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Ecology of the Velvet Swimming Crab Liocarcinus puber (L.)
(Brachyura: Portunidae)

C.P. Norman

ABSTRACT

Currently, Liocarcimus puber is commercially fished in the United

Kingdom and exported to Southern Europe., The species appears particularly
vulnerable to overfishing and has a history of overexploitation. The
present study has examined the reproduction, growth and diet of L. puber,
to provide information on which to manage this fishery.

Immature Liocarcinus puber were first observed in late summer at

a size of 6-=10mm long carapace width (LCW). Growth in immature crabs was
rapid, and sexual maturity occurred after approx. one year at 45mm (for
males) and 40mm (for females) LCW. To differentiate the modal growth of
mature crabs, probit analysis and computer models (ELEFAN) have been used.
The life expectancy for L. puber is estimated at between 4-6 years, with
males attaining a maximum size of approx. 95-100mm LCW and females 85-90mm
LCW. From the end of the second year, moulting in both sexes was amnual,
and occurred in early summer for males and later in the year (generally
late summer to autumn) for females. The reproductive cycle was also
strongly seasonal with mating occurring at the time of the female moult.
Evidence from the seasonal occurrence of different -egg stages, and the
ovarian development of ovigerous females, suggests that older females (II+
years) produce more than one brood each breeding season (January to July).
Stomach analyses established that the diet of Liocarcinus‘puber

contained quantities of both animal and algal material, however, algae were
the most abundant prey item. Animal prey items included a broad range of
benthic organisms and variation in the diet was noted between depth zones,
with the availability of prey items appearing to largely determine the
diet. Analysis of laminarinase activity in the hepatopancreatic tissue
showed levels comparable to the highest recorded for any crustacean. L.
puber can survive for extended periods, and moult on an algal diet,
however, it appears that an algal diet contains insufficient protein to

fully support long-term growth in this crab.
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GENERAL. INTRODUCTION



1. General Introduction

Crabs of the genus Liocarcinus (Portunidae) are endemic to the
north east Atlantic seaboard. Seven species of Liocarcinus are recorded
from British waters and these occur over a broad range of latitude,
typically from Scotland to the Moroccan coast. The northernmost record

being Liocarcinus holsatus (Fabricius) at 71° N on the Norwegian coast

(Christiansen 1969), and the most southerly record is for Liocarcinus
corrugatus (Pennant) at 16°S off the Angolan coast (Clark 1986). The genus
appears to predominate on the Atlantic coastal fringes with records of
distribution in the Baltic and Mediterranean Seas being more sporadic.

Liocarcinus puber (Linnaeus) is found from the Norwegian coast at 61° N

(Chistiansen 1969) to the Spanish Sahara at 24° N (Capart 1951), and is
limited in the Mediterranean Sea to the Spanish, French and Adriatic
coastal areas (Clark 1986). Records of bathymetrical range indicate that

Liocarcinus spp. are found predominantly in shallow, continental waters

ranging from the lower shore down to 150m (Ingle 1983). The prefered
substrata for most species are mud, sand or gravel, however, Liocarcinus
puber is the exception and is found most commonly on rocky substrata. This
latter species achieves the largest size of the genus (Ingle 1983).

The Plymouth Marine Fauna (1957) records all seven 'British'
species of Liocarcinus within a radius of approximately 30km from Plymouth.
Three species are described as 'common', and these are  Liocarcinus
dewratof (Linnaeus), L. holsatus and L. puber; the remaining species are
described as 'not uncommon' or 'occasional', and the only other portunid:

recorded as 'common' is Carcinus maenas (Linnaeus) (Plymouth Marine Fauna

1957).

Portunid crabs account for 5.47 of the total world crustacean



fishery catch and 19.7% of the world crab catch, and landings of 170,000
metric tommes (MT) were recorded for 1985 (Table l1.1). Important species
included in the world crab catch data include the blue crab Callinectes
sapidus (Rathbun) (90,000 MT) on the east coast of the United States,

Portunus trituberculatus (Miers) (29,000° MT) centered in the north west

Pacific (with Korea and Japan being the main consumers), Scylla serrata

(Forskal) (10,000 MT), and Portunus spp. (27,000 MT) in the western central

Pacific (with the major consumers being Thailand) (FAO 1985). These
fisheries predominate in shallow water and estuarine regions, and fishing
techniques vary between differing locations and fisheries. Portunid
fisheries, as with many other fisheries, suffer from marked variability of
abundance of harvestable crabs (Dassow 1969). Such fluctuations are most
apparent with species with complex life-history patterns such as the blue
crab C. sapidus. Sulkin (1977) suggested that the size of the year class
is particularly dependant on the survivorship of zoeae, but this is only
one explanation of fluctuations of crab catches.

Fisheries for Liocarcinus spp. in the north east Atlantic have

shown a similar variability in landings, with the fishery having a recent
history of failure due to over—exploitation (Gonzalez Gurriaran 198la,
1981b, P.H. MacMullen pers. comm.). Exploitation of portunid crabs in this
area has centred largely in Spain and France, with smaller fisheries in
Portugal and the Charmel Islands. In Spain, commercially taken species

are L. puber and L. depurator (as well as Carcinus maenas), although L.

puber is the most important species (Gonzalez Gurriaran 1981b, FAQ Yearbook
1985). Overfishing of L. puber in Spain has led to a marked decline in
catch rates from 550 MT in 1975 to 136 MT by 1980 (Table 1.2). Statistics

for the French fishery show a constant catch at approximately 1000 MT



between 1978 (when data first became available) to 1984, but a decline to
750 MT in 1985 (Table 1.2). The fisheries in both France and Spain have a
large ‘sport' fishing component, making enforcement of size limits
difficult to impose (Gonzalez Gurriaran 198la). The continued demand, and
high price paid, for L. puber (eg. £10.00kg™, at Barcelona, Spain 1987)
has enabled an export fishery to develop from the UK to Spain and France.
Previously, L. puber was regarded as a pest species in the UK, taking bait

intended for lobster (Homarus gammarus Linnaeus) and edible crab (Cancer

pagurus Linnaeus). Fisheries, specifically for export of L. puber, now
occur in north west Scotland, Cornwall and Wales (MacMullen 1983).
Typically, the fishery uses baited pots in shallow water (<10m), often in
intertidal regions, and export is via vivier lorry or boat (Whyman et al.
1985). Fishery data for Scottish stocks of L. puber first became available
in 1984, and show a doubling in tomnage from 330 ML in 1984 to 694 MI in
1986 (FAO Yearbook 1985, Kinmear and Mason 1987). Records for the English
and Welsh stocks are not available, and compared with Scotland, the
southern fisheries are still in the early stages of exploitation (MacMullen

pers. comm.).
The recent rapid expansion of the Liocarcinus puber fishery in

the UK has highlighted the lack of biological data on which to manage
stocks. Also, L. puber has been assumed to be an important predator on the
nearshore sub~littoral commmity (Ebling et al. 1964), and the removal of
this large, and rather active crab, especially in areas where other
crustaceans have been heavily exploited, may have considerable consequences
for the marine commmity as a whole. The aims of this study were to
provide detailed data to help manage the fishery and to examine the role

of L. puber in the nearshore sub-littoral.



Table 1.1. FAO statistics on worldwide crab and crustacean landings for
1979, 1982 and 1985. (MT - metric tommes; sources of information = FAO
Yearbook Vol 50, 1980 and Vol 60, 1985)

Landings (MT) 1979 1982 1985
Total marine 2,920,000 3,246,700 3,234,100
crustacean catch
Total crab catch 784,493 797,440 886,837
Portunid crab 139,785 169,993 172,630

catch - all areas

Liocarcinus spp. 1,236 1,159 1,465
catch N.E. Atlantic




Table 1.2. FAO data on landings of Liocarcinus spp. from the principal

European fisheries., (Units - metric tonnes; sources of information = FAO

Yearbook Vol 50, 1980; Vol. 60, 1985; Kirmear and Mason 1987)

Country 1975 1980 1981 1982 1983 1984 1985 1986
Spain 550 136 143 151 163 210 250 =%
France * 1006 1006 99 982 983 749 %
Portugal * 17 15 1 19 25 3  *
Scotland * * * * * 330 430 6%
Total - 1159 1164 1159 1164 1548 1465 =

(* indicates data not available)




CHAPTER 2

DESCRIPTION OF THE STUDY AREA



2.1, Introduction

Preliminary investigations established that Liocarcinus puber

was relatively common in the nearshore sublittoral zone throughout
Plymouth Sound and in the more sheltered areas along the adjacent coast.
These early dives also indicated that the weather would be the most
important factor determining sampling frequency at exposed sites.
Therefore, all SCUBA sampling sites were located within The Sound to
gain maximum protection from adverse weather, however, there is no reef
within The Sound which is exposed at low water. To allow a littoral
survey of L., puber, the site chosen was at Blackstone Rocks, Wembury
(Fig. 2.1C).

2.1.1. Physical description of Plymouth Sound

The Sound is a natural harbour and, after the building of the
Breakwater in the early 1800's, has provided refuge to shipping from all
directions of storm. The flora and fauma of The Sound form a marine
rather than an estuarine assemblage (Russel 1957). The estuarine
regions of the Rivers Plym and Tamar, which empty into The Sound, are
found above Llaira Bridge and up-river from The Homoaze (Fig. 2.1B)
(Russel 1957). The salinity of the surface water within The Sound,
however, does vary slightly during a tidal cycle, particularly after
periods of prolonged precipitation. Minimum salinity measured over a
three month period in autumn 1974 at a depth of 4m was 32.8ppt
(unpublished data collected for the Marine Biological Association
aquarium).

Extensive seawater temperature data have been collected for

the sea area around Plymouth for many years (Cooper 1958, Southward and



i

Butler 1972). Measurements of seawater temperature taken during the
course of the present study showed a regular seasonal pattern consistent
with the long-term records (Southward and Butler 1972). In summary,
minimm temperatures occur in February/March and maxima during
August/September (Fig. 2.2). The tidal range for the Plymouth area is
relatively large with equinoxal spring tides reaching 6m above Chart
Datum. The very extensive intertidal areas of the River Tamar, together
with the rather constricted entrance to The Scund, cause currents in
excess of 2.5 knots, particularly at The Narrows (Fig.2.lB).

Underwater visibility was estimated in the present study using
the maximum number of chain 1links observable at F-Buoy whilst
approximately one metre above the chain. Visibility  varied markedly
over the 24 month sampling programme with no obvious ammual pattern
(Fig. 2.3). Optimal visibility generally occurred at high water,
particularly during periods of more settled weather. The sublittoral
topography within The Sound varies greatly and there are numerous
natural and artificial outcrops and reef systems. Sandy/muddy beds cover
a large area of The Sound and undredged areas occur generally at a depth
of 10-12m. The shipping chamel, and naval mooring areas, are
maintained to give a draft of 16m. The Narrows, an area with steep—
sided limestone cliffs, extends to a depth of 30m and is kept free from

fluvial deposits by the rapid tidal currents (Fig. 2.1B).

2.2. Zonation used in study

The preliminary survey for Liocarcinus puber established that

relatively high numbers of crabs occurred in nearshore habitats, most

noticably in areas of heavy kelp growth. To examine possible migratory



or feeding movements, three different areas occupied by L. puber were
sampled. The criteria used to define the three areas (zones) were
based on Hiscock (1985).
1) The eulittoral zone — defined as the zone above Chart Datum (C.D.).
2) The infralittoral zone - the boundary for this zone was dictated by
the lowest level of abundant growth of brown algae. As this depth is
dependant on water clarity (Hiscock 1985), its maximum depth will vary
between geographical areas. In the present study, this zone ranged
from C.D. down to a depth of 10m.

3) The circalittoral zone - extends below the depth of abundant

brown algal growth and, for the present study, was generally below 10m.

2.2.1. Eulittoral zone

The eulittoral zone sampled was the reef at Blackstone Rocks,
Wembury (Fig. 2.1C). The reef is composed of lower Devonian slate and
forms a substantial marine platform which was cut during a period of
higher sea level. Appr:ox:iﬁaately 5000m® of shore are exposed at Chart
Datum. Blackstone Rocks has a rich flora dominated by fucoid algae,

with a dense growth of Laminaria digitata (Hudson) at extreme low water

springs, The fauna of Wembury Bay is well documented (Kitching et al.
1934, Colman 1940, Morton 1954, The Plymouth Marine Fauna 1957). The
high abundance and diversity of the flora and fauna at this site is
caused partly by the presence of an uneven series of ridges rumning at
right angles to the south easterly dip of the rock strata (Kitching et
al. 1934). The gullies between these ridges are particularly well
protected from wave action and provide sheltered niches on this

relativly exposed shoreline (Potts 1985). Favourable aspect, and the



friable nature of the slate, allows cover for a markedly diverse fauna.

Liocarcinus puber is a common member of this community and is found

within crevices and under boulders in the protected gullies near the
extreme iow water mark. The physical conditions at Blackstone Rocks do
not differ markedly from those experienced within The Sound. There is a
maximm tidal range of 6m which, at high water spring tides, completely
covers the reef. The reef is partially protected from south westerly
gales by the Mewstone (Fig. 2.1B) but, due to the exposed aspect of

Wembury, waves are common.

2.2,2, Infralittoral zone
Initial dives within this zone showed that large numbers of

Liocarcinus puber were present at night, when they emerged to feed, yet

few crabs were observed during the day, when they were generally well
hidden in holes and crevices. These preliminary surveys indicated that
one site did not have sufficient numbers of L. puber to sustain a long-
term sampling programme, due to either inaccessability of crabs or
limited area in which to sample. To overcome this potential problem of
limited crab numbers, several sites within this zone were sampled (Fig.
2.1B).

