as a random factor nested within duration (not
all salinities were tested over both durations), and In {mass) as a covariate. Slopes
of In (mass) - In {MO;) relationships across salinities, durations and species compar-
isons were checked for homogeneity (indicated by non-significant factor x covariate
terms in the full mixed model} prior to analysis of slope elevation. All ANOVAs were
checked for issues of deviation from assumptions by testing unstandardised residuals
for deviation from normality using Kolmogorov-Smirnov tests. When the slopes were
found to be homogeneous, the analysis was run again, removing the In (mass) x factor
interaction terms. It was then possible to see the direct comparisons of salinities and
where, if any, significant differences lie, using Tukey’s post-hoc tests to test for sig-
nificant pair-wise differences between challenge salinities. However, as the individual
variation of mass and response of organisms differed across salinities this result only

gives an indication of likely between-salinity effects.

The second level of analysis was conducted using single species with both durations
pooled. This was to test whether the oxygen consumption within individual species
was the same across salinity, duration or mass. Again, the ANOVA GLM protocol was
used, with the same fixed and random factors and sequence of tests, with the analysis
being run on each species individually. The third level of analysis was conducted
using single species and separating out the different durations into separate analyses.
This tested whether the oxygen consumption of an individual species was the same
across salinity or mass. The model used in this instance was simplified, with the fixed

factor being salinity and the covariate In(mass). If the slopes were homogeneous for
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the interaction between salinity and In (mass), then In (mass) was removed as a main
factor in the model, but remained as a covariate. The analysis then proceeded using the

same general approach as before.

2.3 Results

The results of the analysis showed that the species MO, were not significantly different
from one another (see table 2.1). Even after mass was removed as a main factor in the
model, which remained as a covariate, there was still a strong link between body mass
and MO,. MO; differs significantly according to what species, length of exposure and
salinity combination were being tested with respect to mass. MO, was also modified
by species and duration of trial. In order to further understand the main factors causing

the significantly different MO;, the data were split to test each species individually.

Table 2.1: Results of ANCOVA analysis of salinity effects upon MO; in all three amphipod
species including both durations and all test salinities ((©)indicates covariate)

Source DF | M5 F P
Species 2 0606 | 1520 0.221
Duration: 1 <0.001 | 0000 | 0.990
Speciesx duration 2 0.21% | 0540 |D.583
Salinity (species x duration) 25 10837 2560 | <0001
In mass © 1 20108 | 61620 | <GC.001
In massx salinity {species x duration) | 25 (0.645 | 1580 |90.005
Ertor 270 | 0.362
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2.3.1 C. volutator

The MO, for C. volutator did not differ significantly between trial durations. However,
in certain salinities the relationship with duration changes and results in significantly
different MO»s (P<0.001) (see table 2.2). A significant result was found for the inter-
action between salinity within duration and mass, therefore, mass was left in the model

as a factor. The analysis was run again separately for the short and medium term data.

Table 2.2: Results of ANCOVA analysis of salinity effects upon MOz in C. volutator including
both durations and salinity exposure ((©indicates covariate)

Source DF | MS F P
Duration 1 0.684 (0730 0414
Lalinity [duration) 13 |1.288 | 4.250 <000
In mass & 1 49853 | 1.6457D0 | < 0.0M
Duration x In mass 1 0.977 | 0250 Q&1
Sahnity(duration) x Inmass | 13 [1.851 | 3.470 <0.001
Errar 122 |0.303

When the durations were tested separately, significant differences in MO, were found
at different salinities and masses (see table 2.3). However, for the short term data, it
was not possible to run the Tukey tests due to the complication of mass as an interacting
main effect in the model. A complex interaction was found between salinity and mass,

which made the significant differences noted in the MO; difficult to interpret (see fig

2.2).

The Tukey tests were possible for the medium term data and showed that the MO,

at 25 ppt was significantly higher compared to 10 and 5 ppt (see fig. 2.3; table 2.3).
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The lack of a significant interaction between salinity and mass in the medium-term data
might indicate acclimation. However, this results must be taken into context against the
significant MO, results found for salinity alone. This would indicate that C. volutator
has different respiration rates at different salinities, and might only acclimate at mid-

range salinities (see fig. 2.3). This could be reflective of acute shock experienced at

both time durations when the animals were exposed to a change in salinity.

Table 2.3: Results of ANCOVA analysis of salinity effects upon MQO; in C. volutator after 4

hour and 5 day salinity exposure (©indicates covariate).

Saurce DF MS F

dhr| Sdoy | dhr Sday |4bhr 5 day 4 hr 5 day
Inmass © 1 1 24.602 | 25.284 | 70480 | 112.750 | <0.001 | 0.078
Salinity 8 5 1.796 | 0.475 |5.140 | 2.120 <0.001 | <0.001
Salinity x In mass | 8 5 1646 | 0.099 | 4.720 | 0.440 <0.001
Error 87 |51 0.349 [0.224
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Figure 2.2: Mean oxygen consumption (MOz) for C. volutator over short term duration (4
hours) for two size classes (£ 95% CI).
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Figure 2.3: Mean oxygen consumption (MO») for C. volutator over medium term (5 day) du-
ration for two size classes (£ 95% CI). Note: Scale adjusted to figure 2.2 to aid

comparison.
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2.3.2 G. marinus

All factors were found to have significant effects on MQO; (see table 2.4), after removal
of mass as a main factor in the model. In order to see where these effects lie, the

durations were separated and a further analysis conducted.

Table 2.4: Results of the ANCOVA analysis of salinity effects upon MO: in G. marinus in-
cluding both durations and salinity exposure ((C)indicates covariate).

Source OF | M3 F P
Duration 1 |9011|00% |0.768
Salinity (duration) 5 |0D33|0200 |0.962
in mass @ 1 | 3528 21.380 | <0a01
Duration x In mazs 1 |09010 | 2960 | 0.805
Salinityx In mass {[duraton) (& | DO16 | Q100 | D982
Error 66 | G165

The MO, for G. marinus over the short-term duration, was significantly higher at low
compared to high salinities (with mass as a covartate only) (see table 2.5 and fig. 2.4).
The MO; at 2 ppt was significantly higher than those of 20 and 35 ppt. Likewise the
MO, found at 5 ppt was significantly higher than 20 ppt.

There does appear to be some acclimatory ability in the medium-term MO, results, as
the response was not significant even after being tested without mass (see table 2.5 and
fig. 2.5). The differences lie in the metabolic rate of larger individuals being different
to much smaller individuals within the species and not salinity. What should be noted

though, was that there are no data available for 2 ppt in the medium term experiments.
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This was due to the high mortality experienced when G. marinus was exposed to very

low salinity for extended periods of time.
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Figure 2.4: Mean oxygen consumption (MQO;) for G. marinus over short term duration (4
hours) for two size classes (£ 95% CI).
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Figure 2.5: Mean oxygen consumption (MO») for G. marinus over medium term duration (3
days) for two size classes (£ 95% CI).
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Table 2.5: Results of ANCOVA analysis of In MO» of G. marinus over 2 durations (4 hours
and § days) and various salinities (see text for details) (©indicates covariate).

Source DF MS F P

Xhr|S5day | 4hr |Sday |4hr Sagy |4br Sday

Inmass € |1 1 1246 | 14681 B58D | 96542 | GODE | <0.001
Lalinity 2 2 1784 | 0404 | 11250 | 2.660 | <0.001 | 0.084
Error 36 35 0.157 | &1k2

2.3.3 G. chevreuxi

Similar results to G. marinus were seen for G. chevreuxi. Significant interactions be-
tween MO, and all factors were found (see table 2.6). As before, the short-term and
medium-term data were separated as there were significant differences in the MO; de-
pending on the duration. Mass was removed as a main factor in the model when no

significant interactions were found.
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Table 2.6: Results of ANCOVA analysis of salinity effects upon MO, in G. chevreuxi including
both durations and salinity exposure ((©indicates covariate).

Source OF | MS F P
Duration 1 |0154 | 0.360 | 9.550
Salinity [duration} 7 | 0575|1070 |0.392
in mass & 1 | 3562 |6.640 | 0.012
Duration x In mass 1 |9509 0950|0334
Salinity{durationjxInmass | 7 | 0.342 | 0.640 | 0.724
Error &6 | D537

For the short-term data (see table 2.7, fig. 2.6), there was a significant effect of salinity,
with the MO; found to be higher at 35 ppt than 15 or 20 ppt. However, despite removal
of mass as a main factor in the model, examination of residuals for this analysis reveals

marginal conformity to assumptions of homogeneity of variance.

The respiration rate of G. chevreuxi over the medium-term duration, was considerably
more variable than that of G. marinus (see figs. 2.6 and 2.7). However, there was no
significant difference found between the MO, for the salinity trials of G. chevreuxi (P
= 0.397), which is notable as compared to G. marinus (P = 0.084). This indicated that
G. chevreuxi has the greatest acclimatory ability over the 5 day period and that the re-
sulting difference in respiration rates were due to differences in mass of the individual
animals. However, acclimation may be occurring but the residuals deviate signifi-
cantly from normality and were considered marginal; therefore these results cannot be

thought of as conclusive.
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Figure 2.6: Mean oxygen consumption (MQO,) for G. chevreuxi over short term duration (4
hours) for two size classes (+ 95% CI).
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Figure 2.7: Mean oxygen consumption {(MO») for G. chevreuxi over medium term duration (5
days) for two size classes (£ 95% Cl).
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Table 2.7: Results of ANCOVA analysis of In MO; of G. chevreuxi over 2 durations (4 hours
and 5 days) and vanious salinities (see text for details) ((C)indicates covariate).

Source oF MS F P

2hr| Sday | 4hr Sday |4hr Sday |d8r S day

Inmass € | 1 1 10.545 | 13.214 | 25.580 | 12.730 | <0.001 | <0.001
Salinity 4 3 1913 (0683 (4730 (162D |0003 | O3%
Error 55 |13 Q406 | 076D

2.4 Discussion

In general, the amphipods had significantly different MO5s and this was being modified
by the interaction between salinity and duration. This was to be expected as the three

species have distinctly different habitats.

2.4.1 C. volutator

It was predicted that the estuarine amphipod C. velutator would be better adapted to
salinity variation than the marine G. marinus. This assumption was not upheld; the
indication was that C. volutator does not acclimate to salinity changes and responds
to the stresses of a change in salinity by increasing its rate of oxygen consumption
which may have significant energetic cost. Corophium volutator appears to be limited
by the increased physiological demands when there is a change in salinity, which was
reflected in the strongly significant result for salinity in the short term trials. The
significant result of the interaction between salinity and mass indicates that different

sized individuals react differently to a change in salinity. The lack of acclimation
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shows that C. volutator has a limited salinity range and that this is different for smaller

individuals than for larger ones.

The highest oxygen consumption for the medium term experiments for C. volutator
were at 25 ppt for both standardised masses. This might indicate a threshold salin-
ity, beyond which the animals need to shift energy requirements in order to survive.
These results are different from those of previous research by McLusky (1969), where
he found no change in respiration rate at differing salinities for C. volutator. How-
ever, McLusky (1969) does contextualise the results as previous research (Potts 1954,
McLusky 1967), by demonstrating that C. volutator can produce hypo-osmotic urine.
These findings as well as the possibility of shifting energy expenditure away from
growth and reproduction in order to survive in the changing salinity, can explain the
difference in results. Harris & Musko (1999) found differing rates of oxygen con-
sumption for Corophium curvispinum (Sars) depending on whether or not the animal
was in its burrow or not. This is significant as in the current experiment, animals were
put in to darkened vials with a small amount of mesh and considered to be at rest. In
order to achieve standardised methodology for C. volutator and the gammarids, it was
not possible to use natural burrows, which might have added further variability to the
experiments, as the bacteria in burrows are known to have high O; consumption rates
(Harris & Musko 1999). Previous research comparing the free-living Marinogam-
marus obtusatus (Dahl) and two species of tube-dwelling Corophium showed different
ventilatory strategies (Gambie 1970). Hyperventilation at low oxygen concentrations
occurred at higher temperatures in M. obtusatus but not in the Corophium species.
Both the Corophium species increased the frequency of pleopod beating at higher tern-

peratures but not the speed. The pleopods of the Corophium species start to beat earlier
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at higher temperatures, but this has a cost in terms of increased metabolic rate (Gamble
1970). This type of increased ventilation could also account for some variability in the
data in that C. volutator might change the rate of pleopod beating depending on the

salinity creating a corresponding change in respiration rates.

2.4.2 G. marinus

In the short term experiments G. marinus shows the classic negatively exponential
trend of high respiration rates at extremely low salinities, tapering off as the salinity
increases to full seawater. The Fucus species which G. marinus are found in asso-
ciation with are most often found in fully marine to brackish waters (Lincoln 1979).
Hence, the short-tefm physiological response to changes in salinity are reflective of
the distribution of this species. Smaller individuals were seen to have a higher MO,
regardless of duration, and that it was the mass of the individual which was driving the
relationship. Dorgelo (1977) showed that G. marinus has the widest salinity tolerance
at 5°C, with the preference narrowing with increasing temperature. Despite its theo-
retical marine origin, G. marinus appears to have the lowest MO; at 20 ppt in the short
term experiments, which might be an indicate a better metabolic capacity reflective of
a life in an estuarine environment. The lack of a significant result for the medium term
data indicates an unexpected acclimatory ability of G. marinus. What can be drawn
from this work is that this species is not limited by physiological constraints, rather, it

1s more likely limited by habitat availability.

2.4.3 G. chevreuxi

The variability in the G. chevreuxi data are important to note as the analysis shows

some possible experimental artifacts within the data as seen with the marginal con-
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formity of the residuals. Yet, overall it appears that this species exhibits acclimation
during the medium term experiments, as it has significantly lower MO, than during
the short term experiments. This may indicate that their habitat is not as stable as
predicted, or that they live well within their physiological limits and can sustain large
changes in environmental conditions without needing to change distribution. The data
also show a preference for lower salinities as the MO; during the completely marine
trials are higher than those found for 20 ppt. Previous research found a decrease in
oxygen consumption when G. chevreuxi was transfered from low to full strength salin-
ity (Sutcliffe 1984, Lowenstein 1935). This same pattern also appears to be partially
replicated here, with highest MO» at the lowest salinities (2 and 5 ppt) in the medium
term experiment. For the short term experiments, G. chevreuxi appears best adapted to

15 ppt, with increased MO; both at higher and lower salinities.

2.4.4 Conclusions

This work demonstrates the need to carefully consider the impact of mass on MO,, as
there are conflicting results on the relationship between mass and oxygen consump-
tion. Some relationships are positive and others negative (Sutcliffe 1984). Juveniles
are considered to have a very high rate of activity and therefore require more oxygen
(Sutcliffe 1984). The opposite is true, for older animals, their rate of oxygen uptake
can be greatly depressed (Sutcliffe 1984). It is possible that either a positive or neg-
ative relationship can occur which is defined by the life stage, and particularly with
the great increase in mass associated with adult versus juvenile amphipods, as is seen
in the current research. In outright terms, larger individuals consume more oxygen
but when mass is considered, larger individuals consumer less oxygen per mg. This

might be due to the surface area:volume ratio, or due to the higher energetic demands
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of growth in smaller individuals. Further complicated by this, is life stage and repro-
duction state of adult females, as production and brooding of eggs has metabolic costs
(Morritt & Spicer 1996b,c, Spicer & Stromberg 2003). Hence, the relationships be-
tween mass and oxygen consumption is not simple and should be considered carefully

for individual experiments.

If the lowest oxygen consumption is a true reflection of an animal’s condition, then all
three species show optimal performance at the mid-range salinity between 10 and 25
ppt. These data, particularly for the Gammarus species, appear to support the idea that
there can be true estuarine species, rather than freshwater or marine animals living at
their physiological extremes (Attrill & Rundle 2002). These species did not follow the
expected trend of increasing oxygen consumption with increasing size, rather it was the
smallest individuals which were shown to have the highest MO; per mass. This has
important implications for these species distribution. Smaller individuals are, at least
in part, driving the distribution of these three species of amphipods. This is because
the smaller individuals have a more restricted physiological window and when stress
is induced by a change in salinity, the potential exists for the population to be reduced.
Increased oxygen consumption can be energetically costly and these increases in MO»
are seen 1o occur in fully marine or close to freshwater conditions. The narrow salinity
range as defined by the respiration rate of C. volutator might explain some of the patchy
distributions noted previously (e.g. Lawrie et al. 2000), as spring tides can change a
site from brackish to fully marine in a short space of time. The classification of G.
chevreuxi as a rare species (Lincoln 1979) might simply be a reflection of it limited
habitat niche, as its strong acclimatory ability to changes in salinity does not appear to

be driving its distribution, much like the patches of Fucus appear to limit G. marinus.
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Chapter 3

Effects of biotic and abiotic factors on

physiological tolerances

3.1 Introduction

Distribution of species is rarely determined by a single environmental factor, it is of-
ten shaped by a multitude of aspects (Somero 1997, Gaston & Spicer 1998, Braby &
Somero 2006). Nonetheless, niche segregation has been linked with temperature tol-
erance and has been shown to be a determinant of distribution of species (Gaston &
Blackburn 2000). The importance of temperature is even more pronounced in a vari-
able environment such as an estuary (Re et al. 2005). In general, it is considered that
‘more widespread species have a greater thermal tolerance than those with a narrow
range (e.g. Calost et al. 2008). Yet this is does not necessarily hold true in the southern
hemisphere for such groups as lotic Chironomidae, due to a less predictable tempera-
ture and flow regime within rivers (McKie et al. 2004). Despite the complex nature of
the factors which determine a species’ niche, temperature can be considered important
when trying to understand both local and large scale distribution. In order to make
predictions in a changing climate about the distribution and persistence of amphipods
in their present habitats, it is important to consider not just their physiological perfor-

mance under current environmental conditions, but also their absolute tolerances, as
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determinants of their thermal niche (Rodriguez et al. 1996, Cowling et al. 2003). In
order to determine the extent of the impact of biotic and abiotic factors on thermal
biology, manipulative experiments are required (e.g. Cowling et al. 2004). Comparing
several related species which have discrete niches can elucidate the possible drivers
of distribution (Hoffmann & Blows 1994). This idea was applied here, as C. volu-
tator lives on mud flats which are adjacent to flowing rivers that are inhabited by G.
chevreuxi which are located next to discrete patches of Fucus spp. where G. marinus
can be found. Heat shock or critical thermal maximum (CTMax) as well as critical
thermal minimum (CTMin) are both parameters which have the potential to be key
limiting factors in a species’ distribution. Further to this aim, incorporating salinity as
well as seasonality has the potential to reveal interactions between factors that impact

on the distribution of these amphipods.

There is a tremendous amount of research available on thermal tolerances of organ-
isms, but most concentrate on vertebrates with only a small number on invertebrates
(Lagerspetz & Bowler 1993), with fewer still on specific groups of crustaceans (Kinne
1970). A search of recent scientific literature reveals only a few papers focusing on
amphipods and thermotolerance. Some examples include the upper thermal tolerance
of the invasive amphipod, Arcitalitrus dorrieni (ﬁunt) (Cowling et al. 2003). Lahdes &
Vainio (2003) meanwhile studied upper thermal tolerance in Baltic amphipods, Gam-
marus spp., which showed seasonal trends in heat maxima of just below 33°C in the
summer and 30.2°C in the autumn, indicating that seasonal acclimation may occur
in these species. Further review of the literature reveals older research on the thermal
tolerance of amphipods. For example, Buchanan et al. (1988) found the freshwater am-

phipod, Paramelita nigroculus (Barnard), to have a CTMax between 33.4 and 35.3°C,
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and a higher thermal tolerance was noted when animals were acclimated to 20°C as
compared to 8.5°C. The beach-hopper, Orchestia gammarellus (Pallas), was found to
have a wide temperature tolerance between 0 and 30°C (Moore & Francis 1986). Ow-
ing to a lack of specific recent research therefore, the basis for the work presented here

must draw upon examples from literature concerning differing species.

Temperature Several species of dogwhelks were tested for high temperature toler-
ance by Sorte & Hofmann (2005). Those species found in southern and mid-latitudes
at high tidal heights had better thermal tolerance in the form of reattachment capability,
even after extended exposure to high temperatures. Those from mid (low tide height)
and low latitude (high tide height) were significantly less thermotolerant, irrespective
of acclimation (Sorte & Hofmann 2005). This study concluded that both the presence
of heat shock proteins (Hsp 70) and physiological acclimation were responsible for
the difference in temperature tolerances (Sorte & Hofmann 2005). A similar accli-
matory ability was also seen in two species of Desmognathus salamanders (Zweifel
1957). Animals kept at 15°C had a higher CTMax than those acclimated to 5°C, but
at the lower temperature acclimation, the salamander with a wider distribution (D. fus-
cus (Green)) was shown to have a higher CTMax compared to the more restricted D.

quadramaculatus (Holbrook).

