





F14=83.246, P<0.01; C. taeniatus, 42% SW: F;,4=130.544, P<0.001; C. virescens,
22% SW: F;1,=1869.604, P<0.001; C. virescens, 42% SW: F;4=1162.957,
P<0.001). As in the previous preliminary test, the osmolarity of C. taeniatus
haemolymph was reduced more than that of C. virescens in the first hour of
exposure, but the difference between species at this point was not significant (one
way ANOVA, Fy 4 = 2.206, P>0.05).

Haemolymph osmolarity of both species continued to fall for up to three
hours, after which these crabs established steady state haemolymph osmolarity.

For C. taeniatus in 42% SW, a steady state haemolymph osmolarity was
reached by the third hour. For C. virescens in 42% SW, haemolymph osmolarity
continued to decrease until the seventh hour at which it was significantly lower than
in the first hour (one way ANOVA, F;5 = 34.272, P<0.001). From the seventh hour
to the end of the experiment, haemolymph osmolarity remained stable.

As in the previous preliminary tests, the haemolymph osmolarity of C.
taeniatus in both 22 and 42% SW was higher than the haemolymph osmolarity of
C. virescens at the end of the test.

A Model I, three way ANOVA of “Species”, “Salinity” and “Time” for
haemolymph osmolarity showed no effect of species (F1s0 = 1.640, P>0.05), but
significant effects of salinity (F1s0 = 110.615, P<0.001) and time (Fss0 = 25.238,
P<0.001). No significant interactions between independent factors occurred. Post-
hoc Tukey test comparisons of these data showed that between 5 and 11 hours there
was no significant effect of time on haemolymph osmolarity for samples taken from
C. taeniatus and C. virescens exposed to 22% SW and for C. taeniatus exposed to

42% SW (see Table 3.8). A significant difference in hemolymph osmolarity did

80



Time (hrs)

Species Salinity (%SW) 5-7 7-9 9-11 5-11
C.t 22 N.S. N.S. N.S. N.S.
C.v. 22 N.S. N.S. N.S. N.S.
C.t. 42 N.S. N.S. N.S. N.S.
C.v. 42 * N.S. N.S. *

Table 3.8 Results of Tukey pairwise comparisons of C. taeniatus and C. virescens haemolymph osmolarity at different times
after exposure to 22% and 42% SW at 25°C. *:P <0.05, N.S.:P>0.05
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occur between 5 and 7 hours and between 5 and 11 hours in C. virescens exposed to
42% SW, but the difference between 7 and 11 hours was not significant (Table 3.8).

This can also be seen by inspection of Figure 3.7.

3.3.4 Test for Differences in Osmoregulatory Ability Over 7 Hours of

Exposure to Low Salinity

In one instance during this experiment, evaporation caused the salinity of the
acclimation tank to increase to a level much higher than usual. Crabs from this tank
were used for the second repetition of the experiment at 25°C. Since acclimation
history is important in the responses of hermit crabs to further changes in salinity,
this repetition was excluded from statistical analyses.

A Model IlI, three way ANOVA for “Species” (fixed), “Temperature”
(fixed) and “Repetition” (random) was performed on all remaining data (repetitions
1-3 for 15° and 35°C, and repetitions 1 and 3 for 25°C). This ANOVA showed no
difference between species (F1495 = 10.040, P>0.05) or repetitions (Fz495 = 1.513,
P>0.05), but a significant effect of temperature (F;495 = 11.085, P<0.05). There
were no significant interactions among independent factors. Subsequent
independent sample T-test analyses showed a significant difference was maintained
between the treatment medium and crab haemolymph osmolarity over all salinities
(df=15, P<0.001 in all cases).

In Figures 3.8, 3.9 and 3.10, the establishment and maintenance of
haemolymph osmolarity hyperosmotic to the medium is demonstrated over the
entire range of treatment salinities (11 — 140% SW) at 15°, 25° and 35°C,

respectively. It can be seen that the polynomial trendlines increase in distance away
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Figure 3.8 Comparison of C. taeniatus haemolymph osmolarity (01, light line) (n=12) and C. virescens haemolymph osmolarity
(A, dark line) (n=12) in salinities from 11 - 140% SW at 15°C. Hermit crab haemolymph osmolarities are presented in relation to

an isosmotic line. Values for initial C. taeniatus (=) and C. virescens (X) haemolymph osmolarity are presented. R? values for

each polynomial trendline are given.
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Medium Osmolarity (mmol/kg) Osmolarity (mmol/kg)

Species
C .taeniatus C. virescens water
1107.0+11.0 13194+ 12.6 1325.5+24.4 1107.0+11.0
1189+ 1.7 600.2 £51.5 568.5+14.9 1189+ 1.7
2318+ 1.8 693.3 +£42.3 656.8 + 12.2 2318+ 1.8
4428+ 1.8 783.8 +31.8 7449 +£16.5 4428+ 1.8
7519+ 138 935.3+11.6 904.3+11.9 7519+ 18
11223+ 2.7 1188.6+ 7.7 1180.7 £11.3 11223+ 2.7
1251.8+ 1.0 1305.8+11.4 1321.8 £ 14.3 1251.8+ 1.0
1430.6 = 2.7 1490.8+ 8.3 1495.0+ 7.8 14306+ 2.7
1586.8+ 1.3 1639.2+ 8.4 1664.1+ 7.7 1586.8+ 1.3
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Table 3.9 Variation resulting from analyses of C. taeniatus and C. virescens haemolymph osmolarity (mmol/kg) at various
medium osmolarities (mmol/kg) at 15°C. Variations in water samples taken at the time of haemolymph sampling are shown in

the column labelled “water”. Means * 1 standard error are presented. n =12
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Figure 3.9 Comparison of C. taeniatus haemolymph osmolarity @, light line) (n=8) and C. virescens haemolymph osmolarity
(A, dark line) (n=8) in salinities from 11 — 140% SW at 25°C. Hermit crab osmolarities are presented in relation to an isosmotic
line. Values for initial C. taeniatus (=) and C. virescens (X) haemolymph osmolarity are presented. R? values for each

polynomial trendline are given.
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Medium Osmolarity (mmol/kg)

Osmolarity (mmol/kg)

Species
C. taeniatus C. virescens water

1107.0+11.0 1378.3 £ 62.7 1343.0+47.9 1126.0+ 1.0

1189+ 1.7 473.3+21.2 467.0+27.1 116.3+ 3.3

2318+ 1.8 559.6 +29.8 604.1 +11.2 229.8+1.38

4428+ 1.8 718.4 +£19.7 726.0+£24.8 4490+1.38

7519+ 138 892.6 +10.8 888.9+13.1 760.8 +2.0
11223+ 2.7 1151.5+123 1161.9+11.1 11181+ 1.7
1251.8+ 1.0 1313.6 £ 11.2 1325.6 £ 11.2 12576+ 1.6
1430.6 = 2.7 14696+ 7.8 14811+ 94 1428.8+ 1.4
1586.8+ 1.3 1666.4 + 9.8 16574+ 9.1 1614.5+5.3
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Table 3.10 Variation resulting from analyses of C. taeniatus and C. virescens haemolymph osmolarity (mmol/kg) at various
medium osmolarities (mmol/kg) at 25°C. Variations in water samples taken at the time of haemolymph sampling are shown in
the column labelled “water”. Means * 1 standard error are presented. n =8
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Figure 3.10 Comparison of C. taeniatus haemolymph osmolarity @, light line) (n=12) and C. virescens haemolymph osmolarity
(4, dark line) (n=12) in salinities from 11 — 140% SW at 35°C. Hermit crab haemolymph osmolarities are presented in relation to
an isosmotic line. Values for initial C. taeniatus (=) and C. virescens (X) haemolymph osmolarities are presented. R? values for

each polynomial trendline are given.
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Medium Osmolarity (mmol/kg)

Osmolarity (mmol/kg)

1107.0+11.0

1189+ 1.7

2318+ 1.8

4428+ 1.8

7519+ 1.8

11223+ 2.7

12518+ 1.0

14306 + 2.7

1586.8+ 1.3

Species

C. taeniatus C. virescens water
12245+ 19.2 1264.7£12.3 1108.8+ 1.5

393.6 £23.1 413.0 £ 20.2 116.1+ 1.7

463.3+17.9 517.8 +18.3 225.7+ 3.9

626.2 + 10.5 620.7 £ 25.1 448.2 + 3.6

833.1+ 94 825.0+11.3 7658+ 2.4
1158.2+ 6.8 1169.4 £ 10.1 1047.8 £ 83.3
13125+ 6.4 13247+ 8.8 1183.5+92.2
1479.1+ 6.5 1501.7£10.4 14517+ 2.4
1675.0+ 9.2 1701.3+15.6 1628.8+ 3.7

Table 3.11 Variation resulting from analyses of C. taeniatus and C. virescens haemolymph osmolarity (mmol/kg) at various

medium osmolarities (mmol/kg) at 35°C. Variations in water samples taken at the time of haemolymph sampling are shown in

the column labelled “water”. Means + 1 standard error are presented. n = 12.
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from the isosmotic line as salinity decreases. Tables 3.9, 3.10 and 3.11 show the
variation found in osmolarity measurements from treatment temperatures 15°, 25°
and 35°C, respectively.

In all cases, given the removal of repetition 2 from the 25°C data set, Model
I, two way ANOVA’s showed that there were no significant differences in

osmoregulatory ability between C. taeniatus and C. virescens.

3.3.5 The Effect of Temperature on Osmoregulation Over 7 Hours of

Exposure

Since no difference in haemolymph osmolarity existed between species, data
for both were pooled and are shown in Table 3.12 for a comparison among
temperatures at all salinities tested. In this table the osmolarity value of the medium
is given for each salinity. Results show that there was a tendency for the mean
haemolymph osmolarity to decrease with increasing temperature. Exceptions were
in 1251.8mmol/kg (111% SW) and 1586.8mmol/kg (140% SW) from 15 to 25°C
and in 1122.3mmol/kg (100% SW), 1430.6mmol/kg (125% SW) and
1585.8mmol/kg (140% SW) from 25 to 35°C. Results of a Model I, two way
ANOVA for salinity and temperature demonstrated a significant effect of salinity
and temperature on haemolymph osmolarity. A significant interaction between the
two factors also occurred (Table 3.13) and results of post-hoc Tukey pairwise
comparisons are shown in Table 3.14. These results, in combination with Table
3.12, show that the haemolymph osmolarity of both species decreased significantly
as temperature increased from 15 to 25°C for all salinities tested (P<0.001), except

in 111% SW, where haemolymph osmolarity increased insignificantly, and in 140%

89



Medium Osmolarity (mmol/kg)

Temp (°C) 118.9(11) 231.8(22) 442.8(42) 751.9(69) 1122.3(100) 1251.8(111) 1430.6 (125) 1586.8 (140)

15 584.33 +£26.43 675.08 £21.88 764.33+17.96 919.79+ 8.77 1184.63+ 593 1313.79+ 9.09 149292+ 5.61 1651.63+ 6.15

25 470.13 +16.66 581.87 +16.41 722.19+15.32 890.75+ 8.18 1156.69+ 8.12 1319.63+ 7.79 147538+ 6.08 1661.87 + 6.54

35 403.29 £ 15.13 490.50 £13.74 623.42+13.30 829.04+ 7.22 1163.52+5.95 1318.58 + 547 1490.37 + 6.43 1688.12+ 9.26

Table 3.12 Mean haemolymph osmolarity (mmol/kg) at three temperatures after 7 hours of exposure. Medium osmolarities
(mmol/kg) are given for the salinities (in brackets in % SW) in which hermit crabs were tested. Means + 1 standard error are

presented. Each mean represents pooled data for C. taeniatus and C. virescens haemolymph osmolarity. For 15 and 35°C, n = 12.
For 25°C, n=8.
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Type Il

Source Sum of df Mean Square F Sig.
Squares

SALINITY 8.594E+07 7 1.228E+07 3540.800 <.001

TEMP 5.053E+05 2 2.527E+05 72.873 <.001

SALINITY * TEMP 6.829E+05 14 4.878E+04 14.068 <.001

Error 1.689E+06 487 3.467E+03

Table 3.13 Results of a Model I, two way ANOVA for the effect of salinity and temperature on haemolymph osmolarity

measurements pooled for C. taeniatus and C. virescens.
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Medium Temperature (°C)

Salinity Osmolarity Comparisons

(% SW) (mmol/kg) 15-25 25-35 15-35
11 118.9 * % * * * *
22 2318 * % * * * *
42 442.8 * % * * * *
69 751.9 *x *x *x
100 1122.3 *x NS **
111 1251.8 NS NS *x
125 1430.6 *x *x *x
140 1586.8 * *x *x

Table 3.14 Results of Tukey comparisons between temperatures (°C) for each salinity (% SW). C. taeniatus and C. virescens
haemolymph osmolarities have been pooled together for each temperature and salinity. 15°C, n=192; 25°C, n=128; 35°C,
n=191. NS: P>0.05; *: P<0.05; * *: P<0.001.
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SW where there was a significant increase. When temperature increased from 25 to
35°C, an insignificant increase in haemolymph osmolarity occurred in 100% SW,
while an insignificant decrease occurred in 111% SW. In the two highest salinities
there was a significant rise in the osmolarity of the haemolymph (P<0.001) when
temperature increased from 25 to 35°C. Between 15 and 35°C, haemolymph
osmolarity decreased significantly in salinities from 11 - 100% SW and in
125%SW (P<0.001). However, in both 111 and 140% SW, haemolymph osmolarity
was significantly increased (P<0.001).

