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study Aims 

The rate of growth in many localised or sedentary marine 

species is governed by the effects and variation of 

environmental parameters. 

At high latitudes few studies have investigated this 

relationship in marine invertebrates and a lack of 

information exists on growth studies combined with an 

ecological and physical assessment of the contemporary marine 

environment. 

Antarctic growth studies have generally been limited to 

short term periods of summer research due to the logistic 

difficulties and commitment required for longer periods of 

work. These investigations, whilst contributing to the 

seasonal pool of Antarctic growth data, provide a basis for 

further work and generally speculate on the causes and 

effects of the limitations to the annual growth cycle in 

benthic marine species. 

The present study aims to elucidate and interpret annual 

variations within the inshore marine environment and 

investigate the interactions of physical, chemical and 

ecological parameters on the growth rates and ecology of two 

Antarctic inshore marine molluscs; the limpet Nacella 

concinna and the bivalve Yoldia eightsi. 
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CHAPTER 1 

Introduction 

1.1 The Maritime Antarctic Environment 

surrounding the Antarctic continent, the Southern Ocean 

represents a marine environment of physical and ecological 

extremes which provides a predictable but demanding habitat 

for the diverse Antarctic benthic fauna. 

The benthos of the continental shelf associated with the 

Antarctic continent and island groups has been subjected to 

an enormous amount of basic descriptive and taxonomic work 

(Dell, 1972 for a review, Dell, 1990; Hain, 1990; Sieg and 

wagele , 1990). Specific attention has been paid to the 

littoral ecology and biogeography of the Southern Ocean 

(Knox, 1960), the major taxonomic affinities of the groups 

found therein (Knox and Lowry, 1977) and the origin of the 

marine fauna (Lipps and Hickman, 1982; Clarke and Crame, 

1989). The common conclusion from these data is that the 

fauna represents a collection of a wide variety of taxa with 

differing biogeographic affinities and a very high degree of 

endemism in many of the taxonomic groups (Cailleux, 1961; 

White, 1984; picken, 1985). This highly endemic 

characteristic suggests that the biota has been isolated for 

a long time and possibly since the inception of the Antarctic 

convergence which effectively created a oceanographic barrier 
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for gene exchange with lower latitudes (Ekman, 1953; Briggs, 

1974; Clarke and Crame, 1989). 

In association with this hypothesis Dell (1972) suggests 

that water temperature is the primary barrier to the 

dispersal of the Antarctic fauna concluding that the biota of 

the southern hemisphere have their dispersal effectively 

stopped by water temperatures below O°C, and that organisms 

adapted to Antarctic water temperatures, on the whole, cannot 

efficiently migrate into warmer waters. 

Low water temperatures have characterised the Antarctic 

marine environment since the late Miocene period 14 million 

years ago and have probably not changed greatly over this 

time (Savin et al., 1975; Shackleton and Kennett, 1975). 

Seawater temperatures close to the continent are annually 

within the range of -2.0°C to -1.5°C (Littlepage, 1965; 

Hicks, 1974). At lower latitudes the annual range is wider 

increasing to -1.9°C to +1.0°C in the maritime Antarctic zone 

(Clarke et al., 1988). A seasonal cycle within this range 

occurs annually (Clarke, 1988; Littlepage, 1965) and may have 

an important role in cuing physiological and ecological 

responses, as has been suggested for the reproductive 

acti vi ty observed in the Antarctic limpet Nacella concinna 

(Shabica, 1976; Picken, 1980b). Physiologically, however, the 
:> 

majority of the benthos examined ShOWLlittle or no evidence 

for temperature adaptation. Oogenesis proceeds extremely 

slowly, takes more than a year to complete with individuals 

typically containing more than one cohort of growing oocytes 
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(pearse, 1963; 1965; Pearse and Giese, 1966; Picken 1979, 

1980a; Richardson, 1979; Seager, 1979; McClintock and Pearse, 

1987). The influence and consequences of low seawater 

temperatures on the physiological functioning and adaptation 

of the Antarctic fauna has consequently received much 

attention (Clarke, 1983 for a review). Many species and 

biological systems have been examined and this has resulted 

in the general synopsis that temperature is generally not 

rate limiting and it is the effects of ecological constraints 

such as food supply which shape the existence of the 

Antarctic biota. 

An extremely seasonal 

productivity punctuates the 

period of 

Antarctic 

high 

summer 

primary 

months. 

Throughout this period there generally is no nutrient 

limitation to phytoplankton growth due to the eutrophic 

nature of Antarctic waters (Sverdrup et al., 1942) but a 

depletion in associated nutrients has been shown to occur 

(Clarke et al., 1988). In some areas, however, and 

particularly those associated with sea ice, nutrient 

depletion and limitation of the bloom does occur (Jennings et 

al., 1984). Characteristically the duration of productivity 

is too short for a second peak (common in temperate 

lati tudes) to develop and winter producti vi ty falls 

essentially to zero (Cushing, 1959; Holm-Hanson, 1985; Perrin 

et al., 1987; Vincent, 1988; Gilbert, (in press». During 

this extremely brief period, however, primary production has 

been estimated by El-Sayed (1968) to be equivalent throughout 

the southern ocean to 20% of that produced by all the oceans 
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of the world. This view is consistent with a general body of 

belief that production is significantly greater in high 

latitudes (Sverdrup, 1955) but more recent observations 

however (Rodin et al., 1975; El-Sayed and Turner, 1977; 

Vermeij, 1978) suggest that there may be little systematic 

difference with latitude. 

Many shelf invertebrates feed on detritus or benthic 

autotrophs and are regulated in their acti vi ties by the 

supply of marine detritus and the seasonality of benthic 

production (Hart, 1942; Lightfoot et ai, 1979). 

Quantitatively this food source, closely related to the peak 

and early decline of benthic and planktonic autotrophic 

populations, is vitally important to the benthos with 

seasonal lows having a much more devastating effect than 

sudden periods of low temperature (Vincent,1988). The 

seasonality of this food supply has been used to explain many 

physiological and ecological features of the benthos 

particularly in relation to reproductive strategies and 

growth rates (Thorson, 1950; White, 1977, 1984: Clarke, 1988) 

In response to the highly seasonal and brief food 

supply, overall growth and reproductive rates for the 

majority of benthic species examined are extremely slow and 

in many species longevity and slow growth to maturity is 

commonly associated with this feature (Pearse, 1965; Shabica, 

1971, Ralph and Maxwell, 1977: Picken, 1980b, Luxmoore, 

1982). In the majority of instances, however, the slow yearly 

growth rates, when examined seasonally, are composed of a 
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relatively high rate of growth during the brief summer period 

wi th very slow or zero growth recorded during the winter 

months. 

The selection and survival strategy for Antarctic shelf 

benthos is therefore attuned to the ecological efficiency of 

the animal in it's environment. This results in an unique, 

diverse and complex biota whose inter-relationships and 

ecological significance in the complexity of the Southern 

Ocean largely remain unknown. 

~.2 The Inshore Marine Environment of Signy Island 

The scotia arc lies to the north of the Weddell sea and 

comprises the South Sandwich, South Orkney and South Georgia 

groups of islands. It is an important area in the northerly 

extension of the Antarctic shelf assemblages and at its most 

northerly limit is situated at the confluence of the Magellan 

and south Georgia provinces (Fig. 1) 

The south Orkney islands (60
0

35'S, 45°38'W), first 

discovered by Powell in 1820, lie 600 km North West of the 

Antarctic peninsula and represent the intermittent 

continuation of the shelf zone in this area (Fig. 2). Powell 

returned in 1821 and was instrumental in charting the two 

main islands in the group: Coronation island to the west and 

Laurie island to the east. 
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Figure 1. The biogeographic divisions of the Southern temperate and 
Antarctic regions (After Hedgepeth, 1969). 
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Later, in 1912-13, the first complete charting of the 

group was carried out by a Norwegian whaler/sealer Peter 

SorlIe whose wife Signy SorlIe gave her name to the small 

island off the south coast of Coronation island where the 

British Antarctic survey has operated its base 'H', in 

Factory Cove, since 1947 (Fig. 3). 

signy Island is low lying, reaching a maximum height of 

280m and occupies an area of approximately 20 km2. A general 

account is provided by Marr (1935) and the annual 

meteorological conditions have been described by Holdgate 

(1967). The climate is influenced to a large part by the 

islands' southerly juxtaposition to Coronation Island, whose 

high medial range of peaks, affected by the prevailing north 

westerly winds, put Signy under an effective cloud cover for 

the majority of the year. 

The inshore marine environment of Signy Island is 

typical of the maritime Antarctic. It is characterised by 

low, relatively stable water temperatures, an annual pulse in 

primary production and an associated seasonal depletion of 

macronutrients. Average salinity is normally 340 / 00 in stable 

winter conditions but is effectively reduced to a range of 

330 /
00 

- 340 / 00 as run-off of melt water during spring and 

summer dilute the inshore waters. A comprehensive record of 

sea-water data collected from Signy Island over a 13 year 

period from 1969 to 1982, including temperature, salinity and 

macronutrient profiles has been analysed and interpreted by 

Clarke et al. (1988). 
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Water temperature typically follows a seasonal cycle 

which ranges from +0.4°C to -1.8°C at 10m depth (Fig. 4). Low 

winter temperatures are followed by a rapid increase which 

accompanies the spring breakout of winter sea-ice with a 

maximum being reached in February which is followed by a 

gradual decline, as the air temperature falls and sea-ice 

forms, to a minimum in August 

Littoral and shallow sub-littoral zones show greatest 

variation in water temperature with extremes of temperature 

in the range +4.0 0 C to _1.9
0 

C being recorded wi thin these 

zones in response to climatic conditions. (Picken, 1985). 

The undersurface of winter sea-ice harbours a distinct 

and important communi ty of micro-algae, heterotrophic 

bacteria and protozoa which are particularly active during 

the early spring and summer as light intensity increases 

(Whitaker, 1982; Palmisano et al., 1987). 

Following the increase in day-length and air temperature 

at the onset of spring, the breakout of winter sea-ice 

precedes a rise in sea water temperature over the short 

summer period from December to February. The breakout of fast 

ice is usually assisted by the prevailing winds and is blown 

out into open water. Directly preceding the breakout of the 

annual sea-ice cover, the melting sea ice community releases 

both flocs of organic matter to the sediment and autotrophs 

to the water column, thus seeding the inshore algal bloom 

(Sakshaug and Holm-Hansen, 1984). 
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with high levels of macronutrients (Nitrate 28-30mg

atom/m3 ; Phosphate, 2.0-2.2mg-atom/m3 ; Silicate 85-90mg

atom/m3 ) in the inshore waters, an input of terrigenollsly 

derived macronutrients through run-off and stability of the 

water column, the main period of primary production is 

induced, in both the planktonic and benthic phytoplankton 

communities (Clarke et al., 1988) (Fig. 5). 

Shortly after the peak of the spring bloom and prior to 

the formation of winter sea ice the vertical downward flux of 

organic material in the form of faecal pellets, flocs and 

bloom derived material, effectively couples benthic 

production with that of the overlying water column (Fig. 6) 

(Clarke & Price, unpubl. data), a feature commonly observed 

in deep-sea environments (Gilkinson et al., 1986). 

Yearly variation in the standing stock of phytoplankton 

and the abrupt tail-off of the phytoplankton bloom appears to 

be unrelated to the date of disappearance or duration of the 

winter fast ice cover or the length of time that the sea

water temperature is above -1°C. The bloom does not appear to 

be nutrient limited (Heywood and Whitaker, 1984; Priddle et 

al., 1986) with the vertical stability of the water column 

and a low occurrence of wind induced turbulence suggested to 

be the most important factors influencing the size and 

intensity of the phytoplankton bloom in inshore waters 

(Kopczynska, 1981: Sakshaug and Holm-Hansen, 1984; Whitaker, 

1982; Clarke 1988). Similarly the productivity of the benthic 

bloom is affected, in inshore conditions, by the increase in 
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intensity of solar radiation and penetration following the 

disappearance of the sea-ice (White, 1973). 

The population dynamics of both pelagic and benthic 

herbivores and their survivorship and input to higher trophic 

levels are therefore inexorably linked to the pattern of 

variation in the intensity of the annual planktonic and 

benthic blooms. 
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CHAPTER 2 

The chemical and physical characteristics of the inshore 

waters of Signy Island. 

2.~ In'trodac'tion 

The physiology of formation of molluscan shell has been 

the subject of frequent reviews (Wilbur, 1964, 1972; Wilbur 

and Simkiss, 1968; Gregoire, 1972, Crenshaw, 1980). Shell 

material is deposited during periods of aerobic respiration 

with calcium and bicarbonate ions entering through the outer 

mantle epithelium to sites where crystals of calcium 

carbonate are formed (Wilbur, 1984). The blood of many 

bivalves has an ionic strength and calcium content close to 

that of ambient sea water but generally has a significantly 

higher carbon dioxide content. This results in a relatively 

high blood pH (7.70-7.52) with the majority of carbon dioxide 

being present as carbonate or bicarbonate ions and a 

significantly greater carbonate alkalinity than surrounding 

sea-water. The accumulation of calcium or other cations 

involved in the formation of shell carbonate is accomplished 

through a combination of dietary intake, differential 

absorption from ambient seawater or by the solution of 

previously deposited shell material. 

The carbon dioxide/carbonate/bicarbonate system in the 

sea is complex and provides the ions required for molluscan 

shell formation. This system is regulated by pH and 
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temperature. At low water temperatures seawater has a higher 

alkalinity than warmer waters, is saturated with bicarbonate 

ions and show a greater solubility for oxygen and carbon 

dioxide. 

Temperature and salinity fluctuations and their effects 

on skeletal carbonate mineralogy have received much attention 

(Lowenstam, 1954a, 1954b, 1964; Kennedy et ai, 1969). In the 

majority of bivalves an inverse relationship exists between 

the percentage of calcite in the shell and the mean 

temperature of the environment inhabited by the bivalve. The 

precipitation of calcite and aragonite, the main biogenically 

deposited carbonate forms, is adversely affected by low 

temperatures. These have the effect of increasing the 

solubility products of the carbonates and as a consequence 

increase the energy required by the animal to precipitate 

shell carbonate under these conditions. This feature is 

concomitant with the general observations of decreased 

calcification at low water temperatures (Ansell, 1968; Graus, 

1974) and a tendency towards thin, fragile and chalky shells 

in polar molluscs (Nicol, 1967b). 

Theoretically there should be no limitations to the 

availability of either calcium or carbonate ions within polar 

waters. The chemical oceanography of Antarctic inshore waters 

has, however, received little attention with a lack of 

available information on the seasonal pattern of the 

parameters affecting the carbon dioxide system and cations 

involved in the formation of molluscan shell. The measurement 
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and interpretation of these 

importance in understanding 

which may limit or control 

molluscs. 

2.2 Ha~erials and He~hods 

parameters is therefore of 

the physico-chemical factors 

shell formation in Antarctic 

During the austral spring and summer of 1985/86 and 

throughout 1987/88, daily and bimonthly water samples, 

respectively, were taken from Factory cove at a depth of 10m. 

Temperature in situ was recorded using 3 standard 

oceanographic reversing thermometers and the samples sealed 

and transferred to the laboratory on Signy Island for 

analysis. Sub-samples of the samples taken during 1985/86 

were removed for calcium, magnesium and strontium 

determination and stored at -20°C in acid washed 

polypropylene bottles prior to analysis in the U.K.. The 

remainder of the sample was used in the pH method of 

determination of carbonate species in sea-water (strickland 

and Parsons, 1972). 

50ml of the sample was warmed to 20° - 25°C and the pH 

measured subsequent to and after the addition of 12.5mls of 

O.OlN HCI. The quantification of carbonate species was 

determined for each sample by the application of the 

algorithms presented by strickland and Parsons (1972). 
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samples taken during 1985/86 were analysed after 

dilution for 

Instrumentation 

spectrophotometer 

techniques. 

calcium, strontium 

Laboratory Video 

using standard 

and magnesium on an 

11 atomic absorption 

air/acetylene flame 

salinity of collected water samples (1985/86) was 

measured within 30mins of collection using a Plessey 

Environmental Systems salinometer calibrated daily with 

standard sea-water. 

2.3 Results 

Samples taken over the period from February 1987 to 

December 1988 covered one summer and two winter seasons. The 

maximum temperature recorded during this period was -O.84°C 

in February 1987 with a minimum of -1.86°C occurring in July 

of the same year. During 1988 the temperature regime was 

slightly shifted with the highest water temperature recorded 

in March and the lowest in August. The general yearly pattern 

evident over 1987 and 1988 (Fig. 7) starts in early November 

with a significant rise in water temperature from the stable 

winter low, reaching a maximum towards the end of the summer 

in February to March. An abrupt decline follows this period 

with water temperatures steadily declining over a period of 

two months to a winter low in May/June which remains 

relatively stable over the July to November winter period. 
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water temperature during the summer period of January to 

March 1986 ranged from +O.l°C to +1.35°C with an average over 

the three months of +0.71 ° C (Fig. 8a). Daily temperatures 

were highly erratic and apart for a period of 14 days during 

the end of February, showed no obvious trend or pattern to 

their variations. During this period, however, water 

temperature dropped from +1.26°C to +0.26°C 

salinity measurements taken during the period of 

February to December varied from 33.0450 / 00 to 34.1480 / 00 and 

were highly erratic responding to brief periods of 

terrigenously derived melt water during the summer (Fig. 8b). 