In general, animals acclimated to lower temperatures show significantly lower CTMax
values. Frisbie & Lee (1997) found greater than expected cold temperature tolerance
in several species of freshwater invertebrates. These animals were able to survive
being exposed to temperatures ranging between —4.7°C to —7.9°C in dry conditions
and down to —2.2°C in wet (in contact with ice) (Frisbie & Lee 1997). A lower

tolerance to cold temperatures was seen in both these studies when the animals were
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exposed to ice formation (Frisbie & Lee 1997, Issartel et al. 2006). This has important
implications for both the gammarids and C. volutator in the present study, especially
males which display a searching behaviour associated with reproduction (Forbes et al.
1996) during which they crawl on the surface of the sediment. It is therefore possible
that male C. volutator could experience a sudden drop in temperature, which would

expose that portion of the population to increased mortality (J.I. Spicer pers. comm.).

Salinity Much of the literature concerning thermal tolerance with respect to salinity
deals with temperature and salinity as separate factors (e.g. Cowling et al. 2003, Moore
& Francis 1986). For example, Cowling et al. (2003) worked extensively with the ter-
restrial amphipod, Arcitalitrus dorrieni, with respect to humidity, CTMin, CTMax and
salinity. However in this study, each factor was dealt with separately; whilst this is
favourable for simple analysis it does not necessarily reflect the complex natural envi-
ronment, in which factors such as temperature and salinity may co-vary frequently. In
much earlier work, the marine gastropod, Murex pomum (Gmelin) was found to have
a relatively narrow range of lethal temperatures between 10 and 33°C, with salinity
tolerance being between 10 and 50 ppt (Sander & Moore 1979). However, this work
did not look at the interaction between the two factors. More recent research on blue
crabs Callinectes sapidus (Rathbun) does address the interaction between temperature
and salinity (Rome et al. 2004). These crabs have a marked increase in mortality when
low salinity and low temperatures are combined. Further to this, the crabs’ mortality
increases when a sudden drop in temperature occurs, indicating a lack of short term
tolerance to low temperatures irrespective of salinity (Rome et al. 2004). This research
demonstrates the importance of the interaction between salinity and temperature toler-

ance. Although this work goes some way to addressing the issue of combined factors,
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it focuses on lethal limits rather than more ecologically valid endpoints (see method-

ology).

Seasonality Measuring thermal tolerance of animals in the laboratory is an important
tool for understanding the range limits of a species. This may, however miss the more
complex underlying factors which drive the behavioural and physiological responses of
the species by removing important factors such as seasonality. The ability of an animal
to tolerate sudden temperature change has been seen to be modified by the temperature
previously experienced as shown in the amphipod G. limnaeus (Smith) (Krog 1954).
In this research, animals collected in the summer were able to survive for one hour
between 30 and 32°C. This is in contrast to animals collected in the winter which
showed a maximal thermal limit of 26 °C (Krog 1954). Recent research on lizards has
shown seasonality of body temperature regulation noted in Micrelophus atacamensis
(Donoso-Barros), a wide spread species. These data conflicted with previous research
(Vidal et al. 2002) on the same species. However, the research of Vidal et al. (2002)
may have missed potential patterns due to their experiments being conducted mostly

in the winter, leaving the results questionable due to the relevant effect of seasonality.

3.1.1 Methodology

The need to develop and use a standard methodology is one which affects many disci-
plines. In the case of thermal biology, the inability to compare across results in studies
using CTMax and CTMin as an experiment’s ‘endpoint’ can arise over differences in
interpretation of CTMax and CTMin and the exact definition of the ‘endpoint’. The
original definition of CTMax was given by Cowles & Bogert (1944) as: ‘the thermal

point at which locomotory activity becomes disorganised and the animal loses its abil-
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ity to escape from conditions that will promptly lead to its death’. Many papers have
used this endpoint, implying that death itself is not necessarily the only meaningful
endpoint. From an ecological perspective for example, the point where an animal can
no longer escape threat (Lowe & Vance 1955) or where the animal becomes clearly
handicapped (Rodriguez et al. 1996) can also be a valid endpoint. A review of the lit-
erature and further research conducted by Lutterschmidt & Hutchison (1997a,b) found
this reduction in escape ability to be widely interpreted and many different endpoints
used depending on species and user preference. Rodriguez et al. (1996) encountered
similar difficulties when comparing their research to previous work, as they consider
CTMax to be a behavioural response and highly variable. Lutterschmidt & Hutchison
(1997b) found that onset of spasms was significantly more precise an endpoint com-
pared to loss of righting response in a variety of fish and reptile families. Manush
et al. (2004) used a similar endpoint, where abdominal muscle segments contract, but
this leads to inversion in the freshwater prawn Macrobrachium rosenbergii. As here,
similar endpoints result in distinctly different physical manifestations. This research is
useful but can be limited in its comparison as the precise endpoints compared by Lut-
terschmidt & Hutchison (1997b) simply do not occur in amphipods, however mean-

ingful endpotint selection was considered throughout this study nonctheless.

The aim of this chapter is to measure the effect of biotic and abiotic factors upon physi-
ological tolerances across the three amphipod species. This information provides valu-
able insight into intra- and inter-specific tolerance in the three species of amphipods,
which will be related to spatio-temporal and demographic patterns in the final chap-
ters of the thesis. Greater tolerance, especially amongst more susceptible life stages,

is expected to confer greater spatio-temporal and demographic stability on amphipod
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populations, whilst those species with lower tolerances or lower capacities to acclimate
to change might be expected to display more stochastic variability in these population
level parameters if physiological capacity is indeed a determinant of population dis-
tribution and abundance. Here, the biotic factor investigated was body mass and the
abiotic factors are temperature, season and salinity. 1t was expected that G. chevreuxi
will have the narrowest thermal range, due to living in constantly flowing streams, with
C. volutator exhibiting the widest thermal range due to its estuarine mud flat habitat
with large temperature fluctuations from low to high tide. Finally, G. marinus was
expected to have a thermal range between that of the other two amphipod species due
to its potential for large temperature fluctuations at low tide which would be limited by
its marine origins. Physiological tolerances are measured as CTMin, CTMax as well

as the temperature range (ACT).

3.2 Materials and Methods

In order to elucidate if there is any thermal adaptation occurring between seasons as
well as testing the impact of acclimation temperature, salinity and mass, these ex-
periments were conducted in two parts. The first part comprises trials using animals

collected during the summer and the second animals collected during the winter.

Corophium volutator were collected from the Avon estuary (National grid reference
SX 666 439) and G. marinus and G. chevreuxi from the Plym estuary (National grid
reference SX 540 566), first in September 2007 and again in February 2008. All life
stages (juveniles, females in various modes of production and males) were used in this
experiment. The reason for this is that all life stages must be able to adapt to the chang-

ing thermal regime (Re et al. 2005), or this will result in limitations of the reproduction
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or survival of the population. Collected animals were returned to the laboratory and
kept at 20 ppt for C. volutator and G. chevreuxi and 35 ppt for G. marinus, in natu-
ral daylight and environmental ambient temperature of 15°C for two days. Thereafter
they were split into two groups, each of which was housed in a controlled temperature
room with 12:12 light cycle; one group was maintained at 10°C and the other at 20°C.
The animals were left to acclimate in these conditions for two days before being di-
vided once again into three different salinities in each temperature regime. To cover
the entire range of salinity, animals were kept in 2, 20 and 35 ppt. Animals were left

to acclimate for 2 days before experiments commenced.

All experiments were conducted using Grant LTC water baths (Grant Instruments,
Cambridge, England). There were 12 animals used per test salinity and acclimation
temperature combination. For CTMax experiments, animals were placed in individual
15 mm diameter wells (see fig. 3.1) in the same salinity, and at the same tempera-
ture they had been acclimated to. The temperature was then increased at a rate of
1°C/minute. The animals were monitored throughout the experiment and 4 endpoints

were found to be consistent across all three species:

1) Stop swimming,

2) Stop beating pleopods - pleopods do not restart beating, even when prodded,
3) All movement ceased - no movement at all ew‘:n when prodded,

4) Death - no movement occurs even when removed from the heat.
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Temperature
electrode with consol
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Figure 3.1: Experimental set-up (a) electronic thermo-couple with the modified 16 cell plate
where individual animals were held and (b) the Grant water baths
51



3.2. MATERIALS AND METHODS

For the CTMin experiments, animals were blot dried and trials conducted in dry cham-
bers in the air to avoid ice-formation prior to the animals reaching endpoints. Corophium

volutator had four endpoints revealed through preliminary study:
1) Stop climbing - C. volutator stopped climbed the side of the well.

2) Stop movement - C. volutator would continue to search after stopping climbing and

the endpoint was reached when all movement ceased.
3) No movement when prodded - Animals do not move when prodded.

4) No movement after warming - Animals were removed individually and held in the
centre of the hand. A finger gently covered the animal for 3 second. If movement did

not start immediately, the animal was considered dead.

Due to the differing behaviour of the Gammarus species, they do not climb and remain

still regardless of the temperature, thus only endpoints 3 & 4 were used in these cases.

Once the experiments were completed, animals were blot dried and weighed (Fisher-
brand PS-100 precision balance) and put into individual Eppendorf tubes (vol. = 5
mL) with 70% alcohol. When all experiments were completed, each individual ani-
mal was sexed on a Meji microscope and lengths determined using a Dino-lite digital

microscope. Measurements were made from between the eyes to the tip of the telson.

3.2.1 Statistical Analysis

The results of the thermal limit experiments were analysed using Minitab (version 15).
Data were analysed using an ANOVA approach in a General Linear Model (GLM)
using three factors: salinity, acclimation temperature and season. Body mass was used

as a covariate after first testing for homogeneity of covariate slopes across all factor
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combinations (Underwood 1997). If the slopes were found to be parallel, mass was
removed from the model but remained as a covariate. The slopes of the relationship

between mass and CT data were found to be parallel for ali instances.

The results of the CTMax and CTMin experiments were analysed separately. For each
temperature extreme, the analysis was conducted in four parts. First, all data were
pooled to check for statistical differences between species across acclimation temper-
ature, season and salinity. Next, the endpoint of death was used in the preliminary
analysis, to test the entire dataset against all factors to determine if there were signif-
icant differences between species or if there was a single factor driving the endpoint
temperature. Bonferroni simultaneous tests for pairwise comparisons were conducted
for the three species and test salinities to see where significant differences, if any, lay.
To ensure the most pertinent data are analysed (see section 3.1.1), the ecologically rel-
evant endpoint of ‘stop swimming’ for CTMax and ‘no movement when prodded’ for
CTMin, were used as the focus for both of the remaining two parts of the analyses.
This is because even if animals continued to survive, they cannot escape predation,

resulting in death.

Next, the Corophium data were removed and the analysis was run again with just the
Gammarus spp., to see whether the two species differed significantly in their endpoint

temperatures, across the acclimation temperature, season and salinity.

The final part of the analysis was to run the GLM protocol on each species separately.
This was to test which factors had significantly different endpoint temperatures, and
whether any factors were interacting significantly. Tukey pairwise comparison tests
were conducted on the test salinities for each species to check for significant differ-

ences in endpoint temperatures.
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Three life stages were considered for all three species: males, females and juveniles.
C. volutator males were distinguished by their small penial papillae at the base of the
7th pair of legs (Schneider et al. 1994) and large spine on their antenna, and females by
the smaller antennal spine and (where present) oostegites. Male gammarids were dis-
tinguished from females by the size and shape of their gnathopods and where present,
oostegites. Because life stage could only be determined after the end of the experi-
ment, some combinations of life stage, season, salinity, acclimation temperature were
inadequately represented for the GLM to proceed. Factors were therefore removed se-
quentially based on their main effects. Juveniles were categorised in C. volutator and
G. chevreuxi as individuals less than 2 mm in length (from between the eyes to the start

of the telson) and less than 3 mm in length for G. marinus.

Thermal range Comparing the various temperature and salinity combinations across
mass during the summer and winter is difficult. For this reason, best-fit linear trendlines
were fitted for each temperature and salinity combination in Microsoft Excel. The
resulting equations were used to produce CTMax and CTMin data across standardised
masses, based on the maximum and minimum from the CT data, for C. velutator and
G. chevreuxi were between 0.0001 and 0.015g, and for G. marinus 0.0001 and 0.25g.

The ACT was then plotted for all combinations.

3.3 Results

For ease of interpretation, the results were broken down into sections. The overall re-
suits for CTMax from the analysis including all species will be presented first (section
3.3.1) including the ecologically relevant endpoint for all species pooled followed by

the Gammarid data only, and the endpoint of death for all species pooled. This will be
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followed by the results for C. volutator, G. marinus and finally G. chevreuxi. The next
section (3.3.2) will follow the same format, with the results for the entire dataset for
CTMin, again with both the endpoints of ‘no movement’ and death, followed by the

analysis results for each species tn turn.

3.3.1 CTMax

Ecologically relevant endpoint: ‘stop swimming’ The amphipods ‘stopped swim-
ming’ at significantly different temperatures. However, season, salinity and acclima-
tion temperature effected each species upper thermal tolerance differently (see sig-
nificant interactions in GLM, table 3.1) making generalities hard to determine. This
analysis was repeated on the data for the gammarids only, and these were also found to
differ significantly in their CTMax and show several significant interactions between
factors (see table 3.1). The results of the pairwise comparisons indicated that at the
endpoint of ‘stop swimming’, G. chevreuxi differed significantly from C. volutator (P
=(.001) and G. marinus (P = 0.015). The pairwise comparisons also indicated that the
CTMax for 2 ppt differed significantly from 20 (P<0.001) and 35 ppt (P = 0.024). The
data were then subdivided and the species analysed individually (see sections below

specific to each species).

Endpoint of death: ‘no movement when prodded’ For the endpoint of death, there
are several differences noted when compared to the ecologically relevant endpoint (see
table 3.1). There are fewer significant interactions which could be indicative that the
endpoint of death was more reflective of absolute thermal limits. Equally, these more
conservative results could indicate that using the endpoint of death masks the eco-

logically relevant behavioural response by going beyond the animal’s physiological
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limits. Acclimation temperature was found to have a significant effect on the endpoint
of death, with salinity and season individually not having significant results. Further
significant results were noted when the acclimation temperature and salinity were com-
bined (see table 3.1). The results of the pairwise comparisons showed that there was
no significant differences between the salinities, but all species were significantly dif-
ferent from one another (P<0.001). No further analysis of these data was undertaken,

as analysis focused on the more ecologically relevant endpoint.

Table 3.1: Results of the GLLM for CTMax endpoint of ‘stop swimming’ for all three species,
the results for Gammarids as well as the the endpoint of ‘death’

‘stop swimming’ ‘death’

All species Gammarids All species
Factor DF F P DF F P DF F P
Mass 1 455 0.034 1 4.39 0.037 1 351 0.062
Species 2 8.03 <0.001 |1 10.09 0.002 2 109.80 | <0.001
Season 1 37.79 <0001 |1 46.71 | <0.001 |1 1.84 0.176
Salinity 2 11.29 <0.001 | 2 3.87 0,022 2 0.69 0.503
Temperature 1 352.26 [ <0.001 |1 255.13 [ <0.001 |1 80.19 | <0.001
Species*season 2 12.03 <0.001 |1 21.91 <0.001 | 2 3.10 0.046
Species*salinity 4 12,19 <Q.001 | 2 23.84 <0.001 | 4 356 0.004
Species*temp 2 17.36 <0.001 |1 39.63 <0.001 | 2 7.76 0.001
Season ~ Salinity 2 4.12 0.017 |2 4.02 0.019 |2 1.98 0.139
Season™ temp 1 0.00 0987 (1 0.01 0.918 1 5.33 0.022
Salinity * temp 2 4.7 0.009 2 391 0.021 2 7.69 0.001
Season™salinity*temp 2 3.76 0024 |2 8.74 <0.001 | 2 3.68 0.026
Species*season™salinity 4 470 0.001 2 7.79 0.001 4 2.97 0.020
Species®season™temp 4 25.27 <0.001 |1 58.83 <0.001 | 2 11.99 | <0.001
SpeciesTsalinity*temp 4 7.21 <0.001 | 2 7.33 0.001 4 4.05 0.003
Species*seasonTsalinity*temp | 4 5.11 0.001 |2 2.17 0.117 |4 3.30 0011
Errar 365 239 365

C. volutator All factors were found to significantly impact the upper thermal toler-
ance of C. volutator (see table 3.2). The pairwise comparisons showed that the end-
point temperature was significantly different at 20 ppt compared to 2 (P<0.001) and 35
ppt (P = 0.008) (see fig. 3.2). CTMax values were higher at 20°C compared to 10°C

regardless of season (see fig. 3.3 a and b), which indicates a loss of seasonality and

56



3.3. RESULTS

acclimation to the test temperatures. When the life stage of the animals were included
in the analysis, there was inadequate data in each treatment for each of the three life
stages. Therefore, the GLM was run with season and salinity lumped together. No
effect of life stage was found (see table 3.3). To verify the result gained by lumping
the data, the baseline salinity (20 ppt) data were analysed separately and the statistical

results confirmed.

Table 3.2: Results of the ANOVA GLM for C. volutator CTMax for the endpoint of *stop

swimming’
Factor DF F P
Mass 1 6.72 0.011
Season 1 4.83 0.030
Salinity 2 11.20 <(0.001
Temperature 1 114.10 <0.001
Season * Salinity 2 3.31 0.040
Season® temp 1 0.00 0.999
Salinity * temp 2 8.42 <0.001
Season*satinity*temp | 2 3.66 0.029
Error 125

Table 3.3: Results of the GLM for C. volutator CTMax for the endpoint of ‘stop swimming’
including life stage

Factor DF F P
Mass 1 0.45 0.505
Temperature 1 61.09 <0.001
Life stage 2 0.84 0.435
Temp*life stage 2 0.33 0.720
Error 131
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Figure 3.2: Average CTMax C. volutator temperature (°C) at endpoint of ‘stop swimming’
with acclimation temperatures (10 and 20°C) and season pooled. Error bars are
standard deviations, letters are pairwise comparisons, number of data points (n)
ranged between 35 and 54.
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Figure 3.3: CTMax for C. volutator during the (a) summer and (b) winter treatments, temper-
ature (°C) at endpoint of ‘stop swimming’ for each of the two acclimation temper-
atures (10 and 20°C) and each of the three salinities (2, 20 and 35 ppt). Error bars
are standard deviations, number of data points (n) ranged between 5 and 17.
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G. marinus  All individual factors were found to significantly affect the CTMax of G.
marinus (see table 3.4). The pairwise comparisons showed the endpoint temperature at
35ppt was significantly different to 2 ppt (P<0.001) and 20 ppt (P<0.001) (see fig. 3.4).
Animals in the winter at 10°C, showed a significantly lower temperature at which they
‘stop swimming’ compared to the summer (see fig. 3.5 a and b}. This would indicate
animals acclimatised to higher summer temperatures in the field retained this ability
irrespective of acclimation temperature in the laboratory during the experiments. The
highest temperature at which the animals ‘stop swimming’ was achieved with the ac-
climation temperature of 20°C and 35 ppt and the lowest at 10°C and 2 ppt (see fig.
3.5 a and b). The analysis was run again including be life stage data. Sex did not

appear to significantly impact the CTMax of G. marinus (see table 3.5).

Table 3.4: Results of the ANOVA GLM for G. marinus CTMax for the endpoint of ‘stop swim-

ming’
Factor DF F P
Mass 1 3.88 0.051
Season 1 71.95 <0.001
Salinity 2 18.21 <0.001
Temperature 1 51.56 <0.001
Season * Salinity 2 0.37 0.690
Season* temp 1 31.40 <0.001
Salinity * temp 2 9.86 <0.001
Season*salinity*temp | 2 3.18 0.045
Error 114
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Table 3.5: Results of the ANOVA GLM for G. marinus CTMax for the endpoint of ‘stop swim-
ming’ including life stage

Factor DF F p
Mass 1 7.67 0.007
Season 1 112.17 <0.001
Salinity 2 21.09 <0.001
Temperature 1 53.28 <0.001
Life stage 1 1.64 0.203
Season * Salinity 2 0.11 0.898
Season* temp 1 34.84 <0.001
Season®life stage 1 2.55 0.114
Salinity * temp 2 16.63 <0.001
Salinity*life stage 2 0.76 0.471
Temp*life stage 1 1.41 0.238
Season*salinity*temp 2 1.77 0.176
Season*salinity*life stage 2 2.25 6.111
Season*temp?*life stage 1 0.90 0.345
Salinity*temp*life stage 2 2.74 0.070
Season®salinity*temp*life stage 2 0.44 0.645
Error 99
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Figure 3.4: Average CTMax G. marinus temperature (°C) at endpoint of ‘stop swimming’
with acclimation temperatures (10 and 20°C}) and season pooled. Error bars are
standard deviations, letters are pairwise comparisons, number of data points (n)
ranged between 35 and 40.
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Figure 3.5: CTMax for G. marinus during the (a) summer and (b) winter treatments, tempera-
ture (°C) at endpoint of ‘stop swimming’ for each of the two acclimation temper-
atures (10 and 20°C) and each of the three salinities (2, 20 and 35 ppt). Error bars
are standard deviations, number of data points (n) ranged between 7 and 11.
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G. chevreuxi Salinity and temperature were both seen to significantly effect the up-
per thermal limit of G. chevreuxi. The endpoint temperature at 35 ppt was significantly
different to 2 (P = 0.011) and 20 ppt (P<0.001) (see fig. 3.6). Animals during the
summer were found to have significantly different temperatures at which they ‘stop
swimming’ with respect to the acclimation temperature (see table 3.6). The same trend
was also seen during the winter (see fig. 3.7 a and b). This indicates acclimation to
the test temperature overcoming the effects of seasonality. The analysis was run again

including life stages and no significant result was found (see table 3.7).