It can be seen from Tables 3. 12 and 3.14 that in medium osmolarities below
that of seawater, a decrease in haemolymph osmolarity occurred in both species.
Although regulation was occurring and crabs maintained the osmolarity of
haemolymph above that of the medium, regulatory ability was reduced with
increasing temperature. At osmolarities like that of seawater, or above, this trend

was not seen.

3.3.6 Comparisons of Laboratory and Field Samples

Figure 3.11 shows the comparison of both laboratory and field sampled C.
taeniatus and C. virescens haemolymph, as well as acclimation tank and tidepool
water. This figure demonstrates that water in the laboratory, in which animals were
acclimated before testing, was more concentrated than water in the field (one way
ANOVA, field: 1014.57 = 7.0; laboratory: 1111.85 £ 27.7, F1 35=165.269, P<0.001).

When haemolymph osmolarity was compared between field and laboratory
sampled crabs, Model I, two way ANOVA for “Species” and “Place” showed a

significant effect of where haemolymph was sampled (Fi64 = 34.170, P<0.001).
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Figure 3.11 Results of comparisons between osmolarity of laboratory and field sampled seawater (@), C. taeniatus haemolymph
(m) and C. virescens () haemolymph. Laboratory samples were at 25 + 2°C. Temperature measurements were not taken for
field samples. Error bars represent 1 standard error. For C. taeniatus: lab (n = 27), field (n = 6); for C. virescens: lab (n = 27),

field (n = 8); for water: lab (n = 27), field (n = 14).
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However, there was no difference in haemolymph osmolarity between species in
either the field or the laboratory (F1 64 = 0.00, P>0.05), and no significant interaction
of species and place occurred (Fy 4 = 0.269, P>0.05).

Two-tailed, T-tests showed significant differences when haemolymph
osmolarities from both species in the field were compared with tidepool water and
when laboratory sampled haemolymph was compared with acclimation water (field:
C. taeniatus: t5=8.885, P<0.001, C. virescens: t;=4.246, P<0.01; laboratory: C.
taeniatus: 1,=9.127, P<0.001, C. virescens: ty=7.786, P<0.001). Table 3.15
summarises comparisons analysed by one way ANOVA'’s and two-tailed T-tests.

Consistent in  both sampling situations and with the findings of
osmoregulatory ability investigations reported in this chapter is that haemolymph
osmolarity was significantly higher than medium osmolarity for both C. taeniatus
and C. virescens, but no difference in haemolymph osmolarity was found between

species.

3.4  DISCUSSION

3.4.1 Oxygen Consumption

Results of the Model I, three way ANOVA (Table 3.3) suggested that the
respiratory responses of both C. taeniatus and C. virescens were significantly
affected by changes in both temperature and salinity as independent factors

(P<0.001). Apart from a significant interaction between species x temperature, no
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Species

Haemolymph Haemolymph
C.t C.v C.t-C.v Field water Field C.t. Field C.v.
_lm_u * % * % Zm * % * % * %
o
©
=
Field * * * * NS. e e e

Table 3.15 Results of ANOVA and T-test analyses of haemolymph and water sampled from C. taeniatus (C.t.), C. virescens

(C.v.) and the medium, respectively, in the field and in the lab. **:P <0.001, N.S.: P >0.05, ----- : comparison not possible.
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other significant interactions occurred. The species x temperature interaction is due

to the lesser respiratory response to some temperatures by C. taeniatus.

3.4.1.1 Effects of Temperature
3.4.1.1.1 C. taeniatus

In almost all salinities tested, oxygen consumption of C. taeniatus increased
with increasing temperature (Table 3.2), although these changes were significant in
only 25% of all treatment comparisons (Table 3.5). The exception was when
temperature increased from 25 — 35°C in 22% SW oxygen consumption was
slightly, but not significantly, lower. For C. taeniatus no effect of temperature
occurred between 25 and 35°C at any of the salinities tested (Table 3.5). This was
also reflected in temperature coefficients (Qio’s) for C. taeniatus that were at or
very near unity over the range of salinities tested between 25 and 35°C (Table 3.6).

Additionally, and importantly, temperatures from 15 — 35°C did not have a
significant effect on the oxygen consumption of C. taeniatus at the acclimation
salinity of 100% SW (Tables 3.5 and 3.7). Q1o values at the acclimation salinity
were at unity between 15 and 35°C, further demonstrating temperature insensitive
respiration in C. taeniatus over the range of temperatures tested at the acclimation
salinity (Table 3.6).

Newell (1970) showed that the standard rate of respiration in intertidal
animals could include both temperature dependence and temperature insensitivity,
depending on the range of temperatures regularly experienced. Newell and
Northcroft (1967) have suggested that relative insensitivity of metabolism is

necessary for ectotherms to survive environments subject to rapid changes in
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temperature. Thus, temperature insensitivity, as demonstrated by C. taeniatus at all
temperatures in 100% SW (the acclimation salinity) may provide an advantage to
these organisms facing variable temperature conditions on highly exposed intertidal
areas. Newell (1979) believes that it is those organisms that typically occur on the
upper shore, and experience the widest variations in temperature, that demonstrate
temperature independency. This may be the case with C. taeniatus.

However, little is known of the mechanisms that facilitate temperature
insensitivity. Hawkins (1995) reported that in mussels acclimated to a constant
temperature, animals with higher rates of metabolism usually had greater metabolic
sensitivity to temperature change. This general pattern of responses has been
explained in terms of the concentration of substrate within the cell and the
permeability of the membrane (Newell and Bayne, 1973; Newell, 1979; Newell and
Branch, 1980). When levels of available substrate are in excess of the Michaelis
constant® (Ky) value for a particular enzyme, reaction rates will be temperature-
dependent since the fraction of molecules that can overcome activation energy
greatly increase with even a small increase in temperature (Hochachka and Somero,
1973; Somero and Hochachka, 1976). On the other hand, when substrate levels for
enzymatic reactions fall below the Kn-value for the particular enzyme, the reaction
rate of the enzyme is then controlled by the enzyme-substrate affinity. Therefore, a
reduced enzyme-substrate affinity may maintain the rate of reaction independent of
changes in temperature (Hochachka and Somero, 1973). Experiments beyond the

scope of this thesis are needed to investigate whether there is agreement between

* The concentration of a substrate required for hyperbolic enzymes (or Sy for sigmoidal enzymes) to
act at half their maximum velocity. This value acts as a measure of the affinity of an enzyme for its
substrate (Somero and Hochachka, 1976).
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the influence of temperature on substrate affinities of the main enzymes that
regulate rates and directions of metabolic flow and observed effects of temperature
on oxygen consumption (Somero and Hochachka, 1976). However, Newell and Pye
(1971) observed that oxygen uptake by isolated mitochondria from the intertidal
mollusc, Littorina littorea was basically temperature-independent at low
concentrations of substrate (pyruvate), but when supplied with high concentrations,
oxygen consumption became significantly temperature-dependent. Similar
temperature effects on metabolism have also been observed for lipid oxidation in
isolated trout tissue (Dean, 1969) and a variety of metabolites in low concentrations
in fish liver homogenates (Hochachka, 1968).

There is little doubt that mechanisms controlling respiratory responses may
be highly influenced by genetic controls (Hazel and Prosser, 1974; Hochachka and
Somero, 1984; Hawkins et al., 1986; Hawkins et al., 1987; Koehn and Bayne, 1989;
Hawkins, 1995). The study of multi-locus heterozygosity has advanced
understanding of how genotype may affect the physiological function of some
intertidal invertebrates (Hawkins et al., 1986; Hawkins 1995). An important point
here is that if metabolic insensitivity to temperature is genetically controlled, and
multi-locus heterozygosity increases with increasing height on the shore, as has
been shown by Koehn et al. (1973, in Hawkins, 1995) and Lavie and Nevo (1986),
this physiological response to temperature will be subject to natural selection and

therefore, adaptation.
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3.4.1.1.2 C. virescens

A slight temperature effect occurred in the oxygen consumption of C.
virescens in all treatment salinities (Table 3.2), although this was only significant in
half of the temperature-salinity comparisons (Table 3.5). In every instance, oxygen
consumption of C. virescens increased as temperature increased (Table 3.2).

It is of interest to note that results reported here for C. virescens
demonstrated a significant influence of temperature when oxygen consumption was
compared between 15 and 25°C as well as between 15 and 35°C at the acclimation
salinity of 100% SW (Table 3.5). Q1o values for C. virescens showed a much wider,
and generally higher range, nearing double that shown for C. taeniatus (Table 3.6).

Hawkins et al. (1986) concluded that large metabolic responses to changes
in temperature were associated with greater maintenance metabolism in more
homozygous individuals. As well, a high energy expenditure for maintenance
means that net production is sustained across a narrower environmental range,
resulting in tissue wasting under conditions that differ even a little from those in
which maximal production occur (Koehn and Bayne, 1989; Hawkins, 1995).

Thus it appears that when metabolic sensitivity to environmental
temperature increases, there is a resultant reduction in the ability to survive extreme

temperature stress due to higher, long-term energy cost (Hawkins, 1995).

3.4.1.1.3 Temperature Coefficients (Q10’S)
The values of Q1o for oxygen consumption in the experimental salinities at
temperatures between 15 and 35°C confirm that C. virescens is metabolically

stressed when exposed to acute changes in temperature at the acclimation salinity
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(100% SW). Qqo for C. virescens is lowest at the 25 — 35°C comparison, but
remains above unity. In contrast, the values for C. taeniatus remain very near to
unity throughout the temperature range experienced in the acclimation salinity.

While there have been many studies on the metabolic responses of intertidal
organisms to temperature (see reviews by Newell, 1969, 1976, 1978), only a few
have investigated such responses in hermit crabs, especially respiratory responses in
relation to acute changes in temperature (Burggren and McMahon, 1981; Vernberg
et al., 1981; Moreira and Nelson, 1990). However, the tropical and temperate crab
species previously studied all demonstrated relatively high Qge’s, and thus
metabolic sensitivity, over the range of temperatures reported. Nevertheless, in the
investigation by Burggren and McMahon (1981) intertidal crabs did show a
somewhat lower Qo for oxygen consumption than either the subtidal or supratidal
species examined.

In her study on the respiratory responses of the intertidal hermit crab C.
vittatus, Wernick (1982) found that after acclimation to 20°C and 35%, crabs tested
within the temperature range from 10 — 35°C (at 5°C intervals) showed little
sensitivity of oxygen consumption rates to changes in temperature. Qo values for C.
vittatus were close to unity in temperatures between 20 — 30°C, but increased
significantly at 35°C. In the range of 15 — 20°C, Q1o doubled, but between 10 —
15°C, oxygen consumption was depressed with a correspondingly reduced Qg
value. Wernick explains the increased Qo at the highest temperature as a result of
higher activity observed at what was probably near lethal temperature for C.
vittatus. In the range of 15 — 20°C, higher Qi values for oxygen consumption are

explained as occurring due to temperatures below the normal range of the habitat.
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This has also been reported for a number of other tropical crustaceans by Vernberg
and Vernberg (1972, in Wernick, 1982) and Vernberg and Costlow (1966, in

Wernick, 1982).

