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Abstract
Temperature is one of the main factors that influences cardiovascular functioning in ectotherms. Hence this study sought 
to investigate heart rate responses of a freshwater crab species, Poppiana dentata, to different temperature exposures 
since the species generally reside in habitats of fluctuating physicochemistry. Heart rates were non-invasively determined 
in juvenile crabs for three temperature regimes, each over an 8-day session; A: temperature exposures of 26  °C (2 days) 
to 30 °C (3 days) to 26 °C (3 days), B: 26 °C (2 days) to 32 °C (3 days) to 26 °C (3 days) and C: a control at constant 
26 °C. Heart rate variations were significant among the regimes (P < 0.05), with the median heart rate being highest 
for regime B (74 beats per minute or bpm) during the temperature insult (32 °C), relative to regime A (70 bpm) and the 
control (64 bpm). Notably, a suppression and inversion of the diurnal cardiac patterns occurred for regimes’ A and B 
crabs respectively, with rates from the highest temperature insult not shifting back to pre-insult levels during recovery 
(26 °C). It is plausible that P. dentata may have compensatory cardiovascular mechanisms that account for these 
differential heart rate responses, possibly conveying adaptive strategies in its dynamic habitat conditions.
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Respostas de frequência cardíaca do Poppiana dentata jovem a diferentes 
temperaturas (Randall, 1840)

Resumo
A temperatura é um dos principais fatores que influenciam o funcionamento cardiovascular dos animais ectotérmicos. 
Sendo assim, este estudo buscou investigar as respostas de frequência cardíaca de uma espécie de caranguejo de 
água doce, o Poppiana dentata, após exposição a temperaturas diferentes, visto que esta espécie geralmente reside 
em habitats de composição físico-química variável. As frequências cardíacas foram determinadas de maneira não 
invasiva em caranguejos jovens submetidos a três regimes de temperatura, cada um ao longo de uma sessão de oito 
dias de duração; A: exposição a 26oC (dois dias) para 30 °C (três dias) para 26 °C (dois dias), B: 26 °C (dois dias) para 
32 °C (três dias) para 26 °C (três dias) e C: um controle a temperatura constante de 26 °C. As variações de frequência 
cardíaca foram significativas entre os regimes (P < 0,05), sendo que a frequência cardíaca mediana foi mais alta para 
o regime B (74 batimentos por minuto ou bpm) durante o insulto térmico (32 °C), em relação ao regime A (70 bpm) e 
ao controle (64 bpm). Observou-se particularmente uma supressão e uma inversão dos padrões cardíacos diurnos nos 
caranguejos dos regimes A e B, respectivamente, sem que as frequências do insulto térmico mais alto voltassem aos 
níveis anteriores ao insulto térmico durante a recuperação (26 °C). É possível que o P. dentata possua mecanismos 
cardiovasculares compensatórios responsáveis por essas respostas de frequências cardíacas variadas, o que pode indicar 
estratégias de adaptação às suas condições de habitat dinâmicas.

Palavras-chave: frequência cardíaca, caranguejos jovens, Poppiana dentata, variação de temperatura.

1. Introduction

Heart rate in crustaceans can be affected by different 
factors such as temperature, light, salinity and locomotive 
activity but each of these tends to influence this cardiac 
aspect in a different way. Most studies examining 
cardiovascular features have described baseline cardiac 

patterns in either quiescent (inactive) or active marine 
crab species (Wilkens et al., 1974; McMahon et al., 1979; 
Hamilton and Houlihan, 1992; Wachter and McMahon, 
1996; De Pirro et al., 1999) whereas others have looked 
at how cardiac features vary in tandem with a physical, 
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physicochemical or biochemical stressor (Ansell, 1973; 
Florey and Kriebel, 1974; Wilkens et al., 1985; Frederich 
and Pörtner, 2000). While these studies have extensively 
examined cardiac responses to stress factors for the 
marine brachyurans, investigations involving freshwater 
counterparts have been relatively limited.

