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ABSTRACT: The response of the intertidal prawn Palaemon elegans to changes in environmental 
temperature was investigated in intermoult individuals weighing between 0.90 and 1 .lO g. Laboratory 
simulation experiments (temperature range 5 to 25 'C) gave Qin values for heart rate significantly less 
than 2. This is considered to be indicative of a degree of temperature independence in this species. At 
the acclimation temperature, the heart beat of Palaemon elegans frequently exhibited periods of 
cardiac arrest (pauses) not apparent if the prawn were in any way disturbed. The validity of extrapolat- 
ing from these results to the naturai habitat was tested by monitoring in-situ heart rates simultaneously 
with temperature and oxygen tension of the rock pool water from March to September 1982 using a 
purpose-built, microprocessor-based data logger. Environmental temperature during this period 
ranged from 6 to 25 'C [annual range of - 1 to 25 O C ) ,  Field measurements made under conditions of 
naturally varying oxygen tension indicate a mean Qm value greater than 2 and significantly different 
from the values obtained over the same temperature range in the laboratory. Environmental oxygen 
tension would appear to influence heart rate to a very much smaller extent than temperature. The study 
concludes that effects other than those produced by the physico-chemical environment of the poois 
result in P. elegans having a higher level of activity than is exhibited in the laboratory under a similar 
temperature regime The contribution of behavioural demands to the net physiological response, 
apparently suppressing beneficial adaptations to a thermally variable environment, are assessed from 
field recordings. It i s  suggested that similar techniques should be used to validate data from other 
simulation experiments. 

INTRODUCTION 

Temperature and oxygen tension (Po2) (together 
with pH) have been identified as the 2 physical factors 
showing the greatest variation in temperate intertidal 
rock pools (Truchot and Duhamel-Jouve, 1980; Morris 
and Taylor, 1983). These factors are therefore likely to 
have the greatest effect on the physiology of the ani- 
mals inhabiting these pools. The physiological irnport- 
ance of these factors in the marine environment has 
been discussed by  several authors, e.g. Kinne (1964, 
1970), Precht (19731, Prosser (19?3), Newel3 (1979), 
Newell and Branch (1980). The prawn Palaemon ele- 
gans (Rathke) is a common inhabitant of intertidal rock 
pools in temperate regions. It occurs in pools high on 
the shore throughout the year (Morris, 1983) and has 
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had to become adapted to the extreme fluctuations in 
environmental conditions which characterize this 
habitat. The especially demanding nature of this 
habitat could be expected to have resulted in specific 
adaptations by the pool inhabitants. 

As part of a wider study of the physiological adapta- 
tions of Palaemon elegans (Morris, 1983; Bridges et al., 
1984; Morris et al., 1984; Morris and Taylor, in prep.), 
this study considers the response of P. elegans to 
environmental temperature changes in both laboratory 
simulations and as they occur in the natural habitat. 
Despite the increased interest in the physiological 
responses of marine animals there have been relatively 
few attempts to monitor these responses in the field 
and investigations of physiological adaptation have 
been largely restricted to simulation studies (see 
review by Davenport, 19821. One notable exception is 
the use of biotelemetry techniques in studies of marine 
and freshwater fish (reviewed by  Stasko and Pincock, 
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1977 and by Priede, 1983). Similar techniques have 
been applied in one study of the heart rate of unre- 
strained crabs in their natural habitat (Bottoms and 
Marlow, 19791, although this study was restricted to 
species large enough to carry the transmitter. 
The necessity of studying unrestrained animals in 

the field is now widely recognised. Inexpensive mi- 
croprocessor technology has given new impetus to 
such investigations. One of the earliest attempts at 
measuring physiological changes in marine animals in 
the field was that of Tmernan (1967) who used a mobile 
laboratory for studying bivalve molluscs. In later 
studies this was subsequently refined (Truemann et. 
al., 1973) but Coleman (1974) points out that until this 
time, the few field studies carried out had been con- 
ducted on molluscs and barnacles, essentially seden- 
tary animals. Progress in improving in sjtu monitoring 
techniques has been more rapid in studies of another 
group of sedentary animals, the corals, A progression 
from in situ chart recordings (Svoboda, 1978) to the use 
of commercial data logging systems (Porter, 1980) has 
culminated in the use of purpose-built, programmable, 
microprocessor-based data aquisiiion systems (Lui and 
Davies, 1982; Pearson et al., 1984). A semi-program- 
mable system was first used to study errant species by 
AIdrich (1979) who examined the respiratory responses 
of Carcinus maenas within submerged respirorneters. 
The study reported here represents the first application 
of data logging systems to the study of small, mobile 
animals in their natural habitat. This study, as well as 
demonstrating the application of new technology, also 
allows the data obtained from controlled laboratory 
investigations to be assessed with respect to the phy- 
siological responses recorded in the field. 