Table 3.6: Results of the ANOVA GLM for G. chevreuxi CTMax for the endpoint of ‘stop

swimming’
Factor Df F P
Mass 1 11.25 0.001
Season 1 3.86 0.052
Salinity 2 9.06 <0.001
Temperature 1 211.52 <0.001
Season * Salinity 2 10.54 <0.001
Season®* temp 1 23.55 <0.001
Salinity * temp 2 2.27 0.108
Season*salinity*temp | 2 7.09 0.001
Error 124
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Table 3.7: Results of the GLM for G. chevreuxi CTMax for the endpoint of ‘stop swimming’
including life stage

Factor DF F P
Mass 1 5.86 4.017
Season 1 2.39 0.125
Salinity 2 7.24 0.001
Temperature 1 165.24 <0.001
Life stage 1 0.06 0.808
Season * Salinity 2 8.49 <0.001
Season* temp 1 19.79 <0.001
Season*life stage 1 2.43 0.122
Salinity * ternp 2 1.54 0.219
Salinity*life stage 2 1.61 0.205
Temp*life stage 1 0.10 0.754
Season*salinity*temp 2 4.87 0.009
Season*salinity*life stage 2 1.71 0.185
Season*temp*life stage 1 1.15 0.287
Salinity *temp *life stage 2 0.01 (1.987
Season*salinity*temp*life stage 2 0.02 0.976
Error 1
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Figure 3.6: Average CTMax G. chevreuxi temperature {°C) at endpoint of *stop swimming’
with acclimation temperatures (10 and 20°C) and season pooled. Error bars are
standard deviations, letters are pairwise comparisons, number of data points (n)
ranged between 39 and 44.
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Figure 3.7: CTMax for G. chevreuxi during the (a) summer and (b) winter treatments, temper-
ature (°C) at endpoint of ‘stop swimming’ for each of the two acclimation temper-
atures (10 and 20°C) and each of the three salinities (2, 20 and 35 ppt). Error bars
are standard deviations, number of data points (n) ranged between 5 and 12.
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3.3.2 CTMin

Ecologically relevant endpoint: ‘no movement when prodded” The lower thermal
tolerance of all three species was found to differ significantly with all factors (see table
3.8), and this was further confirmed by the pairwise analysis which showed that all
species (P<0.001) differed significantly and that the endpoint temperature at 20 ppt
differed significantly from 2 (P = 0.002) and 35 ppt (P<0.001). When the GLM was
run without the C. volutator data, the temperature at the endpoint differed significantly
for all factors except salinity (see table 3.8). On the basis of these tests and in order to
not complicate the discussion of the results, it was decided that each amphipod species

should be treated separately.

Endpoint of death: ‘no movement when warmed’ The endpoint of death was ef-
fected by the same factors as ‘no movement when prodded’ with one notable exception
(see table 3.8). It was found that the effect of season was lost on the endpoint of death.
The pairwise comparisons showed the same significant difference between endpoint
temperatures between species (P<0.001); the salinity of 20 ppt differed significantly
from 2 (P = 0.008) and 35 ppt (P<0.001). No further analysis of this data was under-

taken, as the study focused on the more ecologically relevant endpoint.
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Table 3.8: Results of the ANOVA GLM for CTMin endpoint of ‘no movement” for all three
species, the results for Gammarids as well as the the endpoint of ‘death’

‘stop swimming’ ‘death’

All species Gammarids All species
Factor DF | F P DF |F P DF F P
Mass 1 61.58 <0.001 | 1 57.04 <0.001 |1 26.12 | <0.001
Species 2 266.45 | <0.001 {1 83.86 | <0001 |2 186.12 | <0.001
Season 1 18.03 <0.001 |1 39.39 <0001 |1 3.25 0.072
Salinity 2 12.55 | «0.001 |2 1.54 0.216 |2 1298 | <0.001
Temperature 1 24.73 <0.001 |1 5.57 0.019 1 7.46 0.007
Species*season 2 23.22 <0.001 |1 2098 0.003 2 20.26 | <0.001
Speciessalinity 4 7.43 <0.001 | 2 5.89 0.001 4 6.69 <0.001
Species*temp 2 4.26 0.015 |1 0.03 0.868 [2 12.01 {<0.001
Seasan * Salinity 2 10.28 | <0.001 | 2 5.97 0003 (2 6.55 0.002
Season™ temp 1 11.47 10001 1 0.79 0.376 |1 1.04 0.308
Salinity * temp 2 27.93 | <0001 |2 16.15 <0.001 [ 2 10.39 | <0.001
Season*salinity*temp 2 1.85 0.159 |2 3.11 0.047 2 0.48 0.619
Species*season”salinity 4 13.51 <0.001 | 2 9.04 <0.001 | 4 4.85 0.001
Species*season*temp 2 5.69 0.004 1 .28 0.595 2 1.78 0.170
Species”salinity *temp 4 3.42 0.009 2 5.55 0.004 | 4 0.94 0.439
Species®season*salinity"temp | 4 16.03 <0.001 |2 14.56 <0.001 } 4 8.13 <0.001
Error 346 223 346

C. volutator The lower thermal tolerance of C. volutator was significantly effected by
all factors except season (see table 3.9). The pairwise comparisons showed all salinities
to have significantly difference endpeint temperatures (P<0.05) (see fig. 3.8). There
was an interaction between salinity and temperature. During the winter, acclimation
temperature affects the CTMin, whereas salinity appears to be more important during
the summer (see fig. 3.9 a and b). When the life stage was incorporated into the

analysis, no new significant results were detected (see table 3.10).
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Table 3.9: Results of the ANOVA GLM for C. velutator CTMin for the endpoint of ‘no move-

ment’
Factor DF F P
Mass 1 39.95 <0.001
Season 1 3.64 0.059
Salinity 2 36.84 <0.001
Temperature 1 38.49 <0.001
Season * Salinity 2 40.60 <0.001
Season® temp 1 34.09 <0.001
Salinity * temp 2 16.40 <0.001
Season*salinity*temp | 2 19.59 <0.001
Error 121

Table 3.10: Resuits of the ANOVA GLM for C. volutator CTMin for the endpoint of ‘no move-
ment’ including life stage

Factor OF F P
Mass 1 2.67 0.105
Salinity 2 4.80 0.010
Temperature 1 18.18 <0.001
Life stage 2 1.82 0.167
Salinity * temp 2 6.74 0.002
Salinity *life stage 4 1.63 0.170
Temp*life stage 2 0.93 0.396
Salinity *temp*life stage 4 1.83 0.128
Error 115
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Figure 3.8: Average CTMin C. volurator temperature { °C) at endpoint of ‘no movement’ with
acclimation temperatures (10 and 20°C) and season pooled. Error bars are stan-

dard deviations, letters are pairwise comparisons, number of data points (n) ranged
between 35 and 44.
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Figure 3.9: CTMin for C. volutator during the (a) summer and (b) winter treatments, temper-
ature (°C) at endpoint of ‘no movement’ for each of the two acclimation tempera-
tures (10 and 20°C) and each of the three salinities (2, 20 and 35 ppt). Error bars
are standard deviations, number of data points (n) ranged between 5 and 15.
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G. marinus The lower thermal limit of G. marinus was significantly effecied by sea-
son, with temperature and salinity only being significant when combined (see table
3.11). The pairwise test between salinities showed no significant results (see fig. 3.10).
Animals collected during the winter were found to have a significantly lower CTMin
when compared the individuals collected during the summer (see figs. 3.11 aand b
and 3.12). Animals did not acclimate to the laboratory temperatures and retained their
natural CTMin. The interaction between acclimation temperature and salinity appears
to be much more complex and could possibly be a spurious result of the statistical
analysis. When the analysis was re-run including the life stage of the individual, no

new significant differences were detected (see table 3.12).

Table 3.11: Results of the ANOVA GLM for G. marinus CTMin for the endpoint of ‘no move-

ment’
Factor DF F P
Mass 1 53.60 <0.001
Season 1 56.54 <0.001
Salinity 2 0.74 0.481
Temperature 1 3.02 0.085
Season * Salinity 2 0.60 0.552
Season® temp 1 0.97 0.326
Salinity * temp 2 6.12 0.003
Season*salinity*temp | 2 2.17 0.119
Error 102
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Table 3.12: Results of the ANOVA GLM for G. marinus CTMin for the endpoint of ‘no move-
ment’ including life stage

Factor OF F P
Mass 1 30.79 <0.001
Season 1 51.52 <0.001
Salinity 2 1.34 0.267
Temperature 1 2.92 0.0%1
Life stage 1 1.05 0.309
Season * Salinity 2 1.07 0.347
Season* temp 1 0.14 0.705
Season*life stage i 3.61 0.061
Salinity * temp 2 6.04 0.003
Salinity *life stage 2 1.28 0.284
Temp*life stage 1 0.07 0.788
Season*salinity*temp 2 330 0.041
Season*salinity*life stage 2 0.18 0.832
Season*temp*life stage 1 3.43 0.068
Salinity *temp *life stage 2 1.25 0.291
Season®*salinity*temp*life stage 2z 1.62 0.203
Error 89
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Figure 3.10: Average CTMin G. marinus temperature (°C}) at endpoint of ‘no movement” with
acclimation temperatures (10 and 20°C) and season pooled. Error bars are stan-
dard deviations, number of data points () ranged between 30 and 38.
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Figure 3.11: CTMin for G. marinus during the (a) summer and (b) winter treatments, tempera-
ture (°C) at endpoint of ‘no movement’ for each of the two acclimation tempera-
tures (10 and 20°C) and each of the three salinities (2, 20 and 35 ppt). Error bars
are standard deviations, number of data points (n) ranged between 5 and 11.
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Figure 3.12: CTMin for G. marinus temperature (°C) at endpoint of ‘no movement” with ac-
climation temperature and salinity treatments pooled. Error bars are standard
deviations, summer n = 45 and winter n = 58.
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G. chevreuxi Salinity was found to have a significant effect on the lower thermal
limit of G. chevreuxi. Salinity appeared to be driving the significant results with the
other factors (see table 3.13). The endpoint temperature of 20 ppt was found to differ
significantly with 2 (P =0.003) and 35 ppt (P = 0.007} in the pairwise comparisons (see
fig. 3.13). The CTMin appeared to be similar regardless of the acclimation temperature
(see fig. 3.14). The lowest CTMin was found to be at 20 ppt during the summer and
35 ppt during the winter (see fig. 3.14 a and b). When life stage was included in the
analysis, new significant results were found (see table 3.14). Males appeared to have
a consistent CTMin irrespective of the salinity and acclimation temperature (sec fig.
3.15a). Females had a much more variable range of CTMin with the lowest being
found at 20 ppt and 10°C and 2 ppt at 20°C (see fig. 3.15b). Overall, males had a

lower CTMin compared to females (see fig. 3.16).

Table 3.13: Results of the ANOVA GLM for G. chevreuxi CTMin for the endpoint of ‘no move-

ment’
Factor DF F P
Mass 1 4.92 0.028
Season 1 1.45 0.231
Salinity 2 6.86 0.002
Temperature 1 2.29 0.133
Season * Salinity 2 15.89 <0.001
Season® temp 1 0.05 0.827
Salinity * temp 2 15.26 <0.001
Season*salinity*temp | 2 17.02 <0.001
Error 120
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ment’ including life stages

Table 3.14: Results of the ANOVA GLM for G. chevreuxi CTMin for the endpoint of ‘no move-

Factor DF F P
Mass 1 2.15 0.146
Season 1 3.50 0.064
Salinity 2 4.10 0.019
Temperature 1 1.71 0.193
Sex 1 11.39 0.001
Season * Salinity 2 17.91 <0.001
Season™ temp 1 0.25 0.618
Season*Sex 1 0.64 0.425
Salinity * temp 2 14.80 <0.001
Salinity *sex 2 3.88 0.024
Temp*sex 1 2.13 0.147
Season*salinity¥temp 2 14.20 <0.001
Season*salinity*sex 2 0.51 0.603
Season*temp*sex 1 0.19 0.664
Salinity*temp¥sex 2 4.77 0.010
Season*salinity*temp*sex | 2 2.90 0.060
Error 107
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Figure 3.13: Average CTMin G. chevreuxi temperature (°C) at endpoint of ‘no movement’
with acclimation temperatures (10 and 20°C) and season pooled. Error bars are
standard deviations, letters are pairwise comparisons, number of data points (n)
ranged between 38 and 44.
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CTMin for G. chevreuxi during the (a) summer and (b) winter treatments, tem-

perature (°C) at endpoint of ‘no movement” for each of the two acclimation tem-
peratures (10 and 20°C) and each of the three salinities (2, 20 and 35 ppt). Error
bars are standard deviations, number of data points (n) ranged between 5 and 11.
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Figure 3.15: CTMin for G. chevreuxi for (a) males and (b) females, temperature (°C) at end-
point of ‘no movement’ for each of the two acclimation temperatures (10 and
20°C) and each of the three salinities (2, 20 and 35ppt), (c) pooled data for sexes.
Error bars are standard deviations, number of data points (n) ranged between 5
and 10.
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Figure 3.16: CTMin for G. chevreuxi temperature (°C) at endpoint of ‘no movement’ pooled
data for sexes. Error bars are standard deviations, male n = 50 and female n =42.

3.3.3 Temperature range

In order to better visualise the potential trends in the data, trendlines were fitted to
the data for each acclimation and temperature combination, for each species. The
equation was then used to make standardised data from a full range of body masses, for
C. volutaror and G. chevreuxi between 0.0001 to 0.015g and for G. marinus between
0.0001 and 0.25g. Each combination of acclimation temperature (10 and 20 °C) and
salinity (2, 20 and 35 ppt) are displayed as linear trendlines for comparison of summer
and winter for each of the three species. For example, the trendline labeled 10/35

displays the theoretical temperature range across body mass at 10°C and 35 ppt.
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Figure 3.19: G. marinus trendlines (CTMax - CTMin) for the summer in temperature (°C) across a range of standardised masses (g).

Trendline labels are acclimation temperature (°C)/salinity (ppt).
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G. marinus trendlines (CTMax - CTMin) for the winter in temperature (°C) across a range of standardised masses (g).
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3.4 Discussion

The results for the CTMax between all species were quite similar; no significant dif-
ferences were found between the upper thermal tolerance of the different life stages.
Acclimation to the test temperatures appeared to be occurring in all species with re-
spect to CTMax, particularly evident in the winter. Overall, animals collected in the
winter had a lower CTMin, but there is a lot of variation which might be attributed
to the fact that the experiments were conducted in air. However, the lack of any sig-
nificant effect of acclimation temperature on either Gammarus species indicates that
seasonality (G. marinus) and salinity (G. chevreuxi) are much more important factors
in determining CTMin, where the interaction between the factors is much more com-

plex for C. voluiator.

From numerous studies (Lowe & Vance 1955, Hutchison & Rowlan 1973, Lutter-
schmidt & Hutchison 19974, Stillman & Somero 2000, Klok & Chown 2003, Compton
et al. 2007, Sepulveda et al. 2008), it appears that there are two main choices for ther-
mal limit experiments. One, time to death experiments, where animals are acclimated
then simply dropped into extremes of hot or cold temperature and then observed un-
til the endpoint is reached (e.g. LT50 or knockdown temperature; Wiesepape et al.
1972, Klok & Chown 2003). The other option is ramping of temperature and using
endpoints, In the current experiments, ramping was used to heat or cool the animals at
a rate of approximately 1°C/minute. Other research which has used this method have
debated on the different merits of a faster or slower ramping, but the current rate coor-
dinates closely with other research on invertebrates (e.g. Buchanan et al. 1988, Calosi

et al. 2008). Ramping was chosen not only due to the availability of equipment but
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also because this type of experimentation can be viewed as more ecologically relevant
as multiple endpoints can be determined as well as death. Whilst it is less likely that
animals will suddenly experience such temperature drops (but it is possible, e.g. male
C. volutator search the mud’s surface for females), as compared to a more frequent
daily increase and decrease of temperature with the rise and setting of the sun. As the
results varied considerably, it is impractical to draw generalised conclusions, therefore

each species will be discussed separately.

3.4.1 C. volutator

CTMax

On average, C. volutator was found to have a CTMax of 38.27°C in the summer, with
a lower value of 37.91°C in the winter. The lowest CTMax was in winter over all
salinities at 10°C, with the exception of the summer 10°C and 2 ppt combination.
This seems intuitive, and may be an indication that animals reflect both the acclima-
tion temperature and the seasonal vanation. At optimal salinity (20 ppt), C. volutator
showed a marked decrease in CTMax at 10°C between the summer and winter treat-
ments. It appears that the animals lost their seasonal effect only in the winter when
acclimated to 20°C. Work on the isopod Sphaeroma rugicauda (Leach) found similar
results with a higher CTMax when acclimated to 20°C as compared to 5°C. A fur-
ther decrease in thermal tolerance was found when animals acclimated to 5°C were
exposed to extremely low salinities (< 1.7 ppt) (Marsden 1973). Acclimatory ability
was not seen in the laboratory reared polychaetes, Ophryotrocha diadema (Akesson),
however the interaction between temperature and salinity was noted to impact survival

during prolonged exposure (Akesson & Costlow 1978). Salinity tolerance for these
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polychaetes, was highest at lower temperatures (15 and 18°C), however optimal sur-
vival was determined to be at 25°C between 30 and 35 ppt (Akesson & Costlow 1978).
It is possible that the current data for C. volutator is somewhat skewed as not all sexes
and size combinations were represented by enough data. Corophium volutator requires
further data on juvenile, males and females in order to fully understand where, if any,

differences lie with respect to season and salinity for both juveniles and adults.
CTMin

In general, C. volutator has a lower CTMin in the winter when compared to summer,
with an overall average of 3.84°C in the summer and 4.65°C in the winter. Specif-
ically, the lowest CTMin is during the summer treatment at 20°C and 20 ppt, and
highest again in the summer at 35ppt and 10°C. There are many possible explanations
for this, however without further data this would be postulating. Further understanding
may be gained from viewing the results in a more generalised fashion as trendlines of

the temperature ranges.
Temperature range

During the summer the temperature range was greatest at 10°C and 35 ppt, yet during
the winter treatment the same temperature and salinity combination has the smallest
range with a negative slope. The information that can be derived from these plots is
a general one as these are derived equations and the influence of mass is prevalent.
Overall, large adults survived better in the 10°C and 35 ppt treatment over the summer
than the winter. Yet in both seasons, the treatment closest to the animal’s natural envi-
ronment (20°C and 20 ppt) is very similar. Therefore, it appears that the temperature

and salinity combinations are driving these generalised relationships.
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3.4.2 G. marinus

CTMax

Gammarus marinus displayed a similar pattern to C. volurator, with winter and 10°C
acclimation producing the lowest CTMax. A higher average CTMax of 36.61 °C in the
summer was found compared to the winter average of 35.11°C. Gammarus marinus
has the lowest average CTMax of the three species, which might indicate its marine
origin, or that its microhabitat is the least variable due to constant and heavy Fucus sp.

cover, particularly during low tide.
CTMin

Regardless of acclimation temperature, the seasonal acclimation prevails as the small-
est CTMin was found with the animals collected in the summer at 10°C, with the
lowest CTMin at 10°C but in the winter treatment. On average, G. marinus had the
lowest CTMin of all three species (—4.13°C summer and —7.22°C winter) which may
be related to larger sized adults taking longer to cool as compared to extremely small
C. volutator and G. chevreuxi. The lowest CTMin values were collected at 10°C and
35 ppt which might be reflective of this species’ marine origins. Dorgelo (1977) work-
ing on the dessication response of G. marinus, found that, as in most amphipods there
was a very poor response as there was no specific behavioural or physiological adap-
tations. A sudden drop in temperature at the beginning of spring is predicted to have
a much smaller effect on the population compared to a sudden cold period at the end
of summer owing to the species’ acclimatisation to seasonal temperatures. Yet, these
animals are often found exposed at low tide among the Fucus sp., which may be made

possible due to the more chitinized exoskeleton preventing water loss (Dorgelo 1977).
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This resistance to periodic dessication might be a factor in the increased resistance to
cold found in these experiments by G. marinus. Corophium volutator and G. chevreuxi
both live in microhabitats which have the possibility of remaining within small pools of
water which is not possible where G. marinus is found. Therefore, the experiments be-
ing conducted in air may well be a contributing factor to the apparent higher tolerance

to cold of G. marinus.
Temperature range

Garumarus marinus appears to have a smaller temperature range compared' to C. vo-
hutator. All slopes were positive, indicating a strong correlation with mass. It would
be predicted that if this was a simple relationships with a single factor (temperature
or salinity) driving it, then one set combination of experimental conditions would pre-
vail across the seasons. However, the largest temperature range was at 10°C and 35
ppt in the summer, but this did not reoccur in the winter, with 20°C and 20 ppt being
largest. This points towards the complex relationship between salinity, acclimation

temperature and season, where generalities are hard to draw.,

3.43 G. chevreuxi

CTMax

Gammarus chevreuxi was found to have an average CTMax of 37.05°C in the sum-
mer and 36.42°C in the winter, but when the data are broken down a more complex
pattern emerges. In general terms, the summer data at 10°C indicate a higher CTMax
compared to winter 10°C, which in turn was higher than the winter 20°C data, with

the summer 20°C having the lowest CTMax. This would suggest that the tempera-

94



3.4. DISCUSSION

ture acclimation was firstly influencing the high temperature tolerance then seasonal
acclimation. Gammarus chevreuxi shows reduction in the effects of seasonality, whilst
acclimation temperature appears to have a much stronger effect on determining CT-
Max. There is contrasting research concerning the effect, or lack thereof, of season-
ality. For example, Lahdes & Vainio (2003) make reference to the loss of seasonal
effects on CTMax when animals are kept in the laboratory for extended acclimation
before experiments commence. Yet, Lagerspetz & Bowler (1993) found that there was
no seasonal effect on CTMax for Asellus aquaticus (Linnaeus) which is in direct con-
trast to the crayfish Orconectes rusticus (Girard) which showed significant differences

between seasonal acclimation (Layne et al. 1987).
CTMin

In general, these animals had a summer CTMin of —0.55°C and —0.65°C in the win-
ter. These animals produced the highest CTMin in the winter treatment at 35 ppt and
10°C acclimation. This may be expected as this species is found in relatively freshwa-
ter streams, which rarely reach salinities near to that of seawater. As the CTMin was
conducted in air, the possibility of false results being generated due to the salt particles
increasing freeze tolerance can be eliminated. In the summer treatment, the animals
showed the lowest CTMin at 20 ppt and 10°C and 2 ppt and 20°C. This might be a

reflection of the natural conditions which these animals were found.

