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A B S T R A C T   

Mangrove forests are impacted by a large range of anthropogenic activities that challenge their functioning. For 
example, domestic wastewater (WW) discharges are known to increase vegetation growth but recent studies 
indicate that they have negative effects on benthic macrofauna, especially on mangrove crabs, these ecosystem 
engineers playing a key role on the functioning of the mangrove. In experimental areas regularly receiving WW at 
low tide (Mayotte Island, Indian Ocean), a drastic decrease in burrowing crab density has been reported. In this 
context, the individual behavioural and physiological responses of the fiddler crab Paraleptuca chlorophthalmus 
exposed to short-term (6 h) pulse of WW and ammonia-N (as a potential proxy of WW) were investigated. This 
species is one of the most sensitive to WW within the mangrove crab community. For the behavioural experi
ment, crabs could choose between the aquatic and aerial environment. Individual metabolic rate (O2 con
sumption) was monitored after 6 h of exposure in WW or ammonia-N. Aerobic and anaerobic metabolic markers 
(citrate synthase and lactate dehydrogenase activities, respectively) were also evaluated. Results indicate that 
crabs exposed to WW are more active and mobile than controls after 3 h. Crabs actively emersed from WW and 
reduced their activity and mobility after 6 h. A higher metabolic rate in WW occurred immediately (t = 0 h), 3 
and 6 h after WW exposure, with also, a burst in aerobic bacterial consumption in WW, but no effect of ammonia- 
N. No effect of WW or ammonia-N was observed on enzymatic aerobic and anaerobic metabolic markers. 
Therefore, short-term pulses with domestic polluted wastewater trigger quick behavioural and metabolic re
sponses that could be deleterious if prolonged. These results could contribute to the understanding of the 
community-scale changes observed in benthic macrofauna after several years of regular domestic pollution 
pulses.   

1. Introduction 

Mangroves are forests that grow at the interface between terrestrial 
and marine ecosystems in tropical and subtropical areas (Xiang et al., 
2020) and are regularly exposed to anthropogenic pressure. This is due 
to their proximity with urban areas, aquatic farms, ports, that caused 
contrasted effects on vegetation, benthos and macrofauna (negative, 
neutral, even positive) (Capdeville et al., 2018). Because of their ca
pacity to absorb nutrients and their filtering properties (amongst 

others), they have been widely mentioned as bioremediation sites for 
domestic wastewater (WW) treatment (Capdeville et al., 2018; Kris
tensen, 2008; Tam and Wong, 1995). Potential effects of sewage 
discharge on vegetation, benthos and macrofauna have been studied in 
parallel (Herteman et al., 2011; Wong et al., 1997). 

In this context of bioremediation, a pilot site has been set up in 
Mayotte Island (Indian Ocean) in 2008, with regular pulses of WW 
discharge (5–6 h duration: two times / day) occurring on chosen natural 
mangrove areas where both vegetation and macrofauna were monitored 
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(Capdeville et al., 2018; Herteman et al., 2011). Among results of this 
project, effects on the assemblages of macrofauna communities have 
been observed in WW impacted areas with diminution or even disap
pearance of some species of burrowing mangrove crabs (Ocypodidae), 
against an increase of some Sesarmidae species (Capdeville et al., 2019, 
2018). Globally, a reduction in the number of burrows has been 
observed (Theuerkauff et al., 2020). This could be due to a decrease in 
burrowing crabs abundance, but also to a modification of their bio
turbation activity (foraging and burrowing) that could modify the 
mangrove ecosystem functioning (Cannicci et al., 2008). The study of 
burrowing crabs such as fiddler crabs that can have ecological engi
neering impacts on mangrove functioning is promising to improve our 
understanding of mangroves and the monitoring of their health state 
(Xiang et al., 2020). 

Worldwide, effects of domestic effluent discharges (controlled or 
not) on the assemblages of crab communities have been observed in 
several different mangroves with very contrasted results regarding di
versity and density of crab communities (see Capdeville et al., 2018, for 
a review). In the pilot experimental site of Mayotte, the prediction that 
small species like Ocypodidae should dominate the mangrove areas 
enriched by organic matter (Pearson and Rosenberg, 1978) was not 
confirmed by Capdeville et al. (2018). 

To complete these field observations, recent studies were conducted 
in controlled conditions in order to investigate the effects of WW on 
mangrove crab physiology. Burrowing mangrove crabs N. africanum 
were exposed to short (5 h) but ecologically relevant WW pulses (similar 
to the discharge generated on the field experimental site of Mayotte). A 
burst in O2 consumption, histological changes (osmoregulatory gills and 
hepatopancreas), and disturbed antioxidant defences were observed 
(Theuerkauff et al., 2018, Mégevand et al., 2021). These effects partially 
explain the modifications of crab communities observed in situ as they 
unveil, at different integrated levels, several energy compromises and 
adaptations to maintain the crabs global metabolism. They also reveal 
the physiological flexibility of this species and a lack of knowledge about 
the short-term survival strategies they may develop, including behav
ioural responses. 

In this context, could fine-scale behavioural and metabolic responses 
of burrowing mangrove crabs exposed to WW could contribute to the 
understanding of large-scale changes in communities observed in the 
field? 

Careau et al. (2008) formulated the existing link between physiology 
and behaviour, these two disciplines having long been perceived as 
complementary in the field of ecology and evolution. Behaviour is 
readily seen as a powerful way to cope with environmental challenges 
by physiologists (see, for example, Aimon et al., 2021; Urbina et al., 
2011). Also, behavioural ecologists recognise the importance of ener
getics in the context of behavioural decisions and the evolution of 
life-history strategies. 