MATERIALS AND METHODS 

Laboratory Investigations 

Palaemon elegans weighing between 0.90 and 1.10 g 
were collected from intertidal rock pools on the Isle of 
Cumbrae, Firth of Clyde, Scotland. The experimental 
prawns were maintained in large aquaria (45 1) sup- 
plied by a recirculating seawater system in which the 
water temperature was maintained at 10 OC + 1 Co and 
at a salinity of 32 %. The aquaria contained stones 
taken from the shore, under which the prawns could 
retreat, to help to reduce cannibalism sometimes 
observed with high stocking levels. Prawns were 
maintained under a 12/12 light-dark regime and fed 
weekly on fresh mussels, Mytilus edulis, until 2 wk 
prior to experiments. Only intermoult individuals were 
used in these experiments, the stock being checked 
daily and the recently moulted prawns isolated for 1 

wk. The only exception to these procedures was the 
use of freshly collected prawns for investigations of 
endogenous heart-beat rhythms. 

Recordings of the heart rate of Palaemon elegans 
were made using a modification of the impedance 
technique used by Spaargaren (1973) and by Dyer 
and Uglow (1977). A single silver electrode (diam = 

0.05 mm, Clark Electromedical, Reading, England) 
was implanted in the pericardium of the prawn via a 
small hole drilled in the carapace immediately dorsal 
to the heart using a fine hypodermic needle (26 g). The 
underlying hypodermis and pericardial membrane 
were penetrated by the electrode insertion. The elec- 
trode was fixed in place using quick setting cyano- 
acrylate adhesive, the setting time of which was 
reduced to less than 3 s by using methyl methacrylate 
as an accelerator. 
The silver electrode had been previously soldered to 

polyurethane coated copper wire (diam = 0.125 mm, 
R. S. Components Ltd,, London) which was extremely 
light and flexible and offered minimal resistance to the 
prawn's movement. All submerged connections were 
insulated using a thin coating of adhesive, A second 
external electrode was wound around the copper lead 
of the first, indwelling electrode, immediately above 
the point of entry into the carapace. This arrangement 
maintained the geometry of the electrodes and was 
thus insensitive to movement of prawn. Signal noise 
was further reduced by making the external electrode 
approximately 10 times larger than the internal elec- 
trode. The prepared specimen was then installed in a 
25 1 aquarium tank and allowed to acclimatise to 
experimental conditions, with the exception of those 
prawns used in investigations of endogenous rhythms. 
For the latter studies, freshly collected individuals 
were prepared and recordings initiated within 4 h. 
Experimental animals were kept either under a 12/12 
1ight:dark cycle or in continuous darkness in the 
aquarium and recordings made throughout the next 2 
to 5 d. In all laboratory determinations oxygen tension 
of the water was kept at norrnoxic levels by an air line 
secured in a corner of each tank by a perforated parti- 
tion. 

Changes in impedance signal were recorded using a 
George Washington impedance pneumograph and pen 
recorder. Heart rate recording commenced imrnedi- 
ately after the insertion of the electrode to determine 
the maximum heart rate, and then at 15 min intervals 
over a period of 4 to 8 h to establish when a quiescent 
rate was achieved, before the experiment was initi- 
ated. The acute response of heart rate to temperature 
change with the range 5 to 25 OC was measured in 
prawns (n > 35) acclimated to 10 'C as previously 
described. The Qin value for the appropriate tempera- 
ture change was then calculated, as a measure of 
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temperature sensitivity, from the steady state record- 
ings made before and after the acute response to the 
change in water temperature. 

Field recordings 

Simultaneous recordings of the heart rate of 
Palaemon elegans and of the temperature and POy of 
the water were carried out in rock pools in the interti- 
dal zone of Great Cumbrae Island. The pools chosen 
were inhabited by P. slogans, situated at 2.4 and 2.9 m 
above chart datum, and just covered by neap tides. 
Recordings were made using a microprocessor-based 
data logging system (Fig. 1). T h i s  portable system was 
developed as a modification of the system employed by 
Pearson et al. (1984) and powered by two 15 ampere 12 
V accumulators capable of supplying power to the 
system for up to 5 d. 

