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ABSTRACT: The triacylglyceroVstero1 condition index was applied to larval lobster populations in the 
vicinity of Georges Bank in the Gulf of Maine. This index is related to larval size by an increasing 
power function which explains around 40% of the variation. The poor fit can be explained by the 
uneven increase in triacylglycerol levels during development within each moult stage. Increased pig- 
mentation is not related to larval condition, as measured by lipid Storage, and masks the increased yel- 
lowish hue of lipids as development proceeds. The larval triacylglyceroVstero1 index appears to 
undergo a diurnal cycle in Stage 111 and IV lobsters, with lowest values at midday and highest values 
after dark. This Pattern cannot be explained by nocturnal feeding, which leaves the possibilities that 
satiated larvae descend below the surface metre during daylight and are therefore underrepresented 
in our coilections by being more vertically diffuse, and/or that healthy well-fed larvae would be more 
likely to detect the trawl and escape during daylight. Few Stage I and I1 lobster larvae were found in 
the vicinity of Georges Bank with a condition index less than 0.1, which is the level laboratory studies 
indicate approaches the 'point-of-no-return' The condition of all developmental stages was found to be 
better in individuals located off Georges Bank. This is not ecologically significant in the case of the first 
2 stages because such a small proportion of the population was actuaily located off the bank. It is not 
resolved how the third and fourth stages arrive off Georges Bank, since shoal water hatching is the 
norm, but their Lipid reserves are significantly greater than identical developmental stages located on 
the bank. Finaily, the density of Stage IV larvae in the adjacent surface waters over the Gulf of Maine 
is twice that found over Georges Bank. This suggests that the lobster has evolved a life cycle in offshore 
waters in which larvae are hatched in shoal waters over the banks but the last 2 planktonic/pelagic 
stages either seek or are transported to, and by Stage IV thnve in, the warmer stratified layer over the 
deeper waters of the Guif of Maine. 
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INTRODUCTION 

Interest has been growing in the possibility that lob- 
Ster larvae from offshore banks might drift with the 
residual currents and/or navigate towards the coast 
and recruit to the more coastal waters (Rogers et al. 
1968, Stasko 1978, Fogarty et al. 1980, Harding et al. 
1983, Harding & Trites 1988, 1989, Katz et al. 1994). 
Larval distributional studies in Canadian offshore 

waters indicate that lobster eggs are hatched in the 
shoaler waters of Georges, Browns and German Banks 
(Stasko & Gordon 1983, Watson & Miller 1991, Harding 
et al. 1995), whence they become part of the summer, 
surface-water, plankton community (Harding et al. 
1983). From here, they are believed to be widely 
broadcast by the time they moult into the fourth and 
final planktonic/pelagic stage and before seeking the 
bottom. A greater density of Stage IV lobsters was 
observed off rather than on Georges Bank during an 
August and several July surveys in the 1980s (Harding 
et al. 1995). It is not known how substantial numbers of 
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lobster larvae escape the retentive hydrography of the 
offshore banks (Loder et al. 1993, Perry et al. 1993, 
Tremblay et al. 1994, Harding et al. 1995). The aspect 
addressed here is whether larvae located off the bank 
are in as good a condition for survival as those remain- 
ing over the bank. 

A number of fish studies on the NW Atlantic shelf 
have addressed the issue of larval condition and local 
hydrography (Frank & McRuer 1989). Haddock lar- 
vae fared better in surface waters that were stratified 
(Buckley & Lough 1987, Frank & McRuer 1989), 
whereas cod appeared to do best in mixed waters 
(Koslow et al. 1985, Buckley & Lough 1987) regardless 
of the proximity of Browns, Georges or German Bank. 
There was no obvious relationship between larval her- 
ring condition and proximity to Georges Bank (Cohen 
et al. 1980). 

A vsnety of condition indices have been developed 
in an attempt to evaluate the survival potential for 
planktonic larval fishes, tvhich includes morphometric, 
histological and biochemical characteristics (Ferron & 
Leggett 1994). Fraser et  al. (1987) and Hakanson 
(1989a,b) suggest lipid class composition as a good 
indication of nutritional condition. It is well known that 
tnacylglycerol is a common form of energy Storage in 
animals (Sargent & Whittle 1981). Sasaki (1984) mea- 
sured the type and concentrations of lipids in larval 
lobsters during laboratory growth and starvation stud- 
ies and found that tnacylglycerol content was a good 
indicator of their nutritional history. Fraser (1989) reex- 
amined these data and concluded that triacylglycerol 
content, by itself, was not a good indication of lobster 
condition because of its dependence on larval size. 
Fraser proposed accounting for body size by using a 
ratio of tnacylglycerol to sterol concentrations, be- 
cause sterols were found to be directly proportional to 
body dry weight and were not significantly catabolized 
during 5 to 6 d starvation (Sasaki 1984). However, 
there is always a problem with relating larval condition 
from laboratory to field conditions (Hakanson 1989a). 
In the present paper we attempt to evaluate the use of 
the triacylglycerol/sterol ratio as a condition index for 
lobster larvae collected from 2 water masses in the 
vicinity of Georges Bank. 

METHODS 

Larval lobsters were collected for lipid analysis on 3 
oceanographic cruises to the Canadian sector of 
Georges Bank. In 1988 transects were run across the 
northern frontal Zone on Georges Bank between 5 and 
21 July ('Lady Hammond' Cruise 183) and between 
23 August and 1 September ('Lady Hammond' Cruise 
191) as Part of a joint physical-biological study (see 

Perry et al. 1993). Lobster larvae were captured with a 
Vass-Tucker trawl (-2.5 m2 effective mouth size, 
1.6 mm mesh) from an integrated tow of 30 min dura- 
tion above (70 trawls) and below (63 trawls) the pycno- 
cline, together with continuously recorded tempera- 
ture, salinity (conductivity), light intensity, depth and 
volume of seawater filtered (Vass 1988). Four surface 
trawls were taken. In 1989, transects were again run 
across the northern section of the bank and 6 deploy- 
ments of internally recording Loran-C drifters, with 
5 m long drogues centered at 10 m depth, were fol- 
lowed for 2 d penods from 3 on-bank and 3 off-bank 
starting locations (July 12 to 31, 'Lady Hammond' 
Cruise 202, See Drinkwater et al. 1992, Harding et al. 
1995). Three drifters were followed consecutively on 
each of the 2 Sets for larval lobster sampling. One sur- 
face (total: 20 trawls) and 3 stepped, oblique integrated 
Vass-Tucker trawls, of 30 min duration, from close to 
the bottom or from 50 rn depth to the surface in deeper 
waters (100 trawls) were carried out in the vicinity of 
each drifter before steaming to the next dnfter. At the 
end of the 1989 cruise, one of our transect lines of 
oblique trawls was continued out into the Gulf of 
Maine proper in search of the more advanced plank- 
tonic stages of the lobster. 