In this study, we focus on a fiddler crab Paraleptuca chlorophthalmus 
distributed among Indo-pacific mangroves, that usually inhabits muddy 
banks and flats of mangrove estuaries, near high-tide levels of mangrove 
forests (Crane, 1975). This species is one of the declining ocypodidae 
species in the WW impacted parcels of the pilot site of Malamani 
(Capdeville et al., 2018). Behavioural observations coupled with phys
iological analyses can provide a more complete understanding of the 
impact of an external stimulus on an organism, a population or a species 
(Filiciotto et al., 2018). For fiddler crabs and other crustaceans, altered 
behaviour can be considered as an early warning biomarker of chemical 
exposure (Ungherese and Ugolini, 2009). In fiddler crabs, different 
escaping behaviours have been studied in situ, often resulting in a rapid 
home run towards the burrows in case of predation (Hemmi, 2005) or, 
inversely, by emerging from their burrows, with for example crabs 
exposed to thermal stress (Halal et al., 2020). Emersion behaviour has 
been proved as a useful escaping strategy, but this has to be in a limited 
time period as crabs become more exposed to predation or dehydration 
(Luppi et al., 2013). Moreover, the elimination of CO2 and ammonia is 

deprecated in the aerial environment (Luquet et al., 1998), which brings 
them regularly into the water. 

As intertidal crab biological timing follows circadian and circatidal 
rhythms (Naylor, 1997; Thurman, 2004), behavioural and physiological 
responses are expected to vary during the time of the day in environ
mental conditions, as it has been proved in ghost shrimps Neotrypaea 
uncinate (Leiva et al., 2016). Pollutants may interfere with such a 
regulation of crab’s activity according to the patterns of tides and day 
(Azpeitia et al., 2013; Stillman and Barnwell, 2004). 

By investigating several behavioural endpoints and assessing meta
bolic state (O2 consumption and metabolic enzymes activities) of the 
fiddler crab P. chlorophthalmus exposed to WW and ammonia-N as a 
proxy of WW in microcosm, we sought to better understand ecological 
observations in the field through laboratory experiments. 

We thus hypothesised that (1) crabs exposed to pollutants would 
show a higher activity state (escape response) coupled with an emersion 
behaviour corresponding to short-term response to contaminated water; 
(2) Both WW and Ammonia-N exposure would impact crab physiology 
leading to energy compromises in order to maintain their global 
metabolism. 

O2 consumption was measured as resting metabolic rate, with crabs 
placed in metabolic chambers that limited their movements. This mea
sure was considered as physiologically relevant (Borges et al., 2018) to 
assess the potential effects of contaminated water on crabs, indepen
dently from a potential locomotor or escape behaviour. Then, to reveal 
underlying metabolic trade-offs resulting from WW and ammonia-N 
exposure, we measured citrate synthase (CS) activity as a marker of 
aerobic metabolism through mitochondrial efficiency, and lactate de
hydrogenase (LDH) activity that would maybe show a shift to anaerobic 
metabolism in order to cope with the energy needs of the animals. 

2. Materials & methods 

2.1. Animal collection and acclimatisation 

Male P. chlorophthalmus were collected in February and March 2020 
in the mangrove of Malamani (Boueni Bay, Mayotte − 12,923155, 
45.154053) from a population extending along both sides of the stream 
of Malamani, in the Avicennia marina and Ceriops tagal vegetation belt 
(above the Rhizophora mucronata belt). This open habitat presents no 
canopy cover, a large temperature gradient and regular water immer
sion/emersion, depending on the season, the tides and time of the day. 

All animals were hand collected at low tide when crabs are active and 
out of their burrows. They were placed into individual boxes for trans
portation in order to minimise stress and fights. These males were then 
directly transported to the University Centre of Mayotte (CUFR, Dem
beni, France) and placed for three days for acclimation in tanks con
taining natural seawater (~33‰ salinity; 1050 mOsmol kg− 1), under a 
natural photoperiod (12 h light: 12 h dark) and without feeding prior to 
experimentation. These crabs (140) were acclimated to an aerial-aquatic 
environment (crabs could move freely between these two environ
ments). The acclimation microcosms were the same as those used for the 
behavioural experiment. 

For behavioural analyses, 60 crabs were studied. For the respirom
etry experiment, 40 crabs were studied. For the biochemical analysis on 
metabolic markers (citrate synthase, CS and lactate dehydrogenase, LDH 
enzyme activity), 40 crabs were studied. No mortality was observed 
during acclimation and experimental processes. 

2.2. Wastewater sampling and conservation 

Samples of raw wastewater effluent (WW) were directly collected 
from the Dembeni wastewater treatment plant. In order to minimise any 
possible variation in WW composition during the experiments, 100 litres 
were collected on a single day. WW was then distributed in 1 litre 
containers and stored at − 20 ◦C for the duration of the experiments (up 
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to 40 days) in order to stop bacterial proliferation and to ensure a better 
conservation of nitrogen compounds. This WW treatment plant was 
chosen because basic water parameters were routinely monitored due to 
the European water framework directive (WFD). In addition, frozen 
samples of collected WW were sent to CHROME laboratory (University 
of Nîmes, France) to assess NO3

− , NO2
− , NH4

+, PO4
3 concentrations and 

additional parameters on Metrohm ion chromatography system (Met
rohm, Switzerland) with conductivity detection (see Table 1). 

2.3. Ammonia-N exposure and experimental conditions 

Four different experimental conditions were performed: some crabs 
were maintained in seawater (~33‰ salinity), others were transferred 
to diluted seawater (~5‰ salinity) or to 10 mg.l− 1 ammonia-N solution. 
This solution was prepared by adding 1 mmol of ammonium chloride 
(Sigma, USA) to diluted seawater (~5‰ salinity). WW was also adjusted 
to ~5‰ salinity by adding Instant Ocean® Sea Salt. 

