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Highlights 

 Combination of fluoxetine and venlafaxine impaired colour change and locomotion in 

Carcinus maenas. 

 Juvenile crabs exposed to fluoxetine displayed a transient effect on colour change. 

 Juvenile crabs exposed to combined antidepressants were less efficient at adapting their 

colouration to their environment. 

 Juvenile crabs exposed to combined antidepressants exhibited an increased locomotor 

activity. 
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Abstract 

Juvenile crabs of Carcinus maenas thrive in coastal waters reputed to be the receptacle of 

continental pollution. Amongst the many pollutants encountered, antidepressants, such as 

fluoxetine (FLX) and venlafaxine (VEN), often detected at the ng·L
-1

 range, are particularly 

worrying because of their action on the levels of monoamines, such as serotonin, norepinephrine 

and dopamine. In crustaceans, those monoamines are involved in colour change through their 

action on neuropeptide hormones. In addition, they are known to have a role in different 

behaviours, such as locomotion. Both colour change and locomotion are strategies used by 

juvenile crabs to hide and escape from predators. To investigate if the presence of 

antidepressants may alter behaviours of ecological importance, juvenile crabs were exposed to 

environmentally realistic concentrations of either 5 ng·L
-1 

of FLX alone or in combination with 

VEN at 5 ng·L
-1

. The ability to change colour depending on the environment and the locomotor 

activity of juvenile crabs were monitored weekly over 25 days. Animals exposed to 

antidepressants displayed a different pattern of colour change than the controls, especially those 

exposed to the combination of FLX and VEN at 5 ng·L
-1 

each, and were less efficient to adapt to 
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their environment, i.e., they were not as pale and not as dark as control or crabs exposed to FLX 

at 5 ng·L
-1

. Moreover, juvenile crabs exposed to the combination of antidepressants exhibited an 

enhanced locomotor activity throughout the exposure period with a higher velocity and distance 

moved as well as more time spend moving. The alteration of cryptic behaviours, such as colour 

change and locomotion by antidepressants persistently present in marine environment at low 

concentrations may have an impact on the survival of juvenile of C. maenas on the long term. 

 

1. Introduction 

Camouflage is defined as “body colours and patterns and other morphological adaptations that 

decrease the probability that an animal will be detected or recognized” (Merilaita et al., 2017). 

Camouflage may also comprise complex behavioural choices (Stevens and Ruxton, 2019), such 

as actively choosing substrates depending on their colour, called „background matching‟ 

(Marshall et al., 2016; Tyrie et al., 2015), moving without rising suspicion of predators (or preys) 

by mimicking elements of the environment, i.e., matching environmental motion (Bian et al. 

2016), or simply remaining immobile (Caro, 2005; Lindberg, 1980). To conceal themselves in 

their environment, some animals are capable of rapid colour changes—within hours to days—in 

order to adapt to the background has been described for shrimps (Siegenthaler et al., 2018), 

juvenile shore crabs (Stevens et al., 2014a) and fish (Sugimoto, 2002). These rapid colour 

changes are called „physiological colour change‟. They involve pigments contained in 

specialised cells, named chromatophores. These pigments can reversibly disperse or 

concentrate/aggregate (Fingerman, 1965). Slower and long-lasting colour changes, named 

„morphological colour change‟, involve structural changes, for instance the density of 

chromatophores, or pigments embedded in the cuticle of arthropods (Umbers et al., 2014). In 

crustaceans, physiological and morphological colour changes can overlap, allowing animals to 

blend into their environment over different time scales (Fingerman, 1985). In the green shore 

crab, Carcinus maenas, colour change is particularly visible during the early life stages (Stevens 

et al. 2014a; 2014b), whilst the cuticle is still translucent. Powell (1962a) identified three types 

of monochromatic chromatophores in C. maenas containing black, white and red pigments. In 

addition, recent evidence points to the existence of yellow pigments (Nery and Castrucci, 2002; 

Stevens, 2016). Therefore, juvenile crabs can darken or brighten within hours (Stevens et al. 