3.4.1.2 Effects of Salinity
3.4.1.2.1 C. taeniatus

Across the range of salinities tested in this investigation, C. taeniatus
showed no change in oxygen consumption at the acclimation temperature of 25°C
(Tables 3.2 and 3.4). McLusky (1969) has suggested that no change in oxygen
uptake in the euryhaline amphipod, Corophium volutator, subjected to lower than
normal salinities may be the result of a metabolic shift of energy from growth
processes into osmoregulation. Thus, even though energy requirements for
osmoregulation would increase, no net change in oxygen consumption would be
observed.

Qualitative observations on the activity of C. taeniatus exposed to salinities
from 11 — 140% SW at 25°C for 7 hours suggested that at both low (<69%) and
high (>125%) salinities visible activity was reduced or ceased. In extreme salinities,
walking as well as antennal and antennule movement occurred much less frequently
than in moderate salinities. Since oxygen consumption in this species was highest in
the lower salinities at 25°C (see Table 3.2) it is unlikely that external activity was a
major contributor to the high metabolic rates observed in low salinities at the

acclimation temperature.
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3.4.1.2.2 C. virescens

For C. virescens oxygen consumption at all three temperatures was lowest at
the upper and lower salinities (Table 3.2). These results do not agree with those of
Shumway (1978) working with P. bernhardus or Sabourin & Stickle (1980) who
studied C. vittatus; both found oxygen consumption highest in hermit crabs when
salinities were lowest. Furthermore, Dehnel (1960), Todd and Dehnel (1960) and
McFarland & Pickens (1965) reported increased oxygen consumption when the
intertidal crabs, Hemigrapsus oregonensis and H. nudus, and the grass shrimp
Palaemonetes vulgaris, respectively, were exposed to decreasing salinities.

McFarland & Pickens (1965) proposed that increased oxygen uptake at
lowered salinities is due to an increase in osmoregulatory work and an increase in
locomotory activity. Dehnel (1960) and Todd and Dehnel (1960), however,
proposed that increased oxygen consumption resulted from increased osmotic
activity and not increased muscular activity. Since both of these authors used
animals capable of osmoregulation, it is most likely that increased oxygen
consumption was mainly due to increased osmoregulatory activity (Shumway,
1978). King (1965) also reported increased respiration by Carcinus mediterraneus
and Callinectes sapidus in dilute seawater. Both of these species are osmoregulators
and are often found in brackish water. However, results obtained for C. virescens in
the present study demonstrated the decrease of oxygen consumption in sub- or
supranormal salinities described as typically associated with stenohaline organisms
(Kinne, 1967, 1971).

These results agree with King (1965) who also reported a 50% reduction in

respiration rate in Maja verrucosa and a 30% reduction in respiration rate in Libinia
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emarginata in 50% SW (17%o). It was noted that for Maja in low salinity water
there was an obvious decrease in neuromuscular activity as well as the rate of
ventilation, while Libinia showed increased muscular activity in the same medium
(King, 1965). King (1965) suggested that neither osmotic work nor increased
cellular hydration were adequate to explain the extent of salinity effects on oxygen
consumption by intact animals.

Elevated oxygen consumption for C. virescens in 56 compared to 100% SW
at all temperatures (Table 3.2) are most likely to be the result of osmoregulatory
processes as reported by Dehnel (1960), Todd and Dehnel (1960) and Dimock &
Groves (1975). It may be that osmoregulation in lower salinities is a more energy
expensive process for C. virescens than for C. taeniatus as reflected in the trend for
the former species to have a higher rate of oxygen consumption at both 56 and 22%
SW than the latter. Qualitative observations of C. virescens exposed to low (<69%)
and high (>125%) salinity at 25°C for 7 hours suggested that walking activity, as
well as antennal and antennule activity slowed or stopped completely. Unlike C.
taeniatus, the trend toward lower activity in extreme salinities is consistent with
lower metabolic rates for C. virescens in low and high salinities (see Table 3.2).
Still, it is also possible that reduced oxygen consumption by C. virescens at all
temperatures in 22 and 125% SW compared to 100% SW (Table 3.2) may result
from a mechanism to reduce influx and efflux of ions and water. In low salinities
hermit crabs may experience ionic efflux and osmotic influx, while in high salinities
they may experience ionic influx and osmotic efflux. In order to reduce both the
efflux and influx of ions and water, the permeability of their gill membranes may be

reduced by either physiological or mechanical means. It is possible that
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scaphognathite activity may be responsive to changes in the ionic composition of
the medium (Taylor, 1977). Taylor (1977) showed that, in Carcinus maenas
exposed to low salinity, gill ventilation was associated with scaphognathite
movement. In C. taeniatus and C. virescens, scaphognathite and ventilation activity
may be involved in the mechanical regulation of water and ionic influx and efflux at
the gills, if indeed osmoregulatory processes do occur at this site. Since this is the
surface through which respiration takes place, a change in permeability could also

change respiratory rate (see review by Gilles and Delpire, 1997).

3.4.2 Osmoregulation

Results from experiments on the ability of C. taeniatus and C. virescens to
osmoregulate in a range of salinities and temperatures over 7 hours found no
significant difference in osmoregulatory ability between the two species. Both were
equally capable of maintaining haemolymph osmolarity above medium osmolarity
(hyperosmoregulation) in every combination of temperature and salinity tested.

Young (1979a) suggested that a basic difference in physiological responses
exists between the hermit crab superfamilies Coenobitoidea and Paguroidea. He
found that studies on osmoregulation demonstrated the ability of Coenobitoidea to
hyperosmoregulate in dilute media, while the Paguroidea studied did not. The
results of studies on shell-less Clibanarius erythropus (a member of the
Coenobitoidea) by Castillo et al. (1988) did not agree. They found that in media
from 64 — 217% SW (23 — 78%o), haemolymph osmolarity of C. erythropus was
slightly lower than the medium. However, it has been argued that experiments with

shell-less hermit crabs are unrealistic and that the osmoregulatory abilities of
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coenobitoid or paguroid hermit crabs will be reduced when shells are absent
(Shumway, 1978). Additionally, Castillo et al. (1988) found that in dilute media
from 62 — 31% SW (22 — 11%o salinity), C. erythropus haemolymph osmolarity was
only slightly hyperosmotic. C. erythropus does not, therefore, follow the
hypothesised pattern of hyperosmoregulating for coenobitoids.

The findings of this chapter are consistent with the hypothesis that hermit
crabs in the superfamily Coenobitoidea are hyperosmoregulators. Both C. taeniatus
and C. virescens maintained haemolymph osmolarity well above the osmolarity of
the medium in 11 — 140% SW, and especially below 69% SW (see Figure 3.8,
Figure 3.9 and Figure 3.10).

The difference between results reported by Castillo et al. (1988) for C.
erythropus exposed to salinities between 14 and 222% SW, and results for C.
taeniatus and C. virescens may demonstrate that species belonging to the same
superfamily may undergo adaptations specific to their environmental conditions,

despite their common phylogeny (Castillo et al., 1988).

3.4.3 The Interaction of Salinity and Temperature on Osmoregulation

The significant interaction of salinity and temperature (Table 3.13) indicates
that changes in haemolymph osmolarity due to salinity did not occur uniformly over
the changes in temperature.

Comparisons of pooled C. taeniatus and C. virescens haemolymph
osmolarity data showed that in 100% SW there was a slight, but insignificant
increase in haemolymph osmolarity when temperature rose from 25 to 35°C, but in

125% SW blood osmolarity increased significantly over the same temperature
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change. In 140% SW osmolarity climbed with increases in temperature from 15 to
25°C and from 25 to 35°C (Table 3.12). However, there was an inverse effect of
temperature on haemolymph osmolarity in salinities between 11 and 111% SW.
This means that in dilute seawater it becomes increasingly difficult for both species
to maintain haemolymph hyperosmotic to the medium as temperature increases
reducing their ability to osmoregulate. Therefore, although low salinities and high
temperatures are stressful as independent factors, the combination of the two is
especially stressful and results in greater dilution of body fluids. Combined
conditions of low salinity and high temperature are most likely to occur in the upper
shore of the intertidal zone where C. taeniatus is very abundant, suggesting that this

species is better able to tolerate these stresses.

3.4.4 Comparisons of Laboratory and Field Samples

Comparisons between laboratory and field sampled water demonstrated that
laboratory acclimation water of 100% SW had a significantly higher osmolarity
than the osmolarity of less concentrated “normal” field water. Correspondingly,
haemolymph osmolarity of laboratory acclimated hermit crabs was significantly
higher than that of field hermit crabs. However, no difference in haemolymph
osmolarity existed between species in either laboratory or field situations. The
haemolymph osmolarity of both laboratory and field crabs was significantly higher
than laboratory acclimation water, or tidepool water osmolarity, respectively
(Figure 3.11, Table 3.15). These results also demonstrated that the hyperosmotic
state of haemolymph from laboratory acclimated hermit crabs in 100% SW (36%o

salinity) was not a laboratory induced artefact.
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3.5  Discussion Summary

Results from investigations into the respiratory responses of C. taeniatus and
C. virescens to short term, acute changes in combinations of temperature and
salinity, showed a significant difference between species in respiration, as measured
by oxygen consumption rate, in 100% SW (Table 3.5). This suggested that for adult
C. taeniatus in the total weight range of 1 - 2.5¢g, acutely exposed to temperatures
from 15 — 35°C, respiration was temperature insensitive. This was not the case for
C. virescens.

The results from oxygen consumption experiments demonstrated a more
sensitive metabolic response to changes in intertidal stressors (especially
temperature) by the low shore species C. virescens, while the high shore species, C.
taeniatus, showed much less sensitivity in metabolic response to changes in
environmental stressors. Thus, the results of respiratory experiments done in this
study and the distribution of C. taeniatus and C. virescens on the shore may be
consistent with the possibility that heat resistance increases with increasing
intertidal exposure (Koehn et al. (1973 in Hawkins, 1995); Lavie and Nevo, 1986;
Hawkins, 1995) and greater multi-locus heterozygosity (Hawkins et al., 1986;
Hawkins, 1995). It is important to note, therefore, that if temperature insensitivity is
genetically controlled, it is subject to natural selection and may lead to
physiological adaptation.

In this chapter the original hypotheses that differences in respiratory
responses may relate to differences in distribution were supported by results of
oxygen consumption experiments. There was, however, no significant difference in

the abilities of the two species to adjust the concentration of the extracellular fluid
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in response to changes in salinity. Both species were equally able to maintain
haemolymph osmolarity above the osmolarity of the medium (hyperosmoregulate)
in a range of salinities from 11 — 140% SW and in temperatures ranging from 15 —
35°C. For both species increased temperature significantly reduced the osmolarity
at which haemolymph was maintained in dilute seawater resulting in greater
dilution of body fluids. This indicates that the combined factors of low salinity and
high temperature are stressful to both species. These conditions, however, are more
likely to occur at high shore where C. taeniatus is more abundant and suggests that
this species is better able to tolerate this combined stress, possibly by combined
adaptations that reduce metabolic sensitivity to high temperature and physiological
sensitivity to body fluid dilution.

The hyperosmolarity of field sampled crab haemolymph to tidepool water
was consistent with the hyperosmolarity of lab-sampled haemolymph to acclimation
water. Although laboratory water had a significantly higher osmolarity than field
water, crab haemolymph osmolarity was not different between species in either the
field or laboratory.

In the next chapter, |1 examine the hypothesis that C. virescens is not as
tolerant of high shore habitats in local environments as C. taeniatus is and that
survival on the upper shore will be relatively greater for the latter species than for
the former. | also address the hypothesis that physiological mechanisms in C.
virescens for survival during extended exposure to unique environmental conditions

may be less adequate than those in C. taeniatus.
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40 CHAPTER 4: SURVIVAL

41 INTRODUCTION

In Chapter 3, | concluded that there was a difference in respiratory responses
between C. taeniatus and C. virescens exposed to short term changes in
temperature, especially when tested at the acclimation salinity of 100% SW. The
respiratory rate of C. virescens was sensitive to rapid changes in temperature, while
that of C. taeniatus was not.