Ammonia-N (called N in our experimental design) was chosen as a 
second experimental treatment because the ionised form of ammonia-N 
(NH4+) is the major component of WW (Table 1). This condition 
referred to total ammonia (ammonia-N), which represents the sum of 
unionised ammonia NH3 and ionised ammonia NH4+ (Lemarié et al., 
2004). Finally, focusing on single ammonia-N effects in a separate 
experimental condition allow us to avoid pollutant cocktail and poten
tial hypoxic effects (aerobic bacteria that require oxygen to degrade the 
substrate) (Gerardi, 2006) caused by WW on crabs physiology. 

The ammonia-N concentration was chosen on the basis of concen
trations that may be released by treatment plants in Mayotte (Herteman, 
2010). It corresponds to a sub-lethal concentration for a fiddler crab 
species such as U. princeps with adults sharing similar size and 
morphology with P. chlorophthalmus (Azpeitia et al., 2013). 

In order to take into account crabs biological timing and potential 
handling stress, three time steps were considered for the behavioural 
and respirometry measurements: 0 h (start of exposure), 3 h, 6 h. In 
order to assess the activity of CS and LDH, crabs were exposed during 6 h 
to the same experimental conditions before euthanasia and sampling. All 
the experiments started at 10 am, in order to minimise the potential 
response variations due to circadian rhythms of the animals. 

2.4. Behavioural endpoints: locomotor activity, agitation and emersion 
choice 

Behavioural endpoints of P. chlorophthalmus were assessed using four 
independent 28 × 22 × 16 cm microcosms for each exposure condition, 

placed on the floor on a polystyrene plate to minimise any potential 
vibration. Microcosms were divided into two communicating environ
ments: aquatic and aerial. Crabs could move freely between those en
vironments with this binary-choice setup. Aerial part was made of a 
surelevated plastic grid platform accessible through a gentle slope 
avoiding crabs from slipping. Prior to each experimentation, exposure 
solutions were quickly poured in the microcosms and oxygenated during 
twenty minutes, in order to start the experiment with, at least, 90% air 
saturated water. 

Then, crabs were individually placed in the microcosms (N = 15 per 
condition), in the aquatic environment. The 0 h trials started 5 min after 
the crabs were placed in the microcosms, in order to minimise the po
tential stress due to handling. Videos were recorded at 0 h, 3 h and 6 h 
hours during 15 min with a Sony Handycam® CX900E attached ~210 
cm above microcosms. Individual crab movements were analysed using 
a multiple-arena module by EthoVision® XT 15.0 software (Noldus In
formation Technology, Wageningen, Netherlands), with a defined 
sampling threshold of 5 frames per second. 

Four parameters were evaluated: ‘travelled distance’ (cm), ‘mobility’ 
(a crab may be considered as “mobile” even if it does not travel a dis
tance), ‘agitation’ (based on the “activity” parameter of EthoVision® 
with a threshold defined at 30), and, the ‘percentage of time spent in the 
aerial environment’ of the microcosms. The agitation parameter focuses 
on the detection of the movements of the crabs’ legs only. A non-moving, 
or non-mobile crab, is not necessarily a quiet or undisturbed crab. Crab 
leg movement has been used as a stress indicator among crustaceans 
(Urban, 2015). 

All parameters except ‘travelled distance’ are expressed as % of time. 
At the end of each experiment, animals were weighed and put back in 
the aerial/aquatic aquariums before being released into the mangrove. 

2.5. Oxygen consumption rate 

The experimental design consisted in a static, intermittent flow- 
through respirometry system based on Clark et al. (2013). Crabs were 
individually placed into 125 ml chambers allowing them to make spo
radic movements considering their size, and at the same time ensure 
accurate measurements of O2 consumption. Following procedures 
described in Killen (2014), O2 measurements were performed using a 
4-channel fiber-optic system with contactless O2 sensor spots (FireSting 
O2, PyroScience, GmbH, Aachen, Germany) where water oxygen content 
was quantified once every 5 s 

Water-mixing within the chambers was achieved with magnetic 
stirrers located under 1 mm2 mesh grid to avoid too much disturbance 
(Rivera-Ingraham et al., 2016). Sensors were calibrated to 100% (using 
air-saturated water) and 0% air saturation. Chambers were filled with a 
tubing system providing control SW or contaminated water from 
aerated, filtered and temperature-controlled tanks. 

Crabs were gently introduced in the chambers and left to acclimate 
for one hour in aerated seawater prior experiment. 

Following acclimation, the system was filled with the exposure so
lution. An automated flush pump was switched on for 20 min to ensure 
proper mixing and was cut off during 40 min. During that time, the 
chambers were sealed. The decrease in oxygen content could be ana
lysed to indicate the rate of oxygen uptake. After the 40-minute cycle, 
the pump was turned on to flush the metabolic chambers with aerated 
seawater (or aerated WW or diluted seawater enriched with ammonia- 
N) during 20 min. Due to the presence of aerobic and anaerobic mi
croorganisms capable of degrading organic compounds and consuming 
O2 (Shchegolkova et al., 2016), a 20 min flushing was run to ensure 99% 
air saturation. The 40 min measurements allowed accurate O2 mea
surements without falling under the threshold of 70% air saturation in 
order to maintain aerobic metabolism and to avoid hypoxic stress 
(Rodgers et al., 2016). 

Similarly to the behavioural experiment, O2 measurements were 
recorded at 0 h, 3 h and 6 h for all individuals (N = 10 per condition). 

