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Abstract

The tropical intertidal hermit crabSlibanarius taeniatus and Clibanarius virescens were examined for differences in
survival and physiological responses in low salinity. We found thataeniarus survived better in dilute seawater than
C. virescens and that these species did not differ in their abilities to regulate haemolymph osmolarity, ionic concentration
of the haemolymph or body fluid volume. We also found no difference in oxygen consumption between the species
when acutely exposed to a range of temperature and salinity combinations. It is concluded that the greater survival in
dilute seawater byC. raeniatus compared toC. virescens is due to a greater tolerance of dilution of body fluids &y
taeniatus. Differences in tolerance to dilute seawater may influence the habitat preferences of these species within the

same geographical area.
© 2003 Elsevier Inc. All rights reserved.

Keywords:

Anomura; Hermit crabsClibanarius; Osmoregulation; Survival;, Low salinity

1. Introduction

Intertidal organisms in tropical regions are fre-
quently subjected to rapid changes in salinity and
temperaturéMoore, 1972; Brosnan, 1992; Coates,
1992). In Hong Kong, for example, tidepool tem-
peratures range from 14 to 4Z (Morton and
Harper, 1995; Chan, 2000and their inhabitants
may also be exposed to sudden, heavy rainfall or
extreme evaporation so that salinities may vary
from 1.3 to 100% (Morritt and Williams,
2000a,p. In addition, salinity and temperature
stress may increase with height on the shore
(Newell, 1969, 1978; Brosnan, 1992; Metaxas and
Scheibling, 19938 Thus, temperature and salinity
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stresses are important environmental influences
affecting the survival of intertidal organisni&il-
les and Pequeux, 1983; Pequeux and Gilles, 1984;
Hawkins, 1995; Stillman and Somero, 1996

The hermit crab<Clibanarius taeniatus (Milne
Edwards, 1848 and Clibanarius virescens
(Krauss, 1843 are closely related, common inhab-
itants of rocky intertidal areas of tropical eastern
Australia. Field observationdunbar, 2001; Dun-
bar et al., 2008 showed that the two species have
very similar geographical distributions along the
Queensland coast. However, within this broad area
the two species prefer different habitats. Dunbar
(200D and Dunbar et al.(2003 found high
numbers ofC. taeniatus in areas that experience
frequent episodes of lowered salinity, such as in
estuaries or near river mouths. In contraét,
virescens is abundant in areas that rarely, if ever,
experience freshwater inundation, white raen-
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iatus is rare in these areas. An obvious question is
how do the two species differ in their physiological

responses to low salinity that might be correlated
with a difference in tolerance of diluted seawater?

In Crustacea, the ability to osmoregulate appears
to be correlated with tolerance of diluted seawater.
Euryhaline crustaceans are generally better osmo-
regulators than stenohaline crustaceans, which tend
to be osmoconformeréKinne, 1964; Davenport,
1972; Gilles and Pequeux, 1983; Jury et al., 1994;
Bromberg et al., 1995; McGaw et al., 1999; Cas-
tilho et al., 200).

Although the osmoregulatory ability of crusta-
ceans has received considerable attentiéor
reviews see Mantel and Farmer, 1983; Gilles and
Pequeux, 1983; Pequeux, 1995elatively few
studies have been reported for the anomuran dec-
apods(but see Thomas and Rice, 199%ith even
fewer on the relationship between osmoregulatory
ability and survival in hermit crabs. Existing stud-
ies of hermit crabs tend to support the hypothesis
that osmoregulatory competence is correlated with
the ability to tolerate decreased salinities. The
hermit crabClibanarius vittarus can be found in
salinities of less than 20%. and greater than 35%o
in the Gulf of Mexico(Sharp and Neff, 1980 In
work by Sharp and Neff1980), C. vittatus was
shown to be an osmoregulator in salinities between
5 and 50%. and Sweenyn Sharp and Neff, 1980
reported a 75% survival rate in 11%. at 26 for
more than 14 days. Youn¢l979 and Sabourin
and Stickle(1980 also reported that. vittatus
was able to regulate haemolymph osmolarity in
media below 25%.. Furthermore, Youn979
showed thatC. virtatus survived low salinity con-
ditions longer than the subtidal hermit cravsgu-
rus pollicaris and Pagurus longicarpus, which
appear to be osmoconformetbut see Sherman
and Eichrodt, 1982 The hermit crabDiogenes
bicristimanus, which inhabits the intertidal regions
of India (Tirmizi and Siddiqui, 1982; A. Asakura,
personal communicatiorwas shown to be a good
osmoregulator and, when exposed to salinities of
15%0 or less, maintained haemolymph osmolarity
hyperosmotic to the mediurtSarojini and Naga-
bhushanam, 1968 Diogenes bicristimanus was
also tolerant of changes in salinity from 5 to 30%o
and able to survive prolonged exposure to salinities
as low as 5% (Sarojini and Nagabhushanam,
1969.

Although the relationship remains unclear
(Shumway, 1978; Pequeux and Gilles, 1984;
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Pequeux, 1995 osmotic regulation must result in
some, even if indirect, metabolic cogKinne,
1971; Taylor et al., 1977; Mantel and Farmer,
1983; Pequeux and Gilles, 1984; Jury et al., 1994;
Pequeux, 1996 The energy cost of osmoregula-
tion could, in itself, constitute a barrier to tolerance
of diluted seawater, especially in tropical environ-
ments where increased temperature may accom-
pany osmotic stress.

Since it is integrally linked with osmotic regu-
lation in crustaceans, ionic regulation might also
be expected to play an important role in the
tolerance of diluted seawater since the animal must
maintain a haemolymph ionic composition which
is different from that of the mediuniRobertson,
1960). However, we know of no studies directly
linking ionic regulatory ability with tolerance of
diluted seawater.

In the present study, the survival 6f taeniatus
and C. virescens was compared when exposed to
prolonged low salinity conditions at different tem-
peratures. The capabilities of the two species for
haemolymph osmotic and ionic regulation, as well
as volume regulation were also compared. As a
means of assessing if there was any difference in
the metabolic cost of osmoregulation between the
two species, their oxygen consumption in diluted
seawater was compared.