The only significant difference between males and females for the CTMin were found
within the G. chevreuxi data. Males were found to have a significantly higher cold tol-
erance compared with females. Sexual dimorphism of Gammarus is well documented
(Conlan 1991); likely driven by sexual selection as males physically attach themselves

to females to mate-guard (Lincoln 1979, Conlan 1991). There is extensive research
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on how body size can impact the heating and cooling rates of animals (for example
lizards: Sepulveda et al. 2008, Rice et al. 2006). In general, larger animals cool more
slowly than smaller ones. Yet, it is surprising that only one of the two Gammarus

species showed any significant results.
Temperature range

Gammarus chevreuxi has a similar sized temperature range to G. marinus. The ani-
mals collected during the summer showed a relatively-straight forward relationship, in
that the animals acclimated to higher temperatures had bigger temperature ranges than
those acclimated to lower temperatures, regardless of salinity. This trend does not hold
true for the animals collected in the winter. The trends follow an unexpected pattern,
in that they group very closely together, with the highest salinities at both acclimation
temperatures along with 20°C and 2 ppt with the largest difference between CTMin
and CTMax. So the largest temperature ranges are present at extremes in salinity. From
this data, it is apparent that G. chevreuxi does not live near its thermal extremes as the
water in southern England rarely falls below zero nor reaches above 30°C. Therefore,
if G. chevrewxi is able to live well within its optimal thermal zone, this might be a

strategy for tolerating the changing salinities experienced in their natural environment.

In the case of the current experimentation, the results for C. volutator and G. mari-
nus are significant, in that seasonal effects can be reversed in the winter but not in the
summer. Although not investigated specifically here, it is possible that the two-day
acclimation of winter animals at 20°C was long enough to induce the production of
heat shock proteins. Equally, it is possible that the summer animals which were al-
ready producing these proteins were not acclimated at 10°C for long enough to stop

the production as previous research has shown an estimated half-life of approximately
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2 days (Landry et al. 1982). Sorte & Hofmann (2005) acclimated their Nucella species
for three weeks prior to experimentation so that cells could fully turnover the heat-
shock molecules. It should be pointed out that thermal acclimation and the production
of stress proteins is distinct from heat shock. Thermal adaptation was also seen in a
terrestrial isopod (Porcellio laevis (Latreille)) from North and central Chile, where the
population from desert regions showed a tolerance to high temperatures in contrast to
the colder southern population which had a much greater tolerance to low temperature
(Castaneda et al. 2004). Korhonen & Lagerspetz (1996) studied heat shock, accli-
mation and thermal maximum in the isopod, Asellus aquaticus. Their results showed
that the thermal maximum of the isopod was significantly higher if the animal was
previously rapidly heat shocked, but this acclimation effect only lasted for 6 hours.
However, animals which were acclimated to higher temperatures for longer periods
showed an extended elevation of thermal maximum compared with animals which
were rapidly shocked (Korhonen & Lagerspetz 1996). From this work, Korhonen &
Lagerspetz (1996) found that at least in part, heat-shock and thermal acclimation are
derived from two separate mechanisms in A. aquaticus. Similarly, the subterranean
amphipod Niphargus rhenorhodanensis (Schellenberg), was able to survive innocu-
lative freezing when it was acclimated in cold temperatures, whereas the gammarid
Gammarus fossarum (Koch) was not (Issartel et al. 2006), indicating interspecific vari-
ability in acclimatory ability. This was hypothesised to be an adaptation retained from
early glaciations where it was possible that some ice-cold water penetrated the sedi-
ment (Issartel et al. 2006). In the current experiments, thermal acclimation was the

focus by keeping animals for two days prior to any manipulation.

Behavioural adaptations can play a large role in determining, on an individual scale,

97



3.4. DISCUSSION

what temperature regime animals are exposed to (Sepulveda et al. 2008, Andrews
1998, Gaston & Spicer 1998). Male C. volutator explore burrows in order to find
mates and therefore could potentially be exposed to much colder winter temperatures
and much warmer summer temperature. There is a considerable amount of research
on behavioural adaptations of different life stages. For example, lizards have been
shown to thermoregulate using mainly behavioural adaptations (Sepulveda et al. 2008).
Sepulveda et al. (2008) noted that behavioural adaptations were a strategy adapted by
all age classes studied. Juvenile lizards were the first to emerge from the burrows in the
morning and the adults were last to leave in the evening. This is why broad or "macro’
generalisations should be tempered with consideration of the individual animal and its

life stage as this could be a large determinant of the chosen habitat.

3.4.4 Conclusions

In terms of future work, Hoffmann & Blows (1994) make a feasible argument for the
use of transplantation experiments. It is impossible to completely replicate the natural
environment in the laboratory, particularly the microhabitat temperature ranges, on a
tidal and monthly basis. Therefore, the transplantation experiment similar to MacNeil
et al. (2004) but considering (both local and geographic distributions) combined with
known physiological limits, can perhaps give us a more complete and accurate picture
for the causes and limitations of a species distribution. From the current research
as well as previous work, critical thermal maximum and minimum are important not
only for the understanding of the biology of individual species, but also can be used
to elucidate the factors effecting the distribution from an ecological perspective in a
changing climate. More pragmatic applications should also be considered such as the

potential for reduction in stress resulting in increased production during aquaculture
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(e.g. Rodriguez et al. 1996, Wiesepape et al. 1972).
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Chapter 4

Study of the abundance and distribu-

tion of the three amphipod species

4.1 Introduction

The search to explain patterns in biology is an ancient pursuit; many theories attempt-
ing to explain these patterns have become popular and are generally based in appar-
ently simple and logical mechanisms (Gaston & Chown 1999). According to del Rio
(2008), there are two perspectives within science. The received view where there are
generalised theories or ‘laws’ to explain patterns, and the model-centric view, a math-
ematical approach to each investigation. A persistent pattern that has been present
throughout the development of ecology is the positive relationship between abundance
and distribution of organisms (Darwin 1859, Gaston et al. 2000). The approach taken
has been the received view, with the belief that analysis of current and previous re-
search will result in the discovery of the mechanisms driving this relationship for all
species. Many explanations for the positive relationship between abundance and occu-

pancy have been proposed (see Chapter 1, Gaston et al. 1997).

Much of the research on abundance and distribution has focused on the terrestrial envi-
ronment due to the availability of large datasets for birds and plants (e.g. Gaston et al.

1997, Gaston, Blackbum, Gregory & Greenwood 1998, Ozinga et al. 2004). How-
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ever, this research is limited in its applicability with regards to the marine environment
due to different dispersal methods and effect size (Blackburn et al. 2006). Some re-
search, however, has looked at this macroecological pattern with marine species (e.g.
Foggo et al. 2007, Webb et al. 2009). As marine environments can be considered to
be homogenous environments {Blackburn et al. 2006), this research cannot necessarily
be compared to the unique set of conditions which are found in estuaries. Estuarine
habitats are dichotomous environments, they can be both very dynamic at the zone of
interaction with freshwater and marine, but the species diversity can also be the same
as the marine or freshwater habitat they are derived from, as the animals are limited by
their physiological tolerances (Bilton et al. 2002). Despite these different environmen-
tal conditions, Foggo et al. (2003) and Webb et al. (2009) found abundance-occupancy
relationships in U.K. estuaries to be similar to terrestrial and freshwater organisms
(Blackburn et al. 2006). However, further research, on key species within the macroin-
vertebrate assemblage is necessary to fully explore the relationship between abundance

and distribution in estuaries.

Amphipods are known to influence the structure of macroinvertebrate communities as
prolific ‘scrapers’ and ‘shredders’ (MacNeil et al. 1997). Many factors are expected
to limit amphipod distribution including physico-chemical parameters (MacNeil et al.
2000), resource availability (Bettison & Davenport 1976, MacNeil et al. 2000), sub-
strate, and reproduction (Bettison & Davenport 1976). Corophium volutator is an
important and abundant amphipod species as prey for commercially important fish
{Hampel et al. 2009), and has been shown to destabilise mud flats due to extensive
bioturbation of the sediment, excluding species such as pioneer vegetation (Hughes &

Gerdol 1997), although there is some doubt as to the strength of this effect (Limia &
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Raffaelli 1997). The patchy distribution of C. volutator has been the subject of much
research (e.g. Campbell & Meadows 1974, Flach 1992, Lawrie et al. 2000). Various
explanations have been proposed to explain this patchiness. Corophium volutator was
shown to prefer anaercbic mud to aerobic, but was not limited by food availability
(Meadows 1964a). However, Bell et al. (1997) found food availability to limit C.
volutator’s distribution. Further to this both tidal and residual currents as well as hy-
drodynamic factors can affect the distribution of sediment, including distribution of
juvenile animals (Lawrie et al. 2000). Other publications have added to an already
complex picture, showing predation (Peer et al. 1986, Hughes & Gerdo! 1997, Flach
& Debruin 1993, Jensen & Andre 1993), environmental variability (McLusky 1967,
1968, 1970, McLusky et al. 1986, Meadows & Ruagh 1981) and level of exposure

(Hughes & Gerdol 1997) to have significant impacts on C. volutator’s distribution.

Gammarid amphipods are a common sub-order, found throughout the U.K. (Lincoln
1979). This group of amphipods are thought to feed primarily on decaying organic
matter, but research has shown that some species may be active predators and this
could be a factor determining their distribution (MacNeil et al. 1997, Dick et al. 2005).
More specifically, Gammarus marinus has been the focus of a variety of research and
various mechanisms have been proposed to explain its current distribution including:
presence of prey species (Dick et al. 2005), presence of suitable habitat (e.g. patches
of Fucoid seaweeds), extremes in salinity, avoidance of industrial runoff and reduced

-

influence of tidal flow (Maranhao et al. 2001).

Previous work on the abundance and distribution of G. chevreuxi is limited (Subida
et al. 2005). What is known is that population abundance can vary widely and is

affected by environmental factors, particularly salinity (Barnes et al. 1979, Girisch
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et al. 1974, Dieleman 1978), predation (Barnes et al. 1979), competition with other
Gammarus species (Barnes et al. 1979), dissolved oxygen and food availability (Subida

et al. 2005).

The aim of this chapter was to quantify the spatial and temporal variability in the
abundance and distribution of the three amphipod species. This was achieved by mon-
itoring the abundance and distribution of these amphipods at sites along three estuaries
over the course of 24 months. In the current chapter, multiple questions were posed:
does the abundance and occupancy of these amphipods change over time? Do all
sites sampled show the same population density? Is the composition (juvenile:adult
and male:female) of these populations similar across all sites and sampling dates?
From these data, measures for population persistence and abundance, both within- and
between- patches (sites and estuaries) were determined. These data will later be re-
lated to physiological parameters derived from the previous chapters in the final model
synthesis section of the thesis. The central question remains: can these physiological
limits be used to predict the presence or absence of amphipods given population data

and habitat information?

4.2 Material and Methods

4.2.1 Site and sampling design

For each species, three sampling sites per estuary were chosen, based on their ac-
cessibility, the presence of habitat corresponding to each species of amphipod, and
preliminary sampling results. The Taw (SS 530 310)/Torridge (SS 490 260) estuary in
North Devon and the Plym estuary (SX 540 566) in South Devon were chosen as study
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sites. When a preliminary study found that C. volutator was absent from in the Plym
estuary even when it has been reported there previously (J.I. Spicer, pers. comm.), it
was necessary to add the Avon estuary (SX 666 439). For C. volutator, two estuaries
were used; the Avon and the Taw/Torridge. For the Gammarus sp., the Avon and the
Plym estuaries were chosen. Sampling occurred every two months from June 2006 to

June 2008.

Corophium volutator were collected by scraping the top 1 cm layer of sediment from
S randomly selected 1m? quadrats in each site at each date. This material was then
roughly sieved through a 500 pm mesh bags in situ and the animals were brought back
to the laboratory in bags with sediment and water. When back in the laboratory, the
samples were sieved again through a 250 um (to ensure no individuals were lost with
the removal of sediment) and fixed in a 4% buffered (in seawater) formalin solution.
This method was chosen after extensive trials with coring. The 10 cm PVC cores
(to a depth of 10 cm) traditionally used in studies of soft sediment fauna (e.g. Frid
& James 1989) were found not to reflect the actual densities of C. volutator seen in
the field as the area of material collected per unit volume of sediment processed was
low. The scraping method has been used previously to collect Corophium curvispinum
(Harris & Musko 1999). However, in order to properly assess the effectiveness of
these scrape samples, one core sample was collected at every site at every date for
comparison with the scrapes to ensure that a portion of the population at depths not
reached by scraping was not missed, and to validate population estimates against this

more commonly employed sampling system.

An additional dataset was made available for C. volutator from the Avon estuary. These

data were collected using 10x10 cm cores, with 80 samples collected across the entire
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estuary during July 2007. The samples were returned to the laboratory where they
were sieved and animals were individually removed and preserved in 70% ethanol for
identification. One sample was lost and thus 79 data points were generated. These data
were used to further validate the statistical methods used (see Results - Cores versus

scraping methodology).

Gammarus marinus were collected using "fake seaweed’ traps which consist of slate
tiles (50 x 50 cm) covered with 100g of shredded black refuse bags, secured with
a 1x1 cm mesh covering (see fig. 4.1), with 5 tiles at each site. This method was
chosen after several other collection methods were shown to be ineffective, including
both hand capture and tile traps. The shredded bags were removed during sampling
sessions and all animals taken back to the laboratory, in order for the refuse bags to be
rinsed through a 250um sieve to retain all individuals. Animals were then fixed in a

4% formalin solution.

Figure 4.1: Example of slate tile covered in mesh which secured the shredded refuse bags used
to collect G. marinus
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Gammarus chevreuxi were collected in streams using kick sampling methods; a stan-
dard FBA net (500 um mesh size) was placed on the river bed and a delineated area (25
x 20 cm) was kicked for one minute; 5 samples per site were collected at each estuary.
The samples were sieved in sifu in a 500 gm mesh bag and all animals brought back
to the laboratory with sediment. All samples were rinsed through a 250 pum sieve and

sediment removed before being fixed in a 4% buffered formalin solution.

Each preserved sample was emptied into a sorting tray and all visible amphipods were
removed by hand and preserved in 80% ethanol. Once all 1105 samples were proc-
cessed, the samples were examined for species identification. The samples which re-
mained were then organised according to species and date. Each sample was then
enumerated and any samples which exceeded 200 individuals were subsampled us-
ing a Folsom plankton splitter (see fig. 4.2), allowing extrapolation of densities from

tractable subsamples.

Figure 4.2: Plankton splitter used to divide large samples of amphipods
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Each individual amphipod was sexed and length measured. The density was deter-

mined per sample and per m?.

Previous research has assigned animals to different categories according to life stage

and size:

1. For C. volutator the categories were based on size: juveniles being smaller than
2mm, with males and females being split into different size classes (2-4 mm,
4-6 mm and 6-8 mm), with the largest animals being above 8 mm (Lawrie et al.

2000).

2. Categories for G. marinus were less clear, but have previously been considered

as recently hatched, males and females (Ford et al. 2003).

3. For G. chevreuxi previous research split the animals into the following cate-
gories: juveniles, immature females, incubating females, empty females, imma-

ture females and mature males (Subida et al. 2005).

Taking the principles of this research, standard categories were developed and used for

all three species:

1. Juveniles - <2 mm for C. volutator and G. chevreuxi and <3 mm for G. marinus.

2. Male - Presence of penial papillae for C. volutator (McCurdy et al. 2004) and
size and shape of gnathopod for Gammarus (see fig. 4.3).

3. Female - no visible oostegites.

4. Female - small oostegites without setae (e.g. Watkin 1941).
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5. Female - large oostegites with setae (e.g. Watkin 1941).

6. Female - with eggs.

7. Female - with developing juveniles (segmented embryos, appendages segmented

and eye spot, see: Subida et al. 2005, Marques & Nogueira 1991).

3
3

Figure 4.3: Gnathopods of adult male and female Gammarus for determination of sexes

4.2.2 Statistical analysis

Some sites were found to consistently lack the target species of Gammarus, despite
ideal habitat location and presence of animals in preliminary sampling. Instead of
including these ‘empty’ sites, which disproportionately skewed analysis, it was decided
that a reduction in the numbers of sites was preferable to including null data. This
meant that the data presented here for G. marinus were taken from two sites in each
of the estuaries and the data for G. chevreuxi were taken from two sites on the Avon

and three on the Plym estuary. Therefore, a total of 11 sites across the three estuaries
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(see table 4.1) were analysed every other month from June 2006 to June 2008. The
data used for density (ind./m?) figures were log( transformed to reduce the variation

encountered.

Table 4.1: Location of sampling sites with Ordinance Survey coordinates indicating where
samples were collected for each amphipod species

Estuary Site C. volutator G. marinus G. chevreuxi
Avon Upper stream X X

(SX692472)
Tidal Road X X X
(SX 683 468)
Main channel X
(SX 676 464)
Hexdown X
(SX 673 448)

Taw Upper stream X
(SS 495 325)
Salt marsh X
(SS 517 334)
Main channel X
(SS 544 326)
Torridge Main channel X
(SS 457 261)

Plym Chelson Meadow X %
(SX 503 549)
Dam X X
(SX 516 556)
Upper stream X
(SX 524 565)

To determine if there were differences between densities, sex ratios and juvenile to
adult ratios (J/A ratio) across sites and sampling dates, analyses were conducted in
SPSS ver. 16.0 (SPSS Inc. Chicago). Densities were first log; transformed to nor-
malise analytical residuals. Due to the imbalanced sampling design, estuaries were not

used as a factor in the analysis. Instead, site was used as a fixed factor in the analysis,
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with date being used as a random factor. Univariate ANOVA was used to determine
effects of site and date on the populations. The strength of significant effects were as-
sessed using F-values combined with the effect size (partial 11%); variance components
were calculated for all terms involving random effects to allow comparisons amongst
species. This analysis was conducted on each species individually. Thus, spatial (be-
tween sites), temporal (between dates) and spatio-temporal (site by date interaction)

variability could be comparatively quantified.

To investigate the patchiness of the Avon population of C. volutator, the degree of spa-
tial autocorrelation in the density data was determined for the additional Avon dataset
from July 2007. An index of dispersion was conducted to measure the dispersion of
the density which indicates what kind of pattern was present (aggregated, random or
uniform). Further to this, from a selection of metrics available for undertaking an esti-
mation of spatial patterning (Legendre & Legendre 1998), correlatioﬁ between a trian-
gular distance matrix (pair-wise Euclidean geographic distances between samples) and
a second similarity matrix (Euclidean distances between the sample counts of species
in the same samples) was chosen (A. Foggo, pers. comm. August 2009). This ma-
trix correlation was conducted in Primer ver. 6.0 (Primer-e, Ivybridge, U.K.) using
Spearman’s rank correlation coefficient p. The analysis was run initially including
all samples regardless if they contained animals (n = 79), and was run a second time

excluding the samples which did not contain animals (n = 34).