Using the equation : 

FP = - 0.0966 CI - 0.0000052 Cl3 (Thompson, 1932) 

(where FP = Freezing point and CI = Chlorinity), a 

theoretical freezing point of -1.85
0 

C is obtained for the 

average salinity over the study period of 33.910 / 00 • This is 

slightly higher than the observed coldest water temperature 

but is representative of the "initial" freezing point of the 

sea water, namely the temperature at which an infinitely 

small amount of ice is in equilibrium with the solution. 

Further to this point and as soon as any ice has formed the 

concentration of the dissolved solids, or brine, increases 

and hence the formation of additional ice can take place only 

at a lower temperature. Observations confirming a lower than 

expected sea water temperature have been reported for the 
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inshore waters of signy Island suggesting that the phenomenon 

may be associated with very low air temperatures in 

combination with the formation of sea ice (Clarke et al., 

1988). 

The measurements of total alkalinity over the two 

periods are presented in Figure 9. Throughout the two year 

period values varied erratically around a mean of 2.325 

millieq/l and ranged from 1.778 to 2.784 millieq/l with no 

obvious seasonal trend. The daily analysis of samples taken 

throughout the summer period of January to March 1986, 

however, shows a definite trend with total alkalinity 

dropping steadily from late January to the beginning of March 

and then returning to its January level by the end of March. 

Values ranged from 0.275 millieq/l to 2.877 millieq/l with an 

average value of 2.158 millieq/l over this period. 

Carbonate alkalinity (0.225 - 2.827 millieq/l), total 

carbon dioxide (22.02 - 286.79 mols/l x 10-5 ) and bicarbonate 

ion concentration (20.83 - 271.72 mols/l x 10-5 ) (Fig. lOa) 

show a similar trend but apart for a weak tendency towards a 

low at the end of February no corresponding pattern is 

evident in either partial pressure of carbon dioxide (1071 -

9214 kPa) , dissolved carbon dioxide (0.334 - 14.699 mols x 

10-5 )(Fig. lOb) or carbonate ion concentration (0.239 - 14.71 

mols x 10-5 ) over this period. 

No obvious pattern was evident in these parameters over 

the period sampled from February 1987 to December 1988 though 
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less variation was evident over this interval. pH Values over 

the two periods ranged from 7.35 to 8.12 (Fig. 8c) and 7.73 -

8.62 respectively corresponding to mean values of 7.74 and 

8.14. These results are summarised in Tables 1 & 2. 

Calcium, strontium and magnesium concentrations showed 

little variation throughout the range of measurements (Fig. 
J 

11) with mean values of 395 ± 4.92 mg/l, 7.41 ± 0.13 mg/l and 

1315.5 ± 24.3 mg/l respectively. No significant trends were 

evident when analysed statistically with correlation 

coefficients (R2) of 8.6%, 50.2% and 22.6% recorded 

respectively for the relationship of calcium, strontium and 

magnesium levels with time. 

strontium levels show a peak towards the end of January 

which corresponds to the period during which the minimum 

salinity was recorded (Fig. 11c). This feature is not evident 

in calcium or magnesium levels and is suggested to be in 

response to a period of melt and associated runoff of 

terrigenously derived strontium rich water • 
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Table 1. summary statistics of seawater analyses of daily 
samples (N = 83) taken between 08, January 1986 and 31, March 
1986. Alk. = Alkalinity, millieq = milliequivalents, kPa = 
kilo Pascals, pC02 = Partial pressure of CO2 , 0/00 = parts 
per thousand. 

Total Alk. 
(millieq/l) 

Carbonate Alk. 
(millieq/l) 

Total CO2 
(mols/l x 10-5 ) 

pC02 
(kPa) 

Dissolved CO2 
(mols/l x 10 5) 

[HC03-] 
(mols/l x 10-5 ) 

[CO 2-] 
(mols/l x 10-5 ) 

site Temperature 
( 0 C) 

Field pH 

salinity 
(0/00 ) 

Calcium 
(mg/l) 

strontium 
(mg/l) 

Magnesium 
(mg/l) 

Ca/Sr 

Mg/Ca 

MEAN MEDIAN STDEV MIN MAX 

2.158 2.431 0.69 0.275 2.877 

2.128 2.421 0.69 0.225 2.827 

213.75 241.63 68.28 22.02 286.79 

9584 8345 5571 524 23055 

6.11 5.32 3.55 0.33 14.70 

202.29 228.48 64.61 20.83 271.72 

5.31 4.59 3.41 0.24 14.71 

0.71 0.70 0.32 0.10 1.35 

7.74 7.75 0.23 7.35 8.12 

33.907 33.939 0.18 33.045 34.148 

395.60 395.00 4.92 382.50 410.00 

7.41 7.40 0.13 7.04 7.72 

1315.5 1318.0 24.3 1252.0 1364.0 

53.41 53.46 1.05 51.17 56.11 

3.28 3.28 0.09 3.08 3.49 
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Table 2. summary statistics of seawater analyses of bi
monthly samples (N = 45) taken between 02, February 1987 and 
31, December 1988. Alk. = Alkalinity, millieq = 
milliequivalents, kPa = kilo Pascals, pC02 = Partial pressure 
of CO2 , ppt = Parts per thousand. 

MEAN MEDIAN STDEV MIN MAX 

Total Alk. 2.325 2.315 0.21 1.778 2.784 
(millieq/l) 

Carbonate Alk. 2.259 2.256 0.20 1.708 2.644 
(millieq/l) 

Total CO2 
215.98 218.02 17.12 162.28 242.23 

(mols/l x 10-5 ) 

pC02 
3681 3452 1504 1071 9214 

(kPa) 

Dissolved CO2 2.35 2.20 0.96 0.68 5.87 
(mols/l x 10 5) 

[ HC03-] 201.35 205.00 15.51 151.40 224.54 

(mols / l x 10-5 ) 

[CO 2-] 13.30 10.89 6.49 4.72 35.85 
(mots/l x 10-5 ) 

Site Temperature -0.98 -1.60 0.96 -1.86 0.84 
(0 C) 

Field pH 8.14 8.10 0.17 7.73 8.62 
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2.4 Discussion 

Levels of the major constituents calcium, magnesium and 

strontium in the inshore waters of Factory Cove lie close to, 

or within the ranges of 1256-1272 mg/l Magnesium, 396-400 

mg/l Calcium and 7.7-13.0 mg/l strontium, reported by other 

workers for ocean waters of similar salinity (Sverdrup 'et aI, 

1942: Nicol, 1967b; Kalle, 1971:' Millero, 1974; Riley and 

Skirrow, 1975). 

The essential steps in the seawater carbonate equilibria 

are ; 

C02 (gaseous) :; CO2 (Aqueous) 

H20 + CO2 (Aq. ) - H2C03 ... 
H2C0 3 :; H+ + HCO -3 

'HC03 - -- H+ + CO 2-3 

with the relative proportions of these four major forms of 

inorganic carbon depending on the temperature, pressure, pH 

and salinity. The interconversion routes between dis sol ved 

C02' H2C03 and HC03- are probably best depicted by : 

--.. 

+ 

As carbon dioxide is removed from seawater, bicarbonate 

dissociates to rebalance the system. This results in a 
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relatively stable dissolved concentration and partial 

pressure of carbon dioxide and a decline of bicarbonate 

species as the carbon dioxide is used, until the excesses of 

the demand can be compensated for by the solution of 

atmospheric carbon dioxide into the water mass. 

Clarke et ai, (1988) have collated and reviewed seawater 

nutrient and chlorophyll data for Factory Cove over a 13 year 

period from 1969 - 1982. The development and variation in the 

standing stock of the annual phytoplankton bloom and the 

level of macronutrients is analysed over this period and 

reveals a typical annual trend in bloom occurrence and 

duration. Negligible winter chlorophyll levels (0. 23mg/m3 : 

minimum monthly mean) begin to increase as the bloom begins 

in November reaching peak chlorophyll biomass (22.4 

50. 9mg/m3) in mid-January. The bloom then declined rapidly 

reaching winter levels by March. Associated with the increase 

in phytoplankton biomass was an extensive depletion in the 

levels of nitrate (28-30mg-atom/m3 to 13-16mg-atom/m3 ) 

phosphate (2mg-atom/m3 to 1.2mg-atom/m3 ) and silicate (85mg

atomjm3 to 65mg-atom/m3 ) Minima for these nutrients 

typically occurred in January and February with a gradual 

recovery to pre-bloom levels over winter. 

In 1986 the decrease in total alkalinity, carbonate 

alkalinity, total carbon dioxide and bicarbonate ion 

concentration during the summer period began to occur during 

mid to late-January and recovered in early March. This is 

concurrent with the timing of nutrient depletion and the 
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decline of the bloom described by Clarke et a1 (1988) and 

represents the removal of carbon by phytoplankton during this 

period. The depletion of dissolved carbon dioxide alters the 

equilibrium states of the other elements in the carbonate 

system decreasing the bicarbonate concentration and by so 

doing reduces the total alkalinity. The standing stock at the 

peak of the bloom depletes nutrient and bicarbonate levels 

significantly, with the nutrient and total alkalinity minima, 

occurring after this event, representing the continual 

reduction of these parameters as the season progresses. Pre

bloom bicarbonate and nutrient levels are restored following 

the decline of the phytoplankton community and the reduction 

of phytological demands. 

The carbonate system is relatively stable during the 

winter period, with most anomalies occurring in response to 

physical or biological events during the spring and summer. 

Despite the seasonal decrease in total alkalinity and related 

carbonate species in the waters of Factory Cove, levels of 

these ions and those of calcium, strontium and magnesium, 

necessary for the biogenic production of skeletal carbonate, 

are sufficient to suggest that the chemical environment of 

Factory Cove does not appear to limit the growth of shell 

forming organisms. 
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CHAPTER 3 

Ecological aspects of growth in the Antarctic limpet 

Nacella concinna. 

3.~ Introduction 

The patellid limpet Nacella (Patinigera) concinna 

(strebel, 1908), is the dominant and most conspicuous shallow 

water macro-invertebrate of the maritime Antarctic region. 

The type locality is south Georgia (54
0 

16' S, 26° 30' W), 

and it has been recorded from the South Orkney Islands, 

Bouvet~ya and Seymour, Paulet, Wandel, Anvers and Petermann 

Islands and the Antarctic peninsula (Powell, 1951, 1960, 

1965; Dell, 1964, 1990). N. concinna occurs from the 

intertidal to 110 m depth (Powell, 1973), and at Signy 

Island, south Orkneys (60
0 

43'S, 45
0 

38'W), it accounts for 

approximately 83% of the prosobranch biomass and 3% of 

prosobranch numbers on rocky substrates in the depth range 0 

- 12m (Picken, 1980b). 

powell (1973) recognised two distinct forms of Nacella 

concinna from specimens collected at South Georgia. These 

were a shallow water "polaris" form and a deeper water, more 

typical, "concinna" form, separated on the basis of shell 

profile and morphology. Typical shells of the "polaris" form 

possess a central to anterior third apex and have a 

moderately thin but robust shell, while those of the 

"concinna" form have the apex in the anterior third and 

possess a thin and fragile shell (Fig. 12) 
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Fig. 12. Examples of the shallow water pol aris a nd the d eper wa ter 
concinna , forms of the Antarctic limpe t Nacella concinna as r cogni sed 
b y Powell (197 3 ). 
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Walker (1972) recognised the "polaris" form of Nacella 

as the only form present in the nearshore and littoral 

environment of signy. Walker separated this population into 

two distinct sub-groups, one in the littoral zone, the other 

in the deep sub-littoral zone, below 4m. These exist as 

discrete morphological groups overlapping only at zone edges 

during summer. Differences in the shell height to shell 

length ratio characterise these groups with typical littoral 

shells having a greater shell height for a given length than 

those of the deep sub-littoral group (Fig. 13). At the onset 

of winter there is an migration of littoral animals into the 

shallow sub-littoral, producing a mixed winter population in 

this zone. This is associated with falling air temperatures, 

increasing wave action, an increase in bird predation and the 

formation of a detrimental ice film in the littoral zone 

(Walker, 1972). At Palmer station, Anvers Island (64° 46'S, 

64 ° 05'N), N. concinna has been reported to respond to low 

temperatures and exposure to anchor ice by secreting a highly 

viscous mucus sheath which prevents extracellular ice 

formation down to -10
0 e and inhibits the external growth of 

ice crystals (Hargens & Shabica, 1973). 
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Fig . 13. Typical shell types of littoral a nd sub-littoral Nacella 
concinna from the inshore population of Signy Island. South Orkney 
Islands. 
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3.2 Materials and Methods 

Nacella concinna were collected from littoral and sub

Ii ttoral areas of Factory Cove, Signy Island, South Orkney 

Islands (Fig. 3), during the austral summer from November 

1985 to April 1986. Sub-littoral animals were collected from 

depths of between 3m and 5m , by SCUBA diving, and littoral 

animals were collected from the area around the station jetty 

and at Knife Point in Factory Cove (Fig. 3). In each case all 

animals over 10mm shell length occurring within two 10m x 2m 

transects were collected. This lower shell length limit was 

chosen following the observations of Walker (1972) of a 

change in the shell length/height relationship being evident 

only in those animals over 20mm in length. 

Shell length, height and width were measured to ± 0.01 

mm with vernier calipers. The tissues were then excised, 

blotted gently and the wet mass determined. Dry mass was 

measured after drying at 60 ° C for 24 hrs, and ash content 

calculated following ignition at 550°C in a muffle furnace 

for 12 hrs. Shell mass was measured to ± 1mg in air and in 

distiled water at 20°C, and the density of the shell 

calculated. Internal shell volume was determined from the 

weight of distiled water which would fill a level upturned 

shell. The presence of epibiota and the sex of mature 

individuals were recorded. 

Shell chlorophyll content (that is the chlorophyll 

within the shell matrix) was determined in 5 freshly shucked 
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Shell chlorophyll content (that is the chlorophyll 

within the shell matrix) was determined in 5 freshly shucked 

individuals from each of the two populations. Individual 

shells were firstly scrubbed externally to remove epiphytic 

material and then finely powdered with a pestle and mortar. 

Chlorophyll was extracted individually from each shell by 

shaking the powder with 5mls of 90% acetone in a test tube 

and placing it in darkness at 4°C for 24 hours. The mixture 

was then centrifuged for 20 mins at 1000 gav' the supernatant 

removed and made up to 5 mls. Absorbence was measured at 

665nm and 750nm in a pye SP6 spectrophotometer and total 

chlorophyll content determined from standard algorithms. 

A sample of limpets was sacrificed for detailed 

internal and surface analysis of the shell and radula. 

Shells were brought through a five fold series of resin 

concentrations in acetone (Metset SW resin, Buhler UK) from 

40% to 100%. The material was embedded, sectioned and the 

shell material dissolved in 0.5N HCI. Radulae were isolated 

by dissection, incubated in O.lN KOH for 5 hours, and were 

prepared using standard electron microscopical techniques. 

Both preparations were examined with a Cambridge Stereoscan 

Mk III scanning electron microscope. 

In preparation for optical microscopy a sample of 

shells was ground to a medial plane on a diamond embedded 

wheel, presoaked for 24 hours in a 60% acetone/resin solution 

and embedded in a 5% dental plaster/resin mixture. This 

mixture helped to disperse contractive forces induced on the 
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material as the resin hardened, and was of a final hardness 

comparable with the shell material. Thin sections were made 

from the resultant blocks using standard geological 

techniques. 

Nacella middens of the Dominican Gull Larus dominicanus 

(Lichtenstein) were randomly sampled using a 25cm x 25cm 

quadrat at three sites close to the Nacella collection sites 

in Factory cove (Fig. 3.). Length, width and height of the 

shells were measured to ± O. 01mm using a Vernier callipers 

and shells were assigned visually to either littoral or sub

littoral population groupings on the basis of shell shape. 

Sub-samples of thirty individuals from the living 

Ii ttoral and sub-Ii ttoral popUlations and from Dominican 

gull middens of littoral origin were used in the 

determination of shell shape. 

For each shell a shell uniformity index (S • U • I.) was 

calculated. width measurements of the shell base were taken 

one third of the way from the anterior edge (W1 ) and one 

third of the way from the posterior edge of the shell (W2 ) 

(Hockey & Branch, 1983). S.U.I. values were calculated as the 

ratio of anterior to posterior measurements (S.U.I. = W1/W2 ) 

with values close to unity indicative of a more elliptical 

base shape than those with lower S.U.I. values. 

Shell widths were measured to ± O.Olmm with a vernier 

calipers. Mean S.U.I.s were calculated for each shell 
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collection and compared using T-tests, following arcsin 

transformation of the data. statistical analysis of all data 

was performed using the computer statistical software package 

MINITAB v6.1.1 (Minitab Inc., 1987). 
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3.3 Results 

3.3.1 Shell morphology 

The relationships between shell length and shell 

height for the two populations of Nacella concinna at Signy 

are shown in Figure 14, and the regression parameters are 

given in Table 3. In neither the littoral nor the 

sub-littoral populations were the relationships for males and 

females significantly different (P > 0.05 for both slope and 

intercept). In each case therefore, relationships have been 

calculated for both sexes combined. The slopes and 

intercepts of these two relationships differ significantly (P 

< 0.001). The height to length relationship of animals from 

the sub-littoral shows a large amount of variability 

unexplained by the regression, in contrast to the tight 

relationship in the littoral animals. Thus for an animal 25mm 

in length a littoral individual will have an average height 

of 8.07mm, in contrast to 6.62mm in a sub-littoral individual 

(95% C.L., ± 0.016 and 0.030 respectively). 

wi th a clear distinction between populations in terms 

of their height to length relationship, measurements of 

breadth and shell dry mass were included in the data set with 

the intention of using a discriminant function analysis to 

separate the populations using all four parameters. With 

individual shells already assigned to a particular population 

on the basis of their shell length/height relationship, a 

discriminant analysis was performed on the data. 
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Figure. 14. The relationship between shell " length (mm) and 
shell height (mm) in the littoral, ., and sub-littoral, 0, 

populations ~f Nacel1a ~onci~a in Factory Cove, Signy 
Island. The fltted regresslon 11nes for the total populations 
are given in Table 3. 95 points (43 ., 52 0) have been 
omitted to prevent obscuring the diagram. All data points are 
included in the analysis. 

