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ABSTRACT: Larvae of the rock crab Cancer irroratus were found to b e eurythermal and stenohaline
during development. Complete development occurred between 1 0 " and 24 "C in 30 960 S. Survival to
the megalopa stage ranged from 20 % (at 10 'C) to 83 % (at 24 'C) Development was successful in 25,
30 and 35 %o S at 15 "C, but survival exceeded 50 % only in 30 and 35 460 S. Temperature and salinity
significantly influenced molt frequency, intermolt duration and larval size. Maximum growth at
metamorphosis was found at the mid-range of the thermal tolerance l i n i ~ t s(15O-18 'C). Comparison of
these laboratory-determined data on survival and growth with available field data on the life history of
C. irroratus suggests that the majority of larvae are released during that portion of the spawning period
when larval wastage would be minimized and recruitment to the parental a n d regional populations
would b e maximized.

INTRODUCTION

Temperature and salinity effects on marine invertebrates have been reviewed in 'Marine Ecology',
Volume I (Kinne, 1970, 1971). Most benthic crustaceans produce pelagic larvae at a predictable time of
the year. For some crustaceans the breeding period is
protracted (Williams, 1965; Milelkovsky, 1970) with
larvae released at different times of the spawning
season, encountering waters which have changed
temporally in their environmental characteristics.
Although environmental conditions within any portion
of the spawning season are usually not directly lethal
(Thorson, 1950), they may act as a sublethal stress
altering development and growth patterns enough to
be indirectly responsible for larval losses. Mortality
due to the sublethal effects of environmental conditions on development and growth include a reduced
ability to compete effectively for food resources and
successfully avoid planktonic predators (Strathmann,
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373 from the Belle W. Baruch Institute for Marine Biology and
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1977). In addition to temporal changes in the environment which occur during the spawning season, larvae
may also experience spatial differences in water conditions depending upon the degree to which they are
dispersed by currents during development. Larval losses associated with dispersal include those mentioned
above, as well as the possibility of being carried into
environments unfit for survival (Thorson, 1950; Strathmann, 1977).
Two of the more important environmental parameters which change with time and distance are temperature and salinity. Since temperature and salinity are
considered 'dominant ecological factors' in controlling
the survival, rate of development and growth in marine
organisms (Kinne, 1970, 1971; Alderdice, 1972), it
might b e expected that the chances of completing the
pelagic larval phase and early settlement in the
benthic population would depend largely on the
degree to which these two variables change during
larval development. Adequate recruitment of juveniles
to the benthic population would be dependent on the
synchronization of peak spawning to a time when
environmental conditions within and surrounding the
spawning grounds are optimal for larval development.
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This study was done to determine the interrelationship between temperature - salinity conditions and the
development, physiological capacity, bioenergetics
and size of Cancer irroratus larvae. Temperature and
salinity values chosen were similar to those encountered by rock crab larvae developing in temperate
waters of the eastern coast of USA. The results of the
physiological and bioenergetic studies will be presented elsewhere.

MATERIALS AND METHODS

The flow-through mass-culture system (Fig. 1) used
in this study consisted of a 9.5 1 pilot separatory funnel
(Ace Glassware') fitted with an acrylic inner sleeve
having a 145 pm screen bottom. Larvae to b e cultured
for the growth studies were maintained within this
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Fig. 1. Schematic vlew of the flow-through system used to
mass-culture Cancer irroratus larvae

inner sleeve, while larvae which were to be used in
determining survival and development rates were
maintained in a 150 m1 screen-bottomed (145 pm) plastic cup suspended within the larger chamber. The
densities in both the survival cups and mass-culture
chambers were identical, the survival cup being simply of reduced size.
Thermal regimes within the culture vessels were
maintained within f 0.75 C" of the desired temperature using a temperature-regulated bath (Instant
Oceans, Inc. '). Water from a 19 1 reservoir was metered
Reference to trade names does not imply endorsement by
the U n ~ t e dStates Environmental Protection Agency

