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Abstract

Callinectes sapidus end Callinectes similis are found in estuaries along the northern Gulf of Mexico. Juveniie C. sapidus are
heavier at similar carapace widths than juvenile C. similis. Juvenile C. sapidus and C. similis exhibit similar patterns of

hemolymph osmolality, oxygen consumption, lactic acid concentration, and renal filtration and secretory rates along constantand . .

fluctuating salinity gradients. When similar sized juveniles were present, significantly more C. sapidus were preyed upon at
30 PSU but not at 5 PSU. Juvenile C, similis are more vulnerable to predation by adult C. sapidus at low salinity, this increased
predation by adult C. sapidus on juvenile C. similis at 5 PSU may contribute to limiting the presence of C. similis to higher salinity

water along estuarine gradients.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The blae crab, Callinectes sapidus, and lesser blue
crab, Callinectes similis, are found on the Atlantic and
Gulf of Mexico coasts of North America. Both juveniles
and adults are found in river mouths, estuaries and
coastal waters (Cameron, 1978; Hsueh et al., 1993). As
juveniles, the two species often compete for resources
(Engel, 1977; Hsuch et al., 1992b). The similarity in diet
between C. sapidus and C. similis indicates that there is
a high percentage of overlap in their prey. Fish, bivalves,
brachyuran, and gastropod remains constituted the four
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most comumon prey items for both species from a mud-
bottorn habitat in Mobile Bay, Alabama (Hsuch et al,
1993). The two species inhabit similar environmental
niches. Based on laboratory observations, C. sapidus
appears more aggressive. This aggression may play a
larger role in the local distribution of juveniles than
previously thought, because C. similis is more likely to
suffer from this competition.

While both species tolerate habitats with a wide range
of salinities, C. sapidus inhabits a wider range, reportedly
from 0 to 117 PSU than C. similis, generally above 135,
(Witliams, 1984). Hsueh et al. (1992a) reported 75%
meortality in juvenile C. similis after seven days at 5 PSU.
Guerin and Stickle (1992, 1997a,b) reported C. sapidus
to be only slightly more tolerant of low salinity than
C. similis. The 28 day LCsp is less than 2.5 PSU for
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C. sapidus and is 2.6 for C. similis. Decreased growth,
scope for growth and increased metabolic demands at
salinities less than 10 PSU in laboratory experiments may
limit juvenile C. similis to salinities greater than 10
(Guerin and Stickle, 1997a,b). Short term salinity
fluctuation below 10 PSU may also limit the distribution
of the lesser biue crab. The urine of adult C. sepidus
adapted to fresh water is isosmotic with the hernolymph
and the rate of urine production and Na* and Cl” efflux
was estimated to represent 12.7% of the body weight and
ion efflux per day (Cameron, 1978). Therefore, urinary
losses could represent a substantial physiological stress on
both species,

The effect of constant salinity gradients on juvenile
C. sapidus and C. similis tolerance, osmoregulation
and energy budgets, including oxygen consumption
rates has been assessed by Cuerin and Stickle (1992,
1997a,b). C. sapidus acclimatized to brackish (20~
30 PSU) water had a 33% higher oxygen consumption
rate on an ash free dry weight basis at 2.5 than at 25 PSU
while C. sapidus acclimatized to hypersaline (30-45)
waters had a 66% higher oxygen consumption rate at 2.5
than at 25 PSU. C. similis acclimatized to brackish
waters had a 190% higher oxygen consumption rate on
an ash free dry weight basis at 2.5 than at 25 PSU
{Guerin and Stickle, 1992, 1997a,b).

Estuaries frequently exhibit tidaily influenced fluctu-
ating salinity cycles, thus it is important to understand the
effect that a salinity cycle has on the physiology of
juvenile blue and lesser blue crabs, Salinity variation has
been monitored for 791 days in a number of locations in
coastal Louisiana where the vast majority of the patterns
are diurmal and the daily amplitude of fluctuation as high
as 20 PSU occurred 11% of the time (Hewatt, 1951). Blue
crabs are osmoregulators and compensate for the
fluctuating salinities to which they are exposed via several
physiological mechanisms (Findley etal,, 1978a,b; Lovett
et al., 2006; Sabourin, 1984; Guerin and Stickle, 1997D).
Hemolymph osmolality and fon concentrations were
consistently lower in C. similis than in C. sapidus atlow
salinities (Piller et al., 1994). Likewise, Guerin and Stickle
(1997b) found juvenile C. sapidus to be a slightly better
hyperosmotic regulator than C. similis at low salinity.