Temperature serves as a common stressor in studies 
exploring cardiac responses in ectotherms since key 
biological processes such as metabolism, respiration and 
cardiac activity can be thermally influenced within, and 
outside, of a particular tolerance range. Bojsen et al (1998) 
attributed temperature changes as one of the main factors 
that contributed to 84% heart rate variation in the freshwater 
crayfish Astacus astacus. However, Bullock (1955) has 
reasoned that a species may be sensitive to temperature 
changes but can still have regulatory mechanisms that 
can maintain a constant or stable metabolism. The scope 
of these regulatory adjustments can reflect a particular 
species response to fluctuations in temperature within its 
habitat. Cardiac responses to varying temperatures have 
been examined in some freshwater decapods (Florey and 
Kriebel, 1974; Villarreal, 1990; Wachter and McMahon, 
1996; Wachter and Wilkens, 1996; Bojsen et al., 1998; 
Goudkamp et al., 2004; Worden et al., 2006) but these 
responses did not all share a common trend across crustacean 
taxa. For instance, heart rate and stroke volume in Cancer 
magister increased and decreased respectively with 
stepwise temperature changes (Wachter and McMahon, 
1996; Wachter and Wilkens, 1996) but a contrasting result 
was noted for the freshwater crayfish, Cherax tenuimanus, 
in which heart beats were significantly reduced during 
increased temperature (Villarreal, 1990).

Variations in both local and global temperatures can 
consequently generate indirect ecological consequences 
for freshwater species since observed climate change have 
already been reported to have impacts on aquatic populations 
(IPCC, 2014). According to the Fifth Assessment Report 
on Climate Change by the Intergovernmental Panel on 
Climate Change (IPCC, 2014), global surface temperatures 
have increased by 0.85 °C from the period 1880 to 2012. 
On the local scale, riverine sites of Trinidad, similar to those 
where Poppiana dentata (Randall, 1840) can be found, 
were reported to have ambient water temperatures ranging 
from 23.1 °C to 30.2 °C (Maharaj and Alkins-Koo, 2007). 
However, recent physicochemical monitoring of collection 
sites (for this study) by the authors in 2016 indicated a 
temperature increase ranging from 26.0 °C to 30.8 °C. 
Temperature variations may therefore place pressures 
on populations of aquatic biota, such as P. dentata, that 
are exposed to fluctuating physicochemical conditions in 
anthropogenic-modified habitats or seasonally intermittent 
water bodies. P. dentata is a freshwater, lowland species 
that is mainly an aquatic gill breather with a Neotropical 
distribution, mainly throughout northern South America 
(Cumberlidge, 2008). Its extant location in Nicaragua 
extends its Neotropical range (Cumberlidge, 2008) but 
this Trichodactylid has also been found in low-lying 
sites of central and southern rivers of Trinidad (Rostant, 

2005); the latter of which have been mainly associated 
with perturbed water quality (Phillip, 1998).

This study is the first to report on heart rates for a 
Neotropical crab species under different temperature 
regimes, with the goal of providing information on cardiac 
physiological functioning, which may be linked to adaptive 
mechanisms utilized by P. dentata for survival in its dynamic 
habitats. This species is one of only three freshwater crab 
species that was reported for Trinidad (Rostant, 2005); with 
P. dentata generally residing in relatively more disturbed 
habitats of fluctuating physicochemistry, compared to 
the other two brachyurans. Yet a dearth of information 
is available for this understudied, indigenous species. 
Additionally, cardiac functioning in juvenile P. dentata is 
worth exploring since this represents a vulnerable life stage 
that can be compromised if environmental temperatures 
reach or exceed an upper tolerance limit for the species. 
Therefore, this study’s focus was to examine the effects 
of temperature change on heart rates in juvenile crabs by 
assessing the variation in heart rates and diurnal cardiac 
patterns from two temperature manipulated regimes of (1) 
A: 26-30-26 °C and (2) B: 26-32-26 °C, with comparison 
to a baseline control of regime C.

2. Material and Methods

2.1. Acquisition of test subjects
Juvenile P. dentata crabs were obtained from berried 

female wild stock in Bamboo, north-west Trinidad 
(10°37’49.2” N; 61°25’51.2” W) during the month of June 
2016. These crabs were acclimatized in the laboratory 
for use in this study’s experiment. Juvenile crabs in 
early intermoult phase were selected based on having 
a carapace width (CW) between 15 to 25 mm, all limbs 
intact and exhibiting behavioural signs of good health 
(food acceptance, foraging and locomotion). The lower limit 
on size was applied at 15 mm in order to accommodate a 
proper fit of the heart beat sensor over the cardiac region of 
the carapace, whereas the upper limit was estimated from 
Stonley’s (1971) account of size ranges for this species.