Sensors: physical 

Temperature was recorded using a temperature sen- 
sitive integrated circuit (R. S. Components, London) 
embedded in a water-proof perspex tube (diam = 0.5 
cm). Calibration in the range 0 to 30 'C gave a sensitiv- 
ity > 0.01 Ca. Measurements of oxygen tension in the 
pools were made using a microcathode oxygen elec- 
trode (Radiometer E 5046, Copenhagen. Denmark). 
This electrode has a low rate of oxygen consumption; 
therefore stirring of the water in order to avoid local 
Po, gradients in the still water of pools was not neces- 
sary (Morris and Taylor, 1983). The electrode was cali- 
brated in air immediately before immersion, Calibra- 
tion in the range 0 to 500 Torr gave a sensitivity 
> 0.5 Ton. The electrode was fitted with a perforated 
plastic guard to protect the membrane but did not 
restrict the movement of water across the membrane of 
the electrode. The electrode was connected to the 
polarising source and to the data logger by a 30 m 
coaxial cable . 

Heart rate 

Heart rate was monitored using the same arrange- 
ment of electrodes as described for laboratory determi- 
nations. Electrodes were connected to high frequency 
impedance monitors by 30 m lengths of 1 amp cable, 
the connectors being insulated and immobilised 
against the rock surface using modelling clay. 

All prawns were collected in the vicinity of the 
monitoring site and electrode implantation performed 
in the field. Prawns were returned to pools within 45 
min of being captured and recordings were usually 

Fig. I .  Diagram of monitoring system used for collecting data 
on heart rate and physico-chemical parameters in rock pools 

initiated within 2 h of this time. Recordings were 
generally made for periods of 12 to 24 h, but their 
actual duration was dependent on the life-time of the 
polyurethane coating on the copper electrode leads. 

Impedance frequency/voltage convertors were spec- 
ifically designed to operate on the same 12 V power 
source as the data logger. Heart beats detected by  each 
of the 3 impedance circuits were displayed, not by the 
usual pen trace but on serial LED'S (light emitting 
diodes) recording the voltage change associated with 
each heart beat. The impedance signal was converted 
to a digital form by a threshold voltage detector with 
built in hysteresis. This ensured that only true heart 
beats were recorded and that any signal noise was 
ignored. 

Data recording and processing 

The input signal from each sensor was fed into a 
separate comparator circuit identical to that used by 
Pearson et al. (1984). The signal to each of these cir- 
cuits was amplified and then compared with the output 



130 Mar Ecol Frog. Ser 20- 127-136. 1984 

voltage of a counter driven D/A convertor The central 
processing unit (CPU) was an Acorn microcomputer 
utilising a 6502 microprocessor The collected data 
were stored utilising 1.5 K RAM (Random Access 
Memory) and the monitor program in 1 5  K of a 2 K 
EPROM (Eraseable-Programmable Read-only Mem- 
ory). The machine code microcomputer also had a 
hexadecimal keypad for program entry and control 
This allowed both the current readings of the com- 
parator circuits and the recorded values to be dis- 
played for the purposes of calibration and initial evalu- 
ation in the field. 

For this study, the microprocessor unit wasprogram- 
med so that each of the recording channels was moni- 
tored three times at 5 min intervals Each of the 3 
monitoring periods for the heart rate consisted of a 30 s 
counting period The data from each channel were 
then stored and the system powered down to 
economize on battery life, with the exception of the 
data storage memory and the low power quartz crystal 
timer that determined when the system was to be 
powered up After an elapsed time of 100 mm the data 
stored in the memory were transferred to an ordinary 
ferromagnetic cassette tape to provide a permanent 
record 

Recordings were made over 12 and 24 h periods 
during both diurnal and nocturnal tidal cycles from 
March to September 1982. The permanent record on 
tape was then returned to the laboratory for analysis 
Playback via a cassette tape interface into a Commo- 
dore PET 2 microcomputer allowed the data to be 
manipulated using BASIC. The computer was pro- 
grammed to accept the calibration figures for Po2 and 
temperature to enable the actual values to be calcu- 
lated from the data recorded by the logger. The 
decoded values were then stored on mini-disks permit- 
ting access to data at a later date The recorded data 
could then be obtained as a chronological listing or 
could be plotted automatically using a graph plotter 
(Watanabe DIGI-PLOT) 