Table 1 
Physical and chemical characterisation (µmol/Kg) of undiluted WW 
(pH = 8.3) collected in Dembeni treatment plant system during the 
rainy season (March 2020). Samples were stored at − 20 ◦C prior 
analyses in CHROME Laboratory (Nîmes, France).  

Chemical species Concentration (µmol/Kg) 

Na+ 3207 
NH4

+ 2313 
K+ 364 
Mg2+ 488 
Ca2+ 286 
F- 5.8 
Acetate 190 
Formate <l.d. 
Cl- 2238.2 
NO2

- <l.d. 
Br- 3.1 
NO3

- 0.6 
Benzoate <l.d. 
PO4

3- 68.5 
SO4

2- 253.9 
Oxalate <l.d.  
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The same procedure was applied for blanks chambers for each condition 
(N = 8 per condition) and then subtracted from the MO2 per individual. 

At the end of each experiment, animals were weighed and put back in 
aerial/aquatic aquariums before being released into the mangrove. 

2.6. Sampling and dissections 

In order to perform the CS and LDH activity assays, crabs were 
anesthetized and euthanized on ice for tissue sampling of the muscle of 
the big chelipeds, anterior and posterior gills. Samples were transferred 
in 1.5 ml tubes and flash frozen in liquid nitrogen then conserved 
separately at − 80 ◦C for enzymatic assays. 

2.7. Metabolic markers 

Citrate synthase (CS) and lactate dehydrogenase activity (LDH) ac
tivities were determined to assess the potential physiological effect of 
WW and Ammonia-N exposures. Indeed, they may be useful to deter
mine what sort of locomotor behaviour the animals are most likely to 
rely on due to the expression of aerobic versus anaerobic enzymes found 
on the tissue (Ombres et al., 2011). 

A different batch of animals was chosen for the investigation on 
metabolic markers. Crabs were maintained in the same microcosms used 
as for the behavioural experiments, but without the aerial platform. 
Crabs could move freely but stayed totally immersed (no “aerial bias” 
resulting from the potential time spent in air between individuals). 

Citrate synthase activity was used as a marker of mitochondrial 
content. CS was measured using a kit from Sigma Aldrich (#MAK193) 
following the manufacturer’s instructions. Briefly, 2–8 mg of anterior 
gill, posterior gill, and muscle of the big cheliped were homogenised in 
100 μL of icecold CS Assay Buffer. Then, samples were centrifuged at 
10,000 g for 5 min at 4 ◦C and the supernatant was transferred to a fresh 
tube. Fifty microlitres of sample were added to wells of 96-well plates in 
duplicate with appropriate reaction mixes (CS assay buffer, developer 
and substrate mix). A standard curve was obtained with serial dilutions 
of GSH solution (0–40 nmol/well). The plate was incubated for 3 min at 
25 ◦C and the absorbance was recorded at 412 nm every 5 min for 40 
min. The colorimetric product (GSH) was proportional to the enzymatic 
activity of CS and normalised to the quantity of tissue. 

Lactate dehydrogenase activity was measured using a kit from Sigma 
Aldrich (Oakville, ON, Canada, #MAK066) following the manufac
turer’s instruction. Briefly, 2–8 mg of anterior gill, posterior gill, and 
muscle of the big cheliped were homogenised in 200 μL of ice-cold LDH 
Assay Buffer. Then, the samples were centrifuged at 10,000 g for 15 min 
at 4 ◦C and the supernatant was transferred to a fresh tube. Fifty 
microlitres of sample were added to wells of 96-well plate in duplicate 
with appropriate reaction mixes (LDH assay buffer, developer and LDH 
substrate Mix). A standard-curve was obtained with serial dilutions of 
NADH solution (0–12.5 nmol/well). The plate was incubated at 37 ◦C 
and the absorbance was recorded at 450 nm every 5 min for 30 min. The 
colorimetric product (NADH) was proportional to the enzymatic activity 
of LDH and normalised to the quantity of tissue. 

3. Statistical analyses 

Statistical analyses were performed in R version 3.5.2 with Rstudio 
version 0.99.491 (Rstudio, Inc), with statistical significance being 
assigned at α = 0.05. 

To test for potential effects of treatment and time on behavioural 
endpoints, we used generalised mixed-effects modelling (Zuur et al., 
2013) using the package glmmTMB (Brooks et al., 2017). The time 
allocated to each behaviour was first translated into percentage, except 
for the distance moved, expressed in centimetres. 

Three behavioural endpoints (distance moved, mobility, agitation) 
were modelled in function of treatment (SW, DSW, N, WW) (four-level 
fixed factor) and exposure time (0 h, 3 h, 6 h) (three-level fixed factor). 

Individual differences and autocorrelation due to repeated mea
surements were controlled via a random intercept of crab ID. Since data 
followed a compound Poisson-gamma distribution while recording a lot 
of exact zeroes not being missing values, a Tweedie distribution error 
was applied to the models (Candy, 2004). 

To explore the magnitude of the effects of each fixed factor (treat
ment and time) and their interaction, a type II ANOVA (Wald chi-square 
test) was applied using Anova function in CAR package (Fox and 
Weisberg, 2019). When significant interactions between treatment and 
time were detected –which occurred for the three behavioural end
points- they were investigated through multiple pairwise comparisons 
using lsmeans package (Lenth, 2016). Bonferroni correction was applied 
to all p-values resulting from this analysis. 

For one of the behavioural endpoints (time spent in the aerial envi
ronment), GLMM was not found suitable. Therefore, we focused on the 
variability of individual responses between treatment groups. We 
investigated, for each time step, the coefficient of variation (CV) of each 
group and used Krishnamoorthy and Lee’s (2014) modified 
signed-likelihood ratio test from the R package cvequality (Marwick and 
Krishnamoorthy, 2019) to compare the variability between individuals. 