2. Materials and methods

For all experiments, intermolt adult raeniatus
and C. virescens were collected from two sites on
the Capricorn Coast region of Queensland, Austra-
lia  (latitude: 2217-2255S; longitude:
15C15E). Ambient salinity was measured
throughout a 2-year period and found to be approx-
imately 36%o, except during periods of river flood-
ing. Crabs between 1 and 2.5 g total mass
(including the she)l were acclimated in continu-
ously aerated tanks with salinity of 36%. at 22
°C under a 12 h light:12 h dark regime for at least
7 days before being used in treatments. Algae were
supplied by regularly adding algae-covered rocks
to the aquaria and crabs were also fed frozen fish
at the same time once a week. Animals were not
sexed. Work onHemigrapsus nudus and Hemi-
grapsus oregonensis by Todd and Dehne(1960),
Carcinus maenus by Siebers et al.(1972, P
longicarpus by Biggs and McDermot1973 and
Callinectes sapidus by Findley et al.(1978 have
indicated no effect of gender on temperature tol-
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erances, oxygen consumption and survival. For
acclimation and for all experiments, seawater was
collected from a tidal creek and diluted with
distilled water to produce the required salinity.

2.1. Survival in low salinity

Fifteen C. taeniatus and 15C. virescens were
used for each treatment. Individuals were randomly
placed in one of 30 numbered, 250-ml clear
Perspex chambers containing 50 ml of 8%. water
and having a large surface area to volume ratio.
Chambers were placed in a constant temperature
water bath at 15, 25 or 352 °C without lids, for
constant air saturation. Crabs were checked every
4—6 h for survival until all crabs of one species
had died. Individuals were counted as ‘Dead’ if
there was no antennal, antennule or maxilliped
movement, even after they were prodded for 1 or
2 min. The experiment was done twice with each
species. Thus, 30 individuals of each species were
separately tested for survival in low salinity at
each temperature. Controls were run in 36%. at
each temperature using 15 crabs of each species.

2.2. Osmoregulation in low salinity

Osmoregulation of each species was tested in
fifteen combinations of temperatue5, 25 and
35 °C) and salinity (4, 8, 15, 25 or 36%. For
each repetition of the experiment at a given tem-
perature, 24 individuals of each species were
randomly chosen from the acclimation tank. No
effort was made to standardise size, since prelim-
inary tests showed no affect of size on haemo-
lymph osmolarity. Shells were not removed. Four
specimens of each species were individually placed
in separate 250-ml Perspex chambers containing
50 ml of one of the treatment saliniti€d, 8, 15,
25 or 36%9 while four individuals had haemo-
lymph withdrawn by thoracic puncture with 29-
gauge syringe needles and measured upon removal
from the acclimation tank to give an initial hae-
molymph osmolarity. Since the average exposure
time of the intertidal zone in the Central Queens-
land region is approximately 6—8 h, all chambers
were randomly placed in a large circulating water
bath at the given treatment temperature for 7 h.
Additionally, preliminary experiments on both spe-
cies showed that haemolymph concentration
reached a steady state after approximately 3—-5 h.
Haemolymph and an equivalent sample of the
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medium were withdrawn at the same time and
measured by a Wescor VAPRO 5520 vapour pres-
sure osmometer which had been calibrated using
OPTI-MOLE™ 100, 290 and 1000 mmgkg sodi-

um chloride standard solutions. Each experiment
was repeated three times for both species. Meas-
urements of haemolymph osmolarity at each of
the three temperatures testéubt including repe-
tition 2 of 25 °C, which was discarded due to
acclimation tank abnormalities, resulting in a sam-
ple size of eight individuals of each species for
each treatmentwere analysed by Model IlI, two-
way ANOVA for ‘Species’ and ‘Repetition’. Hae-
molymph osmolarities for both species at each
temperature were compared to treatment water
osmolarities by two-tailed-tests.

2.3. Volume changes in low salinity

Adult, intermoult hermit crabs were gently shak-
en to remove water trapped within the shell, then
weighed. Groups of four similar sized crabs of the
same species were exposed to one of nine combi-
nations of temperatur¢l5, 25 and 35°C) and
salinity (8, 20 and 36%for 6 h in a flow-through,
recirculating system. At the completion of expo-
sure, all crabs were gently shaken again and
reweighed to detect any changes in wet weight as
an indirect measure of volume regulation. Experi-
ments were repeated four timés=4).

2.4. Ionic regulation in low salinity

During survival experiments in 8%. at 15 and
35 °C, haemolymph samples of more than gD
were withdrawn from 15 individuals each af.
taeniatus and C. virescens by thoracic puncture
with 29-gauge syringe needles. Both dying hermit
crabs and individuals that survived until the end
of the experiments were sampled with the prelim-
inary assumption that the ionic concentration of
the haemolymph for crabs at the point of dying
would be the same as for surviving hermit crabs.
Since Davenport (1972 and Sherman and
Eichrodt (1982 used lack of movement and lack
of resistance to being pulled from the shell to
indicate dying, or death of hermit crabs exposed
to treatment, we identified dying crabs as those
demonstrating little resistance to being removed
from the shell and had a delayed physical response
to abdominal prodding. The experiment was done
once with animals maintained at & and twice
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with animals at 35C. Samples were taken at 4-h
intervals in both 15 and 3%C experiments. How-
ever, in some intervals in the 1% experiment,
the number of dying crabs was so low that intervals
were pooled into groups and are here reported as
12-h intervals. For figures in whiclt. raeniatus
haemolymph ion concentration is graphed, the final
data point represents the ionic concentration in
haemolymph from surviving crab&ig. 4A, Fig.

5A, Fig. 6A and Fig. 7A.

Fifty microlitres of haemolymph from each
specimen were pipetted into 10 ml vials and
diluted to 5.0 ml by the addition of 4.95 ml of 2%
nitric acid. As a control, 50nl haemolymph
samples were taken from four individuals of each
species in the acclimation aquafi@6%. at 25°C)
and analysed in the same way. These are presented
as ‘Initial' haemolymph ion concentrations. Five,
5.0 ml control blanks of 2% nitric acid and 8%o
seawater were also prepared. All samples were
kept refrigerated at 4.0C until analysed.