Table 3. Nacella concinna. Least squares regressions of shell 
length (rom) on shell height (mm). Separate relationships are 
given for males an~ females, and for the littoral and 
sub-littoral populatlons. Factory Cove, Borge Bay, Signy 
Island, 1985/86. b = regression co-efficient, SE = Standard 
error int = intercept (regression constant), n = number of , . 
individuals, %var = percentage varlance explained by the 
fitted line, F = variance ratio (all p < 0.001, two tailed). 
Range of shell lengths examined, 8mm to 40mm. 

b SEb int n %var F 

Littoral 

Males 0.453 0.045 -3.22 45 91.1 450.38 

Females 0.390 0.046 -1.78 61 87.1 407.74 

Total 0.416 0.018 -2.33 218 92.9 2786.51 

Sub-littoral 

Males 0.287 0.068 -0.587 86 60.4 130.71 
Females 0.293 0.070 -0.709 73 65.0 134.47 
Total 0.299 0.040 -0.860 217 65.1 403.47 
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This analysis assigned 92% of individuals to the 

correct populations, the groups being described by the 

discriminant function; 

S= -1.0679 t - 0.4022 B + 0.9733 H + 12.1184 SOM 

where L = shell length (mm), B = shell breadth (mm), H = 

shell height (mm) and SOM = shell dry mass (g). A Score (S) 

of < 0 indicates a shell from the littoral population and S > 

o from the sub-littoral population. 

3.3.2 Shell shape 

Mean S.U.I. values for the living littoral collection 

(mean = 0.95, s; ± 0.03, n=30) were significantly greater 

than those of either the sub-littoral (mean = 0.94, S • + , -

0.03, n=30, t = 1.72, 0.05 < P < 0.1) or midden (mean = 0.93, 

s; ± 0.04, n=30, t = 1.82, 0.05 < P < 0.1), collections. 

comparison of sub-littoral and midden collections were not 

significantly different (t = 0.37, P > 0.5, n=30). 

There was no correlation between shell length and 

S.U.I. values in any of the collections (r < 0.1, P > 0.5) 

eliminating variation in limpet size as a factor influencing 

the S.U.I. 
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3.3.3 Shell volume and tissue mass 

Internal shell volume was measured in a small number of 

individuals from both populations (n=9). The relationships 

between volume and length in the two populations were 

significantly different, having similar slopes (0.1 < P < 

0.2) but significantly different intercepts (P < 0.001) (Fig. 

15). 

The relationship between ash free dry mass and length 

for the two populations showed a significant difference (P < 

0.001) in the biomass for animals of given length ( Fig. 16: 

Table 4). They indicate that for an individual 25mm in length 

the mean tissue dry masses of littoral and sub-littoral 

animals will be 218mg and 233mg respectively. These figures 

are slightly higher than those data of Picken (1980b) (25mm : 

204mg) for a sub-littoral population collected over a similar 

sampling period at a nearby locality in Factory cove (Table 

5) • 

The differences in shell morphology between littoral 

and sub-littoral Nacella are matched by changes in shell 

density and organic content (Table 6). Littoral shells are 

denser and have a lower organic content than those of the 

sub-littoral, and these differences are highly significant 

(organic content: t = 6.08, df=7, P < 0.001: Density: t = 

12.55, df=432, P < 0.001). 
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Table 4. Nace~~a concinna. Least squares linear regressions 
of Ln shell length (mm) on Ln Tissue dry mass (g) and Ln 
Tissue ash free dry mass (g). Separate regressions have been 
computed for littoral and sub-littoral populations. Factory 
Cove Borge Bay, Signy Island, 1985/86. , . 
DRY = Tissue dry mass, AFDM = Tlssue ash free dry mass. Other 
abbreviations as for Table 1. 

b SEb int n %var F 

Littoral 

DRY 3.41 0.041 -12.50 117 96.3 3001. 48 
AFDM 3.45 0.042 -12.80 117 95.9 2707.75 

Sub-littoral 

DRY 2.44 0.078 -9.31 217 72.7 . 576.16 
AFDM 2.41 0.075 -9.57 217 79.6 845.53 
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Table 5. The relationship between the mean tissue mass and 
length in littoral and sub-littoral animals in the present 
study and in that of Picken (1980b) based on an individual of 
shell length 25mm. na = not available. 

Present study Picken (1980) 

95% 
Mean confidence Mean 
(mg) limits (mg) 

Littoral 218 167.5 , 268.5 na 

Sub-littoral 233 194.4 , 271.6 204 

Table 6. Shell density and organic content in Nacella 
concinna, Factory Cove, Borge Bay, signy Island. Organic 
content determined as loss on ignition (% dry mass of shell). 
SO = standard deviation, n = number of individuals analysed. 

Mean so n 

orqanic content 
(% dry mass of shell) 

Littoral 2.89 0.268 5 
Sub-littoral 4.02 0.316 5 

Density 
(q/ml) 

Littoral 2.62 0.032 218 
sub-littoral 2.58 0.031 217 

Chlorophyll 
(mq/q dry mass shell) 

Littoral 2.13 2.02 4 
sub-littoral 65.00 23.48 5 
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Associated with the higher organic content of sub

littoral shells is a significant difference in chlorophyll 

content between the two morphs (Mann-Whitney U test, U = 10, 

P < 0.02), suggesting an endolithic algal infection of the 

shell material. 

Resin impregnation and subsequent etching of the shell 

shows a highly developed matrix of resin filled burrows. (Fig. 

17). The shell material exhibits high levels of chlorophyll 

(35 - 95 mg/g wet mass shell) and the endolithic Conchocelis 

phase of a red alga, typical of Bangia sp. and Porphyra sp. 

which occur locally, has been isolated as the causative agent 

in this instance (Porter & Peck, pers. comm.). The intensity 

of infection and the penetration of the algal hyphae through 

the shell layers declines with depth into the shell. The 

outer layers show most perforation and severe alteration of 

these layers by the algae is evident (Fig. 19). 

48 



Fig . 17. £lec tron micrograph of a sub-l i t toral Nacella conci nna s ll '11 
a , Resin impregnation s howing resin f ill e d algal borings, reveal d 

on dissolution of the shell material, bar = 40jJm, EXT = Exte rn a l 
s urface. 

Fig . 18. Electron mi crograph of a sub-littoral Nacella conci nna s he ll 
s howing s he ll s urface abrasion and grooving, bar = 200jJm. 

49 



Fig. 19. Composite 
showing varying 

electron micrograph of a transect across 
intensity of algal penetration from external 

sub-l ittoral Nacella 
(INT) shell layers, 

and through a 
(EXT) to internal 

concinna shell 
bar = 100j.1Ill. 

o 
It) 



3.3.4 Bxternal shell morphology 

Examination of the external surface of all sub-littoral 

shells revealed an extensive pattern of fine grooves (Fig. 

18). When present in littoral animals these grooves were 

restricted to the apical region of the shell. Usually a 

standard arrangement of 4 grooves, two narrow inner and two 

broader outer grooves, could be seen. This characteristic 

surface sculpture can be matched by the configuration and 

alignment of the radular teeth of Nacella concinna (Figs. 20 

& 21 ; Table 7). In particular the ratio between the large 

and small grooves matches that of the large and small teeth 

on the radu1a of Nacella. Although the actual size of radular 

teeth (and hence any grazing marks) will vary with limpet 

size, the similarity of the ratios suggests strongly that the 

grooves on the shells of Nacella are made by the radulae of 

other Nacella. 

Table 7. Nacella concinna. Comparison of the distance ratios; 
small to large shell surface grooves and small to large 
radular teeth. Data analysed after arcsin transformation. SO 
= standard deviation, n = Number of individuals examined. 

Mean SO n 

Grooves 49.07 1.28 5 

Teeth 48.89 1.64 5 

student's t, t = 0.20, df = 7, P > 0.5, two-tailed. 
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Fig. 20. Dorsal view of the radula of Nacella concinna, ba r = 50 pm. 

Fig. 21 . Lateral view of t he radula of Na ell a con irma , bar = 501-'"" 
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Where epibiotic organisms are present on the shell, the 

underlying shell material is usually preserved in its 

original state (Fig. 22). Using these epibiotic organisms as 

a plane of reference, it can be seen how greatly the 

unprotected shell 

structure of the 

has become eroded. The robust, layered 

shell, 

undisturbed accretion and 

deposited 

growth, 

under conditions 

is evident below 

of 

the 

protecti ve epibiotic crust. The unprotected shell material 

surrounding this area has been reduced, from this original 

state, to one or two layers in thickness, the process 

occurring gradually from the time of epibiotic settlement to 

that of collection. In sub-littoral animals, this reduction 

in shell thickness often reveals the 'horse-shoe' shaped 

myostracal layer which shows externally in severely eroded 

animals and provides a translucent, thin site for shell 

fracture. In extreme cases where the shell has been reduced 

to a critical thickness, fracture has occurred and the apex 

has become detached, exposing the soft tissues of the animal. 
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Fig. 22. Cross section of a sub- littoral Nacella concinna shell showing the protection afforded by an epihiotic 
encrusting organism (Epi) against shell erosion . Scale bar = 2mm. 



3.3.5 Avian predation 

The Dominican Gull Larus dominicanus and the Sheathbill 

Chionis alba (Gmelin) are the two major predators of N. 

concinna from the littoral and very shallow sub-littoral 

zones, particularly during the late autumn and winter months 

(Jones, 1963; VOous, 1965; Hedgpeth, 1969; Shabica, 1971, 

1976; Walker, 1972). Both species remove attached limpets 

from the substrate, with a combination of pecking, prying and 

twisting. 

Sheathbills, when successful, remove the limpet from 

its shell which is then simply discarded in the littoral 

zone. Those animals which survive the predatory attentions of 

sheathbills show external peck marks which can pierce and 

break the shell. This is particularly evident in the thin 

shelled sub-littoral animals. Shabica (1976) attributes these 

marks to the erratic woodpecker type pecking behaviour of 

sheathbills, although animals surviving Dominican gull 

attacks also possess similar shell damage. 

Limpets from the living population bearing peck marks 

formed 15.2% of the 218 littoral and 2.3% of the 217 sub-

littoral shells examined. This difference reflects the 

differing availability of the animals to avian predation, and 

agrees with previous observations of maximum foraging on 

populations of Nacella concinna (Shabica, 1976) and the 

related Nacella delesserti (Branch, 1985) during periods of 

low water, especially spring tides. 

55 



Dominican Gulls ingest 2-5 limpets during a feeding 

cycle, and regurgitate the empty shells after digestion at 

regularly used sites. Limpets which are larger than 40mm in 

length and too big to swallow, are taken to a similar area 

and the flesh removed and eaten (Shabica, 1976). This 

systematic and localised deposition of shells in safe 

roosting areas results in the accumulation of extensive shell 

middens contributed to by gulls of all age classes. 

All middens sampled contained both littoral and 

sub-littoral shells. within the combined midden collections 

the size distribution of sub-littoral shells 

(18.00mm-32.00mm) fell within the range of the littoral 

shells (8.00mm-46.00mm). Littoral shells dominated each 

midden sample I indicating selective predation of the more 

easilY accessible animals of the littoral zone (Fig. 23). 

Al though the size ranges of shells from indi vidual midden 

sites were similar, there were significant differences 

between the distributions of animals taken from each zone (P 

< 0.01) and between different middens (P < 0.01) (Table 8). 

Table 8. Nacella concinna. Two-way analysis of variance of 
midden shell length on the interaction between midden site 
and shell type. df = Degrees of freedom, SS = Sum of Squares, 
MS = Mean Square. 

source df SS MS F P 

Site 2 1099.28 549.64 31.79 < 0.01 
Shell type 1 186.92 186.92 10.81 < 0.01 
Interaction 2 41.46 20.73 1.20 > 0.05 
Error 1186 20501.30 17.29 
Total 1191 21828.97 
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Figure 23. Length frequency distributions of littoral and 
sub-littoral assigned shells of individual and combined 
middens and the percentage length frequency distribution of 
pecked shells within the living littoral population o f 
Nacella concinna at Signy Island, South Orkney Islands. 

57 



The length/frequency distributions of midden shells 

assigned to the littoral and sub-littoral populations, and 

the percentage of pecked individuals within the living 

littoral population are shown in Figure 23. Population size 

distributions of midden shells of littoral origin and the 

living littoral population were significantly different 

(Kolmogorof-Smirnov, P < 0.001). The littoral population is 

bimodal with a median value of 22mm and is in direct contrast 

to the leptokurtic distribution of the littoral midden shells 

with a median value of 26mm. within the living littoral 

population the incidence of shells showing predatory attack 

varies from 4% to 55% between size classes, with a low, 

consistent, incidence over the 22mm - 28mm size intervals. 

within the living populations individuals below 29mm in 

shell length show a lower incidence of peck marks than those 

over 29mm (Fig. 23). Limpets taken by gulls, and represented 

in the midden assemblages, show a similar upper limit to size 

selection, with the majority of individuals preyed upon being 

between 21mm and 29mm in length (25% - 75% interquartile 

range: 22.77mm - 28.35mm). 

If predatory attack was entirely random the proportion 

of pecked to unpecked individuals wi thin each size class 

should be similar. The proportion of pecked shells within 

the various size classes is, however, significantly non

random (X2=20.66, DF=4, P < 0.001) indicating a size 

selecti ve preference in the foraging behaviour of feeding 

gulls. 
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3.4 Discussion 

The signy Island population of Nacella concinna 

exhibits unusual shell morphologies which may be attributed 

to a combination of behavioural and stress-induced effects. 

Walker (1972) noted a considerable variation in shell 

structure both between the summer littoral, and sub-littoral 

limpets and also within the sub-littoral population. Animals 

up to 20mm in length did not appear to vary consistently with 

the environment. Above this length morphometric relationships 

showed significantly different slopes (P < 0.001) giving 

shell heights for animals of standard length consistent with 

the predictions of the present study. He suggested that 

differences in morphology and epibiotic encrustation between 

the two groups were phenotypic and related to exposure, 

breaking waves or possibly, both of these factors. These 

views are supported by the observations of Berry and Rudge 

(1973) from sites of varying wave exposure throughout the 

latitudinal range of Nacella concinna. 

5habica (1976) recorded both of Powell's forms, as well 

as hybrid shell types from the N.concinna population of 

Arthur harbour, Anvers Island (64°46'5, 64°05'W), suggesting 

that for this population the size differential and variation 

in shell morphology between the observed shell types may be 

induced environmentally and is only evident in sub-littoral 

animals. 
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In contrast to Walker (1972), Shabica (1976) suggested 

that wave action had little effect on the shell morphology of 

N. concinna because he could detect no significant difference 

between the littoral animals of exposed and sheltered shores. 

Shabica (1976) also observed a decrease in shell thickness 

with depth, and stated that the robust nature of the littoral 

shell was an environmentally induced adaptation to the 

crushing effects of ice. This adaptation, eventually leading 

to the "polaris" form, was suggested to arise from the 

migration of the deeper water, ribbed, "concinna" form 

towards the surface as they get older, where an irreversible 

environmental alteration to the shell morphology takes 

place. 

It seems likely that the population of N. concinna 

described from Anvers Island consisted of Powell's "polaris" 

form showing the same morphological variation described by 

Walker from Signy. The assumption of "polaris", "concinna" 

and hybrid forms suggested by Shabica (1976) was based on the 

profile descriptions of Powell on intact and structurally 

undamaged shells and does not take into account shell 

erosion. 

The "concinna" form, described from South Georgia, has 

a distinctive bathymetric distribution which makes it 

unlikely to be present in the Anvers Island population. It 

seems more plausible therefore that the shell differences 

observed by both Walker (1972) and Shabica (1976) within 

inshore populations of Nacella concinna forma polaris are 
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phenotypic effects, environmentally controlled and spatially 

significant. 

variation in limpet shell shape, expressed as a 

function of length and height has been well documented and 

attributed to a variety of environmental influences. Water 

turbulence and wave action (Russell, 1907; Ebling et al., 

1962; Walker, 1972: Berry & Rudge, 1973; simpson, 1985), 

desiccation (orton et al., 1956; Lowell, 1984) and shore 

zonation (Moore, 1934: Ebling et al., 1962, Branch, 1981), 

have all been shown to effect spire height and position, with 

individuals under the most environmental stress generally 

having higher profiles. 

