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Summary

Water permeability [based on the half-time of exchange of body water with the
environment (7\/2)] of the upper estuarine prawn Palaemon longirostris was
measured in a range of salinities at 4, 12 and 20°C. Prawns acclimated for 7 days
were compared with prawns exposed to acute salinity changes. Acclimation to low
salinity and low temperature caused a significant reduction in permeability.
Transfer of prawns from 34 to 0.5 %o had no immediate effect on permeability;
however, transfer from 0.5 to 34 %o caused an immediate significant rise in
permeability. Heart rate of P. longirostris acclimated to 0.5 and 34 %o at 4, 12 and
20°C was unaffected by salinity, but was significantly reduced at low temperature.

The permeabilities of three other prawn species (Palaemonetes varians, Cran-
gon crangon and Palaemon elegans), which have different horizontal distributions
in estuaries and different salinity tolerance ranges, were also studied and
compared with the values obtained for P. longirostris. P. varians and C. crangon
showed significantly reduced permeabilities at low compared with high salinities;
however, the permeability of P. elegans was unchanged at the two salinities used
for this species (22 and 34 %o). At each experimental salinity, permeabilities
followed the sequence: P. longirostris<P. varians<C. crangon<P. elegans.
Results show that reduction of permeability is an important physiological
adaptation to life in dilute saline regions and may be involved in separating species
with overlapping salinity tolerance ranges.

Introduction

Crustaceans living in hypo-osmotic environments lose salts and gain water, but
have physiological mechanisms that compensate for these exchanges and maintain
hyperosmotic body fluids (Gilles, 1975; Kirschner, 1979; Mantel and Farmer, 1983;
Greenaway, 1979; Spaargaren, 1979). Rates of water gain and salt loss may be
limited by lowering the permeability of the body surface (Lockwood, 1976), and
there is a general trend amongst crustaceans of a less permeable body surface as
the osmotic gradient between the body fluids and the external medium increases
(Potts and Parry, 1964; Rudy, 1967; Bolt, 1983, 1989). Indeed, reduction of
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surface permeability is considered to be a major adaptation to life away from the
sea. Animals living under conditions of fluctuating salinity would also clearly
benefit from an ability to alter surface permeability, and such flexibility would
require a mechanism sensitive to the concentration between the blood and the
external medium (Bolt, 1983). Examples of euryhaline crustaceans with this ability
are limited but include the crabs Carcinus maenas (Smith, 1970), Rhithropanopeus
harrisi (Smith, 1967) and Hemigrapsus nudus (Smith and Rudy, 1972) and the
amphipods Gammarus duebeni (Lockwood and Inman, 1973; Bolt et al. 1980;
Bolt, 1983) and Corophium volutator (Taylor, 1985).

Palaemon longirostris (Milne Edwards) occupies the upper, dilute saline regions
of large river estuaries (Smaldon, 1979). It has a salinity tolerance range between
0.5 and 43 %o (Campbell and Jones, 1990) and maintains almost constant
haemolymph osmotic and ionic concentrations over this wide salinity range
(Campbell and Jones, 1989a,b). The present study investigates the changes in
water permeability of P. longirostris acclimated to different salinities and exposed
to sudden salinity change. Since temperature affects the osmotic and ionic
regulation of P. longirostris (Campbell and Jones, 1989a,b), the influence of
temperature on the water permeability of P. longirostris is reported also. The
permeabilities of three other prawn species [Palaemonetes varians (Leach),
Crangon crangon (Linnaeus) and Palaemon elegans (Rathke)] were studied and
compared with the observations on P. longirostris. All are euryhaline but they
have different salinity tolerance ranges and habitats. P. varians occurs in brackish-
water pools indirectly connected to the sea and tolerates salinities between 1 and
30 %o (Hagerman and Uglow, 1983). C. crangon occupies the lower reaches of
estuaries and tolerates salinities between 5 and 39 %o (Broekema, 1941). P. elegans
is essentially an intertidal species and has a salinity tolerance range between 5 and
45 %o (Ramirez de Isla Hernandez and Taylor, 1985).