Samples were analysed by a Perkin Elmer Opti-
ma 3000DV inductively coupled plasma emission
spectroscopeICPES for the concentrations of
sodium(Na*), potassium(K*), calcium(Ca**)
and magnesiunMg* *). Standard solutions were
used to calibrate readings for each of these ions.
For initial and final measurements, haemolymph
concentrations of each ion were compared with
the concentrations of the medium by one-way
ANOVAS.

2.5. Oxygen consumption

A flow-through recirculating water system was
used to measure oxygen consumption. The appa-
ratus was made of three 250-ml Perspex chambers
connected in series by inflow and outflow rubber
tubing. The chambers on the incurrent and excur-
rent sides were fitted with oxygen electrode probes
connected to two TPS 90D DO meters and the
differences in percent saturation of oxygen were
measured every 300 s.

Groups of four similar sized hermit crabs of the
same species were acutely exposed to one of nine
combinations of temperatur€l5, 25 and 35°C)
and salinity(8, 20 and 36%) for 6 h. All treatment
and control experiments were replicated four times
(n=4). Before the group was placed in the animal
chamber of the oxygen consumption apparatus
each individual was gently shaken to remove
trapped water from within the shell and then
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weighed. Hermit crabs were then kept together in
their experimental group in a Perspex container
for some time(up to ~20 min) between being
shaken to rid them of shell reservoir water and
being placed within the experimental chamber
prior to the start of the experiment. Animal groups
were acclimated in the experimental set-up for
approximately 1 h, in order to acclimate to it
before measurements for oxygen consumption
began. Although the crabs moved about the cham-
ber initially, they soon adopted a relaxed position
with the antennae and antennules slightly protrud-
ing out from beneath the shell, as described by
Sabourin and Stickl€1980). Data points used to
calculate oxygen consumption were taken from
recordings some 3-5.5 h into the experimental
regime—a point at which oxygen consumption
under experimental conditions had levelled off to
a relatively steady state. Controls for water borne
microbes and algae were performed with seawater
only. Groups of four empty shells from which
hermit crabs had been removed were also tested
over the same treatment time in all combinations
of temperature and salinity. These shells were not
scrubbed clean of epibionts, since the aim of this
test was to see if shell epibionts had a significant
effect on the rates of oxygen consumption meas-
ured in crabs within their shells.

Upon completion of treatments crabs were
removed from the shell, dabbed dry and weighed
again. Weight-specific oxygen consumption was
calculated from percent oxygen saturation readings
using the formula:

[(Si=Se)(Ci(F) /W (D

whereS; andS, are the measured percent saturation
of oxygen in the incurrent and excurrent treatment
water, respectively,Cys is the value for oxygen
solubility at a given temperature and salinity in ml
0,/| seawater(SW); F is the average flow rate
per hour; W is the total wet weight of tissue for
samples in the treatment.

The appropriate(negligible) values of shell-
only oxygen consumption were subtracted from
oxygen consumption values of live, shelled hermit
crabs to give a corrected value of oxygen con-
sumption. Correction for microbial oxygen con-
sumption was unnecessary because results of tests
showed no oxygen consumption by seawater only.
After correction, oxygen consumption was ana-
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lysed by Model |, three-way ANOVA for ‘Species’,
‘Salinity’ and ‘Temperature’ followed by post hoc
Tukey pairwise analyses.

3. Results
3.1. Survival in low salinity

Fig. 1A shows the comparison of percent sur-
vival betweenC. taeniatus and C. virescens when
exposed to 8%. at a temperature of A5. For C.
virescens, the time of 50% survival(i.e. ts5)
occurred at approximately 38.5 h, while that for
C. taeniatus did not occur until approximately 65
h. In control experiments where both species were
held at 15°C in 36%o, all C. taeniatus and C.
virescens survived 83 h of exposure.

In Fig. 1B, the percent survival of the two
species exposed to 8%. at 28 is shown. Fifty
percent of C. virescens survived approximately
41.5 h of exposure. Howeve€. taeniatus main-
tained greater than 50% survival for the experi-
mental duration of 76.5 h. In contrast, al.
taeniatus (n=15) and all C. virescens (n=15)
survived at 25°C in 36%. for the 73 h control
experiment.

The survival of the two species was also differ-
ent when exposed to 8%. at 3& (Fig. 10). After
only approximately 5.5 hC. virescens survivor-
ship was reduced to 50%, while 93% df.
taeniatus remained alive. Within 13 h, only 3% of
C. virescens remained, while 70% o€. taeniatus
were still alive. Thers, for C. taeniatus occurred
at 16.5 h.

The control in 36%. at 35C (data not showh
suggested thaf. virescens was less tolerant of the
higher treatment temperature thah raeniatus.
The number of live individuals of both species
decreased slightly in the first 6 h, but there was
no statistical difference in survival between species
for up to 29 h of exposuréx?=1.88,P>0.05).

3.2. Osmoregulation in low salinity

Fig. 2A—C, demonstrate the establishment and
maintenance of haemolymph osmolarity hyperos-
motic to the medium over the range of treatment
salinities (4—-36%0 at 15, 25 and 35C, respec-
tively. As salinity decreases, the trendlines become
increasingly hyperosmotic. While at 15 and 25
there was no overall significant differences in
haemolymph osmolarity between taeniatus and

C. virescens over the range of salinities tested
(two-way ANOVA; 15°C; F, 1,,=0.781,P>0.05;

25 °C; F176=99.830,P>0.09, at 35 °C there
was a slight difference, the mean haemolymph
osmolarity ofC. taeniatus being higher(two-way
ANOVA, F;115=21.439,P=0.044).

3.3. Volume changes in low salinity

At all of the experimental temperatures bath
taeniatus and C. virescens showed significant dif-
ferences in the change of tissue wet weight when
exposed to different salinitie§Fig. 3, Model |,
three-way ANOVA, F3 116=114.3,P <0.05). How-
ever, there was no overall differences between
species. Volume changes were highest for b@th
taeniatus and C. virescens in the most dilute
medium (8%.) at all three temperatures, while
volume changed least when crabs were tested at
the acclimation salinity36%o).