At sea, larval lobsters were sorted from the macro- 
plankton catch, the carapace length was measured, 
colour was noted, and then the larvae were identified 
to moult and intramoult Stage, using the descnptions of 
Aiken (1973) and Sasaki (1984), usually within 30 min 
of trawl retrieval. Of these larvae, selected living indi- 
vidual~ of a variety of stages were individually rolled in 
aluminum foil, placed in glass vials and frozen in liquid 
nitrogen for later lipid analysis in the laboratory 
onshore. It was not always possible to capture intra- 
moult Substages A and B alive, especially Stage I 
larvae, because of their vulnerable state due to soft 
exoskeletons, so recently dead or nearly dead indi- 
vidual~ had to suffice for lipid determinations. On 
returning to port, the vials were transferred to a -70°C 
freezer until analysis 2 to 4 mo later. Sasaki & Capuzzo 
(1984) found no evidence of enzymatic or oxidative 
degradation of various neutral or polar lipids over a 
penod of 105 d if the lobster larvae were frozen imme- 
diately in liquid nitrogen and stored at -70°C. Lipid 
quantification was performed using the Iatroscan thin- 
layer chromatography-flame ionization detection sys- 
tem (Ackman 1981, Fraser et al. 1985). This method is 
applicable to the analysis of a single fish larvae con- 
taining 0.9 pg of triacylglycerol (Fraser et al. 1988). 
Larvae were individually freeze-dned for 24 h and 
weighed to the nearest 0.01 mg dry weight. Lipid was 
extracted by placing individual larvae in 2 ml of 
dichloromethane-methanol (2:1, v/v) for about 18 h, 
following the addition of a known amount of nonade- 
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cane internal Standard. Solvent was then removed by 
syringe and the defatted carcass rinsed with a further 
1 ml of solvent. A more conventional extraction (Fraser 
et  al. 1987) of a selection of the defatted carcasses pro- 
duced no further lipid. The main advantage of the pas- 
sive method of lipid extraction was that by eliminating 
the formation of an  aqueous phase there was no inci- 
dence of water residue contaminating the small lipid 
samples. Triacylglycerols and sterols were quantified 
on an  Iatroscan Mark 111 (Iatron Laboratories, Tokyo, 
Japan) ,  using synthetic Standards (Fraser et al. 1985). 
Chromarods were developed initially in hexane- 
diethyl ether-formic acid (82:2.5:0.045, v/v/v) to permit 
Separation of the nonadecane and sterol esters. A sub- 
sequent development in hexane-diethyl ether-formic 
acid (55.2:29.7:0.075, v/v/v) separated the sterols, free 
fatty acids and triacylglycerol. Any non-lipid material 
that contaminated the passively extracted lipid re- 
mained at the spotting origin of the chromarods and 
did not interfere with the migration of the lipid classes. 

Paran~etric or nonparametric statistics were calcu- 
lated as indicated in the text where appropriate with 
the SYSTAT package for Macintosh, version 5.2 
(Wilkinson 1992). Normality of variables was checked 
before performing statistics using the Lilliefores test 
with the Kolmogorov-Smirnov Programme. The signif- 
icance level chosen throughout was p < 0.05. 

RESULTS AND DISCUSSION 

Lipid, mass and size relationships 

It has been proposed that storage lipids of individual 
lobster larvae would be a logical indication of their 
nutritional condition (Fraser 1989). In experimental 
studies with lobster larvae it was found that tnacyl- 
glycerols served as the storage lipid utilized first under 
starvation conditions, whereas sterols, the other major 
neutral lipid in lobster, remained approximately con- 
stant relative to protein levels (Sasaki 1984). Triacyl- 
glycerol concentrations are known to be a function of 
larval size (Sasaki 1984), thus any lipid-based condi- 
tion index must be normalized by some measure of 
organism size (Fraser 1989). 

Lobster larvae retained from the neighbourhood of 
Georges Bank in the present study were exarnined first 
for possible effects of collection month and year on 
lipid type, larval size and biomass (Table 1). No differ- 
ence was observed between collection month and year 
in dry weight, carapace length, intramoult stage, tria- 
cylglycerol and sterol content of Stage I and I1 lobsters. 
Stage I11 and IV lobsters, however, weighed signifi- 
cantly more and contained a greater body content of 
sterols in the August collections. Stage IV lobsters also 
had greater triacylglycerol stores in August compared 

Table 1 A comparison of dry weight, carapace length, intramoult stage, tnacylglycerol (TAG) and sterol (ST) content and the 
TAG/ST ratio (X + CD, number of individuals given in parentheses) of lobster moult Stages I to IV coilected dunng 5 to 21 July 

1988,23 August to 1 September 1988, and 12 to 31 July 1989 

Coilection Lobster moult stages 
date I I1 111 IV 

P P P . P 

Dry weight Jul 1988 1.78 + 0.34 (17) 3.66 + 0.81 (10) 6.19 + 2.06 (4)db - 

(9) Aug 1988 1.47 (1) 3.22 + 0.40 (3) 7.87 + 1 22 ( 1 6 ) ~  23 0 + 5.4 (37)' 
Jul 1989 1.66 t 0.32 (64) 3.33 + 0.71 (76) 6.60 i 1 48 (59)" 16.9 + 5.8 (42)" 