Materials and methods

Animal husbandry

All these prawn species occur within the River Tamar Estuary, Plymouth, but in
different regions. Palaemon longirostris were collected from the upper reaches at
Calstock, Crangon crangon from the lower reaches at Cargreen and Palaemonetes
varians from brackish-water pools at St Johns Lake. Palaemon elegans occurs
around the estuary mouth but, as access to suitable sites was limited, prawns were
taken from intertidal rockpools at Wembury. They were hand-netted at low tide
and transported back to the laboratory in habitat water. They were maintained in
plastic aquaria supplied with continuously flowing sea water (salinity 34 %o;
temperature 12°C) and fed once a week on mussel (Mytilus edulis L.) or fish
(Gadus sp.). For each species, 10 intermoult prawns of carapace length 18-24 mm
(measured from rostral tip to posterior carapace edge) were acclimated for 7 days
to an experimental salinity at 4,12 or 20°C (to ±1°C) (temperature was controlled
with the use of constant-temperature water baths). Prawns were held in plastS
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aquaria (501) supplied with continuously aerated, recycled water at the appropri-
ate salinity and temperature. They were subjected to a 12h light: 12h dark cycle,
and were not fed for 3 days prior to or during the experiments.

Steady-state salinity experiments

Permeability was determined by measuring the time taken for half the body
water to exchange with the external medium (7\/2), using tritiated water (THO) as
a tracer (Lockwood et al. 1973). This method of determining water permeability
has certain limitations since it does not take into account either boundary layer
resistance (both inside and outside the animal) or bulk flow through pores
(Lockwood et al. 1973). For these reasons, the term 'apparent water permeability'
(AWP) is used when referring to permeability determined by the THO outflux
technique (Smith, 1967). Tests by Bolt (1983), however, have shown that
measurements of 7\/2 using THO were comparable to those based on direct urine
measurements, suggesting that changes in water permeability using THO as a
marker do reflect real changes in the water permeability of an animal.

Water permeability of Palaemon longirostris was measured at 12°C in 0.5, 7.0,
22.0, 34.0 and 43.0 %o, and at 4 and 20°C in 0.5 and 34 %o. Water permeability was
also determined at 12 °C for Palaemonetes varians in 0.5 and 34 %o, Crangon
crangon in 7, 22 and 34 %o and Palaemon elegans in 22 and 34 %o.

Prawns were transferred from the acclimation aquaria to screw-top glass jars
containing 250 ml of THO (50 (id ml"1) of the same salinity and temperature as in
the acclimation medium and left to load for a minimum period of 5 h. They were
then removed and thoroughly rinsed with 600 ml of water of the appropriate
salinity and temperature. Prawns were subsequently blotted dry with absorbent
tissue and transferred to a blank unloading medium containing 250 ml of water at
the same salinity and temperature as the loading medium. This unloading medium
was contained within screw-top jars to prevent any exchange of THO with water
vapour in the air. The time of immersion in the unloading medium was noted and
100/il samples were taken 2, 4, 8, 16, 32 and 64min after immersion (Ct). The
samples were placed into 4 ml of a liquid scintillation cocktail (cocktail 'Ex'
Scintran, BDH) and counted using a liquid scintillation counter (Philips, model
PW4700). Tests by Lockwood et al. (1973) showed that quenching of the counts
due to differences in the salinity of the external medium were negligible. The last
sample was taken when the THO in the animal was in equilibrium with the
external medium (C=c) and this is equivalent to more than 10x7\/2. log(Co<, — Ct)
was plotted against time and, if the permeability was constant throughout the
experiment, the result was a straight line. Using a regression line fitted to the data,
the time taken for half the body water to be exchanged with the external medium
(7\/2) was calculated by taking the x value of the y point corresponding to
logCoo-log2. The correlation coefficient of the straight line was generally greater
tfian 0.98, so only two C, values needed to be taken at a time close to that of the
Ti/2 to fit a regression line to the data. This short cut, however, could only be
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taken when the approximate 7\/2 was known (e.g. when experiments were
replicated for prawns at the same salinity/temperature combination).

Sudden salinity transfer

Changes in permeability of Palaemon longirostris acclimated for 7 days to 34 and
0.5 %o, and transferred directly to 0.5 and 34 %o, respectively, were measured in 10
prawns at 12°C. Water permeability was determined by measuring the 7\/2 for
THO ourflux using the same method as described in the previous section, except
that prawns loaded in 34 %o were unloaded in 0.5 %o and vice versa.