At Signy, the difference in the length to height ratios 

between the different shell morphs is coupled with a 

significant difference in the relationship between biomass 

and shell volume. A littoral limpet has on average about 20% 

less biomass (ash-free dry mass) compared with a sub-littoral 

animal of similar volume. A large proportion of the 

available shell volume is therefore void of tissue. This 

phenomenon is common in littoral limpets which require to 

clamp down and retract their tissues during periods of 

environmental stress (Thomas, 1948). The muscular effort 

involved is thought to induce mantle distortion resulting in 

the formation of a high spired shell (Russell, 1907: Orton, 

1932: Moore, 1934; Ebling et aI, 1962: Fretter & Graham, 

1962: Branch & Marsh, 1978). 
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Comparison of the tenacity between the two morphs at 

signy showed no significant differences (Davenport, 1988c). 

Results indicated a higher level of adhesion in sessile 

animals over mobile individuals, but lower overall tenacities 

than previously recorded for limpets in general. Mobility and 

shell deportment also differed between littoral and 

sub-littoral morphs and were generally shown to be attributed 

to differences in shell density and exposure to air 

experienced by the different forms. 

A recent study of allelic variation, based on the 

examination of 5 enzyme loci in 600 individuals revealed no 

discernible difference between the two forms at Signy (Wei, 

1988). Littoral and sub-littoral animals thus appear to be 

genetically identical, which suggests environmentally 

induced, phenotypic changes as being responsible for the 

observed differences between the two forms. 

3.4.~ Endoli~hic infes~a~ion. 

Endolithic algae have been frequently reported 

attacking the shells of gastropods and bi val ves (Johnson & 

Anderson, 1962: Bathurst, 1966: Alderman & Jones, 1967: 

Golubic, 1969; Golubic et aI, 1970; Kohlmeyer, 1969, 1972: 

cavaliere & Alberte, 1970: Bergman et aI, 1982). Infestation 

is usually localised to areas of erosion or shell damage 

(which are sites of easy access to the organic matrix of the 

shell) and proceed along axes of crystal growth penetrating 

successive shell layers. In the majority of cases this does 
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not affect the animal's well being, but does increase the 

organic content of the shell. Sub-littoral shells are prone 

to harbour invading alga due to the relative stability of 

their environment, their lack of exposure to surface 

conditions and their greater proximity to the algae, Bangia 

sp., porphyra sp. which are likely to provide source 

organisms for infection (Peck & Porter, pers comm). A similar 

conchocelis phase infection to that found in Nacella has been 

reported in the brachiopod Liothyrella uva also at Signy 

Island with heavily infected animals showing a 15% increase 

in shell organic content over uninfected, or poorly infected 

individuals (Peck et aI, 1987). 

The presence of endolithic borers adversely affects the 

strength of the material invaded (Kohlmeyer, 1969, 1972; 

Golubic, 1969; Bergman et aI, 1982). Sub-littoral Nacella are 

highly infected with algal borers particularly in the 

external shell layers. Ramification of the algae within these 

layers produces an intricate, perforate structure which 

decreases with depth into the shell and provides an easily 

accessible algal biomass within the soft and exposed shell 

substrate to grazers capable of its excavation. The 

significant morphological differences between shells of 

littoral and sub-littoral forms are a consequence of algal 

boring, with the presence of such an algal food source within 

the shells of sub-littoral animals indirectly having a 

detrimental effect by encouraging grazing which weakens the 

shell and leads to shell damage. 
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3.4.2 Intraspecific shell grazing 

The composition, morphology, operation, excavation 

efficiency and effect of the docoglossan radula found in the 

patellacea has received much attention (Jones, 1946; Brian & 

owen, 1952; Lowenstam, 1962; Powell, 1973; Branch & Branch, 

1980: steneck & Watling, 1982; Black at al, 1988; Clarke, 

1989; Hawkins at al, 1989: Van der Wal, 1989). 

The shells of N.concinna, particularly those of the 

sub-littoral form, show excavation marks which correspond 

precisely with this limpet's radular dentition (Table 7). The 

matching of the external shell sculpture with radular 

configuration indicates that the embedded algal food source 

within the shell is being exploited by other individuals of 

the sub-littoral limpet population. It is during November and 

December, the period directly preceding and including the 

reproductive phase of the year that intraspecific shell 

grazing is most likely to occur. During this period the 

animals aggregate, form stacks and generally come into 

physical contact more often than would usually occur (Picken 

& Allan, 1983). Throughout the rest of the year however, 

feeding habits and diet will bring sub-littoral animals into 

contact with many varied substrates. During this period 

individuals will frequently clamber over one another in the 

process of feeding and abrasion of the shell surface is 

likely to occur (Nolan, unpubl. obs.). The excavation of the 

underlying shell material may be random and follow a general 

pattern of opportunistic substrate testing. conversely, if 
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animals are feeding on crustose coralline algae it may 

present a substrate of similar algal content and hardness to 

the foraging animal, and be grazed accordingly. 

The characteristic grazed sub-littoral shell is also 

evident in midden collections from South Georgia and the 

Antarctic peninsula (Nolan, unpubl. obs.), indicating that 

this behaviour occurs widely within the geographical range of 

Nacella concinna. 

3.4.3 Predation 

Below the low water mark asteroids, echinoids, 

prosobranch gastropods, pycnogonids, nemertine worms and two 

Antarctic cod species have all been reported to prey on N. 

concinna (Walker, 1972: Shabica, 1976: Blankley, 1982). 

Within the littoral zone the Dominican gull, Larus 

dominicanus and the Sheathbill, Chionis alba are the major 

predators of N.concinna (Jones, 1963; Hedgpeth, 1969a; 

Shabica, 1971: Walker, 1972; Blankley, 1981). 

Predation strategies of L. dominicanus are dependent on 

the size range of available individuals. Shells between 5mm 

and 40mm long are generally eaten whole and the shells later 

regurgitated, whilst those from 40mm to 60mm in length are 

removed from the substrate, the tissue removed from the 

shell, and eaten in situ, or in the supra-littoral zone. On 

Marion Island the limpet N. delesserti forms a large part of 
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the diet of L. dominicanus (Blankley, 1981; Blankley & 

Branch, 1985). Regurgitated shells are comparatively rare, 

and limpets of shell lengths ranging from 40mm to 55 mm are 

most heavily preyed on. Similarly on Macquarie Island N. 

maquariensis accounts for 15% of the diet of L.dominicanus 

with larger individuals consumed in situ (Simpson, 1976). 

Where individuals over 40mm are rare the majority of shells 

are regurgitated in communal middens. At Anvers Island 

Shabica (1976) calculates a midden accumulation rate of 1.3 x 

104 limpets/year/hectare under these circumstances. 

There is a general decrease in bathymetric range 

(Shabica, 1971) and a suggestion towards smaller size (Berry 

& Rudge, 1973) within Antarctic limpet populations as 

latitude increases. In consequence the predation strategy and 

post foraging behaviour of the Dominican gull at Signy is 

dictated by the general absence of individuals above 45mm in 

length wi thin the exposed Nacella concinna population. In 

the absence of individuals too large to swallow, the 

regurgitated shells of digested limpets, contained in gull 

middens, are therefore an accurate measure of the predation 

pressure on different size classes of the limpet population. 

Peck marks indicate the survival of an individual to an 

attack. Although Shabica (1976) could find no evidence of 

size selective predation in the similarly distributed Arthur 

harbour population of Nacella, the distribution of peck marks 

in Nacella at Signy suggests strongly that prey selection 
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does occur, and is particularly important within the littoral 

community. 

Individuals below 21mm in length would appear to be 

generally avoided whereas the majority of those over 29mm in 

length, although attractive to the foraging gull (evident in 

the relatively large number within the living population 

showing peck marks), survive through greater tenacity with 

increasing shell size. The selection of prey is therefore 

restricted to a size range of limpets which maximises the 

foraging efficiency of the gull. 

Observations by Hockey and Branch (1983) on the 

predation of Patella granularis by the Black African 

Oystercatcher Haematopus moquini have shown that limpets in 

predator-free populations are more pear-shaped than those in 

depredated populations. They suggest that limpets with a 

recognisable anterior and posterior end are more susceptable 

to attack as they are less likely to clamp down prior to 

attack if approached from behind. 

Midden shells represent foraging success of the 

Dominican gull in the littoral zone and have a shape which is 

significantly more pear-shaped than those animals remaining 

within the littoral population. Sub-littoral animals 

generally possess a pear-shaped shell which is evidence of 

the lack of avain attention caused through inaccessibility in 

this population. 
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Hockey and Branch (1983) suggested that the selective 

influence by Oystercatchers on the genotypes of Patella 

granularis was sufficient to be detectable in the phenotypes. 

Littoral and sub-littoral populations of N. conncina at Signy 

Island appear to be genetically identical (Wei, 1988). 

Predation by Dominican gulls predominantly occurs upon the 

littoral population and has a selective influence on the 

phenotypes of the littoral population. This, however, does 

not appear to effect a genotypic difference between the 

limpet populations. 

3.4.4 Conclusions 

Wave action, ice-film formation and exposure to air are 

likely to be of major consequence in determining shell 

formation and shape of the Antarctic limpet. Dominican gull 

predation also represents a contributing force influencing 

the differences in shell morphology between the littoral and 

sub-littoral forms of N. concinna. The significant 

morphological discreteness of the littoral and sub-littoral 

forms is further compounded by the presence of endolithic 

algae within the shells of sub-littoral animals and the 

intraspecific shell grazing activities of the animals 

themselves. within the sub-littoral zone intraspecific shell 

grazing induces shell fragility and affects an individual's 

longevity and resistance to predation. Conversely, littoral 

animals have a low incidence of intraspecific shell grazing 

but experience a level of Dominican gull predation which 

selecti vely influences the phenotype of the Ii ttoral 
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population. The apparent differences in shell form between 

littoral and sub-littoral animals are therefore induced by a 

combination of physical, biological and behavioural 

influences. 

69 



CHAPl'ER 4 

The determination of shell growth rate in Nacella concinna 

4.~ Introduction 

The recapture of tagged and released individuals of many 

species has proved to be a successful method in estimating 

annual and instantaneous rates of population growth (Ricker, 

1975; Kirkwood, 1983). The success of the method depends upon 

the level of physiological stress suffered by the individual 

upon marking, the efficiency and speed of the marking 

technique and the rate of recapture of marked indi viduals 

over time. with the former factors reduced to a minimum the 

mortality rate due to the tagging procedure is negligible and 

the rate of recapture, especially in slow moving or sessile 

animals, high. The resultant changes in morphological 

parameters recorded over time may be subsequently used to 

provide a reliable estimation of the population growth 

parameters. 

4.2 Materials and Methods 

603 Individuals representing both morphological forms of 

Nacella concinna were collected from the littoral and 

sub-littoral zones of Factory Cove during January, February, 

May, August and October 1988 (Fig. 24a) for long term shell 

growth analysis in ambient conditions by means of tagging and 

subsequent recapture. 
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Figure 24. Nacella concinna. A : The temporal distribution of 
release periods and number of individuals released during the 
period January - December 1988. B : The temporal distribution 
of release periods for individuals recaptured during the 
period January December 1988 and C : The temporal 
distribution of recapture periods for recaptured individuals 
during the period January 1988 - May 1989. 

71 



The process involved in the marking of individuals 

developed through time as faster less stressful methods were 

developed. Ultimately animals upon collection were sanded 

with fine grade emery paper to remove surface anomalies. This 

area was then acetone wiped to clean and dry the shell and a 

light coat of pale coloured emulsion paint applied to this 

surface. Upon drying an individual identification number was 

written on the paint surface with black writing ink and a 

coating of clear nail varnish applied. Once dry a covering of 

cyanoacrylate 'Superglue' finished the procedure. 

Animals were acclimated in laboratory conditions for 3 

days after which time shell length, breadth and height was 

measured to ± O.Olmm using a Vernier calipers. Animals were 

liberated close to the point of collection and allowed a 

minimum time of 60 days in natural conditions before 

recapture. upon return to the laboratory length, breadth and 

height was again recorded. 

4.3 Results 

Of the 603 animals marked a mortality rate of 8.29% was 

observed following the marking procedure and before release. 

There was no significant difference between the mortality 

rates of littoral and sub-littoral animals. Of the remainder 

that were released 19% (116) were recovered by the end of the 

study period comprising 72 animals of littoral origin and 44 

animals of sub-littoral origin. Animals on average were 
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recaptured after 198 days (SD = 82.57) with maxima and minima 

of 33 and 514 respectively. The temporal distribution of 

release and recapture periods is presented in Figure 24b and 

24c. 

Of the shells recovered, abrasion of the shell edge and 

other physical shell damage was evident in 30% of individuals 

effecting one or other of the parameters measured. The most 

acute incidence of shell loss accounted for a reduction in 

shell length of 2.44mm over a period of 191 days with a great 

many similar instances of negative or zero shell gain 

recorded. 

Animals whose period of liberty was mainly during the 

summer showed the greatest incidence of shell loss based on 

the analysis of daily incremental addition, with those 

recaptured after winter and yearly release periods showing a 

lower incidence of negative shell growth. In all cases the 

mode of daily incremental addition to shell length was 

contained within the daily increment range of 0.000 - 0.002mm 

(Fig. 25). Average daily increments over the three release 

periods were O. 21",m and O. 281-'m over the summer and winter 

periods and 1.35J..'m in animals released for predominantly a 

year (Table 9). Animals recaptured after summer growth showed 

a greater range in incremental values than both winter and 

yearly growing animals though the positive limit of the range 

and the positive distribution of incremental values between 

summer and yearly periods of growth were very similar. This 

suggests that the majority of shell growth occurs during the 
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summer months with slower growth occurring in winter. Daily 

addition to shell length, based on yearly growth periods, may 

reflect the repair to summer shell damage (caused by 

increased activity and abrasion) during the winter resulting 

in the lower overall frequency of negative incremental values 

within this group. Analysis of the combined data showed no 

significant relationship with either total shell increment or 

daily shell increment with period of release (Fig. 26). 

Table 9. Daily incremental addition to shell length (mm) in 
Nacella concinna recaptured after periods of predominantly 
summer, winter and yearly periods of release. 

Release N MEAN STDEV MIN MAX 
Period 

summer 70 0.00021 0.00293 -0.01491 0.00509 
winter 14 0.00028 0.00138 -0.00245 0.00341 
yearly 32 0.00135 0.00162 -0.00219 0.00556 

The affects of shell abrasion on the accurate 

measurement of shell increase over time thus precluded a time 

series analysis of growth using data from recaptured 

individuals. 

The growth of Nacella occurs seasonally, with major 

shell growth occurring during the spring and summer months 

and decreased winter growth rates (Shabica, 1976; Picken, 

1980b). Based on this assumption animals showing large 

positive growth increments and long, near annual, periods of 

74 



50 
A 

40 

>-
U 30 
Z 
W 
;:) 
0 
W 20 a:: 
~ 

10 

·0.0111 ·0.012 ·0.0011 ·0.004 0.000 0.004 O.OOB 0.012 0.016 

INCREMENT (mm) 

50 B 

40 

>-
U 
Z 

30 

W 
;:) 

0 
W 20 a:: 
~ 

10 fL CJ 
·0.016 ·0.012 ·0.00' ·0.004 0.000 0.004 0.008 0.012 0.01' 

INCREMENT (mm) 

50 C 

40 

>-
U 
Z 

30 

W 
;:) 

0 
W 20 a:: 
~ 

10 

·0.0111 ·0.012 ·0.008 ·0.004 0.000 0.004 0.008 0.012 0.018 

INCREMENT (mm) 

Figure 25. Nacella concinna. Frequency histograms of daily 
incremental growth in shell length from individuals recovered 
after predominently Summer (A), Winter (B) and Summer and 
Winter (C) release periods. 
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release were selected for growth rate analysis. These 

criteria ensured that summer growth was represented in all 

individuals with varying amounts of winter growth also 

evident. 

Nine animals from a range of shell lengths between 18mm 

and 39mm, filled these criteria having an average release 

period of 303 days and maxima and minima of 363 and 147 days 

respectively. The accumulated increment in shell length of 

these individuals over the release period was converted to a 

daily increment and extrapolated to represent one years 

growth. This incremental addition was applied to the original 

shell length and a Ford/Walford plot of shell length at Year 

Y against shell length at Year Y+l constructed (Fig. 27). The 

descriptive statistics of this relationship are presented in 

Table 10. 

The von Bertalanffy growth parameters Loo (45.19mm) and 

k (0.062) were derived from this relationship. The value to' 

the theoretical time at which the shell length is zero, 

calculated by Picken (1980b) to be 0.4887 for Nacel1a of 

known age from the population of Factory Cove was used in the 

generation of the growth curve to describe the population 

(Fig. 28). using these parameters in the von Bertalanffy 

growth model estimates of size at age were constructed for 

the Nacella concinna population of Factory Cove. (Table 11). 

APplying the model to the largest animal recorded from this 

population (40.34mm shell length, present study) an age of 37 

years was obtained. 
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Figure 27. Nacella concinna. Ford-Walford plot of shell 
length at year Y (rom) against shell length at year Y+1 (rom). 

Table 10. Nacella concinna. Least squares regression and 
analysis of variance of shell length at year Y (rom) on shell 
length at year Y+1. p = Probability level, Df = Degrees of 
Freedom. 