into the chamber at 2.5 m1 min-l, with aeration being
maintained on an intermittent basis using a percentage timer (Series 451, Cramer Electronics'). Preliminary experiments indicated no differences in survival
between continuously aerated and intermittently aerated cultures (5 S every 15 S cycle), however larvae
cultured to the megalopa stage in intermittent aeration
were significantly heavier (460 f 38 W ) (P 5 0.05)
than those maintained with continuous aeration (378
f 30 W ) .Therefore, aeration for the definitive experiments was provided 5 s for every 15 S cycle using the
percentage timer.
Gravid Cancer irroratus were collected by otter trawl
from the West Passage of Narragansett Bay, Rhode
Island, USA between December and May, 1977-1979.
Females with undamaged egg masses were brought
into the laboratory and maintained in unfiltered Narragansett Bay water (approx. 4 "C and 30 %D S). When
larvae were needed for experimentation, a gravid
female was placed in 30 %O S seawater that was gradually brought to 15 "C over a 24 h period. These conditions (15 "C/30 %o S) were considered the optimum for
final embryo incubation and hatching (Sastry, 1970).
After hatching, the zoeae were maintained in the
flow-through culture systems. Approximately 500
Stage I zoeae were initially placed in each of the mass
culture chambers with an additional 20 zoeae placed
in the survival cup and subsequently maintained at
one of the following temperature-salinity regimes:
10 "C/30 %o S; 15 "C/25 %o S; 15 " U 3 0 % S; 15 " U 3 5 %a
S; 18 "C/30 SW S; 21 "U30 % S; 24 "U30 %O S. Available space did not allow for the maintenance of all 8
culture conditions at once, so only 3 or 4 rearing conditions were run at a time. One of these was always
15 " U 3 0 %O S, which served as an internal standard for
the experiment. Using the design described, each
experimental culture condition was duplicated once,
except for the 15 "C/30 Ym S condition which was repeated for a total of 5 runs. Because this design did not
allow for the maintenance of larvae in all temperature
and salinity combinations using a single hatch of larvae, a one-way analysis of variance was used to determine if there were significant differences in the size of
the larvae at hatching from the five hatches used in the
experiments. If a significant difference was found, data
obtained from those hatches were not used in any of
the analyses.
Larval development was followed to the megalopa
stage. Survival cups were checked daily for mortality
and evidence of molting. Moribund larvae were
removed and staged. The remaining larvae in both the
survival cups and the mass culture chambers were fed
newly-hatched Artemia (Macau, Brazil strain; Johns,
et al., 1980).
A one-way analysis of variance (Snedecor and Coch-
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ran, 1967) was computed to determine the effects of
temperature on larval development. If significant differences (at P = 0.05) were found in development
times, a Duncan's Multiple Range test was used to
determine where the differences occurred (Snedecor
and Cochran, 1967). Data on the effects of temperature
on intermolt duration were fitted to a log-inverse
Belehradek model (Alderdice and Velsen, 1978). This
modified model,
In P = In k
b In (X-C),
(1)
with P being the percent development/day, X the test
temperature, C a n estimate of the low temperature
threshold for development, and k a n d b constants,
allowed for linearization of the data a n d subsequent
least square linear regression analysis. The resulting
fitted regression lines were tested for equality of
regression using analysis of covariance (Snedecor a n d
Cochran, 1967).
Carapace length was taken a s the maximum distance between the rostra1 spine (in a region just above
the eyes) and the ventrolateral margin of the carapace.
Length measurements were made on approximately 25
larvae per treatment per larval stage. Differences in
carapace length for larvae cultured under the various
treatments were tested using a one-way analysis of
variance. Where significant differences were found, a
Duncan's multiple range test was used to determine at
which temperature and salinity condition the differences occurred.
The percent increase in carapace length following
ecdysis was calculated as the percent difference between the mean length of two contiguous zoeal stages
(post-molt length - pre-molt length/pre-molt length X
100 % ; Mauchline, 1976).Tests for the constancy of the
growth increment were made with data collected for
larvae reared at 15 "C/30
S since sufficient growth
data were available only for this condition.
Hiatt growth diagrams, which relate post-molt to
pre-molt size, were produced using least-square linear
regression analysis (Hiatt, 1948; Kurata, 1962). Mean
pre-molt and post-molt values had to b e used in this
analysis since continuous data was not collected on
individual larvae.
During measurement of the larval carapace, a
routine check was made of stage-specific morphological characters, including the number of natatory setae
on the first a n d second maxilliped, the armature of the
telson a n d setation on the furcae of the telson to determine what effect temperature a n d salinity might have
on developmental morphology. The above characteristics were considered to b e predictable a n d reliable for
use in distinguishing between the larval stages of the
rock crab (Sastry, 1977).