2014b) and display different colours and various patterns on their carapace and legs (Stevens et 
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al., 2014a, 2014b). These may range from uniform to disruptive colouration. Both, physiological 

and morphological colour changes allow the crabs to perfectly camouflage themselves in the 

heterogeneous and variable microhabitats of the upper intertidal zone where the juveniles thrive 

(Fig. 1).  

Both, rapid and slower, i.e., physiological and morphological, colour changes in crustaceans are 

triggered by hormonal neuropeptides that either act on the dispersion or concentration of 

pigments, or on moulting and tanning. The chromatophorotropins „Red-Pigment Concentrating 

Hormone‟ (RPCH) and „Pigment Dispersing Hormone‟ (PDH), the latter of which comes in two 

isoforms, regulate physiological colour changes in decapod crustaceans (Christie et al., 2010; 

Fingerman et al., 1998; Powell, 1962b). The RPCH induces pigment concentration notably in 

erythrophores, but may also act on leucophores, melanophores and xanthophores, whereas PDH 

appears to trigger pigment dispersion in all types of chromatophores (reviewed in Rao, 2001). 

Putatively, other neuropeptides, such as corazonin (Porras et al., 2003), or crustacean 

cardioactive peptide (Nery et al., 1999) may be involved in rapid colour change as well. 

Upstream, those hormones are influenced by monoamines, such as serotonin (5-

hydroxytryptamine, 5-HT), norepinephrine (NE)—or the chemically similar octopamine—and 

dopamine (DA). The secretion of PDH is known to be stimulated by 5-HT and NE (Rao and 

Fingerman, 1970; Hanumante and Fingerman, 1981; Fingerman, 1985), whereas DA stimulates 

the release of RPCH (Fingerman, 1985). 

The monoamines 5-HT, NE and DA are also known to have roles in diverse behaviours of 

crustaceans, such as agonistic behaviour (Sneddon et al., 2000 ; Tierney and Mangiamele, 2001), 

phototactic behaviour (McPhee and Wilkens, 1989), anxiety-like behaviour (Fossat et al., 2014), 

and locomotion (Barthe et al., 1989; McPhee and Wilkens, 1989; Peeke et al., 2000). The latter 

appears to be essential for the survival of juvenile crabs as it allows them to escape and to repair 

to locations with an appropriate background that matches their body colouration. Indeed, 

background matching is very efficient as long as the animals stay still. Nevertheless, after a short 

time juvenile crabs usually attempt to flee, so as to avoid the field of vision of their predators 

(Siegenthaler et al., 2018). This requires locomotor activity, hence providing a link between 

camouflage and locomotion. As stated above, monoamines can have an impact on behavioural 

traits where locomotion is involved. McPhee and Wilkens (1989) have demonstrated that 

elevated 5-HT-levels increased and triggered locomotion in random directions. Thus, any change 
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in the levels of monoamines, either by modulation of their synthesis, release, action or reuptake 

will impact the neurosecretory release of peptide hormones or directly act on motor control 

centres. As a matter of consequence, colour change and/or locomotor behaviour of juvenile crabs 

may both be modified by antidepressants, which is likely to affect camouflage and cryptic 

behaviour and potentially will imperil their survival. 

Various pollutants are released into the coastal areas where the juvenile crabs develop. Several 

compounds may interfere with the synthesis, release and the regulation of monoamine 

concentrations in non-target organisms and, in turn, may affect camouflage and cause alterations 

of behaviour. Of particular concern are antidepressants, because they are specifically designed to 

act on serotoninergic and norepinergic systems (Mezzelani et al., 2018). Given that their 

prescription is still rising (OECD Health Statistics 2019), considerable amounts of residues are 

being released each day through human excretion or disposal of unused and expired pills in 

toilets (Jones et al., 2001), and are only inefficiently removed by wastewater treatment plants 

(Bueno et al., 2012; Schlüsener et al., 2015). Notwithstanding, concentrations of individual 

antidepressants were reported to be in the low ng·L
-1

 range (Klosterhaus et al., 2013; Meador et 

al., 2016; Minguez et al., 2016). It is, therefore, unclear whether antidepressants can actually 

affect wildlife (Sumpter et al., 2014). As most antidepressants act on the regulation of 

monoamine levels, i.e., have similar modes of action, the cumulated concentrations of these 

compounds should be much more meaningful for exposure studies than exposures to single 

antidepressants. Indeed, cumulated amounts of different antidepressants combine to significant 

concentrations in fresh and marine waters (Gonzalez-Rey et al., 2015; Meador et al., 2016; 