4.3 Results

Cores versus scraping methodology Some previous researchers have used coring

to a depth of between 2 and 10 cm as the typical method for collecting and quantifying
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Corophium populations (Flach & Debruin 1993, McLusky 1968, Hilton et al. 2002,
Lawrie et al. 2000, Méller & Rosenberg 1982, Crewe et al. 2001, Flach 1992). As
stated earlier, to ensure the scraping method employed in the current work was properly
representing the Corophium densities, a 10 cm core was also collected. The results of
these cores can be considered broadly incomparable to the scraping method. Densities
were similar; cores were found to have densities between 0 and 1655 ind./m?, where
as scrapes were found to range between 0 and 1162 ind./m?. However, Corophium
were only found in 6.6% of the coring samples whereas 36.9% of scrapes contained
individuals. Furthermore, the size frequency distribution in the cores was highly right
screwed, unlike that of the scrape samples. It appears that the greater surface area pro-
vided by the scrapes reduces the variability in the samples, which would not possible

without a great increase in numbers of cores and amount of sediment processed.

The additional dataset from July 2007 was tested for spatial patterns. The index of
dispersion was high, and this resulted in a high x? value (1660.949), which indicated
a highly aggregated pattern. The results of the PRIMER analysis showed a significant
degree of autocorrelation when the null data were incorporated (p =0.181, n =79, P
= 0.003), possibly due to type 1 error derived from correlations between shared zeros.
When the analysis was run without the sites lacking animals, the results suggested
a lack of any spatial patterning (p = -0.081, n = 34, P>0.05). Overall, the scraping
method was considered to be more than adequate and the data used in the main analysis

were only those collected with this method.

C. volutator Density significantly differed between sites (see table 4.2 and fig. 4.4).
Date was also found to be significant (P = 0.002) and explained 15.32% of the variation

attributable to the random factor; this increased to 48.94% for the interaction between
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date and site (see table 4.2). Site and date alone were not found to be significant
for the sex ratio or the J/A ratio (see tables 4.3 and 4.4). However, when site and date
interacted, a significant (P<0.001) result was found for both sets of ratios, with 48.45%

of the variation explained for sex ratio and 25.5% for J/ A ratio.

Five individual months were found to have very high densities compared with the rest
of the sampling period, but no pattern was apparent (see fig. 4.5). Females dominated
all samples (see fig. 4.6) and there did not appear to be any seasonal pattern in the
abundance of juveniles (see fig. 4.7). However, there did appear to be an increase in
Juveniles when the density of males decreased in October 2007 (see fig. 4.7). The Taw
estuary site, ‘main channel’ had extremely high densities compared to all other sites

(see fig. 4.5).

Table 4.2: Results of the ANGVA of log density of C. volutator.

DF MS F Significance Partial r]2 Variance
Intercept 1 591.528 52.879 <0.001 0.815
Error 12 11.187
Site 6 23.165 6.021 <0.001 0.334
Error 72 3.847
Date 12 11.187 2.908 0.002 0.326 15.32%
Error 72 3.847
Site x Date 72 3.847 7.847 <0.001 0.608 48.94%
Error 364 0.490 35.74%

Table 4.3: Results of the ANOVA of the sex ratio of C. velutator.
OF M3 F Significance Partial n’ Variance

Intercept 1 38.858 126.501 <0.001 0.894
Errar 15.063 0.307
Site 6 6.391 1.312 0.263 0.127
Error 54.134 0.298
Date il 0.370 1.187 0319 0.200 3.09%
Error 52.221 0.311
Site x Date 47 0.360 4.004 <0.001 0.528 48.45%
Error 168 0.090 48.45%
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Table 4.4: Results of the ANOVA of the juvenile to adult ratio of C. volutator.

DF MS F Significance Partial r]’ Variance
Intercept 1 57128.926 2.340 0.148 0.139
Error 14,526 24415416
Site 6 17060.088 1.017 0.423 0.093
Error 59.502 16774.772
Date 11 29308.136 1.705 0.096 0.250 17.45%
Error 56419 | 17187.137
Site x Date a7 18842.576 2.089 <0.001 0.358 . 25.5%
Error 176 9018.699 57.05%
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Figure 4.4: Mean (+s.d.) log density (ind./m?) of C. volutator at different sites, n = 65 for each
site.

114



4.3. RESULTS

€
L1

NI

Jun-06 Aug-06 Ocr-06 Dec-06 Feb-07 Apr-07 Jun-07 Aug-07 Oct-07 Dec-07 Feb-08 Apr-08 Jun-08

Log density (individuals/m?)

Figure 4.5: Mean (+s.d.) log density (ind./m?) of C. volutator at different dates, n = 55 for
each date.
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Figure 4.6: Mean proportional percentage abundance (ind./m?) of juvenile, female and male C. volutator at different sites.
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Figure 4.7: Mean proportional percentage abundance (ind./m?) of juvenile, female and male C. volutator at different dates.
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G. marinus  Again, density significantly differed between sites (see table 4.5). Date
was also found to be significant (P = 0.002) and explained 30.13% of the attributable
variation; the interaction between date and site (P<0.001) explained 16.67%. Site and
date were not found to be significant for the sex ratio or the J /A ratio, and no significant

result was found when the factors interacted (see tables 4.6 and 4.7).

The Plym estuary ‘Chelson Meadow’ site had the highest density of G. marinus of all
sites (see fig. 4.8). The second year of sampling shows much higher densities (with the
exception of October 2007) than the first (see fig. 4.9). Females dominated all samples
with very few juveniles present at the Plym ‘Dam’ site (see fig. 4.10). Reproduction
does not appear to be linked with date or site, however, abundance of males was seen

to peak in February of both years (see figs. 4.10 and 4.11).

Table 4.5: Results of the ANOVA of log density of G. marinus.

DF MS F Significance Partial r'|:r Variance
Intercept 1 157.833 17.972 0.001 0.600
Error 12 8.782
Site 3 6.642 4.095 0.013 0.254
Error 36 1.622
Date 12 8.782 5.414 <0.001 0.643 30.13%
Error 36 1.622
Site x Date 36 1.622 2.568 <0.001 0.308 16.67%
Error 208 0.632 53.20%

Table 4.6: Results of the ANOVA of the sex ratio of G. marinus.

DF MS F Significance Partial rft Variance
Intercept 1 18.013 128.679 0.001 6.882
Error 17.275 0.140
Site 3 0.072 6.525 0.669 0.052
Error 28.702 0.138
Date 10 0.145 1.056 0.426 6.271 0%
Error 28.337 0.138
Site x Date 21 0.141 1.174 0.305 0.284 4%
Error 62 0.120 96%
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Table 4.7: Results of the ANOVA of the juvenile to adult ratio of G. marinus.

Figure 4.8: Mean (+£s.d.) log density (ind./m?) of G. marinus at different sites, n = 65 for each

site.
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DF MS F Significance Partial n? Variance
Intercept i 0.044 | 2.882 0.095 0.046
Error 59953 0.015
Site 3 0.008 0.465 0.708 0.022
Error 62.625 0.016
Date 10 0.007 0.416 0.934 0.064 0%
Error 61.169 0.016
Site x Date 21 0.010 0.206 1.000 0.065 24.19%
Error 62 0.048 75.84%
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Figure 4.9: Mean (+s.d.) log density (ind./m?) of G. marinus at different dates, n = 55 for each
date.
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Figure 4.10: Mean proportional percentage abundance (ind./m?) of juveniles, females and males G. marinus at different sites.
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G. chevreuxi As with the other two amphipod species, the interaction between site
and date was significant (see table 4.8). Date was also found to be significant (P
= 0.001) and explained 25.92% of the variation and when site interacted with date,
43.32% of the attributable variation could be explained by the random factor (P<(.001).
Site and date were not found to be significant for the sex ratio (see table 4.9) or the J/A
ratio (see table 4.10). However, the interaction between site and date was significant

(P<0.001) in both sets of ratios, with 36.13% of the attributable variation accounted

for in sex ratio and 59.45% for J/ A ratio.

The Avon estuary ‘upper stream’ had the highest density across all sites (see fig. 4.12).
The density of G. chevreuxi appears to increase towards the summer months with Oc-
tober and December showing very low densities (see fig. 4.13). Females dominated
all samples, with only the Avon ‘Tidal Road’ site with a ratio close to 1:1 for males
and females (see fig. 4.14). Release of juveniles from the brood pouch appeared to be
during the summer months, as an increase in juvenile abundance was apparent every

June sampling date (see fig. 4.15).

Table 4.8: Results of the ANOVA of log density of G. chevreuxi.

DF MS F Significance Partial n? Variance
Intercept 1 249.316 25523 <0.001 0.680
Error 12 9.768
Stte 4 13.986 5.183 0.0D01 0.302
Error 48 2.699
Date 12 9.768 3.620 0.001 0.475 25.92%
Error 48 2.699
Site x Date 48 2.699 8.033 <0.001 0.597 43.32%
Error 260 0.336 30.77%
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Table 4.9: Results of the ANOVA of the sex ratio of G. chevreuxi.

DF MS F significance Partial n* Variance
Intercept 1 17.465 58.967 <0.001 0814
Errar 13.5 0.296
Site 4 0.245 0.859 0.500 0.109
Error 28,128 0.285
Date 10 0.331 1,127 0.379 0.294 3.14%
Error 27.037 0.294
Site x Date 24 (.326 2.860 <0.001 0.39 36.13%
Error 104 0.114 60.73%

Table 4.10: Results of the ANOVA of the juvenile to adult ratio of G. chevreuxi.

DF M5 F Significance Partial n’ Variance
Intercept 1 179.487 2.741 0.122 0.180
Error 12,466 65.476
Site 4 86.978 1.374 0.270 0.171
Error 26.595 63.307
Date 10 72.516 1.141 0.371 0.301 12.16%
Error 26,554 63.553
Site x Date 25 74,933 7.008 0.001 0.625 59.45%
Error 105 10.692 23.39%
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Figure 4.12: Mean (&s.d.) log density (ind./m?) of G. chevreuxi at different sites, n = 65 for
each site.
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Figure 4.13: Mean (+s.d.) log density (ind./m?) of G. chevreuxi at different dates, n = 55 for
each date.
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Figure 4.14: Mean proportional percentage abundance (ind./m?) of juvenile, female and male G. chevreuxi at different sites.
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Figure 4.15: Mean proportional percentage abundance (ind./m?) of juvenile, female and male G. chevreuxi at different dates.
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4.4. DISCUSSION

4.4 Discussion

Both spatial (site) and temporal (date) factors were found to affect the abundance of
the test species. One sampling site for each species was shown to have much higher
densities than all others. Densities varied widely for all species, with all sites empty in
August 2006, and only C. volutator successfully collected in October 2006. There was
no apparent reason for this, as sampling protocol was set from June 2006. Females
dominated across all sites and dates sampled. For C. voluator the male:female ratio
was 1:3.5, for G. marinus was 1:2.3 and for G. chevreuxi there were twice as many
females as males (1:1.95). This biased ratio may indicate strong competition among
males to fertilise multiple females (Ferreira et al. 2004, Bamber 1985), supported by

previous observations that male C. volutator compete for access to receptive females

(Forbes et al. 1996).

Table 4.11: Summary table of the partial n° and variance for all three amphipod species

Significance Partial n* Variance
C. volutator
Site <0.001 0.334
Date 0.002 0.326 15.32%
Site x Date <0.001 0.608 48.94%
G. marinus
Site 0.013 0.254
Date <0.001 0.643 30.13%
Site x Date <0.001 0.308 16.67%
G. chevreuxi
Site 0.001 0.302
Date 0.001 0.475 25.92%
Site x Date <0.001 0.597 43.32%

From table 4.11, the results for C. volutator and G. chevreuxi were quite similar, with

comparable partial n2. Date was a significant factor but the interaction bewteen site
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and date explained nearly half the variation. Yet, for G. marinus, site and date seper-
ately explained more of the abundance data, as the atiributable variance for date was
much higher and a larger partial n° than when site and date interacted. Overall, the
effect each factor (site, date and their interaction) has on determining the density of

each species can be ranked as follows:

1. Spatially - C. volutator> G. chevreuxi> G. marinus.
2. Temporally - G. marinus> G. chevreuxi> C. volutator.

3. Spatio-temporal - C. volutator> G. chevreuxi> G. marinus.

C. volutator The patchy nature of C. volutator has been noted previously at various
spatial scales (Bergstrom et al. 2002). It is nevertheless necessary to address what
is meant by the term ‘patchiness’. Hildrew & Giller (1994) saw similarities between
patch dynamics and metapopulation dynamics and noted that patchiness differs de-
pending on the scale, biotic and abiotic factors considered. Hall et al. (1994) showed
that patchiness can occur on small and large scales on intertidal sediments and that
different processes can be operating at the different scales. Clumped distributions are
the most frequently encountered and an examination of the variance of a series of
samples can provide information on patch size (Hall et al. 1994). Thrush (1991) de-
fined patchiness as abundances being autocorrelated at short distances. In the current
study, the patterns of abundance were examined and related to the species distribution
across space and time. Thé estimation of spatial patterning undertaken on the addi-
tional dataset from July 2007, confirmed the existence of the patterns found in the
current analysis in that they were not an artifact of spatial autocorrelation, but were a

true reflection of what was driving the abundance of these amphipod species.
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The variability in the abundance data was partially explained by site differences. How-
ever, previous research by Hampel et al. (2009) notes spatial variability in the mac-
robenthos composition when comparisons were made between mud flat and salt marsh
habitat in the large Schelde estuary (Netherlands and Belgium). Thus, there will be
inherent variability in the current study when comparing a site on the Avon estuary
which is located in a side stream in soft mud, to the Taw estuary ‘salt marsh’ site
which has very different sediment composition and vegetation (for sediment analysis,
see Chapter 5). Previous work by Hughes & Gerdol (1997) and Ysebaert et al. (1993)
found lower densities on open mudflats compared to creeks or semi-enclosed bays,
characterised by their low dynamic nature (Ysebaert et al. 1993). The faster flow of
currents experienced by C. volutator in these open areas was postulated to move them
away from these sites (Hughes & Gerdol 1997). Unexpectedly, the highest average
density of C. volutator in the current study was found at the Taw ‘main channel’ site.
This site was not as frequently covered by the tide as the ‘main channel’ site on the
Avon estuary, but was not expected to have the highest abundance at this site due to the
influence of tidal flow (Hughes & Gerdol 1997). The much more isolated Taw ‘upper’
site had the next highest abundance, i)ndicating that despite apparently ideal habitat on

the Avon estuary, densities of these populations must be limited by some other factor.

There did not appear to be any clear seasonal pattern with respect to the abundance
or sex ratios of C. volutator. Although, when the interaction between date and site
was examined, it did explain half of the variation attributable to the random factor
in density terms. However, the ratio of male to juveniles also had a strong temporal
variability component. The density of males corresponded to a decrease in the density

of juveniles, with a corresponding increase when male density decreased. Corophium
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volutator is known to undertake mate searching behaviour (Forbes et al. 1996). This
behaviour may explain an increase in the presence of males in samples, as males would
be encountered more frequently when searching for a mate and therefore may be more
readily sampled. This type of behaviour can expose males to an increase in predation,
and this increased risk must be compensated by the reproductive benefit of mating with

multiple females (Bamber 1985).

The months of higher abundance of juveniles (June 2006 and October 2007) which
were followed by a decline in the following months, may indicate a bivoltine popula-
tion structure and a seasonality to this pattern. Previous research showed C. volutator
to have one (Segerstrile 1959, McLusky 1968) or two generations per year (Fish &
Mills 1979) and not continuous reproduction. Yet, due to the lack of any clear pattern,
it is possible that C. volutator undergoes continues reproduction or that there was a
possible sampling artifact (see Crewe et al. 2001). As the current sampling method
was seen to work in another study (Harris & Musko 1999) it is unclear why no ob-
vious temporal patterns emerged. However, female C. volutator in the current study
were sexually mature at a minimum of 2 mm. This contrasts with Bergstrom et al.
{2002) who found C. volutator to reach adulthood at 5 mm or Flach & Debruin (1993)
who found females matured at 4.1 mm. The difference in size of the populations
could also be related to predation. Previous research on shorebird predation by Peer
et al. (1986) explored further by Hilton et al. (2002), suggested that adult C. volutator
off the east coast of Canada were reaching sexual maturity at a smaller size in order
to avoid predation. Other research by Schneider et al. (1994} found a sex ratio bias
towards female C. volutator that was not explained by predation, but by the predomi-

nance of female juveniles which might indicate asexual reproduction. Research on the
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impact of conch (Strombus gigas (Linnaeus)) densities on predation by xanthid (Mi-
cropanope sp.) crabs showed that the proportional mortality decreased with increased
density (Ray-Culp et al. 1999). The increased density in the patches of C. volutator
may therefore proportionally reduce the chance of predation by birds. Further work on
these populations of C. volutator needs to be conducted with regard to predation and

the impacts this can have on the abundance-distribution relationship.

G. marinus  Although site was found to be a significant factor, the interaction be-
tween site and date did not explain any more of the variation. Hence, site is an impor-
tant factor, but it is not a simple relationship. Yu et ai. (2003) found that the distribu-
tion of benthic amphipods on sandy shores was determined by the availability of prey
species. This driver of distnbution could also be occurring in the current study; Dick
et al. (2005) found G. (Echinogammarus) marinus to be an active predator irrespective
of habitat heterogeniety, with female gut contents indicating high rates of predation on
the isopod Jaera nordmanni (Rathke). Therefore, the importance of site as a determi-
nant of density might be related to the availability of prey rather than the site itself.
Although not quantified in this study, a large number of the common estuarine isopod
Cyathura carinata {Kroyer) (Ferreira et al. 2004) were frequently encountered in the
samples, particularly from the Avon estuary, indicating a possible food source for G.

marinus (author’s own observation).

Habitat heterogeneity can also be an important factor determining predator-prey re-
lationships. Prey capture of macroinvertebrates by the substropical fish Moenkhau-
sia sanctaefilomenae was increased at the edge of floating macrophytes (Eichhornia
azurea (Kunth)) (Etilé et al. 2009). Alga cover has been seen to influence the presence

of amphipods in a Caulerpa prolifera (Forsskal) meadow in Spain, independent of site
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or time of year (Sanchez-Moyano et al. 2007). Gammarus marinus is Known to as-
sociate with patches of F. vesiculosus (Maranhao et al. 2001), however the amount of
Fucus cover was not determined in the present study. Observation of the sampling sites
reflects the results found here, the highest abundance of G. marinus was found at the
Plym ‘Chelson Meadow’ site which had the highest density of F. vesiculosus (author’s
own observation). Hence, future work should consider the amount of available habitat

when considering the distribution of G. marinus.

Research comparing both eutrophic and oligotrophic sub-estuaries showed a shift in
trophic food levels by amphipods due to the reduced availability of prey (Fox et al.
2009). This should be considered for G. marinus specifically, due to its likely preda-
tory nature (Dick et al. 2005). The Plym is a polluted estuary {Bard et al. 2008),
and although this does not appear to affect the abundance of G. marinus negatively
(see fig. 4.5), it could have consequences for its survival as a shift from camivorous
feeding owing to a lack of prey, sensitive to contamination, to omnivory can greatly
increase the risk of predation due to increased exposure (Kolar & Rahel 1993). A small
number of juveniles were present throughout the year in the two estuaries studied, with
a possible seasonal pattern in male abundance, peaking during February of both years,
without corresponding peaks in juveniles. This would point towards likely continu-
ous reproduction, which has been found in G. (Echinogammarus) marinus in Portugal
(Maranhao et al. 2001). Other studies showed that G. marinus has 3 to 4 broods per
year indicating a multivoltine life cycle (Maranhao & Marques 2003); it is likely that
such a pattern would not be discriminated by the sampling conducted in the present

study.
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G. chevreuxi The importance of both freshwater (MacNeil et al. 1997, Kelly et al.
2002) and marine (Yu & Suh 2002) amphipods as links in trophic structuring of a
community has been studied. Gammarus chevreuxi has been found in both brackish
conditions (Cunha & Moreira 1995) or close to fresh-water (Dieleman 1978, Subida
et al. 2005) environments. In the current study, G. chevreuxi prevailed in rocky sed-
iment in flowing streams and outflows with predominantly low salinities (1 - 5 ppt).
This species differs from true freshwater species which inhabit lakes and streams, as
these habitats are much more isolated and fragmented than the estuarine environment
(Blackburn et al. 2006). However, this view of estuarine habitats is debated, as Bilton
et al. (2002) describe these environments as discrete habitats defined by physiological
limits. Therefore, estuaries present a challenge, as they can be viewed as both isolated

and dynamic environments.

