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ABSTRACT: Balanced energy budgets were estimated for larval stages of the rock crab Cancer
irroratus cultured in 6 combinations of temperature and salinity. The energy consumed by larvae
during developn~entincreased in all culture conditions although consumption in 10 'C
30% S was
significantly lower than for larvae in other conditions (15"C - 25 %
' o S , 15 "C - 30 %O S, 15 "C - 35 %o, 24 "C
- 30%0S). Maintenance costs for the entire developmental period were highest for larvae cultured at
10°C - 30% S and 15°C - 25% S. Larvae under these conditions had net growth efficiencies of only
32-34 %. In the other temperature and salinity conditions tested, the amount of energy expended for
maintenance was generally equal to the amount of energy converted to new tissue with net growth
efficiencies varying between 4 8 and 51 %. These data suggest that the larva's ability to acquire energy
resources and effectively partition the energy obtained between maintenance and growth depends on
environmental factors. Under certain conditions (lO°C- 30% S, 15OC - 25 % S ) larvae are unable to
compensate physiologically for environmental changes. One consequence of incomplete physiological
compensation is a reduced potential for growth and an overall reduction in the organism's ecological
fitness within the zooplankton community.
-

INTRODUCTION
Laboratory studies on Cancer irroratus larvae show
close correlation between the physiological ecology of
the larvae (Johns, 1980) and their occurrence in southern New England waters (Frolander, 1955; Hillman,
1964). The larvae are eurythermal and stenohaline
during development, surviving temperatures between
10" and 23°C in salinities of 30 to 35%o S (Johns,
1981a).Within these tolerance limits, temperature and
salinity play a significant role in the growth dynamics
of the larvae. Molt frequency, intermolt duration, larval size (Sastry, 1976; Johns, 1981a) as well as respira' Contribution No. 260 from EPA Environmental Research
Laboratory, Narragansett, Rhode Island and Contribution No.
431 from the Belle W. Baruch Institute for Marine Biology and
Coastal Research. Columbia, South Carolina. USA
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tion and excretion rate functions are all influenced by
temperature and salinity (Johns, 1981b).
In order to understand better the interaction of
developing Cancer irroratus larvae with their environment, it is necessary to integrate the response of individual biological functions. Although the fundamental
integration of biochemical and physiological mechanisms is complex and difficult to measure (Hochachka
and Somero, 1973) the net response can be measured at
the whole-organism level (Bayne, 1975). Bioenergetic
analysis compares the major anabolic and catabolic
processes occurring during development. The partitioning of available energy resources amongst growth
and maintenance requirements provides an index by
which environmental effects can be directly evaluated.
In this study, balanced energy budgets were constructed for larvae of the rock crab Cancer irroratus
cultured in 6 combinations of temperature and salinity.

Mar Ecol. Prog. Ser. 8: 75-85, 1982

76

Much of the data used to compute these energy
budgets were derived from a series of companion
studies (Johns, 1981a, b) which were part of an investigation into the physiological ecology of C. irroratus
larvae.

MATERIALS AND METHODS

Gravid Cancerirroratus were collected by otter trawl
from the West Passage of Narragansett Bay, Rhode
Island, from December to May of 1977 through 1979.
Methods for laboratory maintenance of the gravid
adults, procurement of newly-hatched zoeae and the
mass culture techniques used in this study are presented in detail elsewhere (Johns, 1981a).Larvae were
cultured under the following temperature-salinity conditions: 10°C - 30% S, 15°C - 25%" S, 15°C - 30°A S,
15°C - 35% S, 24°C - 25%" S, 24°C - 30%" S.
The energy budget of a crab larva can be defined by
the following formula:

where C = total intake of energy; P = the portion of
energy incorporated into biomass; R = the portion of
energy used for metabolic expenditure via respiration;
U,,
= portions of energy which are absorbed
U,
but eventually lost both through excretion of metabolic
wastes (E) and as exoskeleton shed during molting
(EXUV); F = the portion of energy consumed that is
not absorbed but instead voided as feces.
Values for C, P, R, U,
UEXUV
were arrived at
experimentally; F was calculated through subtraction.
Energy lost as feces could not be directly determined
due to problems in collecting sufficient samples for
analysis. Ingestion rates, respiration rates, excretion
rates, larval dry weights and ash contents were determined for groups of larvae at each zoeal stage. For
Stage I zoea, these determinations were made between
24 and 36 h after hatching. For all successive stages,
the larvae were between 24 and 36 h post-molt from
the previous larval stage. Mean molting times for each
larval stage were determined from a sample of larvae
maintained in screen-bottomed plastic cups within the
flow-through system (Johns, 1981a). All larvae were
fed newly-hatched Brazil-strain Artemia (Johns et al.,
1980). At this stage, brine shrimp nauplii weigh
1.68 0.1 1 pg; they have a n ash content of approximately 5 . 4 % and an energy content of 22.35 f 0.04
Joules g - ' ash-free dry weight (5.322 Kcal g ash-free
dry wt-l), as determined by wet oxidation in the presence of a n acid-dichromate mixture (Maciolek, 1962).
Ingestion was measured by placing an individual
crab larvae in a 5 m1 beaker containing 4 m1 of filtered
seawater having 10 Artemia ml-l. Ingestion rates were

+

+

+

figured as the difference between the number of
Artemia initially present and those remaining after a
24 h period.
The total energy consumed per larva during zoeal
stages was calculated as the energy consumed per
larva per day times the mean duration of larval
development. The energy consumption estimates
assume that the feeding rate of a larva within a particular stage remains constant during that intermolt period
and that each Artemia absent after 24 h was fully eaten
by the zoea. Dagg (1974) reported that predatory crustaceans do not always consume the entire body contents of their prey. However, in this study no partially
eaten Artemia were observed during these determinations.
Growth during a particular zoeal stage was defined
as the mean increase in dry weight from the beginning
of that zoeal stage to the beginning of the following
stage. Individuals were sampled from each respiratory
run as well as from the mass-culture chambers. The
larvae were then rinsed in 0.9% ammonium formate
(W:V), dried in a 60 "C oven for 24 h and weighed on a
Perkin-Elmer' autobalance to the nearest 0.1 p g The
ash weights were calculated by combusting weighed
dried larvae at 500°C for 24 h, then reweighing.
Routine rates of oxygen consumption were measured
with glass micro-respirometers (Grunbaum et al.,
1955). The number of larvae used in each determination varied according to larval size, with more individuals being required for the younger stages. The
protocol followed is described in detail in Johns
(1981b).The energy expended during routine metabolism at each zoeal stage was considered to be the
respiration rate for the intermolt period of that stage
times the energy equivalent for oxygen (2.02 X 10-2
Joule pl-I O2 consumed; Brody, 1945).
Excretion rates were found for groups of larvae
placed in 10 m1 of 0.45 pm filtered seawater for up to
5 h ; ammonia concentrations were determined according to the method of Solorzano (1969). The protocol
followed is reported in Johns (1981b). Calories lost
through excretion were calculated as the mean excretion rate per intermolt period times the heat of formation of ammonia (7.37 X 10-3 Joule pg-' NH, - N ;
Logan and Epifanio, 1978).
To determine the amount of energy lost at ecdysis,
the energy content of samples of exuviae was measured following a rinse in distilled water. Molts were
only collected for larvae cultured at 15 'C - 30%0S.
A one-way analysis of variance was computed to
determine the effects of rearing condition on larval
ingestion rates (Snedecor and Cochran, 1967). If sigMention of tradenames does not imply endorsement by the
United States Environmental Protection Agency
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nificant differences (at P = 0.05) in crab feeding levels
at different temperature-salinity conditions were
found, a Duncan's Multiple Range test was applied to
determine where the differences occurred (Snedecor
and Cochran, 1967). Data on the effects of temperature
and salinity on larval growth were logarithmically
transformed and fitted to a least-squares linear regression model. The resulting fitted lines were subsequently tested for significant differences using equality of regression analyses (Snedecor and Cochran,
1967).
The energy budgets presented in this study were
calculated using the arithmetic mean of each individual physiological parameter. The error associated
with the variation found about the mean was not taken
into account. If the errors associated with the variance
of each measurement were of the worst possible case
(i.e. underestimation of energy consumed and energy
converted to tissue, in addition to a n overestimation of
maintenance costs and excretory losses), then the
resulting energy balance would be quite different from
that calculated from one using mean values. However,
Bayne and Widdows (1978)consider such a worst possible case of cumulative error to be unlikely. Instead
they argue, using a Monte Carlo simulation, that error
associated with calculating an energy balance using
arithmetic means is small and that such energy
balances offer reasonable, first-order approximations.
It is therefore appropriate to consider the energy
budgets developed here for rock crab larvae to be
useful estimates for larvae under the conditions of this
study.
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cultured at 10°C - 30% S had significantly lower daily
feeding rates than did larvae reared at 24 "C - 30%0S,
but because development time at 10°C was longer (50
d vs. 19 d), the larvae at these two contrasting temperature conditions had similar cumulative energy consun~ptiontotals for the entire larval period.