When aerobic biochemical pathways are no longer
available or are unable to meet metabolic demands,
decapod crab energetic demands are met by anaerobic
glycolysis with L-lactate as the end product (Graham
et al., 1983; Livingstone et al., 1990); the presence of
L-lactate is an indicator of anaerobic stress.

Because C. sapidus does not csmoreguiate completely
across salinity gradients, lower hemolymph osmolality
reduces the oxygen affinity of hemocyanin which lowers

the overall oxygen carrying capacity of the hemolymph
(Mangum and Towle, 1977). Lactate also has a pro-
nounced effect on the oxygen affinity of hemocyanin by
causing a marked increase in oxygen affinity when bound
to hemocyanin. These counteracting effects of decreased
hemolymph osmolality and increased lactic acid concen-
trations on hemocyanin stabilize oxygen uptake at the gill,
as opposed to a switch to anacrobic metabolism in the
tissues (Graham et al., 1983).

The present study investigated the physiological and
behavioral factors which affect the distribution of these
two sympatric species, C. sapidus and C. similis along
an estuarine gradient. The objectives of the study were
to; (1) quantify the effects of steady state and fluctuating
salinity on hemolymph osmolalify, oxygen consumption
rates, renal filtration and secretion rates (steady state
only) and lactic acid content in juvenile C. sapidus and
C. similis and (4) determine agonistic interactions
between C. sapidus and C. similis at 30 and 5 PSU.

2. Methods
2.1. Collection and maintenance

Tuvenile C. sapidus and C. similis were collected by
dip net near the base of the bridge over Bayou
LaFourche at Port Fourchon, Louisiana in June and
July 1999 and July and August 2000 for the physiclogy
experiments. The salinities at the times of collection
were 28-32 PSU. Juvenile crabs were maintained in the
laboratory in artificial sea water made from Instant
QOcean sea salts and stepwise adapted at 2 PSU per day
until the experimental salinity was reached and held at
that experimental salinity for a minimum of 14 days
before experiments were conducted. Crabs were held
together in individual compartments made of PVC
piping with the ends covered by Nitex screen in several
large aquaria under 24 hour illumination at 22 °C.

Juvenile crabs of both species were collected by dip
net from the base of the bridge over Bayou Fourchon
near Port Fourchon on June 9 and June 24, 2003,
September 10, 2004, and Septernber 12 and 29, 2005 for
the agonistic behavior experiments. Ambient salinity
was 2831 PSU. All crabs were retumned to LSU where
their carapace width and wet weight was determined.
Weight to length relationships of both species were fit to
a second degree polynomial equation. Crabs were held
together in individual compartments made of PVC
piping with the ends covered by Nitex screen in several
large aqueria under 24 hour illumination at 17 °C.
Juvenile crabs were maintained in the laboratory in
artificial sea water made from Instant Ocean sea salts
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and stepwise adapted at 2 PSU per day until the
experimental salinity was reached then they were held at
that experimental salinity for a minimum of 14 days
before experiments were conducted.

2.2. Salinity

2.2.1. Steady state

A set of 5-8 crabs of each species were also stepwise
adapted together to 2.5, 10 and 25 PSU and held for
14 days. These crabs provided acclimation data for the
* steady state salinities.

Oxygen consumption, hemolymph osmolality, and
lactic acid production were determined at the three
steady state salinities; 2.5, 10 and 25 PSU. Wet weights
of C. sapidus were 3.10£1.21 (SEM) (N=8), 2.73+
1.60 (7), and 2.69%1.43 (8) g at 25, 10, and 2.5 PSU
respectively, while wet weights of C. similis were 2.72%
1.32 (7), 3.06::1.43 (8), and 2.77+1.90 (5) g at 25, 10,
and 2.5 PSU. Crab wet weight did not vary significantly
between species or among experimental salinities (two
way ANOVA).

Renal filtration and secretion rates were also deter-
mined at 2.5, 10 and 25 PSU. C. sapidus wet weight was
24234469 (N=5) at 25 PSU, and 10.47£4.59 (6) at
2.5 PSU (p-N8), data from the 10 PSU could not be
used because bath radioactivity per ml was too low to
accurately calculate renal filiration and secretion rates.
C. similis wet weights were 2.83+1.46 (6) g at 25 PSU,
2714123 (6) gat 10 PSU and 2.51+ 1.57 (§) g at 2.5 PSU
(p=<0.019). Dry weight values for the same C. sapidus
were 7.4041.20 (5) g at 25 PSU and 2.58::1.17 (6) g at
2.5 PSU (p-NS), in C. similis these values were 0.87+0.48
(6) g at 25 PSU, 0.78::0,34 (6) at 10 PSU and 0.74:0.55
(5) g at 2.5 PSU (p-NS).