3.4. Ionic regulation in low salinity

The haemolymph concentrations of Na ;"K ,
Ca"* and Mg * , analysed by ICPES, in dying
and surviving crabs followed similar trends in both
species over time at 15 and 36. In addition, we
found that haemolymph samples taken frath
taeniatus demonstrated little or no difference in
ionic concentration between dying and surviving
crabs(Fig. 4A, Fig. 5A, Fig. 6A and Fig. 7A

In both species exposure to 8% at both 15 and
35 °C resulted in a sharp reduction in haemolymph
Na* concentration to near, or below, ambient. At
15°C in both species and at 3& for C. taeniatus,
the concentration of haemolymph Na remained
virtually the same as ambient until the end of the
experiment(Fig. 4A and B. At 15 °C the concen-
tration of this ion in haemolymph front. raen-
iatus that were still alive at the end of the
experiment was significantly lower than ambient
Na*® concentration (one-way ANOVA, F,,=
16.915,P<0.05 (Fig. 4A). By the end of 48 h
in 15 °C, all C. virescens in the experiment were
dying and the haemolymph Na concentration in
these individuals remained below that of the water,
although not significantly sqone-way ANOVA,
F1,=2.594,P>0.05 (Fig. 4B).

Fig. 5A and B show the changes in"K concen-
tration for C. taeniatus and C. virescens, respec-
tively, over 72 h when subjected to 8% at 16
and over 36 h at 38C. There is a clear tendency
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of salinity and temperature. [l =8%0 SW; =20%0 SW; B =36%. SW. Bars represent 1 standard error.

for both species to maintain haemolymph* K
concentration above ambient at both temperatures.
Fig. 6A and B show the concentration of

Ca** in the haemolymph of. raeniatus and C.
virescens in 8%o at 15 and 35C. In both species
the haemolymph concentrations of Ca  fell at
first in both temperatures, but at 15 and 35 in

C. taeniatus and at 15°C in C. virescens haemo-
lymph Ca'* concentrations were maintained
above ambient until the end of the experiment.

When the haemolymph concentrations of
Mg™* were compared between species it was seen
that the concentration in the haemolymph of both
species dropped sharply at both temperatures. At
15 and 35°C in C. taeniatus and at 15°C in C.
virescens, haemolymph concentration of Mg
then remained essentially no different from ambi-
ent (Fig. 7A and B.

Two unexpected results occurred at 35. In
both C. raeniatus and C. virescens, the initial
concentrations of Na and Mg~  were much
lower at 35°C than at 15°C, although throughout
the remainder of the exposure at 35 the con-
centrations of these ions followed the same general

trend as at 153C (Figs. 4 and 7. We are unaware
of any discrepancies in our methods and are unsure
why initial concentrations of these ions were low.
A second exception was that @ virescens at 35

°C, the haemolymph concentration of'K steadily
increased from initial measurements equivalent to
that in the acclimation medium, to a significantly
higher concentration(one-way ANOVA, F; 1,=
14.131,P<0.01 after 8 h(Fig. 5B). We cannot
be certain of the accuracy of the final point for
haemolymph concentration of K far. virescens

at 35°C, since we were able to obtain measure-
ments from only a single sample.

3.5. Oxygen consumption

The results of shell-only controls showed neg-
ligible oxygen consumption which, when subtract-
ed from the oxygen consumption of shelled hermit
crabs, had no effect on the trends reported. Mean
mass-specific oxygen consumption rates far
virescens andC. taeniatus at different temperatures
and salinities are presented jas0,/h/g in Table
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Fig. 5. Haemolymph potassium concentration inAraeniatus (#) and B:C. virescens (l) exposed to 8% SWx) at 15°C (solid)

and 35°C (open for up to 72 h. The concentration of potassium in 36®) and 8%. SW(x) are given for comparison. Bars represent

1 standard error. Each point represents the mean of four replicates, except where indicated. Initial points represent live hermit crabs, as
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and 35°C (open for up to 72 h. The concentration of calcium in 36(@) and 8%. SW(x) are given for comparison. Bars represent

1 standard error. Each point represents the mean of four replicates, except where indicated. Initial points represent live hermit crabs, as
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Table 1

Comparison of mean oxygen consumptidpl O,/h/g)
betweenC. taeniatus and C. virescens in 8, 20 and 36%. SW
at 15, 25 and 35C

Salinity (%o)

8 20 36

C. taeniatus

15°C 47.2+12 151.6+13 169.9+-32
25°C 244,426 236.0+32 190.9+39
35°C 230.2+-28 242.2+-26 191.14-16
C. virescens

15°C 57.9+12 165.3-17 122.14-29
25°C 148.0+ 30 263.1+-64 237.5+27
35°C 236.3+60 313.0+19 305.0+22

Means are reported with- standard error.

1. Results of Model I, three-way ANOVA for
oxygen consumption data corrected for shell con-
trols showed that there was no significant differ-
ence between speci€g; ss=1.198,P>0.05), but
salinity and temperature both had a significant
effect (salinity: F,ss=7.327, P<0.005; tempera-
ture: F,ss=30.560, P<0.00) on oxygen con-
sumption. There were no interactions between
independent factors.

Results of pairwise a posteriori comparisons
showed that at 18C the oxygen consumption of
C. taeniatus in 8% was significantly lower than
in 20 and 36%.(Table 1. At temperatures of 25
and 35°C C. taeniatus showed no significant
difference in oxygen consumption between salini-
ties tested. In contrast, oxygen consumptiorCin
virescens appeared lower in 8%, compared with
both 20 and 36%. at all three temperatures,
although these differences were not significant.

In general, oxygen consumption Gf virescens
was higher than that of. taeniatus, except in 8%o
at 25°C (C. taeniatus: 244.7+26 pl O,/h/g; C.
virescens. 148.0+30 wl O,/h/g) and in 36%. at
15 °C (C. taeniatus: 169.9+32 wl O,/h/g; C.
virescens: 122429 nl O,/h/qg).