2.2. Acclimation
Juvenile crabs selected for monitoring were kept 

in separate aquaria (length 8 inches × width 6 inches × 
height 6 inches) to avoid cannibalism and each crab was 
kept in 1000 mL of laboratory prepared, de-chlorinated 
water. Crabs were acclimated for 10 days at an optimum 
temperature of 26 °C. The extent of the 10-day acclimation 
period was deliberately chosen to ensure crabs in late 
intermoult (nearing a moult event) were not selected for 
monitoring and the optimum temperature was chosen based 
on physicochemical monitoring at undisturbed freshwater 
sites in southern Trinidad (in situ mean: 26.0 ± 0.3 °C), 
where P. dentata crabs can also be found. Preliminary trial 
experiments with this species also highlighted an ideal 
ambient temperature of 26 °C for optimum feeding and 
growth. Animals were fed ad lib on alternate days with 
Hikari crab pellets (Kyorin Food Industries Co., Ltd.) 
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during acclimation. Water was changed synchronously after 
each feeding event. Feeding was halted a day before and 
during the monitoring periods in order to avoid metabolic 
influences on heart rate responses. During the acclimatization 
period the weight was measured (Ohaus Scout Pro), along 
with the carapace length (CL) and width (CW) via a 
digital (VINCA DCLA) caliper. Dissolved oxygen (DO) 
at 6.34 ± 0.16 mg/L and a 12h light (‘daytime’): 12h dark 
(‘nighttime’) photoperiod was maintained throughout both 
the acclimation and monitoring periods for all regimes.

2.3. Plan and design
Non-invasive measurements of heart rates in juvenile 

P. dentata crabs were performed for two temperature 
manipulated regimes (A, B) and a control regime (C), 
each over an 8-day monitoring session. Three crabs of 
the designated size range were assigned to each regime 
and each cohort was monitored continuously over eight 
days, categorized into three monitoring periods according 
to the temperature shifts. The A and B regimes consisted 
of a pre-treatment period of 2 days where crabs were 
exposed to the optimum temperature of 26 °C, followed 
by a temperature period of 3 days in which exposure to the 
respective temperature insult (30 °C or 32 °C) occurred 
and then a recovery period of 3 days where subjects 
were re-introduced to the optimum temperature of 26 °C. 
The control or regime C comprised of a constant exposure 
to the optimum temperature 26 °C, over the same duration 
as the aforementioned monitoring periods. This control 
served as a benchmark for baseline heart rates under normal 
or optimum temperatures.

The pre-treatment duration was purposely reduced to 
2 days (instead of 3) and the monitoring session for each 
regime extended to only 8 days in order to ensure that all 
subjects remained in the intermoult stage. The intermoult 
period for juvenile P. dentata crabs of the selected size 
range is typically 10 to 11 days (personal observations). 
The upper temperature selected for regime A was based 
on similar ambient temperatures (26.0 °C to 30.8 °C) 
determined from sites where P. dentata were collected. 
The highest temperature (32 °C) of regime B was chosen 
to be above the maximum in situ field reading. Values 
beyond 32 °C were not selected for monitoring since 
these temperatures were known to induce premature 
moulting in juveniles of this species (based on previous 
trial experiments by authors).

2.4. Procedure for monitoring heart rates
A heartbeat amplifier-logging system designed by Lima 

and Seabra (2015) was used to non-invasively measure 
bpm for each hour, of each monitoring period. The concept 
behind this logger involves emitting and subsequent 
detection of changes in infrared (IR) light, reflected from 
within the cardiac chamber enclosing the subject’s heart. 
The IR sensors were attached directly over the cardiac 
region (posteriorly) on the carapace with non‑toxic, coral 
fixative glue (Seachem Reef Glue™). Crabs were allowed 
to settle from handling for 1 to 2 hours before commencing 

heart beat recording. Observations from trial experiments 
involving the same logger and different crabs substantiated 
the need for a settling period of this duration. Heart rates 
in beats per minute (bpm) were continuously recorded by 
the logger in 1-min sessions for each crab, at 10 minute 
intervals for every hour of each 8-day session. Each 
1-min signal was then individually processed, verified 
and stored as bpm for each crab (N=1152 signals/crab), 
as recommended by the user guidelines (Lima and Seabra, 
2015) for quality control confirmation of generated beats. 
The hourly median and mean heart rates were computed 
from these individual heart beat values with respect to each 
crab, 12h light: 12h dark phases and monitoring period of 
the respective 192h session.