RESULTS 

Laboratory investigations 

Recordings of heart rate made in the laboratory at 
intervals of 5 to 15 min immediately following inser- 
tion of the pencardial electrode showed an initial ele- 
vated rate followed by a rapid recovery of the quies- 
cent rate within 3 to 4 h (Fig. 2) The pattern of heart 
beat in quiescent prawns maintained at 1O0C was 
normally very regular but occasionally brief periods of 
cardiac arrest were recorded (Fig 3) The duration of 
these cardiac pauses was usually less than 5 s but the 

Hours 

Fig 2 Palaemon eleqans Change in heart rate during a 4 h 
period immediately following electrode insertion in an mdi- 

vidual at 10 Â¡ 

- 
10 S 

Fig 3 Palaemon elegans Heart rate recordings made using 
impedance technique on the same individual as in Fig 2 at 
0 'C The 2 recordmgs (a and b) were made on 2 different 
occasions under normoxic conditions, they demonstrate the 
occurrence of brief periods of cardiac arrest in this species 

frequency of pausing varied considerably between 
individuals and with time This pattern of cardiac 
activity was disrupted at the slightest disturbance of 
the prawn and resulted in the resumption of continu- 
ous heating. For this reason, extensive records of activ- 
ity were not made although it was observed that the 
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prawns moved freely around the aquarium but did not 
spontaneously engage in swimming. 

Circulatory pauses in Palaemon elegans may occur 
as simple cessation of beating followed by the re- 
establishment of normal rates when cardiac activity is 
recommenced [Fig. 3a). Occasionally, however, such 
pauses were succeeded by periods of erratic and often 
high frequency beating before the normal resting rate 
was resumed (Fig. 3b). There was no correlation 
between the 2 types of pausing and the state of the 
prawn since both often occurred in single individuals 
soon after a resting heart rate had been established. 
Quantitative analysis of the amplitude of impedance 
records was not attempted because other authors have 
shown that the amplitude of impedance records may 
not be directly proportional to the amplitude of con- 
traction of the heart (Depledge, 1978). Pausing rep- 
resented the only irregularity in the heart rate of undis- 
turbed prawns and the long-term record of any indi- 
vidual characteristically deviated from the mean rate 
by less than 12 YO. 

Effects of temperature on the rate of heart beat 

The effect of temperature change on heart rate was 
assessed only for Palaemon elegansweighing between 
0.90 and 1.10 g since this represented the smallest size 
which could be used to consistently obtain successful 
electrode implantations. Thus it was not possible to 
obtain a completely accurate estimate of the relation 
between heart rate and body weight. Repeated meas- 
urements of the response to acute temperature change 
were not carried out on individual prawns since a 
'thermal history' could have affected the heart rate 
response to subsequent temperature changes. For 
example, the acute response of heart rate to a tempera- 
ture change from 10 to 20 OC was large but demon- 

Fig.4. Paiaemon elegans. Re- 
sponse of heart rate of 2 indi- 
viduals to sudden changes in 
temperature. The first indi- 
vidual (soiid line) was initially 
exposed to a temperature of 
20 *C for 4 h, at the end of 
which it was exposed to a 
further increase in tempera- 
ture to 25 OC The second indi- 
vidual (broken line) was ex- 
posed to a rapid change in 
temperature for 10 to 25-C 
without preliminary exposure 

to 20 "C 

Table 1. P a l a e m  ekgans. Heart rate QlO values for indi- 
viduals acclimated to 10Â° in the laboratory 

Temperature range for) Qiio 

5-10 1.40 
10-15 1.83 
15-20 1.19 
20-25 1.35 

strated the apparently rapid recovery (4 h) of the rest- 
ing state (Fig. 41. This recovery rate was similar to the 
situation previously described for post-operative indi- 
viduals. A subsequent change from 20 to 25 'C pro- 
duced a further elevation in rate. This was, however, a 
much slower response than that exhibited when the 
temperature was raised directly from 10 to 25 'C. This 
delayed response to subsequent temperature changes 
was observed in a large number of experimental ani- 
mals [n > 30); the extent of the delay was, however, 
extremely variable between individuals. The period of 
the delay could not be correlated with the initial tem- 
perature change or with the size of the subsequent 
temperature step. Because it became apparent that it 
was important to use each prawn only once for these 
experiments, the QW values were calutated from data 
from a number individuals of similar weight (Table 1). 
The prawns used in these determinations exhibited 
very similar rates of heart beat, giving a resting rate at 
10 'C of 96.7 Â 9.1 beats min-I, 