Oxygen consumption was compared between
temperatures in each experimental salirifable
2). Between 25 and 35C, there were no signifi-
cant differences in oxygen consumption for either
species of crab in any of the salinities tested. For
C. taeniatus 0Xygen consumption was significantly
lower at 15°C than at either 25 or 3%C in 8%o.
For C. virescens, there were no significant differ-
ences in oxygen consumption between 15 and 25
°C in 8 and 20%. water. However, in the acclima-

tion salinity, oxygen consumption at 1% was
significantly less than at 25C (Table 2. Oxygen
consumption byC. virescens was significantly
lower at 15°C, compared with 35C in all three
salinities.

4. Discussion
4.1. Survival in low salinity

Results of laboratory experiments on the surviv-
al of both species in a constant medium of 8%. at
three different temperatures demonstrated a signif-
icant difference in survival between species. These
results suggest thal. taeniatus is able to tolerate
long-term exposure to low salinity water signifi-
cantly better thanC. virescens. Dunbar et al.
(2003 also demonstrated significantly better sur-
vival of C. raeniatus over C. virescens when both
species were translocated to an estuarine environ-
ment and exposed to tidal salinity ranges between
7 and 12%o for up to 48 h. Furthermore, in the
present study, survival of both species was reduced
at high and low temperatures. Biggs and Mc-
Dermott (1973 and Young(1991) also found that
temperature stress reduced tolerance to low salinity
in the hermit crakP. longicarpus. These results are
consistent with field experiments by Dunbar
(200D showing thatC. taeniatus survives low
salinity conditions better thaiC. virescens, and
with the geographical distributions of the two
species.C. taeniatus is able to tolerate prolonged
seawater dilution, as may occur during tropical
rainstorms or flood events, and thus can inhabit
and survive high shore conditions. Indeed, Dunbar
(200D and Dunbar et al(2003 have reported

Table 2

Results of Tukey pairwise comparisons of mean oxygen con-
sumption (ul O,/h/g) of C. taeniatus and C. virescens
between treatment temperatufé€) at 8, 20 and 36%. SW

Salinity (%o) Pairwise comparisons of tem-

perature(°C)

15-25 25-35 15-35
C.t. 8 * N.S. *
C.t. 20 N.S. N.S. N.S.
C.t. 36 N.S N.S. N.S.
C.v. 8 N.S. N.S. *
C.v. 20 N.S. N.S. *
C.v. 36 * N.S. *

* P<0.05, N.S.:.P>0.05
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that C. taeniatus is found in higher relative abun-
dances tharC. virescens where habitats are influ-
enced by freshwater.

When closely related species, such@staen-
iatus and C. virescens, tolerate osmotic stress
differently, particularly when coupled with temper-
ature stress, it is important to ask whether this is
based on differences in osmoregulatory ability or
some other mechanism.

4.2. Osmoregulation in low salinity

No marked differences in osmoregulation were
observed betweel. taeniatus and C. virescens.
Both species were equally capable of maintaining
hyperosmotic haemolymph relative to the medium
throughout the range of salinities tested. Bath
taeniatus and C. virescens maintained haemo-
lymph osmolarity well above the osmolarity of the
medium in 4-36%o, and especially below 25%o..
However, Castillo et al(1988) found that another
species ofClibanarius, C. erythropus, was not a
good osmoregulator in dilute seawater. Castillo et
al. (1989 found this species able to survive
salinities between 23 and 78%o., however in 5%,
mortality reached 100% within 72 h. Nevertheless,
Castillo et al.(1988 worked with shell-less hermit
crabs and the osmoregulatory ability of shell-less
hermit crabs is probably compromisé8humway,
1978. We view experiments with shell-less hermit
crabs as unrealistic from the perspective of ecolog-
ical physiology.

Osmoregulation is correlated with tolerance of
diluted seawater in other crustaceans /ardgill
preparationd Davenport, 1972; Jury et al., 1994;
Piller et al., 1995; Castilho et al., 2001The
intertidal hermit crab(. vittattus was much more
tolerant of diluted seawater than the subtidal spe-
cies, P longicarpus and P. pollicaris (Young,
1979 and appeared to be less affected by the
interaction of temperature and osmolarity stresses
(Young, 1980. C. virtattus is an osmoregulator
while Pagurus spp. are osmoconformef&oung,
1979, 1980, 1991 and this has been suggested as
the reason for the greater tolerance@fvittattus
to low salinity (Young, 1992. While C. virtattus
belongs to the superfamily Coenobitoidea, the
Pagurus spp. belongs to the Paguroidae. However,
results reported by Castillo et #1988 for shell-
less C. erythropus are at least suggestive that a
mechanism other than osmoregulation is involved
in the tolerance of a hermit crab to diluted sea-
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water. Similarly, the greater tolerance of diluted
seawater by juvenile, compared with adult female
red king crabs did not appear to be based on
osmoregulatory abilit Thomas and Rice, 1992
Instead, these authors suggested that significantly
better volume regulation of juveniles over adults
could possibly explain differences in survival when
exposed to both gradual and acute reductions in
salinity.

For both C. taeniatus and C. virescens, the
ability to hyperosmoregulate declined as tempera-
ture increased, particularly in more dilute seawater
(Fig. 3A-0). Therefore, although low salinities
and high temperatures may be stressful as inde-
pendent factors, the combination of the two
appears to be especially stressful and results in
greater dilution of body fluids. Combined low
salinity and high temperature are most likely to
occur in the upper shore of tropical intertidal areas
influenced by freshwatelC. taeniatus tends to be
in greater relative abundance th@n virescens in
both the upper intertidal shore and those intertidal
areas that are influenced by freshwat&unbar,
2001; Dunbar et al., 2003

4.3. Volume changes in low salinity

Volume changes i taeniatus andC. virescens
were inversely related to the salinity of the medi-
um. However, no overall difference existed in the
abilities of these species to regulate volume as
measured by changes in wet weight. Increases in
volume can be explained by the osmotic gradient
maintained between haemolymph and external
medium by both species over the range of salinity
dilutions tested.

Although Mackay and Prosséd970 reported
that adult red king crabs that survived acute expo-
sure to dilute seawater maintained hyperosmotic
haemolymph, our data showed that whiletaen-
iatus and C. virescens did not differ in ability to
maintain hyperosmotic haemolymph, they differed
significantly in tolerance to prolonged low salinity.