2.5. Statistical applications
All data analyses and plots were done using the 

statistical program R version 3.2.2 and the alpha level 
of 0.05 was selected for the rejection benchmark, as this 
is generally suitable (Dytham, 2011). Normality of the 
heart rate data (bpm) was explored using the Shapiro Wilk 
test and descriptive histogram plots while conditions of 
homoscedasticity/heteroscedasticity for variance were 
checked using the Levene’s Test. Heart rates within each 
dataset were non-normal in distribution (P < 0.05), with 
unequal variances (P < 0.05). Mathematical transformations 
were applied but the non-normal distribution was retained 
(P < 0.05) so the non-parametric Kruskal-Wallis statistic 
was used to assess heart rate variation and the Dunn’s 
Test assessed pairwise differences amongst monitoring 
periods for each regime. Median heart rates according to 
the light:dark phases, as well as diurnal differences, were 
also plotted in relation to each regime.

2.6. Diurnal differences in heart rate
A d-value for each crab was calculated with respect to 

each monitoring period (pre-treatment, temperature treatment 
and recovery) of each regime. This value represented a 
statistical estimate used to identify diurnal differences for a 
particular activity, using the formula outlined by Atkinson 
and Parsons (1973). This latter study incorporated tidal 
locomotive activity into the formula but this parameter 
was substituted with diurnal cardiac activity (heart rates) 
for 12h light and dark phases in this study. The d-values 
for each crab were then plotted and the divergence of 
these values from 0 was used as a benchmark to examine 
diurnal differences, and by extension, cardiac patterns 
in heart rates. Positive and negative d-values denoted 
greater cardiac activity in the dark (‘nighttime’) or light 
(‘daytime’) phase, respectively. Values that approached 
0 denoted little to no diurnal differences between the light 
and dark phases and those above 1.96 (criteria of P < 0.05) 
signified that the d-values were significant. Similar criteria 
were used for describing tidal rhythmicity in Carcinus 
maenas crabs (Atkinson and Parsons, 1973) and diurnal 
heart rate patterns in freshwater crayfish, Astacus astacus 
(Bojsen et al., 1998).
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3. Results

Generally, rates varied considerably across the three 
monitoring periods within each regime (see Figure  1) 
(A: H = 89.593, d.f. = 2, P< 0.05; B: H = 17.603, d.f. = 2, 
P< 0.05; C: H =217.212, d.f. = 2, P< 0.05) and amongst 
the regimes (H= 310.679, d.f. = 2, P < 0.05). These 
dissimilarities were also reflected in the overall median 
heart rates of 71 bpm (mean: 74 ± 14 bpm), 78 bpm 
(mean: 83 ± 28 bpm) and 67 bpm (mean: 70 ± 16 bpm) for 
regimes A, B and C, respectively. Heart rates for regime 
A differed considerably across 192 hours (H = 89.593, 
d.f. = 2, P< 0.05), with a significant decrease noted from 
the pre-treatment to the temperature treatment periods 
(pre-treatment-treatment: Z = 7.780, P < 0.05). The heart 
rates of the recovery period were also different from the 
pre-treatment (pre-treatment-recovery: Z = 8.976, P <0.05). 
However, elevated heart rates were associated across 
all 3 periods for regime B, with recordings exceeding 
120 bpm. As such, the pre-treatment bpm for this regime 
was similar to those of the treatment (Z = 1.694, P > 0.05) 
and recovery periods (Z = -2.023, P > 0.05). The ‘daytime’ 
and ‘nighttime’ rates across 192 hours for A and B were 
both higher than those of C, with the photoperiod rates of 
B being the highest and greater than those of the control 
by 23.9% and 27.3%, respectively.