Growth
The increase in dry weight during development is
tabulated in Table 3. The greatest increases in larval
weight were found for larvae cultured at 15OC 30% S, with these larvae increasing their weight 24
times from hatching to the beginning of the megalopa
stage. The lowest weight increase for the same
developmental sequence was found in larvae cultured
at 1O0C- 30Ym S, which exhibits only a 13 fold increase
in dry weight. Increases in weight for larvae cultured
at 15°C - 35%0S and 24OC - 3 0 x 0 s were similar to
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RESULTS
Ingestion Rate

Ingestion rates of Artemia by Cancerjrroratus larvae
increased throughout larval development for larvae
reared at all temperature and salinity conditions tested
(Table l). The amount of food consumed during
development was maximal for larvae maintained at
15"C - 35% S. However, the amount of Artemia consumed was not significantly different from consumption rates of larvae cultured at either 15°C - 25%0S,
15OC - 3 0 % S, or 24°C - 30%0S (Table 2).
The amount of energy consumed per larva per stage,
as well as the total amount of energy consumed per
larva for the entire larval period, is presented in
Table l. Larvae cultured at 15OC consumed more
energy than did larvae maintained at other temperatures. Within the 15 "C group, the larvae were affected
by salinity with larvae in the lower salinities exhibiting decreased rates of energy consumption. Larvae

I

U

m

ZOEAL

STAGE

Ip

P

Fig. 1. Cancer lrroratus. Growth of zoeae cultured at various
temperatures in 30% S. Lines represent raw data fitted by
regression analysis

ZOEAL

STAGE

Fig. 2. Cancer irroratus. Growth of zoeae cultured in various
temperature-salinity combinations. Lines represent raw data
fitted b y linear regression analysis

10.83 5.72 (10)
9.0
3.467
11.40 k 2 . 6 1 (10)
15.5
6.230
14.210

Artemia ingestion rate
Intermolt duration
Energy consumed (J)

Artemia ingestion rate
Intermolt duration
Energy consumed (J)

Artemia ingestion rate
Intermolt duration
Energy consumed (J)

Total energy consumed (J)

I11

TV

V

" 100 % mortality occurred prior to this stage

Intermolt durations (d) taken from Johns (1981a)

+

5.07 1.22 (10)
8.5
1.532

+

6.00 2.00 (10)
6.5
1.390

+

Artemia ingestion rate
Intermolt duration
Energy consumed (J)

I1

4.53 t 2.76 (10)
10.5
1.591

Artemia ingestion rate
Intermolt duration'
Energy consumed (J)