2.2.2. Divinal fluctuations

A diurnal salinity cycle was established using a
technique developed by Wells and Ledingharm (1940)
and modified by Stickle and Howey (1975) and Findley
and Stickle (1978). We chose the diurnal 10—2.5—10
PSU pattern to represent salinity siress at an area in the
upper estuary where C. similis would be expected to be
excluded if salinity is the limiting environmental factor.

The diumal salinity fluctuation pattern of 10—2.5—
10 PSU was simulated by adding deionized water into a
fixed volume aguarium over a 10 hour period at a flow
rate calculated to lower the salinity, followed by a 2 hour
simulated slack water period at 2.5 PSU. Then 12.5 PSU
seawater was added to the system at the same flow rate
as in the descending phase over another 10 hour period
followed by another 2 hour simulated slack water period

at 10 PSU. Every 3 h ambient seawater and 6 juvenite
C. sapidus and C. similis were sampled for hemolymph
osmolality; 810 crabs of cach species were sampled for
oxygen consumption rate and lactic acid production.

2.3. Hemolymph osmolality

Hemolymph was obtained by blotting dry the mem-
brane at the base of & swimming leg, puncturing the
membrane with a glass capillary tube, and collecting 6—
& ul of hemolymph. The hemolymph osmolality was
determined with a Wescor vapor pressure osmometer
(Model 5100 B). The osmolality of a sampte of ambient
seawater was determined with each set of hemolymph
samples.

2.4. Oxygen consumption

Oxygen consumption rates were determined using a
flow-through system described by Stickle et al. (1985).
For each experimenial exposure, 8-10 crabs were
used. Individuals were placed into one of twelve glass
chambers (~250 ml) through which water flowed
by gravity via a manifold system. The two outermost
chambers were used as blanks to read the partial pres-
sure of oxygen in the control water. After the individuals
were placed into their chambers, they were allowed
to acclimate for 1 h, Oxygen partial pressure was
determined with a calibrated Strathkelvin 781 oxygen
meter connected to an oxygen electrode. After acclima-
tion, flow rates were determined by collecting drip
samples from the exit port of the individual glass
chambers. For oxygen partial pressure determination,
water samples were collected anaerobically from the
exit port of each chamber using a glass syringe and
immediately injected into an oxygen electrode main-
tained at 22 °C by a water jacketed flow-through
housing chamber. In order to determine the amount of
oxygen consumed by the individual crab, the following
equation was used:ul 0,0~ =(PO,0f control — PO2
from animal chamber) / PO, from confrol x flow rate
{Ih~1) x 1000 x oxygen content in water at that salinity
and temperature {mL O - L™'). PO, is the partial pres-
sure of oxygen in the water sample.

2.5, Lactic acid

After exposure to experimental conditions, juvenile
crabs were frozen in liquid nitrogen and stored in an
ultracold freezer (— 80 °C) until homogenization. Whole
crabs were weighed and homogenized in 10 times their
wet weight {g) in ice cold perchloric acid (0.6 mol/L).
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The homogenate was centrifuged for 15 min at 3000 g at
2 °C. The supernatant (4 ml) was transferred to a fresh
tube where 0.01 ml methyl orange (0.05%, w/v) was
added. The supernatant was neutralized by titration with
3 M KOH. A 1 ml aliquot of the neutralized supernatant
was used for the assay sample. L-lactic acid assay was
determined by the Franz Noll procedure (Bergmeyer,
1983). The final assay contained: 1 16 mmol/] glutamate,
0.93 mmol/l NAD, 1.3 KU/l ALT (GPT), and 4 kU/
1 LDH. L-lactic acid was used as the standard for this
assay. The assay absorbance was read at 340 nmon a
spectrophotometer after 2 b incubation at 25 °C.