+

RESULTS

Survival to the megalopa stage was consistently
higher for larvae cultured in 30 %O S at temperatures
between 15 " and 24 "C. The rearing condition of 21 "C/
30 %O S provided for the highest survival. Survival at
10 "C was lower than at the other temperatures tested;
nevertheless 20 % of the larvae did survive to the
megalopa stage (Fig. 2 ) .
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Fig. 2. Cancer jrroratus. Survival of larvae to the megalopa
stage cultured at various temperatures in 30 D/m S

Cancer irroratus larval development appears to be
restricted to a narrow range of salinities (Fig. 3). At
both 15 " and 24 "C, survival was highest for larvae
cultured in 30 %O S. As rearing temperature was
increased, the deleterious effects of lowered salinity on
larval development became magnified. At 15 " U 2 5 %o
S, 20 % of the larvae survived to the megalopa stage,
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Fig. 3. Cancer irroratus. Survival of larvae to the rnegalopa
stage cultured in various salinities at 15 and 24 "C
O
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S, 100 % mortality occurred prior
while at 24 "Ci25
to the fifth zoeal stage.
Temperature had a significant effect on the time
required for development from hatch to the megalopa
stage (Fig. 4 ; Table 1). Larvae reared at the higher
temperatures (18 ', 21 " and 24 "C) tended to have similar development rates, but in general, as water temperature decreased, development time increased substantially. For instance, at 24 'C, 16 d were required to

Table 1 Cancer irroratus. Analys~sof variance of dc~vc~loprnent time of the larval stages from h a t c h ~ n gAn
. a s t e r ~ s kattcr
the ANOVA F-Ratio indicates significant differences (at P =
0.05) in development t ~ m e sfor larvae cultured at the varlous
temperatures In 30 'V, S. W i t h ~ na larval stage, temperature
values grouped o n the same line are not significantly different from each other
Development
to larval stage

F-Rat10

Group~ng

358'

24, 21, 18
15
10

135'

24, 21, 18
15
10

324 '

24, 21. 18
15
10

I1

I11

IV

24. 21
18
15
10

V

200'

24, 21
18
15
10

M

443'

Table 2. Cancer irroratus. Parameter e s t ~ m a t e sfor the loginverse Belehradek (In P = In k + b In (X-C)) regression
analysis used to determine the influence of temperature on
intermolt duration of the zoeal stages. k = intercept at the Yaxis, b = regression coefficient, r = correlation coefficient. b
values with the same grouping letter are not significantly (at
P = 0.05) different
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b

Grouping

r

I
I1
111
IV
V

-0.26
-0.28
-0.60
-0.14
-0.70

1.30
1.12
1.28
101
1 12

A

97
.93
.86
.85
94

24

T E M P E R A T U R E , "C
Fig. 4. Cancer irroratus. Development times from hatching to
rnegalopa stage for larvae maintained at various temperatures in 30 'L S

reach the megalopa stage, while at 10 "C, 50 d were
required to reach the same developmental stage.
Temperature also had a n effect on the interrnolt duration within each zoeal stage (Table 2). Intermolt cycles
for Stage I and Stage I11 larvae were more temperature
sensitive than those of the other zoeal stages. In general, however, the similarity of the regression coefficients, b, for data fitted to the log-inverse Belehradek
model indicates that the influence of a given temperature on intermolt duration is similar for all zoeal stages.
Larval size at hatching was found to be variable
despite the fact that all eggs were incubated at 15 'C
and 30 %
' S (Table 3). Larvae from female number 3
were found to be significantly larger (P 5 0.05) than

B
A
B
B

Table 3. Cancer ~rroratus.Carapace slze of newly-hatched
Stage I zoeae incubated at 15°C and 30 "/M S . Data are presented as mean carapace length f 1 standard d e v i a t ~ o n .
Means having the same grouping letter are not significantly
d~fferent(at P = 0.05), ( n ) : sample size
Hatch
No

Carapace
length (mm)

1

0.616
,024
0.603
,019
0 643 & ,020
0.607
,018
0.613
.031

2
3
4
5

+
+
+
+

(n)