In situ recordings of heart rate, water temperature 
and Poi 

During this study it was possible to carry out a 
number of recordings of the variation in the tempera- 
ture and Po2 of rock pool water and heart rate of 
unrestrained Palaemon elegans, using the data logger 

Hours 
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described above. The normal relation between 
changes in water temperature and Poi described previ- 
ously (Morris and Taylor, 1983) was also recorded in 
this study. The typical annual temperature range for 
these pools was - 1 to 25 OC although after March the 
temperature rarely fell below 6 "C, The lower tempera- 
ture was dictated by that of the water in  the Clyde 
Estuary. 

Heart rate in Palaemon elegans was extremely vari- 
able throughout a diurnal or tidal cycle (Fig, 5 ) .  Indi- 
viduals characteristically exhibited a daily range of 
approximately 50 beats m i n ,  e .g .  50 to 100 beats 
minu'. Maximum rates often approached 200 beats 
min', but periods of cardiac arrest (pausing) were not 
observed during these field measurements. On no 
occasion (n = 26) was the initial rate the maximum 
rate recorded and thus indicated that the prawns 
recovered rapidly from electrode insertion and may 
also be indicative of a high level of routine activity in 

heart rate 
(beats rnin"') 

100 

heart rate 
(beats man") 

1 

this species under field conditions. Actual observations 
of animal activity in the pools was not possible without 
removing or disturbing major areas of algae and thus 
significantly disrupting the environment. Similarly, 
diver observations at high tide always induced the 
animals to swim and were thus of little value. 

Records of temperature (Fig. 5) show the characteris- 
tic pattern whereby the water temperature rises during 
the daylight ebb tide to that of the air but during a 
nocturnal ebb the water temperature declines. On 
those occasions, however, when the air temperature 
differed little from that of the sea, temperature changes 
in the rock pool were observed to be slight and far 
more gradual. These relatively stable water ternpera- 
tures are stilt accompanied by the normal diurnal oscil- 
lation in pool oxygen tension (Fig. 6). These relatively 
slow, oscillatory changes are interrupted by the incom- 
ing tide which can on occasion produce rapid fluctua- 
tions in water temperature. 

Dark --- 

21 02 07 12 17 22 03 

Hours 

Fig. 5. Palaemon elegans. 
Continuous recording of water 
temperature (m) of heart rate 
( * )  over 24 h in a high-level 
rock pool during spring tides. 

(I: immersion, E: emersion) 

Fig. 6. Palaemon elegans. 
Continuous recordings of 
heart rate ( * I .  temperature ( ) 
and Po; (0) of the water in an 
intertidal rock pooi during a 
24 h period. (I: immersion, E: 

emersion) Hours 
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Changes in water temperature were recorded simul- 
taneously with heart rate of Palaemon elegans in the 
pool (Fig. 5). Increases in temperature of more than 1 or 
2 Co invariably produced an increase in heart rate with 
calculated Qln values of 2.24 Â 0.27 (n = 14). Rate of 
heart beating at any one time during the recording 
period was more variable during periods of relatively 
stable temperatures. Large temperature changes 
reduced the variability of heart rate over a short period 
even though overall the rate change followed that of 
temperature change, with little or no delay in the 
response. 

DISCUSSION 

Cardiac activity in quiescent prawns 

Heart rate data for Palaemon elegans were obtained 
from a narrow size range of prawns and thus give little 
information as to size dependency, although larger 
individuals usually exhibited slower rates. This is in 
agreement with a number of previous studies on crus- 
taceans and other invertebrates ( e . g .  D e h r  and Man- 
gum, 19791. 
The pattern of heart beat in Palaemon elegans in 