4.4. Ionic regulation in low salinity

Our studies on ionic regulation i@. taeniatus
andC. virescens did not reveal striking differences
between the two specid&igs. 4—7. For bothC.
taeniatus and C. virescens in diluted seawater
(8%0) the haemolymph concentrations of Na and
Mg™* * were quickly reduced to that of the medium
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while the haemolymph concentrations off K and

Ca** remained high; K near that of undiluted

seawater and Ca” about midway between the
concentration of Ca* in 8 and 36%. seawater
(Figs. 5 and &.

Sabourin and Stickl€1980) reported that inC.
vittatus the haemolymph concentration of Na
was essentially isoionic to a medium of 30%o,
while K* was regulated well above its concentra-
tion in the medium. These authors found that when
C. vittatus was acclimated in 20 and 10%. sea-
water, haemolymph concentrations of Na ,
Mg** and K" were elevated relative to the water.
They concluded that high concentrations of K in
haemolymph indicated that the concentration of
this ion was maintained independently of ambient
seawater concentration in low salinities.

The concentration of Ca" also remained high
in C. taeniatus and C. virescens haemolymph
relative to ambient concentration. When Greena-
way (1976 acclimated the shore cral6arcinus
maenas to dilute seawater, he found that this
species maintained haemolymph calcium concen-
tration significantly higher than that of the external
medium, with the difference between haemolymph
and medium concentrations inversely related to
salinity. In media of less than 50% SW, Greenaway
(1976 found a marked electrochemical gradient
leading to calcium loss from the haemolymph,
strongly suggesting a mechanism other than pas-
sive regulation for high Ca* concentrations
maintained in the haemolymph. While Greenaway
(1976 did not show direct evidence for increased
calcium uptake from the medium, he did suggest
that active transport would be the only way to
regulate haemolymph calcium concentration
against an electrochemical gradient. In agreement
with the findings of Greenaway1976), Neufeld
and Cameror(1992 found that the haemolymph
calcium concentration ofCallinectes sapidus in
2%o0 salinity was also regulated at significantly
higher concentrations than the surrounding medi-
um. They also found that electrochemical gradients
favoured the loss of calcium from the haemolymph
to the medium through gill epithelia. Despite this
transepithelial gradient, there was a net uptake of
calcium implicating active transport of calcium
from the external medium to haemolymph. There
is evidence that the transport of calcium across the
gill epithelium of crustaceans in dilute water
involves: (i) a Na*/Ca** antiporter kept active
by the Na~ gradient maintained by NAK *AT-

335

Pase andii) active uptake by Ca* ATPaddor
details, see review by Wheatly, 1997n Carcinus

spp. Ca * ATPase has been reported to have a
high affinity and capacity for Ca* in 50% SW.
The Na"/Ca*'* antiporter has also been shown
to have a higher affinity for Ca* in dilute, than

in normal seawater and is most likely the main
mechanism for basolateral movement of *Ca
into the haemolympl§Wheatly, 1997.

4.5. Oxygen consumption

No significant differences in whole animal oxy-
gen consumption were found in this study between
C. taeniatus and C. virescens When subjected to
low salinity conditions in the laboratory. Oxygen
consumption of both species was generally lower
in 8 than in 20%. at all three temperatures tested,
but only significantly so forC. raeniatus at 15°C
(Table 1. These data are consistent with those of
Shumway (1978 who reported a marked tempo-
rary increase in the oxygen consumptionRafgu-
rus bernhardus with shells, upon exposure to 75%
SW. However, Shumway1978 concluded that
this temporary increase was unlikely due to osmo-
regulatory work, since? bernhardus is an oSmo-
conformer. Rather, she speculated that it was due
to increased muscular activity during escape
responses to low salinity. We observed no differ-
ence in motor activity between. taeniatus and
C. virescens in 8% compared with 20%. seawater.

Although osmaotic regulation, volume regulation,
ionic regulation and overall respiratory response
did not appear to differ between species, clearly,
C. taeniatus was able to survive prolonged expo-
sure to dilute seawater better th@nvirescens, at
the temperatures tested. We suggest that the dilu-
tion of body fluids may have a more detrimental
effect onC. virescens than onC. raeniatus. We do
not dismiss the idea that there may be alternative
explanations for differences in survival between
these species. For examplé, taeniatus may be
able to recruit stress response proteins that protect
cell membrane structurgSomero, 1995; Willmer
et al., 2000 better thanC. virescens. However,
we suggest that even this would be a mechanism
for tolerating body fluid dilution. We have also
considered that tolerance of diluted body fluids
may be due to intracellular regulation, perhaps
based on amino acid concentratioSilles and
Pequeux, 1988 Nevertheless, we have not yet
investigated either of these factors. The mecha-
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nism, or mechanisms, involved in survival differ-
ences remain unknown. In any case, our work
indicates that between closely related crustaceans,
physiological mechanisms other than ionic, osmot-
ic or volumetric regulation may exist to produce
differences in tolerance to diluted seawater. An
interesting area of future research would be the
identification and study of such mechanisms.

Acknowledgments

SGD extends his appreciation for considerable
help in the collection and maintenance of animals
to Sabine Dunbar. Thanks, also to the biology
technical staff of Central Queensland University
and members of Capricornia Colled€QU) for
their assistance. This work was supported in part
by a Cooperative Research Centre for Coastal
Zone, Estuary and Waterway Management schol-
arship to SGD and by CQU Merit and CQU Centre
for Land and Water Resource Management Grants
to MC. We are grateful to Professor D. Hessinger
for valuable comments on the manuscript.

References

Biggs, D.C., McDermott, J.J., 1973. Variation in temperature—
salinity tolerance between two estuarine populations of
Pagurus longicarpus Say (Crustacea: AnomudaBiol. Bull.

145, 91-102.

Bromberg, E., Santos, E.A., Bianchini, A., 1995. Osmotic and
ionic regulation inChasmagnathus granulata Dana, 1851
(Decapoda, Grapsidaeluring hyposmotic stress. Nauplius
3, 83-99.

Brosnan, D., 1992. Ecology of tropical rocky shores: plant—
animal interactions in tropical and temperate latitudes. In:
John, D.M., Hawkins, S.J., Price, J.EEds), Plant—Animal
Interactions in the Marine Benthos. Clarendon Press, Oxford,
pp. 101-131.