Metcalfe et al., 2010; Paíga et al., 2016; Rúa-Gómez and Püttmann, 2012). Amongst these, we 

focused on the two most prescribed antidepressants, the Selective Serotonin Reuptake Inhibitor 

(SSRI) fluoxetine (FLX) and the Serotonin Norepinephrine Reuptake Inhibitor (SNRI) 

venlafaxine (VEN) (Fong and Ford, 2014), which were detected at concentrations up to 0.3 ng·L
-

1
 for FLX and 1.3 ng·L

-1
 for VEN by Minguez et al. (2016) in Northwestern coastal waters of 

France. Both molecules are designed to act at low doses (Broekkamp et al., 1995), thus raising 

concern about their potential sub-lethal effects in non-target organisms, such as crabs. Because 

FLX was the first SSRI distributed at the end of the 1980‟s, many studies were dedicated to the 

effects of FLX alone. We, therefore, used FLX as single reference antidepressant in order to 

provide a link to the results from earlier work. 
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In this study, we tested the hypothesis that cumulated environmental concentrations of some of 

the most prominent antidepressants can effectively modulate cryptic behaviour comprising 

colour change and locomotion in C. maenas. Over the last decade, several studies investigated 

the effects of antidepressants on different behavioural traits in aquatic species and highlighted 

impairments of predatory behaviour (Bisesi et al., 2014; Mennigen et al., 2010), maturation and 

learning processes (Chabenat et al., 2019; Di Poi et al., 2013), or reproductive behaviour 

(Campos et al., 2016). Even if behaviour becomes increasingly important in ecotoxicological 

research (Brodin et al., 2014), little attention has been given to the effect of pollutants on 

camouflage associated behaviours, such as colour change.  Some studies have shown that colour 

change was affected by the presence of FLX or VEN in juvenile cuttlefish (Bidel et al., 2016a, 

2016b; Di Poi et al., 2014) and in sand shrimp (Ford and Feuerhelm, 2020). A number of studies 

have investigated the effects of pollutants such as PCB, naphthalene or cadmium on colour 

change in crustaceans (Fingerman et al., 1998). Mesquita et al. (2011) have demonstrated an 

effect of FLX on locomotor behaviour in C. maenas, but at very high concentrations, ranging 

from 120 to 750 µg·L
-1

. Another study reported increased locomotor behaviour in Hemigrapsus 

oregonensis following exposure to 30 ng·L
-1 

FLX (Peters et al., 2017). Effects of FLX and VEN 

on locomotion were also observed in marine snails, in which locomotor activity was either 

reduced or increased (Fong et al., 2015). To date, only few studies considered cumulated 

concentrations of more than one antidepressant, which, however, represents a more 

environmentally realistic exposure scenario. Previous studies suggest pronounced effects on 

learning processes related to sand-digging behaviour in juvenile cuttlefish, or the modification of 

sand-digging behaviour in juvenile shore crabs (Chabenat et al., 2019), on predatory behaviour in 

striped sea bass (Bisesi et al., 2016) and on predator avoidance behaviour of larval fathead 

minnows (Painter et al., 2009) when different antidepressant were combined. 

To test the hypothesis, this study examines—for the first time—the effect of two cumulated 

antidepressants on colour change and locomotor behaviour in juvenile C. maenas. Any 

modification of colour change ability or locomotion may be critical for the survival of the 

juvenile crabs. Hence, this study focuses on the effect of environmentally realistic exposure to 

antidepressants on fundamental behavioural endpoints in juvenile shore crabs. 