Carapace Jul 1988 2 09 10 11 (13) 2 95 10.12 (10) 3.70 + 0 04 (41ab 
length Aug 1988 2.04 (1) 2.88 + 0.12 (3) 3.87 i 0.17 (16)a 4.9 + 0.2 (37) 
(mm) Jul 1989 2.09 + 0.09 (62) 2.96 + 16.2 (76) 3.97 I 0 21 (601b 4.9 I 0.2 (42) 

Intramoult Jul 1988 3.8 + 0 8 (17) 5.0 + 2 5 (10) 4.0 i 2.7 (4) - 

Stage Aug 1988 4.0 (1) 4 . 3 i 1 . 5  (3) 5.5 + 1.8 (16) 3.4 i 0 6 (37) 
(1-10) Jul 1989 3.4 i 1.5 (62) 4.5 + 1.5 (77) 5.1 I 2.4 (60) 3.2 i 0 9 (42) 

Triacylglycerol Jul 1988 2.17 + 0.78 (17) 5.0 r 2.5 (10) 71.2 i 51.7 (4) - 

(PS) Aug 1988 2.32 (1) 11.7 1 14.9 (3) 39.7 i 38.4 (16) 854.1 + 671.9 (37)a 
Ju1 1989 3.96 + 4.65 (64) 14.2 i 19.6 (77) 65.9 + 82.9 (60) 458.3 i 445.1 (42)a 

Ster01 Ju1 1988 12.7 I 5.4 (17) 25.1 I 6.4 (9) 35.2 + 10.1 (4)a - 

( ~ 9 )  Aug 1988 10.7 (1) 20.0 I 3.3 (3) 51.7 I 10.4 (16)"~  93.7 I 24.3 (37)a 
Jul 1989 11.7 + 3.5 (64) 21.8 I 5.5 (76) 37 7 + 10.7 (601b 63.2 + 17.7 (42)a 

TAG/ST Jul 1988 0.18 I 0.07 (17) 0.18 I 0.06 (9) 1.84 + 1.28 (4) - 

Aug 1988 0.22 (1) 0.53 i 0.62 (3) 0.77 + 0.70 (16) 8.57 i 5.92 (37) 
Jul 1989 0.36 I 0.45 (64) 0.68 i 0.96 (75) 1.76 + 2.17 (60) 6 74 i 6.15 (42) 

a , b ~ e t t e r s  indicate signdicant differences, using Kruskal-Wailis 1-way ANOVA, between month and year within each variable 
category and larval stage 
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Fig. 1. Interrelationships between larval triacylglycerol (TAG) 
and sterol (ST) content, body size (carapace length. CL) and 
weight (dry, DW) in larval lobsters collected from Gulf of 
Maine waters in the vicinity of Georges Bank. (A) TAG = 
0 . 0 3 C ~ ' ~ ~ ,  r2 = 0.65, n = 323. (B) ST = 2.22CL2.'5, r2 = 0.84, n = 
322. (C) DW = 0 . 1 9 C ~ ~ . ~ ~ ,  r2 = 0.89, n = 321. (D) TAG = 
0.67DW2.0H, r2 = 0.79, n = 328. (E)  All stages: ST = 8 09Dw.7a, 
r2 = 0.94, n = 326; Stage I: ST = 5.?2DW'.33, r2 = 0.67, n = 82; 
Stage 11: ST = 6.98DWog5, r2 = 0.76, n = 86; Stage 111: ST = 
5 . 5 5 ~ W ' . ~ ~ ,  r2 = 0.69, n = 79; Stage IV: ST = 8.16Dw.~',  

rZ = 0.65, n = 79 
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to in July. As expected, expressing tnacylglycerol con- 
tent as a ratio of sterol content had the effect of nor- 
malizing the Lipid storage to body biomass (Table 1). 

The total lobster larvae collected in the present study 
(n = 328) were first used to examine the relationships in 
the wild between major neutral lipid types, body size 
and biomass (Fig. 1A-E). In all cases, these variables 
were best fitted by exponential and/or power func- 
tions; the latter are illustrated in the figure because of 
their greater flexibility to fit either differentially 
increasing or decreasing values. Larval lobster bio- 
mass, expressed as dry weight, is related to the linear 
dimension of carapace size to the power of 2.75 
(Fig. lC),  which is close to the average value of 2.83 

obtained from observations on a broad spectrum of 
organisms (Peters 1983). The increase in variability of 
dry weight with developmental Stage (Fig. 1C) is an 
artifact of the scale used because growth is exponen- 
tial and not linear. Dry weight is a more useful measure 
of body size than carapace length for the present pur- 
poses, because more of the vanability is accounted for 
when either storage or structural lipid types are plotted 
against dry weight and fitted to a power function 
(Fig. lD,E). 