Site 1) Bovisand - The shale bedrock around Bovisand has a dense

growth of algae, with the laminarians Laminaria hyperborea {Gurmerus),

Saccorhiza polyschides (Lightfoot) and Laminaria saccharina (Limnaeus)

being particularly abundant; smaller algae and encrusting organisms
occur beneath the kelp canopy. Approximatly 150m from the shore, the
bedrock fines out intc sand at 10m depth. Due to the deeply crevicular

nature of the rock and the thick algal cover, few crabs were collected



during the day, although many were observed at night. The area is
exposed to south westerly gales although it is also readily accessible
in fine weather.

Site 2) The Hoe - This area is well protected from storm action by
the Breakwater (Fig 2.1B) and was therefore accessible throughout the
year. The area is current-dominated, and has a predominantly muddy-silt
substratum with limestone outcrops. The latter have a covering of

Laminaria hyperborea. Individuals of Liocarcinus puber were found

associated with the limestone outcrops- during the day and foraging over
extensive areas of the substratum at night. Although L. puber was
relatively common in this habitat, the number of available refpges in
the limestone crevices was limited and this feature probably partially
limited the total number of crabs present.

Site 3) The Breakwater Centre Fort — The northern, sheltered side of
the Breakwater including the Centre Fort is accessible in most weather
conditions, allowing year-round sampling. The substratum consists of

large blocks of concrete with a comparatively thin algal cover.

2.2.3. Circalittoral zone

The circalittoral site was at F Bouy, a large Admiralty Buoy
situated 500m from Jennycliff Bay within Plymouth Sound (Fig. 2.1B). F
Buoy is well protected from storms by the Breakwater and is anchored on
a muddy-silt bottom. The buoy system consisted of three ground chains,
each 250m long, comnected to a riser chain and large buoy. The chain
links were 0.8m long by 0.4m high, and formed a cave-like habitat in
which crab and fish species sheltered. The area has moderate currents,

up to 0.9 knots, and a fauna dominated by encrusting filter feeders

10



such as ascidians, crinoids and anemones, as well as other opportunists

such as Gobius paganellus (Limnaeus), Gobius niger (Limmaeus), Cancer

pagurus and L. puber. No growth of brown algae occurred on the chain
links, however, large quantities of broken stipe and fronds were
frequently observed banked by the tidal currents against the ground

chains.

11



Figure 2.1. Map of the study area showing (A) the location of Plymouth
in South-West England, (B) details of Plymouth Sound and environs, and
(C) position of Blackstone Rocks, Wembury. For (C), dotted lines are depth

contours.







Figure 2.2.  Monthly seawater temperatures (+1 standard deviation) taken
during SCUBA sampling at approximately 1m above the sea floor from the
infralittoral and circalittoral sampling sites during (A) January to

December 1986; and (B) January to December 1987.







Figure 2.3, Mean monthly visibilities (+ 1 standard deviation) measured
at F Buoy estimated by a count of the number of links in the ground

chain visible at a distance of one metre above the chain.







CHAPTER 3

GENERAL MATERIALS AND METHODS



3.1. Sampling procedure

To allow a comparative seasonal study of Liccarcinus puber

from its full vertical range, the three zones outlined in Chapter 2 were
sampled with approximately the same amount of effort (measured in man
hours per month) over a twenty four month period (January 1986 to
December 1987). Techniques of capture varied between littoral and sub-
littoral zones, but megsuremeﬁts taken from individual crabs were
standardised for the three zones (see Section 3.2). To minimise, as
much as possible, population and environmental disturbances, after the

first six months, all measurements were taken in the field.

3.1.1., Eulittoral zone

At Blackstone Rocks, Wembury, sampling for Liocarcinus puber

was carried out at times of low water spring tides when the crabs were
found under boulders and in crevices on the low shore. Sampling was
carried out only on tides which went lower than 1.0m above Chart Datum.
The shore was visited 2-3 times each month and the sampling period was
limited by the return of the tide to a maximum of 90 mins. Crabs,
captured by hand by turning over boulders and inspecting crevices, were
measured as outlined below (Section 3.2). Due to the historical
biological importance of this unique site (Colman 1940), disturbance to
the environment was kept to a minimum and all crabs, where possible,

were returned to their original position on the shore.
3.1.2, Sub-littoral zomnes

SCUBA sampling was carried out by paired divers catching crabs

by hand. At F Buoy, divers were positicned one each side of the ground
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chain and, while one scared crabs through the chain links onto the open
substrata, the other caught them by hand. The crabs were then either
placed in a nylon meshed collecting bag for examination on board the
diving vessel, or, for the migration study (Chapter 10), were measured
underwater using purpose built underwater callipers. After measurements
were recorded, crabs brought to the surface were returned to the sea
floor and released adjacent to the chain system. The same procedure,
using paired divers to catch crabs, was used in the infralittoral zone
and crabs found in rock crevices were taken on board the diving vessel

where measurements were taken.

3.2. Field data - parameters examined

For the first six months, all crabs collected, irrespective of
zone, were taken‘ to the laboratory and maintained in seawater aquaria
prior to examination. For each crab, the sex, carapace width, moult
stage, degree of limb loss, reproductive stage, wet weight, cheliped
length and height, abdomen width and presence of any epifauna was
recorded.. After this initial period, all parameters were
recorded in the field and measurements were taken to the nearest 0.1mm
using hand-held vernier callipers. Field measurements included the sex,
carapace width, moult stage, limb loss, reproductive stéte of the
females and presence of epifauna. Details of the parameters examined

are given below.
3.2.1. Sex =~ This is readily apparent in adults (40-100mm carapace

width) from the shape of the abdomen. The male abdomen is acutely

trianglar and white, whereas that of the female is broad and
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hemispherical and is covered by dense setae or ‘velvet', making the
abdomen appear brown,  Sexually immature crabs (<40mm carapace width)
have white (non-setose) abdomens, but still may be separated into males
and females by abdomen shape. Juvenile crabs (<8mm carapace width) were
very difficult to sex accurately in the field and were returmed to the
laboratory. Using a binocular microscope, they were sexed by raising
the abdomen and examining the number of pleopods present; males have a
well developed pair of copulatory spines, whilst females have four pairs
of finely haired pleopods.

3.2.2, Carapace width (CW) - During initial examinations, both the
carapace width (as the total width to the ends of the anteriolateral
spines)‘ (Leavastu 1965) and the distance between the indentations of the
fourth and fifth anteriolateral spines (Choy 1986a) were measured. The
former measurement was subsequently taken as the better indicator of
crab size, since it proved easier to record accurately in the field. To
separate the two mesurements, long carapace width (LCW) is used here for
the total width including spines, and short carapace width (SCW) for the
distance measured between the indentations of the fourth and fifth
anteriolateral spines. The relationship between these two parameters
is given in Figure 3.1. Damage to the outer spines, found in
approximately 1% of the population, occurred predominantly in large
individuals suffering from shell erosion caused by chitiniverous
bacteria (Johnson 1983). For individuals with damaged spines, the
distance between the fourth and fifth spines was measured and the LCW

estimated using the relationships shown in Figure 3.1. Juvenile crabs
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(<8mm) were always measured in the laboratory using a micrometer

eyepiece in a stereoscopic microscope.

3.2.3. Moult stages - The moult stage classification first devised by
Drach (1939) and modified by Warnmer (1977) was adapted for use in the
field as follows :

a) Soft - mno calcification of the new exoskeleton.

b) Early papershell - a thin, flexible exoskeleton that is
easily depressed when touched. The chelae are first to harden and are
light brown.

c) Late papershell - the exoskeleton is hard with the exception
of the branchiostegite region which is still compressible. The colour
of the chela is still light brown.

d) Intermoult - the exoskeleton is completely hard and the
chela colouration is dark.

e) Late intermoult - the exoskeleton is completely hard and
chelar teeth may be well worn and have a less rounded appearance than

for crabs in earlier moult stages; epifaunal growth is common.

3.2.,4., Limb loss - Initial surveys showed a high percentage of crabs
missing one or more limbs. The number and position of limb loss was

recorded.

3.2.5. Reproductive state - Mature females were examined for the
presence of eggs and sperm plugs. A sample of approximately twenty eggs
was removed from each ovigerous female for egg developmental staging in

the laboratory (Chapter 4). Eggs, removed using foreceps, were placed
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in sea water and, where possible, were staged and measured whilst
unpreserved. The presence of sperm plugs was noted by slightly raising

the abdomen and examining the openings of the oviducts.

The following measurements were also recorded during the first
six months of the sampling programme and subsequently on any crab
returned to the laboratory.

3.2.6. Wet weight - Crabs were blotted dry and held ocut of water for
10 mins to remove excess water from the branchial chambers. They were
weighed on a top-pan balance to an accuracy of % 0.lg.

3.2.7. Cheliped length and height - The lengths of the major and
minor chela were taken from the tip of the dactylus to the centre of the
proximal end of the propodus. The height was measured from the highest
point on the proximal end of the dactylus to the lower edge of the
propodus .

3.2.8. Abdomen width - Measurements were taken at the fourth abdominal

somite for both males and females.

3.3. Holding facility

To study growth, reproduction and diet, a holding tank 9.6m3
situated at Fort Bovisand (Fig. 2.1B) was used. The tank was
constructed in a Second World War pill box, sited on a reinforced
concrete sea defence platform approximately 10m above the high water
mark and adjacent to the sea. The tank was 5m long by 1.6m wide and the
lip of the tank was 1.2m high (Fig. 3.2). The concrete was finished in

cement render and ICI pondseal to prevent leaching of harmful materials
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and seawater leakage. A continuous water flow was maintained via a
Beresford PV41l pump which circulated approximately 401min1 Water purity
was maintained by a biological filter at the water intake and a
sand/gravel filterbed at the outflow (Fig. 3.2).

The tank effectively experienced natural seasonal fluctations
of light and temperéture via the mesh grilled windows. The temperature
and salinity of the sea water in the tank were measured twice weekly at
each feeding visit. Salinity rose at a rate of approximately lppt per
month and, to avoid any deleterious effects, half the tank's water was
replaced by fresh sea water every two weeks. The general seasonal
pattern for temperature was similar to that found from>-SCU]_3A data,
however, tank seawater temperatures were slightly higher in summer and
slightly lower in winter due to the smaller volume of water in the
holding tank (Fig. 3.3). Fresh sea water was obtained at times of high
water via a trench pump and pumped directly from the sea. The water
sampling area has 1little freshwater input and water clarity was
generally good. The area of sea water extraction, however, is prone to
south westerly gales and high waves, and these conditions prevented
pumping. A maximum salinity of 35.5ppt was recorded after a period when
weather conditions prevented regular water changes.

Within the aquarium tank, crabs were kept individually in
marked plastic boxes (0.5 x 0.3 x 0.3m). Each box was sub-divided into
four compartments by perspex sections and covered with a perspex lid,
which was held in place by sections of brick. The boxes were slatted
both on the sides and the floor to enable adequate water flow. Prior to
feeding, the crabs were inspected for moulting, mortality, torpid state,

and spawning and hatching of any eggs.
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Figure 3.1.  Plot of short carapace width (SCW) against long carapace
width (LCW) for (A) male, and (B) female Liocarcinus puber. Fitted

regression lines have the following equations: males, LCW = -
0.914+1.07SCW (n=32, r=1.00, P<0,001); and females, LCW = -0.317+1.065CW
(n=30, r=0.99, P<0.001).







Figure 3.2, Schematic diagram of the holding facility at Fort Bovisand
showing (A) horizontal plan and (B) vertical plan of holding tank, and

position of pump and filtration bed.







Figure 3.3. Mean temperatures (+1 S.D.) experienced in the holding
facility at Bovisand (open circles) compared with the temperatures
measured using SCUBA (closed circles).







CHAPTER 4

REPRODUCTION



4.1, Introduction

Brachyuran reproduction has recieved much attention and recent
reviews include those by Sastry (1983), Adiyodi and Adiyodi (1983, 1984)
and Hartnoll (1985). This extensive literature base contains many reports
of various aspects of reproduction of portunid crabs, although the species
which have been investigated are generally the larger, commercially

important species [eg. Callinectes sapidus (Churchill 1921, Hard 1942, Van

Engel 1958, Tagatz 1968), Carcinus maenas (Broekhuysen 1936, Crothers 1968,

Laulier and Demeusy 1974, Berill 1982), Portunus trituberculatus (Miers)

(Oshima 1938), Portunus sanguinolentus (Herbst) (Ryan 1967a, 1967b),

Portunus pelagicus (Linnaeus) (Pillay and Nair 1971, Fielder and Eales

1972), Scylla serrata (Forskal) (Hill 1975), Liocarcinus puber (Gonzalez

Gurriaran 1981b, 1985a, Choy 1986a), Callinectes arcuatus (Ordway) and

Callinectes toxotes (Ordway) (Paul 1982, Dittel et al. 1985), Ovalipes

punctatus (De Haan) (Du Preez and McLachlan 1984b), Ovalipes stephensoni

Williams (Haefner 1985a) and Ovalipes catharus (White) (Davidson and

Marsden 1987)]. Many of these commercial species are from tropical and.
sub-tropical latitudes, and have less seasonal reproductive cycles than
temperate species (Gonzalez Gurriaran 1981b, 1985a, Dittel et al. 1985,
Choy 1986a). Indeed, Hartnoll (1985) found no clear reproductive pattern
for portunids, and reported that some species showed multiple broods,
others a singular brood in each post-puberty instar, whilst others, showed
ovulation(s) in some but not necessarily all instars. The growth pattern
also greatly influences the reproductive strategy of portunids, with

species such as Callinectes sapidus undergoing terminal anecdysis at the

puberty moult {(Van Engel 1958). The reproductive ecology is complicated
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further as species of the genus Callinectes, and species such as Scylla

serrata and Portunus pelagicus, are found predominantly in estuarine and

mangrove areas, and females migrate to fully marine areas prior to zoeal
release (Van Engel 1958, Hill 1975, Paul 1982, Potter et al. 1983). Such
marked differences in climate, growth pattern and female migratory
behaviour make direct comparison of reproductive pattern between portunids
complex.