2. Materials & Methods 
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2.1.  Animal collection, housing and experimental conditions 

Juvenile green shore crabs (C. maenas, L. 1758) were collected by hand on the rocky shore of 

Yport, France (between N 49° 43' 47, E 0° 16' 3 and N 49° 44' 25, E 0° 18' 47) on the upper 

intertidal were the smallest animals reside. The intertidal foreshore of Yport is a heterogeneous 

habitat composed of chalk and flintstone with several dispatched areas of sand separated by 

small to large shingles covered with kelp as well as green or red algae. Correspondingly, the 

crabs collected along this shoreline were quite heterogeneous, displaying various patterns from 

uniform to highly disruptive (Fig. 1). The crabs ranged from 9-20 mm cephalothorax width. 

Although they may have strongly pigmented spots (Fig. 1), the cuticle of juveniles of this size is 

sufficiently thin and semi-transparent for colour changes by the subjacent chromatophores to be 

detectable. The resulting brightening or darkening also intensifies, or attenuates disruptive 

colouration (Detto et al., 2008).  
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Figure 1. Photography of juvenile crabs, Carcinus maenas, that exhibit background matching in 

various micro-habitats of the intertidal foreshore of Yport (France) with green and red algae as 

well as sandy and rocky substrates. 

Animals were transferred to the laboratory and separated into different tanks according to their 

size to avoid cannibalism (density = 15 ± 5 crabs/tank of 20 L). The animals were kept in a 

closed-loop system with filtered and oxygenated artificial seawater (ASW) made from Marine 

SeaSalt (Tetra, Melle, Germany) with dechlorinated tap water at a salinity of 35 PSU. 

Temperature and photoperiod were maintained at 15±1°C and 12h light : 12h dark (8 a.m. to 8 

p.m.), respectively. Animals were fed once a day at 9 a.m. with pieces of frozen seabass filet 

(Dicentrarchus labrax) over the entire experiment. Animals were kept in those conditions for 
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eight weeks in order to acclimate and to override their endogenous locomotor rhythmicity 

(Naylor, 1985; Webb, 1983).  

Taking into account the variability among crabs (Stevens et al., 2014a), we evenly distributed the 

crabs to the different test conditions so as to comprise the varying sizes and patterns as good as 

possible. It was assured that no statistically significant difference in size distribution occurred 

between the groups (at d-9, Kruskal-Wallis, p=0.59). For the patterns, a ‗benchmark week‘ was 

included in which the crabs underwent testing under control condition, i.e., in ASW only (Fig. 2), 

thus serving as their own individual references. To this end, juvenile crabs were isolated in 250 

mL glass beakers (Ø 6 cm, height 10 cm) containing 200 mL of ASW during 8 days (i.e., from 

day -8 to day 0). Each crab was submitted to the behavioural tests as described below, in order to 

provide reference values for each individual crab (Fig. 2). These reference data were then used to 

normalise the test data of each crab from all treatment groups at all time points of exposure so as 

to determine the potential effect of antidepressants by minimising individual variability. 

After the benchmark week, i.e., at day 0, juvenile crabs were exposed individually to either (i) 

ASW (control), or (ii) ASW with 5 ng·L
-1

 of FLX alone (FLX5), or (iii) ASW with 5 ng·L
-1

 of 

FLX and 5 ng·L
-1

 of VEN (FLXVEN5). Juvenile crabs of each treatment group were submitted 

to the behavioural tests, i.e., colour change and locomotor behaviour once a week so as to obtain 

four time points over a period of 25 days (Fig. 2), using the same glass beakers as described 

above, henceforth designated ‗home tanks‘.  
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Figure 2. Chronology of behavioural tests. Following a benchmark week providing individual 

reference data for each individual and test, i.e., colour change (white to black and black to white) 

and locomotor behaviour (openfield), for all juvenile crabs. The contamination commenced at 

day 0 (d0) for 25 days. Behavioural tests began at day 2 (d2) and were repeated every week over 

a period of 25 days. 

2.2.  Chemical treatment 

Stock solutions at 10 µg·L
-1

 of either FLX hydrochloride (CAS 56296-78-7, Sigma Aldrich, St. 