Sterols are important components of cellular mem- 
branes (Bloch 1983). Fraser (1989) repoited a good lin- 
ear correlation between these structural neutral lipids 
(pg) and the dry weight of individual lobster lawae 
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using the experimental data of Sasaki (1984), and sug- 
gested that sterols rnight be a better proxy of organism 
size than dry weight because of the possible loss of 
storage lipids while obtaining freeze-dried weights. 
The present study found this latter concern was un- 
founded because freeze-drying lobster larvae did not 
result in measurable lipid hydrolysis. Nevertheless, the 
present data do not Support a linear relationship in 
nature between sterol content and dry weight of lob- 
Ster larvae (Fig. 1E). A power curve with an exponent 
of 0.78 (r2 = 0.94) 1s the best fit to the Georges Bank lar- 
val data. This divergence from a simple, linear rela- 
tionship can be explained by several observations. 
First, a better measure of living biomass than dry 
weight is the protein content of the organism. Sasaki's 
(1984) study has shown that dry weight is a poor pre- 
dictor of protein content whereas sterols are directly 
proportional to protein with a constant sterollprotein 
ratio of 1.7 + 0.2% throughout larval development. 
This poor relationship between dry weight and protein 
weight can, in part, be attributed to the measured lar- 
val ash weight (14 to 34 % dry weight), which levels off 
prior to each moult, then increases rapidly during cal- 
cification of the new exoskeleton (Sasaki 1984). Larval 
sterol, however, increases more continuously through- 
out development, which results in the 'sawtooth' 
appearance of the plot of sterols versus dry weight 
(Fig. 1E). If moult Stages are fitted separately to power 
curves, it is apparent that the sterol-dry weight rela- 
tionship of Stage I has an exponent >1 (1.3), Stages I1 
and 111 have exponents close to 1, i.e. a linear function, 
and Stage IV has an exponent of 0.75. This means that 
proportionately more sterols are accumulated in first 
feeding larvae relative to their dry weight and that 
proportionately less sterols are stored dunng fourth 
stage development. Williams (1907) noted that calcifi- 
cation of the exoskeleton commences after the larvae 
moult into the fourth or megalopal larval stage (see 
Williamson 1969). Sasaki's (1984) laboratory results are 
consistent with this because larval ash content in- 
creased by 4-fold during metamorphosis. However, 
ash content doubled between Stage I and Stage 111 lob- 
sters (Sasaki 1984), which means that mineralization of 
the exoskeleton in fact Progresses throughout larval 
development. Development changes in ash weight 
probably cause the disproportional decrease in larval 
sterol concentrations relative to dry weight over the 
planktonic-pelagic larval phase of the lobster (Fig. 1E). 

Sasaki's (1984) laboratory study of lipid type and 
concentration in larval lobster found that triacyl- 
glycerol accumulation started around the rniddle of 
Stage 11, increased exponentially to Stage IVD,, then 
leveled out for the remainder of Stage IV. The triacyl- 
glycerol content of lobster larvae collected in the vicin- 
ity of Georges Bank plotted against dry weight were 

best fitted with a power function with an exponent of 
2.1 (Fig. 1D). There was much more vanability in the 
tnacylglycerol content (r2 = 0.79) compared to the 
sterol content (r2 = 0.94), which is readily explained by 
the former being the main storage lipid of larval lob- 
sters and the first to be utilized for energy during food 
shortages (Sasaki 1984). Hakanson (1989a) reported 
similar observations on wild anchovy larvae, where the 
power relationship between triacylglycerol or polar 
lipids and size has considerably more variation than 
that between cholesterol and size. This vanation was 
readily explained from the results of their starvation 
studies, where triacylglycerol decreased first, then to a 
lesser degree so did polar lipids, whereas cholesterol 
levels remained constant. In nature, this would trans- 
late into higher triacylglycerol variability because of 
the different feeding histones of individual larvae 
(Hakanson 1989b). 

Lipid condition indices 

Condition indices have been created for use with 
vanous manne organisms by normalizing the quantity 
of storage lipids present to their body mass (Ouellet et 
al. 1992, 1995, Lovrich & Ouellet 1994), body size 
(Suthers et al. 1992) or some type of structural lipid, 
either sterols (Fraser 1989) or phospholipids (Chan- 
dumpai et al. 1991). Lochmann et al. (1995) used a con- 
dition index for cod larvae based on discriminant 
analysis using tnacylglycerol, phospholipid content 
and defatted dry weight. 

Tnacylglycerol/stero1 and tnacylglycerolldry weight 
ratios are evaluated here to describe the nutritional 
conditions of lobster larvae collected in the neighbour- 
hood of Georges Bank. It can be Seen that these indices 
give similar results when plotted against a linear mea- 
Sure of larval size (Fig. 2 ) .  Both condition indices give 
variable results but the data is reasonably fitted, -40% 
variation explained, by increasing power functions 
with exponents of 3.4 and 2.8, respectively. These 
results are not surprising given that sterols are an inte- 
gral component of cellular membranes (Bloch 1983) 
and that dry weight is a measure of mass, albeit influ- 
enced by developmental changes in chitinization and 
calcification of lobster larvae (Sasaki 1984). These 
results show that the larval condition index, or relative 
energy reserves, increases exponentially from Stage I 
to Stage IV lobsters and that this is accompanied by an 
apparent greater range of vanation in condition as 
development proceeds. 

The tnacylglycero~sterol index was chosen over the 
triacylglycerol/dry weight index because sterol con- 
tent is directly proportional to protein content and 
therefore a better proxy for living biomass than dry 
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Fig 2. Relationship between 2 condition indices, triacylglyc- 
erovsterol and tnacylglycerol/dry weight ratios, and larval 
lobster size from coiiections taken in the Gulf of Maine in the 

vicinity of Georges Bank 

weight. In the following sections, the characteristics of 
the triacylglycerol/sterol index is first assessed with 
regard to larval development, colour and day-night 
vanation. At this point, it is not clear what value of the 
condition index is required for successful moulting of 
larvae and/or settlement of Stage IV larvae to the 
bottom or, indeed, whether larvae delay moulting or 
settlement until sufficient energy stores have been 
acquired. This issue of larval survival is addressed with 
a reanalysis of the earlier starvation studies of Sasaki 
(1984). Finally, condition indices are used to interpret 
the known larval lobster geographical distnbution in 
the vicinity of Georges Bank. 