1S 3 0

I

Zoeal
stage

20.228

35.68 k 4 . 2 3 (10)
7.0
8.847

23.00 f 5.90 (10)
6.5
5.309

+

17.33 9.71 (10)
5.0
3.077

9.50 f 2.89 (9)
4.5
1.507

7.33 k 1.33 (10)
6.0
1.558

21.299

41.79 k 4 . 7 9 (19)
7.0
10.346

24.95 f 6.76 (20)
5.0
4.417

+

19.40 5.99 (20)
3.5
2.403

13.56 f 4.34 (18)
4.0
1.926

9.58 f 1.74 (20)
6.5
2.207

Culture condition ("C-% S)
15-25
15-30

23.774

43.83 k 7 . 1 1 (10)
7.0
10.874

34.33 f 2.08 (10)
5.5
6.678

+

17.77 4.34 (10)
3.5
2.198

12.67 f 2.66 (10)
5.0
2.240

8.45 f 1.51 (8)
6.0
1.784

15-35

+

5.694

+

15.75 7.23 (10)
13.0
2.784

+

9.40 3.43 (10)
8.5
2.010

15.245

47.52 t 4.62 (10)
4.5
7.574

36.38 ? 3.91 (10)
3.0
3.869

22.00 t 1.41 (10)
3.0
2.336

10.00 f 3.83 (10)
2.5
0.892

4.61 2.73 (10)
3.5
0.574

+

3.89 1.11 (10)
6.5
0.900

24-30

24-25

Table 1. Cancer irroratus. Ingestion of Artemia during development by larvae cultured under various conditions. In brackets: number of ingestion-rate determinations.
Artemia ingestion rates are reported as Artemia consumed larvae-' 24 h-'
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those found in larvae maintained at 15°C - 30% S, the
increases being 22 and 23 fold, respectively.
Linear regression analysis of logarithm transformed
growth data indicates that both temperature and salinity affect larval growth rates (Figs. 1 , 2; Table 4 ) . The
rate of growth in larvae cultured at 15 'C - 30%0S was
significantly greater (P r 0.05) than were the growth
rates of larvae cultured at all other conditions. Growth
rates for larvae maintained at conditions other than
15°C - 30%" S were not significantly different from
each other (P > 0.05).
Changes in the energy content of larval tissue during
growth are depicted in Fig. 3. Energy content of an
ash-free mg of tissue increased from 18.23 J g - ' at
hatching to a maximum of 28.03 J g-' at Stage V at
24 "C - 30% S. During development, there was a genera1 tendency for the energy content of tissue to
increase, with this trend being most apparent in larvae
cultured at 24 "C - 30% S. There were several exceptions to this trend, however. Most notable is the change
at 10"C - 30 % S and 24 "C - 25 %
' o S. The initial pattern
of increase in the energy content of the larval tissue
was followed by a decrease as development progressed to zoeal Stages IV and V.

Metabolic Costs
ZOEAL

STAGE

Fig. 3. Cancer irroratus. Energy content of zoeal stages cultured in various combinations of temperature and salinity.
Values r e ~ r e s e n tmean
1 standard deviation of at least 3
determinations

+

Routine respiration rates were found to increase with
increasing body size, reflecting a rise in the metabolic
maintenance during
5).
Cumulative respiration rates were higher in larvae

Table 2. Cancer irroratus. Analysis of variance of ingestion rates for zoeal stages cultured in various conditions of temperature
and salinity. Ingestion rates from culture conditions grouped on the same line are not significantly different from each other
Zoeal stage
1

I1

I11

IV

V

S.S.

d.f.

M.S.

F-Ratio

Grouping

Treatment
Error
Total

248.82
211.06
459.88

5
52
57

49.76
4.06

Treatment
Error
Total

292.15
505.85
789.00

5
42
47

58.43
12.04

Treatment
Error
Total

1321.83
1085.32
2407.16

5
38
43

264.37
28.56

-

-

9.26'

10-30
15-25; 15-30; 15-35; 24-25; 24-30

Treatment
Error
Total

1415.68
1163.61
2579.30

4
32
36

353.92
36.36
9.73'

10-30
15-25; 15-30; 15-35; 24-30

Treatment
Error
Total

1903.16
722.25
2625.41

3
23
26

634.39
31.40
20.20'

10-3 0
15-25; 15-30; 15-35; 24-30

F-Ratio is significant a t P = 0.05

-

-

-

12.26'

10-30; 24-25; 24-30
15-25; 15-30; 15-35

4.85'

10-30; 15-25; 24-25; 24-30
15-30; 15-35

Dry weight (W)
YO Ash
Growth (ash-free d.w.)
Energy converted to tissue (J)

Dry weight (kg)
% Ash
Growth (ash-free d.w.)
Energy converted to tissue (J)

IV

V

+

2.974

3.705

191.83 18.6
34
35.16
,811

+

136.45 30.8
34
46.25
,930

+

59.30 19.5
22
38.72
.824
109.13f 20.8
29
59.13
1.405

66.002 10.5
22
36.61
,754
101.45f 24.9
29
25.03
,507

' 100 % mortality occurred prior to this stage

Total energy converted
to tissue (J)

Dry weight (wg)
% Ash
Growth (ash-free d.w.)
Energy converted to tissue (J)

