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ABSTRACT. Heart rate is a key physiological feature that can be used to assess the response of organisms to
changing environmental conditions in aquatic habitats, such as acute fluctuations in oxygen levels and hypoxic
conditions. This experiment, therefore, investigated cardiac responses in a freshwater brachyuran species,
Poppiana dentata, exposed to low oxygen levels. Heart rate was derived from beats per minute (bpm) signals
(n =576) using an infrared, non-invasive technique over a 96 h period, under different dissolved oxygen (DO)
conditions. These involved three regimes: normoxic (6.8 + 0.1 mg L), decreasing DO to hypoxic levels (6.2 to
1.7 mg L), and recovery with normoxic levels (6.3 = 0.1 mg L™). Changes in heart rates among the three
regimes were significant (P < 0.05); reflecting the shift in heart rate during different conditions of oxygen
availability, normoxic (59 to 61 bpm), declining DO (54 to 62 bpm) and recovery DO (53 to 64 bpm).
Additionally, the normal rhythmicity of heart rates under the normoxic condition was not maintained throughout
most of the declining DO and recovery periods. P. dentata has demonstrated cardiac compensations in heart rate
during low oxygen levels, providing insight into the species cardiac physiology.
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Heart rate is a key physiological response in organisms
that are used to assess the impacts of changing
environmental conditions (Airriess & McMahon, 1994;
Bojsen et al., 1998; Burnett et al., 2013). This aspect
can compensate for changes in ambient dissolved
oxygen (DO) concentrations, which is not unusual
since animals facing low oxygen or hypoxic environ-
ments tend to possess regulatory strategies for coping
with these conditions (Burnett, 1997; Giraud-Billoud et
al., 2019). Heart rate is generally expressed as beats per
minute (bpm), and it represents a useful parameter for
measuring cardiac activity (Cisar et al., 2018). In turn,
cardiac activity is intricately linked to metabolism, with
responses related to these functions reflecting the
adaptations of aquatic organisms to environmental
stress (Sokolova et al., 2012; Kuklina et al., 2013).
Hence, heart rate may be an interesting physiological
feature to explore in crustaceans, since this group may
often be faced with hypoxic and other adverse environ-
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ments (Da Silva-Castiglioni et al., 2010; Paschke et al.,
2010).

There is limited information dealing with the
cardiac activity of freshwater brachyurans; most studies
have focused on freshwater crayfish (McMahon et al.,
1974; Wilkes & McMahon, 1982; Villarreal, 1990;
Bojsen et al., 1998; Reiber & McMahon, 1998; Bini &
Chelazzi, 2006; Fedotov et al., 2006; Kuznetsova et al.,
2010; Cooper et al., 2011; Chung et al., 2012; Udalova
et al., 2012; Kuklina et al., 2014, 2018; Pautsina et al.,
2014; Sladkova et al., 2016; Broughton et al., 2017;
Cisar et al., 2018) and marine brachyurans (Ansell,
1973; Florey & Kriebal, 1974; McMahon et al.,1979;
Hamilton & Houlihan, 1992; Airriess & McMahon,
1994; DeWachter & McMahon, 1996; De Pirro et al.,
1999; Frederich & Portner, 2000; Paschke et al., 2010).
With regards to studies involving limited oxygen as the
stress factor, heart rate in both freshwater and marine
decapod (crab, crayfish and lobster) species was found
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to generally decrease in response to declining or
severely low oxygen exposures (Ansell, 1973; Spoek,
1974), with instances of bradycardia in some cases
(Florey & Kriebel, 1974; Reiber & McMahon, 1998).
However, contrasting findings were reported for some
freshwater crayfish species during hypoxic exposures;
no significant changes in heart rate for Orconectes
rusticus (Wilkes & McMahon, 1982) and Parane-
phrops zealandicus (Broughton et al., 2017), while O.
virilis showed gradual reestablishment of pre-hypoxic
rates during constant hypoxia (McMahon et al., 1974).
In cases where the test organisms were subjected to a
recovery period following hypoxic exposure, the heart
rate gradually returned to regular or pre-test levels
(Ansell, 1973; Florey & Kriebel, 1974).