normoxic water strongly resembles that of P. senatus 
(Spargaren, 1973), which shows similar short duration 
pausing. Such periods of cardiac arrest and extreme 
bradycardia are quite common in decapods (McMahon 
and Wilkens, 1972; Bridges, 1979; Schembri, 1979; 
McDonald et al., 1980; Burnett and Bridges. 1981; 
Bradford and Taylor, 1982; Taylor, 1984). The func- 
tional significance of this pausing, observed in quies- 
cent individuals, is not clear. Present opinion (Bottoms, 
1977; McMahon and Wilkens, 1977; McDonald et al,, 
1980; Bradford and Taylor, 1982; Taylor 19841 i s  that 
pausing may enable the animal to achieve a saving in 
metabolic energy expenditure. In reptant decapods, 
pausing would appear to be of longer duration but to 
occur less frequently than in Palaemon elegans. Cir- 
culatory pausing in Cancer magister has been shown, 
however, to be temperature dependent, higher ternper- 
atures reducing the frequency of pausing (McMahon et 
al., 1978). This may reflect increased metabolic rate at 
higher temperatures. 

Measurements of environmental parameters in inter- 
tidal rock pools have shown that temperature is one of 
the most variable physico-chemical factors and under- 
goes large, often rapid changes (e,g, Truchot and 
Duhamel-Jouve, 1980; Morris and Taylor, 1983). 
Poikilothermic animals need not have body tempera- 
tures equal to that of the environment (Stevens and 
Fry, 1970) but the absence of any effective homeostatic 
mechanism results in a strong correlation between the 
two. A large proportion of metabolic reactions show 

Qln values between 2 and 2.5 within the environmental 
temperature range. Somewhat lower values for Qin of 
between 1 and 2 may be exhibited, however, over a 
limited range within this environmental temperature 
range (see review of Newell, 1979). This would appear 
to be the case in Palaemon elegans since Qm values for 
the heart rate of less than 2 were obtained in laboratory 
experiments. 

This temperature independence of Qlo is a feature of 
quiescent animals and is not shown by disturbed indi- 
viduals. Many examples of this phenomenon are 
known among marine invertebrates, e,g, in Ljttorina 
fittored and in Myti'lus edu1is (Newell and Pye, 1 WOa, 
b), in Actinia equina, Cardium edule and Nephrops 
norvegicus (Newell and Northcroft, 1967) and in Cal- 
linectes sapidus (Burton et dl . ,  1980). Partial tempera- 
ture independence, similar to that in P. elegans, has 
been found in Patella vulgata (Davies, 1966, 19671, in 
the ostracod Hirschmania viridis (Hagerman, 1969) 
and in some sea urchins (Ulbricht and Pritchard, 1972). 
Newel1 (1979) proposed a correlation between the pos- 
session of temperature independent metabolism and 
the habitat of the animal since animals from thermally 
stable habitats need be adapted to only a very narrow 
temperature range. This is supported both by the 
results of this study and by the study of Burggren and 
McMahon (1981) who found QIn values of 1.4 to 1.6 for 
intertidal crabs but values of 2.1 to 2.4 and 2.6 to 2.7 for 
subtidal and supratidal species respectively. 

This regulation of metabolic rate during temperature 
change should be considered with respect to be- 
haviour, Palaemon elegaas like Carcinus maenas 
(Amdpragasm and Naylor, 1964). is most active during 
the part of the tidal cycle in which temperature is most 
variable (emersion period] with a peak of activity 
immediately after the tide has receded [Rodriguez, 
1970). This activity is not induced by cyclical changes 
in environmental Po, since stable heart rates were 
frequently recorded when the  Poi varied rapidly. Addi- 
tionally, the lower QIn values recorded in the labora- 
tory demonstrate that temperature fluctuations do not 
directly stimulate activity. Such activity would tend to 
obscure any temperature independence that is a fea- 
ture of quiescent animals and it is possible that without 
the immobility imposed by aerial exposure, P. elegans 
rarely achieves extremely low metabolic rates, 
Hochachka and Somero (1973) consider the effects of 
activity on compensatory mechanisms for temperature 
fluctuations and conclude that activity i s  likely to 
induce increases in substrate concentration and that 
various tissues from ectothermic species only exhibit 
temperature independence when substrate concentra- 
tions are at resting physiological levels. Consequently, 
thermal compensation is most apparent when substrate 
concentrations are low in quiescent animals. 
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Palaemon elegans is an active carnivore and 
scavenger and it is therefore likely that this species 
might exhibit very low metabolic rates only infre- 
quently. A behavioural adaptation whereby P. elegans 
becomes 'totally' quiescent would be required if the 
prawns were to take advantage of the low Qig values 
exhibited by quiescent animals in the laboratory, 
Whilst such a hypothesis may be tested in the labo- 
ratory, and the possession of thermoregulatory 
mechanisms has been demonstrated in P. elegans, 
such experiments provide only limited information as 
to the  actual response of the animal in the field. 