111

5.826

250.56+ 51.7
34
87.45
2.17

+

124.56+ 38.0
29
90.09
1.770

5.071

236.00t 45.4
34
79.82
1.918

121.70 33.7
29
81.72
1.652

80.67zk 12.3
22
31.96
S62

+

37.07 11.9
24
33.27
,669

+

15.34 2.6
23
16.75
,306

15-35

58.44f 10.8
22
51.07
1.240

39.67 9.9
24
14.23
,304

+

28.73 7.9
24
23.32
,477

+

31.43 9.4
24
26.38
,544

+

Dry weight (kg)
% Ash
Growth (ash-free d.w.)
Energy converted to tissue (J)

I1

15.34f 2.6
23
18.76
,342

+

15.34 2.6
23
10.32
.l88

+

Dry weight (W)
% Ash
Growth (ash-free d.w.)
Energy converted to tissue (J)

I

Culture condition ("C-%DS)
15-25
15-30

15.34 2.6
23
12.41
,239

10-30

Zoeal
stage

63.75f 12.9
22
24.38
,402

+

32.50 9.5
24
23.65
,494

15.34f 2.6
23
13.23
,218

24-25

5.961

197.50 35.8
34
110.75
3.107

+

114.33f 28.1
29
59.47
1.407

45.07f 8.5
22
53.95
1.030

34.38 8.3
24
8.16
,149

+

+

15.34 2.6
23
14.68
,268

24-30

Table 3.Cancer irroratus. Summary of data on the dry weight, ash content and growth of zoeae cultured in various combinations of temperature and salinity. Dry weight
values represent mean + 1 standard deviation of larval weight at beginning of the respective stage. Growth is calculated as mean increase in ash-free dry weight from
beginning of one stage to beginning of the next stage
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Table 4. Cancer irroratus. Fitted regression lines used to analyze growth rates for zoeal stages cultured in various conditions of
temperature and salinity. n: number of dry weight determinations; b: regression coefficient for the fitted regression line;
r: correlation coefficient
Culture condition
FC-%, S)
10-30
15-25
15-30'
15-35
24-25
24-30

"

Fitted regression line
n

b

r

60

1.25
1.25
1.59
1.27
1.31
1.41

.95
.93
.96
.92
.94
.90

60
100
60
40

58

Log
Log
Log
Log
Log
Log

wt = 1.32
wt = 1.30
wt = 1.28
wt = 1.45
wt = 1.20
wt = 1.24

+

1.25 log Stage

+ 1.25 log Stage

+ 1.59 log Stage
+ 1.27 log Stage
+ 1.31 log Stage

+ 1.41 log Stage

Found to be significantly different from the fitted regression lines for larvae cultured in the other conditions
Analysis included zoeal Stages 1-111 only; 100 % mortality occurred prior to Stage IV

The energy lost at molting due to the loss of the
exuviate increased as the size of the exoskeleton
increased. The amount of energy lost for the entire
larval period was 0.177 J larva-' representing a loss of
0.005 k .002, 0.008 f ,002, 0.013 k .008, 0.036
.007
and 0.115 f .009 J larva-' for zoeal Stages I through
V, respectively.

as feces (Column F). The two physiological processes
demanding the largest energy expenditure are growth
and metabolic maintenance. For larvae reared at 15 "C
- 30 Y' S and 24 "C - 30 %O S, more energy was converted into new tissue than was used for metabolic
maintenance, while the opposite held true for larvae
cultured at the other conditions tested.
The efficiency at which ingested food is made available for physiological purposes, commonly referred to
as the assimilation efficiency (A = P
R + U,
U a U J C X 100 ?h),ranged from 45 to 77 % (Table 8).
This wide range in efficiencies indicates that temperature and salinity can greatly modify the ability of rock
crab larvae to assimilate food during digestion.
Gross growth ( P / C X 100%) and net growth (PIA X
100%) efficiencies were estimated and found to be
dependent upon larval rearing conditions (Table 8).
For net growth efficiency, 3 levels of efficiency were
found. The highest, ranging from 48 to 51 %, was found
for larvae cultured at 15 "C - 30%0S, 15 "C - 35 %O S and
24 "C - 30%0S. An intermediate level of 32 to 34 % was
found for larvae cultured at 10°C - 30% S and 15 "C 25%0S, and the lowest efficiency (20%) was found for
larvae maintained at 24 "C - 25% S (data for the first 3
zoeal stages only).