Poppiana dentata (Randall, 1840) is a freshwater
crab species commonly found in low-lying freshwater
habitats (Cumberlidge, 2008). P. dentata, along with
Rodriguezus garmani and Microthelphusa odaelkae, is
the only three valid freshwater crab species that are
documented for Trinidad and Tobago. Of the three, P.
dentata can be more frequently found in lentic,
intermittent freshwater habitats. These tend to be
impacted by low DO and current velocity during the dry
season in Trinidad, as well as by anthropogenic
activities such as agricultural runoff and residential
development. Alternatively, these freshwater systems
can also become rapidly flushed from adverse
precipitation events that occur during the wet season. It
is therefore noteworthy to understand how these factors
impact on this freshwater brachyuran and its habitats,
namely, how acute changes in ambient oxygen levels
affect the cardiac functioning of P. dentata. To date,
heart rate responses to oxygen stress have not been
examined in freshwater crab species, neither, using a
non-invasive approach. Therefore, this study sought to
utilize a non-invasive technique to measure heart rate
responses in P. dentata, during different conditions of
oxygen availability; a normoxic condition of optimum
DO follow by declining DO to hypoxic conditions and
a recovery condition, involving a reintroduction to
normoxia.

Adult, male P. dentata crabs (n = 13) with carapace
width (CW) 32 to 45 mm and weighing 21.83 to 28.23
g were collected from an artificial drainage system, in
northwest Trinidad (10°37'49.2"N, 61°5'51.2"W). This
system empties into the Caroni River and is located in
the Santa Cruz watershed of the north-western part of
Trinidad. A fairly lentic freshwater habitat in character,
described by a low current velocity (0 to 10 cm s™) and
mainly mud substrates. Samples were acquired via a
qualitative approach involving the deployment of 0.312
mm mesh sized traps. These were baited with segments
of freshwater Tilapia sp. and checked daily for crabs.

The captured crabs were acclimated in captivity in
4.5 L aquaria for 45 days before the experiments. This
lengthy acclimation period was intentionally applied to
ensure that crabs in late intermoult (nearing a molt
event) were not selected and, by extension, to avoid
crabs undergoing molting during the experiment.
Adult, male P. dentata crabs have been observed to
have an extended intermoult period of greater than 40
days (CW: 29.74 + 2.65 mm; intermoult period: 42 + 8
days; work in review). The crabs were kept separately
to reduce agonistic behavior and cannibalism. During
acclimation, each aquarium was maintained at
temperature 26°C, a light-dark cycle of 12:12 hand DO
of 6.8 + 0.1 mg L%. Crabs were fed ad lib twice a day,
with commercial pellets (Kyorin Food Industries Co.
Ltd.), segments of the aquatic plant, Egeria densa,
(approximately 1 g pieces), and fragments of
freshwater Tilapia sp. (0.54 to 0.71 g of tissue per crab).
This diverse feeding regime was applied in order to
accommodate an omnivorous diet. This generalist diet
is typical for trichodactylid species inhabiting
freshwater riverine habitats (Williner & Collins, 2013).
Each aquarium was always cleaned after feeding, along
with water renewal, to ensure good water quality.

The ethical sanction was granted for performing
research on this work's species (Poppiana dentata) by
the Campus Ethics Committee, The University of the
West Indies St. Augustine Main Campus, Trinidad and
Tobago. A total of 12 crabs were selected for the
experiment, based on these criteria; crabs had to be in
their intermoult phase and have all their appendages
intact. Heart rates were measured from these crabs
using a heartbeat amplifier and logging system (2015
model), developed by Lima & Seabra (2015), based on
a non-invasive, infrared (IR) technique used to measure
heart frequency or beats per minute (heart rate). The IR
sensors were glued to the cardiac region of crabs using
non-toxic, fixative glue. After attachment, crabs were
then left to acclimatize for one week before starting the
experiments. Previous trials with the same species, life
stage, and monitoring conditions showed that this
acclimation period was sufficient for heart rates to
become regular after attachment. During the moni-
toring sessions, one sensor was always left open-ended
(no crab attached) for the detection of possible
background signals. These signals were compared with
those from attached crabs and verified that the latter
readings were actual beats recorded per minute, rather
than from the surrounding.