Intramoult stage effects on condition indices 

Lobster larvae collected in the Georges Bank region 
were used to examine the relationship between larval 
tnacylglycerol content and the developmental pro- 
gression within each moult stage (intramoult staging; 
Fig. 3) .  Sasaki et al. (1986) have shown that triacylgly- 
cerol content in cultured lobster larvae increased 

exponentially from the middle of the second moult 
stage until levels plateaued after Stage IVD,. The tri- 
acylglycerol levels in the present collection of wild 
lobsters also increased exponentially with intramoult 
stage progression from Stage I to Stage IVD, (y = 0.92 
X l ~ ~ . ~ ' " ,  r2 = 0.70). However, as previously noted, there 
is a between-moult Pattern of tnacylglycerol content 
not taken into account by this equation with levels 
increasing up to intramoult Substage D,  in lobster 
Stages I to 111 and intramoult Substage D,, in Stage IV 
lobsters before declining during premoult (intramoult 
Substages D. to D3, Fig. 3). The sterol content of wild 
lobster larvae also increased from moult to well into 
premoult, followed by near constant levels in late pre- 
moult (Fig. 3). The sterol body burdens plotted against 
intramoult Stages IA to IVD, are less variable and pro- 
vide a better fit to an exponential equation than tna- 
cylglycerol concentrations (y = 8.9 X l ~ ~ ~ ~ ~ ~ ,  r2 = 0.86). 
It is not surpnsing, then, that the triacylglycerol/siero: 
condition index mirrors the tnacylglycerol concentra- 
tions in the lobster larvae (Fig. 3). Previously, Fraser 
(1989) had demonstrated that minor inflections occur 
near moulting in Homarus americanus when the tria- 
cylglycerol/sterol ratio was plotted against the devel- 
opment time, using the cultivated larval growth data 
of Sasaki (1984). This phenomenon appears to be 
widespread, being observed in the Shrimp Pandalus 
(Ouellet et al. 1992) and Panaeus (Chandumpai et al. 
1991) and the crab Hyas (Anger & Dawirs 1981, Anger 
et  al. 1989) and Chioneocetes (Lovrich & Ouellet 1994). 

This intramoult vanation of the triacylglycerol/sterol 
ratio needs to be considered if this index is to be used 
as a measure of larval condition. This conclusion would 
apply also to the use of the triacylglycerol/dry weight 
ratio as a measure of larval condition. 

Colour and intramoult development 

In the pigmentless state, lobster larvae appear bluish 
due to the hemolymph copper-containing protein mol- 
ecule hemocyanin (Goodwin 1960). In Georges Bank 
larvae this colour is most frequently Seen in the first 
developmental stage, often in combination with the 
yellowish hue of lipids associated with the digestive 
tract (Fig. 4) .  However, blue lobsters occurred sporadi- 
cally in our collections up to development Stage IVC. 
Red pigmentation commences in the first stage lobster 
at the base of the appendages, by incorporating 
carotenoids from their prey. Crustaceans are unable to 
produce these compounds de novo but obtain them 
directly or indirectly from phytoplankton (Herring 
1972). It is clear from the appearance of pigmentation 
in the Georges Bank larvae that most lobsters com- 
mence feeding by Stage IB (Fig. 4). In general, as 
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Table 2. Calculated average daily consumption of triacylglycerol by Stage 111 and IV lobsters. SD: standard deviation; CI: confi- 
dence intervals 

Prey species Prey triacylglycerol No. prey eaten" Triacylglycerol consumed 
(pg copepod-'; X I CD) (d-'; X I SD) (pg lobster-' d-'; X ,  95% CI) 

(A) Stage 111 lobster (n = 8) 
Calanus finmarchicus C V ~  0.98 I 0 . 1 3 ~  3.0 I 2.0 2.94 (0-8.6) 

(0.63 I 0.28)e 
Temora longicornis AFC 0.79 I 0.02d 2.6 I 2.8 2.05 (0-6.8) 
Pseudocalanus sp. AF 0.23 + 0.02d 1.7 I 3.0 0.39 (0-2.1) 

(0.21 + 0.31)e 
Acartia hudsonica AF 0.45 I 0.05e 2.1 I 2.5 0.95 (0-3.9) 

I 
Total 

(B) Stage N lobster (n = 6) 
Calanus finmarchicus CV 

Temora longicorn~s AF 
Pseudocalanus sp. AF 

Acartia hudsonica AF 

"G. IHarding; unpublished prey selection experiments in bCopepodite 5 
which 4 prey types most Likely to be encountered and con- 'Adult female 
sumed in the wild were presented to Stage 111 and IV lob- dFraser et al. (1989) 
sters in 4 1 jars over 24 h. Twenty and thirty copepods of "Bamstedt et al. (1990) 
each prey type were presented to Stage I11 and Stage IV 
lobsters, respectively 

lobsters analyzed for lipid here, a total of 3, 188 and 
157 Stage 111 and IV lobsters combined were captured 
below the pycnocline, above the pycnocline and at the 
surface, respectively, in around-the-clock trawl sam- 
ples. This represents an overall bias towards surface 
sampling. Given that only 21 % of all Stage 111 and IV 
lobsters combined were captured at surface light lev- 
els exceeding 100 pE m-2 s-' (-12 h,  Fig. 6), it follows 
that our sampling underestimated these lobster Stages 
dunng daylight. If the majonty of well-fed lobster lar- 
vae descend below the depth fished by our trawl, or 
are sufficiently diffused throughout the water column 
to make capture less frequent during daylight, an  
erroneous cyclic triacylglycerol/sterol Pattern, such as 
Seen in Fig. 6A, could result. It is not possible, there- 
fore, to discount satiation-mediated vertical descent to 
account for the lower triacylglycerol/sterol ratios found 
in Stage 111 and IV lobsters caught during daylight 
(Fig. 6A). 