Partitioning of Energy Resources

DISCUSSION

The above data have been used to calculate cumulative energy budgets for the entire zoeal period and the
associated energetic efficiencies (Table 7). Space does
not permit tabulation of the energy budgets for each
zoeal stage. However, budgets for each stage can be
calculated from the data presented in previous tables
using a method similar to that used for the cumulative
budgets.
Energy consumed (Column C) is partitioned into the
various life processes (Columns P, R, U,, Um,d or lost

Many marine organisms have a pelagic stage in their
life histories. Larval development is generally rapid in
which growth and morphogenesis are at a premium.
Successful development is dependent upon the efficient assimilation of energy (either yolk material or
ingested food) and its subsequent conversion to tissue.
A critical factor in development, however, is in maintaining a high rate of growth in the face of environmental change. Although some growth did occur in
Cancer irroratus larvae maintained under the environ-

cultured at 10 "C - 30% S and 15 "C - 2 5 Y ~S than in
larvae maintained at the other conditions. The higher
cumulative rates found in larvae cultured at 10°C 3 0 Y ~S can be attributed to a protracted development
period rather than due to inordinately high metabolic
demands, while the cumulative rates for larvae cultured at 15 "C - 25%oS were due to the relatively high
respiration rates of each zoeal stage.
As with respiration, excretion rates were also found
to increase as development progressed (Table 6). The
amount of energy lost as metabolic wastes during zoeal
development ranged from 0.120 J larva-' to 0.270 J
larva-', with the highest total losses found in larvae
cultured at both 10 "C - 30 %O S and 15 "C - 25 %o S.

Molting Costs

+

+

+

l
5.760
1.302
13.344 t 2.18 (6)
2.775

Respiration rate
Mean energetic cost'

Respiration rate
Mean energetic cost'

IV

V

+ 1.47 (6)

28.728e 6.66 (6)
3.282

12.624 z 2.57 (6)
1.047

5 592
0 553

2.472 f ,657 (6)
0.234

2 088 f ,370 (6)
0.096

(18)
"

12.120
0.377

+ 8.215 (6) .

14.472 2 6.602 (6)
1.239

+ 1.63 (6)

+ 2.055 (6)

8.760 f 2.953 (6)
0.762

2.472 f ,814 (6)
0.197

24-25

+ 1.470 (6)

13.944 t 2 189 (6)
1.223

4.968
1.063

4.128 f 1.425 (6)
0.327

24-30

"

0.840 -t .269 (4)
0.054
1.344 t ,444 (4)
0,148

Excretory rate
Mean energy loss'

Excretory rate
Mean energy loss'

Excretory rate
Mean energy loss'

111

IV

V

+ ,156 (5)

0.270

2.880 f ,835 (4)
0 148

1.176 f ,412 (5)
0.057

1.416t ,396 (5)
0.052

0.192 f ,065 (5)
0 006

0.144 t ,036 (5)
0.006

15-25

+ ,194 (7)

0.120

1.416
0.073

+ ,312 (7)

0.600 ? ,144 (7)
0.022

0.648
0.017

0.144
0.004

+ .029 (7)

(5)

0.174

1.752
0.090

1.512
0.061

,526 (4)

+ .393 (4)

0.432 ? ,117 (4)
0.01 1

0.168
0 005

+ .034

+ ,036 (5)
0.120
0.005

+ 027

0.096
0.005

15-35

15-30
(7)

Rearlng condition ('C-% S)

lntermolt durations used In thls calculation taken from Johns (1981)
100 % mortal~tyoccurred prlor to this stage

Total energetic loss for zoeal
development J larva-'
0.270

0.576
0.036

0.504 2 ,126 (5)
0.024

Excretory rate
Mean energy loss'

I1

0.096 2 029 (5)
0.008

Excretory rate
Mean energy loss'

10-30

I

Zoeal
stage

+

0.026

-

0 336 f ,091 (5)
0.013

0.114 f ,036 (5)
0.006

0.114 f ,040 (5)
0.007

24-25

(5)

111 (5)

+ .l21

+

+ .059 (5)

0.21 1

5.472 t l 368 (6)
0,181

0.576
0.013

0.384
0.008

0.168
0.003

0.216 2 ,058 (6)
0.005

24-30

Table 6. Cancer Jrroratus. Summary of data on excretory rates for zoeae cultured in varlous combinations of temperature and salinity. Excretory rates reported in pg NH-N
larva-' 24 h-' (mean
1 standard deviation). Mean energy loss reported in Joules larva-' ~ntermoltperiod