It has been suggested that respiratory responses to temperature are
genetically determined (Koehn and Bayne, 1989; Hawkins, 1995) and that
organisms with less sensitive metabolic responses to temperature have greater
multi-locus heterozygosity (Hawkins et al., 1986; Koehn and Bayne, 1989;
Hawkins, 1995). As well, both multi-locus heterozygosity and temperature
insensitivity are known to increase with increasing height on the shore (see
Hawkins, 1995). In this context, Newell (1969) suggested that temperature
insensitivity over a wide range of temperatures is part of the process of acclimation
to high and rapidly changing temperatures experienced in the upper intertidal zone.

In addition to temperature stress, hermit crabs are also vulnerable to osmotic
stress since tidepool salinities fluctuate widely over short periods of exposure in the
intertidal zone (Davenport, 1972a; Young, 1980, 1991). The ability to maintain an
osmotic gradient between extracellular fluid and the external medium may allow
these crabs to cope with large and rapid changes in salinity. From my experiments

on respiratory responses and osmoregulatory ability (see Chapter 3), | concluded
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that there were no differences between species in ability to maintain haemolymph
osmolarity above that of the medium in the entire range of salinities tested over
“normal” periods of intertidal exposure (about 7 hours). Evidence from these
experiments suggested that both species osmoregulated less in salinities from 140 -
69% SW and more in salinities from 69 - 11% SW, although the ability to
osmoregulate in dilute seawater decreased with increasing temperature in both
species.

These laboratory experiments provided evidence that there was a difference
between species in their metabolic responses to temperature, but that there was no
difference between species in their ability to maintain haemolymph osmolarity over
a wide range of salinities. Yet, exposure to low salinity may also occur over longer
periods than low tide exposure. The surface waters of intertidal areas in close
proximity to river outfalls are frequently diluted due to seasonal and irregular flood
events.

In order to investigate differences in susceptibility to prolonged low salinity,
experiments into the survival of C. taeniatus and C. virescens under conditions of
long term exposure to dilute media were carried out under controlled conditions in
the laboratory. Nevertheless, Underwood (1979) strongly argued that conclusions
drawn from laboratory experiments alone may not necessarily be applicable to
situations in the field, since laboratory conditions may not occur in nature. He also
emphasised that experimental manipulations in the field are often the best methods
for determining factors which influence distribution and abundance (Underwood,

1979).
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Although the importance of field manipulations has been emphasised in a
number of studies (see review by Underwood, 1979; Metaxas and Scheibling,
1993), to my knowledge, no experiments other than that of Bertness (1981a) report
the translocation of rocky intertidal hermit crabs from one height on the shore to
another. Additionally, I found no reports in the literature on the translocation of
marine intertidal hermit crabs into brackish water.

I designed a series of experiments to investigate if there were differences in
the ability of both species to survive translocations in the field. One set of
experiments was carried out to determine if C. virescens was able to survive the
physical conditions of high shore and potentially inhabit this area of the intertidal
zone. The other set of translocations was undertaken to determine if there was a
difference in survival between species under conditions of long term, low salinity
that may occur on intertidal shores in the vicinity of river estuaries during regular
river flows and irregular flood events.

Further, in an attempt to determine if differences in ionic regulation
occurred between species, haemolymph samples from both species under conditions
of long term, low salinity in the laboratory were analysed for sodium, potassium,
calcium and magnesium. These analyses were considered to be important in
investigating whether changes in the concentration of cations in the haemolymph of
crabs exposed to low salinity could also help to explain differences in survival

between the two species and be related to their distribution on the shore.
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4.2 MATERIALS AND METHODS

4.2.1 Survival in the Laboratory

Crabs were collected from Emu Point between December, 1999 and
February, 2001. They were taken to the laboratory and placed in aquaria in 100%
SW under the same acclimation conditions as animals used for oxygen consumption
experiments described in the previous chapter.

A preliminary survival trial was carried out with 15 C. taeniatus and 15 C.
virescens. Crabs were taken from the acclimation tank 15 minutes prior to the start
of the experiment. Each one was individually and randomly placed in one of 30,
250mL clear perspex chambers containing 50mL of 22% SW in a constant
temperature room at 25 + 2°C. Chambers were numbered for ease of recording
repeated information on individuals. Crabs were irregularly checked for survival
over a period of 78 hours. This experiment was repeated a second time and all data
pooled.

Further survival tests were carried out on individuals at 25 and 35°C using
the procedure described above. One experiment, with 30 replicates was carried out
at each temperature for each species. Controls consisted of 15 crabs of each species
placed individually in 50mL of 100% SW in 250mL perspex chambers. Exposure to
15°C was for 83 hours, to 25°C for 73 hours and to 35°C for 29 hours. In all
treatments and controls, individuals were counted as “Dead” if there was no
antennal, antennule or maxilliped movement even after they were prodded for one

or two minutes.

113



For each temperature, all data from experimental repetitions were pooled

and analysed by Chi-squared 2x2 contingency table.

4.2.2 Intertidal Translocation

An intertidal, translocation experiment was conducted between July, 2000
and February 2001 at Tanby Point (S23°14.13’, E150°49.657’), Keppel Bay,
Australia.

Translocation chambers were made from 1mm thick, 90mm diameter PVC
pipe, cut to lengths of 160mm. Several holes were drilled along the length of the
chambers to allow water exchange and the flushing of waste materials. A covering
of nylon mesh was permanently fixed to one end of the chamber and held in place
by a plastic zip tie. A removable solid PVC cap was placed on the opposite end to
provide an easy method for adding and removing hermit crabs in the field.

All C. taeniatus and C. virescens were collected one and a half hours before
low tide from the lower intertidal zone immediately prior to the start of the
experiment. Hermit crabs were collected without determination of size, sex or shell
species, so that animals placed in experimental chambers varied in size, sex and
shell type. A group of 12 crabs was placed together in each chamber. Groups
consisted of six of each species, or 12 of one species. Chambers were pre-numbered
and randomly selected to be in either the treatment or control group so that some
crabs were moved up the shore, while controls were returned to the shore height
they were collected from.

Control group chambers were secured to heavy rocks by nylon string at

randomly selected points along the water’s edge during low tide. Treatment group
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chambers were secured in the same way, but placed so that they would receive
some tidal wash during high tide. The latitude and longitude for each chamber were
recorded.

All chambers were exposed to prevailing conditions in the field for 48 — 72
hours (although one chamber at high shore could not be relocated and remained in
the field for 28 days until it was found, with all crabs alive).

At the end of the exposure period, all hermit crabs were removed from the
chambers and placed in a container of seawater collected from a nearby tidepool.
Crabs were counted as “Alive” if they emerged from the shell, or moved their
pereopods, antennae, antennules or maxillipeds. In instances where crabs did not
emerge, shells were gently broken at the apex and the crab “tickled” in an attempt to
evoke a movement response. The experiment was repeated eight times. Although
the total number of chambers differed among experimental repetitions, the number
of control group chambers versus the number of treatment group chambers set out
during a repetition was the same. However, total numbers of control and treatment
chambers were different in the end, due to losses of both types.

The number of each species “Alive” and “Dead” for “Control” and
“Treatment” chambers was tallied over all 32 control replicates and 40 treatment
replicates and analysed by a 3-dimensional Chi-squared 2x2x2 contingency table
test for mutual independence, followed by 2x2 contingency table tests for partial

independence (Zar, 1999).
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4.2.3 Translocation into an Estuarine Environment

This experiment compared the survival of C. taeniatus and C. virescens
translocated to a long term, low salinity environment.

Clibanarius taeniatus and C. virescens were collected from Tanby Point in
January, 2001 without measuring their size, sex or shell species.

All individuals were used in experiments within two weeks of collection.

Crabs were transported to the experimental sites in the Fitzroy River,
Rockhampton in a 50cm long x 35cm wide x 14cm deep, open plastic container in
approximately 2L of 100% SW (36%o). Treatment sites were chosen that provided
prolonged exposure to, predominantly 20 — 35% SW, while control sites farther
downstream were chosen to provide predominant exposure to salinity in the range
of 75 — 95% SW, despite semi-diurnal ebb flows of fresh water from upstream at
both sites (see Table 4.2). Although Table 4.2 gives the impression that repetition 2
was continuously exposed to very low salinities, this is because at each site salinity
was recorded at the start and end of the experiment. In reality, repetition 2 would
have been exposed to higher salinities during flood tide.

Pre-numbered chambers made of PVC pipe (as described previously) were
randomly assigned to seven concrete blocks. Each chamber contained either six of
each species, or 12 of one species of variable size, sex and shell species. Chambers
were kept just below the surface of the water by securing them to the top one metre
of a length of rope tied to a concrete block on one end, and a Styrofoam buoy on the
other (see Figure 4.1). This arrangement prevented the chambers from drifting and

allowed them to be easily located for retrieval.
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Figure 4.1 Diagram of the block, buoy and chambers arrangement used for
estuarine translocation experiments. Note that experimental chambers sit within one

metre of the surface.
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Hermit crabs were exposed to experimental conditions for 48 hours
(repetition 1) and 28 hours (repetition 2). The time of exposure for repetition 2 was
reduced in an effort to increase the number of surviving animals in the experimental
treatment.

Upon retrieval of the chambers, each group of crabs was placed in 100%
SW and given approximately 3 minutes to revive. Each individual was inspected for
signs of life. If hermit crabs did not respond to abdominal prodding by moving their
antennae, antennules, pereopods or maxillipeds, they were considered dead. The
remainder were counted as “Alive”, placed in a separate bath of normal seawater
and returned to the laboratory. Each hermit crab was used only once.

The total number of “Alive” versus “Dead” of both species for all 35

replicates was analysed by a Chi-squared 2x2 contingency table.

4.2.4 lonic Regulation

During survival experiments in 22% SW at 15 and 35°C, haemolymph
samples of more than 50puL were withdrawn from both dying hermit crabs and
individuals that survived until the end of the experiment by thoracic puncture with
29-gauge syringe needles. Dying crabs were identified as those that demonstrated
very little resistance to being removed from the shell and had a delayed physical
response to abdominal prodding. Samples were taken at 4 hour intervals in both 15
and 35°C experiments. However, in some intervals in the 15°C experiment the
number of dying crabs was low, so intervals were pooled into 24 hour groups. In the
35°C experiment, the number of dying crabs was sufficient to allow the use of 4

hour groups. Fifty microlitres of haemolymph from each specimen were pipetted
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into 10mL vials and diluted to 5.0mL by the addition of 4950uL of 2% nitric acid.
As a control, 50uL haemolymph samples were taken from each species in the
acclimation aquaria and analysed in the same way. These are presented as “Initial”
measurements. Five, 5.0mL control blanks of 2% nitric acid, 22% SW and 100%
SW were also prepared. All samples were kept refrigerated at 4.0°C until analysed.

Samples were analysed by a Perkin Elmer Optima 3000DV Inductively
Coupled Plasma Emission Spectroscope (ICPES) for the concentrations of sodium
ions (Na*), potassium ions (K*), calcium ions (Ca"™) and magnesium ions (Mg*").
Previously prepared standards were used to calibrate readings for each of these ions.
Standards were prepared in concentrations of 0.0mg/L, 0.100mg/L, 1.00mg/L and
10.00mg/L for each ion. An additional 50.00mg/L standard was prepared for Na*
since expected concentrations of this ion were approximately 4 — 5 times greater
than for the others. Standards were used to generate calibration curves which are
provided in Appendix I.

Three of the prepared 5.0mL control blanks were analysed first, followed by
all diluted haemolymph samples and finally the remaining two control blanks.

Fifteen replicates each of C. taeniatus and C. virescens were used for each
experiment. The experiment was performed once at 15°C and three times at 35°C,
but unfortunately, the acclimation salinity for the third experimental repetition at
35°C was lower than the other two, so it was excluded from the pooled data
presented below. Haemolymph concentrations of each ion were compared with the

concentrations of the medium by one way ANOVA'’s.
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43 RESULTS

4.3.1 Survival in the Laboratory

In this experiment, both species were exposed to low salinity seawater at 15,
25 and 35°C to compare survival.