For the purposes of description, reproduction can be divided
into several distinct events, such as size of maturation, mating, and
subsequent laying and incubation of eggs. Size of sexual maturity can be
estimated by analysis of allometric growth rates (Teissier 1960, Hartnoll
1978b, 1982), and/or by examination of the percentage of crabs showing
mature or maturing reproductive organs (Wenner et al. 1974, Somerton 1980).
Allometric growth of brachyuran appendages has been extensively reported in
the literature and has contributed greatly to the understanding of the
interrelation between growth and reproduction (Huxley 1927, Przibram 1931,
Drach 1936, Warner 1977, Hartnoll 1974, 1978b, 1982). The allometric
growth method utilises changes in growth rate after puberty of various
organs directly or indirectly involved with reproduction, and has been used
to identify the size of maturity for several portunid species (Haefner
1985a, Choy 1986a, Davidson and Marsden 1987). This technique has been
critised, however, as it identifies the 'minimum size of maturity' and may
not represent effectively the size at which a significant reproductive
output is achieved (Somerton 1980). The alternative technique of
identifying the 'size class' with 50% of the sample showing mature
reproductive organs, and therefore contributing significantly to

reproductive output, may also lead to inaccuracies due to differences in
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the criteria used to identify the developmental stages of reproductive
organs.

Mating in portunids has been reviewed by Hartnoll (1969). In
general, mating occurs at the time of female moult, with males showing
elaborate pre- and post-moult care of the female. The male holds the
female against his sternum using the second pair of walking legs and
releases and stands guard immediately prior to the female moult. Ryan
(1966) found that a pheromone released via the female ufine near the time
of moult elicits the initial recognition by the male. Once the old
integument is shed, the female is inverted by the male and copulation
occurs. Spermatophores are deposited into the oviducts where they,
together with associated secretions, form a 'sperm plug' which may protude
from the oviducal opening (Hartnoll 1969). The length of time, both pre-
and post-moult, the male carries the female varies between species and may
be influenced by external factors (Hartnoll 1969).

Brood size (number of eggs carried by a female at any one time)

of tropical and sub-tropical portunid species, such as Callinectes sapidus,

Portunus sanguinolentus and Ovalipes punctatus, vary from one to two

million eggs in a single brood (Truitt 1939, Ryan 1967b, Du Preez and

McLachlan 1984). Temperate species, such as Liocarcinus puber and

Liocarcinus holsatus, have smaller broods and the maximum number incubated

in a single brood approximates half a million (Gonzalez Gurriaran 1981b,
1985a, Choy 1986a). The egg size of temperate species is, however, larger
than that reported for tropical portunids, and this differencé has been
interpreted as an adaptation to higher latitudes (providing larger reserves
for the longer embryonic development and producing larger first stage

planktonic zoea) (Sastry 1983). Measures of total fecundity (estimates of
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egg production over the total life history) of portunids are generally
lacking, due to difficulties in substantiating the number of broods per
female per year and difficulties of analysis of growth rates. Peak periods
of reproduction of tropical species, where reproduction may extend over a
protracted period of the year, are particularly difficult to identify.
Estimation of the number of broods in temperate species is also complicated
by the effect of changes in temperature on rate of development of eggs

(Wear 1974). For example, eggs of Liocarcinus depurator reared at a sea

water temperature typical for early spring required three times as long to
develop than those reared at temperatures equivalent for summer (Wear
1974).

The aims of this inveétigation of the reproduction of Liocarcinus
puber were to examine the mating behaviour, and to examine the number of

broods, brood size and the extent of morﬁality of eggs.
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* 4,2, Materials and methods

4,2.1. Field sampling

All females collected during the regular monthly sampling
programme (Section 3.2) were examined for the presence of sperm plugs,
eggs and evidence of recent hatching of eggs. Recent hatching was
inferred from the presence of empty egg cases still attached to the
pleopods. A sample of approximately 20 eggs was removed from each
ovigerous female and the stage of embryonic development determined
(Section 4.2.2). The occurrence and sizes of the male and femal'ej.in

each mating pair were also noted.

To assess the size at which male and female Liocarcinus puber
become sexually mature, measurements of the major (crusher) and minor
(cutter) chelar height and length, abdomen width and length, and maximum
'depth' of body (thickness) were measured to the nearest O.lmm for each
crab collected during the first 6 months of the study (Section 3.2.3).
For all allometric. examinations, the independant variable (reference
dimension) was the long carapace width (LOW) as carapace width has been
generally used in similar studies on decapods including members of the
family Portunidae (Du Preez and McLachlan 1984b, Haefner 1985a). The
data were analysed using logarithmic transformations, as a log power
function of the slope (E) allows an assessment of the degree of
allometry shown by the dependant variable (Hartnoll 1982). Values of b
significantly <1 indicate negative allometry and slopes significantly >1
indicate positive allometry (Hartnoll 1982). Significance of the

degree of allometry was measured by comparing values of b against the
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isometric slope of 1 using the Student's t-test (Draper and Smith 1966);
lines not significantly different from 1 were taken as being isometric
with the reference dimension. Discontinuities in the growth rate of
appendages, and size range ovér which the puberty moult occurs, were
detected using Dbivariate scatter plots and examination of residuals

from regression analysis (Gore and Scotto 1983).

4.2.2, Gonadal and embryonic development
Tissue squash preparations, together with morphological
development of the ovaries, were used to examine ovarian development.
Ovaries were staged arbitrarily using criteria adapted from similar
studies (eg. Laulier and Demeusy 1974, Simons and Jones 1981, Du Preez
and McLachlan 1984b) (Table 4.1). Tissue squash preparations were also
used to assess the abundance of spermatazoa in the vas deferens and
testes. Immature testes and vas deferens were small and opaque and had
no or relatively few spermatazoa. In contrast, the vas deferens and
testes of mature males were large, white and rather fibrous, with very
large numbers of spermatazoa. The size of sexual maturity was estimated
based on the size at which 50% of the sample had developing ovaries or

mature vas deferens (Wenner et al. 1974).
Eggs were examined under a binocular microscope (Kwoya Optical
SDZ-PL) and assigned to a developmental stage (Table 4.2). Eggs were
elliptical in early stages and became more spherical in later
development. Fgg volumes were calculated using the formula 4/3 y xyz
where x, y and z are the radii measured on three perpendicular axes

(Wear 1974). The radii were measured to the nearest 0.0lmm using a
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micrometer eyepiece in a stereoscopic microscope. Three eggs from each

brood were examined to obtain a mean radius and volume.

4.2.3. Numbers of eggs per brood

Al]l females used to estimate brood size were handled with
care during sampling to minimise any egg loss due to abrasion, stress or
aggression from other crabs. It was noted that stressed females removed
eggs from their pleopods. Hence, those collected by SCUBA were placed
'in individual containers in situ, and only females without shed eggs in
the container were used for analysis of brood size. Ovigerous females
with eggs in Stage 1 and 2a (Table 4.2) of development were preserved
in 5% seawater formaldehyde solution for later examination of brood
size. Each egg-laiden pleopod was subsequently cut at its base, and
washed in distilled water to remove all traces of preservative and salt
crystals. The eggs were freeze-dried to constant weight, transferred
to a desiccator, and a sub-sample of between 50 to 100 eggs was weighed
accurately to the nearest pg using a CAHN 29 Automatic Electrobalance.
The number of eggs in the sub-sample was counted using a binocular
microscope and the weight of an individual egg was recorded. The weight
of the egg mass was recorded and the weight of the pleopods deducted
after removal by dissection. Using the mean weight of one egg and total
weight of the egg mass, an estimate of total number of eggs was
achieved. The sub-sampling process of weighing 50 to 100 eggs was
repeated three times to give three estimates of brood size. If the
variation in the estimates of brood size was greater than 107, the
process was repeated.

To estimate brood mortality in Liocarcinus puber, females with
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stage 3 and 4 eggs were examined using the same experimental procedure
as above. The effects of limb loss on the brood size was also examined

using females missing one or multiple limbs.

4.2.4, Egg development and hatch model

To estimate the periods of spawning (release of eggs onto the
pleopods) and of egg hatching (into zoea), a model, using the
relationship between temperature and the rate of egg development, was

devised to simulate the reproductive strategy of Liocarcinus puber.

The aim of the model was to identify the peak periods of egg hatch.

The egg hatch time was described by Belehradek (1935, 1957),
who related. the develoﬁnent of invertebrate eggs to ahbient temperature
by the following equation :

D = a(T-c) (Equation 1)
where: D is the egg developmental time from spawning to hatching in
days, a and b are species parameters reflecting the response of the
species to changes in temperature, and c¢ is the temperature at which
development time becomes infinite.

Belehradek's equation can be rearranged and expressed as the
proportion of the total development (T.D.) achieved in one day at a
temperature T°C :

Dr = 1 (Equation 2)

a(T-ok
where Dr is the daily development rate.

Values of a, b and ¢ have been estimated previously for

Liocarcinus puber (Choy 1986b) and have been used in this study (a=
24400, b= -2.23, and c= =-3.09°C). The temperature data used in the
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model were those collected during the sub-littoral sampling (Section
2.1.1) and they, together with the known parameters a, b and ¢, allowed
an estimate of Dr for each day over the spawning period (Equation 2).
For example, for each day with an ambient temperature of 7°C, 0.71% of
total egg development occurs, whilst on days at 14°C, 2.2% of total
development occurs. Therefore, knowing the approximate temperature for
each day, the cumulative 'potential' egg development could be calculated
(Fig. 4.12). |

To gain an accurate estimate of the degree of advancement of
the eggs sampled from the ovigercus females collected in the field (eg.
whether the eggs were 10% or 70% through their development), ovigerous
females were reared in the laboratory and the time required to develop
through each egg stage was recorded (Table 4.3).

Although approximately the séme sampling effort was put into
each monthly collection (Chapter 3), monthly variations in female
numbers occurred. To allow comparison of the fluctuations in mumber of
ovigerous females, the number of females sampled per month was
standardised using :

Mean mumber of females in monthly samples

No. of ovigerous females x
in monthly sample Number of females in monthly sample

Due to the extended time taken for winter eggs to develop
compared to those spawned in the summer, winter—-spawned eggs are more
likely to be sampled than the summer spawned eggs (as the sampling
effort was constant for each month). To gain a more representative
measure of the total number of eggs spawned, the monthly estimates were

standardised to those for the longest developmental time ie. over the
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coldest period. The number of females spawning in a particular month

was therefore multiplied by a factor of:

Maximum number of weeks required
to complete development

No. of females spawning .
in any one month Number of weeks the sample requires
to complete development

For example, using data from Figure 4.12 (Example II) of a female
sampled on the 15th July, 1987 with eggs in Stage 2b (ie. 407% through
their development), the date of spawning can be estimated using the
cumilative curve by extrapolating back through 40% of 'potential'
development to give a date of spawning of 1st July, 1987. Similarly,
hatching can be estimated by extrapolating forward through 60% of
'potential' development to give an estimated date of egg hatching of 7th
August, 1987, that is, a total period from spawning to hatching of
approx. 5 weeks. Assuming that the longest period to complete
development was as for Example I (17 weeks) and that sampling effort was
constant, the number of females spawning in the month of January would
be more likely to be sampled by a factor of 17/5 (3.4) than the females
spawning in July. Therefore to allow a quantitative comparison between
months the number of females spawning in July are modified by this
factor. Spawn and subsequent hatch profile were estimated for the two

years examined.
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4.3. Results

4.3.1. Size of sexual maturity
Positive allometric growth occurred for both major and minor

chelae in immature and mature male Liocarcinus puber (Figs 4.1 and 4.2;

Tables 4.4 and 4.5). The level of allometry was greatly enhanced in
mature males, particularly for chelar height (Table 4.4). Chelar length
was also significantly positively allometric, but at a lower rate than
chelar height, leading to a more pronounced height with size (Figs 4.1
and 4.2; Table 4.4). Immature females showed an isometric increase in
all chelar measurements. Immature males showed a low, but signifcant
positive .allometric growth of both length and height for both chela
(Figs 4.1 and 4.2; Table 4.4). Adult females showed a positive
allometric growth in chelar heigl;t, whilst the length showed isometric
and slight negative allometry for the minor and major chela respectively
(Figs 4.1 and 4.2).

Examination of allometric growth via regression analysis
allows an estimate of the point of intercept between the two growth
phases ie. estimate of pubertal moult (Section 4.2.1). Male and

female Liocarcinus puber show a clear increase in growth rate of the

height of the major chela from 46mm and 41.5mm LCW repectively (Fig.
4.1). Other chela measurements for males, such as the height of the
minor chela (Fig. 4.1) and major and minor propodus length (Fig. 4.2),
also gave similar intercept values of 47.5, 47.0 and 46.0mm LCW
respectively. Relative growth of the length of the major and minor

propodus for females were isometric with no discontinuity in growth
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(Fig. 4.2), whilst minor chelar height showed a clear increase in growth
rate from 42.0mm LOW (Fig. 4.1).

Immature and mature females show a similar positive allometric
growth rate of the sixth abdominal segment, however, a marked
discontinuity occurred over a range from 35.8 to 41.4mm LCW (Fig. 4.3;
Table 4.4). This growth discontinuity at the puberty moult indicates
where the growth rate is greatly accelerated. Discontinuities also
occurred for female abdomen length and body depth with mean values for
both variables at 40.5mm LCW (Fig. 4.3), although only marginal
allometric growth was shown for both parameters (Figs 4.3 and 4.4, Table
4.4), Males showed an isometric growth for abdominal width, abdomen
length and body depth, suggesting that these parameters are of no
significance in their sexual development (Figs. 4.3 and 4.4, Table
4.b).