Heart rate in Palaemon longirostris

The heart rates of five prawns acclimated to each combination of salinity (0.5
and 34 %o) and temperature (4, 12 and 20 °C) were measured using an impedance
technique (Johnson, 1985). Two impedance pneumograph transducers (Classic
H7, Scientific Instruments Centre) were coupled to a two-channel oscillograph
(George Washington Ltd). A small pin (recording) electrode was implanted close
to the pericardium and a large common earth electrode was placed in the tank
containing the prawn; both electrodes were connected to a single transducer. The
pneumograph produced a small oscillating current between the two electrodes,
and any movements occurring close to the pin electrode (e.g. heart beat) were
detected, filtered and amplified. The output of each transducer was recorded on a
chart recorder, so that a quantitative analysis of the heart rate could be carried
out.

For each prawn, the carapace was dried thoroughly with absorbent tissue and
the recording electrode (made from 0.25 mm plastic-coated miniature solid wire,
which had the last 4 mm bared and bent through 180°) was inserted between the
carapace and the first abdominal segment. Care was taken not to puncture the
arthrodial membrane and the electrode was placed close to the pericardium. The
wire attached to the electrode was bent back and anchored to the carapace using a
combination of super glue and a low melting point wax. Animals were returned to
the aquarium as soon as the wax had dried. This technique was based on that
originally described by Dyer and Uglow (1977).

Prawns with attached electrodes were separated by plastic dividers and held at
the appropriate salinity in covered plastic aerated aquaria (volume=2.51).
Aquaria were covered to prevent any shadow stimulating heart rate. After
electrode attachment, the prawns were left to recover for 24 h before readings
were taken, thereby enabling the heart rate to return to a non-stressed level
(Cumbridge and Uglow, 1977). A recording of heart rate from each prawn was
taken for approximately 2min.

Statistical analysis

Statistical analyses of the data were carried out using Student's Mests and
analysis of variance (ANOVA).
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Results

Apparent water permeability in Palaemon longirostris

Acclimated animals

The apparent water permeability (AWP) of Palaemon longirostris was corre-
lated directly with salinity and decreased (as indicated by a rise in the Tx/2 of
exchange) as the salinity of the external medium was lowered (Table 1). ANOVA
showed that this salinity effect on AWP was significant (P<0.001).

Sudden salinity change

Prawns acclimated for 7 days to 0.5 %o and then transferred directly to 34 %o
showed a significant rise (P<0.001) in AWP (reduction of Ti/2) after salinity
transfer compared with acclimated animals (Fig. 1). The AWP for prawns
acclimated to 34 %o and transferred to 0.5 %o, however, was not significantly
different (P>0.05) from that of prawns acclimated to 34 %o for 7 days (Fig. 1).
Interestingly, the 7\/2 of exchange for prawns transferred from 34 to 0.5 %o was
significantly lower (P<0.001) than the 7\/2 of exchange for prawns acclimated for
7 days to 0.5 %o, indicating that acclimation time plays an important role in the
reduction of apparent permeability to water of P. longirostris at low salinities. In
contrast, the Tl/2 of exchange for prawns transferred directly from 0.5 to 34 %o was
not significantly different from the 7\/2 of exchange for prawns acclimated for

70-

60-

50-

40-

30-

20-

10-

! •

111

i n

$

Hi

Si

Salinity (%c)

Fig. 1. Comparison of apparent permeability to water (Ti/2) of Palaemon longirostris
acclimated for 7 days at 0.5 or 34 %o (clear histograms) with that of individuals
measured immediately after salinity transfer (shaded histograms) at 12°C. Mean±s.D.
(N=W).
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Fig. 2. Effect of temperature on the apparent permeability to water ( T ^ ) of
Palaemon longirostris acclimated to 0.5 %o ( • ) or 34%o (A). Mean±s.D. (#=10).

7 days to 34 %o (P>0.05). Thus, acclimation time appears not to affect the AWP in
P. longirostris at high salinities.

Temperature effects on apparent permeability to water

Values of 7\/2 forvPalaemon longirostris acclimated to 0.5 and 34 %o at each
experimental temperature are shown in Fig. 2. A decrease in temperature resulted
in a significant drop in AWP at each salinity (P<0.001). The relative magnitudes of
the temperature-related changes in AWP were compared by calculating the Q10

values at each salinity. The Q10 values were almost identical at 0.5 %o (1.54) and
34%o (1.56).