3.1. Heart rate variation and diurnal patterns for 
pre‑treatment period

Heart rates for the pre-treatment period differed 
considerably across the three regimes (H = 97.726, 
d.f. = 2, P< 0.05) and these variations were attributable 

to pairwise differences for A-C (Z= − 8.838, P < 0.05) 
and B-C (Z= − 8.259, P < 0.05); variations for A-B were 
not significant (Z= 0.503, P > 0.05). A median heart 
rate of 74 bpm was noted for the pre-treatment periods 
of both A and B regimes (mean A: 76 ± 12 bpm; mean 
B: 77 ± 13 bpm) along with a diurnal pattern of higher heart 
rates during the light phase (see Figure 2). This pattern 
of greater daytime cardiac activity was evident by the 
majority of the pre-treatment d-values being negative for 
both A and B (see Figure 3). Pre-treatment rates of these 
regimes were also higher than that of the control (median 
C: 68 bpm; mean C: 71± 14 bpm) along with dissimilar 
photoperiodic patterns.

3.2. Heart rate variation and diurnal patterns for 
treatment period

Similar to the pre-treatment period, heart rates during the 
treatment period also differed considerably across the three 
regimes (H = 310.679, d.f. = 2, P < 0.05), with significant 
variations noted between each regime pair (A-B: Z = –2.079, 
P < 0.05; A-C: Z = –14.131, P < 0.05; B-C: Z = –16.186, 
P < 0.05). The median bpm for crabs exposed to the 
temperature insults of regimes’ A and B also varied from 
the control by about 6 to 10 bpm (median A: 70 bpm, mean 
A: 72 ± 10 bpm; median B: 74 bpm, mean B: 80 ± 25 bpm; 
median C: 64 bpm, mean C: 65 ± 11 bpm). Despite 
deviation from the control during the temperature insult, 
the diurnal variation between photoperiods of regime A 
was marginal, with a median difference of about 1 bpm 
between the light and dark phases (see Figure 2). In addition 
to minimal diurnal variation for this regime, the d-values 
also reflected a suppression in the diurnal cardiac pattern 

Figure 1. Hourly median heart rates of juvenile P. dentata for three regimes (A, B and C), each over a 192h (8-day) session of 
cardiac monitoring. The vertical solid lines define the three monitoring periods throughout each regime’s duration; optimum 
temperature at (26 °C) (pre-treatment), the temperature insult of 30 °C for A or 32 °C for B (treatment period) and a return to 
optimum 26 °C (recovery period). The temperature for regime C was held constant at 26 °C throughout the 192 hours since 
this represented the control.
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since values approached 0 for this monitoring period 
(d= –1.694 to 1.066) (see Figure 3). A different cardiac 
response was noted for crabs of regime B’s treatment 
period since an inversion in the diurnal pattern occurred 
where elevated heart rates became associated with the 
dark phase (see Figure 2); the latter was also reflected by 
the positive d-values of all three replicates for this period 
(crabs 7, 8 and 9; see Figure 3).

3.3. Heart rate variation and diurnal patterns for 
recovery period

Heart rates also differed across the three regimes 
(H = 109.672, d.f. = 2, P< 0.05) for the recovery period. 
All  pairwise comparison of regimes for this period 
attributed to these overall differences, with heart rates of 
crabs recovering from the 30 °C and 32 °C exposures being 
significantly dissimilar (A-B: Z= –10.060, P < 0.05) as well 

Figure 2. Heart rates of juvenile P. dentata under different temperature regimes (A, B and C) for 12h light: 12h dark 
photoperiod. Boxes represent the interquartile range and the central solid lines represent the respective median heart rates 
(bpm); these median values are also reported above each respective diurnal phase. The extended hatched lines represent the 
bpm range for that particular diurnal phase and the open circles represent outliers.
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as differing from the control (A-C: Z= 2.536, P < 0.05; 
B-C: Z= –7.566, P < 0.05). Significant bpm elevations 
were also noted within regimes’ A and B recovery sessions 
(see Figure 1), despite a return to the optimum temperature 
(A: H = 600.100, d.f. = 71, P < 0.05; B: H = 789.100, 
d.f. = 71, P < 0.05). Regime A’s crabs maintained the diurnal 
pattern of higher heart rates during the light phase for the 
recovery period (see Figure 2). All d-values were negative 
for crabs during this period (see Figure 3). Recovery rates 
for regime B however were generally higher than those 
of regimes’ A and C (see Figure 2), exceeding 120 bpm 
(A median: 68 bpm; A mean: 73 ± 18 bpm; B median: 
85 bpm; B mean: 87± 31 bpm; C median: 68 bpm; C mean: 
75 ± 19 bpm). In addition, crabs of regime B may have 
reverted back to their diurnal pre-treatment pattern during 
recuperation, as evident by 2 of the 3 crabs having negative 
d-values for this period (crabs’ 7 and 9; see Figure 3).