Castilho, P.C., Martins, I.A., Bianchini, A., 2001. Gill Na ,
K*-ATPase and osmoregulation in the estuarine c€as-
magnathus granulata Dana, 1851(Decapoda, Grapsidae
J. Exp. Mar. Biol. Ecol. 256, 215-227.

Castillo, R., Charmantier, G., Thuet, P., 1988. Osmotic regu-
lation in the hermit cratClibanarius erythropus. Biochem.
Syst. Ecol. 16, 325-328.

Chan, B.K.K., 2000. Diurnal physico-chemical variations in
Hong Kong rock pools. Asian Mar. Biol. 17, 43-54.

Coates, M., 1992. Effects of the January 1991 Fitzroy flood
on intertidal invertebrate communities of Keppel Bay. In:
Byron, G.T.(Ed.), Proceedings of Workshop on the Impacts
of Flooding, Rockhampton, Australia. Queensland Depart-
ment of Environment and Heritage Great Barrier Reef
Marine Park Authority, p. 91.

Davenport, J., 1972. Volume changes shown by some littoral
anomuran crustacea. J. Mar. Biol. Assoc. UK 52, 863-877.

S.G. Dunbar, M. Coates / Comparative Biochemistry and Physiology Part A 137 (2004) 321-337

Dunbar, S.G., 2001. Respiratory, Osmoregulatory and Behav-
ioural Determinants of Distribution of Two Tropical Marine
Hermit Crabs, Ph.D. Thesis. Central Queensland University,
Rockhampton, QId, p. 322.

Dunbar, S.G., Coates, M., Kay, A., 2003. Marine hermit crabs
as indicators of freshwater inundation on tropical shores. In:
Lemaitre, R., Tudge, C.QEds), Biology of the Anomura.
Proceedings of a Symposium at the Fifth International
Crustacean Congress, Melbourne, Australia, 9-13, July,
2001. Memoirs of Museum Victoria, 6QL), 27—34.

Findley, A.M., Belisle, B.W., Stickle, W.B., 1978. Effects of
salinity fluctuations on the respiration rate of the Southern
Oyster Drill Thais haemastoma and the Blue Cral€allinec-
tes sapidus. Mar. Biol. 49, 59-67.

Gilles, R., Pequeux, A., 1983. Chapter 4: interactions of
chemical and osmotic regulation with the environment. In:
Bliss, D.E.(Ed.), The Biology of Crustaceans; Environmen-
tal Adaptations, vol. 8. Academic Press, pp. 109-177.

Greenaway, P., 1976. The regulation of haemolymph calcium
concentration of the cral€arcinus maenas (L.). J. Exp.
Biol. 64, 149-157.

Hawkins, A.J.S., 1995. Effects of temperature change on
ectotherm metabolism and evolution: metabolic and physi-
ological interrelations underlying the superiority of multi-
locus heterozygotes in heterogeneous environments. J.
Therm. Biol. 20 (¥2), 23-33.

Jury, S.H., Kinnison, M.T., Howell, W.H., Watson, W.H.I.,
1994. The effects of reduced salinity on lobsté&fomarus
americanus Milne-Edward3 metabolism: implications for
estuarine populations. J. Exp. Mar. Biol. Ecol. 176, 167-185.

Kinne, O., 1964. The effects of temperature and salinity on
marine and brackish water animaldl. Salinity and tem-
perature salinity combinatiohsOceanogr. Mar. Biol. Annu.
Rev. 2, 281-339.

Kinne, O., 1971. Salinity. In: Kinne, QEd.), Marine Ecology.
Wiley, London, pp. 821-995.

Krauss, F., 1843. Die ‘Sudafrikanischen Crustaceen. Eine
Zusammenstellung aller bekanntnen Malacostraca, Bemer-
kung Uber deren Lebenweise und geographische Verbrei-
tung, nebst Beschreibung und Abbildung mehrer neuen
Arten: 1-68. E. Schweizerbart’'sche Verlagsbuchhandlung,
Stuttgart.

Mackay, W.C., Prosser, C.L., 1970. lonic and osmotic regula-
tion in the king crab and two other north Pacific crustaceans.
Comp. Biochem. Physiol. 34, 273-280.

Mantel, L.H., Farmer, L.L., 1983. Osmotic and ionic regula-
tion. In: Mantel, L.H.(Ed.), Internal Anatomy and Physio-
logical Regulation, vol. 5. Academic Press, Inc, New York,
pp. 53-161.

McGaw, I.J., Reiber, C.L., Guadagnoli, J.A., 1999. Behavioural
physiology of four crab species in low salinity. Biol. Bull.
196, 163-176.

Metaxas, A., Scheibling, R.E., 1993. Community structure and
organization of tidepools. Mar. Ecol. Prog. Ser. 98, 187-198.

Milne Edwards, H., 1848. Note sur quelgues nouvelles especes
du genre Pagure. Ann. Sci. Nat. Paris Zool. 10 (3), 59-64.

Moore, H.B., 1972. Aspects of stress in the tropical marine
environment. Adv. Mar. Biol. 10, 217-269.

Morritt, D., Williams, G.A., 2000a. Osmoregulation in the
high shore cralGrapsus albolineatus from Cape D’Aguilar,
Hong Kong. In: Morton, B(Ed.), Proceedings of the Tenth



S.G. Dunbar, M. Coates / Comparative Biochemistry and Physiology Part A 137 (2004) 321-337 337

International Marine Biological Workshop: The Marine Flo-
ra and Fauna of Hong Kong and Southern China, 6—26,
April, 1998; Hong Kong University Press, Hong Kong, pp.
267-276.

Morritt, D., Williams, G.A., 2000b. Osmoregulation in larvae
of the mosquitoAedes rogoi from supralittoral rock pools
at Cape D’Aguilar, Hong Kong. In: Morton, B(Ed),
Proceedings of the Tenth International Marine Biological
Workshop: The Marine Flora and Fauna of Hong Kong and
Southern China, 6—26, April, 1998; Hong Kong University
Press, Hong Kong, pp. 277-286.