2.6, Renal filtration and secretory vates

Both species were acclimated to 2.5, 10 0r 23 PSU for
two weeks. Each crab was injected with 10 ] containing
1 uCi MC-polyethylene giycol (PEG) and 1 pCi *H-p-
aminchippuric acid (PAH) and allowed 1 h for equil-
ibration of the isotopic markers in the hemolymph. PEG
was selected as 2 marker for renal filtration and PAR was
chosen for tracking renal secretion. Each crab was rinsed
three times in the acclimation seawater and transferred to
30 ml of the appropriate medium. Bath samples were
collected at time zero and 1 h later to determine the total
radioactivity excreted by the animal. After the 1 hour
sample, each crab was weighed and a hemolymph
sample (200-300 p1) collected. The radioactivity in each
gample was determined using a double label counting
procedure with a Beckman 6000 Liquid Scintillation
Counter. The "“C-PEG lost from the hemolymph to the
bath was assumed to represent the renal filtration rate of
the kidney using the method of Dietz and Byrme (1999).
The total disintegrations per minute (DPM) of PEG
appearing in the bath was divided by hemolymph PEG
specific activity (DPM/ml) to calculate filtration rate.
Filtration rate was expressed as ml of hemolymph
cleared of PEG per hour per kilogram wet and dry crab.
PAH secretion was calculated by a similar method. PEG
and PAH clearances measured simultaneously were
compared for both species in the acclimation salinities.

2.7. Agonistic behavior

C. sapidus and C. similis were stepwise adapted to
either 30 or 5 PSU at 16—17 °C water temperature. The
crabs were then placed into aquaria with sand and
Rangia cuneata shell substrate which approximates the
substrate at the collection site of sympatrically collected
juveniles. There was no sea grass at this collection
locale. Groups consisted of different combinations of
species and size. Size of crabs was initiaily determined

by carapace width; C. sapidus juveniles were consider-
ably heavier than C. similis juveniles of the same
carapace width. In order to study agonistic interactions
among similarly sized juveniles (16-20 mm CW), four
experimental replicates were run for each treatment at 3
and 30 SU. Sample size for each treatment was 14 crabs
per replicate in a 38 1 aquarium containing an under-
gravel filter overlaid with 2.5 cm oyster chips covered
with 2.5 em sand and shells of R. cuneata. Abdomens of
frozen shrimp were dissected and added to each
experimental tank once a day to reduce hunger induced
predation among juvenile crabs. The duration of each
experimental period was 7 days after which surviving
crabs were counted. Hach experimental treatment was
replicated 4 times. The experimental treatments were:

C. similis juveniles alone
C. sapidus juveniles alone
C. similis and C. sapidus together (28 total crabs)

Mortalities were analyzed by ANOVA and Tukey’s
Multiple Range Test was used to determine significant
differences among treatment means if the ANOVA test
indicated significant variation among treatment means.

Adult blue crabs (>104 mm CW) also served as
predators at 30 and 5 PSU. Abdomens of frozen shrimp
were dissected and added to each experimental tank once
a day to reduce hunger induced predation among juvenile
crabs. The number of juvenile crabs (7.4-24.8 mm CW
mean for the S replicates per species) per experimental
treatment was 12 and the duration of the experiment was
7 days after which surviving crabs were enumerated.
Mortalities were analyzed by ANOVA and Tukey’s
Multiple Range Test was used in the juvenile agonistic
experiment to determine significant differences among
treatment means if the ANOVA test indicated significant
variation among treatment means. I-tests were used
to compare mortality rates of juvenile C. sapidus and
C. similis in the presence of adult (>104 mm carapace
width) C. sapidus.

2.8. Statistical analysis

All juvenile crabs from each species and collection
were weighed wet, their carapace width measured and
the data were fit to a second order polynomial equation
with the PRISM Software package.

In order to remove the factor of body weight, all oxygen
consumption rates and lactic acid concentrations were
standardized to 1 g body weight by dividing by the wet
weight in grams. One-way or two-way analysis of variance
(ANOVA) was used after determining that the data were
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normally distributed to identify significant differences
among main effects at the 0.05 level of significance. If
variation in the one way ANOVA of the main effect was
significant, a posteriori Tukey's test was used to determine
significant differences among treatment means. Student’s
i-tests were used to compare crab weights in the renal
experiments and experimental survivals in each predation
experiment at the 0.05 level of significance.