For O2 oxygen consumption, a generalised linear mixed model 
approach was taken assuming Gaussian distribution error with log link. 
As with above, time (0 h, 3 h, 6 h) and treatment group (SW, DSW, N, 
WW) were considered as fixed factors. 

Crab ID was set as random factor nested within experimental tank 
(two tanks of exposure solution per treatment, N = 4 per tank), which 
are nested within treatment group (SW, DSW, N or WW). Interaction 
terms were examined using the approach outlined above, using type II 
ANOVA and multiple pairwise comparisons followed by Bonferroni 
correction. The same statistical analysis was used for aerobic O2 con
sumption, with metabolic chamber ID set as random factor. 

For metabolic markers (CS and LDH), residuals were evaluated using 
Shapiro-Wilk and Levene’s test respectively in order to test the data 
normal distribution behaviour and variance homogeneity. When para
metric assumptions were not met, data were log-transformed. One-way 
ANOVAs were performed separately for anterior gills, posterior gills and 
muscles to assess potential differences of enzymatic activities of CS and 
LDH between treatments (SW, DSW, N, WW) after 6 h exposure. All 
values are represented as average ± SEM. 

4. Results 

4.1. Behavioural endpoints 

Results of the behavioural analyses are depicted in  Figs. 1 and 2, 
which include temporal tracking responses of 0 h, 3 h, 6 h for the dis
tance moved (Fig. 1A), mobility (Fig. 1B), agitation (Fig. 1C) and 
emersion time parameters (Fig. 2). 

For the distance moved (cm), differences across treatments and 
exposure times accounted for significant (p < 0.05) effects of treatment, 
exposure time, and their interaction (Table 2, Fig. 1A). 

Exposure to WW and Ammonia-N resulted in a significant increase in 
the distance moved by crabs at 3 h compared with those exposed to DSW 
following multiple comparison test with Bonferroni correction. 

For 0 h and 6 h, no significant difference in distance moved between 
the four treatments was observed. Considering exposure time as factor 
level, crabs exposed to DSW showed a significantly reduced distanced 
moved at 3 h compared with the first time point (0 h). 

A significant effect (p < 0.005) of treatment and exposure time on 
mobility (% time) was observed. Their interaction was also significant 
(Table 2). 

Post-hoc multiple comparisons on the interaction terms showed that 
crabs exposed to WW were more mobile than crabs exposed to DSW and 
SW at 3 h and that crabs exposed to Ammonia-N were more mobile than 
crabs exposed to DSW at the same time point (3 h) (Fig. 1B). For 0 h and 
6 h, no significant difference in mobility between treatments was 
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observed. Considering exposure time factor level, crabs exposed to DSW 
showed a significantly reduced mobility at 3 h compared with the first 
time point (0 h), similarly to distance moved. 

Crabs were also significantly more agitated when exposed to WW 
compared with DSW at 3 h only (Fig. 1C). In the same way as for the two 
previous parameters, crabs exposed to DSW were significantly less 

agitated at 3 h than at 0 h considering the exposure time factor level. 
These results accounted for significant (p < 0.005) treatment, exposure 
time and interaction (Table 2). 

Analysis of deviance with Wald Chi-square tests are performed for 
testing the significant differences of fixed categorical variables in 
GLMMs (N = 15 per treatment for 4 treatment groups and 3 time steps). 
Autocorrelation and non-independence were controlled with crab ID as 
random factor. 

As depicted in Fig. 2, time spent in aerial environment varied a lot 
between individuals for all treatment groups at 0 h with no clear pref
erence between the aerial or aquatic environment (test statistic = 1.98, 
p = 0.56, CV: SW = 143.58, DSW = 89.64, N = 81.26, WW = 81.65). At 
3 h, coefficients of variation of N and WW exposed crabs slightly 
decreased without bringing significant difference between treatment 
group coefficient of variations (test statistic = 5.3719, p = 0.146, CV: 
SW = 97.51, DSW = 96.82, N = 67.83, WW = 44.38). At 6 h, individual 
variations significantly differed between treatment groups, as 93% of 
the crabs exposed to WW spent at least 95% in the aerial environment 
(test statistic = 9.62, p = 0.02, CV: SW = 97.85, DSW = 64.54, 
N = 75.17 WW = 25.22) whereas other treatments showed similar 
variations. 

4.2. Oxygen consumption 

Results of the respiration rate measurements are depicted in Fig. 3A, 
which includes temporal responses for each treatment at 0 h, 3 h, 6 h. 

A significant effect (p < 0.001) of treatment and exposure time on O2 
consumption (µmol O2⋅m− 1⋅g− 1) was observed. Their interaction was 
also significant (Table 3). 

Post hoc multiple comparisons on the interaction terms showed that 
crabs exposed to WW consumed significantly more O2 than crabs 
exposed to DSW and at the first-time step (0 h) (Fig. 3A). At 3 h, WW 
exposed crabs consumed significantly more O2 than DSW and SW 
exposed crabs. At 6 h, a burst in O2 consumption in crabs exposed to WW 
generated significant differences in respiration rate with the three other 
treatment groups (DSW, SW and N). 