Parameter Estimate Standard t-ratio p 
Error 

Intercept 2.7189 0.6989 3.89 0.006 
Slope 0.93984 0.02469 38.07 0.000 

Analysis of Variance 

Source Sum of Df Mean Square F-ratio p 
squares 

Model 302.89 1 302.89 1449.12 0.000 
Error 1.46 7 0.21 
Total 304.36 8 

correlation coefficient = 0.995 Adjusted R2 = 99.5% 

standard error of the estimate = 0.4572 
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Figure 28. Nacella concinna. Growth curve constructed for the 
Inshore population of 1;lacella c;mcinna from Factory Cove, 
signy Island. Loo = Maxl.mum predl.cted shell length, k = von 
Bertalanffy growth rate coefficient. 

79 



Table 11. Shell length (mm) at age (Years) predicted from the 
von Bertalanffy growth equation constructed for the inshore 
population of Nacella concinna in Factory Cove, Signy Island. 

AGE LENGTH AGE LENGTH AGE LENGTH AGE LENGTH 

1 1.41 16 27.92 31 38.37 46 42.50 

2 4.04 17 28.95 32 38.78 47 42.66 

3 6.52 18 29.93 33 39.17 48 42.81 

4 8.84 19 30.85 34 39.53 49 42.96 

5 11.03 20 31.71 35 39.87 50 43.09 

6 13.08 21 32.52 36 40.19 

7 15.01 22 33.28 37 40.49 

8 16.82 23 34.00 38 40.77 

9 18.53 24 34.67 39 41.04 

10 20.13 25 35.30 40 41.29 

11 21.64 26 35.90 41 41.52 

12 23.05 27 36.46 42 41.74 

13 24.39 28 36.98 43 41.95 

14 25.64 29 37.47 44 42.15 

15 26.81 30 37.94 45 42.33 
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4.4 Discussion 

The Antarctic limpet Nacella concinna has been shown to 

be long lived and slow growing based on the analysis of 

external shell growth bands (Picken, 1980b) and 

mark/recapture studies (Shabica, 1976). These investigations 

determined maximum age in the populations examined of between 

21 and >63 years though differences in population size ranges 

and sampling environments were evident in each case. 

Shabica (1976) in a comprehensive study of the Nacella 

concinna population of Arthur Harbour, Anvers Island (64
0 

46'S, 64 0 05'W) marked 627 animals, released them for a 

period of 10 months and recaptured 30.94% of the original 

individuals covering a size range of between 8.13mm and 

51.99mm shell length. Absolute growth was calculated for 

these individuals and adjusted to one year. In all animals 

recovered in this study no occurrence of negative growth was 

reported although 28 individuals over 38mm in length showed 

no measurable length change over the study period. Fitting a 

polynomial curve to the data, presented as yearly length 

increase against original shell length, a growth equation 

which fitted 65% of the population and described the growth 

rate of 

scatter 

animals up to 40mm in length was obtained. The 

about the fitted curve however showed extreme 

variability even for individuals of similar size and was 

Suggested to be induced by both physiological and 

environmental conditions. 
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using this relationship Shabica (1976) assigned an age 

of greater than 63 years for an individual of 39mm shell 

length, the absolute age uncertain as the polynomial 

relationship used to describe yearly growth in this study 

became negative after 40mm shell length was reached. Shabica 

also estimated an age for an individual of 61mm shell length 

from a gull midden proximal to the study site of 

approximately 190 years. 

When the von Bertalanffy parameters are extrapolated 

from this data the Arthur Harbour population is described by 

a von Bertalanffy growth coefficient k of 0.019 and a length 

asymptote of 53.68mm. The age of an individual 39mm in length 

calculated using these parameters and a to value of 0.4887 

(Picken, 1980b) is 69 years and this value corresponds 

closely to that of 63 years predicted by Shabica (1976) using 

the polynomial growth model. The growth rate of this 

population described by the von Bertalanffy coefficient is 

extremely slow in comparison to the present study but may be 

affected by the reported measurement accuracy of the vernier 

calipers used of ± 0.12mm. 

picken (1980b) in a study of the Nacella concinna 

population of Factory Cove, signy Island, used the external, 

annually deposited (Shabica, 1976) growth bands evident on 

small individuals to determine population growth rates. 

Animals within the size range 0.7mm to 26.30mm shell length 

were examined from a population ranging from 0.7mm to 41.00mm 

shell length and the rate of growth described using the von 
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Bertalanffy model. A calculated age of 21 years was ascribed 

to the largest individual of this population with associated 

values of Loo = 53.0mm, k = 0.0715 and to = 0.4887 determined 

for the von Bertalanffy parameters. 

In the present study the effects of shell loss through 

abrasion of the shell edges has been shown to prevent an 

accurate measurement of uniform shell growth in the majority 

of animals measured. Where the axes of measurement have not 

been obviously damaged and yearly growth can be assessed the 

growth parameters for the population are similar to those of 

picken (1980b) predicting an Loo of 45.19mm and k value of 

0.062. The yearly increases in shell length observed and 

predicted are very similar indicating a good fit of the model 

to the observed data. 

The growth curves for the Nacella concinna populations 

examined by Shabica (1976), Picken (1980b) and the present 

study are presented in Figure 29. Initially the curves 

derived form the data of Picken (1980b) and the present study 

are similar. They seperate, however, wi th time with the 

present study predicting slower growth with greater age than 

that of picken (1980b). The rate of growth described by the 

von Bertalanffy curve fitted to the data of Shabica (1976) is 

considerably slower than either Picken's data or that of the 

present study. It is likely that a degree of this difference 

is due to the difficulties of extraction of accurate data 

from Shabica's work which is complicated by the small size of 

the increments and annual adjustment to the original 
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recapture data performed by Shabica. If it can be assumed 

that these factors have not significantly displaced the 

growth curve derived from this data, the reduced growth rate 

may represent the effects of a shorter summer growth period 

or be indicative of a general difference in environmental 

regime on the Arthur Harbour population of Nacella concinna. 

Similar variation in longevity and growth rate with specific 

habitat occupied has been observed in Patella vulgata (Lewis 

and Bowman, 1975) though not of the magnitude described in 

the present comparison. 

The growth coefficient k, is a useful comparative index 

of growth that is not dependent on body si2e. In comparison 

with the relatively few other Antarctic species measured the 

k value of Nacella is extremely low and within a similar 

range to the bivalve Yoldia eightsi (k=O • 056 ). Ralph and 

Maxwell (1977) in a study of the growth of the Antarctic 

bivalves Adamussium colbecki and Laternula elliptica 

calculated k values of 0.24 and 0.16 for these species. 

Although these values are low when compared with temperate 

species, they appear to be high when related to the values 

for the co-existent species Nacella concinna and Yoldia 

eightsi which are under similar environmental controls. A 

large part of this difference may, however, be explained by 

the use of external growth lines as the means of aging in 

this study. This technique is widely criticised particularly 

with slow growing animals where the ability to resolve 

external, annual growth lines is extremely difficult. 
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Figure 29. Nacella concinna. Comparison of growth curves 
constructed for populations of Nacel1a concinna from Factory 
Cove, signy Island (1 : picken, 1980b: 2 : Present study) and 
Anvers Island (3 ; Extrapolated from data presented in 
Shabica, 1976). k = von Bertalanffy growth rate coefficient. 
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wi thin limpet species an inverse correlation between 

longevity and k has been shown to exist on both an 

intraspecific and interspecific level (Branch, 1981; Lewis 

and Bowman, 1975). Different environmental conditions exist 

to explain this slow growth in species showing low k values 

with food availability recognised as a highly significant 

factor. 

The effects of seasonal ice cover, annual winter 

migration and a 

associated with 

short, seasonal 

light attenuation 

pulse of algal growth, 

and penetration of the 

water column, effectively limit the growing season available 

to the Nacel1a concinna population of Factory Cove. This has 

the effect of reducing the growth rate to an extremely low 

level and increasing longevity to a possible maximum of 

between 40 and 50 years. The rate of growth of Antarctic 

Nacella concinna populations are therefore the lowest 

recorded for any limpet species so far examined. 
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CHAPTER 5 

The distribution and Morphometric characteristics of the 

Yoldia eightsi population of Factory Cove. 

5.~ Sample collection. 

Yoldia eightsi were collected from a site in Factory 

cove, signy Island (Fig. 3) using a diver-assisted underwater 

suction sampler ['zotter' or 'Ivor'] (modified after Hiscock 

and Hoare, 1973) at monthly intervals over the period 

December 1987 - December 1988 (Figs. 30 and 31). The site of 

collection was determined from a preliminary S.C.U.B.A. 

survey of the cove area and was positioned as the 

intersection of the line transects of : 1) the seal exclosure 

on waterpipe beach with the centre of the large Billie Rock, 

wi th 2) the line of sight between the fume cupboard and 

kitchen chimneys of Signy Base. The site was buoyed during 

the summer months and located during the winter by line of 

sight. The site was accessed during the winter through a hole 

cut in the sea-ice. 

Ini tial problems in the successful operation of the 

suction sampler were few and easily overcome. During winter, 

however, the venturi ports of the air intake in the main 

riser pipe had a tendency to ice-up, effecting the suction 

potential and efficient operation of the sampler. This fault 

was caused by a combination of low air and water temperatures 

cooling the apparatus prior to operation in combination with 

an excessively high air pressure entering the venturi 
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Fig. 30. The author pictured wi.th. t~e mOdi.fied Hiscock 
(1973) suction sampler assembled ~n ~t s work~ng sta t e . An 
air-bag was attached to the frame of the sampler to assist 
the surface after the sampling session was completed. 
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Figure 31. The modified Hiscock and Hoare (1973) suction 
sampler used to sample the Yoldia eightsi populations of 
Factory cove, signy Island. Compressed air is fed to the 
inner suction chamber and passes up the exhaust tube. In so 
doing a vacuum is created which draws water and sediment 
through the sampling nozzle and through the 1mm mesh sample 
bag. The sample bag is situated within a clear plastic tube 
and is removed after operation by unscrewing from the inflow 
hose to which it is secured through the tube lid. 
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chamber. As no gas regulator was immediately available this 

problem was eventually solved by introducing the high 

pressure air to the chamber at a very low rate through the 

manual adjustment of the pillar valve on the compressed air 

feeder bottle (Fig. 31). 

Once on site a 0.25m2 quadrat was placed randomly on the 

sediment and the sediment therein removed to a depth of 4cms 

by the suction sampler. On return to the surface the sample 

bag was removed and placed in a bucket of fresh sea-water. On 

return to the laboratory animals retained by the 1mm mesh 

sampling bag were used for both morphometric and experimental 

analysis. 
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5.2 Morphometric methodology 

The length and height of all individuals sampled was 

measured to ± 0.01mm, and a representative sub-sample taken 

for ash free dry mass measurements. 

Animals were shucked of all tissue, blotted of any 

excess water, weighed to ± O. 001g and dried at 60 ° C for 

24hrs. Dry masses were determined and the samples placed in a 

muffle furnace at 550°C for 12hrs. After cooling, ash masses 

were measured to ± 0.001g and the Ash free dry mass 

determined for each individual. 

5.3 Horphometric results 

A strong relationship between shell length and shell 

height was evident in all the shells measured, with the 

regression explaining 99.6% of the variance (Fig. 32, Table 

12). The summary statistics for length, height, dry mass and 

ash free dry mass are shown in tables 13 and 14 and the 

length frequency histograms for samples collected from 

December 1987 - December 1988 in Figs. 33 and 34. 
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Figure 32. The relationship between shell height and shell 
length in Yoldia eightsi from Factory Cove, signy Island. The 
fitted regression line is presented in Table 12. 2,850 points 
have been omitted to prevent obscuring the diagram. 

Table 12. Yoldia eightsi. Least squares regression and 
analysis of variance of shell length (rom) on shell height 
(rom). p = Probability level, Df = Degrees of freedom. 

parameter Estimate standard t-ratio p 
Error 

Intercept 0.74278 0.01097 67.72 < 0.001 
Slope 0.60558 0.00068 886.15 < 0.001 

Analysis of Variance 

Source Sum of Df Mean square F-ratio p 
squares 

Model 48689 1 48689 785266 < 0.001 
Error 188 3038 0 
Total 48878 3039 

correlation coefficient = 0.996 Adjusted R2 = 99.6% 

standard error of the estimate = 0.2490 
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Table 13. Yoldia eightsi. Monthly summary statistics for 
shell length and shell height of samples taken between 
December 1987 and December 1988 in Factory Cove, Signy 
Island. 

SHELL LENGTH (lDlD > 

N Mean SE Min. Max. 

DECEMBER 1987 120 15.88 0.84 03.07 31.85 
JANUARY 1988 312 14.97 0.37 02.48 33.01 
FEBRUARY 202 13.64 0.40 04.00 30.86 
MARCH 335 15.04 0.32 02.58 30.94 
APRIL 204 17.66 0.47 03.38 30.60 
MAY 70 17.69 0.74 02.47 31.95 
JUNE 277 13.12 0.42 02.30 32.05 
JULY 226 13.58 0.43 22.92 33.21 
AUGUST 307 13.65 0.37 03.66 33.26 
SEPTEMBER 589 14.39 0.27 02.28 31.93 
OCTOBER 399 14.80 0.30 02.16 31.42 
NOVEMBER 517 16.24 0.29 01.83 33.73 
DECEMBER 1988 123 12.52 0.71 01.88 32.42 

SHELL HEIGHT (lDlD> 

N Mean SE Min. Max. 

DECEMBER 1987 120 10.29 0.51 02.29 19.36 
JANUARY 1988 312 09.77 0.22 01.84 19.73 
FEBRUARY 202 09.02 0.24 02.80 19.88 
MARCH 335 09.86 0.20 02.00 20.13 
APRIL 204 11.47 0.28 02.47 19.10 
MAY 70 11.42 0.45 01.85 19.79 
JUNE 277 8.67 0.25 01.81 20.46 
JULY 226 8.97 0.26 02.16 21.06 
AUGUST 307 9.02 0.23 02.58 20.80 
SEPTEMBER 589 9.46 0.17 01.68 19.36 
OCTOBER 399 9.73 0.19 01.72 19.96 
NOVEMBER 517 10.57 0.18 01.33 21.40 
DECEMBER 1988 123 8.27 0.44 01.40 20.79 
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Table 14. Yoldia eightsi. Monthly summary statistics for 
Tissue dry mass and Tissue ash free dry mass of samples taken 
between December 1987 and December 1988 in Factory Cove, 
Signy Island. 

TISSUE DRY MASS (mg) 

N Mean SE Min. Max. 

DECEMBER 1987 66 219.74 19.49 30.80 572.00 
JANUARY 1988 108 110.65 13.92 00.15 595.60 
FEBRUARY 204 63.26 6.27 00.74 472.70 
MARCH 335 81.19 4.48 00.22 498.10 
APRIL 204 128.25 9.05 00.51 527.40 
MAY 60 121.00 13.70 00.10 493.30 
JUNE 137 83.58 9.51 00.18 493.80 
JULY 122 72.73 9.34 00.24 452.10 
AUGUST 123 52.97 8.86 00.01 512.20 
SEPTEMBER 148 54.51 6.84 00.11 487.80 
OCTOBER 123 64.25 8.95 00.12 462.90 
NOVEMBER 123 85.48 10.55 00.06 543.90 
DECEMBER 1988 123 69.38 9.85 00.11 559.30 

TISSUE ASH FREE DRY MASS (mg) 

N Mean SE Min. Max. 

DECEMBER 1987 59 154.13 14.87 18.90 385.40 
JANUARY 1988 108 86.49 11.24 00.03 493.20 
FEBRUARY 202 40.74 4.36 00.45 348.80 
MARCH 334 50.09 2.95 00.05 341.40 
APRIL 201 88.13 6.44 00.42 361.00 
MAY 60 80.37 9.68 00.10 368.20 
JUNE 137 54.78 6.36 00.13 344.60 
JULY 122 48.54 6.45 00.21 322.60 
AUGUST 123 33.30 5.90 00.01 350.30 
SEPTEMBER 148 36.80 4.86 00.08 372.00 
OCTOBER 121 38.77 5.60 00.09 273.40 
NOVEMBER 122 54.00 6.82 00.13 357.90 
DECEMBER 1988 123 41.03 5.94 00.10 336.80 
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Figure 35. Seasonal variation in Tissue ash free dry mass 
(mg) of the Yoldia eightsi population sampled over the period 
December 1987 December 1988 from Factory Cove, Signy 
Island. Values determined for a standard animal of 10mm shell 
length derived from monthly regression algorithms (Table 15). 
95% confidence limits plotted for each point. 

Table 15. Monthly regression parameters for the relationship 
of Log ash free dry mass (mg) on Log length (mm) in the 
Yoldia eightsi population of Factory Cove, Signy Island, over 
the period December 1987 - December 1988. Int = Intercept, b 
= regression co-efficient, SE = Standard error, n = number of 
observations and F = value of the F statistic. 

Month Int b n F SEb 

December -2.624 3.502 58 3872 0.056 
January -2.450 3.342 101 6369 0.042 
February -2.665 3.350 201 16170 0.028 
March -2.836 3.656 333 38079 0.019 
April -2.516 3.406 200 28319 0.020 
May -2.404 3.322 59 9043 0.035 

. June -2.293 3.207 136 33337 0.018 
July -2.407 3.240 121 10560 0.032 
August -2.627 3.395 122 3585 0.057 
september -2.463 3.289 147 25665 0.021 
october -2.398 3.232 120 12411 0.029 
November -2.505 3.316 121 15897 0.026 
December -2.118 3.019 122 10287 0.030 
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Tissue ash free dry mass showed a strong relationship 

with shell length. Monthly regression data of Log ash free 

dry mass on Log length are presented in table 15 with a 

graphic representation of seasonal change in tissue biomass 

based on these data and extrapolated for a standard animal of 

10mm shell length presented in fig. 35. This shell size was 

chosen to represent an individual below the mean size with a 

relatively fast rate of growth and assimilation efficiency. 