Net osmotic flow in whole organisms

The net osmotic fluxes were calculated from the 7\/2 of exchange and the
osmotic concentrations of the haemolymph and the external medium. Net water
movements (expressed as a percentage of body water exchanged per minute) were
calculated from the following equation (Lockwood and Inman, 1973):

F=100( ln2/ r 1 / 2 ) , (1)

where F is the water flux. Net osmotic water flow (Os) was determined from the
water flux data and was based on the difference in the mole fraction of water in the
medium and haemolymph of the animal:

Os = (Mm-MjMm)F, (2)

where Mm is the mole fraction of water in the external medium and Ma is the mole
fraction of water in the haemolymph. The mole fraction of the blood and the
external medium is 55.56/(55.56+L), where L is the osmolal concentration of the
medium or haemolymph between 0 and 1.

The calculated net fluxes for Palaemon longirostris, Palaemonetes varians,
Crangon crangon and Palaemon elegans over a range of salinities at 12 °C are
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shown in Table 1. Palaemon longirostris maintained a net water flux of approxi-
mately 15% body water day"1 when acclimated to salinities of 0.5, 7 and 34 %o;
when prawns were isosmotic with the external medium (22 %o), net water fluxes
were reduced to almost zero. The other prawns showed similar values of net water
fluxes, although C. crangon had a relatively low exchange in 34 %o (Table 1).

Heart rate in Palaemon longirostris

To investigate whether the changes in AWP of Palaemon longirostris at low
salinities were real body surface permeability changes or water flux variations
caused by changes in the surface area over which water movement occurred (i.e.
circulatory variations caused by changes in heart rate), the heart rate was
measured in prawns acclimated to 0.5 and 34 %o at 4,12 and 20°C (Fig. 3). At each
temperature, there was no significant change in heart rate between prawns in the
two salinities (P>0.05).

Apparent water permeability in estuarine prawns

Palaemonetes varians showed a significant reduction of AWP (increase in rly/2)
at 0.5 compared with 34 %o (F<0.05) (Fig. 4). The AWP of Crangon crangon also
showed a significant reduction at low salinities (P<0.01). For Palaemon elegans,
there was no significant change in AWP between the two salinities used (34 and
22 %o) (Fig. 4); however, there was no major change in AWP for any prawn species
between these two salinities.

Comparison of the AWPs of Palaemon longirostris with those of the other prawn
species revealed interesting differences (Fig. 4). At 0.5 %o, P. longirostris showed a
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Fig. 3. Effect of salinity and temperature on the heart rate of Palaemon longirostris at
0.5 and 34%o. Mean±s.D. (W=5).
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Fig. 4. Apparent permeability to water (7i/2) in relation to habitat salinity of
Palaemon longirostris, Palaemonetes varians, Crangon crangon and Palaemon elegans
exposed to different salinities at 12°C. Mean±s.D. (N=10).

significantly lower AWP than P. varians (P<0.001). Similarly at 7%o, P.
longirostris has a significantly lower AWP than C. crangon (P<0.05). At 22 %o, the
AWPs were in the order P. longirostris<C. crangon<P. elegans (P<0.001). At
34 %o, the AWPs were in the order P. longirostris<P. varians<C. crangon<P.
elegans (P<0.001). Thus, at each salinity, Palaemon longirostris had the lowest
AWP, Palaemonetes varians had a lower AWP than Crangon crangon, and
Palaemon elegans had the highest AWP.