Results of the consumption of O2 by aerobic bacteria are depicted in 
Fig. 3B, including temporal responses for each treatment at 0 h, 3 h, 6 h. 
A significant effect (p < 0.01) of treatment and exposure time on O2 
consumption (µmol O2⋅min1) was observed (Table 3). Their interaction 
was also significant (Wald chi-square test). Post hoc multiple compari
sons on the interaction terms showed that bacterial O2 consumption in 
WW increased significantly between 0 h and 3 h, and 3 h and 6 h, with a 
clear burst in consumption at 6 h (Fig. 3B). Bacterial O2 consumption in 
WW was significantly higher at 6 h compared with all the other condi
tions (DSW, SW and N). 

4.3. Metabolic markers 

Mean enzyme (CS and LDH) activities in anterior gills, posterior gills 
and muscles for the four treatments are shown respectively in Fig. 4A 
and B. Activities are expressed as μmol substrate converted to product 
per minute (U) per mg of protein (U⋅mg− 1⋅protein). 

No significant differences were found between treatments in CS ac
tivity for anterior gills (one-way ANOVA, F(3,35) = 0.59, p = 0.62), 
posterior gills (one-way ANOVA, F(3,31) = 0.23, p = 0.87) and muscles 
(one-way ANOVA, F(3,33) = 0.063, p = 0.979). WW and Ammonia-N 
did not affect either LDH activities of anterior gills (one-way ANOVA, 
F(3,34) = 0.38, p = 0.77), posterior gills (one-way ANOVA, F(3,30) 
= 1.27, p = 0.30) and muscles (Kruskal-Wallis test, H = 0.05, df = 3, 
P = 0.99). 

Fig. 1. Averages of (A) distance moved by crabs, (B) percentage of time where 
crabs were mobile, and (C) percentage of time where crabs were agitated at 0 h, 
3 h and 6 h exposure to SW, DSW, N and WW. Different colours represent 
treatments (see legend). Values are mean ± SE. N = 15 per treatment. Different 
letters on the top (a,b,c) and at the bottom (x,y,) of bar plots indicate significant 
two-way interaction effects of treatment and time respectively after Wald Chi- 
square test and pairwise multiple comparisons (Bonferroni corrected). 
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5. Discussion 

5.1. Locomotor behaviour and agitation: an escape response to WW 
pollution? 

In this research, crabs exposed to WW and ammonia-N exhibited a 
stimulation of their locomotor behaviour (distance moved and time 
spent mobile) that became significantly different from DSW and SW 
controls after 3 h. At the beginning of the exposure (0 h), no significant 
difference was found between the treatments and most of the animals 
exhibited erratic behaviours (Fig. 1A, B, C). This could be explained by a 
potential stress coupled with an exploring activity of crabs in their new 
environment. After 3 h exposure, DSW exposed crabs decreased signif
icantly their locomotor behaviour and agitation at a very low rate in 
contrast to 0 h (Table 2). This species has been described as ”lethargic” 
(Crane, 1975), mostly feeding while standing in place unlike other 
fiddler crab species such as G. vocans and G. tetragonon that are more 
active (wandering, waving, fighting) (Weis and Weis, 2004). The 
behaviour that was observed in crabs in DSW and SW conditions after 
3 h could, thus, be interpreted as an acclimation to the microcosms, 
handling and experimental conditions. 

This is not the case for WW and ammonia-N exposed crabs, which 

maintained a high locomotor and mobility rate at 3 h with significant 
differences compared to DSW and SW exposed crabs. This peak activity 
in crabs exposed to wastewater has also been observed in mesocosms 
after 3 h exposure, in two fiddler crab species (Bartolini et al., 2009). 
This frenetic wandering, without any apparent purpose, was interpreted 
as an escape response from stressful conditions and the direct sewage 
impact such as lower salinity or pH alteration. 

Other studies focusing on amphipod species exposed to effluent also 
manifested compulsion to escape as a general increase in activity, at 
least in short time periods (Love et al., 2020). In our study, we may rule 
out the salinity factor since crabs in the DSW control condition exhibited 
no apparent stress. Also, they mainly inhabit stream banks that can have 
reduced salinities. Furthermore, avoiding freshwater could be delete
rious (predation risk). However, other factors such as high ammonia-N 
concentrations, or pollutant cocktails may be noxious to these 
organisms. 

Ammonia-N is known to disrupt physiological processes such as 
osmoregulation, immunology, acid/base balance and gas exchange in 
Decapod crustaceans (Romano and Zeng, 2013; Weihrauch et al., 2004), 
especially at low salinities. On the other hand, domestic effluents are 
complex and inherently inconsistent, for that reason the impact of in
dividual components of WW is difficult to ascertain (Love et al., 2020). 

Our results showed a different intensity in the behavioural responses 
between crabs exposed to ammonia-N only and to WW. Responses 
appear more acute when crabs are exposed to the latest, particularly 
concerning the mobility and agitation parameters (Fig. 1B,C). In our 
study, the locomotor activity and agitation of both ammonia-N and WW 
exposed crabs decreased after 6 h exposure, in such a way that there was 
no significant difference with control treatments anymore. This decrease 
in activity could be an acclimation behaviour regarding the pollutant, 
with an initial burst in velocity due to handling stress (T0H), an acute 
response that could be an avoidance behaviour (T3H), and an acclima
tion to contaminated water with a decrease in activity and dissipation of 
avoidance behaviour (T6H). Such responses have already been observed 
in amphipods exposed to WW, with an activity peak noticed at short- 
term, generally followed by a decrease in activity (Love et al., 2020). 
In the present research, crabs exposed to ammonia-N acted the same way 
while remaining in the water. However, those exposed to WW emersed 
themselves from the water after 6 h of exposure. 

Fig. 2. Percentage of time that crabs exposed to DSW, SW, N and WW spent in aerial environment at 0 h, 3 h, and 6 h (individual values). Different colours represent 
treatments (see legend). Circles represent individuals (N = 15 per treatment). Triangles represent the coefficient of variation by treatment and time step. P values 
indicate if there are significant differences between treatments after modified signed-likelihood ratio test. 