Table 16 combines the monthly Ash free dry mass 

relationships with length with the monthly abundance of 

Yoldia to produce a total biomass and abundance measurement 

per square metre of sediment over the sample site. Tissue ash 

free dry mass ranged from 22.04gm- Z to 111.27gm-Z over the 

study period, with a yearly average of 52.41gm-z. 

5.4 population density 

The analysis of population density was performed using 

the coefficient of dispersion (CD). This is a standard 

measure calculated as the ratio of the variance to the mean 

of population samples (CD = variance/mean) and was applied to 

the combined density measurements of samples of Yoldia taken 

throughout the study period. Where this ratio is close to 1 

the distribution is essentially Poisson and indicative of a 

randomly distributed population. 
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Table 16. Monthly biomass of Yoldia eightsi from Factory 
cove, signy Island collected over the period December 1987 -
December 1988 expressed as Ash free dry Mass (g) and number 
of individuals per square meter. SD = standard deviation, N = 
number of individuals. 

Month g/m 2 N/mz 

December 1987 46.21 480 
January 1988 36.41 1248 
February 31.28 808 
March 68.08 1340 
April 70.43 816 
May 22.04 280 
June 44.53 1108 
July 32.42 904 
August 41.96 1228 
september 96.94 2356 
october 61.86 1596 
November 111.27 2068 
December 1988 17.85 492 

Mean 52.41 1133 
SO 28.19 611 

Table 17. Yoldia eightsi. Oneway analysis of variance of 
Shell length, Shell height, Dry mass and Ash free dry mass in 
monthly samples collected over the period December 1987 -
December 1988 from Factory Cove, Signy Island. df = degrees 
of Freedom, SS = Sum of squares, MS = Mean square, F = F 
statistic value, p = probability level. 

source of variation df 

Shell Length 
Among months 
within months 
Total 

Shell height 
Among months 
within months 
Total 

Dry mass 
Among months 
within months 
Total 

ASh free dry mass 
Among months 
within months 
Total 

12.00 
3668.00 
3680.00 

12.00 
3668.00 
3680.00 

12.00 
1836.00 
1848.00 

12.00 
1847.00 
1859.00 

SS 

6027.06 
158934.44 

224.72 
58908.08 
59132.80 

2192315 
2096712 
4289027 

1158676 
9951636 

11110312 

99 

MS 

502.25 
43.33 

185.39 
16.06 

182963 
11422 

96556 
5388 

F 

11.59 

11.54 

15.99 

17.92 

p 

<0.001 

<0.001 

<0.001 

<0.001 



Where the variance is much greater than the mean value, 

a clumped or contagious distribution is obtained, which is 

indicati ve of a non-random distribution of the population. 

The results of this test on the monthly density measurements 

in the Factory Cove population of Yoldia eightsi, indicate a 

highly contagious or clumped density distribution 

(Coefficient of dispersion = 329.50). No seasonal pattern to 

the population density is evident with the coefficient of 

dispersion greater than 1 in each case. The population of 

Yoldia is therefore non-randomly distributed and deviates 

significantly from the expected monthly observations of 

density distribution in a randomly dispersed population. 

Densities of Yoldia in Factory Cove ranged from 280m- 2 to 

2356m- 2 over the study period with a yearly average of 

1133m- 2 • 

The non-random distribution of the Yoldia population in 

Factory Cove is further supported by the analysis of 

variance in shell and tissue morphometrics between monthly 

sample collections (Table 17). with an assumed slow rate of 

shell growth in Yoldia the expected observation, based on the 

assumption of totally random comparative samples from a 

single population, is one where no significant difference 

exists between monthly samples. This, however, is not the 

case in the Yoldia population of Factory Cove and although 

all monthly samples are generally distributed over similar 

ranges there is a significant statistical difference in their 

comparative distributions (p<O.OOl). 
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This significant degree of variability in shell 

morphometrics is associated with similar and slightly more 

significant monthly differences in tissue dry mass and tissue 

ash free dry mass measurements. A large proportion of these 

differences must, however, be attributed to temporal changes 

in the physical condition of the populations sampled. 

5.5 Discussion 

The seasonal trend in tissue ash free dry mass shows a 

gradual decrease in body mass through the months of January 

to March. This coincides with an increase in turbidity of the 

water column caused by the phytoplankton bloom which has the 

effect of reducing available light levels to the benthic 

algae. During the decline of the planktonic algal bloom to 

winter levels there is an associated downward flux of algal 

material from the water column to the sediment. This peaks in 

February and continues through to April. During the majority 

of this period individual Yoldia biomass is in decline 

increasing only after the complete settlement of the bloom 

material. This coincides with an increase to pre-bloom levels 

in the light penetration characteristics of the water column 

and coincides with a rise in benthic algal biomass at this 

time. Yoldia biomass levels respond immediately to this 

increase in food supply reaching their maximum condition in 

June. Yoldia has been observed spawning during June (Colman, 

pers. comm.) and this, associated with the formation of 

winter sea-ice, may explain the rapid decline in ash free dry 

mass over July which reaches a yearly low in August. This 
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decline in condition suggests a metabolic response to the 

release of gametes, falling water temperatures and a reduced 

level of light penetration to the benthos. Body condition 

improves slightly after spawning and remains stable 

throughout the winter months of September to November when 

increasing light levels and depth of penetration induces the 

ma jor bloom of benthic algae. This bloom peaks in December 

and falls away to winter levels during February. The length 

and duration of winter sea-ice regulates the seasonal 

productivity of the benthic bloom by controlling the period 

of light penetration to the benthos (White, 1973). As the 

phytoplankton bloom increases in productivity there is a 

steady decrease in light attenuation through the water column 

eventually reaching levels which are below the productive 

threshold levels necessary for benthic algal increase. 

It would appear that the magnitude of these two annual 

events, which supply food to the benthos, are of significant 

importance to Yoldia and serve to dictate the fecundity and 

growth rate of the population. The growing' season of Yoldia 

thus occurs during two intervals : early summer when food is 

provided by the main period of the benthic algal bloom along 

with vertical flux from the water column and late autumn when 

the water column clears and allows a brief period of benthic 

algal production. Depending on the amount of organic input to 

the sediment from these sources, a potential growing season 

of between 2 and 6 months may be estimated for Yoldia • 
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The determination of year classes from the analysis of 

size frequency distributions depends upon the identification 

of prominent size classes within sample distributions and the 

ability to follow their temporal progression through the 

population. This method of analysis demands consistently 

random sampling of a single population throughout the study 

period and shows greatest resolution in relatively fast 

growing organisms. When applied to relative slow growing 

organisms the ability to resolve individual size classes 

becomes increasingly difficult. 

The separation of year classes in the Yoldia eightsi 

population of Factory Cove, based on standard length 

frequency techniques, 

compounded by the 

proved difficult to justify and was 

non-random nature of the population 

distribution within the study site (Figs. 33 and 34). 

Alternative techniques were therefore required to determine 

the annual growth rate and the age structure of the Yoldia 

eightsi population. 
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CHAPTER 6 

The determination of shell growth in Yoldia eightsi. 

6.~ Introduction. 

The nuculanid, protobranch bivalve, Yoldia (Aequiyoldia) 

eightsi (Jay, 1839) is a dominant infaunal member of 

Antarctic soft bottom communities, with densities in excess 

of 2,700m- 2 recorded for inshore sediments (Rabarts, 1970). 

It is a widely distributed species which, although apparently 

limited to the western sector of the Antarctic continent, has 

a range extending northwards through the Scotia arc to the 

Magellanic region of South America and Southern Chile as far 

North as 49·S (Dell, 1962; 1971; Powell, 1951; 1960; Rabarts 

and Wbybrow, 1979), with an isolated occurrence at Kerguelen 

Island (49°32'S, 70·13'E). It occurs in a variety of 

sediments ranging from muddy gravel to fine mud being 

concentrated in the top 4cms of the sediment within a depth 

range of 5m-728m (Dell, 1964). Members of the genus are 

primarily surface and sub-surface deposit feeders (Yonge, 

1939) with an ability to filter feed and can have a 

significant influence in reworking bottom sediment. Yoldia 

eightsi is particularly noteworthy in this regard with an 

individual of shell length 30mm capable of processing 

approximately 4. 55g dry wt sediment per day when actively 

feeding (Davenport, 1988a, 1989). 
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The shell is completely aragonitic and has a fine 

grained homogeneous structure. It is essentially constructed 

of one distinct layer, although there is a small wedge of 

prismatic structure beneath the hinge plate at the position 

of the dorsal pallial muscle attachment or that of a pedal 

muscle (Taylor et aI, 1969). 

Molluscan shell growth rates have received much 

attention because they form a convenient index of whole body 

growth, and represent a history of current and past regimes 

of carbonate deposition wi thin the structure of the shell 

(Wilbur, 1972; Clark, 1974). Methods commonly used in 

determining seasonal and long term rates of shell growth have 

generally been based on following the incremental addition to 

shell height, length or weight over time. Alternatively 

methods utilising the microscopic analysis of internal 

periodicity structures within the shell and incorporation of 

chemical or isotopic markers into the shell carbonate have 

been used to determine short term growth rates. 

The measurement of increases in linear shell dimensions 

is an important tool in analysing the structure and longevity 

of bivalve populations (Orton, 1926; Moore, 1934; Comfort, 

1957: Mason, 1957; Eisma, 1965; Andrews, 1972; Ebert, 1973; 

Gilbert, 1973; Seed, 1973; Hutchings & Haedrich, 1984). 

Limi tations, however, exist with this type of analysis as 

measurements are generally restricted to the shell margin and 

may not necessarily reflect total shell growth. More 

importantly the daily incremental addition to the shell may 
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be so small as to require lengthy periods of growth to 

register a significant measurable increment. 

External growth lines on the shells of molluscs have 

long been used to determine growth rates and age structure of 

many species (Newcombe, 1935; craig & Hallam, 1963; Rabarts, 

1970; Brousseau, 1979: Luckens, 1990). The principal 

difficulty encountered with this means of analysis arises 

from an inability to distinguish disturbance and event marks 

from genuine annual rings (Peterson & Ambrose, 1985; Emerson, 

1990). If surface sculpture is used to determine annual 

periods a similar problem exists as in many cases, within the 

depth range of a species, the surface sculpture may alter 

becoming less complex as depth increases (Forbes, 1854). The 

number of external shell lines therefore, mayor may not 

correspond to the age of bivalves examined (MacDonald & 

Thomas, 1980) 

Periodic increments or growth bands, within bivalve 

shells have provided a more accurate means of estimating 

growth rates with much attention focusing on environmental 

influences associated with their formation and their 

biological and palaeontological significance (see Rosenberg 

and Runcorn, 1975; Lutz & Rhoads, 1977; Gordon & Carriker, 

1978; Rhoads and Lutz, 1980 for a review) 

Increment formation has generally been associated with 

periods of feeding and metabolic activity. This is especially 

evident in littoral and shallow sub-sublittoral animals where 
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there is an associated response to tidal conditions (Mathers, 

1976; Loosanoff & Nomejko, 1946: Richardson, 1987, 1988; 

Richardson et al., 1980), salinity changes (B<t>ggild, 1930; 

Lowenstam, 1954b: Eisma, 1966: Richardson, 1987 ) and 

temperature fluctuations (Lowenstam, 1954a, 1954b, 1964; 

Dodd, 1963, 1964, Peck, 1989). Also the degree of exposure to 

environmental extremes correlates strongly with growth line 

prominence (Clark, 1974). 

The formation of first order or annual lines has been 

attributed to temperature cycles (Barker, 1964), the spawning 

cycle (Thompson et al, 1980; Jones et al, 1978), food pulses 

(Rhoads & Pannella, 1970, Gilkinson et al, 1986) and 

decreased winter growth (MacDonald & Thomas, 1980). Generally 

there is no evidence of complete cessation of shell growth 

throughout the year but rather a variation in the extent of 

increment size (Kennedy et ai, 1969). It has been shown that 

crystal size and density decrease as growth rates slow (Wada, 

1961: MacClintock, 1967; Pannella & MacClintock, 1968; Lutz, 

1976; Deith, 1985), resulting in the deposition of narrower 

growth increments in winter. 

The incorporation of isotopic calcium into shell 

carbonate has been used extensively to determine shell 

accretion, dissolution and growth rates on a gross level 

(Bevelander, 1952; Wilbur & Jodrey, 1952; Jodrey, 1953; 

Crenshaw & Neff, 1969; Zischke et al, 1970; Wheeler et al, 

1975; Dillaman & Ford, 1982). However, decrease of growth 

with age, calcium concentration and temperature (Kado, 1960) 
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and differences in the uptake rate of discrete shell regions 

(Wheeler et ai, 1975) effect the gross incorporation of 

isotopic calcium and make the determination of incremental 

growth per unit area of shell difficult to define 

quanti tati vely. A recent development of the this technique 

through the incubation and controlled etching of specific 

shell regions allows the incremental addition to axes of 

shell growth to be measured over extremely short periods 

(oillaman & Ford, 1982). 
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6.2. The analysis of Shell growth using 45Ca • 

6.2.~ Materials and Methods 

I. Shell preparation and Etching procedure. 

Five experimental animals were selected from the 

collection taken in January 1988 within the size ranges of 

14-17mm and 20-23mm. Internal anatomical examination revealed 

these size classes to be representative of immature and 

mature individuals respectively. 

Each group of animals was measured to ± 0.01mm using a 

vernier callipers, acclimated for 5 days in 0.5 litre jars of 

freshly collected sediment, and placed in running seawater at 

ambient temperature prior to the experimental procedure. 

To investigate the short term incorporation of calcium 

separately contained samples of five immature and mature 

individuals were incubated together in a medium containing 

0.130 ~Ci ml-1 ( 4.8 kBq ml-1 ) 45ca and animals removed and 

sacrificed after 48, 72, 96, 120 and 144 hours. Freshly 

shucked and cleaned animals were placed in the containing jar 

of each incubation group as controls. After inCUbation 3 

animals were selected from each group, the tissues excised 

and the shells washed and air dried. The right valve was 

selected for analysis. 
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Pieces of shell approximately 5mm x 5mm were cut from 

the edge of the shell and external to the pallial line using 

a hand held mini-drill with fine saw blade attachment taking 

care to include and not damage the growing edge. All pieces 

were taken from a central position of the right valve (Fig. 

36) • The periostracum was removed, after soaking in water 

for 30 minutes, due to the likelihood of it becoming detached 

during the experimental procedure causing an unwanted 

exposure of shell material. Once removed and the shell piece 

dried at 50 0 e for 30 minutes, all edges were lightly ground 

using fine emery paper. special attention was paid to the 

growing edge of the shell margin in this regard. This 

particular area was removed because Dillaman and Ford (1982) 

had found that 45ea was spread over a large number of 

fractions when etched in the presence of the shell tip. This 

effect was due to the upturned nature of the shell edge 

(which incorporated the labelled layer) and the single plane 

of action of the etching solution upon the shell material. If 

not removed, the curved edge releases the label over a longer 

period than that of the flat inner area. 

Shell pieces were coated with nail varnish on their 

exposed edges and external surfaces and glued to 0.5mm x 1mm 

x 10mm wooden strips by their painted surface (Fig. 36b). The 

strip was then glued in a central position to the tapered end 

of the etching chamber shaft (Fig. 36C) and the shaft placed 

in the chamber to a depth of 43mm, equivalent to a sample 

chamber volume of 1ml. 
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The etching apparatus consisted of a regulated gravity 

fed supply of O. 01N HCl or distilled water to the sample 

chamber passing over the mounted sample (Fig 36d). The 

etching chamber followed the design of Dillaman and Ford 

(1982), and was made from a 75mm (diameter) x 55mm (high) 

piece of transparent acrylic rod with a 12mm hole bored 

centrally to a depth of 50mm. A 2mm hole, to supply fluid to 

the chamber, was drilled radially to the base of this hole 

were it connected at right angles. A 12mm diameter x 65mm 

high transparent acrylic rod with centrally bored 2mm hole 

and 2.5mm diameter O-ring was countersunk to provide an 

internal taper of 45° at one end over which the sample was 

glued in position. Fractions of O.5ml or 1.0ml were collected 

in vials at flow rates of 1.5ml min-1 or 2.0ml min-1 and 7mls 

of the scintillant 'picoflour-15' added prior to analysis. 

II. The analytical determination of calciulII in unlabelled 

etched fractions. 

The calcium content of serially etched fractions of 

Yoldia shell at experimental flow rates was determined using 

atomic absorption spectrophotometry. Shell pieces from 3 

unlabelled individuals from both the 14-17mm and 20-23mm 

length size classes, were cut and prepared similarly to the 

procedure used for labelled individuals. Thirty serial 

fractions of 1ml volume, at flow rates of 1.5ml min-1 and 

2.0ml min-1 O.01N HCl, were taken and the calcium 

concentration of the elutant measured on an Instrumentation 
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Laboratories video 11 spectrophotometer using an 

air/acetylene flame and a wavelength of 422.7nm. 