Figure 4.2A shows the comparison of the percent survival between C.
taeniatus and C. virescens when exposed to 22% SW at a temperature of 15°C.
Within 24 hours the number of live individuals of both species had decreased to less
than 80%. After 48 hours, 63% of C. taeniatus and only 26% of C. virescens
remained alive. By 65.5 hours of exposure, 43% of C. taeniatus still remained alive,
but 97% of C. virescens had died.

Chi-square analysis of the data at 65.5 hours showed that C. taeniatus
survived these conditions significantly better than C. virescens (x*= 1.69, P<0.01).
In control experiments where both species were held at 15°C in 100% SW, all C.
taeniatus (n=15) and C. virescens (n=15) survived exposure until the end of the
experiment after 83 hours.

In Figure 4.2B, the percent survival of the two species exposed to 22% SW
at 25°C is shown over an exposure time of 76.5 hours. At 46 hours, 79% of C.
taeniatus remained alive compared with only 42% of C. virescens. While 76% of C.
taeniatus were still alive at the end of 76.5 hours, only 35% of C. virescens survived
the same exposure.

At 25°C, a Chi-square analysis of the data at 76.5 hours also showed a

significant difference in survivorship in favour of C. taeniatus (y%= 8.31, P<0.01).
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Figure 4.2 Comparison of survival between C. taeniatus (@ ) (n=30) and C.
virescens (M) (n=30) exposed to 22% SW (8%.) medium A: at 15°C over 68.5
hours and, B: at 25°C over 76.5 hours.
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Figure 4.3 A: Comparison of survival between C. taeniatus ( m) (n=30) and
C. virescens (m) (n=30) exposed to 22% SW medium at 35°C over 28.5 hours. B:
Controls. C. taeniatus (@) (n=15) and C. virescens (W) (n=15) exposed to 100%
SW at 35°C over 29 hours (control).

122



In contrast, all C. taeniatus (n=15) and all C. virescens (n=15) survived at 25°C in
100% SW for the 73 hour control experiment.

The survival of the two species was also different when exposed to 22% SW
at 35°C (Figure 4.3A). After only 5.25 hours C. virescens survivorship was reduced
to 52%, while 93% of C. taeniatus remained alive. After 10 hours, only 7% of C.
virescens were living compared with 80% of C. taeniatus. Within 13 hours, 97% of
C. virescens had died, while 70% of C. taeniatus were still alive. A comparison of
the data after 13 hours demonstrated a highly significant difference in survival
between species, again in favour of C. taeniatus (3% = 25.16, P<0.001).

The control at 35°C (Figure 4.3B) showed that C. virescens was less tolerant
of the higher treatment temperature than C. taeniatus, even in 100% SW. The
number of live individuals of both species decreased slightly in the first six hours,
but there was no statistical difference in survival between species for up to 29 hours
of exposure (%, = 1.88, P>0.05).

The results in Figures 4.2A and B and 4.3A showed a significant difference
in survival, both within and between species in conditions of low salinity at 15, 25

and 35°C when compared with normal salinity controls at the same temperatures.

4.3.2 Intertidal Translocation

In this field experiment, both species were collected from the water’s edge.
Some crabs of each species were put at high shore, while controls were returned to
the low shore.

The data presented in Table 4.1 were analysed for mutual independence of

species, location and survival (alive or dead). A significant difference in the overall
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C. taeniatus C. virescens

Alive Dead Total Alive Dead Total
Control
(Low Shore) 111 0 111 266 3 269
Treatment
(High Shore) 94 1 95 380 2 382

Table 4.1 A comparison of the proportions of C. taeniatus and C. virescens dead
and alive over all control and treatment repetitions for the intertidal translocation

experiment at Tanby Point.
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3-dimensional Chi-squared was found (y%=11.86, P<0.05). Location and species
were not independent due to the experimental design in which the number of each
species at each location was different, but survival was shown to be independent of
species and location (y%=1.79, P>0.05). Thus, there was no difference in survival

between low shore and high shore for both species.

4.3.3 Translocation into an Estuarine Environment

Clibanarius taeniatus and C. virescens were taken from the intertidal zone
and translocated to a low salinity environment in the Fitzroy River estuary for at
least 24 hours in order to compare survival between species.

Survival of both species changed with distance up the tidally dominated
Fitzroy River estuary. In control sites where salinity was between 75 — 95% SW
during high tides (Table 4.2), 100% of both species survived over 48 hours of
exposure (Table 4.3A). At experimental sites, where salinity during high tide was
between 20 - 35% SW (Table 4.2), 32.4% of C. taeniatus survived, while no C.
virescens survived exposure for up to 48 hours (Table 4.3B). After an exposure time
of 24 hours at the same sites, the survival of C. taeniatus was virtually unchanged at
30% and that of C. virescens remained low at 1.4% (Table 4.3C). These differences

were highly significant (3%= 36.04, P<0.001).

4.3.4 lonic Regulation
Analyses of haemolymph samples from dying and surviving crabs by ICPES
revealed that in both test temperatures, the concentrations of Na‘, K*, Ca™ and

Mg™™ followed similar trends in both species over time. Although the chloride ion
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Salinity (% SW)

Repetition 1 Repetition 2 Control
Site Start End Lat/Long Start End Lat/Long Start End Lat/Long
1 30.3 0.9  S23°28.24° 0.9 0.8 S23°28.24° 75.0 78.3  S23°31.91°
E150°37.73’ E150°37.73’ E150°49.72°
2 30.0 09  S23°28.26° 0.9 0.9 S23°28.26° 75.8 80.6  S23°31.94’
E150°37.73’ E150°37.73’ E150°49.81°
3 31.4 0.9  S23°28.27 0.9 0.9 S23°28.27° 80.6 93.3  S23°31.52
E150°37.74 E150°37.74° E150°49.88°
4 31.1 0.8  S23°28.24’ 0.8 0.8 S23°28.24’ 77.2 81.4  S23°31.53
E150°37.47 E150°37.47 E150°49.90°
5 30.3 0.8  S23°28.22° 0.8 0.8 S$23°28.22’
E150°37°46’ E150°37°46’
6 31.1 0.7 S23°28.20° 0.7 0.8 S23°28.20°
E150°37.47 E150°37.47
7 31.9 0.9 S23°28.18’ 0.9 0.8 S$23°28.18’
E150°37.47° E150°37.47

Table 4.2 Salinity readings (% SW) at the start and end of estuarine translocation experiments. Latitude and longitude are also given
for each site. Note that Repetition 2 started and ended on ebb tide so measurements of salinity were lower at these times than during
flood tide.
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Alive Dead Total
C. taeniatus 24 0 24
C. virescens 72 0 72
B
Alive Dead Total
C. taeniatus 11 23 34
C. virescens 0 156 156
C
Alive Dead Total
C. taeniatus 18 42 60
C. virescens 2 142 144

Table 4.3 Results from A: 11 control replicates (48 hours exposure), B: 18
treatment replicates (48 hours exposure) and, C: 17 treatment replicates (24 hours
exposure) of the estuarine environment translocation comparing the proportion

surviving between C. taeniatus and C. virescens.
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(CI") concentration was not measured, it was assumed that Na* and CI” usually vary
together, especially when changes in concentration are large (see Burton, 1986).

Haemolymph ion concentrations from crabs that were not exposed to low
salinity are reported as “Initial” concentrations. For figures in which C. taeniatus
haemolymph ion concentration is graphed, the final data point represents the ionic
concentration in haemolymph from surviving crabs. In Figure 4.4A and B, the
concentration of Na" in the haemolymph is compared between C. taeniatus and C.
virescens, respectively, over three days at 15°C. Exposure to 22% SW resulted in a
sharp reduction in haemolymph Na* concentration in both species. In C. taeniatus
(Figure 4.4A), haemolymph Na* was reduced to the same concentration as that in
the medium within the first day of exposure. Over the next two days, haemolymph
Na* concentration in hermit crabs near death (as evidenced by individuals showing
little response to stimuli) remained the same as ambient. The concentration of this
ion in haemolymph from C. taeniatus that were still alive at the end of the
experiment was significantly lower than ambient Na® concentration (one way
ANOVA, F1,=16.915, P<0.05).

The drop in C. virescens (Figure 4.4B) haemolymph Na* below ambient
concentration also occurred within the first day of exposure. The result of this drop
was that C. virescens haemolymph Na® concentration was no different from the
ambient Na" concentration (one way ANOVA, F;5=2.136, P>0.05). By the end of
the second day, all C. virescens in the experiment were dead. Measurements
showed that haemolymph Na® concentration in these individuals remained below
that of the water, although not significantly so (one way ANOVA, F;;=2.594,

P>0.05).
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Figure 4.4 Results of analyses for haemolymph sodium concentration in A: C.
taeniatus ( ¢) and B: C. virescens (M) exposed to 22% SW ( A) at 15°C for up to
three days. The concentration of sodium in 100% SW (@) is given for comparison.
Bars represent 1 standard error. Each point represents the mean of two or more
replicates. Initial points represent live hermit crabs, as does the final point for C.
taeniatus.
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Figure 4.5A and B show the changes in K" concentration for C. taeniatus
and C. virescens, respectively, over three days when subjected to 22% SW at 15°C.
Analyses of haemolymph samples showed that for C. taeniatus (Figure 4.5A),
initial K™ concentration was above the concentration present in 100% SW, but
dropped to less than half the initial concentration within hours of exposure to 22%
SW. Before the end of the first day of exposure, K* levels increased, equivalent to
that in 100% SW, and remained there in crabs dying at the end of 48 hours
exposure. C. taeniatus that remained alive for up to three days had haemolymph K*
that, due to small sample size and large standard error, was not significantly
different from individuals that died during the first day of exposure, although the
concentration of K* in crabs alive at three days was lower than for those that died
(three days = 2.54mg/L; two days = 5.00mg/L). The K" concentration in
haemolymph from C. taeniatus was never reduced to the same concentration as the
medium.

In C. virescens (Figure 4.5B) the initial haemolymph concentration of K*
was significantly higher than that of 100% SW (one way ANOVA, F;7=112.152,
P<0.001). Following introduction into 22% SW, however, the K* concentration of
haemolymph decreased, but not significantly so (one way ANOVA, F;6=5.837,
P>0.05) and was maintained at that level throughout the remainder of the
experiment.

Figure 4.6A and B show the concentration of Ca*™ in the haemolymph of C.
taeniatus and C. virescens in 22% SW at 15°C. The initial Ca™ concentration in
the haemolymph of C. taeniatus (Figure 4.6A) was the same as in the acclimation

medium (100% SW). During the first day of exposure to 22% SW, this was
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Figure 4.5 Results of analyses for haemolymph potassium concentration in A: C.
taeniatus (@) and B: C. virescens (B ) exposed to 22% SW ( A) at 15°C for up to
three days. The concentration of potassium in 100% SW ( @) is given for

comparison. Bars represent 1 standard error. Each point represents the mean of two
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Figure 4.6 Results of analyses for haemolymph calcium concentration in A: C.
taeniatus ( ¢) and B: C. virescens (m) exposed to 22% SW ( A) at 15°C for up to
three days. The concentration of calcium in 100% SW ( @) is given for comparison.

Bars represent 1 standard error. Each point represents the mean of two or more

replicates. Initial points represent live hermit crabs, as does the final point for C.

taeniatus.
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reduced, but did not drop to the level of the experimental medium (22% SW).
Following the initial fall, haemolymph concentration of Ca™* did not change for all
C. taeniatus that died throughout the experiment, or for those still alive at the end.

Initial haemolymph Ca*™ concentration in C. virescens (Figure 4.6B) was
significantly higher (one way ANOVA, F16=71.648, P<0.001) than Ca'" in 100%
SW. When C. virescens was exposed to 22% SW, the Ca™ concentration in
haemolymph was significantly reduced below that in 100% SW (one way ANOVA,
F16=7.689, P<0.05). Ca™" in the haemolymph continued to fall throughout the first
day of exposure to 22% SW, but did not fall to the same concentration as that in the
medium. Within the second day of exposure, Ca™ concentration in the haemolymph
rose slightly, but was basically unchanged from the previous day.