The size of sexual maturity can also be estimated from the
size at which 507 of the sample have been inseminated, or are ovigerous.
Over spring (April-June), 50% of females in an ovigerous state occurred
at 46.0mm LCW (Fig.4.5). For recently moulted females observed from
July to November, 507% with sperm plugs (ie, inseminated) occurred at
44,0mmn LCW (Fig. 4.5). In addition, 507 of males had large quantities
of spermatozoa in the vas deferens at 48.5mm LCW (Fig. 4.5).

The difference between the size at maturity estimated from the
two methods is small, indicating that individuals may play an active
reproductive role after the pubertal moult without any further growth.
This suggestion is supported further by the good agreement of size of
the smallest ovigerous female (38.6mm LCW) and inseminated female

(37.3mm LCW), compared with the size range estimated from allometric
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data (35.8 to 4l.4mm ICW based on abdominal width discontinuity)
(Fig.4.6).

4.3.2, Mating

Mating pairs were observed regularly in the field from July
until November each year (Table 4.6). In each mating pair, males were
sipnificantly larger than non-paired, mature males sampled from the same
site at the same time (E?'4.77, df=64, P<0.001). This finding suggests
that large males are more successful at pair forming and defending
females than afe smaller individuals. In general, males in the mating
pair were larger than females (mean difference in size between mates was
16.8mm) (Table 4.6).. Only one pre-moult female was larger than the
male and that was by a small amount (2.7mm) (Table 4.6). In several of
the pairs, using data from moult increment (Chapter 5), females would
grow to a larger post-moult size than the males (Table 4.6). One
male, marked as part of the littoral tagging programme (Chapter 10}, was
recaptured on two occasions and, in each case, formed part of a mating
pair with two different females (male 73.5mm recaptured on 10/9/87 and
29/9/87) (Table 4.6). These observations suggest that large males may
be capable of mumerous successful courtships over one season as females
moulted over an extended period (late July to mid November).

Only 4 (out of 43) mating pairs comprised males carrying
post-moult females, indicating that post-moult care by the male is
relatively short in this species (Table 4.6).

The field survey of inseminated post-moult (soft and papershell
moult stages) mature females (Fig. 4.6) found that 95% had mated

successfully and had two sperm plugs intact, and 3 individuals (5%) had
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only one duct plugged. Three post-moult mature females sampled had no
sperm plugs visible and, on dissection in the laboratory, no sperm plugs

were observed in the oviducts or spermathecae.

4.3.3. Ovarian development

The cycle of ovarian development was very closely related to the
moult cycle. Females in late intermoult and soft and papershell post-
moult stages had ovaries in either a spent or early recovering condition
(Stage II ovaries) (Table 4.1). Ovigerous females with recéntly
ovipdsited eggs also showed predominantly spent or early recovering
ovaries. With increasing development of the eggs, however, some
females were observed with maturing ovaries (Stage III). A high
percentage of females with Stage 4 eggs and recently hatched eggs had
maturing (Stage III) or ripe ovaries (Stage IV), particularly between
March and July (Fig. 4.7). The development of the ovaries of these
ovigerous or early post-ovigerous females indicates that a further brood
occurs in a high percentage of these females, particularly from March to

May (Fig. 4.7).

4.3.4. Embryonic development

The diameters of eggs of all egg stages sampled from the
field were measured and mean diameters calculated (Table 4.9). The
mean egg diameter increased by 97um during development (Table 4.9).
The mean volume of newly spawned eggs was 0.034mm (n=23) and of eggs
very close to hatching was 0.0695mm> (r=4), giving a percentage increase

in volume of 103%.
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4.3.5. Seasonal variation in percentage of ovigerous females

The monthly percentage of ovigerous females showed no
significant difference between the two years sampled (Paired t-test,
t=0.44; df=10; P>0.7) (Fig. 4.8). In the first year (1986-1987),
ovigerous fémales were found over an 11 month period and over a 10
month period in the second year (Fig. 4.8). Ovigerous females were
first observed in December of both years, and the peak period, with an
excess of 68% of ovigerous females, occurred in March and April (Fig.
4.8). Post-ovigerous females were observed in April, May and June of
both years indicating that this period is the peak period of zoeal
release; April and May showed particularly high numbers of post-
ovigerous females.  Slight differences were, however, apparent between
the two year's data. The percentage of ovigerous females in March and
April 1987 peaked at 687, compared with 807 and 767 respectively in 1986
(Fig. 4.8). The data for May 1986 showed a marked decline in ovigerous
females followed by a slight increase to approximately 307 ovigerous in
June, July and August (Fig. 4.8A). In comparison, May 1987 showed a
continued high‘level (65%) of ovigerous females and subsequent lower
values in July and August (Fig. 4.8B).

Similarly, the egg stage data showed a consistent pattern
between years (Fig. 4.9). In December, only Stage 1 eggs (recently
spawned) were sampled, however, from January onwards there was an
increase in later stage eggs and a decline in the percentage of Stage 1
eggs. Stage 4 (nearing hatching) eggs were present, albeit in low
numbers, over the winter period, and were first observed in January 1986
and February 1987. The percentage of ovigerous females with Stage 4

eggs remained low until April when it started to increase and reached a
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peak in May; this peak was particularly marked for 1987 (Fig. 4.9B).
In June and July, there was an increase in Stage 1 and 2 eggs,
indicating a second period of spawning. Stage 1 eggs, however, were
observed in each month from December to August 1985-86, and from
December to July 1986-87, suggesting that there is a continued
production of eggs, and subsequently protracted release of zoeae over an
extended period of the year;

When the percentages of females in an ovigerous state were
separated into size groups (40-54, 54~68 and 68+ mm LCW) which
approximated the estimated sizes of the first, second and third year
female cohorts (Chapter 5), some interesting differences were observed
(Fig. 4.10). The 40-54mm grouping (I year cohort) showed a lower
percentage of ovigerous females over the winter period (December-March)
than the other cohorts (Fig. 4.10). This I year cohort also had a
delayed start in spawning compared with older individuals (Fig. 4.10).
In addition, the 40-54mm grouping had a significantly lower percentage
of ovigerous females during the sampling period compared with both the
68+ mm females (t=5.29; df=8; E(0.0S) and the 54-68mm females (t=5.05;
df=8; P<0.05).

4.3.6. Number of eggs per brood

The number of eggs (Stage 1 and 2a) per brood carried per
female ranged from 48,000 to 366,000 (43.2-81.7mm LCW) and was directly
related to carapace width (Fig. 4.11). Numbers of eggs per brood for
the later egg stages (Stages 3b and 4) ranged from 74,000 to 307,000
(48.6-76.4mm LCW). Regression lines fitted to the data in Figure 4.11
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are given in Table 4.7, The number of Stage 3 and 4 eggs were reduced
compared with Stage 1 and 2a, and ANCOVA showed that this difference was
significant (P<0.05) (Table 4.8). Examination of the regression lines
predicted for early and late stage eggs indicates that brood mortality
may be as high as 20% over the period of egg development. Females
missing limbs had abnormally low and very variable brood sizes (Fig.
4,11) (Table 4.7). Egg numbers carried by females missing limbs were
significantly lower than Stagé 1 and 2a- eggs (P<0.01) and Stage 3 and 4
eggs (P<0.05) (Table 4.8).

4.3.7. Egg development and hatch model

The cumulative .plot of potential egg development shows a slow
developmental rate over the perio-d January to March (winter), and a
subsequent increase in rate from April onwards (Fig. 4.12). The date of
release of eggs onto the pleopods (spawning) and the hatching time of
eggs for each ovigerous female has been estimated (to the nearest week)
using Figure 4.12 and the data given in Table 4.3. The spawning
extrapolations (Fig. 4.13A) for 1985-86 show two main peaks, one from
December to mid-January, and another in early July. The hatching
extrapolations also show a main peak of zoeal release in May (which
correlates with the January spawn) and a further peak in August, which
is consistent with the spawn peak of July (Fig. 4.13B).

The 1986-87 spawn data showed a more complex situation than
the previous year, with peak periods of spawning occurring in January
and May, and a smaller peak in early March (Fig. 4.14A). The hatch data
show a peak of release of zoeae over a three month period (mid-April to

mid=July), with three minor peaks apparent within this period of zoeal
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release (Fig. 4.14B), The first, and largest, peak in the hatching of
eggs occurred in May, which correlates with the spawning peak in
January. The second peak, in early June, was consistent with the
spawning peak in March, and the third peak, occurring in July,
correlated with the spawn peak of May. (Fig. 4.14)

Small ovigerous females (40-54mm LCW) spawned later in the
season over the spring period compared with the larger females (Fig.
4.10). In addition, ovigerous females of this small sizg class were
relatively scarce, suggesting a lower reproductive effort by this size
group. In view of these two differences for small ovigerous females
compared with the other ovigerous groupings, the data for the small
ovigerous females were plotted separately (Fig. 4.15). The model
suggests that small ovigercus females have one brood, and spawning takes
place predominantly in April and hatching in June (Fig. 4.15).

The predictions from the Hatch Model agree with the results
obtained from examinations of the ovary and egg developmental stages
(Section 4.3.4). The total data, indicate that there are two broods for
the majority of the II and III year females, and a single brood, which

commences later in the year, for the I year females.
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4,4, Discussion

The size at which sexual maturity occurs for Liocarcinus puber

can be readily ascertained by examination of allometric growth data. Males
showed a marked positive allometric growth of all the chelar measurements
recorded in this study, and increasingly so, following the puberty moult,
allowing puberty moult to be estimated as the point of intercept. Females
showed a marked positive allometric growth of the width of the abdomen and
discontinuity at puiaerty. The increase in size of the male chela, and
resulting sexual dimorphism of chelae, has been related to their use as a
secondary sexual organ, being important in display, defense, territory,
courtship, copulation and combat (Hartnoll 1974, 1985). Similarly, the
sudden and substantial broadening of the female abdomen at puberty is
generally related to the need for a suitable base for an incubatory
chamber for the brooding of eggs (Hartnoll 1974, Warner 1977). Estimates,
using allometric data, for the size at puberty for female L. puber range
from 38.6 to 42.0mm LCW (mean 40.5mm LCW) (Table 4.10). This size range
correlates well with the size of the smallest ovigerous female collected
in the field and with the size of the smallest female sampled with sperm
plugs (38.6mm and 37.3mm LCW respectively), and confirms that females are
able to produce a brood without a further moult following puberty. Based
on the allometric growth of the abdominal width, Choy (1986a) reported an
estimated size of maturity of 40mm LCW for female L. puber from South Wales
(Table 4.10). Similarly Drach (1933) found the discontinmuity for abdomen

growth to range from 40 to 46.3mm LCW for samples of L. puber from France
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(exact location of sample site undisclosed). Allometric data from the
present study, gave an estimate of the size of sexual maturity for males at
approximately 46.5mm LCW (range of values estimated 45.8 to 47.5mm LCW).
SJ'Jnilar.; estimates for male Sexual maturity were given by Choy (1986a) (44mm
ICW) (Table 4.11). 1Indeed, examination of all the allometric data for
both sexes shows close correlation between samples from South Wales and
Plymouth, with male maturation occurring at approximately 46mm LCW and
females at approximately 40mm LCW.

The estimated size of sexual maturity for Spanish Liocarcimus
puber, is  noticably larger than that estimated from other localities
(Tables 4.10 and 4.11). Unfortunately, the estimates for Spanish crabs
are not based on allometric growth rates, but are extrapclated from the
size at which 50% of a size class exhibited maturing or mature gonads
(Gonzalez Gurriaran 1981b, 1985a). This method of estimating size of
sexual maturity is dependant on the criteria chosen to demark 'maturity’
and, as such, may yield variations between differing workers. Gonzalez
Gurriaran (1981b, 1985a) reported females to be mature at 53mm LCW compared
with estimates from other locations, based on the same technique, of 48mm
ICW (Choy 1986a) and 46mm LCW (present study). Similarly, Gonzalez
Gurriaran (1981b, 1985a) reported the size of sexual maturity for males to
be 59mm LCW, compared with 52mm (Choy 1986a) and 48.5mm LCW (present study)
for more northern populations. Gonzalez Gurriaran (1981b, 1985a) also
found that the size of the smallest ovigerous female, and the smallest
inseminated female (presence of sperm plugs), was markedly larger (49.5 and
47 .4mm LCW respectively) than the equivalent sizes noted in the present
study (38.6 and 37.3mm LCW respectively). Gonzalez Gurriaran (198lb)

used a comprehensive data set for his work (over a thousand females) and
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therefore, it would appear that Spanish crabs are maturing at a larger size
than those from more northerm latitudes.

Drach (1936) found two discontinuities in his study of the
‘relative growth of the female abdomen, the first at sexual maturity (Table
4.10), and the second at a size approximately 50-60mm LCW, which he
interpreted as being a lowering of allometric rate at a terminal moult.
The studies by Gonzalez Gurriaran (1981b, 1985a) and Choy A(1986a), together
with the present study, all found females larger than 60mm LCW, and
therefore the deduction that this reduction occurs at terminal moult
appears spurious. Choy (1986a) reported that a reduction in the level of
allometry for large mature females does occur and this is supported by

results of the present study. Studies on Ovalipes spp. (Haefner 1985a,

Davidson and Marsden 1987) also noted several discontinuities in abdominal
growth. Whether these discontinuities coincide with moults is not readily
apparent, but findings suggest that post-pubertal allometric growth in the
abdomen may be limited by the area available for development over the
thoracic sternites. Comparison of the size of sexual maturity of

Liocarcinus puber with other species of portunids is limited, as few

species have been adequately examined, particularly using  allometric
techniques.  Gray and Newcombe (1938) estimated that male Callinectes
sapidus attained maturity at 89mm CW. Davidson and Marsden (1987) found
differences in the size of maturity for female (35mm CW) and male (40mm

CW) Ovalipes catharus, and also noted a difference in size between the

estimate of maturity from allometric data and the size of the smallest
ovigerous females, suggesting that there is a moult between puberty and
oviposition. Haefner (1985a) also observed differences in size of maturity

for Ovalipes stephensoni, with females maturing at 5lmm CW and males at

44



6lmm CW. From these rather limited data it would appear that there is a
general trend for males to mature at a larger size than females, although
it is not clear from the data if both males and females mature at the same
age.