' ' 100 % mortal~tyoccurred to thls stage

+ 4.71

5 304
0.473

21.576 f 6.715 (18) 18 600
4.045
4.061

12.288
1.658

6.696
0.565

+ 1.423 (18)

+ ,703 (6)

3.768
0.301

+ ,216 (18)

3.720
0.226

1.608k ,555 (6)
0 264

15-35

2.016 & ,416 (18)
0.251

Culture condition ('C-% S)
15-25
15-30

Intermolt durat~onsused in thls calculation were taken from (Johns. 1981)

Total metabolic cost tor
zoeal development J larva-U21 5.975

(6)

3.216 2 1.16 (6)
0.846

Respiration rate
Mean energetic cost'

Ill

+ 1.44

1.776
0.251

.728 (6)

0.456 t . l 7 3 (6)
0.294

Respiration rate
Mean energetic cost'

Respiration rate
Mean energetic cost'

1&30

I1

I

Zoeal
stage

Table 5 Cancer irroratus. Summary of data on respiratory rates and energy costs for zoeae cultured in various combinations of temperature and salinity. Respiratory rates
reported in pI 0, larva-' 24 h-' (mean f 1 standard deviation). Mean energetic cost reported in Joules larva-' intermolt period-'
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Table 7. Cancer irroratus. Mass energy balance for zoeal Stages I-IV cultured in various conditions of temperature and salinity.
All values reported in Joules
C

P

R

UE

"C-% S

Energy
consumed

Growth

Respiratory
energy
expenditure

Excretory
energy
losses

Energy lost
a s exuviae

Energy lost a s faeces
( C - [ P + R + U, (IExuv])

10-30
15-25
15-30
15-35
24-25
24-30

14.210
20.228
21.299
23.774
5.694
15.245

2.974
3.705
5.826
5.071
0.712
5.961

5.975
6.761
5.329
5.192
1.613
5.448

0.270
0.27 0
0.120
0.174
0.026
0.21 1

0.177
0.177
0.177
0.177
0.095
0.177

4.814
9.315
9.847
13.160
3.248
3.448

'

UEXUV

F

+

Analysis included zoeal Stages 1-111 only; 100 % mortality occurred prior to Stage IV

Table 8. Cancer irroratus. Energetic efficiencies during zoeal
development for zoeal Stages I-V cultured in various conditions of temperature and salinity
Culture
condition
(OC-%m S)

Assimilation
efficiency
(P+R+
U£+ U,dc)

10-30
15-25
15-30
15-35
24-25
24-30

66
54
54
45
62
77

'

Gross growth Net growth
efficiency
efficiency
(Plc)
(PIA)

21
18
27
21
13
39

32
34
51
48
20
51

Analysis included zoeal Stages 1-111 only; 100 % mortality occurred prior to Stage IV

mental regimes tested in this study, the assimilation
and growth efficiencies were found to vary. Assimilation efficiencies ranged from 45 to 7 7 % while net
growth efficiencies ranged from 20 to 51 % .
Within the crustaceans, assimilation efficiency is
thought to be in excess of 60% (Conover, 1966), and
this has generally proven to be the case for larval
stages maintained under optimal culture conditions. A
cumulative efficiency of 63 % has been reported for
larvae of both the stone crab Menippe mercenaria
(Mootz and Epifanio, 1974) and the mud crab Rhithropanopeus harrisii (Levine and Sulkin, 1979).
Moreover, assimilation efficiency in the American
lobster Homarus americanus under optimal culture
conditions was 81 % (Logan and Epifanio, 1978).In the
present study, assimilation efficiencies for C. irroratus
larvae were variable and the higher values were not
necessarily associated with larvae maintained in optimal conditions. Larvae cultured at 10°C - 30%0S, an
environmental regime that does not appear to be optimal - in terms of larval survival (Johns, 1981a), pat-