Table 2 
Behavioural responses of fiddler crabs as a function of treatment and time.  

A Distance moved  

Factor DF χ2 P 

Treatment 3 9.91 0.019 
Time 2 25.72 <0.001 
Treatment X Time 6 2.85 0.045     

B Mobility   
Factor DF χ2 P 
Treatment 3 26.25 0.002 
Time 2 15 <0.001 
Treatment X Time 6 13.79 0.032     

C Agitation   
Factor DF χ2 P 
Treatment 3 21.11 <0.001 
Time 2 27.63 <0.001 
Treatment X Time 6 13.2 0.04  
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5.2. Emersion behaviour: an escape strategy driven by physiological 
compromises under pollutant stress 

Some crustaceans (amongst them, Ocypode crabs) called bimodal 
breathers, are able to perform gas exchange in both aquatic and aerial 
environments through gills and lungs (Henry and Wheatly, 1992). This 
bimodal life strategy where organisms can move facultatively between 
aerial and aquatic media, can be seen as an adaptation to efficiently face 

the heterogeneity of intertidal habitats (Fusi et al., 2016). Our results 
showed that after 3 h of exposure, crabs exposed to SW and DSW con
trols were mostly resting (Fig. 1) indifferently between aerial and 
aquatic environment (Fig. 2). Bimodal breathers need to maintain con
tact with an aqueous environment even under terrestrial conditions and 
keep a supply of water in the branchial chamber, bathing the gills due to 
morphological and physiological adaptations, such as releasing carbon 
dioxide (CO2) and ammonia (NH3) (Henry and Wheatly, 1992; Taylor 

Fig. 3. Resting metabolic rate of P. chlorophthalmus (A, N = 10 per treatment) and O2 consumption by aerobic bacteria (B, N = 8 per treatment) in SW, DSW, N and 
WW at 0 h, 3 h, and 6 h exposure. Values are mean ± SE. Different letters on the top (a,b,c) and at the bottom (x,y,) of barplots indicate significant two-way 
interaction effects of treatment and time respectively after Wald Chi-square test and pairwise multiple comparisons (Bonferroni corrected). 
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and Butler, 1973). However, several studies showed that whole body 
emersion behaviour happens in crabs facing environmental stress such 
as exposure to contaminants, temperature increase or hypoxia (nuanced 
with some species-specific responses) (de Lima et al., 2021; Taylor et al., 
1973). Our results showed that crabs exposed to WW spend substantially 
more time in air as an escape behaviour with a clear preference for this 
environment (see Fig. 2), since they are almost all emerged after 6 h 
exposure, and they all emerged themselves at least once. 

This could represent a prolonged avoidance behaviour with crabs 
finally relying on emersion after a peak of activity. This behaviour is not 

observed in animals facing ammonia-N exposure, which decrease their 
activity after 6 h without choosing any particular media, similarly to 
control treatment exposed crabs. 

Acute exposure to high environmental ammonia (HEA) triggered 
emersion responses in the green shore crab Carcinus maenas at high NH4 
concentrations (4 and 10 mmol.L− 1 against 1 mmol.L− 1 in the present 
study) (Zimmer and Wood, 2017). However, intertidal crabs such as 
P. chlorophthalmus are usually exposed to lower levels of ammonia-N. In 
this regard, a recent study demonstrated the involvement of the fiddler 
crab holobiont in the nitrogen cycle around the animals, and the 
importance of considering invertebrate-bacteria associations in under
standing biogeochemical processes in mangroves (Zilius et al., 2020). 
The authors suggest that in the presence of eutrophic conditions, such as 
regular WW discharges, the composition of the holobiont biofilm could 
potentially be modified and have an impact on the biogeochemical 
conditions of the environment near the animals, and thus potentially on 
their ecology. 

Weihrauch et al. (1999) proposed that the high ammonia environ
ment (1–2 mmol.L− 1) in the sediment surrounding crab burrows may 
have driven the evolution of active ammonia excretion mechanism in 
crabs with no need to escape or emerge from the water. 

This could explain why crabs exposed to ammonia-N in the present 
study exhibited an escape behaviour with an increase in locomotion at 
first (until at least 3 h of exposure) but did not show a full emersion 
response since excretion of nitrogen products must occur in water 
(Luquet et al., 1998). 

Table 3 
P. chlorophthalmus resting metabolic rate and aerobic bacteria consumption as a 
function of treatment and time. Analysis of deviance with Wald Chi-square tests 
are performed for testing the significant differences of fixed categorical variables 
in GLMM (N = 8 per treatment for 4 treatment groups and 3 time steps).  

A O2 crab consumption   
Factor DF χ2 P 

Treatment 3 48.33 < 0.001 
Time 2 32.89 < 0.001 
Treatment X Time 6 80.98 < 0.001     

B O2 bacterial consumption   
Factor DF χ2 P 
Treatment 3 14.42 < 0.01 
Time 2 363.46 < 0.001 
Treatment X Time 6 1030.44 < 0.001  

Fig. 4. Activity of citrate synthase (A) and lactate dehydrogenase (B) in anterior gill, posterior gill and cheliped muscles of P. chlorophthalmus exposed to DSW, SW, N 
and WW for 6 h. N = 10 per treatment. Values are mean ± SE and different colours represent treatments (see legend). 
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5.3. Oxygen consumption and enzymatic markers: the metabolic cost of 
contaminant exposure 

In aquatic organisms, exposure to wastewater effluents causes 
metabolic and behavioural effects, often demonstrated by an increase in 
metabolic rate with behavioural modifications. These changes are often 
associated with synergistic effects of contaminants with other factors, 
which are difficult to discriminate (Du et al., 2018). The resting meta
bolic rate represents an integrated way of assessing a potential metabolic 
cost of contaminant exposure at the organism level, this time without 
behavioural responses. Research conducted on fish species showed that 
animals exposed during 21 days to WW increase their metabolic rate and 
that the contaminants impact the oxygen cascade through various al
terations: increased morphological capacity of the gills for gas exchange, 
modulation of haemoglobin-O2 binding affinity of the blood, modifica
tion of mitochondrial functions (Du et al., 2018). 