In the population of Liocarcinus puber studied at Plymouth,

mating, egg production and subseqpent zoeal release showed distinct
Seasonal patterns. In this species, mating occurs at the time of moult
which, for mature females, occurred from late summer to autum (August to
November) . The mating behaviour of L. puber is typical for portunids,
with a pre- and post—-copulatory pair formation ('embrace'), and copulation
occurring immediately after the female moult. This study found a
predominance of male L. puber carrying pre-moult females, suggesting that
defence from conspecifics may be a significant element in mating behaviour.
The low number of females carried post-moult after copulation also suggests
that pést-copulatory care by males is minimal and probably lasts only long
enough for peripheral hardening in the female cuticle prior to release.
In a laboratory study, Gonzalez Gurriaran (1985a) found that pre-
copulatory attendance of L. puber was between 1 to 9 days (mean 5 days)
and attendance post-copulation ranged from 4h to 3 days; the mmber of
conspecifics in the tank with the mating pair influence the period of
courtship. Laboratory observations of Choy (1986a) showed that the
largest male, from a range of sizes, Successfully carried and subsequently
mated with an introduced female. Choy (1986a) concluded that male mating
success was largely dependant on male size.

Field evidence from the present study suggests that males found
in a mating pair generally tended to be the large IT and III year group

(>60mm 1CW) (Chapter 5), and that they may copulate several times during
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the time of the main female moult season (July to November). Mating pairs
were, however, observed in which the male was only marginally larger than
the female; in one case the female was slightly larger than the male. Choy
(1986a) found that the pre-moult female was always smaller than the male in
the mating pair, a.lthdugh post-moult the female could exceed the size of
the mating male. Similarly,.Gonzalez Gurriaran (198lb, 1985a) found the
majority of females were smaller than males in mating pairs, although
several females exceeded or equalled the size of the male post-moult. As
males moult several months prior to the female moult, similar post-moult
sizes indicate that males and females from the same year class are able to
mate. The success of mating for equal sized post-moult pairs has not been
investigated in this study, although field evidence indicates that
copulation and format;i.on of sperm plug is not always successful.

Analysis of the percentage of females carrying eggs showed that
oviposition first occurred in December, and the percentage of ovigerous
females increased over the winter to reach maximum levels by March and
April. Stage 1 eggs (newly spawned) were, however, observed in each month
from December to August, indicating that, at least, limited egg production
occurred over an extended period of the year. In Spain, Gonzalez Gurriaran
(1985a) found high levels (approximately 50% of the females sampled) of
ovigerous female L. puber from Jamuary to March and a lower', but
consistent percentage ()-20%), from April to July. He observed ovigerous
females in all months of the year, although in very low mmbers from
September to November (Gonzalez Gurriaran 1985a). At Swansea, Choy (1986a)
observed a peak in mumbers of ovigerous females in January and February
(>60% of sample) and again a consistent level (of approximately 20%) of

ovigerous females from April to June. These findings suggest a similar
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reproductive periodicity. for L. puber between the different geographical
areas,

The use of monthly percentages of ovigerous females as a
criterion of reproductive effort, however, has limitations. For example,
no account is taken of the marked change in rate of development of eggs
with the rise in seawater temperature over the spring period. For species

such as Liocarcimus puber where development time extends over a long

period (months), the length of time the eggs are retained on the pleopods
will shorten with increasing temperature. Thus, examinations of
reproductive output utilising monthly percentages will tend to under-
estimate egg production in warmer months, The predictive model
incorporating Belehadrek's equation, takes into account this variation in
development time of eggs. Results indicate that there was a distinct
seasonal pattern of periods of spawning and subsequent hatch of eggs in
both years. Two peak periods of spawning (oviposition) and hatching of
eggs occurred. The initial spawning peak occurs in early winter (December
and January) and this brood hatches in May. The high percentage of
ovigerous females over March/April period prior to hatch in May for both
years suggests that a large percentage of females have one brood over this
winter period. A second peak of spawning occurs after this 'winter' brood
is hatched, giving a further peak in =zoeal production later in the
spring/early summer. Evidence to support the hypothesis that the second
peak in egg production is a second brood comes from several sources.
Firstly, examination of the ovaries of females carrying Stage 4 eggs and
females that had recently released zoeae (egg cases still attached to the
pleopods), showed that a large proportion had well developed ovaries.

Gonzalez Gurriaran (1985a) concluded from an examination of the gonosomic
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index for L. puber that 85% of the females sampled can have two successive

spawnings over one intermoult period. Secondly, it is well documented in

the literature that Liocarcinus puber reared in the laboratory produce
multiple broeds within one intermoult, In this study, two broods were
observed. Choy (1986a) similarly observed two broods and Gonzalez
Gurriaran (1981b) observed up to three broods in laboratory-reared females.
Thirdly, it was observed that non-ovigerous females and, more particularly,
females which had recently hatched eggs, were more active than the rather
cryptic ovigerous females. The more marked foraging behaviour noted by the
non-ovigerous females will lead to sampling bias of this group and
therefore reduce 'the estimates of the percentage of females ovigerous.

The model also indicated that recently matured (I year cohort)
females produced only one brood during their first breeding year. This
brood occurs in spring, with a peak of spawning for this year class in
April and hatching in Jume. The timing of the second brood predicted by
the model for the II and III year cohorts was different between the two
years studied; the 1985/86 season showed a delay in spawning compared with
1986/87. Reasons for this difference between years are not clear.

Data from the model suggested that zoeae were produced from
March through to September in 1986 and to August in 1987. This prediction
agrees with the general findings of Lebour (1928) who noted that. zoeae

ofLiocarcinus puber occurred in the spring and summer. Lindley (1987)

noted zoeae of L. puber in the English Chammel appraoches from March to
October, and the Plymouth Marine Fauna (1957) records zoeae and megalopae
from April to August. Allen (1967) noted zoeae of L. puber from May to
October in the Clyde and Argyll area. These data suggest that zoeae are

produced over a relatively broad period of the year and this may be an
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adaptation to ensure that at least some zoeae find suitable conditions for
survival (Bakun et al. 1982).
The hatch model may, however, be rather over simplistic, Amsler

and George (1984) investigated egg development of Callinectes sapidus and

suggested that partial diapause may occur in eggs during the gastrula phase
at low ambient temperatures. In addition, Sulkin et al. (1976) suggested
that C. sapidus may have an intrinsic rate of egg development and that
development is not totally temperature dependant,. These findings,
however, do not appear to be involved in the egg development of Liocarcimus
puber (Choy 1986a). Wear (1974) and Choy (1986a) both found close
correlation of rate of development and ambient temperature for several

other portunids including Liocarcimus holsatus, Liocarcinus pusillus

(Leach) and Liocarcinus depurator. Hartnoll and Paul (1982) noted that

newly spawned eggs of Carcinus maenas sampled from the Isle of Man were

smaller in volume (by up to one third) than those used by Wear (1974) for
the same species at Plymouth, and required a longer period to develop at
the same temperature than Plymouth C. maenas. The size difference in egg
volume at spawning between L., puber in the present study and Swansea (Choy
1986a) is small by comparison. The use of the hatch model as a tool to
broadly assess periods of maximal and minimal egg production therefore
appears valid for L. puber.

The percentage increase in egg volume between spawning (0.034mm3,
n=23) and hatching (0.0695mm3 , n=4) was 1.03%, which was a similar egg
volume increase to that shown by other species of Liocarcinus (Wear 1974).
The increase in egg diameter during maturation was similar for each of the
three localities examined (Galicia, Swansea and Plymouth) (Gonzalez

Gurriaran 1981lb, 1985a, Choy 1986a and the present study) (Table 4.9). The
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initial, and final, egg diameters, however, were different and suggest
‘that Spanish eggs are smaller at each developmental stage than those from
Plymouth and Swansea (Choy 1986a) (Table 4.9). The larger egg size at
higher lai:itudes is congistent with the general trend of longer
developmental period at lower temperatures associated with more northern
latitudes (Vérnberg 1962, Efford 1969, Jones and Simons 1983). The
general pattern of smaller eggs and higher brood size is well confirmed in
the literature between species (Sastry 1983) and this trend may also be
apparent within species from different geographical locations.

At Plymouth, Liocarcimus puber showed the trend typical of all

brachyurans of increasing fecundity with increase in body size (carapace
width). Similar relationships have been described previously for

Liocarcinus puber (Choy 1986a, Gonzalez Gurriaran 198lb, 1985a). The

present study-, however, established that brood sizes at Plymouth were
larger than those recorded previously (Choy 1986a, Gonzalez Gurriaran
1981b, 1985a) (Fig. 4.16). Reasons for this difference may be experimental
and/or envirormental. In this study, care was taken to minimise egg loss
during sampling by placing ovigerous females in individual containers
whilst in situ. In the laboratory, ovigerous females frequently lost eggs
during handling and from interactions with other crabs. Therefore,
ovigerous females used to establish egg numbers were preserved immediately
on return to the laboratory. Thermal differences and slight variations in
salinity between the capture site and the holding facilities may also
cause stress to the ovigerous females and mortality of eggs (Choy 1986a).
In the present study, ovigerous females maintained in tanks in the
laboratory were periodically observed famning and preening their eggs,

removing eggs that were dead or slowly developing. Egg loss was noted
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also, particularly with females with large broods, via abrasion. The lower
brood size for Spanish L. puber (Gonzalez Gurriaran 198lb, 1985a) may be
explained partly by experimental design as they were sampled wusing a trawl
which would cause loss of peripheral eggs. Gonzalez Gurriaran (1985a) also
used eggs of all developmental stages in his analysis and therefore egg
mumbers are likely to be reduced due to mortality associated with
development (Jewett et al. 1985). The lower brood size reported by Choy
(1986a) is less easy to explain, as experimental procedures were similar to
the present study. Further analysis of brood size from different
geographical localities, allied with details of growth, would be
particularly interesting, as L. puber may display a degree of 'plasticity’
in the response of reproductive output to environmental variables.
Similar variability in reproductive output between localities has been

noted for other decapod crustaceans including Nepthrops norvegicus (Thomas

1964) and Heterozius rotundifrons A. Milne Edwards (Jones 1978).
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Table 4.1. Details of stages of ovarian development based on morphological

and microscopical criteria. Cell diameters given as mean values of axes.

Stage Description
I Immature - Ovary small (<0.lg) and transluscent (cells

<50um, prominent nucleus)

I1 Spent/Early Developing - Light yellow, small (<0.5g) (cells

50-100um; cells undergoing vitellogenesis)

IIT Maturing - Yellow to orange, conspicuous organ covering much
of the hepatopancreas (>0.5g) (large >100um post
vitellogenic oocytes)

IV Ripe - Dark brown to purple, conspicuous organ covering much

or all of the hepatopancreas (>0.5g) (ova >200um)

52



Table 4.2. Morphological description of the egg developmental stages
based on criteria adapted from Broekhuysen (1936) and Amsler and George

(1984).
Stage Description
1 Newly spawned, full of yolk and lacking cleavage
2a Cleavage,few large cells (early blastula)
b Many small cells visible (early gastula)
3 Eyespots first visible as slight pigment
4a Chromatophores first visible
b Chromatophores and eyespots well developed and heartbeat
evident
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Table 4.3. Mean time (+1 S.D.) required for eggs reared in the laboratory
to mature through the four egg stages described in Table 4.2. Data
originate from 6 ovigerous females spawned in the laboratory. Temperature

= 13.5 + 1.5°C; 5-10 eggs were examined and staged each day.

Egg Stage Mean time Percentage
(Days)
1 7.0 +0.7 15.1
2 15.6 +1.5 33.7
3 8.8 +0.8 19.1
4 14.8 +1.1 32.1
Total developmental
time 46.2 +1.6
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Table 4.4,  Regression analyses of morphometric data. All measurements are based on long carapace width
(LCW) as the independent variable. For all cases, the correlation was significant (P<0.01). Allometric
status of the slope (b) of the logarithmic transformed regressions was tested against the isometric slope of 1
using Student's t-test (Draper and Smith 1966). Equations: M = the slope of the line, C = intercept at X =0,
a = intercept at In{x) = 1, b = slope, r = correlation coefficient, n = number of data points.