3. Resulis
3.1. Juvenile recruitment

The relative composition of juvenile blue crabs and
lesser blue crabs at the field site was predominantly blue
crabs in June and predominantly lesser blue crabs in
September. Equal carapace width juvenile blue crabs
(17.5 mm carapace width) were 1.30-1.55 times heavier
than lesser blue crabs. Second order polynomial
equations fit the weight to carapace width (cw) of both
species very well on the sampling dates for both species
(*=0.9285-0.9891): Data and a regression line for the
June 9, 2003 collection are plotted in Fig. 1.

3.2. Steady state salinity

Hemolymph osmolality of C. sapidus and C. similis
varied directly with salinity across the 2.5, 10 and 25 PSU
range (Table 1). There was a significant difference
between the hemolymph osmolalities as a function of
ambient salinity (p<0.003) following acclimation to 2.5,
10 and 25 PSU. There was no significant difference in
hemolymph osmolality between C. sapidus and C. similis
(p<0.100). There were no significant differences between
species (p<0.260) or between salinities (p<0.087) in
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Fig. 1, Crab wet weight - carapace width data were fit to a sccond order
polynomial equations for a collection on June 9, 2003, The equation
for €. sapidus was mg wet=307.2-64.66 mnCW =492 mm* (n=T73:
A=09816) and the cquation for . similis was mg wot=124.2-
25.66 mm+2.497 mm® (n=26: #*=0.9829).

Teble 1

Hemolymph osmolality, oxygen consupption and lactic acid body
wurdens of Callinectes sapidus and C. similis after acclimation to three
steady state salinities

Variables/ 2.5 Psy 10 PSU 25 PSU
species

Hemolymph osmolality {mOsM)

C. sapidus 642+ 102 (6) 733£52 (6) 80617 (6)
C. similis 69030 (6) 794420 (6) 90830 (6)
Oxygen consumption (il Q- g wet ' BT

C. yapidus 17711 {10) 304:£93 (16) 202278 (10)
C. similis 222470 (10} 451£127 (10) 321243 (10)

Lactic acid concentration (mmol lactate- g wet™ !
C. sapidus 22374020 (10) 1.755%0.32 (10) 2.939:0.47 (10)
C similis 0.920£0.10 (10) 2.920+0.46 (10) 1.38240.24 (10)

Meantstandard error (m=number of animals),

oxygen consumption rate (Table 1). There was a signifi-
cant difference between species (p<0.0001) in the lactic
acid concentration. There were no significant differences
between salinities {p<0.208) in the lactic acid concentra-
tion of C. sapidus and C. similis acclimated to 2.5, 10 and
25 PSU (Table 1),

No significant difference occurred in renal filtration
(PEG) and secretion (PAH) rates at 2.5 and 10, and

Table 2

Renal filtration {PEG) and secretion(PAH) rates are given for
Callinectes sapidus and C. similis adapted to 2.5 or 23 P5U in
mls - Kewet - h™!, mls- Kgdey™ - 17*, and Pescent body water as X &
SEM (N)

Species/ 2.5 PSU 10 PSU 25 PSU ANOVA

variable

C. sapidus

PEG-wet 43£19 (5) ND 4+2 (3)  p<0.07

PEG-dry  139&351(5° ND 1749 (5)°  p<0.03

PAH-wet  344%146 (5) ND 6422 (5 p<C.10

PAH-dry 1311£482 (5) ND 259135 (5) p<007

Percent 748424 (5) T28=23(5) 684%33(5) p<0id
water

C. similis

PEG-wet 415 (4) 9022 (6" 34410 (5) p<0.39

PEG-dry 225464 (4) 344274 (6 1152305 p<0.14

PAH-wel 298288 ¢4)  621x130(6)" 599217 (6) p<0.31

PAH-dry 13742457 (4) 28502175 (6 24252691 (5) p<0.27

Pergent  77.8:45.0(4) 73.7£24 (6 70.6+2.0(5) p<CG.18
water

Nopadioisotope DPM per milliliter was <30 after 2 1 h incubation
period, therefore filtration and secretion rates could not be calculated
and percent body water data are not presented. Fisher's Protected 1L.SD
test was used 1o determine the statistical difference among treatment
means if the ANOVA indicates significant vasiation; values sharing the
same letter in a row are not significantly different from each other.