When the haemolymph concentration of Mg"™" was compared between
species (Figure 4.7A and B) it was seen that the concentration in the haemolymph
of both species was initially the same and equivalent to the concentration of Mg*" in
the acclimation medium (100% SW). Upon exposure to 22% SW, the haemolymph
Mg™* concentration of C. taeniatus (Figure 4.7A) was rapidly reduced and was not
significantly different from the medium (one way ANOVA, F,;,=7.376, P>0.05)
remaining there over the next day of exposure. Crabs that remained alive after three
days in 22% SW had the same concentration in the haemolymph as the medium.

Upon exposure to 22% SW, the concentration of Mg*™* in the haemolymph
of C. virescens (Figure 4.7B) also decreased. Although it decreased to the
equivalent of the medium, it did not drop as rapidly as for C. taeniatus. Throughout

the second day of exposure, haemolymph levels of Mg™* remained the same as in
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Figure 4.7 Results of analyses for haemolymph magnesium concentration in A: C.
taeniatus (@) and B: C. virescens (m) exposed to 22% SW (A) at 15°C for up to
three days. The concentration of magnesium in 100% SW ( @ ) is given for
comparison. Bars represent 1 standard error. Each point represents the mean of two
or more replicates. Initial points represent live hermit crabs, as does the final point

for C. taeniatus.
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the medium.

When C. taeniatus and C. virescens were exposed to 22% SW at a treatment
temperature of 35°C, the trends for haemolymph ionic concentrations in both
species were similar to those at 15°C (see Figures 4.8 — 4.11). However, at 35°C,
both species died more quickly than at 15°C.

Three notable exceptions to the common trends in haemolymph ion
concentration occurred at 35°C. In both C. taeniatus 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°C the concentrations of these ions
followed the same trend as at 15°C.

A second exception was that in C. virescens, the haemolymph concentration
of K* (Figure 4.9B) steadily increased from initial measurements equivalent to that
in the acclimation medium, to a significantly higher concentration (one way
ANOVA, F114=14.131, P<0.01) after 8 hours. The final two measurements were not
analysed by ANOVA and must be viewed with some scepticism since they
represent only one replicate at each time.

Finally, measurements showed that initial concentration of Ca™ in
acclimated C. virescens was equivalent to the medium (Figure 4.10B). In 22% SW,
haemolymph Ca™ decreased significantly (one way ANOVA, F;14=12.901,
P<0.05), but after 16 hours of exposure to 22% SW at 35°C, haemolymph Ca™*
returned to a concentration equal to the concentration in the acclimation water.
However, the accuracy of the final measurement of increased Ca*™ concentration is

questionable since it results from only one replicate.
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Figure 4.8 Results of analyses for haemolymph sodium concentration in A:
C. taeniatus (@) and B: C. virescens () exposed to 22% SW (A) at 35°C for over
28 hours. The concentration of sodium in 100% SW (@) is given for comparison.
Bars represent 1 standard error. Each point represents the mean of two or more
replicates. Initial points represent live hermit crabs, as does the final point for
C. taeniatus.
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Figure 4.9 Results of analyses for haemolymph potassium concentration in A:
C. taeniatus (@) and B: C. virescens () exposed to 22% SW (A) at 35°C for over
28 hours. The concentration of potassium in 100% SW (@) is given for comparison.
Bars represent 1 standard error. Each point represents the mean of two or more
replicates. Initial points represent live hermit crabs, as does the final point for
C. taeniatus.
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Figure 4.10 Results of analyses for haemolymph calcium concentration in A:
C. taeniatus (@) and B: C. virescens () exposed to 22% SW (A) at 35°C for over
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Figure 4.11 Results of analyses for haemolymph magnesium concentration in A:
C. taeniatus (@) and B: C. virescens (m) exposed to 22% SW (A) at 35°C for over
28 hours. The concentration of magnesium in 100% SW ( @ ) is given for
comparison. Bars represent 1 standard error. Each point represents the mean of two
or more replicates. Initial points represent live hermit crabs, as does the final point
for C. taeniatus.
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44  DISCUSSION

4.4.1 Survival in the Laboratory

Results of laboratory experiments on the survival of both species in a
constant medium of 22% SW at three different temperatures demonstrated a
significant difference in survival between species. These results suggested that C.
taeniatus is able to tolerate long term exposure to low salinity water significantly
better than C. virescens.

Furthermore, survival of both species was reduced at high and low
temperatures, but these extremes appeared to influence the survival of C. virescens
more than C. taeniatus. The combination of high temperature and low salinity was
especially detrimental to C. virescens, which is consistent with the relatively high
Q10 values for oxygen consumption of this species reported in Section 3.3.2.2, page
70. Differences between the metabolic responses of C. taeniatus and C. virescens
may reflect differences in the ability to supply energy to processes of protein
turnover during the period of adjustment to acute changes in temperature. Energy is
also likely to be needed for osmoregulation. During periods of combined
temperature and osmotic stress, C. virescens in particular, may not be able to
partition enough energy to all processes dealing with the effects of the combined
stress.

The lethal temperature and salinity limits in two northern hemisphere
populations of P. longicarpus from different latitudes were shown by Young (1991)
to be nearly identical when individuals from the two populations were acclimated

identically. Thus, they were suggested to have the same physiological limits,
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although variation would be possible. However, the salinity ranges at which
survival was predicted to be at least 10% were wider for the northern population (13
— 40%o), than for the southern (21 — 30%o). Young (1991) suggested that since the
interaction of temperature and salinity significantly affected survival of P.
longicarpus, the population from the higher latitude was more tolerant to salinity
because it experienced less thermal stress than the population from the lower
latitude. Results reported by Young (1991) were similar to those by Biggs and
McDermott (1973) in their study on the survival of two populations of P.
longicarpus from the same latitude in southern New Jersey, exposed to various
combinations of temperature and salinity. They also suggested that, for P.
longicarpus, extreme temperatures reduce the salinity range in which greatest
survival occurs.

In tolerance experiments with cold and warm acclimated C. vittatus,
Pagarus longicarpus and P. pollicaris, Young (1980) found that the intertidal
species, C. vitattus, was much more tolerant of environmental changes than the
subtidal species, P. longicarpus and P. pollicaris. He found that temperature,
salinity (and the interaction of these factors) had approximately equal importance
on the mortality of P. longicarpus and P. pollicaris, but that mortality in C. vittatus
was affected more by temperature than either salinity or the interaction of these
factors. However, the effect of temperature only seemed important because there

was almost no effect of salinity on C. vittatus.
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4.4.2 Intertidal Translocation

There is evidence that physiological tolerance to extreme environmental
conditions is greater in organisms from the high intertidal than from low on the
shore (Southward, 1958; Reese, 1969; Young, 1978; Bertness, 1981a; Agnew and
Taylor, 1986; Gherardi, 1990; Stillman and Somero, 1996). While my results from
oxygen consumption experiments also showed a difference between high shore and
low shore species in metabolic responses to acute changes in temperature and
salinity (Section 3.3.2.1, page 64), results from intertidal translocation experiments
did not demonstrate differences in survival between C. taeniatus and C. virescens.
On the contrary, these results showed that C. virescens was able to survive
“normal” physico-chemical conditions at low and high shore equally well.

During the time in which intertidal translocation experiments were
conducted, hermit crabs of both species were exposed to a wide range of
environmental conditions (see Figure 4.12 for temperature and rainfall during this
period). Experimental chambers were exposed to relatively cool, dry days (July),
sudden downpours (November) and sudden downpours during warm temperatures
(February). Both C. virescens and C. taeniatus survived the physical conditions of
the upper intertidal shore within chambers during semidiurnal emersion equally
well. Returning tides may keep exposure to low salinity relatively brief, so such
exposure may not result in a demonstrable difference in survival. However, it must
be re-emphasised that coastal areas within the vicinity of river outflows can undergo
large seasonal reductions in sea surface salinities over extended periods (Endean et
al., 1956; Rao and Sundaram, 1974; Coates, 1992; O’Neill et al., 1992; Brosnan,

1992) resulting in high mortalities of intertidal organisms (Endean et al., 1956;
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( @) in the area along Keppel Bay where translocation experiments were done
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Hodgkiss, 1984; Coates, 1992). During such events, hermit crabs may not be able to

escape prolonged exposure to low salinity.

4.4.3 Translocation into an Estuarine Environment

Results from a translocation experiment of both species to an estuarine
environment provided evidence that a significant difference in survival did exist in
favour of C. taeniatus when both species were exposed to conditions of prolonged
low salinity. These results were consistent with those from laboratory experiments
into the survival of these species in 22% SW at 15, 25 and 35°C.

These experiments suggested that in “normal” intertidal conditions where
semidiurnal high tides reduce extended exposure to extremes in desiccation,
temperature and/or salinity both species survived equally well. However, when both
species are submersed in persistent low salinity C. taeniatus survived significantly
better than C. virescens.

Endean et al. (1956) has indicated that salinity in parts of Keppel Bay can be
considerably reduced as a result of the volume of freshwater carried into the bay by
the Fitzroy River. Coates (1992) and O’Neill et al. (1992) showed that after large
flood events, the salinity of surface waters in some areas of Keppel Bay were
reduced to between 12 — 58% SW for up to 24 days resulting in heavy mortality of
several intertidal species. Therefore, | decided to survey rocky intertidal areas along
the Queensland coast that were under the long term, regular and/or irregular
influence of river outfalls, as well as those beyond the influence of river outfalls, for

the distribution of C. taeniatus and C. virescens on the shore. Comparisons among
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sites may indicate whether the influence of freshwater was affecting local
distribution. This is described in Chapter 5.

It is appreciated that the survival experiments undertaken in the laboratory
and in the estuarine environment lack some realism in that they were not designed
to allow hermit crabs to escape stressful conditions by climbing out of the water, as
may occur in the field. Nevertheless, these experiments have shown that the two
species differ in their abilities to survive prolonged exposure to low salinity. Such
conditions may, indeed occur in the field when inshore waters remain diluted for

long periods, as shown by Coates (1992) and O’Neill et al (1992).

4.4.4 lonic Regulation

Results from analyses of haemolymph concentrations of Na*, K*, Ca™ and
Mg"™* from C. taeniatus and C. virescens subjected to 22% SW at 15 and 35°C after
initial acclimation in 100% SW at 25°C, revealed similar patterns for each species.
Although the mechanisms for ionic regulation in C. taeniatus and C. virescens have
not been elucidated in this study, it is clear that the movement of the main osmotic
effector, Na" ion (and by assumed association, CI’, although see below) into the
extracellular fluid may somehow be inhibited. In decapod crustaceans, Na*/H" (or
NH,") antiporters, Na"/K*/2CI" cotransporters and simple Na® channels on the
apical membrane have each been proposed as the mechanism by which Na* and CI
are moved from the medium, through the apical membrane of the posterior gill and
into the cell (Leray, 1984; Towle, 1984; Willmer et al., 2000), although these
details remain controversial (Willmer et al. 2000). In exchange for these ions, K",

bicarbonate (HCO3) and potentially ammonium (NH;"), are moved through the
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apical membrane to the medium. At the basal membrane Na® is exchanged into the
extracellular fluid for K™ or NH4" (Greenaway, 1991; O’Donnell, 1997; Willmer et
al. 2000), while CI" may move into the haemolymph by CI" channels (O’Donnell,
1997) or a separate CI'/HCOj3 exchange system (Willmer et al. 2000). It is also
possible that during prolonged exposure to dilute media intertidal hermit crabs may
rely on cellular adaptations to adjust intracellular osmotic potential to match blood
osmotic potential and to continue cellular metabolism at reduced osmolarity
(Greenaway, personal communication).

In the case of both C. taeniatus and C. virescens subjected to a prolonged,
dilute medium, the greatly reduced concentration of Na* and the high concentration
of K* in the haemolymph suggested that the active movement of both ions had been
inhibited or slowed. If a failure of Na* regulation occurs at the outer surface of the
gill, Na* would be lost to the medium resulting in a reduction in the concentration
of this ion in the blood to ambient levels. Since the concentration of Na* in the
blood would be reduced, intracellular levels of Na* would continue to be depleted.
The requirement of Na® for Na'/K® ATPase operation means that reduced
intracellular Na* would lead to a reduced activity of this membrane enzyme and
thus, to reduced uptake of K* from the blood into the cells. Since K* would continue
to move from the cells into the blood by passive means, the cellular concentration
of K* would continue to decline, while that of the blood remains above ambient
concentration. Therefore, the reduced activity of Na'/K® ATPase at the basal
membrane, as a result of the initial loss of Na* is a plausible reason for the low
concentrations of Na*, and high concentrations of K* observed in the haemolymph.