Discussion

Of the prawn species studied here, Palaemon longirostris, Crangon crangon and
Palaemonetes varians were able to reduce their AWPs when acclimated to dilute
sea water. Shaner et al. (1985) reported a similar reduction in AWP at low salinity
(5 % sea water) for the estuarine prawn Crangon fransiscorum. The findings for
P. varians, however, contradict earlier work, as both Parry (1955) and Rudy
(1967) reported that this species did not alter its AWP as the concentration of the
external medium was changed. This apparent anomaly may be explained by
differences related to acclimatization of geographically separated populations to
the salinity conditions of their specific habitat (Shaner et al. 1985). P. varians used
in this study occupied regions characterized by extreme fluctuations in salinity (i.e.
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conditions varying from fresh water to marine, depending on the state of the tide),
whereas the study populations used by Rudy (1967) and Parry (1955) may have
occupied regions characterized by smaller tidal variations in salinity. The results of
this study, and those of Shaner et al. (1985), strongly suggest that a reduction of
AWP at low salinity is a response that may be typical of estuarine and brackish-
water prawns. This is not surprising, as such prawns often experience considerable
periods in dilute saline waters. Animals living under dilute saline conditions gain
water primarily by osmotic uptake. Expulsion of this water takes place mainly in
the form of urine production, which also involves ion loss to the environment.
Reduction of the AWP decreases osmotic entry of water, which in turn reduces
urine production and ion loss to the environment (Kirschner, 1979). Reduction of
AWP is regarded as a significant physiological adaptation to life in low-salinity
environments, as it effectively reduces the energy required to maintain stable
blood ionic concentrations by active ion uptake. It has also been postulated that
maintenance of a comparatively high AWP at high salinities is also adaptive for
such estuarine crustaceans, since maximization of water gain across the integu-
ment ensures sufficient urine for excretory purposes (Lockwood and Inman,
1973).

Cornell (1973) suggested that a drop in heart rate at low salinities may account
for the associated drop in AWP of a species. For Palaemon longirostris, however,
salinity had no significant effect on heart rate, and this is consistent with other
studies with the freshwater prawn Palaemon adspersus (Hagerman and Uglow,
1979), the shore crab Carcinus maenas (Hume and Berlind, 1976) and the
euryhaline amphipod Gammarus duebeni (Bolt et al. 1980). Thus, the salinity-
induced changes in AWP of P. longirostris and other estuarine crustaceans appear
to reflect real changes in integumental permeability.

The net water fluxes calculated for P. longirostris (15 % body water day"1) were
similar to those calculated for the other euryhaline prawns Palaemonetes varians,
Crangon crangon and Palaemon elegans (Table 1). However, P. longirostris was
able to maintain higher osmotic gradients between its blood and the external
medium than the other species for a similar net water flux (Table 1). For example,
when P. longirostris and P. varians were acclimated to 0.5 %o, P. longirostris was
able to maintain a net water flux almost identical to that of P. varians, even though
the osmotic gradient between its blood and the external medium was 100 mosmol
kg"1 larger than that for P. varians (Table 1). Net water fluxes of comparable
magnitude (20.5% body water day"1) have been reported for another estuarine
prawn, Crangon fransiscorum (Shaner et al. 1985). Thus, one very important
adaptation possessed by estuarine prawns is an ability to maintain a relatively low
net water flux, even when experiencing a large osmotic gradient between the blood
and the external medium.

When prawns are hyperosmotic to the external medium, the calculated net
water fluxes have been taken to represent a minimum estimate of urinary flow
rates. Estimates of urine production in Palaemonetes varians and Palaemont
elegans were comparable with those obtained for the same species by Parry (1955)
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using direct cannulation of the excretory pore (Table 1). The urine flow rate
obtained by Parry (1955) for Palaemon longirostris acclimated to 7 % sea water,
however, was three times larger than the urine flow rate predicted in this study
(Table 1).

The finding that the AWP of Palaemon longirostris increased following transfer
from 0.5 to 34 %o, while the blood osmotic concentration remained almost
unchanged (Campbell and Jones, 1989a), suggests that strong ionic regulation
(Campbell and Jones, 19896) may be more important than permeability to water in
maintaining constant blood osmolalities at high salinities. Prawns acclimated to
34 %o and transferred to 0.5%o showed no immediate change in AWP. Acclimation
to 0.5 %o for 7 days, however, resulted in a lowering of the AWP. The estuarine
amphipod Corophium volutator (Taylor, 1985) and the estuarine prawn Crangon
fransiscorum (Shaner et al. 1985) showed similar reductions in AWP following
transfer to dilute salinity, but after 5-6 weeks for the amphipod and 7 days for the
prawn. The unchanged AWP for P. longirostris after transfer from 34 to 0.5 %o was
accompanied by an initial large drop in blood osmolality (Campbell and Jones,
1989a). The corresponding reduction in AWP that occurred during the next 7 days
was also accompanied by a gradual rise in blood osmolality to a new steady state
(Campbell and Jones, 1989a). Hence, ionic regulation alone is not responsible for
the maintenance of a large osmotic gradient between the blood and the external
medium in P. longirostris acclimated to very low salinities. A reduction in AWP
thus seems to play an important role in the osmoregulation of P. longirostris at low
salinities. Although these AWP changes occurred too slowly to be effective within
a tidal cycle, they would be of considerable advantage to Palaemon longirostris,
which lives predominantly in dilute saline regions of estuaries.