A third possibility is that the Stage IV lobsters, which 
are known to have a strong horizontal component to 
their swimming (Ennis 1986, Cobb et al. 1989, Rooney 
& Cobb 1991), actively avoid the trawl during daylight. 
It is this Stage that contnbutes the most to the day- 
night signal in the tnacylglycerol/stero1 ratio, due to 
their scarcity during daylight. Avoidance of nets and 
trawls does not appear to occur in the shallower, more- 

mixed waters off southwestern Nova Scotia and 
Browns Bank (Stasko & Gordon 1983) but it may well 
occur in the more oligotrophic surface waters off the 
northern edge of Georges Bank, where the majonty of 
the present Stage IV lobsters were captured (Fig. 6B). 
Cobb et al. (1989) have recorded undisturbed swim- 
ming speeds at sea of 7 to 24 cm s-' for Stage IV lob- 
sters. The trawl in the present study was towed as close 
to 50 cm s-I as possible. However, it is well known that 
larval lobsters have an entirely different means of 
propulsion as an avoidance response (Hernck 1911). 
Stage IV lobsters swim normally by a rhythmic pulsing 
of the pleopods but respond to the approach of a for- 
eign object by reversing direction by a sudden con- 
traction of the abdomen. Unfortunately there are no 
measures of this response in the literature. However, 
studies on larvaI fish have demonstrated escape 
speeds of roughly double their average swimming 
speeds (Williams & Brown 1992). If this generality 
applies to other planktonic groups, such as decapods, 
then the avoidance response of Stage IV lobsters could 
approach the speed of our trawl. A review of the plank- 
ton and larval fish literature indicates that swimming 
speeds of 50 cm s-' are possible (see Williams & Brown 
1992, Shanks 1995. Williams et al. 1996, Ignatyev 1997, 
Leis & Carson-Ewart 1997). Furthermore, an important 
factor that needs to be considered in this context is the 
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distance traveled during such an avoidance 
response. Again, nothing is known about lar- 
val lobster escape distance, but, extrapolat- 
ing from larval fish of comparable size 
(Williams et al. 19961, Stage IV lobsters 
would travel distances of 6 to 16 cm. This 
suggests that only Stage IV lobsters at  the 
periphery of the trawl mouth, or roughly 
30% of the mouth area, have the possibility 
of escaping. It is therefore possible that lob- 
Sters could have avoided our gear if they 
could visually detect the trawl and respond 
by diving beneath or to one side. This might 
also explain why the Stage IV lobsters 
caught dunng daylight were in poorer condi- 
tion, since they would be less able to escape. 

In conclusion, this apparent diurnal cycle 
of the lipid condition index cannot be ex- 
plained by nocturnal feeding, which leaves 
the possibilities that satiated larvae descend 
below the surface metre during daylight and 
are therefore underrepresented in our collec- 
tions by being more vertically diffuse, and/or 
that healthy well-fed larvae would be more 
likely to detect the trawl and escape during 
daylight. 

Larval lobster condition and survival 
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Fig. 7. Comparison of tnacylglyceroVstero1 values plotted against intra- 
The lipid condition index increases or moult stage of lobster larvae collected at sea with those cultured in the 

I I I I I I I I I 

B 

Stage II 

laboratori under 'optimal' feeding conditions (See Sasaki 1984). (A) Lob- 
Ster larvae collected over Georges Bank and along the bank's edge 
(slope). (B) Lobster larvae collected in the Gulf of Maine in close proxim- 
ity to Georges Bank. The 95 % confidence intervals for Sasaki's (1984) 
feeding experirnents 1-3 and 1-51 (code stands for third or fifth day hatch of 
larvae froin female lobster I)  are displayed separately in both panels. 
(Each confidence interval was calculated from only 2 measurements, 
however, these samples were composites of from 5 Stage I/sample to 2-3 

Stage IV/sample) 

decreases with good or bad larval feeding 
conditions and is thought to reflect their sur- 
vival potential (Fraser 1989). It has been 
observed from the laboratory feeding experi- 
ments of Sasaki (1984) and the present at-sea 
collections that the tnacylglycerol/stero1 ratio 
in lobster larvae increases after the post- 
moult penod (intramoult Substages A and B; 
Fig. 3) .  Sasaki (1984) cultured lobster larvae 
on Artemia food with (I-senes) and without (11-senes) 
fatty acid supplements (cod liver oil) to makeup for 
known shortcomings of a pure Artemia diet. Growth 
was consistently greater in larvae raised on the supple- 
mented diet, no matter whether dry weight, protein or 
lipid aspects of growth were used; thus, only Sasaki's 
(1984) I-series data Sets are illustrated here as a refer- 
ence to evaluate our field observations (Fig. 7). 

Sasaki (1984) starved Stage I and I1 lobsters in the 
laboratory and found that when food was withheld 
between either hatch or moult and early intermoult 
(intramoult Substage C), individuals did not develop 
past Stage Do, whereas larvae starved from premoult 
(intramoult Substages D. to D3) continued their devel- 
opment and moulted, but development was suspended 

Stage III 

again by the next intermoult (Stage IIC). This finding is 
consistent with the C/D, developmental threshold 
reported in the earlier work on adult lobsters (Aiken 
1973) and the D, threshold reported for various crab 
larvae (Anger & Dawirs 1981, Dawirs 1986, Anger 
1987). The tnacylglycerol content of Sasaki's larvae 
declined rapidly from the first day of starvation, 
whereas the sterol concentrations remained reason- 
ably constant up to the time when all development 
ceased (4 to 6 d). It can be Seen that, when these results 
are expressed as the triacylglycerol/sterol ratio, no 
matter whether food was withheld from larvae at hatch 
or 3, 4+ and 7 d after hatching the ratio dropped below 
0.1 by the second day of starvation (Fig. 8). The tnacyl- 
glycerol content of these Same larvae was below detec- 

Stage lV 



250 Mar Ecol Prog Ser 186: 239-254, 1999 

0 1-5 
' O 1  --.- (95% CI) 

- - f - -  DAYO(959bCI) 

- -$- - DAY 3 (95% CI) 

P - - 5 - -  DAY4(95%CI) 
a, --#I_- DAY 7(954>CI) Ci . - I 

0.01 
0 100 200 300 

Accumulative Trne (hrs) 

quired under an 'optimal' laboratory feed- 
ing situation (Fig. ?B). The Stage IV lobsters 
residing off the bank in both 1988 and 1989 
had significantly higher triacylglycerol/sterol 
ratios (Kruskal-Wallis I-way ANOVA) than 
their Counterparts over Georges Bank. Albeit, 
there were a number of less-than-optimally 
nourished Stage 111 lobsters located off the 
bank. However, these larvae should moult 
into Stage IV lobsters because they had 
passed the C/Do developmental threshold 
described by Sasaki (1984). Judging from the 
excellent condition of Stage 1V larvae located 
off the bank, the observed poorly nourished 
Stage 111 larvae either succumbed to pre- 