The high concentration of K* in the haemolymph may also indicate that cells are
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unable to maintain a sufficiently high resting potential within the cells, becoming
more and more negative on the inner surface relative to the outer. Florkin and
Schoffeniels (1965, in Boone & Claybrook, 1977) proposed that the decrease in
cellular cation content occurring during low salinity adaptation could potentially
modulate an enzyme or group of enzymes with direct involvement in amino acid
metabolism.

Castillo et al. (1988) suggested that the euryhalinity of Clibanarius
erythropus was likely to depend mainly on intracellular mechanisms in which
amino acids and the ions Na* and K* play an important role.

In Clibanarius vittatus, Sabourin and Stickle (1980) also reported that the
haemolymph concentration of Na* was essentially isoionic to medium of 30%o
(approximately 83% SW), while K* was regulated well above its concentration in
the medium. In contrast to the results of my study, these authors found that when C.
vittatus was acclimated in 20 and 10%. (approximately 56 and 28% SW,
respectively) Na®, Mg™ and K* were all hyper-regulated. Nevertheless, they
concluded that high concentrations of K™ in all treatments indicated that the
concentration of this ion was maintained independent of ambient seawater
concentration in low salinities.

In the Atlantic ribbed mussel, Modiolus demissus, Shumway and Youngson
(1979) found no evidence for the regulation of Na‘, K*, Ca™ and Mg"™ when
specimens were subjected to both gradual (sinusoidal) and abrupt (square wave)
reductions in salinity down to 30% SW. They reported that K concentrations
showed only small fluctuations compared with those in the external medium. Gilles

(1972) found that although the bivalves, Mytilus edulis and Glycmeris glycmeris
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could not osmoregulate when exposed to low salinities, they could regulate
haemolymph K* ions to the same levels they had in normal seawater. When
Crassostrea virginica was exposed to 10, 15 and 20% SW, Hand and Stickle (1977,
in Shumway and Youngson, 1979) found that haemolymph K* was hyper-ionic to
ambient concentrations.

While it is clear that regulation occurs in many marine and estuarine
crustaceans, the exact mechanisms of osmotic and ionic regulation remain unclear
(Pequeux and Gilles, 1984; Towle, 1984; Gilles and Delpire, 1997), especially in
anomurans. There is, however, evidence that in crustaceans amino acids are used as
intracellular osmotic effectors, and that the regulation of intracellular amino acid
concentration is, in part, due to modifications of the cellular membrane permeability
to amino acids (Gilles, 1972). Nevertheless, the role of K* regulation in the process
of osmoregulation remains unclear (Gilles, 1972).

Changes in the haemolymph concentrations of Ca™ and Mg are difficult to
explain and the mechanisms of their movements can only be speculated about here.
The concentration of Ca™™ also remained high in C. taeniatus and C. virescens
haemolymph relative to ambient concentration. When Greenaway (1976)
acclimated the shore crab, Carcinus maenas to dilute seawater during their
intermoult, he found that this species maintained haemolymph calcium
concentration significantly higher than that of the external medium, the difference
being inversely related to salinity. In media of less than 50% SW, Greenaway found
that there was a marked electrochemical gradient leading to calcium loss from the
haemolymph, strongly suggesting a mechanism other than passive regulation for

high Ca™ concentrations maintained in the haemolymph. While Greenaway did not

148



show direct evidence for increased calcium uptake from the medium, he did suggest
that a mechanism of active transport would be the only way to regulate
haemolymph calcium concentration against an electrochemical gradient. In
agreement with the findings of Greenaway (1976), Neufeld and Cameron (1992)
found that the haemolymph calcium concentration of Callinectes sapidus in 2%o
was also regulated at significantly higher concentrations than the surrounding
medium. 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 an active
transport of calcium from water to blood. 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 Na'/K*ATPase
and (ii) active uptake by Ca"*ATPase (for details, see review by Wheatly, 1997). In
Carcinus spp. Ca""ATPase has been reported to have a high affinity and capacity in
50% SW. The Na*/Ca™ antiporter has also been shown to have a higher affinity in
dilute seawater and is most likely the main mechanism for basolateral movement of
Ca™" into the haemolymph (Wheatly, 1997). However, if there is indeed a passive
loss of Na* from the extracellular fluid of C. taeniatus and C. virescens, as proposed
above, it would be difficult to explain the regulated maintenance of relatively high
levels of calcium in the haemolymph by any active mechanism involving Na’.

The regulation of haemolymph Mg in crustaceans is an area of active
speculation (Cornell, 1979 in Mantel and Farmer, 1983). It has been proposed by
Robertson (1960, in Mantel and Farmer, 1983) that while animals maintaining

concentrations of Mg"™ about 80% of that in seawater tend to be relatively
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‘unresponsive’ to stimulation, those that have concentrations of less than 50% are
more ‘active’. Since magnesium is thought to have an anaesthetic effect on
neuromuscular junctions, high concentrations of this ion in the haemolymph might
result in reduced ability to maintain activity (Mantel and Farmer, 1983). It is clear
that further studies are needed to understand the relationship between haemolymph
concentrations of Mg"™*, physical activity and osmoregulation in different
concentrations of seawater.

Reasons for the low initial concentrations of Na* and Mg"™" in 35°C are
unclear. Despite slight variations in ionic concentrations, no evidence was found to
show significant differences in ionic regulatory ability that could be directly related

to the difference between species in survival in lowered salinity.

4.5  Discussion Summary

Taken together, the experimental results presented in this chapter indicated
that C. taeniatus survived significantly better than C. virescens in low salinity at 15,
25 and 35°C and that in very extreme conditions, such as those likely to occur at
high shore during prolonged flooding, C. taeniatus would have better survival than
C. virescens. However, in the relatively stable conditions that occurred throughout
the period in which intertidal translocations were conducted, C. virescens was able
to survive the conditions at high shore as well as did C. taeniatus. This included
heat, desiccation, increasing salinity due to evaporation and rapid dilution of
tidepool water due to rain. Yet, despite the fact that crabs were submersed without

escape from treatment conditions in both laboratory survival experiments and
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estuarine translocations, these investigations have allowed the testing of
physiological models and have shown that C. virescens has a reduced ability to
endure prolonged dilution of the medium, especially in combination with high
temperature. According to Vernberg (1981a), tolerance to one environmental factor
may be reduced when there is a combined effect of unfavourable conditions of
another factor (see also Moore, 1972).

Investigations into the regulation of ions in both species demonstrated no
significant differences in various ion concentrations, but no differences in general
trends of ionic concentrations between species, although statistical analyses were
not done to compare species. However, low extracellular concentrations of the
major osmotic effector, Na* (and probably to a lesser degree, CI) and high
haemolymph concentrations of K* may suggest the passive loss of intracellular Na*
resulting in a deterioration of the ability of membrane ATPases to pump K* from
the blood into the cells. This may effectively limit the ability of the cell to maintain
the necessary potential gradient between the inner and outer surfaces of the cells.
The increased concentration of Ca*™ in the haemolymph relative to the medium may
suggest that Ca™ is being actively taken up from the water into the haemolymph,
since an electrochemical gradient favouring the loss of Ca™ has been reported
(Greenaway, 1976; Neufeld and Cameron, 1992; Wheatly, 1997). Since ionic
regulation did not appear to differ between species, it is suggested that the overall
dilution of body fluids may have a more detrimental effect on C. virescens than on
C. taeniatus.

I conclude that in conditions of prolonged low salinity, the ability of C.

taeniatus to survive significantly better than C. virescens is evidence of adaptation
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allowing C. taeniatus to better tolerate the dilution of body fluids and the reduction
of Na* (and CI") in extracellular fluid (whatever the mechanisms may be).

It was apparent from results of translocation experiments presented in this
chapter, that C. virescens was able to inhabit HS in some locations. Yet, data on
survival in low salinity suggested that this species was significantly less tolerant of
extended exposure to fresh water than is C. taeniatus, especially when low salinity
occurred in combination with high temperature. On the basis of evidence presented
in the previous chapters, | proposed that differences in the large scale geographical
distribution of these species would be influenced by freshwater flows.

In order to test this proposal, it was necessary to survey several rocky shores
that were either influenced or uninfluenced by freshwater, for the presence and
distribution of C. taeniatus and C. virescens on the shore. The next chapter presents

the description and results of that survey.
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s0 CHAPTER 5: GEOGRAPHICAL DISTRIBUTION

5.1 INTRODUCTION

Several factors have been implicated in the local distribution of intertidal
and/or, estuarine decapods. The combination of differences in salinity tolerance and
substrate type (Meadows and Campbell, 1972; Jones, 1976), interspecific
competition (Chapman, 1973, Connell, 1975), tolerances to dehydration (Russell,
1991), a large range of habitat variety, a high abundance and diversity of shell
resources, and low levels of habitat damage or loss in the low tide zone (Barnes,
1997a; Turra et al., 1999), behavioural responses to physico-chemical parameters,
thermal tolerance, predation pressure (Paine, 1966; Bertness, 1981a), disturbance
(Connell, 1978; Jgrgensen and Padisak, 1996; Dial and Roughgarden, 1998;
Zacharias and Roff, 2001) have all been suggested to have significant impacts on
the distribution of intertidal animals on the shore (also see reviews by Kinne, 1963,
1964; Meadows and Campbell, 1972; Newell, 1976; Field and Griffiths, 1991,
Russell, 1991; Vadas and Elner, 1992; Raffaelli and Hawkins, 1996; Barnes and
Hughes, 1999; Menge, 2000).

While studies on the influence of physiological adaptations on the local
distribution of intertidal organisms are numerous, systematic research on the
relationship between physiological capabilities and geographical distribution
(Meadows and Campbell, 1972), especially of tropical intertidal organisms, is

almost completely lacking (Southward, 1958; Vernberg, 1981b; Brosnan, 1992).
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Despite considerable literature on intertidal invertebrates and particularly
reports on the collection of intertidal decapods of the Queensland coast, few
ecological studies have investigated the relationship between physiological and
behavioural adaptations and the distribution and abundance of decapod species over
a broad scale area such as the Queensland coast.

The results of physiological investigations (Chapter 3) and of survival
experiments (Chapter 4) suggested that C. taeniatus and C. virescens differ in both
their physiological responses to rapid and extreme changes in temperature and in
their ability to withstand extended exposure to reduced salinity. Differences in
survival were especially apparent when low salinity occurred in combination with
high temperatures. It would, therefore, be consistent with these results that when
two rocky intertidal areas, one influenced by frequent freshwater flows and the
other having no freshwater influence, are repeatedly monitored, the relative
abundance of C. taeniatus should be found to be high in the former habitat.

Another testable prediction was that over a large geographical scale C.
virescens should have a low relative abundance compared to C. taeniatus in areas
where freshwater reaches the rocky coast, since the former species is more sensitive
to low salinity, particularly at higher temperatures. As well, C. virescens should
have a higher relative abundance than C. taeniatus on islands or open coasts.
Furthermore, the more temperature insensitive and low salinity tolerant species, C.
taeniatus, should have a higher relative abundance on rocky shores that are

influenced by the long-term presence of freshwater.

154



5.2 MATERIALS AND METHODS

5.2.1 Repeated Sampling

Methods for the collection of data for this section can also be found in Kay
and Coates (2000).

Two rocky sites in the Bundaberg area were selected for extensive, repeated
sampling to determine if the relative abundances of the two species were maintained
over time. One of the sites has no substantial freshwater influence, while the other
experiences continuous low freshwater flows and occasional heavy flows.

Hoffman’s Rocks (S24°50.4’, E152°28.7") are located on the open coast and
no storm water drains or natural creeks empty onto this site. It was divided into six
sectors (see Figure 5.1). All sectors were sampled on February 20 and May 20,
2000, and March 23, 2001. At each sampling time, hermit crabs were randomly
collected from tidepools within each section. Species were identified and counted
and all crabs were then returned to the pools from which they were taken as was
done by Kay and Coates (2000).