6.2.2 Results 

I. Fraction calcium analysis. 

The pattern of calcium elution from pieces of 

non-labelled Yoldia shell etched at flow rates of 1.5mls and 

2.0ml min-1 O.OlN HCI are presented in Fig. 37. Flow rates 

lower than 1.5ml min-1 and particularly at 1.0ml min-1 , 

produced an erratic elution of calcium from the shell pieces 

due in the main part to the formation of sUbstantial amounts 

of carbon dioxide which tended to adhere to the surface under 

etch and come off when bubble size reached unstable 

proportions. This varied the surface area available to 

etching throughout the procedure and produced variable 

concentrations of calcium in the etched fraction. This 

problem, unmentioned in the original protocol and results of 

Dillaman and Ford (1982), was overcome by increasing the flow 

rate over the specimen thus reducing variation between 

replicates (Table 18). 

Calcium content of serial fractions at 1.5ml and 2ml 

min-1 etch rate show an increase over the first four 

fractions reaching a maximum of 37.8~g ca/ml/cm2 and 36.7~g 

ca/ml/cm2 respectively. At the slower flow rate the calcium 

content decreases from this maximum and settles to a serial 

mean of 31.35~g ca/ml/cm2, with that of the faster etch rate 
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Figure 37. The pattern of elution of ?alcium (~g/Ca/cm2) from 
the controlled etch of unlabelled p1eces of Yoldia eightsi 
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following the same trend but maintaining a tighter range of 

values giving a mean of 26.86~g Ca/ml/cm2 over the fraction 

range. Summary statistics are presented in Table 18. 

Table 18. Yoldia eightsi. Fraction calcium content of 
replicate shell pieces under differing etch rates with O.OlN 
HCI. N = Sample si2e, SD = Standard deviation, CV = 
Coefficient of variation (%). 

Flow rate N 
(mIs/min) 

1.5 17 
2.0 30 

Mean 

31.35 
26.86 

SD 

3.48 
2.00 

II. Etching of experimental animals. 

CV Range 

11.10 25.62 - 37.78 
7.44 23.34 - 30.45 

Shell pieces prepared from incubated animals ranged from 

10.20mm 2 to 18.96mm2 in surface area having a mean of 

14.21mm 2 and a standard deviation of 2.37mm2. Typical 

patterns of radioactivity within the fractions of etched 

shell pieces showed a peak ~n concentration in the second to 

third fraction falling to baseline levels after 4 11 

fractions, dependent on incubation time (Fig. 38). 

The calcium content of experimental fractions containing 

radioactive label was calculated from the fraction 

concentrations of calcium determined from the etching of 

unlabelled shell pieces at similar etch rates. The resulting 

data was standardised and used to estimate the incremental 
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addition to the shell height of experimental animals through 

the application of the formula suggested by Dillaman and Ford 

(1982): 

If T is the thickness of the shell increment in 

height (em), then 

T = 1/0 x R x Ca/A 

where 0 = Density of aragonite (2.93g/cm3 ), R = ratio of the 

molecular mass of CaC03 to Ca (2.5), Ca is the total mass of 

calcium contained in the fractions from the beginning of the 

etching procedure up to and including the peak fraction, and 

A is the experimental surface area of the sample (cm2 ). 

Total incremental addition to the shell over the period 

of incubation was very variable between individuals although 

an overall relationship of incubation period to total 

increment was evident (Fig. 39). Over the entire incubation 

series incremental addi tion ranged from O.14#Jm/hr to 

O.19~m/hr giving a mean increase of O.16#Jm/hr over the 

combined incubation series (Table 19). 
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Table 19. Yoldia eightsi. Calculated total and hourly 
increments in shell height (JJm) determined by the 
experimental incorporation of 45Ca over increasing incubation 
periods (hours). 

Total addition over incubation 

Incubation Mean standard Range N 
period deviation 

(Hours) (JJm) (JJm) (JJm) 

48 9.07 2.21 7.25 - 11.52 3 
72 11.61 3.96 8.81 - 14.41 2 
96 13.69 6.78 7.67 - 21.04 3 

120 17.55 7.57 13.14 - 26.30 3 
144 25.04 4.47 21.88 - 28.20 2 

Hourly addition over incubation period. 

Incubation Mean Standard Range N 
period deviation 

(Hours) (JJm) (JJm) (JJm) 

48 0.19 0.046 0.15 0.24 3 
72 0.16 0.057 0.12 0.20 2 
96 0.14 0.071 0.08 0.22 3 

120 0.15 0.064 0.11 0.22 3 
144 0.18 0.035 0.15 0.20 2 

Total 0.16 0.051 0.08 0.24 13 

The analysis of incremental shell addi tion wi th 

incubation time shows a significant positive, though weakly 

correlated, relationship (Table 20). The slope of the 

relationship, 0.151, represents the predicted overall mean 

increment in shell height (JJm/hr) of incubated animals and is 

in accordance with that of 0.16JJm/Hr determined from 

individual measurements. 
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Table 20. Yoldia eightsi. Least squares regression and 
analysis of variance of incubation time (hours) on 
incremental shell addition (~m). 

Parameter 

Intercept 
Slope 

Estimate 

0.757 
0.1507 

Analysis of Variance 

Source Sum of Df 
Squares 

Model 325.80 1 
Error 281.13 11 
Total 606.93 12 

Adjusted R2 = 49.5% 

standard t-ratio 
deviation 

4.213 0.18 
0.042 3.57 

Mean F-ratio 

325.80 12.75 
25.56 

p 

0.861 
0.004 

p 

0.004 

Experimental animals ranged from 14.34mm to 21.34mm in 

shell length and showed no significant relationship between 

shell length and calculated hourly incremental addition (F = 
0.25, P = 0.63, n = 12). 

If it is assumed that shell material in Yoldia is 

deposited at a constant rate during periods of growth, the 

overall annual gain in shell material may be calculated. The 

data on water column chlorophyll and benthic algal biomass 

(Fig. 5a & 5b) and the seasonal variation in the biomass of a 

standard animal (Fig. 35) suggest that there is an annual 

period of three to four months during which the Factory Cove 

population of Yoldia have access to an abundant food supply 

119 



and are actively increasing in biomass. Measurements of 

incremental addition to shell height in experimental animals 

over such an active metabolic period suggest that this 

increase occurs at a constant rate of 0.16~m per hour. 

Extrapolation of this rate allows an annual increment in 

shell height of 346~m - 4611-'m to be predicted for animals 

within the size range examined (9.43 - 13.12mm shell height, 

14.34 - 20.72mm shell length). 
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6.3 The determination of shell growth in Yoldia eightsi 

using internal periodicity structures. 

6.3.~ Materials and Methods 

A random sample of individuals from each monthly 

collection was taken for the analysis of internal periodicity 

structures. Indi viduals were shucked of all tissue and the 

shells washed and allowed to air dry prior to further 

processing. 

In preparation for growth ring analysis shells were 

hand-ground to the axis of maximum growth from the umbo to 

the shell edge, washed in acetone, dried and embedded upright 

in 'Metset SW' resin (Agar Scientific, U.K.). Resin was 

poured into 40mm (Diameter) x 30mm (Depth) circular moulds to 

a depth of approximately Smm. Valve halves were stood, on 

end, in this resin layer and the resin allowed to set to a 

gel-like consistency. The mould was then filled with resin 

and allowed to set fully. This procedure was developed as a 

response to initial problems of resin contraction during the 

resin curing process. This lead to the separation of the 

resin from the surface of the embedded shell resulting in a 

gap which collected abrasive material and acid to detrimental 

effect in later stages. The shell material exposed in this 

manner often showed major structural damage typically having 

inner and outer shell layers pulled apart as the resin 

contracted, and as a result proved unusable for incremental 

analysis. Following many attempts to solve this problem the 
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above procedure proved successful and was adopted for the 

majority of shells examined. 

Once cured, the blocks were lapped to flatness on 600 

grit (9#Jm) Carborundum pads and brought to a final polish 

using a series of abrasive diamond pastes from 6#Jm through to 

l#Jm on a standard geological polishing machine. The blocks 

were then cleaned in Propan-2-o1 alcohol and etched with 1% 

HCI for a period of between 30 and 90 seconds. After a gentle 

emersion in distilled water and air drying, an acetate peel 

of the resultant etched surface was taken and dry mounted 

prior to microscopic examination under transmitted light at 

100x and 200x magnification. 

6.3.2 Results 

I. Shell increment analysis. 

Of 300 embedded individuals processed, 130 successful 

peels were produced. This low success rate of the peels and 

the difficulty in resolving anything other than the most 

prominent growth lines is attributed to the homogeneous 

nature of the shell material and the depositional regime 

experienced by Yoldia for shell carbonate. These factors 

have been shown to adversely effect the positive delineation 

of anything but the strongest lines of greatest contrast in 

other molluscs (MacClintock, 1967: Pannella & MacClintock, 

1968) and are further complicated in Yoldia by its thin and 

fragile shell. 
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Increments were examined in all peels to determine if an 

characteristic obvious structure existed. Prominent series of 

growth lines were observed in all individuals examined and in 

the more detailed peels consisted of regularly repeating 

units of varying size and intensity. Incremental units 

corresponding to those of Barker (1964) were identified 

within the shell sections examined and generally showed 

strong presence of First order, major, increments (Barker, 

1964) containing two 2nd order and finer scale 3rd and 4th 

order increments. On the basis of these observations strong 

first order growth increments, as suggested by Barker (1964), 

were assumed to be annual in occurrence. 

The distance from the umbo to prominent, or first order 

shell increments was measured for 1043 growth increments 

(Fig. 44). 

A Ford/Walford plot of this data was constructed 

relating shell height at increment t, to shell height at 

increment t+1 (Fig. 40). This provided a statistically 

significant model of shell growth (table 21). The slope of 

this line is e-k , it's intercept on a 45° line (that is where 

y = x) is H, the theoretical maximum shell height, and the 

intercept on the y axis is H(l-e-k ). k is the coefficient of 

catabolism of von Bertalannfy's (1938) growth equation, and 

describes the rate at which the maximum or asymptotic shell 

height of the growth curve is reached (Beverton and Holt, 

1959) • 
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Table 21. Yoldia eightsi. Least squares linear regression and 
analysis of variance of shell height (mm) at first order 
increment t+1 on shell height (mm) at first order increment 
t. 

Parameter 

Intercept 
Slope 

Analysis 

source 

Model 
Error 
Total 

Estimate 

1.204 
0.946 

of Variance 

Sum of Of 
squares 

15268 1 
89 1042 

15357 1043 

Adjusted R2 = 99.4% 

standard 
Error 

0.029 
0.002 

Mean square 

15268 
0 

t-ratio 

41.37 
423.28 

F-ratio 

179163 

p 

< 0.001 
< 0.001 

p 

< 0.001 

The construction of Manzer/Taylor (1947) plots relating 

individual increases in incremental addition proved difficult 

as few individual shell sections contained more then 2 or 3 

consecutive first order lines. All incremental data was 

therefore pooled prior to further analysis. 

A number of growth rate equations are commonly used to 

fit curves to growth data. Of these one of the most widely 

employed is that developed by von Bertalannfy (1938). This 

expression is given as ; 

where Ht is the shell height at time t, H is the maximum 

theoretical shell height determined empirically through 
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intensive sampling or graphically using the Ford/Walford 

technique. k is the coefficient of catabolism determined from 

the slope of the Ford/Walford plot (e-k ) and to is the 

theoretical time at which the shell width of the animal is 

zero. 

The von Bertalanffy parameters of maximum shell height 

(H) and rate of shell growth towards this asymptotic value 

(k) were calculated from the relationship of Ht on Ht+1 to be 

22.22mm and 0.056, respectively (Fig. 41). Using the known 

settlement size (Hto ) for Yoldia of 0.32mm in height (Colman, 

pers. com.) a value for to' of -0.26, was obtained from the 

von Bertalanffy equation. 

Incorporating the values of H, k and to into the von 

Bertalanffy growth equation a size at age relationship for 

the Factory Cove population of Yoldia eightsi was determined. 

These data are presented in table 22. 
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Table 22. Predicted shell height (mm) at age (years) 
extrapolated from the von Bertalannfy growth equation derived 
for the inshore population of Yoldia eightsi in Factory Cove, 
Signy Island. Shell lengths (mm) have been extrapolated from 
the population length/height relationship. 

AGE PREDICTED PREDICTED AGE PREDICTED PREDICTED 
HEIGHT LENGTH HEIGHT LENGTH 

0 0.32 0.36 28 17.59 28.01 
1 1.50 1.91 29 17.84 28.44 
2 2.62 3.51 30 18.08 28.86 
3 3.68 5.09 31 18.30 29.24 
4 4.68 6.61 32 18.51 29.61 
5 5.63 8.09 33 18.71 29.95 
6 6.52 9.49 34 18.90 30.29 
7 7.37 10.85 35 19.08 30.60 
8 8.17 12.14 36 19.25 30.90 
9 8.93 13.38 37 19.41 31.18 

10 9.65 14.56 38 19.56 31.44 
11 10.33 15.68 39 19.71 31.70 
12 10.97 16.74 40 19.84 31.93 
13 11.58 17.76 41 19.97 32.16 
14 12.15 18.71 42 20.09 32.37 
15 12.69 19.62 43 20.21 32.58 
16 13.21 20.50 44 20.31 32.76 
17 13.69 21.31 45 20.42 32.95 
18 14.15 22.09 46 20.52 33.13 
19 14.59 22.84 47 20.61 33.28 
20 15.00 23.54 48 20.69 33.43 
21 15.39 24.21 49 20.78 33.58 
22 15.76 24.84 50 20.85 33.71 
23 16.11 25.45 51 20.93 33.85 
24 16.44 26.02 52 21.00 33.97 
25 16.75 26.55 53 21.06 34.08 
26 17.05 27.07 54 21.13 34.20 
27 17.33 27.5 

128 



II. popula~ion age s~ruc~ure 

Al though the determination of the growth rate of the 

Factory Cove population of Yoldia and the environmental 

constraints thereon was a primary objective of this study 

some additional features of the population may be deduced 

from the monthly data collected. 

The patchy nature of the distribution of the Yoldia 

population within Factory Cove precluded an accurate estimate 

of the population age structure based on the analysis of 

individual monthly samples. 

As the post-spawning body biomass of representative 

individuals of the population stabilised from July to October 

(Fig. 35) the assumption of slow to insignificant shell 

growth was made for this period. The morphometric data of 

samples taken during this period were pooled to provide a 

more representative sample of the population for age 

structure analysis. 

A sample size of 1521 individuals was thus obtained 

(Fig. 42) and the von Bertalanffy growth equation for the 

population, derived from incremental growth data, used to 

back-calculate the age of each individual. Back-calculation 

from the peels of individual shell sections proved impossible 

due to the incomplete registration of all growth increments 

on acetate replicas. Abrasion of the umbo on the majority of 

specimens of all ages further compounded this approach. 

129 



The age of individuals calculated in this manner is 

representative of a mean size at age and recognises the 

variation in growth rates contained by any individual age 

cohort which is confined by this procedure. It is inherent 

that the calculation of age from size data will introduce 

such a bias, though it is suggested that the size on age 

distribution derived from this procedure provides a reliable 

estimate. 

The resulting population structure (Fig. 43) shows very 

few individuals within the first year class. The dearth of 

individuals within these size classes may represent the 

episodic spawning of the population or be indicative of 

adverse environmental influences on the survival of a 

regularly spawned annual brood. This feature of the length 

frequency distribution of Yoldia from Factory Cove has been 

previously noted (Rabarts, 1970) and agrees with observations 

of poor veliger settlement and survival from a successful 

spawning event (Colman, pers. com.). The variation in the 

frequency of the early age classes may represent such 

episodic spat survival. 

Alternatively a sampling bias, effectively precluding 

the successful collection of the smallest individuals, may be 

present. 
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The instantaneous mortality rate of the population, Z is 

given as the slope of the relationship between the natural 

logarithm of cohort abundance with age. It may also be 

expressed as the natural logarithm of the complement of the 

annual expectation of death, i.e. Nt +1 / Nt = e-Z and is a 

standard statistic for describing population decline 

(Gulland, 1983). 

within the Factory Cove population of Yoldia the 

mortality rate becomes constant over the ages of 12 to 17yrs 

(Z = 0.11) (Fig. 45). This lower age cohort approximates to 

the onset of maturity in this population (Shell height >10mm, 

Age> 12yrs.). Following this initial period of decline the 

mortality rate becomes greater over the 17 to 22yr cohorts (Z 

= 0.49) and is maintained at a relatively constant rate 

throughout the following age groups. It is evident from this 

analysis that following the onset of maturity the metabolic 

stress sustained by indi viduals through gameteogenesis and 

spawning, decreases the survivorship potential of all mature 

individuals at a constant rate through time. This essentially 

indicates the dependence of the population on successful 

periods of autotrophic primary production for reproduction 

and growth and may explain the variable annual recruitment 

evident in the Factory Cove population. 
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III. Determination of growing season. 