The effect of temperature on AWP has been little studied in crustaceans, and
the limited data available suggest that AWP is lowered by a reduction in
temperature (Smith and Rudy, 1972; Hannan and Evans, 1973; Tun, 1975). The
magnitude of the temperature effect on permeability can be quantified by
calculating the Cho- Smith and Rudy (1972) reported Q10 values (between 10 and
20°C) of 1.51 and 1.63 for the estuarine crab Hemigrapsus nudus acclimated to
95 % and 60 % sea water, respectively. Results of this study reported a mean Q10

value of 1.55 for Palaemon longirostris acclimated to 34 %o and 1.53 for prawns
acclimated to 0.5 %o. Tun (1975) reported Qio values (between 4 and 14°C) for
Palaemonetes varians of 1.57 for prawns acclimated to 100% sea water and 1.60
for those acclimated to 2% sea water. Q10 values for P. varians over a higher
temperature range (14-24°C) increased to 2.11 in prawns acclimated to 100 % sea
water and to 2.04 in prawns acclimated to 2% sea water (Tun, 1975). Over the
same temperature range (between 14 and 24°C), Qi0 values for the semi-terrestrial
crab Uca pugilator were 2.10 for crabs acclimated to 100 % sea water and 1.73 for
crabs acclimated to 3 % sea water (Hannan and Evans, 1973). Therefore, changes
at high water temperature appear to have a more pronounced effect on AWP than

ranges at low water temperature.
The temperature-induced changes in AWP for Palaemon longirostris were
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correlated with temperature-induced changes in heart rate. At low temperature, a
drop in heart rate occurred which implied a reduction in the blood flow through
the gills. Such a reduction in gill blood flow would effectively reduce the surface
area to volume ratio available for water exchange across the gills and would
explain the associated drop in AWP. Although these temperature-induced
changes in AWP do not represent real hydraulic changes in cuticular permeability,
the resulting effect is a drop in the permeability to water of the animal, which still
has biological significance for the energetics of the animal (Lockwood et al. 1982).

In general, AWP varies among different groups of aquatic crustaceans and is
correlated with habitat. Rudy (1967) showed that the marine swimming crab
Macropipus depurator (acclimated to 100% sea water) was three times more
permeable to water than the intertidal shore crab Carcinus maenas, and that
C. maenas (when acclimated to 40 % sea water) was three times more permeable
to water than the freshwater crayfish Astacus fluviatilis (acclimated to fresh water).
Similarly, Bolt (1983) showed that the extremely euryhaline amphipod Gammarus
duebeni, which often occupies very dilute saline habitats, possessed a lower AWP
than the intertidal amphipods Chaetogammarus marinus and Gammarus locusta.
Reduction of the AWP of animals inhabiting less saline areas is a useful
physiological adaptation, as it effectively reduces the osmotic work load on such
animals. Present results show a clear relationship between habitat salinity and the
relative AWP for the prawns Palaemon longirostris, Palaemonetes varians,
Crangon crangon and Palaemon elegans. Hence, Palaemon longirostris, which
lives in the most dilute saline regions of estuaries (almost fresh water), showed the
lowest AWP at all salinities. Palaemonetes varians, which inhabits brackish-water
pools indirectly connected to the sea, showed a higher AWP than P. longirostris
but a lower AWP than C. crangon, which occupies the lower regions of estuaries.
The most marine species, Palaemon elegans, which occurs typically in intertidal
rock pools, showed the highest AWP at each salinity tested.

These observations suggest that permeability to water may be one of the
determining factors separating species that possess overlapping salinity tolerance
ranges. The data also support the theory that one of the major physiological
adaptations to life in very dilute saline environments is reduction of water
permeability (Lockwood, 1976; Greenaway, 1979; Vernberg and Vernberg, 1983).
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