Morton, B., Harper, H., 1995. An Introduction to the Cape
d’Aguilar Marine Reserve, Hong Kong. Hong Kong Uni-
versity Press, Hong Kong.

Neufeld, D.S., Cameron, J.N., 1992. Postmoult uptake of
calcium by the blue craldCallinectes sapidus) in water of
low salinity. J. Exp. Biol. 171, 283—299.

Newell, R.C., 1969. Effect of fluctuations of temperature on
the metabolism of intertidal invertebrates. Am. Zool. 9,
293-307.

Newell, R.C., 1978. Factors affecting the respiration of inter-
tidal invertebrates. Am. Zool. 13, 513-528.

Pequeux, A., 1995. Osmotic regulation in crustaceans. J. Crust.
Biol. 15 (1), 1-60.

Pequeux, A.J.R., Gilles, R., 1984. Control of the extracellular
fluid osmolality in crustaceans. In: Pequeux, A., Gilles, R.,
Bolis, L. (Eds), Lecture Notes on Coastal and Estuarine
Studies, September 5-8, 1983; Sicily, Italy. Springer, Berlin,
pp. 18-34.

Piller, S.C., Henry, R.P., Doeller, J.E., Kraus, D.W.,, 1995. A
comparison of the gill physiology of two euryhaline crab
species,Callinectes sapidus and Callinectes similis energy
transport related enzymes and osmoregulation as a function
of acclimation salinity. J. Exp. Biol. 198 (2), 349-358.

Robertson, J.D., 1960. Osmotic and ionic regulation. In:
Waterman, T.H(Ed.), Physiology of Crustacea. Academic
Press, New York, pp. 317-339.

Sabourin, T.D., Stickle, W.B., 1980. Respiratory and osmoreg-
ulatory responses of the hermit craBlibanarius vittatus
(Boso), to salinity changes. J. Exp. Mar. Biol. Ecol. 46,
241-254.

Sarojini, R., Nagabhushanam, R., 1968. Osmoregulation in the
hermit crab, Diogenes bicristimanus. Broteria Ciencias
Naturais 37, 215-222.

Sharp, M.S., Neff, J.M., 1980. Steady state hemolymph osmot-
ic and chloride ion regulation and percent body water in
Clibanarius vittatus (Decapod: Anomurafrom the Texas
Gulf coast. Comp. Biochem. Physiol., Part A 66, 455-460.

Sherman, E., Eichrodt, A., 1982. The effect of temperature on
osmotic responses of the hermit crBbgurus longicarpus
Say. Comp. Biochem. Physiol., Part A 73, 261-265.

Shumway, S.E., 1978. Osmotic balance and respiration in the
hermit crab, Pagurus bernhardus, exposed to fluctuating
salinities. J. Mar. Biol. Assoc. UK 58 (4), 869-876.

Siebers, D., Lucu, C., Sperling, K.-R., Eberlein, K., 1972.
Kinetics of osmoregulation in the craBarcinus maenas.
Mar. Biol. 17, 291-303.

Somero, G.N., 1995. Proteins and temperature. Annu. Rev.
Physiol. 57, 43-68.

Stillman, J.H., Somero, G.N., 1996. Adaptation to temperature
stress and aerial exposure in congeneric species of intertidal
porcelain crabggenus Petrolisthes): correlation of physi-
ology, biochemistry and morphology with vertical distribu-
tion. J. Exp. Biol. 199, 1845-1855.

Taylor, E.W., Butler, P.J., Al-Wassia, A., 1977. The effect of a
decrease in salinity on respiration, osmoregulation and
activity in the shore crabCarcinus maenas (L.) at different
acclimation temperatures. J. Comp. Physiol. 119, 155-170.

Thomas, R.E., Rice, S.D., 1992. Salinity tolerance of adult
and juvenile red king crabsParalithodes camtschatica.
Comp. Biochem. Physiol., Part A 103 (3), 433-437.

Tirmizi, N.M., Siddiqui, FA., 1982. The Marine Fauna of
Pakistan: 1 Hermit Crab&rustacea, AnomupaUniversity
Grants Commission, Islamabad, pp. 52-54.

Todd, M.E., Dehnel, P.A., 1960. The effect of temperature and
salinity on heat tolerance in two grapsoid cralgmigrap-
sus nudus and Hemigrapsus oregonensis. Biol. Bull. 118,
150-172.

Wheatly, M.G., 1997. Crustacean models for studying calcium
transport: the journey from whole organisms to molecular
mechanisms. J. Mar. Biol. Assoc. UK 77, 107-125.

Willmer, P., Stone, G., Johnston, I., 2000. Temperature and its
Effects. Environmental Physiology of Animals. Blackwell
Science Ltd, London, pp. 192-245.

Young, A.M., 1979. Osmoregulation in three hermit crab
species,Clibanarius vittatus (BosQ, Pagurus longicarpus
Say andP. pollicaris Say(Crustacea: Decapoda; Anomiira
Comp. Biochem. Physiol., Part A 63 (3), 377-382.

Young, A.M., 1980. Temperature—salinity tolerances of three
hermit crab speciesClibanarius vittatus (Boso), Pagurus
longicarpus Say, andP. pollicaris Say (Crustacea: Decapo-
da; Anomura. Ophelia 19 (1), 27-35.

Young, A.M., 1991. Temperature—salinity tolerance of two
latitudinally separated populations of the longwrist hermit
crabPagurus longicarpus Say(Crustacea, Decapoda, Pagur-
idae). Ophelia 34 (1), 29-39.



	Differential tolerance of body fluid dilution in two species of tropical hermit crabs: not due to osmotic/ionic regulation
	Introduction
	Materials and methods
	Survival in low salinity
	Osmoregulation in low salinity
	Volume changes in low salinity
	Ionic regulation in low salinity
	Oxygen consumption

	Results
	Survival in low salinity
	Osmoregulation in low salinity
	Volume changes in low salinity
	Ionic regulation in low salinity
	Oxygen consumption

	Discussion
	Survival in low salinity
	Osmoregulation in low salinity
	Volume changes in low salinity
	Ionic regulation in low salinity
	Oxygen consumption

	Acknowledgements
	References