Y=M4C  ln(y) =a+bln(x)
Parameter Sex Size mmlCW M c a b r N t P Allometry
Major Chela M Immat. <45 0.240 -0.684 -1.91 1.11 0.99 138 +8.05 <0.001 +
Height M Adult >45 0.358 -6.27 -3.04 1.40  0.97 263 +108.63 <0,001 +
F Lmmat. <40 0.212 -0.180 ~1.66 1.02 0.9 111 +1.47  >0.01 0
F Adult >40 0.225 -0.780 ~1.75 1.05 0.95 150  +11.86 <0.001 +
Minor Chela M Immat. <45 0.200 -0.441 -2.02 1.10  0.99 134 +7.35  <0.001 +
Height M Adult >45 0.314 -6.06  -3.44 1.46 0,98 227 +121.45 <0.001 +
F Immat <40 0.185 -0.194 -1.81 1.02 0.99 96 +1.21  >0.01 0
F Adult >40 0.19 -0.558 -1.91 1.06 0.94 183  +14.16 <0.001 +
Major Chela M Immat. <45 0.641 -0,806 ~-0.67 1.05 0.99 138 +3.77  <0.001 +
Length M Adult >45 0.827 -~9.62 -1.30 1.22 0.98 258  +65.16 <0.001 +
F Immat. <40 0.629 -0.605 -1.69 1.03 0.9 111 +1.47  >0.01 0
F Adult >40 0.602 -1.18 -0.35 0.97 0.98 150 -7.41 <0.001 -
Minor Chela M Immat. <45 0.608 =0,917 -0.77 1.05 0.99 134 +3.65 <0.001 +
Length M Adult >45 0.794 -9.83  -1.40 1.23  0.98 224  +67.79 <0.001 +
F Immat. <40 0.584 -0.383 -0.63 1.02 0.99 96 +1.21  >0.01 0
F Adult >40 0.384 -0.194 -0.55 1.00 0.97 183 0.0 >0.01 0
Width of the M All Sizes  0.195 +0.013 -1,66 1.01  0.99 357 +1.16  >0.01 0
Sixth Abdom~ F Immat. <40 0.368 -2.06 -2.14  1.26  0.97 100 +17.70 <0.001 +
inal Segment F Adult >40 0.576 -7.06 -1.98 1.29 0.98 239  +71.03 <0.001 +
Length of M All Sizes  0.442 +0.594 -0.72 0.98 0.99 283 -2.36  >0.01 0
Abdomen F Immat. <40 0.457 +0.165 -0.67 0.97 0.99 100 -2.38  >0.01 0
F Adult >40 0.525 -1.72 -0.94 1.06 0,99 200  +16.46 <0.001 +
Depth of M All Sizes  0.371 +40.414 -0.88 0.98  0.99 283 -2.36  >0.01 0
Body F Immat. <40 0.370 +0.437 -0.76 0.94 0.99 101 -4.79  <0.001 -
F Adult >40 0.400 +0.075 -0.86 0.99 0.95 112 -2.84 >0.01 0



Table 4.5. Regression analysis of morphometrical data using short

carapace width (SCW) as independent variable. Equations as for Table 4.4.

Y=MGC  In(y) = A+ B ln(x)

Parameter Sex Size (mmSCW) M C A B r N
Major Chela M Immat. <43 0.256 -0.878 =2.00 1.15‘ 0.99 138
Height M Adult >43 0.379 -6.39 =-2.99 1.41 0.97 263
F All Sizes 0.233 -0.520 =-1.76 1.06 0.97 261

Minor Chela M Immat. <43 0.216 =0.662 =2.10 1.13  0.99 134
Height M Adult >43 0.338 -6.44 -3.32 1.45 0.98 227
F All Sizes 0.207 -0.543 -1.9% 1.08 0.96 279

Major Chela M Immat. <43 0.685 -1.32 -0,747 1.09 0.99 138
Length M Adult >43 0.878 -9.90 -1.28 1.23 0.98 258
‘ F All Sizes 0.669 -0.896 -0.636 1.05 0.99 261
Minor Chela M Immat. <43 0.650 -1.41 -0.845 1.10 0.99 134
Length M Adult >43 0.840 -9.67 -1.33 1.23 0.98 224
F All Sizes 0.637 =-1.06 =0.704 1.05 0.98 279

Width of the M All Sizes 0.208 ~0.144 -1.71 1.03 0.99 357
,Sixth Abdo- F Immat. <38 0.385 =2.41 =2.41 1.26 0.97 100
men Segment F Adult >38 0.577 -7.15 =2.01 1.30 0.98 239
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Table 4.7. Regression equations for the relationship between mumber of
eggs carried in a brood and ovigerous female carapace width, where In(y)
is the natural log of the number of eggs carried and X is the carapace

width (n = number of data points, r = correlation coefficient).

Female description Equation n r
Newly spawned eggs In(y) = 9.14 +0.0470X 27 0.94
(Stage 1 and 2a§g

Well developed eggs In(y) = 9.08 +0.0452X 9 0.90
(Stage 3 and 4) .

Females missing limbs In(y) = 9.50 +0.0334X 9 0.47
(All egg stages)
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Table 4.8. Comparison (ANCOVA) of number of eggs carried related to stage
of egg developnent-and the effect of limb loss (data shown in Figure 4.11).
(F values are given for a (the slope of the line) and b (the intercept
where X=1) (d.f.: degrees of freedom; Sign : #** = 17, % = 5%, NS = not

significant).

Pairs of line tested a b
F df Sign. | F  dE. Sign.
Newly spawned/Well developed 1.05 1/34 NS 4,21 1/35 %
(Stage 1+2b/Stage 3+4)
Newly spawned/Missing limb 2.11 1/34 NS 15,56 1/35 *=*
(Stage 1+2b/Limb loss)
Well developed/Missing limb 0.587 1/16 NS 4,16 1/17  *
(Stage 3+4/Limb loss)

LN
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Table 4.9.

uber from the present study (n = number of
EZta Wales) (Choy 1986

from Swansea (S.

(Gonzalez Gurriaran 1981c).

Mean diameters (um) (+1 S.D.) of the egg stages of Liocarcinus
s examined) and comparative

'§§g and Galicia (N.W.

Descriptions of egg stages are given in Table

Spain)

4.2,
Egg stage Plymouth Swansea Galicia
51 Mean diameter Mean diameter Mean diameter

1 (newly spawned) | 69 404 +14.60 380 360

2 (gastrulation) 252 430 +18.43

3 (eyespots) 108 464 +24.97

4 (chromatophores) [135 501 +27.98 489 460
Increase in diameter 97 109 100
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Table 4.10. Comparative size data of sexual maturity for female

Liocarcinus puber from different geographical locations (all measurements

are given in mm LCW).

Plymouth Swansea Spain France
Parameter (present study) (Choy 1986b) (Gurriaran 1981c) (Drach 1933)

Sixth abdomen 35.8 - 41.4 40 - 40 - 46.3
discontinuity

Abdomen length 39.5 - 41.5 - - -

Body height. 40.0 - 41.0 - - -
Chela major 41.5 - - -
height

Chela minor 42.0 - - -
height

Mean value from 40.6 40 - 43,15

allometric data

50% of females 46.0 48.0 52.7 -
with mature ovaries

Smallest ovigerous 38.6 39.3 47.4 -
female sampled

Smallest female 37.3 41.8 49.5 -

with sperm plugs
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Table 4.11. Comparative size data of sexual maturity for male Liocarcinus puber

from different geographical locations (all measurements are in mm LCW).

Plymouth ' Swansea Spain
Parameter Present Study Choy (1986b) Gurriaran (1981c, 1985)
Major chela 45.8 44.0 -
height
Minor chela 47.5 - -
height
Major chela 47.0 - -
length
Minor chela | 46.0 - -
length
Mean value of 46,5 44.0 -
allometric data
50% of males 48.5 48.0 52.7
abundant sperm.
Smallest male 43.0 41.8 49,5
abundant sperm.
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Figure 4.1. Relationships between chelar height and carapace

width for Liocarcinus puber: male major chela (closed circles and

solid line), female major chela (closed circles and dashed line),
male minor chela (open circles and solid line), and female minor
chela (open circles and dashed line). Each point is the mean of a
Smm size class and vertical bars represent the 957 confidence
interval. Equations for the lines, degree of allometry and further

details are given in Table 4.4.







Figure 4.2. Relationships between chelar length and carapace

width for Liocarcinus puber: male major chela (closed circles and

solid line), female major chela (closed circles and dashed line},
male minor chela (open circles and solid line), and female minor
chela (open circles and dashed line). Each point is the mean of a
Smm size class and vertical bars represent the 957 confidence
interval. Equations for the lines, degree of allometry and further

details are given in Table 4.4.







Figure 4.3. Regression lines of the relationship between
width of the sixth abdominal segment and carapace width for female

(open triangles) and male (closed triangles) Liocarcinus puber.

Equations, degree of allometry and further details are given in

Table 4.4.







Figure 4.4. Relationships between carapace width and female
abdomen length (closed squares and solid lines), male abdomen
length (open squares and dashed lines), female body depth (closed
circles and solid lines), and male body depth (open circles and

dashed lines) for Liocarcinus puber. Equations for the lines,

degre= of allometry and further details are given in Table 4.4,







Figure 4.5. Proportion of Liocarcinus puber (grouped into 2mm

size classes) showing various features of sexual maturity:
females inseminated whilst in soft or papershell state (closed
circles and dashed line; n=38, size range = 36-56mm LGW);
females observed in an ovigerous state (open circles and solid
line; n=46, size range = 38-56mm LOW); and males with an abundance
of spemﬁtazoa in the vas deferens (closed triangles and solid

lines; n=62, size range = 42-54mm LCW).







Figure 4.6. Size-frequency data (from November 1985 to December

1987) for female Liocarcinus puber showing external signs of

sexual maturity : (A) extruding sperm plugs from the oviducts
after insemination at moult (n=62), (B) carried in mating pairs

(0=39) and (C) ovigerous (n=266).







Figure 4.7. Percentage of female Liocarcinus puber with external

signs of recent egg hatching or carrying late stage eggs (Stage 4,
Table 4.2) with ovaries in the following different stages of
development (see Table 4.1 for full description of stages): Stage
II (clear), Stage III (wide hatching) and Stage IV (dots) (number

of crabs examined is given .above each histogram).







Figure 4.8. Percentage of ovigerous (stippled), non-ovigerous

(white) and recently spent (hatched) female Liocarcinus puber

expressed as a proportion of total females (>40mm LCW) for (A) the

period from November 1985 to October 1986 (n=471), and (B) November
1986 to 1987 (n=539).







Figure 4.9. Percentage of ovigerous female Liocarcinus puber with

egg Stage 1 (clear), Stage 2 (cross hatched), Stage 3 (stippled)
and Stage 4 (grey) sampled for (A) December 1985 to August 1986
and (B) December 1986 to July 1987 (numbers of ovigerous females

are given above each histogram and months with <3 ovigerous females

are excluded).
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Figure 4.11. Relationship between brood size and carapace width

for ovigerous Liocarcinus puber carrying Stage 1 and 2a eggs

(closed circles and solid line), Stage 3 and 4 eggs (open circles
and short hatched line), and females with Stage 1-4 eggs but
suf fering*limb loss (open squares and intermitant dashed and dotted

line). . Details of regression equations are given in Table 4.7.






Figure 4.12. Cumulative plot of potential egg development over the
period December to August 1985-86 (open circles, broken line) and
1986-87 (closed circles, solid line). Example I and II are of
ovigerous females sampled on 21/3/87 and 15/7/87 with Stage 2Zb

eggs (ie. 40% through their total development).






Figure 4.13. Estimates using the Hatch Model (Fig. 4.12) of levels
of (A) spawning and (B) hatching for -ovigerous female Liocarcinus

puber sampled from December 1985 to September 1986.






Figure 4.14. Estimates using the Hatch Model (Fig 4.12) of levels
of (;\) spawning and (B) hatching for ovigerous female Liocarcinus
puber sampled from December 1986 to August 1987.






Figure 4.15. Estimates using the Hatch Model (Fig 4.12) of levels
of (A) spawning and (B) hatching of ovigerous female Liocarcinus

puber (40-54mm LCW) for December 1986 to July 1987.






Figure 4.16. Brood size of Liocarcinus puber against short

carapace width (SCW) for (A) the present study (Stages 1 and 2a
eggs), (B) Gonzalez Gurriaran (1981b, 1985a) and (C) Choy (1986a).
The equations are (A) InY = 9.10+0.0502%, (B) ¥ = 0.105 X3-44¢ and
(C) InY = 8.754+0.051X, where Y = number of eggs and X = SCW.






CHAPTER 5

GROWTH



5.1 Introduction

In brachyurans, increase in size occurs solely at times of the
moult when the hard outer exoskeleton is shed together with all other hard
structures. Therefore, moulting leads to a step-wise growth pattern, and
the time between moults is referred to as the intermoult period and the
increase in size at moult as the moult increment. Periodic shedding of all
hard structures, as occurs in brachyurans, precludes their use in direct
age/size estimates, and attempts to find other anatomical structures on
which to base age, such as the number of lamellae in the endocuticle (Yano
and Kobayashi 1969) and number of segments in the exopodites of the
anternules (Conan 1978), have so far proved unsuccessful. Consequently,
crab growth studies have relied on indirect methods of estimating age at a
particular size and have primarily used one, or a combination, of the
following approaches: 1) examination of moult stages based on field
observatiocns, 2) rearing individuals in captivity, 3) mark-recapture
experiments of wild individuals, and 4) analysis of size-frequency

distributions from field data.

5.1.1. Examination of moult stages based on field observations

Observations of soft crabs with intact exuviae on the shore
provide an exact measure of moult increment in the field as well as
establishing the time of moult (ie. the date at which moulting occurs).
This method does not, however, allow any assessment of the intermoult

period, and therefore each observation can only be assessed as an isolated
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event. Analysis of these data therefore yields strong supportive evidence
of when and the extent of increment, but yields no information on the
actual rate of growth. Similarly, examination of crabs in early post-moult
stages (soft and papershell) only yields information on the time of
moulting. Examination of moult stages have been used in many studies of
crab growth and have provided information on increment and seasonélity of
moult (eg. Broekhuysen 1936, Naylor 1962, Edwards 1965, Tagatz 1969 and
Gonzalez Gurriaran 1985b).