Incorporation of 45Ca in a range of experimental 

individuals from 9. 43mm to 13. 59mm shell height predicted 

hourly incremental rates within the range of O.08~m to O.24~m 

in shell height. The application of the von Bertalannfy 

growth equation, determined from the incremental growth band 

analysis of the Factory Cove Yoldia population, predicts an 

annual shell height increment related to individual size, 

ranging from O.48mm to O.72mm for these animals. Application 

of the Ford/Walford incremental relationship estimates an 

increase of between O.47mm and O.69mm for these same 

individuals (Table 23). 

using the hourly shell accretion rates determined for 

these individuals from the analysis of 45Ca uptake, the 

length of the available growing season may be calculated from 

the predicted gross annual increase in shell height. Periods 

of shell growth determined using this method estimate an 

average growing season length of 159 days. The high co

efficients of variation in growing days (Ford/Walford: 42%: 

von Bertalannfy: 43%) are evidence of variations in 

individual growth rates caused by differing physiological 

rates of growth and possible experimental stress. The average 

growing season predicted from this analysis however, concurs 

with the annual period of active biomass increase observed 

within the Factory Cove population of Yoldia (Fig. 35). From 

these data it can be concluded that the Factory Cove 

population of Yoldia has an approximate annual growing season 
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of 5 months and an annual shell growth rate described by the 

von Bertalannfy equation determined from internal shell 

growth increments. 

Table 23. Growth rate and growing se~on length predicted 
from measured hourly uptake rates of 4 Ca and extrapolation 
of the Ford/Walford plot (FW) and von Bertalannfy equation 
(Von B) constructed for the inshore population of Yoldia 
eightsi at Factory Cove, signy Island. SO = Standard 
deviation, CV = Coefficient of variation. 

Experimental 
period 

(hrs. ) 

48 

72 

96 

120 

144 

Shell 
height 

(mm) 

13.57 
13.30 
12.41 
13.12 
12.88 
12.48 
12.32 
11.83 

9.43 
9.72 
9.93 

13.59 
13.55 

Hourly 
Increment 

(J,Lm/hr) 

0.18 
0.15 
0.24 
0.20 
0.12 
0.13 
0.08 
0.22 
0.11 
0.22 
0.11 
0.15 
0.20 
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Increment 
predicted 

Growing season 
(days) 

FW VonB FW VonB 

0.467 0.480 108 111 
0.482 0.480 134 133 
0.530 0.540 92 94 
0.492 0.480 103 100 
0.504 0.480 175 167 
0.526 0.540 169 173 
0.535 0.540 279 281 
0.561 0.570 106 108 
0.691 0.720 262 273 
0.675 0.680 127 129 
0.664 0.680 252 258 
0.466 0.480 129 133 
0.468 0.480 98 100 

Mean 157 159 
SO 66.61 68.48 
CV 42.4% 43.1% 



6.3.3 Discussion 

The factors effecting the growth rate and longevity of 

many species of bivalves have received much attention. Of 

these, the tendency for increasingly slow rates of growth as 

latitude increases in species with wide geographical ranges 

has attracted particular interest (Weymouth et al., 1931: 

Ansell, 1968; Gilbert, 1973; Graus, 1974; Harrington, 1986). 

In an intensive study of the bivalve genus Protothaca 

(Veneridae) from the Gulf of Alaska to Panama a change in 

growth rate was evident as water temperature increased. 

Within Alaskan waters (60
0

N) the von Bertalannfy parameter k 

for p.staminea ranged between 0.094 and 0.139 in waters of 

approximately 7.5°C. The same species at the southern part 

of its range (30 o N) in waters of 15.0°C had a much greater 

growth rate with k values ranging between 0.528 and 1.238. 

Examination of the daily growth increments within the shell 

of this species showed that in Alaska the maximum number of 

daily increments was about 150 suggesting that P.staminea was 

metabolically growth active for only about 5 months out of 

each year. Progressing southward, the number of daily 

increments increased gradually such that at the southern 

range end-point of the species, the number of increments was 

about 330. These values correlate well with the productivity 

patterns in the oceans at these latitudes which suggests that 

growth is controlled primarily by food supply rather than 

temperature. 
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Gilbert (1973) has shown a similar trend in a study on 

the bivalve Macoma balthica over the geographical range of 

38°N - 60 o N. Individuals in this study showed decreased rates 

of growth and greater longevity as latitude increased which 

was associated with a steady decline in ocean temperature and 

length of the growing seasons as the northerly end of the 

range was reached. 

The importance of the coupling of active metabolic 

growth in bivalves to the seasonal pulse of primary 

production is also evident in deep-sea bivalves. Lightfoot at 

al. (1979) suggested that the timing of reproductive cycles 

in deep-sea bivalves and other invertebrates was coupled to 

this pulse. This response has also been reported in deep-sea 

echinoderms (Tyler et al., 1982) and has been the subject of 

comprehensive review (Tyler, 1988). 

In a study of the internal shell banding patterns in the 

deep-sea bivalves Yoldia thraciaeformis and Nuculana parnula 

(Gilkinson at al., 1986) strong shell growth bands were taken 

to indicate that a major annual event effects the growth 

pattern of these animals. Growth bands, assumed to be annual, 

were very small in these species being recorded as 13~m in 

the inner shell layer of Nuculana pernula and between 80 -

100J.'m in the outer shell layer of Yoldia thraciaaformis 

though the shell size and position of measurement were not 

reported. These growth bands were suggested to represent 

shell-mediated changes in growth rate resulting from 
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fluctuations in food supplied from surface waters (Valentine, 

1983). 

Food supply rather than low ambient temperature and high 

ambient pressure therefore appears to be the major limiting 

factor for growth and productivity in the deep sea (Horne et 

al, 1969; Ikeda & Hing Fay, 1981). Where this is the case 

great ages may be attained by resident bivalves. Tindaria 

callistiformis, a nuculoid bivalve from 3800m, has been aged 

from 228Ra measurements at about 100 years (Turekian et al., 

1975) whilst Arctica islandica from approximately 200m has 

been shown to attain an age of 150 years (Thompson et al., 

1980). 

In those few places in the deep-sea where food supply is 

constant, growth rates of bivalves may be much higher than in 

related shallow water forms. The dense suspensions of 

chemosynthetic microbes around deep sea hydrothermal vents 

and harboured within the gills of bivalves are supported by 

photoautotrophically produced material from surface waters 

that is concentrated by convection cells created by the vents 

themselves. These communities support rates of growth of 120-

500 times that of deep-sea bi val ves away from hydrothermal 

vents (Rhoads et al., 1981, Turekian et al., 1981). 

The growth of Mytilus edulis from the seasonally 

ice-locked oisko and Thule district of Greenland has been 

shown to be slower than that recorded in most temperate areas 

with values of k ranging from 0.022 to 0.155. When the growth 
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rate was related to the number of ice free days with 

temperatures above O°C however, growth at the Greenland site 

almost equalled that recorded for Mytilus edulis populations 

in temperate regions (Theisen, 1973). 

Growth curves calculated from annual data obscure 

seasonal variation and provide an average of the seasonal and 

environmental fluctuations of the growth parameter, k. 

Richardson et al. (1980) have analysed the variations in 

short term growth rates evident in populations of the bivalve 

Cardium edule from Menai Bridge, North Wales and Ramfjord, 

Norway. The populations experience very different growing 

seasons with those in North Wales exhibiting growth almost 

around the year and those in Norway showing most of their 

growth during a period of approximately 160 days from May to 

october. The comparison of the short term coefficient of 

growth k14 (Growth coefficient measured over 14 days) during 

the periods of maximum growth in both these populations 

however, was very similar with values of k14 ranging from 3 -

4 x 10-3 day-1 in the temperate population and a maximum 

value of 2.5 x 10-3 day-1 in the sub-Arctic population. 

Annual k values extrapolated from this data for temperate 

(k=0.70) and sub-Arctic (k=0.20) populations reflect the 

differing biological and environmental regimes present at 

each site and the control these exert on the population 

growth rates. 

Al though studies on the rate of growth of Antarctic 

bi val ves have been few, the general synopsis of the data 
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gathered from all the species examined to date has been one 

indicating very slow rates of growth. Rabarts (1970) assigned 

an age structure to the Yoldia eightsi population wi thin 

Factory Cove based on the interpretation of external pairs of 

winter check marks on individual shells. The maximum age 

class predicted by this study was 19 years with a 

relationship suggested to exist between yearly variation in 

sea water temperature and shell height increase. 

Rabarts (1970) assumed that the nutritional requirements 

of the inshore populations of Yoldia from Factory Cove must 

be adequately met by the annual phytoplankton production and 

detri tal accumulation. This was accepted to be reasonably 

constant from one year to the next and it was suggested that 

annual differences in growth rate, independent of the nature 

of the substratum, were most likely induced by yearly 

fluctuations in sea water temperature. 

In order to quantify the effects of sea water 

temperature on shell growth Rabarts (1970) applied 

temperature data from an adjacent, deep water site (30m) at 

Normanna straits to the shallow water Yoldia community of 

Factory Cove. The annual variation evident in this data was 

correlated with annual shell height increases over a range of 

shell sizes. 

Temperature effects were not shown to be consistent over 

the entire shell size range and a seasonal effect, implicit 

in the presence of check rings, was not established. 
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The bivalves Laternula elliptica and Adamussium colbecki 

collected from Antarctic waters exhibit values of the von 

Bertalannfy growth parameter k, of 0.16 and 0.24 respectively 

(Ralph and Maxwell, 1977). Although these values are low in 

relation to temperate water species they are high in 

comparison with those of ; Picken ( 1980b) and the present 

study, for Nacella concinna (k=0.07l5 and k=0.062 

respectively) and the values presented in this study for 

Yoldia eightsi (k=0.056). The values of k presented by Ralph 

and Maxwell (1977) may be artificially high, however, and may 

reflect the difficulty in resolving annual periods of shell 

secretion from the examination of external rings. This 

technique is of little use, particularly in slow growing 

organisms. The values of k, suggested by Picken (1980b) and 

the present study, compare favourably with those presented 

for Arctic specimens of P. staminea, k = 0.094 0.139, 

(Harrington, 1986) and M. edulis, k = 0.022 - 0.155 (Theisen, 

1973). 

The Antarctic inshore marine environment, in common with 

these studies from northerly latitudes, has an extremely 

seasonal pulse of primary production which dictates a short 

growing season for the majority of dependent herbivores and 

detritivores. The prediction of an average growing season of 

157 days for the population of Yoldia eightsi from Factory 

cove, derived from 45ca incorporation and internal shell 

increment analysis, is similar to that reported for 

populations of Cardium edule from Ramfjord in Norway 
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(Richardson et al, 1980), Mytilus edulis from Greenland, 

Theisen (1973) and Protothaca staminea from Alaska 

(Harrington, 1986). This interval accounts for the periods of 

biomass increase occurring during the summer months which is 

evident as an increase in ash free dry mass of the population 

over this period. Under these conditions the popUlation 

dynamics of Yoldia are very similar to those of other 

detritivores found in deep sea environments with similar 

limited seasonal food input and growth rates. Sediment 

processing and turnover rates are high with efficient sorting 

removing a high proportion of the available organic material 

at a constant, temperature independent, metabolic rate 

(Davenport 1988a, 1988b). That food supply is the limiting 

factor to the growth rate is further supported by the fast 

average growth rate observed of 3.84~m day-1 (O.16~m hr-1 ) in 

shell height during January. This agrees with the 

mark/recapture studies of Davenport (1989) who recorded a 

daily growth rate of approximately 3~m day-1 

(SD 2. 30~m day-1) in animals of between 19.10 and 32. 50mm 

shell length. This rate of growth, however, does not appear 

to be sustained throughout the year. 

The slow yearly growth observed in ¥oldia affects the 

period of time taken to reach maturity and hence the 

longevity of the population. The population age structure is 

indicative of variable yearly recruitment with the onset of 

sexual maturity at an age of approximately 12 years and a 

maximum age wi thin the population of Factory Cove of 52 

years. These observations are supported by the slow growth 
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rates reported for the Antarctic shrimp Chorismus antarcticus 

(Clarke & Lakhani, 1979), the isopods Serolis polita and 

Serolis polita (Luxmoore, 1982) the echinoderm, Odontaster 

validus (Pearse, 1965) and the patellid limpet Nacella 

concinna (Picken, 1980b) which are all also characterised by 

a relatively long life-span. 

Longevity and gigantism are characteristics of deep sea 

bivalves. Growth has been shown to be restricted by 

limitations in the annual food supply rather than temperature 

variation, resulting in a clearly defined growing season of 

variable duration (Turekian et al., 1975; Thompson et al., 

1980, Richardson et al., 1980a, 1981). The great age 

attained by the inshore population of Yoldia eightsi is 

consistent with the general observation that eurythermal 

bivalves live longer and grow larger in the colder parts of 

their ranges, due to restricted periods of primary production 

(Nicol, 1964). In Factory Cove it is unlikely that water and 

air temperature variations play an important role in the 

seasonal alteration of the benthic environment. Chemical and 

biological data collected from the site, suggest that shell 

growth is directly influenced by periods of food availability 

rather than variations in water temperature. Annual 

variations in the level of benthic and phytoplanktonic 

primary production, therefore, serve to regulate and dictate 

the growth and fecundity of the Yoldia eightsi population. 
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CHAPTER 7 

Summary and suggestions for further study 

7 • ~ SU1Il1Ilary 

The growth and calcification rates of the Antarctic 

limpet Nacella concinna and the infaunal bivalve Yoldla 

eightsi are directly affected by variations in environmental 

parameters, morphology and behaviour. 

successful growth to maturity in Nacella concinna is 

influenced by individual behaviour. The population consists 

of two discrete groups with affinities with either the 

littoral or sub-littoral zones. In each of these zones 

survivorship is affected by differing circumstances. The 

height, strength and general shell morphology in sub-littoral 

animals is altered through the grazing of other limpets on 

endolithic algae which infests the shell material. The shell 

is severely weakened through this process and in some 

instances may be completely eroded. Those animals resident in 

the littoral zone are subjected to greater extremes of 

temperature and avoid infection by endolithic algae and the 

loss of shell material through intraspecific grazing. They 

are, however, subject to the predatory attentions of the 

Dominican Gull, Larus dominicanus. Limpets are preferentially 

selected on the basis of shell shape with animals of a pear

shaped, basal profile predominating in gull middens. 
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Recapture of marked limpets revealed a rate of growth 

described by the von Bertalannfy coefficient k, of 0.062 to a 

maximum shell length of 45.19mm. The age of the largest 

individual recorded during this study was predicted to be 37 

years. 

The chemical environment of the inshore waters of Signy 

Island is rich in calcium, strontium and magnesium and is in 

no way limiting to shell secretion. The Carbonate cycle is 

affected by the proliferation of phytoplankton during the 

spring bloom, with a non-limiting depletion in total 

alkalini ty occurring at this time in the inshore waters. 

Following the spring bloom the flux of senescent 

phytoplankton to the sediment along with an increase in 

benthic algal biomass, as a consequence of increased light 

penetration, provides the major annual input of organic 

material to the sediment. 

The growth rate of the Yoldia eightsi population of 

Factory Cove is directly influenced by annual variations in 

food supply. The patchily distributed population utilises 

algae and detritus from both benthic and planktonic sources 

and reflects this period of active metabolism through the 

secretion of an annual band of shell carbonate. Shell 

secretion rates determined experimentally using 45ca reveal a 

rate of growth coincident wi th that predicted from 

periodicity structures within the shell, along with periods 

of increasing biomass and primary production. 
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The growth rate for Yoldia determined by the analysis of 

internal shell growth increments is described by the von 

Bertalannfy coefficient k of 0.056 with a maximum predicted 

shell size of 22.22mm shell height. This rate of growth is 

similar to that recorded for the population of Nacella 

concinna in Factory Cove. 

The predicted annual increment in shell height in 

Yoldia, for an individual of between 9 and 13mm shell height, 

is within the range of 346#Jm and 461#Jm. This assumes a 

constant growth rate of 0.16#Jm per hour and extrapolates to 

an average growing season of 159 days. The maximum age for 

the largest indi vidual sampled was determined as 53 years 

lying within the predicted age size class of 21.06-21.13mm 

shell height and 34.08-34.20mm shell length. 

Although the overall rate of growth is slow the growth 

rate recorded during periods of peak productivity is 

comparable to peak rates of growth in many temperate and 

warmer water species. The growth rate of the population of 

Yoldia eightsi in Factory Cove is also comparable to that 

recorded for members of deep-sea communities and other high 

latitude species whose growth is similarly regulated by food 

supply. 

From these data it is evident that food supply is the 

limiting factor to growth in the Factory Cove population of 

Yoldia eightsi at Signy Island. 
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7.2 suggestions for further study 

There are a number of areas, brought to light in this 

study, which would benefit from the application of advanced 

techniques and be independent of resident time in the 

Antarctic. 

For both the species examined the analysis of internal 

shell growth and crystal growth patterns could be examined to 

better resolution using standard electron microscopy 

techniques. A study of this type would provide a better 

understanding of the temporal variation in shell secretion 

and if comprehensive environmental data were collected over a 

similar period more accurate interpretations of the 

environmental controls to growth would be possible. 

It may also be possible to determine to a more finite 

extent the exact periods of shell deposition using the 

isotopic analysis of shell carbonate. This would necessitate 

development of standard techniques and may be occluded by 

background 'biological' noise. The technique if successful 

however, would predict the water temperature at the time of 

shell deposition and would be of great value in determining 

the true relationship between food supply and growth. 

A study of the feeding ecology of both species would 

provide much more information on food selection processes, 

dietary content, periods of food availability and feeding 

criteria for successful spat fall and recruitment. In 
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association with feeding studies the ecological relationship 

of the endolithic alga with Nacella concinna would be of 

interest. The growth rate and nutritional comparison with 

other available food sources would provide a data set which 

would determine the relative importance of this food source 

and could further elucidate feeding and behavioural 

differences between the littoral and sub-littoral 

populations. 
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