Field studies using the data logger 

These studies, representing the initial use of this 
microprocessor system, demonstrated several advan- 
tages over previous methods, the most important being 
the production of continuous, concurrent records for 
several variables. A further advantage is that the use of 
a microcomputer to decode the very large volume of 
data on tape also greatly facilitates data analysis. 
One disadvantage of this monitoring system, how- 

ever, is the relative insensitivity of the recording 
method to short-term fluctuations in. heart beat. In the 
laboratory, quiescent prawns often showed periods of 
cardiac arrest (pausing) but in the field short periods of 
cardiac arrest would be recorded only as reductions in 
the measured rate, appearing as a variable heart rate 
similar to that shown in Fig. 5. However, because 
circulatory pauses are shown only by quiescent 
Palaemon elegaos under relatively constant tempera- 
ture conditions, it is unlikely that they occur exten- 
sively under field conditions where temperature usu- 
ally varies continuously (Morris and Taylor, 1983). 

Results clearly show the diurnal variation in temper- 
ature and oxygen tension, together with more rapid 
changes associated with immersion and emersion. As 
might have been predicted from laboratory results, 
temperature has a significant effect on Palaemon ele- 
gasis heart rate in the field. The record showing rela- 
tively long periods of stable temperature but with 
variable Po2 (Fig, 6) indicates that this species is able 
to maintain its metabolism independent of a wide 
range of environmental oxygen tension. This observa- 
tion is in agreement with other work on P. elegans 
which reports that heart rate is independent of oxygen 
tension in the range 20 to 500 Torr (Morris, 1983; 
Morris and Taylor, in prep.). 

It was possible to calculate Qm for heart rate from the 
simultaneous records of temperature and heart rate. 
The QIn calculated from the field results (QIn = 2.24 k 
0.27) was significantly different to that calculated from 
laboratory data (QIn = 1.78 k 0.261, (t [20] = 3.47,0.01 

> P > 0.0021, within the temperature range 10 to 20 'C. 
The observed increase in temperature dependence of 
Palaemon elegans in the field in comparison with 
prawns in the laboratory has several implications. 
Firstly, that a change in temperature does not directly 
increase activity which would further increase 
metabolic rate and would lead to increased values of 
Qin. Secondly, that factors which were not present or 
which were controlled in the laboratory occur in rock 
pools and increase temperature sensitivity perhaps by 
increasing activity. Two likely possibilities are the 
availability of food and interaction between individu- 
als. Both of these factors act primarily on the behaviour 
of the prawn which then elicits physiological 
responses (i.e. increased activity), greatly reducing the 
efficacy of the compensatory mechanisms measured in 
the laboratory. The opportunity to maintain activity 
throughout the whole tidal cycle is not available to 
most intertidal species outside the pools and this is 
reflected by the low Qin values recorded by Colemann 
and Trueman (1971) for heart rate in Mytilus edulis 
under in situ conditions. This would tend to support the 
conclusion based on laboratory and field studies that P, 
eiegans might only infrequently assume quiescent 
rates because rock pool species do not experience 
aerial exposure and enforced immobility, together 
with regular periods of reduced food availability. 
These findings result in the rather paradoxical situa- 

tion whereby Palaemon elegans exhibits both circula- 
tory pausing and low Qio values in the laboratory, 
apparently beneficial adaptations, but does not appear 
to benefit extensively from these features under 
natural conditions. The only time at which P. elegans 
was observed to maintain the sustained immobility 
necessary for these features to become manifest was 
under extreme temperature conditions in which the 
regulative abilities of the prawn are considered to be 
inoperative. This being the case, it i s  difficult to deter- 
mine the selective force that has promoted the evolu- 
tion of these factors and what might be the routine 
physiological advantage. The presence of uncontrolled 
variables in the natural environment, whilst unavoid- 
able. does complicate the interpretation of field data. 
Nevertheless, this study has demonstrated the impor- 
tance of carrying out .in situ studies in order to establish 
to what extent the laboratory determinations reflect the 
actual response shown by animals in their natural 
habitat. 
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