5.1.2. Rearing of individuals in captivity

Laboratory rearing, under varying conditions of temperature,
food, salinity and light, has been used in many studies of crustacean
growth and results have been compared with growth rates based on size—
frequency and tagging experiments {(Kurata 1962, Leffler 1972, Klein
Breteler 1975a, 1975b, Chittleborough 1976, Hartnoll 1978a). The growth
rate of reared crabs has been shown to be particularly dependant on both
ambient temperature and food availability (Klein Breteler 1975b, Hartnoll
1982). For example, elevated temperature appears to reduce the intermoult
period whilst largely unaffecting the increment at moult (Hughes et al.
1972, Botsford 1985). Reduction in the intermoult period at elevated
temperatures is enhanced by an abundance of food, which may also affect
the size increment at moult (Klein Breteler 1975b). Hartnoll (1982)
concluded that as the effects of laboratory rearing on the percentage
increment and intermoult period may be appreciable and variable, the use

of rearing experiments to examine growth rates must be treated with

caution.
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5.1.3, Mark-recapture experiments of wild individuals

Mark—recépture experiments have been used extensively for
commercial crustacean species to examine migratory movements, growth and
mortality (Edwards 1964, Bemmett 1970, Conan and Gundersen 1979).
Estimation of growth using tagging techniques requires some mechanism by
which the tag is maintained throughout the shedding of the exoskeleton.
Tagging methods have been reviewed exltensively (Chittleborough 1974,
Bermett and Lovewell 1983), and the main criticism is that the placement of
an externally protruding tag may damage the integument and alter the
behaviour and feeding activity, and hence affect the growth, of individuals
(Cooper 1970, Hill and Wassenburg 1985). In addition, elevated mortality
has been noted in tagged individuals, and tagging may make the individual
more vulnerable to predation and infection (Fujita and Takeshita 1979,
Gonzalez Gurriaran 1981c, pers. obs.). A novel approach, which appears to
reduce some of the deleterious effects of tagging, wuses binary coded
micro-wire inserted into the body musculature which is retained through
moulting (Jefferts et al. 1963). The cost of both detecting (using an
electro-magnetic device) and monitoring returns makes this latter approach

economically viable only for large scale programmes.

5.1.4, Analysis of size-frequency distributions from field data

The use of size-frequency data to estimate growth was pioneered by
Petersen (1891) for fin-fish, but was superceeded, in temperate waters,
by the discovery of direct ageing methods, such as the use of annular
growth rings of otoliths (Lea 1913). For groups such as crustaceans and,
particularly, for tropical fin-fish (where direct ageing of fish using

armular ring growth is difficult due to less marked seasonal fluctuations),
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the use of size-frequency data in modal class progression analysis has
continued. One method, utilising probability paper (Harding 1949, Cassie
1954), has been applied, with some success, to crustaceans to identify
cohorts (Poole 1967, Powles 1968a, 1968b, Farmer 1973, Thomas 1973,
Gonzalez Gurriaran 1985b). The technique may be criticised because it
relies on a level of subjectivity in that the worker has to pick the points
of inflexjon between cohorts and assess a sizé to age relationship to
elucidate one of the growth parameters (to). To overcome some of the
problems caused by such subjectivity computer programmes, such as ELEFAN,
have been developed primarily for use for tropic fin-fisheries {(Pauly
1987). ELEFAN examines the best fit to a series of monthly poly-modal
distribution frequencies and assesses the degree of 'closeness of fit'
between the actual and estimated curves. Computer-aided size—frequency
techniques have been used with some success for crustacean and molluscan
growth studies (Pauly and Calumpong 1984, Pauly et al. 1984, Choy 1986a,
Pauly 1987).

Use of size—-frequency analysis to determine growth of crabs by
both probability paper and computer-aided model relies on the species
having identifiable cohorts, each with a normal distribution. Problems
arise where distinct cohorts do not occur, eg., when larval release, and
subsequent recruitment, occurs over an extended period of the year, with no
clear peak period of recruitment (Du Preez and McLachlan 1984a, Dittel et
al. 1985). Variations in the date of settlement and limb loss (Chapter
6) also result in the size-frequency distribution for any one cohort being
made up of several 'moult classes'. Size-frequency analysis using modal
progression techniques is complicated further by the step—wise nature of

brachyuran growth, as ELEFAN and the probability paper technique, predicts
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a curve (ie. an estimate of continuous growth) for what is essentually a

discontinuous growth pattern.

All four of the above techniques were used in this study in order
to achieve as accurate an estimate as possible of the growth rate of

Liocarcinus puber. Particular attention has been paid to the analysis of

the size-frequency data collected from the monthly field samples (Chapter
3). |
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5.2. Materials and Methods

5.2.1. Field measurements

The methods used in the regular monthly sampling programme have
been outlined in Chapter 3.

Recently moulted soft crabs, together with their intact exuviae,
were occasionally observed in the littoral zone. The exuviae were measured
in the field and the soft crabs were placed in sea water, returned to the
laboratorf and measured after a period excéeding Sh. The latter time

interval was based on a previous study of Liocarcinus puber which showed

that soft crabs required between 4=-5h post moult to reach full expansion
(Gonzalez Gurriaran 1981b).

5.2,2. Laboratory-rearing procedure

Following the recommendations of Hartnoll (1982), the rearing
environment approximated, as closely as possible, the physical parameters
experienced in the natural habitat, with temperature and light being
allowed to fluctuate seasonally. Details of the holding facilities at
Bovisand have been described previously (Chapter 3). Crabs were reared at
Bovisand and their growth was examined over a 19 month period (January 1986
- July 1987). Due to tﬁe aperture size in the holding crates, only crabs
>30mm long carapace width (LCW) were reared. Each was fed twice weekly
with approximately the same quantity of food. The diet consisted of one

to two opened Mytilus edulis (L.) (3-4cm), or  strips of Pollachius
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pollachius (L.) (approximately 4 by 2cm), fronds of Fucus spp. and strips

of Laminaria spp.. Algae were added for nutritional purposes and to allow

the crabs some cover. Prior to feeding, crabs were examined for moulting

and any uneaten material from the previous feeding was removed.

5.2.3. Analysis of the size-frequency data

The twenty four month size-frequency data set (January 1986 -
December 1987) was analysed using poly-modal size-frequency analysis
(Harding 1949, Cassie, 1954) to elucidate any modes in the distributionm.
For each month, the size-frequency data for the three zones were combined
and grouped into 1lmm size-frequency classes. The method requires the
size-frequency distribution to be plotted cumlatively on probability
paper; points of inflexion on the graph demark separate cohorts. Data for
maie and females were plotted separately and, where sample numbers were low
(<100 individuals), monthly samples were combined to give bimonthly totals.
Increases in modal size of cohorts between months were estimated and the
growth parameters (Lo and K, see below) were determined using the Gulland-
Holt method (Gulland 1983).

Growth was expressed using the mathematical formula of Von
Bertalanffy (1938) which in its simple form is :

Lt = Lo 1 - el=K(t=to)] 1)
where Lt is the length of the animal at time t, Loo is the asymptotic
length, K is the growth constant describing the rate at which the length of
the animal approaches Lo, and to is the function to descibe the time at
which length would approximate zero.

Data from the rearing experiments and the size-frequency field

sampling were analysed to estimate Lo and K using the Gulland Holt plot
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(eg, see Fig. 5.13), where K = -b and Leo= a/K [a is the intercept of the
x-axis and b is the slope (Gulland and Holt 1959)]. The third parameter of
the von-Bertalanffy equation, to (time at which length approximates zero),
was estimated by re-arranging equation (1):
to =t + (1/K) In[(Lo- Lt)/Le] (2)

Therefore, if the length at a given age (t) is known, then to can be
estimated. To estimate the length at a given age (t), a degree of
subjectivity is required, as this relationship may not be readily apparent
from the field data. The best estimates for to are from young, but fully
recruited cohorts to the adult population (Pereiro 1982, Gulland 1983). To
remove some of the more subjective elements (such as 'picking' the points
of inflexion, and estimation of to) of the probability paper technique, and
to allow comparison of results between size;frequency analysis techniques,
the model ELEFAN (electronic length frequency analysis) was also used to
analyse the size-frequency data (Pauly and David 198l). ELEFAN separates
the normally distributed components of the distribution, identifies the
growth parameters and generates the growth curve which minimises the sum of
squared deviations from the means of the component distribution (Pauly
1987). The output of the model yields a ratio of the 'explained sum of
peaks' over 'available sum of peaks' (ESP/ASP ratio) (ie, a measure of
goodness of fit of the predicted size-frequency curve).

As a function of the ELEFAN programme, a seasonally oscillating
growth equation was plotted using a modification from Gaschutz et al.
(1980) :

Lt = Lo [1-e(-K[-(t-to)+(C/2x) (sin(2n(t-ts))])] (3)
where ts _is the winter point - 0.5 (winter point is the coldest month of

the year expressed as a fraction and is the start of the simusoidal cycle)
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and C is the intensity of the seasonal growth oscillation (C = O when there
is no seasonal oscillation and C = 1 where seasonal growth is appareﬁt).
The ELEFAN programme therefore assumes that the data conform to the von
Bertalanffy equation and, by varying the values for Lw, K, C and ts and
optimising the ESP/ASP ratio, ELEFAN selects the best fit parameters to the
data set. The programme requires no assumption of age at length to derive

to but extrapolates from the size-frequency data.
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5.3.1. Size-frequency distributions

Immature crabs (<40mm LCW) were well represented in the littoral
sampling at Wembury throughout the year (Figs 5.1 and 5.2). Recruitment of
post-larval crabs (size range between 5-10mm LCW) was first noted in August
1987 and during October 1986 (in females only). During 1987, this post-
larval size class formed a marked mode in the size-frequency distribution
from September to December and reached a modal size of 15-20mm ICW by
December. Moulting appears to be minimal for all sizes from January to
June as there was no modal growth in the size-freqency data (Figs 5.1 and
5.2). Growth of immature male and female crabs can be inferred from June
to December 1986 when crabs increased from 15-20mm to 30-45mm ICW, Larger
females (post moult >37mm LCW) of this mode may mature and mate at this

stage producing viable eggs over the following spring (Chapter 4). The

growth of this cohort beyond the second winter is not readily discernable



sub-littoral occurred over most of the year, however, the most marked
period of recruitment was in August, September and October for 1986 (Fig.
5.3). Similar trends were not observed for the same period for 1987,
possibly due to poor recruitment (supporting the notion of poor
recruitment based on littoral zone sampling for this year class). The
size-frequency distribution of adult females >50mm LCW showed no clear
separation into recognisable modal groups (Fig. 5.3). Male recruitment
to the adult sub-littoral stock also occurred over much of the year, but
was most obvious from June to December, when immature crabs were growing
(Fig. 5.4). Large individuals, of the size range 60-80mm LCW, formed the
main size group sampled during the sub-littoral survey. Within this
latter size range, no clear modal size groups could be readily equated to

any year classes.

5.3.2, Moult periodicity based on field samples

Throughout this section 'periodicity' refers to the time (ie.
date) of moulting, and 'intermoult period' refers to the length of time
between successive moults for an individual.

Immature Liocarcinus puber were observed in early post moult

stages (ie. soft and papershell) from April to December (Fig. 5.5A). Very
low levels of early post moult individuals were observed from January to
April, indicating that growth was negligable over this period. Increased
moulting rate, and hence growth, occurred from May and reached a peak from
June to September when 15% of all immature crabs sampled were either in a
soft or papershell condition (Fig.5.5A). The proportion of immature crabs
in soft and papershell condition declined from September to a minimal level

in December. Immature crabs complete the stages from soft crab to
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intermoult stage within 7-17 days (Table 5.1). Therefore, the relatively
high levels of crabs in early post moult stages found from May to November
suggest that immature crabs moult several times over this period (Fig.
5.5A).

The seasonal variation of occurrence of juveniles with heavily
worn exoskeletons, and with high settlement of epizooites, was consistent
with the pattern just described for soft crabs (Fig. 5.5B). There was a
clear peak of late intermoult immature crabs in April with few being found
at other times of the year. These data suggest that there was a low degree
of moulting over winter. The marked decline in percentage in late
intermoult individuals in May and June suggests further that a high
proportion moulted over this period (Fig. S.SB)._

Mature females (>40mm LCW) showed a very seasonal growth pattern
based on field evidence (Fig. 5.64A). Early post moult females were
observed from August to November, with a peak of occurrence in August and
a smaller peak in November (Fig. 5.6A). There was a significant difference
between the size of individuals moulting in the two peak periods, with
smaller mature females (40-50 mm LCW) making up the November peak compared
with August (>50mm LCW) (ANOVA, F=8.15, df=1,32, P<0.05). The percentage
of mature females with heavily worn and fouled exoskeletons (ie. 1late
intermoult) also showed a marked seasonal pattern (Fig. 5.6B). A peak in
July was followed by a decline from August onwards. The steady increase of
females in the late intermoult stage over the winter and spring suggests
that moulting, particularly for larger individuals, is an anmual
occurrence, with the main moult period being from October to November.

Mature males (>45mm LCW) in early post-moult stages (soft and

papershell) were more common in the sub-littoral zones compared with the
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littoral zone (Fig. 5.7A). In the sub-littoral, mature males were observed
in early post moult stages primarily from June to August, although a few
large individuals moulted in March (Fig. 5.7A). In the littoral zone,
méulting occurred later in the year and extended from June to October (Fig.
5.7A). The sizes of mature male crabs in early post moult were compared
(ANOVA) to identify any trend in sizes of males moulting between months
(Table 5.2). Significant difference (P<0.05) in the size of male crabs
was observed between months for the sub-littoral zones, with large
individuals (>65mm LCW) moulting early in the year (March, June and July)
and smaller males (45-65 mm LCW) moulting later (from July to October)
(Table 5.2). In contrast, there was no clear size trend observed for male

Liocarcinus puber in the littoral zone, except that those moulting in

September were smaller than in July, August and October (Table 5.2). The
frequency of occurrence of male crabs in late stage intermoult showed a
similar pattern for each of the three zones (Fig. 5.7B). A decline in
percentage of late intermoult crabs occurred in June, suggesting that early
sumer was the main moulting period. The progressive increase in the level
of mature males in late intermoult stages from December to May suggests

that little moulting activity takes place over winter (Fig. 5.7B).