Beats per minute (bpm) were simultaneously
recorded for crabs in 1 min sessions, at 10 min intervals,
for every hour, under three successively applied oxygen
conditions. A 48 h normoxic treatment where crabs
were exposed to optimum DO concentrations (6.8 £ 0.1
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mg L™); a 24 h closed or declining DO treatment (6.2
to 1.7 mg L) using sealed 3.8 L respiratory chambers
(each holding 2 L of water); followed by a 24 h
recovery treatment where crabs were reintroduced to
optimum (normoxic), DO concentrations. In the case of
this recovery regime, crabs were transferred to
chambers with stable DO levels that averaged close to
normoxic, at 6.3 + 0.1 mg L%, Crabs were allowed to
settle for two hours before measurements were formally
initiated for the closed and recovery treatments since
the transfer of test subjects between treatments would
have resulted in a disturbance. All one minute signals
(n = 576) were visually verified, processed, and then
stored in order to ensure quality control of the bpm
recorded, as recommended in the user guidelines (Lima
& Seabra, 2015).

Additionally, DO levels in the regimes were
monitored using the ExStik® Il DO meter (Extech
Instruments). Adapters were installed at the top of each
chamber to allow passage of the leads from the
heartbeat logger and the DO meter probe. Both the
normoxic and recovery periods were designed to
expose the crabs to a stable level of DO. Hence, DO
levels were measured at the start and end of these
regimes, to ensure that the DO remained relatively
constant during these periods. However, DO
measurements were taken on an hourly basis for the 24
h closed period since the authors wanted to note the rate
at which DO decreases, as well as to determine the
hypoxia point within the chambers (DO levels < 2.0 mg
LY. In the case of hypoxic conditions, these are
generally associated with DO levels less than 2.0 mg L*
(Dauer et al., 1992), so this benchmark was used to
denote the onset of hypoxia for this study. DO was also
measured from a control chamber (no crab), established
with the same normoxic concentration and volume of
dechlorinated water as those with crabs, to ensure there
was no variation in DO levels resulting from the
laboratory prepared water (Dalosto & Santos, 2011).
The experimental period was terminated after the
recovery session, in anticipation of the crabs
approaching their late intermoult phase. This latter
stage would have influenced the heart rates being
measured since the general activity is typically reduced
in crabs approaching ecdysis (Warner, 1977).

Data exploration, involving normality checks,
statistical testing, and descriptive statistics were
performed using R version 3.3.1 (R Development Core
Team, 2016). The alpha (o) level of 0.05 was utilized
as the rejection criterion for the statistical tests since
this is generally ideal (Dytham, 2011). The untrans-
formed and transformed datasets for heart rates did not
conform to normality after analysis with the Shapiro-
Wilk test (P < 0.05) or conditions of homoscedasticity

(Levene's test) (P < 0.05). Therefore, the nonparame-
tric Kruskal-Wallis test was used to explore significant
differences in heart rates among the normoxic,
declining DO, and recovery periods. The Wilcoxon
match-paired signed-ranks test further evaluated heart
rate variation for pairwise comparisons of these three
regimes.

Heart rate during exposure to the normoxic
condition, declining DO, and recovery over 96 hours is
shown (Fig. 1). The overall median rate for the 96 h
period was 60 bpm. However, heart rates were found to
be significantly different between regimes (normoxic
vs. declining DO: sum of positive scores (V) for
Wilcoxon match-paired signed-ranks test, V = 164,440,
P < 0.05; normoxic vs. recovery: V = 20,237, P < 0.05;
declining DO vs. recovery: V =22,907, P <0.05). These
differences were due to the range of heartbeats
exhibited by P. dentata crabs exposed to different
conditions of oxygen availability, such as for normoxic
(59 to 61 bpm), declining DO (54 to 62 bpm) and
recovery (53 to 64 bpm) conditions.