In the present study, crabs totally immersed in WW drastically 
increased their resting metabolic rate with a burst in O2 consumption 
observed after 6 h in order to supply their energy requirements, as ex
pected (hypothesis 2). The increase in O2 consumption, recorded in 
metabolic chambers means that the crabs in this study still have scope to 
extract O2 from water, with no change in the CS activity as a marker of 
maximum aerobic potential (Bishop et al., 2004). But it is important to 
remember that the water was regularly oxygenated for the metabolic 
rate measurements experiments, unlike WW from the behavioural and 
enzymatic marker experiments. Thus, in parallel with multiple stressors, 
a potential hypoxia stress could occur when crabs are exposed to WW in 
these experiments: we observed (Fig. 3 B) that bacterial and algal con
sumption increases sharply with WW exposure, which is however 
regularly aerated. 

Exposure to environmental stressors such as hypoxia can induce 
physiological and behavioural trade-offs (Killen et al., 2012). Generally, 
organisms use two initial metabolic strategies when exposed to hypoxic 
conditions: an overall reduction in metabolic rate, and a shift in the 
aerobic and anaerobic contributions to total metabolism (Cooper et al., 
2002), which was not the case for the crabs in our study. The assessment 
of LDH enzymatic activity (indicator of glycolytic potential) in gills and 
cheliped muscles confirms this hypothesis (Fig. 4B) at a lower integra
tion level. It suggests that crabs could rely on other metabolic strategies 
in coping with a potentially hypoxic WW, sometimes by trapping an air 
bubble inside while sealing their burrows during high tide, providing 
them with sufficient oxygen until emersion (Penha-Lopes et al., 2009). 
They could also rely on the capacity to live in an aerial environment 
rather than to process more complex physiological changes. 

Again, no effect of isolated ammonia-N treatment was observed 
(Figs. 3A, 4), between treatments and time, in resting metabolic rate and 
metabolic marker experiments, supporting the fact that WW impacts 
result in a combination of stress factors such as multiple contaminants 
and, perhaps, progressive hypoxia. The interactions between multiple 
stressors have been discussed and are likely to be more complex than a 
neutral additive interaction where the effects of multiple stress would be 
equal to the sum of each isolated stress (here, ammonia-N, possible other 
contaminants, and, a potential hypoxic stress) (Henry et al., 2017). For 
example, decreased O2 concentrations can hinder nitrification and 
promote reduction of nitrate to ammonia by micro-organisms, 
increasing ammonia concentration particularly when nitrate concen
tration is high (Henry et al., 2017), which is the case in WW. These 
combined, synergistic effects could explain the acute behavioural and 
metabolic responses observed in crabs exposed to a short-term (6 h) WW 
pulse. 

6. Conclusion 

Behaviour and swimming performances are now well recognised 
indicators for aquatic and intertidal animals, of their individual ability 
to respond to environmental stressors (Amiard-Triquet, 2009; Aimon 

et al., 2021). The study of the effects of complex sewage effluents in 
intertidal environments on semi-terrestrial crustaceans induces addi
tional considerations such as nutrient enrichment, potential hypoxic 
condition and tidal rhythm that introduce complexity in assessing the 
whole-effluent toxicity (Melvin, 2016) at different biological levels. 

Our study showed that pulse exposures with WW pollution induce an 
increase in the locomotor behaviour and an emersion behaviour in a 
fiddler crab species, associated with a drastic increase in metabolic rate. 
Crabs facing nutrient-enriched water (ammonia-N) as a key character
istic of WW also increase their locomotor behaviour, although to a lesser 
extent, and did not display emersion behaviour, nor did they increase 
their metabolic rate. Behavioural analyses offer many benefits as eco
toxicological endpoints and are a more sensitive indicator of toxicity 
than mortality (Love et al., 2020). Our study also indicates that behav
ioural endpoints could allow the expression of several degrees of in
tensity in individual responses to different stressors. In both Ammonia-N 
and WW, no change in metabolic enzyme pathways have been observed 
(CS and LDH), implying that no switch in energy supplies occurs when 
crabs cope with short-term pollution pulses. Finally, fine-scale metabolic 
and behavioural responses observed in WW are based on a short-term 
behavioural and physiological flexibility that could be deleterious 
when repeated in the chronic exposure context of a bioremediation site. 
Within their flexible behavioural repertoire used to adapt to changing 
conditions, crabs have already been observed abandoning their burrows 
in “herds” to find better living conditions when predation risk is too 
high, when food lacks or in case of prolonged harassment by neighbours 
(Zeil and Hemmi, 2006). The repetition of emersion behaviour, and the 
chronic polluted conditions due to regular pulses of WW, could greatly 
diminish the living conditions within these burrows while increasing the 
risk of predation and dehydration. Such disturbances in the established 
rhythms in crab societies could lead to massive wandering in search of 
new burrows and territory. This could partly explain why regular 
anthropogenic pollution discharges such as WW can lead to changes in 
crab communities in situ within a few years. 

CRediT authorship contribution statement 
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