5.3.3. Moult periodicity based on observed moults

Observations of soft crabs with intact exuviae on the shore
allowed an assessment of both moult periodicity and m.oult increment in the
natural population (Fig. 5.8). Immature soft crabs (<20mm LCW) with
intact exuviae were never collected in the field in this study. Soft
individuals with exuviae of 20-60mm LCW were found, but predominantly in

the littoral zone under large boulders. Mature males (>60mm LCW) appeared
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to moult only in the sub-littoral and incremental data for this size class
results from mark-recapture experiments for the circalittoral zone, where
several crabs were repeatedly recaptured before and immediately after moult
(Chapter 10). Mature females were rarely observed with an intact exuvia.
The majority of mature females are protected by males whilst moulting and,
as the males are fully mobile even whilst in copula, they transport the
females away from their moult site. The two mature females observed with
intact exuvia were found under stones in the littoral zone without the
attendance of a male. The periodicity of these field observations,
although based on small numbers, indicates that large males (>60mm LCW)
moult in mid-summer (June/July) and smaller individuals of both sexes
moult from June to November (Fig. 5.8).

In the laboratory, Liocarcimus puber maintained under ‘'natural'

conditions of light and temperature (Section 3.3) showed a very marked
seasonal moulting pattern (Figs 5.9 and 5.10). Small males (31.8-55mm
LCW) moulted up to three times over the nineteen month period, whilst
larger males (>55mm LCW) moulted twice (Fig. 5.9). The first peak period
of moulting occurred in early sumer (June and July), when all males
moulted. The second period of moulting occurred in late autumn (late
September to mid-December) and was made up entirely of small (<55mm LCW)
individuals., A third peak occurred over a more extended spring and summer
period, when the largest individual moulted in late March (increasing from
70.6 to 81.2mm ICW) and other males moulted from May through to the
termination of the. experiment at the end of July (Fig. 5.9). Large females
(>50mm LCW) moulted once in late summer (July-September), and smaller
individuals (37.2 - 43.0mm LCW) moulted in mid-summer and again between

late autumn and early winter (Fig. 5.10).
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5.3.4. Increment at moult - comparison of 'wild' and laboratory-reared data

To use data from laboratory-reared individuals to estimate growth
parameters for the generation of growth curves, the reared individuals must
conform to the growth pattern of their 'wild' counterparts. The moult
periodicity, as examined above, showed close agreement between 'wild' and
reared individuals. Comparison of the relationship of premoult size
versus post moult size can be used to identify differences between the
percentage increase at moult, and has been used in this study to compare
'wild' .data (soft crabs found with intact exuviae) and reared crabs (Fig.

5.11). The premoult : postmoult relationship for Liocarcinus puber was

linear for all sizes of males, whilst females showed a slight reduction in
increment for larger individuals (>55mm LCW) (Fig. 5.11). No significant
difference was observed between the ratio of premoult size to postmoult
size for 'wild' crabs and 'laboratory reared' crabs for males or females
| (P>0.05) (Fig. 5.11; Table 5.3). Similarly, no significant differences
were detected between growth factor (percentage increment at moult) and
premoult carapace width for 'wild' and 'laboratory reared' for male or
female crabs (P>0.05) (Fig. 5.12; Table .5.3). The semi-logarithmic plot
of female growth factor against carapace width showed a marked
discontinmuity at 55mm LCW, whilst the male plot showed an increase in the

variability of the data points for larger individuals (Fig. 5.12).

5.3.5. Growth equations
The monthly size-frequency data for the three zones were

combined, grouped into lmm size classes and modes were identified using the
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probabality paper technique. An example of this graphical technique is
illustrated in Figure 5.13. Modes in the size-frequency distribution for
each monthly, or bimonthly, sample were identified by this technique (Fig.
5.14). The increment between the modes of the samples indicates growth
and, using information from the analysis of the periodicity of moult from
the wild (Section 5.3.3), modes have heen joined (Fig. 5.14). The data
for the Gulland-Holt plot (Fig. 5.15A) were obtained from Figure 5.14 using
mid-Febuary as the point of minimal growth, and estimating the apparent
modal growth for six monthly periods (starting mid-Febuary). The parameters
for the Von Bertalanffy (1938) growth equation were estimated subsequently
from the Gulland-Holt plot and are summarised in Table 5.4; the growth
curves are shown in Figure 5.16. The growth curve shows a rapid initial
growth and subsequent decline in rate of increment with age (Fig 5.16).

The very similar patterns of moult periodicity based on field
observations and laboratory-reared individuals, together with no
significant differences between moult increment of wild and laboratory-
reared crabs (Section 5.3.4), has enabled the laboratory-reared data to be
used to estimate growth parameters for the Von Bertalanffy equation. Six-
monthly estimates of growth (starting mid-February as the point of minimal
growth) were taken from Figures 5.9 and 5.10. and growth parameters were
estimated using the Gulland-Holt plot technique (Fig. 5.15B). Values of
the growth parameters are sumarised in Table 5.4 and growth curves plotted
in Figure 5.16. The growth curve for males was similar to the curve
produced using the probability paper technique, however, the female curve
showed an earlier and more marked reduction in growth rate (Fig. 5.16).

The results of the ELEFAN analysis on the modal growth of

Liocarcinus puber gave growth parameter estimates that were very similar to
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those estimated using the other methods (Table 5.4). The ‘'explained sum
of peaks' to 'available sum of peaks' ratio (ESP/ASP) had, as anticipated,
low values (0.116 for females and 0.057 for males). These, in part, result
from ELEFAN predicting a contimuous growth pattern to the data, and from
the variability found within each year class due to factors such as varying
time of recruitment and effects of limb-loss (Chapter 6). Parameters
derived from ELEFAN are given in Table 5.4 and the Von ﬁertalanffy growth
curve in Figure 5.16. The output of the ELEFAN programme incorporates a
function to allow for the seasonal anecdysis over the winter period and
Figure 5.17 shows the seasonal growth curve predicted by ELEFAN for L.
puber. A growth line describing the discontinuous mode of growth for L.
puber has also been superimposed onto the ELEFAN predicted data, using
information on moult periodicity and increment (Sections 5.3.3 and 5.3.4)
(Fig.5.17). The growth pattern derived from ELEFAN varied between males
and females from a size of 55mm LCW, suggesting a change in rate of growth
between sexes (Fig. 5.18). This difference between sexes was also noted
for laboratory-reared individuals (Fig. 5.11). This decrease in increment
at moult for female crabs >55mm LCW, and delayed moult in females, means
that males of the same age will be larger than females and therefore well
capable of fertilising similarly aged females (Chapter 4). The
seasonalised growth data predicted from ELEFAN (Table 5.5) have been added
té the original size-frequency data for the total survey (Figs 5.19 and
5.20). The histograms suggest that the recruitment period may vary
markedly between years and that the time of peak recruitment may differ in
any one year. The data also strongly indicate that crabs beyond their
fourth winter become less abundant compared with younger cohorts. Based

on the curve predicted from ELEFAN, the life expectancy for L. puber
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DISCUSSION

The growth curves predicted in this study from the size—frequency
data and from laboratory-rearing data showed similar values for the rate
constant (K) and asymptotic length (Lw) of the Von Bertalanffy equation
(Fig. 5.16; Table 5.4). The growth curves for laboratory-reared females,
however, | showed a lower size to age estimate for large females (>55mm LCW)
than the estimates from the probability paper and ELEFAN analysis of the
size-frequency distributions. This difference may be explained partly by
problems experienced by females attaching their eggs to the pleopods. The
failure of eggs to attach to the pleopods of captive females has been noted
in several other crab studies, and a soft substratum appears necessary for
successful attachment for portunids and cancrid crabs (Crothers 1968,
Edwards 1971). Even with a sandy substratum, however, laboratory-reared
females were observed to have broods with very low egg numbers and, on
several occassions, were observed to physically remove the few eggs that
had successfully attached. The reared females subsequently produced more
ovulations, with each one failing to adhere. This increased reproductive
effort may, therefore, have reduced the growth for these individuals.

Growth of [Liocarcimis puber has been examined previously

(Gonzalez Gurriaran 198la, 1981b, 1985b and Choy 1986a), and a summary of
the predicted growth parameters is given in Table 5.4 and the growth curves
are shown in Figure 5.16. Gonzalez Gurriaran (1985b) (using the
probability paper technique and supportive field data) estimated a more
rapid development for L. puber from Ria de Arousa, Spain than from

Plymouth, England. Gonzalez Gurriaran (1985b) predicted that after one
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year females achieved 48mm SCW (50.5mm LCW) and males 54mm SCW (57mm LCW),
whereas Plymouth L. puber requires two years to reach comparative sizes
(Fig. 5.16). The age of sexual matufity predicted by Gonzalez Gurriaran
(1985b) is similar to that estimated in the present study (1 year) but, due
to the differing rates of growth, Spanish crabs are larger at maturity than
Plymouth (Chapter 4). Choy (1986a) gave a size of maturity and Lo for L.
puber in South Wales which were similar to the present study, yet the rate
constant (K) for Welsh L. puber was comparable with that of Spanish L.
pubex. Choy (1986a) also used ELEFAN to examine of growth of L. puber and

Liocarcimus holsatus from South Wales. These sgpecies, particularly

adults, showed a markedly discontinuous growth pattern, with an intermoult
period of up to one year (Choy 1986a). ELEFAN has also been used in growth
studies for several invertebrate species (some showing discontinuous
growth, such as penaeids) and ESP/ASP values obtained range from 0.2-0.457
(Rodriguez 1977, Pauly and Calumpong 1984, Pauly et al. 1984, Mathews et
al. 1987). The ESP/ASP ratios from Choy's (1986a) study for L. puber
were extremely high (0.669 and 0.854 for males and females respectively)
and were higher than literature values for animals with contimuous growth!
It would appear that Choy (1986a) mis—interpreted the output from the
- ELEFAN programme as he used an early edition of the computer programme
(S.Choy, pers. comm.). The ESP/ASP ratios obtained for L. puber at
Plymouth (0.057 and 0.116 for male and female respectively) suggest low
agreement between model and data as would be expected from the mode of
growth of the crab, yet the model gave a clear optimumm ESP/ASP ratio,
suggesting that the values for K and Lo were reliable.

The study of growth in other portunids has utilised several

techniques and met with varying success. Broekhuysen (1936) and Naylor
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(1962) examined the modal increment of Carcinmus maenas through monthly

samples. Van FEngel (1958) traced the growth of immature Callinectes
sapidus through to the terminal moult at an age of eighteen months. Paul
(1982) examined the progression of modes in the growth of Callinectes
arcuatus and C. toxotes and constructed growth curves for the juvenilé and
maturing cohorts. Similarly, Potter et al. (1983) traced the growth of

juvenile and sub-adult Portunus pelagicus but found a strongly bimodal

distribution, and were unable to distinguish cohort structure of the latter

mode. Du Preez and Mclachlan (1984a) examined Ovalipes punctatus but

failed to distinguish modal progression due to the prolonged spawning and
recruitment of this species. Dittel et al. (1985) also found difficulty in
distinguishing modes in the size-frequency distribuion for Callinectes
arcuatus due to prolonged spawning. In the majority of these
investigations, the discrimination of modal growth of juvenile instars has
been successfully identified, but clear definition of adult year classes
has been limited to species with a determinate growth pattern and those
with terminal anecdysis at maturity [eg. C. sapidus (Van Engel 1958, Tagatz
1969)]. Hartnoll (1982, 1985) could identify no clear growth pattern for
portunids, although several species have a determinate growth pattern, with
a terminal moult caused by a continual over-production of the moult

inhibiting hormone (MIH) [eg. Carcinus maenas (Carlisle 1957)]. Choy

(1986a) suggested that L. puber undergoes terminal anecdysis over a size
range of 78-85mm SCW for males and 68-73mm SCW for females after a set
number of moults. The present study found a mode in the size-frequency
distribution that gives support to Choy's (1986a) prediction, but several
Plymouth specimens were also observed »10mm larger than the termlnal moult
size suggested by Choy (1986a). This latter finding indictes that L. puber

© 99




shows either a determinant growth pattern with there being marked variation
in size increments between individuals in the study area, or an
indeterminant growth pattern with moulting continuing until mortality
occurs. Without further information on the hormonal cycle controlling
moulting in L. puber it is difficult to argue with conviction which growth
pattern L. puber conforms to.

The percentage increment at moult (growth factor) has recieved
much attention and early investigators believed that the percentage
increment was fixed (generally at about 25%, ie. doubling in volume)
(Przibram 1929). Values of percentage increment have, however, been shown
to vary markedly, and values in excess of 400% have been reported f[eg.

Pachygrapsus crassipes Randall (Hiatt 1948)]. In this study, percentage

increment for Liocarcinus puber decreased with size for both males and

females. The plot of female growth factor based on laboratory-reared
individuals showed a discontinuity for larger females indicating a
reduction in percentage increment. This phenomenon may, as explained
above, be partially due to unsuccessful adhesion of eggs to the pleopods
and subsequent mpltiple ovulations. ELEFAN, however, also predicted a
slower growth rate for females >55mm LCW compared with males (Fig. 5.18).
Therefore, it appears that this discontimuity is real, with laboratory
rearing accentuating the phenomenon. A reduction of growth factor in

females at puberty has been noted for several species (eg. Cancer magister

Dana) and this has been interpreted as a response to competition for
resources between the processes of growth and reproduction (Hartnoll 1982,
1985)., For L. puber this reduction in growth factor occurred at a size
of approx. 55mm LCW, considerably larger than maturity (approx. 40mm LCW,
Chapter 4), suggesting that for L. puber the 55mm LCW size group demarks
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the point where reproduction rather than growth is dominant. This further
supports the theory that the I cohort females (35-55