During the normoxic period, heart rates were fairly
stable, averaging at 60 £ 1 bpm (mean + SD, standard
deviation; median: 60 bpm). After this treatment, the
crabs were exposed to a closed treatment, in which DO
levels decreased from 6.2 mg L (start of the closed
treatment) to 1.7 mg L™ (end of this treatment). Heart
rates during this period averaged at 58 = 4 bpm
(median: 61 bpm) and were significantly different from
the rates in the normoxic period (V = 164,440, P <
0.05). A decline in median heart rate occurred during
the initial 2 h of decreasing DO (1.4-0.5 mg L™t h%), and
this was followed by significant fluctuations within the
subsequent 4 hours (Kruskal-Wallis test statistic, H =
0.90, df = 5, P < 0.05), when DO levels further
decreased at a mean rate of 0.4 + 0.2 mg L ht
(unbroken circle at hour number 54 in Figure 1). Heart
rates eventually re-stabilized from hour number 63
(mean + SD: 60 = 1 bpm; median: 61 bpm), despite
continued exposure of the crabs to hypoxic conditions
(0.2 £0.1 mg Lt h'). After exposure to depleting DO
levels, the crabs were then reintroduced to a normoxic,
steady level of DO (6.8 + 0.1 mg LY), during a 24 h
recovery period. Heart rates during recovery were also
significantly different from those of the normoxic
period (V = 20,237, P <0.05). Similar to the DO decline
period, there was an initial drop in heart rates in
response to the acute change in recovery DO. Irregular
fluctuations also persisted throughout 16 h of this
treatment (56 + 3 bpm).

In addition to the differences noted in the bpm, the

heart rate rhythmicity or diurnal pattern in heart rates
also changed across different regimes. Under normoxic
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Figure 1. Median heart rates (bpm) for adult, male Poppiana dentata crabs for 96 h. The vertical hatched lines represent
the 12:12 h photoperiod of light and dark phases that were artificially applied over four days of monitoring. The wider,
hatched vertical lines define the onset of the declining DO treatment and the hour from which DO levels declined to less
than 2.0 mg L* (hypoxic conditions). The unbroken circle defined the hour from which heart rates began to fluctuate when
DO levels fell below 3.0 mg L. Time at which hypoxia occurred was denoted as the hour within which the mean DO

concentration fell around 2.0 mg L.

DO levels (6.8 + 0.1 mg L™), heart rate followed
repeating diurnal rhythmicity over two days (Fig. 1). A
stable rate occurred throughout most of the light phases,
with relatively heightened fluctuation being noted for
the dark phases. However, this rhythmic pattern under
normoxia changed when crabs experienced closed and
recovery treatments (Fig. 1). A change in the diurnal
pattern occurred whereby a sharp decline in heart rate
was noted at the beginning of these latter periods,
followed by heightened heart rate activity during the
light phase and more stabilized rates observed for the
dark phase. The rhythmicity of heart rates appeared to
have been disrupted from exposure to hypoxic
conditions, where the mean DO level reached 1.7 £ 0.2
mg L toward the end of the closed treatment (at the
72" h). This altered cardiac pattern continued during
subsequent reintroduction to optimum DO (recovery)
and did not revert to the original rhythmicity observed
for the initial normoxic period.

Periodic changes in heart rate for P. dentata were
observed to follow a diurnal pattern during the
normoxic period, which appeared to be in sync with the
12 h photoperiodic shifts, similar to circadian patterns
for decapod heart rate across a diurnal or 24 h cycle,
where the cardiac activity is generally different across
daytime and night (Bojsen et al., 1998; McGaw &
McMahon, 1998). Freshwater crabs tend to perform
most activities related to foraging, feeding, ecdysis, and
other lifestyle aspects on a nightly basis (Maitland &
Maitland, 1998; Zimmermann et al., 2009; Sant'Anna
et al., 2014; personal observations), which corresponds
well with P. dentata under normoxic, stress-free
conditions since the heightened cardiac activity was
associated more with the dark phase.

During the closed treatment, crabs responded to a
decline in DO by stabilizing their heart rates, even
throughout the hypoxic conditions. Maintaining a
relatively constant heart rate during shallow oxygen
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levels highlights the flexibility and compensatory
responses of the circulatory system of P. dentata, at
least concerning extreme conditions of hypoxia.
Contrary to this, is the expected deceleration in heart
rates and bradycardiac instances for crustaceans
exposed to low ambient oxygen (Guadagnoli et al.,
2011; McGaw & Reiber, 2015). However, P. dentata
crabs responded differently by regulating heart rate,
eventually maintaining relatively stable rates during
low DO. A comparable response was found in the
freshwater crayfish, P. zealandicus. No significant
variation in heart rate was observed throughout a
decline in oxygen pressure, despite the organisms
switching from oxyregulating to oxyconforming
consumption of oxygen at 6.0 kPa (Broughton et al.,
2017); it is not unexpected since invertebrates are
capable of developing coping mechanisms that help
them to adapt to low oxygen conditions and even rapid
reoxygenation. For example, an adaptive approach
known as 'Preparation for Oxidative Stress' or POS has
been reported for phyla such as Arthropoda and
describes an enhancement of antioxidant machinery
that facilitates survival in harsh environmental
conditions (Giraud-Billoud et al., 2019).