There was a possible seasonal trend present in the abundance data of G. chevreuxi,
with a single breeding period. June in all three years showed the highest abundance of
juveniles, with a slow decline, where animals presumably grew into male and female
size classes. The overall abundance of these populations did vary widely with no
animals found in August or October 2006, up to 3600 ind./m? in August 2007. This
type of variation has been seen previously (Subida et al. 2005). It is possible that
the juveniles are underrepresented by the chosen sampling method (e.g. Girisch &
Dennert 1975). However, despite the same sampling mesh sizes used, the proportion
of juveniles was much greater in the G. chevrenxi population in Portugal (Subida et al.
2005, Cunha & Moreira 1995) compared to the current study. The overall abundance
of the population was similar to other species of Gammarus in Portugal (Marques &

Nogueira 1991). Previous research has shown that abundance of G. chevreuxi was tied
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to environmental variables particularly salinity (Subida et al. 2005, Dieleman 1978,
Cunha & Moreira 1995). The lower abundance seen in this study may be related to
the higher salinities which can be experienced in the Avon and Plym estuaries, but this

would require further study.

Gammarus chevreuxi was found to be smaller at sexual maturity than in previous re-
search (Barnes et al. 1979, Girisch et al. 'l 974). Females in other research were seen 1o
brood eggs only above 4 mm, whereas in the current study, females were found with
eggs from 2.7 mm. The population of G. chevreuxi in the Avon estuary was also found
to have larger individuals of up to 12.527 mm whereas the largest in the Plym estuary
was 10.981 mm; both of these were males. Barnes et al. (1979) found that the popula-
tion of G. chevreuxi in alagoon in Falmouth to be smaller (no individual larger than 10
mm} than those in Plymouth (Sexton 1924) even when reared in the laboratory, sug-
gesting that phenotypic plasticity was not occurring and the population in Falmouth is
distinct from the one in Plymouth. Hence, population differences found previously by

Barnes et al. (1979), could also be currently occurring in the Avon and Plym estuaries.

From the current study, there does not appear to be any clear mechanism driving the
relationships between abundance and distribution for these three species of amphipods.
The interaction between temporal and spatial patterns were found to explain more of
the attributable variation for C. volutator and G. chevreuxi, with only temporal vari-
ation explaining a large proportion for G. marinus (see table 4.11). Environmental
factors such as salinity and temperature may be acting in conjunction with predation,
habitat use and food availability. The lack of clear ecological mechanisms point to-
wards the possibility of using the model-centric view of science proposed by del Rio

(2008). This could help to explain and predict the drivers of these amphipod distribu-
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Chapter 5

Abundance and occurrence in

estuarine amphipods: A conceptual model

5.1 Introduction

There are many potential mechanisms underlying the distribution of animals within a
habitat. In the previous chapters, salinity, temperature, spatial and temporal variation
have been shown to affect species distribution and abundance (Chapter 4). The habi-
tats experienced by the species vary widely from site to site, and these variations differ
themselves depending on whether the microhabitat, the local or the regional geographic
scale is considered. However, from a general viewpoint, three basic habitat templates
can be conceptualised; r, K and A selection (Sainte-Marie 1991). K-selection habitats
are stable, productive and rarely disrupted. A-selection habitats have low production
but are stable, and r-selecting habitats are highly dynamic (Greenslade 1983). Brack-
ish waters are hypothesised to be r-selecting (Southwood 1988, Sainte-Marie 1991),
which is consistent with animals within these habitats being early to mature with high

fecundity but short lifespan (Greenslade 1983).

In order to elucidate the mechanisms which drive the distribution of animals, models
can be used to predict species’ occurrences using correlations between occupancy pat-

terns and environmental data (Meynard & Quinn 2007). Models represent a way to
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conceptualise and analyse datasets and can provide insight into an ecosystem which
would not otherwise be available. Models are useful tools, particularly for viewing
questions in a ‘macro’ ecological and physiological perspective. For example, in the
1990s the application of Artificial Neural Networks (ANN) emerged as a tool in biol-
ogy (Lek & Guegan 1999). ANNs can be used in ecological situations that are highly
complex. Input values are differently weighted and if the output data are incorrect,
then the weighting can be altered (in an iterative fashion) until the correct output is
generated. The ANN can then predict what the new output will be, given basic input
data (Lek & Guegan 1999). Other computer based platforms have continued to make
advancements in ecological modelling. For example, the predictions made by models
can be integrated with Geographic Information Systems (GIS) to aid with management
decisions regarding community conservation (Olden et al. 2006, Joy & Death 2004).
Kearney & Porter (2009) reviewed models based in GIS and examined the value of both
mechanistic and statistical models. Statistical models are correlative, linking species
distribution with spatial data, whereas mechanistic models try to incorporate environ-

mental variables and functional traits (Kearney & Porter 2009).

However far advanced computer modelling is developed, the origins of ecological
modelling still have population dynamics at their core. For example, Freckleton et al.
(2005) developed a model for the relationship between patch occupancy and local
abundance for British birds by parameterising equations for each of 5 ecologically
important processes; population increase, mean overall population size, potential inci-
dence and mean local population size, extinction rates and colonisation rates. In this
case they tested their model using range size and abundance data as well as occupancy

and density measures of British bird species. Another example of statistic-based mod-

138



5.1. INTRODUCTION

elling centered on the amphipod Talitrus saltator (Montagu) (Anastacio et al. 2003).
The model output was designed to match the recorded abundance over time and were
based on age classes as these amphipods were known to reproduce three times a year.
The models included; life span, abundance, recruitment, growth, sex ratios, age at mat-
uration, and mortality (Anastacio et al. 2003). The output of the models were shown
graphically as recruitment of individuals over time. Three of the models were found
to have a large amount of variation compared to the test data and were rejected. The
need to incorporate real time environmental conditions, such as the lack of recruit-
ment during high summer temperatures, was shown to be important for the accuracy
of the predictions made (Anastacio et al. 2003). Hence, models which are demograph-
ically dynamic are more accurate and, as seen in the various models present here, there
are many different approaches available. Choosing the appropriate model will depend
on the available data and expertise. In this study, a statistical approach was taken to
paramaterise elements within a conceptual framework, integrating physico-chemical

parameters and physiological limit data with a variety of population demographic data.

Apart from choosing a model type, a further factor which requires careful considera-
tion is choosing the appropriate animal. Most models have been based on terrestrial
datasets, due to the availability of information (Meynard & Quinn 2007). However,
using tractable marine animals such as amphipods, which live in a variable environ-
ment such as an estuary can pose different problems to those encountered on land. The
environment is particularly variable; animals in the intertidal environment do not live
in a strictly terrestrial or aquatic existence (Kearney & Porter 2009). They experience
the convection and heat loss associated with living in the water compounded by ex-

posure to the extremes in air temperature at low tide. Further to this, the temperature
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at which an animal can survive does not necessarily mean the population can persist
there. Species have been found to be distributed among habitats which are wel) within
their physiological limits (e.g. Gaston & Spicer 2001), while others are vulnerable to
climate change by living at their thermal maximum (e.g. Stillman & Somero 2000,
Stillman 2003). Estuarine animals also experience great variability in salinity regime,
depending on the amount of tidal influence and the seasonality of freshwater input (e.g.

Hampel et al. 2009).

Reproduction and survival are the most important processes for a population to persist
(Gaston & Blackburn 2000, Kearney & Porter 2009). Within the same habitat there
are often different mating strategies present. For example, Gammarus marinus and
G. chevreuxi are both mate-guarders that attend to the female by attachment (Conlan
1991). Meanwhile, Corophium volutator is also considered to be a mate-guarder which
attends to females, but does so not by attachment as in Gammarus (Conlan 1991) but
by remaining in the burrow to defend the female against other males (Forbes et al.
1996). The number of broods produced can also vary widely (Conlan 1991). Gam-
marus marinus has been found to have as many as three broods while G. chevreuxi has
one (Conlan 1991) but this species has also been seen to breed continuously (Sexton
1928, Subida et al. 2005). Brood number is also variable in C. volutator. Some popu-
lations produce one generation per year (Segerstrale 1959, McLusky 1968), others two

(Peer et al. 1986) and yet others as many as 4 broods per year (Muus 1967).

Other factors can also impact the distribution of animals within the habitat. For exam-
ple, both salinity and temperature were shown to affect brood size which was also de-
pendent on the size of female G. zaddachi (Sexton) (Kinne 1960). Research undertaken

by Meadows (19645) found that a ditferential distribution of body size in C. volutator
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existed due to larger individuals preferring deeper mud. Bergstrom’s (2002) analysis
found that the patchiness which is characteristic of C. volutator can be attributed to the
aggregations of juveniles in their maternal burrows. All of these various factors can
affect the abundance and distribution of such amphipod species. These factors can,
however, be quantified in various ways and can be used in a model to validate whether
or not they are driving the abundance and distribution patterns noted previously. All

the interactions which can be affecting the abundance-occupancy relationship need to

be considered (see fig. 5.1).
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Figure 5.1: Possible factors affecting the abundance-occupancy relationship.

As it is not possible to incorporate all of the above factors, the aim of this chapter was to

develop a conceptual model and to use it as a tool to predict the presence and absence
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of amphipod species with available data. The model was constructed using physio-
logical (Chapter 2 and 3) and spatio-temporal data collected previously (Chapter 4),
together with additional data taken from the literature for the three amphipod species:
C. volutator, G. marinus and G. chevreuxi. A variety of biotic factors and abiotic fac-
tors were considered. Density, occupancy, sex ratios, juvenile to adult ratios and site
and physiological preferences were used as factors to model the presence/absence data

collected.

5.2 Material and Methods

5.2.1 Model factors

Two factors formed the basis of the model from the ecological dataset from the Avon,
Plym, Taw and Torridge estuaries. The response variable was presence/absence from
August 2006 to June 2008, with species and site as fixed nominal predictors. Other

elements of the model included:

Population demographics Multiple factors were derived from the population com-

position data.

1. Mean sample density - Ind./m? from June 2006 to April 2008, a continuous

predictor used as a scale predictor.

2. Occupancy - Proportion of samples occupied from June 2006 o April 2008,

ordinal predictor.

3. Fecundity - Average egg load multiplied by number of ovigerous fermales in the

population, scale predictor.
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Average egg load per female was derived from the literature. For C. volurator, females
on average carried 22 eggs (10.4-30 eggs) (Peer et al. 1986, Fish & Mills 1979, Hilton
et al. 2002). For G. marinus females carried on average 34.9 eggs (14.8-55 eggs)
(Marques & Nogueira 1991). Finally, G. chevreuxi was found to have on average 8
eggs (up to 32 eggs) (Subida et al. 2005). In the current study, ovigerous females
comprised on average 3.5% (0 - 24%) of C. volutator collected, 9.6% (0-43%) of G.

marinus collected and 12% (0-36%) of G. chevreuxi collected.

Climate variables Climatic variables were derived from local weather station data.
For the Taw/Torrdige estuary, data from the Chivenor (Barnstable) station were used,
and data for the Avon and the Plym estuaries were taken from the Plymouth station
(MetOffice 2009). All weather data were used as scale predictors in the model. To ac-
ertain whether or not the previous month’s weather was affecting the presence/absence
of these amphipods, ‘lagged’ data was also incorporated into the model. ‘Lagged’
refers to weather data from the month before the sampling took place. This one month
lag was chosen after preliminary examination of the data; patterns were noted in the

mean abundance with the current and previous months’ climate variables.

I. Rainfall - Obtained from weather stations from August 2006 to June 2008.

2. Temperature range - Maximal subtracted from minimal temperature taken from

weather stations from August 2006 to June 2008.

3. Mean, maximal and minimal temperatures - Taken from weather stations from

August 2006 to June 2008.

4. Lagged rainfall, temperature range, mean, maximal and minimal temperatures -

Obtained from weather stations from July 2006 to May 2008.
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Preferences To incorporate physiological and site variation, preferences were de-

rived from suitability of environmental factors.

1. Physiological preference - ordinal predictor.

2. Site preference - ordinal predictor.

For physiological tolerances, using the MO, (Chapter 2) and CTMax and CTMin data
(Chapter 3) collected previously, as well as the salinity and temperature data collected
across seasons at each site, each species can be ranked according to what temperature
range it was able to tolerate and how this was modified by exposure to salinity and if
this changed temporally across seasons. Corophium volutator and G. marinus ranged

between 2.5 and 4, and G. chevreuxi ranged between 3 and 4 (see table 5.1).

Site preferences for C. volutator can be derived from the availability of suitable muddy
sediment and amount of tidal flow and ranged between 3 and 5 (out of 5). For G.
marinus, significant coverage of the site by Fucus vesiculosus ranked the site higher
than those with less algae cover. For G. chevreuxi, a high amount of rocky cobles and a
large amount of water flow ranked the site higher than those with less water flow with
muddy sediment dominating. The sites for G. marinus were found to be between 3 and

5 (out of 5), and G. chevreuxi were between 2 and 5 (out of 5) (see table 5.1).

The rankings were derived from familiarity with the sites, salinity and temperature
readings taken throughout the sampling period along with knowledge of the optimal
physiological limits derived from the laboratory experimentation. For example, habitat
availability for G. marinus was ranked as 5 at the ‘Chelson Meadow’ site which has
100% Fucus cover, while a site (‘Dam’) with less than 20% available cover was ranked

1.
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Table 5.1: Rankings (low = 1, high = 5) of each species and site combination for both physiological and site preferences.

Salinity range

Tempcrature range | season [ Average ] Hahitat availability | Sediment or water flaw [ Average

C. volutator

Avon Tidal Rd 3 25 2 2.5 4 4 4
Avan main channed 3 3 3 3 3 3 3
Avon upper stream 3 2 2.5 2.5 5 3 4
Taw salt marsh 5 3 4 q 4 4 4
Taw main channel 4 S 3 q 4 4 3
Taw upper stream 4 2.5 4 3.5 5 5 5
Torridge 2 3 4 3 5 3 4
G. marinus

Avon Hexdown 3 S 4 4 3 3 3
Avon tidal Rd 3 S 4 4 2 4 3
Plym Dam 3 5 4 4 1 3 2
Plym Chelson meadow 1 5 4 2.5 5 5 5
G. chevreuxi

Avon Tidal Rd 2 3 4 3 4 4 4
Avon upper stream 3 3 3 3 4 4 a4
Plym Dam 3 5 q 4 S 5 S
Plym Chelson meadow 4 1 4 3 q 2 3
Plym upper stream 3 3 3 3 2 2 2

SAOHLINW ANV TVIdAIVIN T°§
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Sediment analysis An additional dataset was available for C. volutator from the
length of the Avon estuary. The data were coliected using 10 x 10 ¢cm cores, with
80 samples collected in July 2007. A BioEnv analysis (Clarke & Ainsworth 1993} of
this data indicated the distribution of C. velutator was affected by the sediment type
(B coefficient = 0.69, odds ratio = 1.28, P<0.001). The same sediment analysis was
conducted on samples from the current study sites on the Avon, Taw and Torridge

estuaries, per seasons (2 summers and 2 winters).

The sediment grain size was determined using a Malvern Mastersizer 2000 laser particle-

sizer. This allowed for additional factors to be included in the models for C. volutator.
1. Mean ¢ - scale predictor.
2. Mean geometric grain size - scale predictor.

3. Mean arithmetic grain size - scale predictor.

5.2.2 Binary Logistic Regression

The model was constructed following a stepwise process (see fig. 5.2).

Basic BLR No ., Increase
Does it work? Dataset
Yes l \\Ye\\
" Expanded BLR
Validation Doesit improve the
Does it verify the factors? maodel?
\$ - )
No Validation
Does it verify the factors?

Yes — ;
which cnes? Restart with BLR J’ \ No

Yes—
which ones?

Figure 5.2: Flow chart for the model process, for both the overall dataset and the individual
species models.
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5.2. MATERIAL AND METHODS

Basic BLR

To determine if the model was functional, a basic Binary Logistic Regression (BLR)
was undertaken as the first step towards the complete model (see table 5.2). Once the
initial BLR was found to work, further data could be added to the models to improve

the accuracy.

Binary logistic Regression \

Current and lagged:

temperature [range, max
and min) and rainfall
I To predict:
I = Occupancy

Presence/absence

[ Aoundance | <[ s

occupancy

Figure 5.3: Pictographic representation of the binary logistic regression.

The available data (population composition, weather data, site and physiological pref-
erences) were used in a BLR, conducted in SPSS ver.16.0 (SPSS Inc. Chicago) (see
table 5.2). BLR was chosen because this type of analysis used a stepwise model, with
each factor being added into the equation and the final model step (between | and 8
steps) was composed of the significant factors in order of importance. The output of
the model was compared to actual presence/absence data (see fig. 5.3), with the results
being presented as an R value followed by a percentage of correct presence/absence

predictions (1 and 0) for the best model selected (e.g. R? a, b%).
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5.2. MATERIAL AND METHODS

Expanded BLR

Fecundity, site preference and physiological preferences were used as additional fac-

tors in each of the 8 model permutations as above (see fig. 5.4 and table 5.2).

| Predictive model |
i [ ste | cferenc
Current and lagged: <17 preferences
temperature {range, max
and min) and rainfali

I To predict:
I = Occupancy
Presence/absence

(oo | [ 5

S . | occupancy

e

)

'

i F i
V

"Cal

Nt

-

» Physiological
Fecundity toleran‘ce

MO; and thermal limits
[CTMax and CTMIn)

Figure 5.4: Pictographic representation of the expanded statistical model.

Table 5.2: The 8 model permutations for the basic BLR and the expanded BLR

Models

1]12(3]4|/5/6]7]8
Species ¥ [xlxlx]x]|x]x]|x
Site ol ]% Ix]x]®]x]x
Occupancy X{x[x|x|x|x]x|x
Density X |xIxIx|x]|x]x]x
Rainfall X |x X X '3
Temperature range X X ES g
| Lagged rainfall XX X x|@|3
| Lagged temp range X X o E
Mean temperature XX
Max temperature X[ x g
Min temperature X|x
Lagged mean temperature x|x
Lagged max temperature x|x
| Lagged min temperature X|x
Fecundity X{x|xx{x|x|x|x
Physiological preferences | x | x|x |x | x|{x|x[x
Site preferences x| x{x{x{x{x]x|x




35.2. MATERIAL AND METHODS

Validation

A common way to validate models is to split the data, with between 20 and 50% not
used in the model construction, to verify the results (Meynard & Quinn 2007, Dedecker
ct al. 2007, Statzner et al. 2008). As shown in Chapter 4, there was a temporal com-
ponent to the variation in abundance and distribution of the amphipod species. To
validate the models, the data were split into two sets by years. The first dataset, there-
fore spanned from June 2006 to June 2007 and the second from August 2007 to June
2008. If the models included the same significant factors as before they were split, this
would indicate that the model was robust, as only factors which were significant across

time would be included.

5.2.3 Single species models

Basic BLR

Following the general modelling, each species (C. volutator, G. marinus and G. chevreuxi)
was modelled separately with the same 8 model combinations as the basic BLR using

all of the factors with the exclusion of ‘species’.

Expanded BLR

The same additional factors (physiology, site preference and fecundity) were added to
the datasets for each of the three species.

Further to this, the sediment analysis conducted on sites where C. volutator was col-
lected, meant that had three additional factors could be added to the model (mean ¢,

mean geometric grain size and mean arithmetic grain size).
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5.3. RESULTS

The BLR was run in the same manner as previously stated for each species individually.
Validation

To verify the single species models, the same approach was taken with each species
individually. If the significant factors remained the same in both time series, then the

model for that species was considered robust.

5.3 Results

5.3.1 Whole dataset models

All species

Basic BLR There were seven significant factors in the model with the highest R?
value (R? 0.376, 72.7%) (see table 5.3). However, not all these factors were validated

in subsequent models (see summary table 5.6).

Table 5.3 Results of the basic BLR including all species, where B is the coefficient for the
constant and exp(B) is the odds ratio.

Factor B DF Significance | Exp (B)
Density 0.001 1 0.009 1.001
Occurrance 0.846 1 0.001 2.329
Species 0.571 2 0.000 2.188
Site 1.550 10 0.000 5.653
Rain (lagged) 0.023 1 0.000 1.023
Mean 0.746 1 0.000 2.108
Min -0.872 1 0.000 0.418
Constant -5.562 1 0.000 0.004

Expanded BLR The additional factors did not change the model and the significant

factors remained the same.
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5.3. RESULTS

Validation The only factors which remained consistently significant throughout all
the tests were site and species {see tables 5.4 and 5.5). The validation of the basic
BLR using June 2006 to June 2007 only added lagged minimal temperature (R? 0.426,
79.8%), whereas the August 2007 to June 2008 validation included density and lagged
rainfall as significant factors (R? 0.385, 77.3%). More factors were found to be signif-
icant when the expanded BLR model was validated, but the R? changed very little (see

summary table 5.6).