Notably, inter-individual variability in heart rates was 
observed amongst the juvenile P. dentata crabs comprising 
the control regime (C: H = 195.965, d.f. = 2, P < 0.05). 
The similarity in photoperiodic median rates that were 
noted across the monitoring sessions (see Figure 2) was 
reflected by the d-values that were evenly distributed 
both above and below 0 (see Figure 3). The inconsistent 
displacement of d-values indicated that elevated cardiac 

activity was associated with either the light or the dark 
phase, depending on the crab associated with the respective 
d-value. Inter-individual diurnal variations (different d-value 
displacements from 0) were also observed amongst crabs 
of regime A during pre-treatment, despite exposure to the 
same optimum temperature as the control (26 °C).

4. Discussion

Heart rate variation occurred amongst regimes, along with 
cardiac diurnal patterns also becoming altered for regime’s 
A and B during the temperature changes; this response is 
not atypical and was expected for brachyurans. A similar 
response in C. magister crabs was observed where heart 
rates varied in response to changes of an 8 °C increase 
(Wachter and McMahon, 1996). Florey and Kriebel (1974) 
and Zainal et al. (1992) also found that heart rate varied 
with temperature changes for marine decapods.

4.1. Heart rate variation and diurnal patterns from 
pre‑treatment to treatment

Differential heart rate responses were noted for the 
different temperature insults. Median heart rates for both 
the light and dark phases of regime A decreased from 
pre‑treatment levels to the treatment period for a temperature 
change of 4 °C. Regulatory cardiac responses involving 

Figure 3. Statistical estimates of diurnal differences in juvenile P. dentata heart rates represented by d-values for each 
monitoring period, within the respective regime. The numbers differentiate the individual crabs assigned to each regime. 
The solid line demarcates a d-value of 0 which represents minimal or no diurnal differences between light and dark phases. 
The hatched line demarcates the statistical criterion of 1.96, above which d-values would be considered significant.
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ganglionic action and redistribution of hemolymph may have 
been triggered in P. dentata in response to the temperature 
change from optimum to a higher temperature. These would 
have indirectly enabled a change in heart rates in order to 
facilitate thermoregulation of internal body temperature 
during the external thermal change. Cardiac contractions 
in the form of heart beats, can be enabled by ganglionic 
action from within the heart wall (Wilkens et al., 1974) 
in conjunction with thermally sensitive receptors that 
are also responsible for regulating cardiac activity in 
crustaceans (Goudkamp et al., 2004). This cardiac action 
can also be enabled by the thoracic ganglia which have 
been highlighted as having high sensitivity during stress 
conditions (Sorenson, 1973). These neural stimulations along 
with hormonal stimulation from peptides (e.g. proctolin) 
and monoamines can collectively play an integrated role in 
regulating cardiac activity (McGaw et al., 1994; Saver et al., 
1998; Wilkens, 1999; McMahon, 2001).

Although a decline in heart rates was noted over both 
light and dark phases during the treatment period, most 
crabs of regime A appeared to weakly maintain their diurnal 
pattern throughout the temperature insult. The circadian 
rhythmicity in cardiac activity was possibly endogenous 
and still remained internally driven at this temperature 
(30 °C). Bullock (1955) highlighted that diurnal and tidal 
rhythms can persist under a range of temperatures so it is 
likely that this occurred for P. dentata when exposed to an 
upper temperature similar to that of its indigenous habitats.