Fig. 8. Larval lobster starvation studies of Sasaki (1984) recalculated to 
illustrate the effects of fasting on the tnacylglyceroi/stero1 ratio. Batch dation before moulting or dramatically in- 

starvation of larvae, held individually, were started at 0, 3, 4+ and 7 d creased their nutritiOnal cOnditiOn in the 
from hatch frcm the !-5 culture ssries. For clanty, the 95% confidence interim before moulting into stage IV larvae 
intervals (CI) are presented as an envelop for the parent culture and as (Fig. ?B). 

error bars for individual starvation experiments 

tion limits by the third to fifth day and therefore not 
seen on the log-plot (Fig. 8). Survival, per se, was not 
studied in these larvae; however, studies have been 
carried out on crab larvae which enable us to better 
interpret Sasaki's laboratory results and our field 
results. Anger & Dawirs (1981) and Dawirs (1983) stud- 
ied starvation in Hyas araneus and Carcinus maenas, 
respectively, and found that larvae must feed shortly 
after hatching or moulting and subsequently for 20 to 
30% of the normal stage duration for survival of most 
of the population. This Supports the use of the above 
0.1 triacylglyceroVstero1 level as the minimum survival 
threshold for lobster larvae to the next moult in labora- 
tory feeding expenments (Sasaki 1984, Fig. 8) and 
would be equivalent to the 'point-of-no-return' in the 
larval fish literature (Blaxter & Hempel 1963). Few 
Stage I and I1 lobster larvae were found in the neigh- 
bourhood of Georges Bank with a condition index 
below 0.1, but this is perhaps not surpnsing given their 
poor survival potential from predation and therefore 
bnef existence (Fig. 7). 

A number of the larvae collected over Georges Bank, 
particularly Stages I11 and IV, either had fed less ex- 
tensively than well-fed laboratory organisms or had 
utilized their lipid reserves in searching for prey or 
avoiding predators (Fig. 7A). There appears to be a 
preponderance of larvae arrested at the MDo and IVC 
developmental stages which probably have not ac- 
quired sufficient energy reserves to continue develop- 
ment past the C/Do threshold discussed above (see 
Fig. 7A). This is particularly stnking at the IVC intra- 
moult stage. This contrasts tvith our findings on lobster 
condition off the bank, where most of the IVC larvae 
had reserves comparable to or exceeding those ac- 

Larval lobster condition and geographic location 

Previous studies suggest that a geographical gradi- 
ent of larval lobster developmental stages exists 
between the offshore banks and the surrounding sur- 
face waters (Harding et al. 1995). Stage I, I1 and 111 lob- 
sters were found predominantly over Georges Bank, 
whereas Stage IV lobsters tended to be more abundant 
in surface waters over the slope into and over the 
deeper waters of the Gulf of Maine (Table 3). There 
can be no doubt that the lobsters offshore have evolved 
the behaviour of releasing their young over shoal 
waters (Cooper & Uzmann 1971, Uzmann et al. 1977). 
It is not entirely understood why this strategy should 
be an advantage to the species. The condition index 
reported here is used to evaluate the nutritional condi- 
tion of larvae found over and off the bank. 

It is necessary, however, to first examine the vana- 
tion measured in tnacyIglycerol/stero1 values to deter- 
mine which intramoult stages are comparable and 
therefore can be used to assess larval stage condition 
at these different geographic locations. Ac seen in the 
previous section on larval condition and intramoult 
stage, the absolute larval triacylglycerol content 
appears to remain constant or decrease slightly near 
the moult (Fig. 3; Sasaki 1984). Statistical analyses on 
Stage I lobsters showed that there was no significant 
difference in the lipid condition index between intra- 
moult stages (ANOVA and independent t-tests on log- 
transformed data, Kruskal-Wallis I-way ANOVA). In 
Stage I1 lobsters the triacylgIycerol/sterol values were 
significantly lower in intramoult Substages A and B in 
regard to Stages D. to D„ and intramoult Substages C 
and D. values were lower than Stage D1 In Stage I11 
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Table 3. Larval lobster abundancies (no./104 m3), in 1988 (LH 
187 and LH 191) and 1989 (LH 202) combined by Stage and 

location in the Georges Bank Region. SE: standard error 

On-bank Slope Off-bank 

Stage I lobster 
n 127 (58") 32 (77 95 (9") 
X 7.11 4.03 1.52 
SE 1.17 1.89 1.08 
Range 0-70.5 0-50.7 0-100.1 

Stage I1 lobster 
n 127 [50d) 32 ( B a )  95 (lfja) 
X 3.32 1.95 0.83 
SE 0.66 1.09 0.27 
Range 0-46.7 0-33.8 0-16.7 

Stage I11 lobster 
n 127 (35') 32 (10") 95 (22d) 
X 2.08 1.28 1.41 
SE 0.52 0.44 0.52 
Range 0- 42.8 0-8.8 0-38.1 

Stage IV lobster 
n 127 (19") 32 (2d) 95 (27') 
X 0.44 0.51 2.17 
SE 0.12 0.44 0.72 
Range 0-10.3 0-14.0 0-58.0 

"Number of stations with at least 1 lobster larvae captured 

lobsters, intramoult A, B and C Substages had lower 
tnacylglycerol/stero1 values when compared to D,. In 
Stage IV lobsters, intramoult Substage A had signifi- 
cantly lower triacylglycerol/sterol values than Sub- 
stages C, D. and D,. Thus, it can be Seen that the 
variation between intramoult stages is not large or con- 
sistent between developmental stages, but it is appar- 
ent that it would be best to omit intramoult Sub- 
stages A and B from any geographical comparison 
because they have consistently lower triacylglycerol/ 
sterol ratios. If there was a decrease in triacylglyc- 
erol/sterol values in Substages D2 and D3, just prior to 
the moult, our collections were not extensive enough to 
show this. Thus, all intramoult Substages C and D are 
used in the following comparisons between on-bank, 
off-bank and in-between or slope locations. 