366 WB. Stickle et al. / Jowrnal of Experimental Marine Biology and Ecology 352 (2007) 361-370

>

Hamolymph osmolality
= 10004 - (3. Sapicus -G, sirnilis
& 9004
E gao
‘§ 700
ﬁ 6004
- 5004
=
< 400
£
g 3B
5 200 —Seawater
£ 100
oo
6 2 4 B8 8 10 12 44 16 13 20 22 24 28
Hour of Exposure
B .
Qxygen consumplion
3504 Hygen consumpt £ 350
~=C. sapidus - O, gimifis
300+ 3005
7 269 260 €
% 2004 —Seawater 2008
= £
=] -, ™
L1804 [T 150 @
o " 5
< 1604 1060 Q
=
504 50 ~
Q- —— . ——er—E(}
0 2 4 6 8 1012 14 16 18 20 22 24 26
Haur of Exposure
C s .
184 Lactic acid concentrations 350
16
oC. sapidus  -weC. simills 300 %
"-"‘M- 25(]%
£12 2
o
210 200 §
8 o
B8 150 §
3 100 5
£ 4 %
2 50
0 p—egromey e ke e 0
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Hour of Exposure

Fig, 2. Physiological responses of Callinectes sapidus and C. similis to
2 10—72.5-+10 PSU diumal salinity fluctuation (Ar Hemolymph
osmolality; B: Qxygen consumption; C: Lactic acid levels). Data ware
plotted as the mean SEM. The usual sample size for the hemolymph
csmolality determinations was 6 and for oxygen consumption and
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25 PSU for C. sapidus and C. similis on a wet weight basis
(Table 2). C. sapidus filtration of PEG in 25 PSUJ was
significantly lower than at 2.5 PSU when calculated on a
dry weight basis. Percent body water of neither species
varied significantly as a function of salinity (Table 2).

3.3, Diurnal fluctuating salinity cycle
Under a diurnal fluctuating salinity regime, hemo-

lymph osmolalities did not vary in a significant man-
ner across fhe diumal 10-2.5-10 PSU amplitude of

fluctuation (p<0.276) or between species (p<0.984)
(Fig. 2A). Throughout the diurnal salinity fluctu-
ation, oxygen consumption rates varied significantly
among experimental salinities (p<<0.001) and between
C. sapidus and C. similis (p<0.001). The oxygen con-
sumption rate of C. sapidus and C. similis decreased
significantly (p<0.05) throughout the course of the cycle
(Fig. 2B). Lactic acid concentration in the crabs varied
significantly between species during the salinity fluctu-
ation {p<0.001). Lactic acid concentration of C. similis
did not vary significantly over the course of the diurnal
salinity fluctuation (p<0.094) and was maximum at 15 h
of the cycle (1.89+0.17 muol g wet™ 'y while lactic acid
concentration of C. sapidus decreased during the first 31
of declining salinity then increased significantly as
salinity decreased to 2.5 PSU, increased again to 2.72+
0.68 mmol g wet™?) at 6.1 PSU by 15 h of the cycle
{(p<0.001), and subsequently decreased significantly as
salinity increased (p=0.01) (Fig. 20).
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Fig. 3. A: Predation rates of adult (> 104 mm CW) Callinectes supidus
on 12 juvenile € supidus and C. similis at 30 PSU. B; Predation rates
of aduit C. sapidus (> 104 mm CW) on 12 juvenile C. sapidus and C.
similis at 5 PSU. Significantly more C. similis than C. yapidus were
preyed upon at 5 PSU. Data were plotted as meanSEM,
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3.4. Agonistic behaviors

The agenistic interactions between C. sapidus and
C. similis indicate that adult blue crabs prey on signifi-
cantly more juvenite C. similis than C. sapidus at 5 PSU
and juvenile C. sapidus are significantly more cannibal-
istic on themselves alone than when both species are
present together or only C. similis is present at 30 PSU. No
significant difference in predation rates by adult blue crabs
on juvenile C. sapidus and C. similis occurs at 30 PSU
(Fig. 3A) but adult blue crabs prey on significantly more
C. similis at 5 PSU (Fig. 3B). Juvenile C. sapidus prey
on significantly more similar sized juvenile C. sapidus
than on specimens of both species together, or juvenile
C, similis among themselves at 30 PSU (Fig, 4A). No
significant difference exists with respect to cannibalism
within or among similar sized juveniles of the two species
at 5 PSU (Fig. 4B).
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Fig. 4. A. Mortality was significantly higher after one week among 14
similar sized juvenile Cullinectes sapidus then among juvenile C.
similis or among both species in the same experimental aquarium (28
total crabs) at 30 PSU. B. No significant difference existed in the
mortality of 14 juvenile C. sapidus ot C, similis alone or together (28
total crabs) in the same experimental aquarium at 5 PSU,
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4, Discussion