Grouping

19
15
37
31
40

A
A
B
A
A
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those hatched from the other 4 females. Since significant differences in size at hatching could mask dissimilarities in growth that were solely due to environmental conditions, data collected from female number
3 were not included in any of the following analyses.
Growth during larval development was influenced
by temperature, with the maximum carapace lengths
found in larvae maintained at the mid-range of temperatures tested (Fig. 5, Table 4). For zoeal Stage I1 and
111, individuals reared at 15 ", 18 O and 21 "C were
s~gnificantlylarger (P 5 0.05) than those reared at 10
or 24 "C. After the molt to Stage IV, only larvae reared
at 15 " and 18 "C were larger than those maintained at
the remaining temperatures. Finally, at zoeal Stage V,
larvae at 18 "C were the largest (P I0.05), followed by
individuals reared at 15 ", 21 ", 24 " and 10 "C respectively; although there was no significant difference in
size between 10 " and 24 "C larvae. Larval growth,
then, was favored in the intermediate range of temperatures tested, with the best growth being at 18 "C.
Growth was also affected by salinity but in a pattern
somewhat different than that found for temperature
(Fig. 6, Table 5). For zoeal Stages I1 through IV, larvae
cultured a t 15 "C in the higher salinities (30 and 35 %O
O

REARING

C O N D I T I O N (OC-%oS)

Fig. 5. Cancer irroratus. Carapace lengths for zoeal Stages I1
through V cultured at various temperatures in 30 O& S. Values
presented are the mean carapace length -C 1 std. deviation

S) were significantly larger (P 5 0.05) than those
reared at 25 %O S. At Stage V, however, larvae maintained in 25 %O S were significantly bigger (P 5 0.05)
than those reared at 30 960 S, with individuals at 35 960 S
intermediate between the two.
The percent increase of carapace length following
each succeeding molt decreased as zoeal development

Table 4. Cancer irroratus. Size of zoeal stages (SII-SV) cultured at various temperatures in 30 '% S. Data presented as mean
carapace length t 1 standard deviation. Means within a particular zoeal stage having the same grouping letter are not
significantly different (at P = 0.05). ( n ) . sample size
Culture
temperature ("C)

S11
(mm)

10
15

(35)

0.805

A

k .029

(49)

0.801
.016

(20)

+

21
24

B

0 778

t 019

18

(n) Grouping

A

0.804
(21)

0.786
,018

(33)

B
(40)

+

1.030
,038

(49)

+

1.002
.037

(36)

+

1.291
,047

A. B

(28)

A
(50)

1.338

A

(34)

1.272
-073

(33)

+

1.584

D
(27)

1.689
2 ,065

(50)

1.730
.063

(46)

+

B
A

1.648

C

? .OS0

(38)

1.602
.034

(28)

C
(33)

(n) Grouping

+- ,039

B, C

1.261

a .034

SV
(mm)

B

(32)

2 -060

B
(21)

(n) Grouping

1356

+- ,039
A

0.994

* ,026

SIV
(mm)

A

1.016
2 .OS5

B

(n) Grouping

1.003
t ,025

A

? .023

*

S111
(mm)

2

D

Table 5. Cancer irroratus. Size of zoeal stages (SII-SV) cultured at 15°C In various salinities. Data presented as mean carapace
length ? 1 standard deviation. Means within a particular zoeal stage having the same grouping letter are not significantly
different (at P = 0.05). (n): sample size
Culture
salinity (%)
25
30
35

S11
(mm)

(n) Grouping

*

0.758
,024

(23)

+

0.805
,029

(49)

B

A

(33)

(n) Grouping

C

+

0.979
,038

(15)

C_

1.030
,038

(49)

1.060
2 ,028

(33)

A

0.801
-t .020

S111
(mm)

B
A

SIV
(mm)

(n) Grouping

B

1.306
t ,042

(37)

1.356
,039

(50)

+

A

1.392
? .046

A
(30)

SV
(mm)

(n) Grouping

1.826
i ,079

(31)

+

1.689
.065

(50)

+

1.802
.074

(20)

A

B
A, B
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Fig. 6. Cancer irroratus. Carapace lengths for zoeal Stages I1
through V reared in various salinities at 15 ' C . Values pre1 std. deviation
sented are the mean carapace length