The condition of all developmental stages was found 
to be better in individuals located off Georges Bank in 
the Gulf of Maine, compared to those captured over 
the bank, but not significantly different from those 
over the bank slope (ANOVA on log-transformed data, 
using the Tukey-Kramer test and Kruskal-Wallis 1-way 
ANOVA). These results present a dilemma for inter- 
pretation. Why would the females with hatching eggs 
migrate such long distances to release their young over 
shoal waters if, in fact, the larvae fared better off the 
bank? Only 1 and 4 % of the Stage I and 4 and 6 % of 
the Stage I1 lobsters in the present collections were col- 

lected at slope and off-bank locations, respectively. 
None of the Stage I lobsters were found further than 
5 n miles from the bank edge. From these low abun- 
dances off the bank, larval release there appears to be 
an error of nature and could be explained by either a 
small number of developmentally advanced larvae 
hatching prematurely as their mothers approach the 
'spawning' and mating grounds or, alternately, by a 
rare but substantial displacement of surface water and 
larvae off the bank. Pandian (1970) reported that early- 
hatching lobster larvae had a greater energy reserve 
and that the calorific content of eggs hatched from 
the Same female declined on 4 successive nights. This 
observation is supported by the work of Wickins et al. 
(1995) on the European lobster Homarus gammarus; 
they found that tnacylglycerol reserves were 15 % 
higher in first-hatching larvae. This could aptly explain 
why the few Stage I lobsters collected off Georges 
Bank were in above-average condition, assuming that 
they were prematurely released as their mothers ap- 
proached the bank. 

There are several environmental variables which are 
thought to convey an advantage to bank hatching. The 
shoaler bottom waters are warmer, which increases the 
development rate and stimulates hatching, however, 
the surface waters that receive these larvae are, in fact, 
cooler due to the strong tidal mixing action, compared 
to the warm, highly stratified waters over the Gulf of 
Maine. Also, Sasaki et al. (1986) concluded from labo- 
ratory hatchings at ambient and elevated temperatures 
that lobster embryos utilized lipids more efficiently at 
higher temperatures. Obviously, lobster larvae starting 
with greater triacylglycerol reserves, either from being 
the first to hatch (Pandian 1970, Wickins et al. 1995) or 
by originating from warmer bottom waters (Sasaki et 
al. 1986), would have a survival advantage over larvae 
developing under different circumstances. Storage 
lipids in posthatch larvae presumably enable a grace 
period for locating prey. The question of prey avail- 
ability and size is probably the most important reason 
for shoal water release of larvae. A prolific smaller 
copepod, prey community exists over the banks which 
would be beneficial for the growth of the earlier devel- 
opment stages of the lobster (Harding et  al. 1983). A 
disadvantage of spawning at Georges Bank would be 
that the extensive vertical tidal mixing would carry the 
larvae away from their optimal depth in the water col- 
umn which, depending on the time of the day (Harding 
et  al. 1987), would require them to utilize energy 
reserves to maintain depth. 

Stage 111 and IV lobsters collected at the periphery 
and off the edge of Georges Bank not only contained a 
higher proportion of Storage lipid but Stage IV lobsters 
were more abundant there than over the bank 
(Table 3). It is not understood why this last plank- 
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tonic/pelagic stage of the lobster appears to be more 
numerous in the warmer, stratified waters of the Gulf 
of Maine compared to Georges Bank, nor is it clear 
why they possess greater energy reserves than indi- 
v idua l~  remaining over the bank. It is reasonable to 
believe that the fatter individuals are better able to 
make a successful transition to benthic life at the end of 
Stage IV. As discussed previously, the warmer temper- 
ature may assist in a more efficient utilization of lipid 
reserves (Sasaki et al. 1986). The surface plankton 
community is sparse off the bank and does not com- 
pare to the nch food source over the bank at this time 
of year (Perry et al. 1993). Although a deeper-living 
Calanus community exists off the bank, it does not 
appear to overlap with the surface distribution of the 
lobster because the vertical migration of Calanus does 
not penetrate the strong thermocline dunng the sum- 
mer (Perry et al. 1993). Georges Bank is teaming with 
fish predators and invertebrate competitors in the sum- 
mer (Avery et  al. 1996, Sullivan & Meise 1996), which 
could cause the advanced stages of lobster remaining 
over the bank to utilize excessive amounts of their 
energy reserves in avoidance behaviour. If the lobster 
has evolved a migration off Georges Bank during and 
after Stage 111, as the present results suggest, it is not 
clear how they are able to pass through the strong tidal 
front surrounding the bank (Loderet al. 1993). The ori- 
gin of the off-bank Stage 111 and IV lobsters is 
unknown, but is thought to be most likely from the 
western sector of Georges Bank, the nearest source, 
because of the strong current along the northern face 
of the bank (Loder et al. 1992). However, it is possible 
that some or all come from further 'upstream' in the 
Cape Cod or Nantucket Shoals regions. 

CONCLUSION 

Deep-water lobsters sometimes migrate consider- 
able distances in the spring and early summer to 
release their larvae in the shoal waters over Georges 
Bank. The evolutionary significance of this behaviour 
is thought to lie in the energy rewards gained from lar- 
val feeding on the sustained high summer production 
over the bank, compared to the oligotrophic conditions 
which develop in the Gulf of Maine foiiowing the 
spring bloom and increased stratification. The last 
planktonic/pelagic stage of the lobster, however, was 
more abundant and had a higher condition index in 
these oligotrophic waters on the penphery of the Gulf 
of Maine, which suggests that they are somehow able 
to utilize the rich planktonic community which exists 
beneath the thermocline. It appears then that the lar- 
val stages of the lobster also have a dispersive function 
for the species, although it is not known whether they 

penetrated the strong tidal front on the northern edge 
of Georges Bank to reach the deeper waters of the Gulf 
of Maine or originated from 'upstream' sources off 
Nantucket Shoals or Cape Cod Bay (Limeburner & 
Beardsley 1996). 
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