The lack of a significant difference in oxygen
consumption rate in the steady state salinity data is
contrary to the findings of Guerin and Stickle (1997b).
They found significant differences based on steady state
salinity experiments. Their data show an increased oxygen
consumption rate at 2.5 PSU over that at 10 and 25 PSU.
This discrepancy between the previous and present studies
may occur because data are presented on a wet weight
basis in the present study while Guerin and Stickle’s data
(1992, 1997b) are recorded on an ash free dry weight basis.
Although there was no significant difference in the percent
body water as a function of salinity in either species due
to individual variability, the percent body water of both
species varied inversely with ambient salinity which
would tend to obscure any increase in the rate of oxygen
consutiption at low salinity (Table 1).

The filtration rate of PECG of both species tended to be
higher in 2.5 PSU but was only significant in C. sapidus
when calculated on a dry weight basis. Binns (1969)
observed higher filtration rates in Carcinus meanus in
40% compared with 100% salinity. Our juvenile crabs
were active during the kidney study, and motor activity
reduces urine release in crustaceans (Riegel, 1960).
In addition, urine is released from the bladder of
C. sapidus intermittantly as noted by the pulsatile
release of Na and Cl (Cameron, 1978). The discontin-
uous telease of urine likely accounted for the high
variability in these studies. Filtration rate differs from
yrination rate depending on the amount of water
reabsorbed. Our PEG fiitration rate values are essen-
tially the same as the urine production rate measured by
Cameron (1978) suggesting that water reabsorption rate
is small. The renal filtration rate is the same in both
species of Callinectes so excretory function may not
impose a species specific salinity restriction.

PAH clearance, from both species of juvenile crabs
was about an order of magnitude higher than for PEG.
This result would be expected because most of the PAH
clearance is due to secretory mechanisms., PAH
secretion would be more sensitive to the concentration
of PAH in the hemolymph than changes observed for
PEG filiration. However, variation in individual crab
release of urine, as noted above, would mask rather
modest changes in the secretion rate of PAH (Riegel,
1960; Cameron, 1978).

The two significant differences in response patterns
between C. sapidus and C. similis exposed to a diumnal
pastern of salinity fluctuation were variation in the lactic
acid concentrations and oxygen consumption rates.
Lactic acid is a known indicator of anaerobic stress
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in invertebrates (Graham et al, 1983). The initial res-
ponses of the two species were different from one
another; C. sapidis exhibited a decrease in lactic acid
concentration for the first three hours of the diurnal
pattern of salinity fluctuation and then increased until
hour 15 when ambient salinity had increased from 2.5 to
6.1 PSU, then the lactic acid concentration decreased for
the remainder of the diurnal cycle. In contrast, the lactic
acid concentration in C. similis was higher than in C
sapidus and it did not change significantly during the
cycle. Although statistically significantly different,
the concentrations of lactic acid found may not be
biologically stressful to either species of blue crab. The
lactic acid concentration of C. sapidus exposed to
anoxia for 80% of their Ltsy at 22.5 °C was 1044+
2.38 mmol g wet™' (unpublished data). The maximum
concentration of lactic acid, 2.73+0.68 mmol-g wet™!
and 1.89+0.17 mmol g wet™ ', occurred in C. sapidus
and C. similis at hour 15 of the divrnal salinify cycle
when ambient salinity was 6.1 PSU. These maximum
lactic acid concentrations in C. sapidus juveniles
exposed to fluctuating salinity only represent 26.1% of
the lactic acid concentration accumaulated after exposure
to 80% of their Ltsp time at 22.5 °C.

Findley et al. (1978a,b) found that adult blue crabs
exhibited a pattern of oxygen consumption rate that
varied inversely with fluctuating salinity during a
diurnal 36— 10~+30, 20—10-20, and 10-=5->10
PSU cycle and that the hemolymph osmolality was
hyperosmotic and varied little during the 30—106--30,
and 20—10-+20 PSU cycles. The blue crab rate of
oxygen consumption dropped during the initial phase of
declining salinity at a rate directly proportional to the
rate of salinity decrease, perhaps & metabolic adjustment
petiod of the adult crabs prior to the increase in oxygen
consumption rate. In contrast, the rate of oxygen
consumption of juvenile C. sapidus exposed to the
divmal 10—2.5-+10 PSU cyele in this study decreased
throughout the course of the cycle. Differences in
response patterns of juvenile and adult C. sapidus may
be due to the more extreme salinity stress to which the
juvenile crabs were exposed or to the relative amount of
gill surface area exposed to fluctuating ambient salinity
in juvenile and adult blue crabs. Of particular note is
the faot that changes of the gill Na*, K'-ATPase of
C. sapidus as an ion transporter during the initial 24 h
after transfer from 32 to 10 PSU involves modulation of
existing enzyme or other mechanisms rather than an
increase in the amounts of Na*, K*-ATPase enzyme but
crabs exposed to dilute seawater over 18 days exhibited
an increase in enzyme specific activity and protein level
(Lovett et al,, 2006). Modulation of existing enzyme