Table 5.4: Results of the validation for the basic BLR model including all species, where B is
the coefficient for the constant and exp(B) is the odds ratio.

Factor B DF Significance Exp (B)
2006/2007 [ 2007/2008 | 2006/2007 | 2007/2008 | 2006/2007 | 2007/2008 | 2006/2007 { 2007/2008
Densilty 0.001 1 0.099 1.001
Site 2.277 1.833 10 10 <0.001 <0.001 14.445 11.968
Species 0.810 0.646 2 2 <0.001 <0.001 3.194 2.600
Lagged rain 0.039 1 <0.031 1.040
Lagged minimum -0.323 1 <0.001 0.724
Constant -0.383 -5.504 1 1 0.557 <0.001 0.682 0.004

Table 5.5: Results of the validation for the expanded BLR model including all species, where
B is the coefficient for the constant and exp(B) is the odds ratio.

Factor B DF Significance Exp (B)
2006/2007 | 2007/2008 | 2006/2007 [ 200772008 [ 2006/2007 | 2007/2008 | 2006/2007 | 2007/2008

Density 0.0 1 0.099 1.001
Site 1.964 1.933 10 10 <0.001 <0.001 16.806 11.968
Species 0.861 0.546 2 2 <0.001 <{(.001 5.252 2.600
Lagged rain 0.038 1 <0.001 1.040
Lagged minimum -0.336 1 <0.01 0.715

Fecundity 0.006 1 0.004 1.006

Physiology 1.408 1 0.032 4.082

Constant -5.128 -3.504 1 1 0.031 <0.001 0.006 0.004
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BLR model

Table 5.6: Summary table for all models including all species, with R? values and accuracy of predicted presence/absence for each

Validation

Validation

Basic BLR

June 06 -June 07

Aug 07 - June 08

Additienal factors BLR

June 06 - June 07

Aug 07 - June 08

R°0.376,72.7%

R?0.426, 79.8%

R’ 0.385, 77.3%

R%0.376, 72.7%

R’0.46, 79.6%

R’ £.385, 77.3%

Species

6

3

2

6

3

3

Site

2

3

2

2

Occupancy

Density

3
1
7

3
1
7

Rainfall

Temperature range

Lagged rainfall

Lagged temp range

Mean temperature

Max temperature

Min tem perature

Lagged mean temperature

Lagged max temperature

Lagged min temperature

Physiological preferences

Site preferences

Fecundity
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5.3. RESULTS

5.3.2 Single species models

C. volutator

Basic BLR There were four significant factors in the best fit model for C. volutator
(see table 5.7 and summary table 5.10).

Table 5.7: Results of the basic BLR for C. volutator, where B is the coefficient for the constant
and exp(B) is the odds ratio.

Factor B DF Significance | Exp (B)
Density 0.001 1 0.013 1.001
Rain {lagged) 0.013 1 0.001 1.013
Site 1.615 6 0.000 7.035
Max (lagged) -0.196 1 0.000 0.822
Constant 0.860 1 0.203 2.362

Expanded BLR The results of the sediment analysis can be found in table 5.8. The

model for C. volutator was not altered by the inclusion of additional data.

Table 5.8: Results of the sediment analysis for three different grain size parameters

Average Minimum Maximum
Mean @ Winter 2007 4.25 2.76 595
Summer 2007 4.18 2.18 6.17
Winter 2008 5.05 4.45 5.68
Summer 2008 442 3.14 6.01
Mean Winter 2007 60.04 16.50 118.57
geometric Summer 2007 71.55 14.40 187.76
grain size Winter 2008 31.53 19.77 44.99
Summer 2008 55.17 15.80 105.11
Mean Winter 2007 107.24 38.58 173.35
arithmetic Summer 2007 124 .48 37.70 288.30
grain size Winter 2008 70.06 42.87 90.98
Summer 2008 99 41 37.33 163.40

Validation The models were altered when the data was split for validation (see ta-
bles 5.8 - 5.10). None of the factors remained consistently significant throughout the

modelling process.
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5.3. RESULTS

Table 5.9: Results of the validation for the basic BLR model for C. volutaror, where B is the
coefficient for the constant and exp(B) is the odds ratio.

Factor B DF Significance Exp {B}
2006/2007 | 2007/2008 | 2006/2007 | 2007/2008 | 2006/2007 | 2007/2008 | 2006/2007 | 2007/2008
Occupancy -1.526 1 0.007 0.217
Site 2.754 2.256 3 6 <(.001 <0.001 23.779 18.705
Raintall -0.024 1 0.001 0.976
Lagged maximum -0.361 -0.818 1 1 <0.001 <0.001 0.697 0.441
Lagged minimum 0.630 1 0.012 1.877
Constant 4.407 6.302 1 1 <0.001 <0.001 82.007 545.627

Table 5.10: Results of the validation for the expanded BLR model for C. volutator, where B is
the coefficient for the constant and exp(B) is the odds ratio.

Factor B DF Significance Exp (B)
2006/2007 | 2007/2008 | 200672007 { 2007/2008 | 2006/2007 | 2007/2008 | 2006/2007 | 2007/2008

Slte 0.854 3 0.001 6.499
| Lagged rainfall 0.015 1 0.028 1.015

Lagged maximum -0.754 -0.906 1 1 <0.001 <0.001 0.471 0.404
Lagged minimum 0.768 0.86% 1 1 <0.001 6.001 2157 2.384
Mean o -3.706 13.461 1 1 <0.001 <0.001 0.025 701518.8
Mean geometric -0.062 1 <0.001 (0.9440

Mean arithmetic 0.289 1 <(.001 1.335
Constant 23.939 -83.469 1 1 <Q.001 <0.001 2.492E10 0.009

The addition of the sediment analysis data altered the results of the model, and demon-
strates the importance of site sediment composition. However, no single factor was

significant in all models tested.
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Table 5.11: Summary table for all models for C. volutator, with R* values and accuracy of predicted presence/absence for each BLR

Validation

Validation

Basic BLR

June 06 -June 07

Aug07 - June 08

Additional factors BLR

June 06 -June 07

Aug 07 - June 08

R-0.437,75.7%

RY0.485, 80.5%

R7 0,509, 85.9%

R’ 0.437,75.7%

R”0.344, 82,5%

R°0.553, 83,9%

Site
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2

1

2

1

Occupancy

3

Density

Rainfall

Temperature range

Lagged rainfall

Lagged temp range

Mean temperature

Max temperature

Min temperature

Lagged mean temperature

Lagged max temperature

Lagged min temperature

Physiclogical preferences

Site preferences

Fecundity

Mean ¢

Mean geometric grain size

Mean arithmetic grain size
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5.3. RESULTS

G. marinus

Basic BLR There were only two significant factors in the best fit model for G. mari-
nus (see table 5.12). This model had the lowest R? of all the single species models (R?

0.228, 71.2%), with only occupancy and lagged rainfall included as significant factors.

Table 5.12: Results of the basic BLR model for G. marinus, where B is the coefficient for the
constant and exp(B) is the odds ratio,

Factor B DF Slgnificance | Exp (B)
QOccupancy 2.074 1 0.000 7.954
Rain (lagged) 0.0286 1 0.000 1.027
Constant -3.629 1 0.000 0.027

Expanded BLR The additional factors did not change the significant factors for the

model for G. marinus.

Validation Although the R? value increased with the splitting of the datasets for G.
marinus, no single factor was consistently significant for all models (see tables 5.13 to

5.15).

Table 5.13: Resulis of the validation for the basic BLR model for G. marinus, where B is the

coefficient for the constant and exp(B) is the odds ratio.

Factor B DF Significance Exp (B)
20062007 [ 20072008 | 2006/2007 | 2007/2008 [ 2006/2007 | 2007/2008 | 2006/2Q07 | 2007/2008

Site -0.480 3 0.012 Q0.782

R ainfall 0.017 1 0.020 1.017
Lagged rainfall 0.069 1 <0.001 1.0M1

Lagged temp range -0.665 1 0.005 0.514
Maximum 0.538 1 <0.00 1.713

Constant -15.799 3.584 1 1 <0.001 0.024 0.000 36.031
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5.3. RESULTS

Table 5.14: Results of the validation for the expanded BLR model for G. marinus, where B is
the coefficient for the constant and exp(B) is the odds ratio.

Factor B DF Significance Exp (B}
2006/2007 | 20072008 | 2006/2007 | 2007/2008 | 2006/2007 [ 2007/2008 { 2006/2007 | 200772608

Density -0.075 1 0.003 0.928

Site -0.480 3 0.012 0.792
Rainfall 0.017 1 0.029 1.017
| Lagged rainfall 0.058 1 <0.001 1.060

Laggedtemp range -0.665 1 0.005 0.514
Maximum 0.418 1 0.002 1.519

Fecundity d.069 1 0.003 1.071

Constant -1.405 3.584 1 1 <0.001 0.024 0.000 36.031
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Table 5.15: Summary table for all
model.

models for G. marinus, with R? valves and accuracy of predicted presence/absence for each BLR

validation

Valldatlon

Basic BLR

June 06 - June 07

Aug 07 - June 08

All factors BLR

Juna 06 - lune 07

Aug 07 -Juna 08

R70.228, 71.2%

R'0.414, 88.3%

R’ 0.257, 72.5%

R 0.228, 70.2%

R 0.558, 92.5%

R70.257,72.5%

Site

Occupancy

Density

Rainfall

Temperature range

Lagged rainfall

Lagged temp range

Mean temperature

Max temperature

Min temperature

Lagged mean temperature

Lagged max temperature

Lagged min temperature

Physiological preferences

Site preferences

Fecundity
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5.3. RESULTS

G. chevreuxi

Basic BLR The best fit model for G. chevreuxi had 4 significant factors (R? 0.462,

77.7%) (see table 5.16).

Expanded BLR The model changed with the additional factors, and seven factors

were significant predictors (see table 5.16 and summary table 5.19).

Table 5.16: Results of the basic and expanded BILLR models for . chevreuxi, where B is the
coefficient for the constant and exp(B) is the odds ratio.

Factor B DF Significance Exp (B}
Basic BLR | Exp BLR | Basic BLR | Exp BLR [ Basic BLR | Exp BLR | Basic BLR | Exp BLR

Density 0.002 1 0.001 1.002
Occupancy 1.208 1.726 1 1 0.003 0.001 3.347 5618
Rain {lagged) 0.043 0.034 1 1 <0.001 <0.001 1.044 1.035
Site -1.202 -1.805 4 4 <0.001 <0.001 0.394 0.223
Temperature range 0.544 1 <0.001 1.722

Mean 1722 1 <0.001 5.597
Minimum -2.016 1 <0.001 0.133
Fecundity -0.010 1 <0.001 0.89¢
Constant [ -7106 | -5.406 1 1 <0.001 <0.001 0.001 0.004

Validation The models were altered with the splitting of the data and with the ad-

ditional data (see tables 5.17 and 5.18). Only occupancy remained as a consistently

significant factor in all the model permutations and validations (see summary table

5.18).

Table 5.17: Results of the validation for the basic BLR model for G. chevreuxi, where B is the
coefficient for the constant and exp(B) is the odds ratio.

Factor B DF Significance Exp (B)
20062007 | 200772002 [ 200672007 | 2007/2008 | 2006/2007 | 2007/2008 | 2006/2007 | 2007/2008

Density 0.012 1 0.045 1.012

Qccupancy 1.292 1 0.017 3.641
Site -3.354 -0.499 4 [l 0.004 0.002 0.052 0.424
Mean 165 654 1 0.021 8.76E71

Maximum -79.672 1 0.022 <0.001

Minimum -86.857 1 0.020 <{0.001

Lagged rainfall 0.049 0.049 1 1 <0.001 <0.001 1.050 1.050
Constant -6.835 -4.382 1 1 0.064 <0.001 0.001 0.012
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5.3. RESULTS

Table 5.18: Results of the validation for the expanded BLR model for G. chevreuxi, where B is
the coefficient for the constant and exp(B) is the odds ratio.

Faclor B DF Significance Exp (B)
2006/2007 | 2007/2008 | 2006/2007 | 200772008 | 2006/2007 | 2007/2008 | 200672007 | 2007/2008

Density 0.057 0.002 1 1 <0.001 0.011 1.059 1.002
QOccupancy 1.975 1 0.004 7.208
Site -1.418 4 0.001 0.413
Lagged rain 0.069 1 <0.001 1.071
Mean 1.989 1 < 001 7.310

Minimum -2.770 1 <06.001 0.063

Fecundity -0.093 -0.009 1 1 <0.01 3.001 0.912 0.991
Site preference -0.850 1 0.003 0.427

Constant 2.696 -5.509 1 1 0.066 0.001 14.815 0.004
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Table 5.19: Summary table for all models for G. chevreuxi, with R? values and accuracy of predicted presence/absence for each BLR

model.
Validatien Validation
Basic BLR June 06 -Juns 07 Aug 07 -June 08 All factors BLR June 06 - June 07 AUgO7 -lune 08
R*0.462, 77.7% R°0.666, 86% R 0.431, 74% R*0.547, 81% R*0.603, 85.7% R 0.504, 75.3%
Site 3 1 3 1
Occupancy 1 3 3 1 3 3
Density 1 1 5
Rainfall
Temperature range 4 2
Lagged rainfall 2 2 2
Lagged temp range
Mean temperature 4 [ 4
Max temperature 5
Min temperature 2 S 2
Lagged mean temperature
Lagged max temperature
Lagged min temperature
Physiological preferences
Site preferences 6
Fecundity 4 5 4
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5.4. DISCUSSION

5.4 Discussion

The models were not found to be robust. Very few factors remained in the models
throughout the validation process. The whole dataset models including all species were
found to have site and species as consistent factors, which was perhaps to be expected.
Only G. chevreuxi had a consistent factor throughout model validation, occupancy.
The validation revealed that the year from June 2006 to June 2007 was unusual. For all
single-species models, factors were found to be significant in all cases except during
that time period. This temporal component in the models reinforces the results of
Chapter 4, as the density across the sampling period differed significantly for all three

amphipod species.

Previous work has shown that modelling can be viewed as a stepwise elimination pro-
cess (Anastacio et al. 2003). If the basic BLR is disregarded as a step in the modelling
process, and the first half of the dataset (June 2006 to June 2007) is set aside, more fac-
tors can be included in the expanded model. For the whole dataset expanded model;
species, site, density and lagged rainfall were validated as model factors by the Au-
gust 2007 to June 2008 dataset. For C. volutator and G. marinus occupancy becomes
the significant factor in the model. In Chapter 4, density differed between sites for
all species. Obviously, the temporal component was much stronger than the spatial

component for the presence/absence of C. volutator and G. marinus.

It is not surprising that occupancy comes out as the most important overall model
factor. This may be a reflection of the intra and interspecific abundance-occupancy
relationship. Abundance-occupancy relationships are most commonly positive and

frequently encoutered over a wide number of spatial scales (Gaston 1996). This is
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5.4. DISCUSSION

due to the inherent relationship in which locally abundant species have been found
to occupy more sites than locally rare species (Gaston et al. 2000). In the current
study, the abundance of three amphipod species was studied across several sites. This
size of study would be considered a partial analysis, as only a proportion of the total
geographic range of these species is covered (Gaston 1996). Nevertheless, this is still a
valid approach given that most relationships are apparent across small and large spatial
scales (Gaston 1996). Furthermore, Gaston & Curnutt (1998) primarily use occupancy
as the dependent variable, with abundance as the independent variable. However, in
the current study, these can be reversed as there is a causal relationship between the

current presence/absence and the occupany of sites during the next sampling date.

Gammarus chevreuxi was found to have the most additional factors in the model; site,
occupancy and fecundity. Despite site being a significant factor on the distribution of
all three species in the previous chapter, it was unexpected to find only G. chevreuxi
with site as a significant factor in the model. Gammarus chevreuxi has been collected
from a variety of habitats (Dicleman 1978, Girisch & Dennert 1975, Subida et al.
2005). Perhaps this is a reflection of the more stable micro habitats in the current study.
The presence/absence of G. chevreuxi may be more consistent within sites compared
to the more dynamic and variable environmental conditions experienced on the tidally

exposed sites, where C. volutator and G. marinus were collected.

Therefore, despite the apparent weakness of the models developed here, when properly
contextualised, the models can be viewed differently. The expanded BLR can be used
to accurately predict presence/absence data, provided the dataset is interpreted in a

temporally finite context.

All models make certain assumptions, whether it is the shape of the relationship be-
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5.4. DISCUSSION

tween variables (e.g. linear, Gaussian or threshold) or that all environmental variables
have equal impact on the distribution of species (Meynard & Quinn 2007). Olden et al.
(2006) found very accurate presence/absence results for fish assemblage modelling us-
ing ANN. However, this work was conducted on data collected over a 20 year period.
The environmental variability and its impact on species occurrence can be accurately
predicted when month to month or year to year variability is reduced. In the current
work, the two year dataset was shown to be insufficient to develop a model which is
as robust as others. However, the reduction in the temporal variation can cause im-
portant events to be missed. The continued presence of a population at given site can
be determined by a single event. Therefore, even though the model robustness is re-
duced by small time scale variations, ignoring this environmental variability can result

in missing the cause of a species absence.
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Chapter 6

Final Discussion

The overall aim of this thesis was to produce a predictive model for amphipod abun-
dance and distribution. It was envisaged that provided with geographic information,
physioclogical tolerance data could be inputted and the presence/absence could be pre-
dicted along with abundance estimates. The central question to this thesis was: can
physiological limits be used to predict the presence or absence of amphipods given
habitat information? Before it is possible to answer this question, each component will

be examined.
Rate of oxygen consumption (MQ;)

The aim of Chapter 2 was to investigate the effect of biotic and abiotic factors on phys-
iological capacity in the form of MO; of the three amphipod species. The objective
was to measure the oxygen consumption of the three amphipod species over different
lengths of exposure to test for acute (4 hour) and acclimatory (5 days) responses to
changes in salinity. The central question was: does length of exposure to a change in
salinity alter the metabolic oxygen demand of amphipods? The answer is yes, however,
the three amphipod species differed in their acclimatory ability and salinity tolerances,
The different time scales were critical to further the understanding of how these am-
phipod species cope physiologically with the highly variable salinity experienced in

estuanies. Corophium volutator showed a large decrease in MO, from an acute reac-
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tion to the change in salinity, to an apparent coping strategy (either by acclimating or
reducing other processes). The comparison in size classes also showed an apparent
better ability for larger individuals to cope with both short and medium term salinity
changes better than smaller C. volutator. These same patterns were not seen with G.
marinus. The length of exposure to the change in salinity did not reveal significant
differences, however, the size classes were more telling in the 5 day experiments than
the 4 hour tests. A lower MO; was evident with larger individuals in the medium term
experiments. This might indicate different mechanisms at work for larger G. marinus.
As for G. chevreuxi, the difference between the MO; of smaller versus larger individ-
uals was evident for both short and medium term experiments. There did not appear
to be any obvious acclimatory ability from the short to medium term results for G.

chevreuxi,

During preliminary trials, the mortality at extreme salinities (e.g. G. marinus at 2 ppt)
was higher than expected. An increase in survivorship was noted when the animals
were feed during the medium term experiments. The effect of food deprivation has
been shown to affect the results of oxygen consumption in cuttlefish, Sepia officinalis
{Linnaeus) (Grigoriou & Richardson 2009). Even though it is common practice to
withhold food during experiment trials, the results of the current experiments show
how increased length of exposure to stressful conditions can be mediated by access
to food. Stress can be a driver for evolution, and adaptation under these conditions
may compensate for the induced stress (Feder 2007). The results of this chapter add
to this view, that species exposed to environmental change which can induce a stress
response in the form of increased respiratory rates, can lower the metabolic costs when

the salinity stress is prolonged by acclimatizing to these altered conditions.
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Thermal limits

The aim of Chapter 3 was to measure the effect of biotic and abiotic factors upon
physiological tolerances across the three amphipod species. It was expected that G.
chevreuxi would have the narrowest thermal range, with C. volutator exhibiting the
widest thermal range due to its estuarine mud flat habitat, and G. marinus was expected
to have a thermal range between that of the other two amphipod species. Thus, are the
critical thermal limits modified by the interaction between salinity and temperature
(both acclimation and seasonal)? The thermal limits were modified by a number of
factors, differing, like the previous chapter, upon species. Corophium volutator showed
the greatest tolerance to high temperatures, individuals surviving above 43°C before
death occurred. Season and acclimation (to test temperatures) were seen to modulate
the relationship between salinity and thermal maximum and minimum for C. volutator.
Unexpectedly, G. marinus was found to have the largest thermal range, mainly due to
its high tolerance of low temperatures. Season was seen to be an important factor
for both CTMax and CTMin for G. marinus. Acclimatory ability of G. chevreuxi
significantly affected this species thermal tolerance. Salinity was the most significant
factor affecting the CTMin of G. chevreuxi. Differences between the sexes were not
noted for either C. volutator or for G. marinus, however, significant differences were
found for G. chevreuxi. Males were found to have a significantly lower endpoint of ‘no

movement’ for minimal temperatures.