+

progressed (Fig. 7). Linear regression analysis of these
growth increment data for 15 "C and 30 O L S cultured
larvae indicated a slight reduction, with a regression
line slope significantly different from 0 (F = 9.45; d.f.
3, 14). Mean growth increments ranged from 32 % for

A L L OATA
P o I ~ - M = OZ+1.26 P t . - M

PRE-MOLT

SIZE ( m m )

Fig. 8. Cancer irroratus. Hiatt diagrams for the larval stages
cultured under various combinations of temperature and
salinity. Lines represent raw data fitted by least-squares
h e a r regression analysis

DISCUSSION
I

2

MOLT

3

4

NUMBER

Fig. 7 Cancer irroratus. Changes In carapace length growth
increment (expressed as % ) during larval development. The
line represents raw data fitted by least-squares linear regression analysis

the Stage I - Stage I1 molt to 22 % for the Stage IV Stage V molt.
The relationship between post-molt and pre-molt
size in rock crab larvae is presented in Figure 8 as
Hiatt diagrams. Fit of the data to a linear regression
model was good in all cases, with correlation coefficients being > 0.99. Larvae reared at 15 O U 2 . 5 'XL S
exhibited a significantly higher growth rate (slope 5
0.05; 1.53) than larvae reared in all other conditions
tested (slopes from 1.18 to 1.27).
No environmentally-related variation was evident
for the stage-specific morphological characters
examined in this study. The independence from temperature or salinity influence on developmental morphology suggests that the process of morphogenesis is
a conservative phenomenon, not influenced by the
same environmental conditions which reduce absolute
size.

Survival and growth of rock crab larvae are dictated
to varying degrees by temperature and salinity conditions, with temperature playing the more dominant
role. Survival to the megalopa stage, molt frequency,
intermolt duration, and larval size were all significantly influenced by temperature. Salinity modified
both survival and size but had almost no effect on
molting frequency or intermolt duration. Neither temperature nor salinity had any effect on developmental
morphology.
The thermal tolerances, and survival rates for Cancer
irroratus larvae reported in this study are considerably
different from values previously reported in the literature for laboratory-cultured rock crab larvae. Sastry
(1976) indicated an upper lethal limit of 20 "C for rock
crab larvae cultured under static culture conditions. In
contrast, 84 % of the larvae cultured at 24 "C in this
study survived to the megalopa stage suggesting an
upper thermal limit of greater than 24 "C. In addition,
survival rates for larvae from the flow-through cultures
used in this study were higher than in Sastry's static
cultures under comparable temperature and salinity
conditions. In 30 YW S, percent survival for larvae
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cultured in the flow-through system were as follows:
1 0 ° C - 2 0 % ; 15°C-68 % ; 2 1 "C-94 % ; 2 4 "C-84 %.
Percent survival of larvae cultured under static conditions in 30 YOOS were found to be: 10 "C - 15 %; 15 "C 60 '10;20 "C - 31 '10; 25 "C - 0 % (Sastry, 1976). Johns
(1980) concluded that these differences in thermal
tolerance and survival were primarily attributable to
the laboratory culture techniques employed and not
actual physiological differences. Flow-through culture
techniques appear to provide C. irroratus larvae in
better biological condition than do static culture
techniques.
Maximum growth at metamorphosis was found at
the mid-range of the thermal tolerance limits. Growth
rates at higher (24 'C) and lower (10 "C) temperatures
were less than those for larvae cultured in temperatures between 15-18 "C. Similar growth patterns have
been reported by Rothlisberg (1979) for the larvae of
Pandalus jordani and by Sweeney and Vannote (1978)
for several species of aquatic insects. Sweeney and
Vannote suggest that the reduction in size in arthropods at the thermal extremes is expected due to a
disequilibrium in the balance between growth rate
and timing of ecdysis. The results presented here suggest that this may be the case with rock crab larvae;
however, critical evaluation awaits in-depth physiological and bioenergetic studies.
If these laboratory-determined survival and growth
patterns for Cancer irroratus larvae were to occur in
nature, the present findings indicate a pattern of
growth and development more favorable to larvae
hatched during the middle portion of the spawning
season in waters of high salinity than at any other time.
In the Narragansett Bay region, gravid rock crabs
migrate to the mouth of the bay and adjacent offshore
waters in the early spring to spawn (Jones, 1973; Reilly
and Saila, 1978), with the spawning season continuing
to late September (Bigford, 1979; A. D. Beck, unpubl.).
Surface water temperatures during this time range
from 9" to 23 "C (Jones, 1973; Bigford, 1979) while the
S (Hillsalinity varies only between 29.5 and 32
mann, 1964). Most gravid females, however, are collected between mid-June and mid-August when water
temperatures vary between 14 and 18°C (Jones,
1973). A similar pattern of peak spawning in rock crabs
has also been reported by Krouse (1972) for the Gulf of
Maine and by Scarratt and Lowe (1972) for the Northumberland Strait. It would seem then that the peak
spawning period is timed to occur when temperature
conditions are such that larval survival and growth are
maximized, although some crab larvae are released at
times when the environmental conditions are not as
favorable.
Sastry and Vargo (1977) report seasonal variation in
the temperature limits for development and survival of