terns of physiological rate functions (Johns, 1981b), or
gross and net growth efficiencies (Table 8) - exhibited
a higher assimilation efficiency than larvae cultured in
near optimal regimes.
Net growth efficiencies for Cancer irroratus larvae
also varied with temperature and salinity condition,
however in this case the higher efficiencies were
associated with larvae maintained under optimal conditions. Efficiencies of between 32 and 34 % were
found in those larvae which exhibited a 20% survival
rate (Johns, 1981a) while those larval groups which
had survival rates in excess of 5 0 % had net growth
efficiencies of 48 to 51 %.
These data suggest that a rock crab larva's ability to
acquire needed energy resources and effectively partition this energy between maintenance and growth
processes is dependent on environmental factors. Modification of the energy budget for Cancer irroratus is
evident when changes in either temperature or salinity
occur. Reductions in daily ingestion rates and total
amount of food consumed during larval development
were found. In addition, the energy requirements for
maintenance greatly increased in some conditions thus
reducing the potential for growth.
The increase in energy costs for maintenance can be
taken as the energetic cost of incomplete compensation to environmental change. Physiological compensation would have been evident if net growth efficiencies for larvae maintained under various regimes
would have remained the same. Similarity in net
growth efficiencies indicates a constancy in the relative ratio in which available energy resources are partitioned between growth and maintenance requirements. Compensation, for example, is evident in rock
crab larvae maintained between 15" and 24°C at
300m S. Larvae exposed to these 2 conditions exhibited
little change in net growth efficiency (Table 8).
Although larvae maintained at 24°C - 3 0 0 S
~ consumed less energy during development than did larvae
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maintained at 15' - 30 %O S, compensation for this
reduction was brought about by an increased assimilation efficiency. Therefore the energy available for
growth remained the same.
Conversely, incomplete compensation for temperature is evident for larvae cultured at 10°C - 30%0S
relative to those maintained at 15OC - 30% S. As was
the situation for larvae cultured at 24 "C, larvae maintained at 10°C consumed less food than did those at
15°C during development. Unlike the larvae in 24 "C,
however, the increase in assimilation efficiency was
not sufficient to compensate completely for this
reduced feeding rate. In addition, increased maintenance costs reduced the amount of energy available for
growth.
Similar shifts in the partitioning of energy can also
be seen with changes in salinity. Rock crab larvae
cultured at 15 'C - 25Ym S exhibited a net growth efficiency of 24 % during larval development while those
maintained at 15"C - 30% S had a n efficiency of 51 %.
Although there was only a slight reduction in the
amount of energy consumed by the larvae in 25%0 S
(6% reduction) total growth was 37 % less than that for
larvae maintained in 30% S. Increases in the cost for
maintenance as well as energy lost as excreta account
for this reduction in growth.
The above data demonstrate that Cancer irroratus
larvae which are unable to compensate physiologically
for environmental change exhibit reduced growth
potential. How this affects larval survival during
development is not known. Experimental evidence for
other crustaceans which might help to further an
understanding is lacking. However, Bayne and his coworkers (Bayne, 1973; Bayne, 1975; Bayne et al., 1975;
Bayne et al., 1978; Gabbot and Bayne, 1973; Widdows,
1978) have studied the effects of environmental factors
on growth, reproduction and survival of the mussel
Mytilus edulis. Their research indicates that organisms
which are unable to compensate physiologically for
environmental change (viz. under stress) and exhibit a
reduced potential for growth, are generally more vulnerable to further environmental change. Additional
environmental change (increase in stress) results in
further physiological imbalance which may lead to
death (Brett, 1958).
Cancer irroratus larvae can be collected in the Narragansett Bay from May when water temperatures
range from 9°C (Hillman, 1964) to October, when
water temperatures can reach 23 "C (Frolander, 1955;
Bigford, 1979); salinity fluctuates only slightly over
this period, staying within 29.5 to 32Ym S (Bigford,
1979). Peak spawning occurs between mid-June and
mid-August when water temperatures vary between
14" and 18°C (Jones, 1973). Johns (1981a) has calculated that during dispersal from Narragansett Bay C.

irroratus larvae would encounter similar conditions to
those reported above. The combined energy budgets of
this sfudy represent, albeit incomplete, an ecological
energy budget for Cancer irroratus larvae. These data,
in addition to information on the survival (Johns,
1981a) and performance of individual physiological
functions under various conditions (Johns, 1981b),
furnish an estimate of the ecological fitness of rock
crab larvae. High survival rates, performance of physiological functions and the apparent complete physiological compensation for the temperature range of
15' to 24 "C suggested that the peak production of
larvae by adult populations within the Narragansett
Bay region coincides with conditions when maximum
tissue growth is possible. In contrast, rock crab larvae
spawned earlier in the season or transported into lower
salinity waters would be subjected to physiological
stresses which could result in reducing their growth
potential and, ultimately, their survival.
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