The received view (sce del Rio 2008) of oxygen limitation of thermal tolerance taken
by several studies (e.g. Portner 2002, Pértner et al. 2005, Portner & Knust 2007) has
been greatly debated (see Klok & Chown 2003, Chown & Terblanche 2006). This is

because Portner (2002) states that the thermal limits of animals are set by the transition
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to anaerobic metabolism. A comparative experiment between a beetle, Gonocephalum
simplex (Fabricius) and a terrestrial isopod, Armadillidium vulgare (Latreille), set out
to test this view (Klok & Chown 2003). The results of these experiments showed that
the CTMax of A. vulgare was limited by its passive oxygen delivery system (pleopod
beating), similar to the amphipods in the current thesis. However, G. simplex alters
its respiration via opening and closing of spiracles and the CTMax did not noticeably
decline, even at the lowest oxygen concentrations (Klok & Chown 2003). This study
does not support the absolute generality of oxygen limited thermal tolerance for in-
sects, however, it does support this view for crustaceans. Therefore, it is important
to view the physiological experiments in this thesis as interrelated. For example, the
MO; of G. chevreuxi increased after 5 days of exposure to 15 ppt, compared to 4 hours
of exposure. The thermal limits of G. chevreuxi were also seen to be significantly
lower at 20 ppt compared to the other two test salinities. Therefore, it is possible that
the increased MO, was related to stress caused by lowed oxygen availability, further

limiting the thermal range of G. chevreuxi.
Abundance-occupancy relationship

The aim of Chapter 4 was to quantify the spatial and temporal variability in the abun-
dance and distribution of the three amphipod species. Multiple questions were posed:
does the abundance and occupancy of these amphipods change over time? Do all sites
sampled show the same population density? Is the composition of these populations

similar across all sites and sampling dates?

The results of this chapter revealed that density did change temporally and spatially.
Gaston & Curnutt (1998) found that within a large dataset for birds across the UK., a

positive abundance-size range was possible, without having a minimum density at all
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sites. Meaning, that some sites can show a lower abundance, but overall the widespread
species will show a positive relationship due to higher maximum abundances. This
relationship can also be seen in the current work. Sites which were found to have the

highest overall abundances did not do so across individual sampling dates.

Further to this, personal observations of C. velutator reinforces the variability noted
previously. Corophium volutator was not sampled from the Plym estuary due to the
complete absence over the summer of 2006, however, subsequent Gammarus sampling
showed the reappearance of C. volutator in small numbers. Research by Fox et al.
(2009) showed a reduction in Corophium spp. abundance in a eutrophic sub-estuary
in Waquoit Bay, Massachusetts. The absence of C. volutator from ideal habitat and
subsequent recolonisation, might indicate a pollution event in the Plym estuary which

severely affected the population.

All sites, for all species, were dominated by females. C. volutator was seen to have
between one and four generations per year (e.g. Segerstrale 1959, McLusky 1968, Fish
& Mills 1979) and the data collected presently confirms that this species was likely
to have two generations per year. G. marinus is considered to be have continuous
reproduction, with up to 4 broods per year (Marques et al. 2003, Maranhao et al. 2001,
Maranhao & Marques 2003, Marques & Nogueira 1991, van Maren 1975). In the
current study, there was evidence that G. marinus reproduces throughout the year in the
studied sites. The research available for G. chevreuxi is limited with respect to mating
behaviour and sexual dimorphism, however, the information available shows a biased
sex ratio towards females, with only 22% of the population being male, with breeding
occuring throughout the year (Subida et al. 2005). However, G. chevreuxi was seen to

have a single peak in juveniles during the month of June for both sampling years. What
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is evident from previous and current research, is that there is a tremendous amount
of plasticity in the timing and number of reproductive events for all three amphipod

species.

Therefore, the variability within these amphipod populations is linked spatially, tempo-
rally and demographically. These are important factors to consider for the management
of these key ecological species, as they represent important positions in the food web
as grazers and predator (e.g. Dick et al. 2005, Kelly et al. 2002), as well as prey for

birds (Peer et al. 1986} and for commercially important fish (e.g. Hampel et al. 2009).
Conceptual model

The central question remains: can these physiological limits be used to predict the
presence or absence of amphipods given habitat information? This was not conclu-
sively addressed, as the BLR showed that the dataset was not large enough to elucidate
the factors driving the current presence/absence data. Therefore, given the data avail-
able, the question can be amended to: can these physiological limits be used to predict
the presence or absence of amphipods given population demographics and habitat in-
formation? The answer to this question is yes, given enough data. There is a large
temporal component to the abundance and distribution of these amphipods. The two
years of data were not enough to smooth out the different findings from June 2006 to

June 2007 compared to August 2007 to June 2008.
Consideration of scale

Viewing assemblages from a large-scale perspective is often referred to as ‘macro’.
Macroecology is an older discipline than macrophysiology, at least partly due to the

availability of large datasets such as that for British birds being available before large
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scale physiological studies. With increased impetus on climate change and the need to
understand how ecosystem functioning will be altered by these changes, macrophys-
iology is an important field (Gaston et al. 2009). In this thesis, the use of ‘macro’ is
avoided intentionally. Although the use of three different amphipod species from con-
trasting estuaries may seem somewhat macrophysiological, a larger scale across the
U.K. is needed. The lack of robust findings in the model chapter makes the need for
a larger dataset clear. A longer sampling regime, or a more direct sampling regime
across a large geographic area such as the in situ physiological measurements obtained
for porcelain crabs by Stillman & Somero (2000), may have provided more definitive

results when it came time to model the data.

Scale is a critical factor when attempting to discern patterns in nature. The origins
of metabolic theory are many and have evolved considerably to what is used today in
ecology (Hemmingsen 1950, 1960, Lochhead 1977, Wu 1977, Schmidt-Nielson 1977,
Wilkie 1977, Prange 1977). Brown et al. (2004) proposed a metabolic theory of ecol-
ogy. based on these and other earlier attempts. This theory contends that all animals
metabolic rates are restricted by how they acquire, transform and expend energy, with a
scaling exponent of %. The universality of this theory is greatly debated (e.g. O’Connor
et al. 2007, Clarke 2006, van der Meer 2006). O’Connor et al. (2007) contends that
although Brown et al. (2004) justify the theory on first principles, fundamental as-
sumptions are still being made. For example, O’Connor et al. (2007) disagr.ec with the
assumption that the minimization of costs are linked mechanistically to the allomet-
ric hypothesis. Furthermore, del Rio (2008) contends that the basic argument lies in
how researchers view biological system functioning. For some researchers, all animals

functioning are constrained by the laws of energy acquisition and expenditure. Others
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believe that the root of physiological limits can be based on several different mecha-
nisms and treat each case separately, grouping similar cases together without making

overall biological generalities (del Rio 2008).

The intention in the current research, of assessing not only adult physiology, but ju-
venile as well, was to view the small scale intra and interspecific variation. Having
accomplished this, the work can form the basis for much larger, long term datasets,
which can be used to advance macroecological and macrophysiological disciplines

and enhance the debate over metabolic scaling as a whole.
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SLI

the endpeint of ‘death’

Table A.1: Results of the GLM for CTMax endpoint of *stop swimming’ for all three species, the results for Gammarids as well as the

‘stop swimming’ ‘death’
All species Ganinatids All species

Factor DF| MS F P DF | MS F P DF | MS F P
Mass 1 7.731 435 | 0.034 | 1 G417 439 1 0037 | 1 6.718 351 | 0.062
Species 2 [ 136351 803 [<0.001} 1 14.732 [ 1009 | 0002 | 2 |210.321 [ 109.80 | <0.001
Season 1 64.201 | 3799 [<0.001 | 1 68.211 | 4671 {<0.001 ] 1 3.518 1.84 0176
Salinitv 2 ] 19175 | 1129 [ <0001 | 2 5.658 | 387 | 0022] 2 1.320 | 0.62 | 0.503
Temperatire I [ 598515 (35226 <0001 | 1 |3723579]123313 (<0001 | |153.615| 8039 [<0.001
Species*seasen 2] 20436 | 1203 [<0.000 | 1 | 32002 | 2191 |=0004] 2 5.943 310 | 0.046
Species* alinity 4 | 20718 | 1219 [<0.001 | 2 | 34817 | 2384 | <0001 [ 4 7.577 396 | 0.004
Species*temp 2 ] 20502 ] 1736 [ <0001 | ) 37879 | 39.63 | <0.0001 ] 2 14859 | 7.7 0.004
Seazon * Salinity 2 6999 | 412 | 0017 | 2 5.875 402 | 0019 | 2 3.796 1.98 | 0139
Season* temp 1 0.000 000 | 0987 | 1 0016 | 001 [ 0918 | 1 | 10.20% | 533 | 0022
Salinity * temp 2 8.041 4.73 0.009 2 5714 39l 0.021 2 14.735 7.69 0.001
Season*salinitv temp 2 6.394 376 | 002 | 2 12764 | 874 | <0001 | 2 7056 368 | 0036
Species* season” salimity 4 7982 4.30 | 0.001 2 11369 | 7.7¢ 0.001 4 5.689 297 | 0.020
Species*geason*temp 2 042944 | 2527 (<0001 ] 1 | 85915 | 5883 | <0001 | 2 | 22968 | 1199 | <0.001
Species*salinity*tanp 4 ) 122 ) 721 | <0001 2 110709 ) 733 ) 0000 | 4 7749 ) 405 ) 0002
Species*seagon*salinity*temp | 4 8681 S0 | 0001 | 2 3163 217 1017 | 4 6.328 330 [ o.011
Emor 365 239 365
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A.l. CRITICAL THERMAL MAXIMUM

Table A.2: Results of the ANOVA GLM for C. volutator CTMax for the endpoint of ‘stop

swimming’

Factor DF MS F P
Mass 1 13.908 6.72 0.011
Season 1 9.999 4.83 0.030
Salinity 2 23.172 11.20 <0.001
Temperature 1 236.002 | 11410 | <0.001
Season * Salinity 2 6.841 3.31 0.040
Season™ temp 1 0.000 0.60 0.999
Salinity * temp 2 17420 .42 <0.001
Season*salinitv¥temp 2 7.562 3.66 0.029
Ertror 125

Table A.3: Results of the GLM for C. volutator CTMax for the endpoint of ‘stop swimming’
including life stage

Factor DF MS F P
Mass 1 1.235 0.45 0.505
Temperature 1 169.122 { 61.09 <0.001
Life stage 2 2.316 0.84 0435
Temp*life stage 2 0910 0.33 720
Error 131
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A.l. CRITICAL THERMAL MAXIMUM

Table A.4: Results of the ANOVA GLM for G. marinus CTMax for the endpoint of ‘stop swim-

ming’

Factor DF MS F P
Mass 1 5.050 3.88 0.051
Season 1 93.563 71.95 <0.001
Salinity 2 23.681 18.21 <0.001
Temperature 1 66.919 5146 <(.001
Season * Salinity 2 0.485 0.37 0.690
Season™® temp 1 40832 3140 <0.001
Salinity * temp 2 12.821 9.86 <0.001
Season*salintv*temp 2 4.134 3.18 0.045
Error 114

Table A.5: Results of the ANOVA GILM for G, marinus CTMax for the endpoint of ‘stop swim-

ming’ including life stage

Factor DF MS F P
Mass 1 7.221 7.67 0.007
Season 1 1056701 11217 | <0.001
Salinitv 2 19.871 { 21.09 | <0.001
Temperature 1 50.196 53.28 | <0.001
Life stage 1 1.544 1.64 0.203
Seagon * Salinity 2 0.101 0.11 0.898
Season™ temp 1 32816 | 34.84 | <0.001
Season*life stage 1 2401 2.55 0.114
Salinity * temp 2 15.670 | 16.63 | <0.001
Salinitv*life stage 2 0.715 0.76 0.471
Temp*life stage 1 1.328 1.41 0.238
Season*salinity*temp 2 1.667 1.77 0.176
Season*salinitv*life stage 2 2121 228 0.111
Season™temp*life stage 1 0.848 0.90 0.345
Salinity*temp*life stage 2 2.579 2.74 0.070
Season*salumtyv*temp*life stage 2 0415 0.44 0.645
Error 99
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A.l. CRITICAL THERMAIL MAXIMUM

Table A.6: Results of the ANOVA GLM for G.

chevreuxi CTMax for the endpoint of ‘stop

swimming’
Factor DF MS F P
Mass 1 16.820 11.25 0.001
Seazon 1 5.771 3.86 0.052
Salmity 2 13.534 9.06 <0.001
Temperature 1 316.129 | 211.52 <0.001
Season * Salinity 2 15.747 10.54 <0.001
Season™ temp 1 35195 23.55 <(0.001
Salinity * temp 2 3.386 2.27 0.108
Season*salinity*temp 2 10.602 7.09 0.001
Error 124

Table A.7: Results of the GLM for G. chevreuxi CTMax for the endpoint of ‘stop swimming’

including life stage

Factor DF MS F P
Mass 1 8.893 5.86 0.017
Season 1 3.628 2.39 0.125
Salinity 2 10.989 7.24 0.001
Temperature 1 250.723 1 165.24 | <0.001
Life stage 1 0.090 0.06 0.808
Seagon * Saluuty 2 12.888 849 <0.001
Season* temp 1 30.033 19.79 | <0.001
Season*life stage 1 3.682 243 0.122
Salinity * temp 2 2.334 1.54 0.219
Salinity*life stage 2 2436 1.61 0.205
Temp*life stage 1 0.150 0.10 0.754
Season*salinity*temp 2 7.387 4 .87 0.009
Season*salinity*life stage 2 2.598 1.71 0.185
Season*temp *life stage 1 1.740 1.15 0.287
Salinity*temp *life stage 2 0.019 0.01 0.987
Season*salmitv*temp*life stage 2 0.037 0.02 0.976
Emor 110
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A.2. CRITICAL THERMAL MINIMUM

A.2 Critical thermal minimum
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081

as the the endpoint of ‘death’

Table A.8: Results of the ANOVA GLM for CTMin endpoint of ‘no movement’ for all three species, the results for Gammarids as well

‘stop swimning’ ‘death’

All species Gammarids All species
Factor DF MS F P DF | MS ¥ P DI NS F )
Mass 1 | 26305 | 6158 | <0001 | |246.26] 57.04 | <0.001 | 1 | 16048 | 3612 |<0.00]
Species 2 | 113872 26645 [ <0001 1 | 362.06] 8386 | <0.000 | 2 | L143.71 | 186.12 | <0.001
Seasou 1 77.05 18.03 [ <0001 ] 1 | 17220 39.39 | <0000 | | 19.95 3.28 0072
Salinity 2 53.65 1235 | <0001 2 6.66 1.54 | 0.216 2 79.78 | 1298 | <0.001
Temperatine 1 10569 | 24.73 | <0001 1 24.07 8.87 0.019 L 45.75 746 0.007
Species*season 2 9923 | 2322 | <0001 | 1 | 9052 | 2097 | 0003 | 2 | 1447 | 2026 | <0.001
Species*slinity 4 3176 743 [ <0001 2 | 2543 [ 589 | 0.001 4 41.11 6.69 1 <0.001
Species*temp 2 18.19 4.26 | 0018 1 0.12 003 | 0868 2 7381 1201 | <0001
Senzon * Salinity 2 4393 [ 10238 | <0001 2 | 2879 ) 597 | 0.003 2 40.24 6.35 0.002
Season* tewp 1 49.02 L1477 | 0.001 1 340 0.79 | 03706 i 641 1.04 0.308
Sabinity * temp 2 11938 | 1793 | <0001 | 2 | 69.73 | 1615 |<0.001 | 2 6382 | 10,39 <0001
Season*salininvttemp 2 7.90 [.8% | 0.159 Y {1341 | 311 0.047 2 195 048 | 0619
Species*season*saliniry 4 8776 | 1351 [<0001 ] 2 | 39.03 | 904 | <0001 4 19.82 4.85 | 0001
Species*seazon*temp 2 24.32 569 | 0004 | ) 123 [ 028 | 0595 | 2 10.96 1.78 | 0170
Species*salinitvttanp 4 14.61 342 | 0.009 2 ] 2395 | 555 | 0004 | 4 580 0.94 0439
Species* season™salinity* e | 4 68.51 | 16.03 | <0001 | 2 | 6287 | 14.56 | <0.001 [ 4 49.93 8.13 | <0.001
Enror 346 213 346
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A.2. CRITICAL THERMAL MINIMUM

Table A.9: Results of the ANOVA GLM for C. volutator CTMin for the endpoint of ‘no move-

ment’

Factor DF MS F P

Mass 1 128.014 | 3995 <(.001
Season 1 11.677 3.64 0.059
Salinity 2 118.030 | 36.84 <(0.001
Temperature 1 123337 | 3849 <0.001
Season * Salinity 2 130.093 | 40.60 <0.001
Season™ temp 1 109.215 34.09 <(.001
Salinity * temp 2 52540 1640 <0.001
Season*salmity*temp 2 62.754 19.59 <0.001

P

Error

[

Table A.10: Results of the ANOVA GLM for C. volutator CTMin for the endpoint of ‘no move-
ment’ including life stage

Factor DF MS F P

Mass 1 17.230 2.67 0.105
Salinity 2 30.937 4.80 0.010
Temperature 1 117.281 18.18 <0.001
Life stage 2 11.719 1.82 0.167
Salinity * temp 2 43.490 6.74 0.002
Salinity*life stage 4 10.543 1.63 0.170
Temp*life stage 2 6.029 093 0.396

4

Salinitv*temp*life stage 11.796 1.83 0.128

Ermror

[
p—
Lhn
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A.2. CRITICAL THERMAL MINIMUM

Table A.11: Results of the ANOVA GLM for G. marinus CTMin for the endpoint of ‘no move-

ment’
Factor DF MS F P
Mass 1 225.485 53.60 <0.001
Season 1 237.844 56.54 <0.001
Salinitv 2 3.102 0.74 0.481
Temperature 1 12.704 3.02 0.085
Season * Salmity 2 2.514 0.60 0,552
Season™ temp 1 4.099 0.97 0.326
Salinity * temp 2 25.736 6.12 0.003
Season*sality*temp 2 9.148 217 0119
Eror 102

Table A.12: Results of the ANOVA GLM for G. marinus CTMin for the endpoint of ‘no move-
ment’ including life stage

Factor DF MS F P
Mass 1 124120 | 3079 | <0.001
SEeason 1 207.679 | 51.52 | <0.001
Salinity 2 5.407 1.34 0.267
Temperature | 11.782 2.92 0.091
Life stage 1 4.222 1.05 0.309
Season * Salmity 2 4.319 1.07 0.347
Season™ temyp 1 0.381 0.14 0.705
Season*life stage 1 145371 3.61 0.061
Salinity * temp 2 24.338 6.04 0.003
Salinity*life stage 2 3.1435 1.28 0.284
Temp*life stage 1 0.294 0.07 0.788
Season*salinity*temp 2 13.297 3.30 0.041
Season*salinity*life stage 2 0.742 0.18 0.832
Season*temp*life stage 1 13.809 3.43 0.068
Salinity*temp*life stage 2 5.046 1.25 0.291
Season*salinitv*temp*life stage 2 6.534 1.62 0.203
Eiror 89
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A.2. CRITICAL THERMAL MINIMUM

Table A.13: Results of the ANOVA GLM for G. chevreuxi CTMin for the endpoint of ‘no

movement’
Factor DF MS F P
Mass 1 213819 4.92 0.028
Season 1 6.421 1.45 0.231
Salinity 2 30468 6.86 0.002
Temperature 1 10.179 2.29 0.133
Season * Salinity 2 70.525 1589 <0.001
Season™ temp 1 0.213 0.05 0.827
Salinity * temp 2 67.725 1526 <0.001
Season™salnitv*temp 2 75.543 17.02 <0.001
Emror 120

Table A.14: Results of the ANOVA GLM for G. chevreuxi CTMin for the endpoint of ‘no

movement’ including life stages

Factor DF MS F P
Mass 1 7.952 2.15 0.146
Season 1 12.944 3.50 0.064
Salinity 2 15.173 4.10 0.019
Temperature 1 6.337 1.71 0.193
Sex 1 42123 11.39 0.001
Season * Salinity 2 66.259 17.91 <0.001
Season™ temp 1 0.923 0.25 0.618
Season*Sex 1 2.373 0.64 0.425
Salmity * temp 2 54.735 14.80 <0.001
Salinity*sex 2 14.367 3.88 0.024
Temp*sex 1 7.884 213 0.147
Season™salinity*temp 2 52513 14.20 <0.001
Season*salinity*sex 2 1.883 0.51 0.603
Season*temp*sex 1 0.702 0.19 0.664
Salinitv*temp *sex 2 17.633 4.77 0.010
Season*salinity*temp* sex 2 10.712 2.90 0.060
Emror 107
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