At Bauer Street (S24°48.9°, E152°28.0°), storm water drains channel
freshwater runoff from a natural creek into the rocky intertidal area. Runoff is
continuous, but of low volume except during times of heavy rainfall. A series of
tidepools extends from the top of the shore at the outlet of the storm drain to the
bottom of the intertidal area. This site was divided into 9 sectors (see Figure 5.2)
and at each sampling time tidepools in each were surveyed in the same way as
Hoffman’s Rocks. Sampling was done on February 20, May 20, July 8, October 24,

2000 and March 23, 2001.
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For each sampling time, relative abundances of C. taeniatus and C.
virescens were determined for each sector at both sites. In addition, the overall
percentages of these species was calculated for each site as a whole based on the
total number of each species counted divided by the total number of both species
counted.

Although tidepool salinity was not measured on a regular basis over the 13
month sampling period, salinities at this site were recorded during one episode of
runoff following heavy local rainfall (S. Sargent, personal communication, Bureau

of Meteorology, 2001a,b) (see Table 5.3).

5.2.2 The Movement of Freshwater

There is little recent information available for direction of currents and no
regularly recorded salinity data for the Queensland coast as a whole. However, data
on nearshore currents within the Capricornia Coast and Hervey Bay regions were
taken from Beach Protection Authority Reports of those areas for 1979 and 1989,
respectively (Anonymous, 1979; Anonymous, 1989), as background information for
this study.

Intertidal salinity and air temperature data for Keppel Bay were collected
daily between April, 1989 and January, 1992 (Coates, unpublished data) and
salinity measurements at the surface, mid stratum and within 1m of the bottom were
collected by O’Neill et al. (1992) for Keppel Bay during and immediately after a

catchment scale flood of the Fitzroy River.
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5.2.3 Geographical (Large Scale) Distribution
5.2.3.1 Coastal Survey

A survey of 86 rocky intertidal shores was carried out along the coast of
Queensland, Australia from Redcliffe (S27°15.78°, E153°06.28°) to Cape
Kimberley (S16°16.72’, E145°29.14") between March, 2000 — February, 2001 (see
Figure 5.3). Each site was surveyed for the relative abundances of C. taeniatus, C.
virescens, other hermit crab species® and empty shells. It is important to note that
measurements of relative abundance can be misleading without a minimum sample
size.

At each site transects were laid at three different heights on the shore (low
shore, mid shore and high shore) at increasing distance from and parallel to the
water line. In each of these transects, 10 tide pools were randomly selected and a
total of 15 hermit crabs and/or empty gastropod shells was randomly collected from
each pool. This resulted in approximately 450 hermit crabs and/or empty gastropod
shells recorded at each site. Numbers of hermit crabs and empty gastropod shells
were tabulated and converted to relative abundances for C. taeniatus, C. virescens,
other species and empty gastropod shells for each site. At sites where C. taeniatus
and C. virescens were not found together, the relative abundances of other species,

empty shells and either C. taeniatus or C. virescens were compared.

§ Throughout this chapter “other species” refers to hermit crab species not directly under investigation in this
thesis.
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A brief description and the latitude and longitude for each site were recorded
and are presented in Appendix I1.
Where possible salinity readings were also recorded and are presented in

Table 5.6.

5.2.4 Indicator System

All sites at which C. taeniatus and/or C. virescens were found were
combined into two categories; “Influenced by Freshwater” and “Not Influenced by
Freshwater”. These categories were decided on the basis of proximity to creeks
and/or rivers according to map locations, data on general directions of wind-wave
currents and personal observations. Those sites that were near outfalls and likely to
receive a regular or irregular input of freshwater were grouped together in the first
category. Island and open coast sites that were distant from creeks or rivers and

unlikely to receive freshwater inputs were grouped in the second.

5.3 RESULTS

5.3.1 Repeated Sampling

From Figure 5.1, it appears as though the sectors selected at Hoffman’s
Rocks were at low shore, but they occur on a raised rock platform and are
considered to be at mid shore.

Table 5.1A shows the relative abundances of C. taeniatus and C. virescens

in each sector at Hoffman’s Rocks on the three dates they were sampled. The total
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Figure 5.1  Aerial photograph of the Hoffman’s Rocks site showing the

arrangement of sectors 1 — 6.
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Relative Abundances (%)

C. taeniatus C. virescens
Sectors 1 2 3 4 5 1 2 3 4 5
1 0 0 0 100 100 100
2 1.1 1.9 0 989 98.1 100
o) © o) o
L 9 L 9
3 07 41 g g o0 993 959 £ £ 100
40} (3¢ 40} (40
) (9p] ) (9p]
4 0 0 IS} © 54 100 100 © © 94.6
Z Z Z Z
5 15 0 0 98.4 100 100
6 0 0 0 100 100 100
B
Survey Dates
1 2 3 4 5
Ct. 1.8 0.4 = = 3.5
° °
Cv. 98.2 99.6 £ £ 96.5
(p] (p]
IS IS
n 1092 782 Z Z 877

Table 5.1 Relative abundances (%) of C. taeniatus and C. virescens at Hoffman’s
Rocks A: for each sector over the three sampling dates and B: overall, resulting
from repeated sampling. Total sample numbers are shown. Dates are represented as
numbers 1 — 5. 1: 20 Feb.’00, 2: 20 May’00, 3: 8 Jul.’00, 4: 24 Oct.’00, 5: 23

Mar.”01. Sectors 1 — 6 were at mid shore.
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percentage of each species over all sectors at Hoffman’s Rocks is shown in Table
5.1B for the combined three dates on which this site was sampled. Table 5.1A
shows that a very high percentage of C. virescens was maintained in each sector at
this site over time. In contrast, the percentage of C. taeniatus remained extremely
low.

Figure 5.2 is a site map of Bauer Street showing the locations of sectors 1 to
10 and their proximity to the storm water drain and to the water’s edge.

Table 5.2A shows the relative abundances of both species arranged by sector
and sampling date. In general, as sectors progressed down the shore, the percentage
of C. taeniatus decreased, while C. virescens increased. In Table 5.2B the overall
percentages of both species at Bauer Street are presented according to five dates on
which this site was sampled.

It can be seen from Tables 5.1B and 5.2B that although the relative
abundances of these species vary from sampling time to sampling time at Bauer
Street, the percentage of C. taeniatus always remains higher there than at
Hoffman’s Rocks.

In Table 5.3, sectors 1 to 5 and 7 (the remaining sectors were already
submerged) are arranged according to their relative position on the shore and the
corresponding salinity of tidepools in each area and in seawater are presented in
parts per thousand (%o). This table shows that those sectors in closest proximity to
the storm water drain have the lowest tidepool salinities. Tidepool salinities tend to

increase with decreasing height on the shore.
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Figure 5.2 Aerial photograph of the Bauer Street site showing the arrangements of

sectors 1 — 9. Arrow indicates storm water drain.
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Relative Abundances (%)

C. taeniatus C. virescens
Sectors 1 2 3 4 5 1 2 3 4 5
1 91.1 100 0914 93.7 979 8.9 0 86 63 21
2 726 198 x 62.4 922 27.3 80.2 x 376 738
3 90.8 97.1 x 891 86.9 9.2 2.9 x 109 131
4 504 971 X 582 619 49.6 2.9 X 418 38.1
5) 371 308 68.2 608 66.1 629 69.2 318 39.2 339
6 33 400 x 503 68.7 96.7 60.0 X 49.7 313
7 594 424 x 485 475 406 57.6 X 51.5 52.5
8 40.5 6.6 794 594 26.5 59.5 934 20.6 40.6 73.5
9 29.2 521 724 146 236 70.8 479 276 854 76.4
B
Survey Dates
1 2 3 4 5

C.t 47.4 38.3 80.6 66.7 61.4
C.v. 52.6 61.7 194 33.3 38.6

n 1119 911 743 2597 1400

Table 5.2 Relative abundances (%) of C. taeniatus and C. virescens at Bauer Street

A: for each sector over the five sampling dates and B: overall, resulting from

repeated sampling. Total sample sizes (n) are given for each sampling date. Dates
are represented as numbers 1-5. 1. 20 Feb.’00, 2: 20 May’00, 3: 8 Jul.’00, 4: 24
Oct.’00, 5: 23 Mar.’01. x: data unavailable. Sectors 1 — 4 were at high shore,

sectors 5 — 8 were at mid shore and sector 9 was at low shore.
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Sector Shore Position Salinity (%o)

4" High Shore 2.0

3 High Shore 6.0,11.0, 13.0
1 Mid Shore 25.0

2! Mid Shore 2.0,11.0

5 Mid Shore 24.0, 25.0

7 Mid Shore 10.0, 25.0
Seawater 35.5

Table 5.3 Salinity measurements for sectors 3 to 9 and position on the shore at
Bauer Street on March 20, 2001. t: indicates sectors in close proximity to the storm

water drain at this site (Kay and Coates, unpublished data).
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5.3.2 Geographical (Large Scale) Distribution
5.3.2.1 Coastal Survey

In Figure 5.3, the area covered by the coastal survey is shown.

Table 5.4 presents the site number and name, latitude and longitude and the
relative abundances of C. taeniatus, C. virescens, other species and empty
gastropod shells for all survey sites along the coast of Queensland. At some sites,
searches did not reveal the presence of any hermit crabs. Populations of other
species were prevalent along the Queensland coast and in many localities were
sympatric with C. taeniatus, C. virescens, or both.

Figure 5.4A shows that at seven of the 12 sites where C. taeniatus occurred
together with other species, the other species accounted for 20% or more of the total
hermit crab population. At 10 of the 12 sites where C. taeniatus was found with
other species, empty shells accounted for 10% or more of the total relative
abundance.

At sites where C. virescens was found with other species (Figure 5.4B), only
two of 12 sites had a relative abundance of other hermit crabs of 20% or more.
Empty shells had a relative abundance of 10% or more at only one of 12 sites where
C. virescens were found with other hermit crab species.

In Table 5.5, three main patterns of distribution can be detected: 1) where C.
taeniatus was found in the absence of C. virescens, or with other species (refer to
footnote, Section 5.2.3.1, page 157), it tended to be present over the entire
intertidal; 2) where C. virescens was found in the absence of C. taeniatus or with

other species, it also tended to be present over the entire intertidal, and 3) where
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Figure 5.3 The rocky shore area of Queensland covered by the coastal survey. Inset

shows the geographical location of this coastal region.
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Relative Abundance (%)

167

Site Number Site Name Latitude, Longitude  C. taeniatus  C. virescens Other Species Empty Shells
32 Woody Point (Redcliffe) S27°15.8’, E153°06.3’ 17.6 0 56.2 26.1
31 S. Scott Point (Redcliffe) S27°15.3’, E153°06.6° 49.1 0 48.0 2.9
74 Osbourne Point S27°14.9’, E153°06.9’ ? 0 ? ?
34 Wickham Point $26°48.2’, E153°08.8’ 0 99.3 0.7 0
33  Moffat Head S26°47.5’, E153°08.9’ 0.6 99.1 0.3 0
30 Point Cartwright S26°40.7’, E153°08.3’ 0 90.0 0.4 9.6
29  Alexandra Headlands (Mid)  S26°40.3’, E153°06.6’ 0 87.8 2.1 10.1
28 N. Alexandra Headlands S26°40.1°, E153°06.5’ 0 0 0 0
27  Point Arkwright S26°32.9’, E153°06.1° 0 0 0
25  S. Paradise Caves $26°23.7°, E153°07.0° 0 0 0
24  Tea Tree Bay S26°22.8°, E153°06.2° 0 0 0
22  S. Little Cove S26°23.0’, E153°05.7° 0 0 0
23 N. Little Cove S26°22.9’, E153°05.8’ 0 0 0
49  Double Island Point S25°56.2’, E153°11.3’ 0 1.6 56.5
48  Rainbow Beach S25°54.1°, E153°05.6° 0 0 0

Table 5.4 Coastal survey sites organised from the southernmost site (Woody Point) to the northernmost site (Cape Kimberley).
Site number, site name, latitude, longitude and the relative abundances of C. taeniatus, C. virescens, other hermit crab species

and empty shells are provided. ?: no data collected.