In relation to regime A, a different response was 
noted for crabs exposed to the higher temperature insult 
(32 °C), involving an elevation in heart rates during the 
‘nighttime’ and consequently an inversion of the diurnal 
pattern. This nocturnal heart rate elevation is congruent 
with responses of other freshwater decapods to temperature 
manipulations. Heart rates in quiescent Cherax tenuimanus 
crayfish increased from 78.0 (Standard Error =2.1) bpm 
to 80.1 (Standard Error =2.0) bpm with a 4 °C increase 
(Villarreal, 1990); similar to the dark phase rates of P. dentata 
during the 6 °C temperature increase (median B: 78 bpm, 
mean B: 80 ± 25 bpm). Likewise for another freshwater 
crayfish, Cherax destructor, heart rates were elevated at 
141.61 ± 7.98 bpm during heat transfer (Goudkamp et al., 
2004); again similar to elevations in regime B where 
recordings greater than 120 bpm were noted. Interestingly, 
the alteration in cardiac pattern for the highest temperature 
insult represented a temporary entrainment or shift in 
diurnal rhythmicity since the initial, pre-treatment pattern 
was restored during recovery. Exposure to 32 °C during 
the temperature insult may have temporarily altered the 
heart rate rhythm as part of the circulatory adjustment 
mechanisms aforementioned, and by extension, caused a 
change in diurnal patterns.

4.2. Heart rate variation and diurnal patterns during 
recovery

Considerable fluctuations in heart rates were noted 
for P. dentata crabs during the recovery period, following 
the elevated temperature exposures. This response is also 

supported by previous baseline experiments involving 
the same species, where similar fluctuations in heart 
rates were noted for crabs during the recovery from 
hypoxia stress (Singh et al., 2017). Furthermore, elevated 
acetylcholinesterase activity levels were also noted in the 
ganglia nervous tissue for the recovery session of these 
experiments; thus supporting the postulation of P. dentata 
performing cardiac regulatory adjustments via ganglionic 
action, during recuperation. Physicochemical monitoring at 
the Bamboo settlement sites, where P. dentata crabs can be 
found, indicated temperatures ranging between 27.2 °C to 
30.6 °C for 2016 (personal observations). High evaporation 
during the dry season causes the water levels in these 
aquatic channels to fall and this may result in exposure 
to higher ambient water temperatures. This freshwater 
species may likely have adaptive mechanisms, such as 
cardiac compensatory responses, to deal with adverse or 
fluctuating environmental temperatures. While it may be 
plausible that circulatory adjustments may have brought 
about changes in heart rates for P. dentata, it should be 
noted that the relation between heart rate and circulatory 
flow is still uncertain in decapods (McGaw et al., 1994; 
Goudkamp et al., 2004). Further work is still needed on 
hemolymph distributional patterns and the extent of change 
this causes in crustacean cardiac activity.

Aside from the complexity of the crustacean cardiovascular 
system and associated responses, findings at the individual 
level were also noted. The d-values reflected inter-individual 
variability in heart rates for juvenile P. dentata crabs of 
the control (regime C) as well as those of regime A during 
their pre-treatment period. Moreover, crabs in the control 
regime did not share a common diurnal pattern and this was 
evident by the extensive spread of d-values on either side of 
0, across the monitoring periods. These cardiac irregularities 
are not unusual for brachyurans, even amongst conspecifics, 
since other studies have also identified similar discrete 
differences in cardiac activity between, and within, crabs 
of the same species (Aagaard et al., 1995; Aagaard, 1996; 
Frederich and Pörtner, 2000). Inter-individual responses 
are therefore key considerations to note when observing 
crustacean cardiovascular functioning (McGaw et al., 1994). 
Bennett (1987) also highlighted that individual variability 
tends to be overlooked in physiological investigations, 
further emphasizing the importance of monitoring the same 
test individuals to account for these discrete responses.

The cardiac responses of crustaceans can provide 
insight into the regulatory mechanisms utilized in aquatic 
environments of fluctuating temperature. Therefore, 
this study’s findings provide information on heart rate 
variation in relation to temperature changes and insight 
into the plasticity of the cardiovascular physiology for this 
species. This study focused on this life stage but other life 
history factors such as size, weight and gender may also 
influence cardiovascular responses to temperature changes. 
Therefore, extrapolations from this study’s findings for 
the species should be done with consideration of these 
ecological factors. However, it is still plausible that 
compensatory mechanisms of the cardiovascular system 
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exist in P. dentata, conveying adaptive responses to ambient 
temperature variation within its habitats. This may also 
have consequences in terms of this species response to 
contaminants in the aquatic environment; where toxicity of 
some pollutants, such as pesticides, can become enhanced 
with increasing temperature.
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