One mechanism that can facilitate cardiac regula-
tion during hypoxic conditions is the redistribution in
hemolymph fluid flow, via the cardioarterial valves
(Airriess & McMahon, 1994; Reiber & McMahon,
1998; McGaw & Reiber, 2015). These latter structures
are under neural control and specific neurohormonal
peptides (e.g., proctolin), with both stimuli being
suggested to play crucial roles in cardiovascular
regulation in decapods (Airiess & McMahon, 1994;
McGaw & McMahon, 1998; Saver et al.,, 1998;
Wilkens, 1999; McMahon, 2001; McGaw & Reiber,
2015). Airriess & McMahon (1994) noted cardiac
adjustments for the brachyuran, Cancer magister,
under hypoxic conditions, in which a redirection of
hemolymph flow maintained a reliable blood supply to
the scaphognathites, and by extension, continuous
oxygen uptake. It is plausible that similar physiological
adjustments in heart rate, and by extension circulatory
flow, may have occurred in P. dentata during an acute
decrease in available oxygen. Irregular fluctuations in
bpm were noted to persist throughout recovery, and the
cardiac rhythmicity of heart rates was also altered from
coping with extremely low DO. During improved
oxygen levels in the recovery treatment, repayment of
the oxygen debt of tissues can plausibly account for the
erratic heart rate and modified rhythmicity that was
noted for P. dentata. Hypoxia can cause a shift in
metabolism from aerobic to anaerobic states (Dupont-
Prinet et al.,, 2013), as well as induce metabolic

downregulation as part of an animal's POS induction
(Giraud-Billoud et al., 2019). The latter has been
reported to be associated with high antioxidant activity
in anticipation of oxidative stress or elevations in ROS
during reoxygenation conditions (Giraud-Billoud et al.,
2019). It is plausible that the heart rate response of P.
dentata during reoxygenation, represent an adaptive
cardiac mechanism which enables the antioxidant
system that deals with reoxygenation stress. Some crab
species, such as Neohelice granulata and Paralomis
granulosa, were reported to be POS-positive whereby
high antioxidant activities (e.g., catalase (CAT) and
glutathione S-transferase (GST)) were noted for
various tissues, as a result of anoxic and aerial
exposures (Giraud-Billoud et al., 2019). The concept of
heart rate activity being associated with POS-responses
to low oxygen-reoxygenation stress seems reasonable.
However, this requires further wvalidation, through
investigation of specific cardiac aspects (e.g.,
hemolymph circulation) that facilitate antioxidant
enzyme activities during ROS overproduction.

The heart rate variation observed for P. dentata
infers compensatory responses to low DO and
reoxygenation. It can be a reflection of the species
survival during fluctuating DO levels within its
disturbed habitats, possibly related to adaptive,
physiological adjustments (Airriess & McMahon,
1994; Paschke et al., 2010; McGaw & Reiber, 2015)
such as maintenance of a relatively stable heart rate. P.
dentata has a local distribution involving freshwater
systems that are generally prone to low DO and hypoxic
conditions. These include dynamic systems such as
standing pool habitats of intermittent streams (Alkins-
Koo, 1990) or anthropogenically impacted watercour-
ses. Additionally, previous physicochemical monitoring
by the authors, at the site where the species was
collected, revealed low DO concentrations ranging
from 1.4 to 2.6 mg L. Therefore, it is conceivable for
P. dentata to have adaptive cardiac mechanisms that
correspond to survivorship in environments of
fluctuating oxygen availability.

It should be noted that the responses reported for P.
dentata in this study were determined under controlled
laboratory conditions, and only for the adult size class.
Seasonality, daily activities, life cycle stage, sex, and
other factors related to fluctuating environmental
physicochemistry, can all influence physiology.
However, this study's findings can still provide vital
insight into the cardiac capacity of P. dentata
concerning acute DO changes. Also, these baseline
responses can serve as benchmarks for toxicological
investigations involving heart rate and other stressors,
such as environmental toxicants.
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