activity during tidal fluctuations of ambient salinity and
hemolymph osmolality conserves the energetic cost of
anisosmotic regulation.

In the agonistic behavior stndy, adult C. sapidus did
not exhibit a preference for juveniles of either species
at 30 PSU but preyed more effectively on juvenile C.
similis at 5 PSU. This difference in the predation rate of
adult blue crabs on juveniles is likely due fo the re-
duced activity of juvenile C. similis at 5 PSU in com-
parison to the activity of juvenile C. similis at 30 PSU.
Juvenile C, similis frequently swam in the aquarium
and were often seen on the back of adult blue crabs
at 30 PSU but the juvenile lesser blue crabs seldom
swarn or exhibited active movement at 5 PSU. Finally,
similar size juvenile C. sapidus prey more effectively
on themselves than on similar size C. similis at 30 PSU
but this relationship disappeared at 5 PSU. These labo-
ratory based agonistic behavior experiments in static
aquaria indicate the potential role of predation in lim-
iting the distribution of juvenile C. simifis but require
substantiation in mesocosm and/or field tethering
experiments.

Do C. similis and C. sapidus exhibit different feeding
behaviors in response to food stimuli in the water?
Zimmer-Faust et al, (1984) report that marine decapods
typically respond to weak chemical stimuli with near-
field substrate probing, but when exposed to stronger
chemical stimuli will locomote in search of food. Finelli
et al. (2000) found that when C. sapidus is presented
with wounded prey scent, it elicits an active search and
upstream walking behavior. The system in which the
behavior studies were run in the present study, was
saturated with chemical stimuli when the predators were
introduced fo the prey. The responses fo chemical
stimuli between C. sapidus and C. similis should be
nvestigated further,

C. sapidus appears to be much more aggressive than
C. similis. C. similis will immediately attempt to flee
when captured in a dip net, whereas C. sapidus will sit
and exhibit aggressive displays from the bottom of the
net. When trying to remove C. sapidus from the net,
the aggression heightens. A possible explanation for
the apparent aggression of C. sapidus may be its
serotonin levels. Serotonin levels are known to increase
the length of agpressive displays when injected into
crustaceans by decreasing the likelihood of retreat
(Huber et al,, 1997).

Because these species obviously behave the same
physiologically as a fimction of environmental salinity,
except at the very lowest salinities, there is a possibility
that their niche is separated in estuaries by several dif-
ferent factors, including tolerance to other environmental
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factors to cannibalism by larger C. sapidus on juvenile
C. sapidus and C. similis. Juvenile C. sapidus appears 1o
be more cannibalistic on itself at high salinity. C. sapidus
and € similis include brachyurans in their diets (Hsueh
et a)., 1993). In some cases, the brachyurans in the diet
included blue erabs, which supports the agonistic ob-
servations from this study and the contention that
intrageneric predation and/or cannibalism is prevalent
(Laughlin, 1982; Hines et al., 1990). Another factor may
be the larger size of adult blue crabs and a faster growth
rate of C. sapidus. C. sapidus typically grow less in
carapace width per molt but molt more frequently than
C. similis and adults are much larger than C. similis
(Guerin and Stickle, 1997b). The fact remains that we are
still unsuce of the direct cause of the ltack of juvenile
C. similis in the low salinity region of estuaries, juvenile
C. similis are certainly not physiologically Himited by low
salinity because they maintain a positive energy budget at
2.5 PSU. Different salinity tolerances of the megalopean
larva of the two species may also contribute to their
distributional separation in the lower end of the estuarine
salinity gradient. Agonistic interactions between the
species may be an important factor limiting the abun-
dance of C. similis and other members of the “daneca”
species complex (Norse and Fox-Nosse, 1982) in low
salinity.
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