81

rock crab larvae. Larvae from summer hatches were
less tolerant of cooler waters than were those individuals from either winter or spring hatches. Although no
variation in the response to thermal conditions for rock
crab larvae hatched at different seasons was found in
this study, the data of Sastry and Vargo do indicate that
some modifying factors in survival and growth may be
present as the spawning season progresses.
Environmental conditions which might be encountered during dispersal of the pelagic larval phase can
only be estimated since no data are available on the
transport of Cancer irroratus larvae by currents. Survival of larvae transported into estuaries however, is
probably low because of the stenohaline tolerances of
the larvae. In the Narragansett Bay region, Cancer spp.
larvae are abundant at the mouth of the bay (30 %o) but
very few larvae have been collected 1 km into the bay
(Frolander, 1955; Hillman, 1964). Moreover, Sandifer
(1973) collected rock crab larvae in lower Chesapeake
Bay in salinities between 23.3 and 32 766 S with most
larvae found in salinities above 25 960 S.
The survival of larvae transported along the coast
would be mainly dependent on the thermal range
encountered since the salinity would be expected to
remain high (> 30 %O S) in these offshore waters. Using
Bumpus's (1969) figure of 16 km d-' for longshore
current velocity for waters of the east coast of North
America, an estimate of the distance rock crab larvae
might be transported during development can be
made. Since the pelagic phase of larval development
in Cancer irroratus can vary between 17 and 50 d
depending on temperature, larvae remaining in the
plankton between these periods would b e carried between 272 and 800 km. Larvae spawned in l 0 'C
waters off Narragansett Bay and transported in a southerly direction for up to 50 d could encounter temperatures between 10 " and 18 "C (Walfurd and Wicklund,
1968), while larvae hatched in warmer waters (20 "C)
would experience a temperature range of only 20 " to
23 "C (Walfurd and Wicklund, 1968). These temperatures are well within the thermal tolerances of rock
crab larvae. In terms of temperature and salinity then,
it would seem that the dispersal of C. irroratus larvae
from the spawning grounds would not be deleterious to
their survival or development unless the larvae were
carried into the low salinity waters of an estuary.
The dispersal of rock crab larvae during the peak
spawning period (mid-June to mid-August) is of interest since any change in the thermal regime encountered during development might negate any size
advantage that would have been gained by spawning
in water temperature of 15 " t o 1 8 "C. Calculation of the
maximum southerly longshore dispersal range and the
temperatures encountered during dispersal indicates
that there would be little variation in the surface water
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temperatures (Walfurd and Wicklund, 1968). Therefore, rock crab larvae spawned in Rhode Island waters
between June and August would experience both local
and regional water conditions favorable for maximum
growth. The competitive value that might be gained in
these optimal growth conditions (viz. larger size) could
include the ability to out-compete smaller-sized larvae
for available food resources and the ability to avoid
pelagic predators (Mullin and Brooks, 1970; Dodson,
1974; Kerfoot, 1975; Menge, 1975; Allan, 1976). Following metamorphosis and during ~nitialsettlement to
the benthic environment, size may also play a n important role in both intra- and interspecific competition for
resources (Mileikovsky, 1970).
In summary, the peak spawning period of Cancer
irroratus in Rhode Island waters centers around that
portion of the season when larval wastage would be
minimized and recruitment to the parental and regional populations would b e maximized.
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