Louis, USA) or VEN hydrochloride (CAS 99300-78-4, Sigma Aldrich) dissolved in distilled 

water were prepared and aliquots kept at -80°C. For 4L of final aqueous media, 2mL of FLX for 

the condition FLX at 5 ng·L
-1

 and 2mL of each FLX and VEN for the condition with FLX at 5 

ng·L
-1

 + VEN at 5 ng·L
-1 

were added daily to ASW together with a complete water renewal, so 

as to obtain final concentrations of either 5 ng·L
-1

 of FLX alone (FLX5), or 5 ng·L
-1

 of FLX and 

5 ng·L
-1

 of VEN in combination (FLXVEN5), respectively. The concentrations were chosen 

according to concentrations detected along the Normandy coast, i.e., 0.3 ng·L
-1

 for FLX and 1.3 

ng·L
-1

 for VEN (Minguez et al., 2016). 

2.3.  Behavioural tests 

2.3.1. Colour change test on opposite background 

Crabs were placed, within their home tanks, in either a white or a black environment composed 

of painted Plexiglas for underneath and laminated paper for the sides. After 21 hours, each 

individual crab was photographed before being placed in the opposite colour environment, i.e., 

black to white, or white to black, for 2 hours, after which a second picture was taken (Fig. 3). All 

images were taken in a black tent (Neewer
®

, Guangdong, China) equipped with a circular LED 

lamp (Neewer
®

) in order to have a homogeneous light source. Photography was carried out with 

a Stylus Tough TG-4 digital camera (Olympus, Tokyo, Japan) against a grey medium 

background (Lastolite, Manfrotto, Cassola, Italy). The images were analysed a posteriori using 

ImageJ
©

 (Bethesda, Maryland, USA) in order to obtain: (i) the absolute colour change, (ii) the 

per cent colour change and (iii) the normalised colour change: 

(i) Absolute colour change is defined by the Mean Grey Values (MGV), corresponding 

to the sum of the grey values of all the pixels in the selected area divided by the 
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number of pixels, i.e., the average brightness/darkness in the selected carapace area. 

The MGV for each crab of each treatment group at each time point in either of the 

environments (black or white) is obtained after the contours of the crab‘s carapace 

were drawn manually using ImageJ
©

. A MGV of 0 corresponds to absolute black, 

whereas a MGV of 255 corresponds to absolute white (Fig. 3.A). These data were 

used to calculate both (ii) per cent colour change and (iii) normalised colour change.  

(ii) Per cent colour change is defined as the percentage of colour change, i.e., amplitude 

of absolute colour change between the two opposite environments (black or white). It 

is calculated at each time point from MGVs at 21h and 2h: %cc = [(MGV21h – 

MGV2h) / MGV21h] x 100 (Fig. 3.B). 

(iii) Normalised colour change, designated ∆cc and expressed as fold change, is defined 

as the difference between MGV at 21h and at 2h (MGV21h – MGV2h), at each time 

point normalised with the reference data of each crab (benchmark), and expressed as 

fold-change relative to ∆ccbenchmark week, i.e., ∆ccfold-change = ∆ccexperimental time point / 

∆ccbenchmark week. Hence, this ∆ccfold-change highlights the variation of colour change 

during the experimental time course relative to the benchmark value. After 

normalisation, a fold-change of relative colour change equal to 1 means that there was 

no difference between ∆ccexperimental time point and ∆ccbenchmark week, whereas inferior or 

superior to 1 means a decrease or an increase of the capacity to brighten or darken 

respectively, depending on the condition (Fig. 3.C). 
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Figure 3. Procedure for colour change test: Crabs are placed with their home tanks in either a white or black environment for 21 hours. 

A first picture is taken before the crab is transferred to the opposite environment, either black or white, for 2 hours, after which a 

second picture is taken. Both pictures are analysed in ImageJ
©

 to obtain the absolute colour change and to calculate the per cent and 

normalised colour change. 
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2.3.2. Locomotor behaviour 

Crabs were gently transferred from their tanks to the test arena placed under a black tent 

(Neewer
®

) to avoid any external stimuli. The test arena was a circular openfield arena (Ø 11 cm, 

height 5 cm) with white walls and grey floor. The circular shape avoided that crabs place 

themselves in corners and stop moving, which would prevent measuring locomotor behaviour. 

The test began when the crab was placed in the centre of the test arena (Ø 4.5 cm) and filmed for 

5 min with a HDR-CX240E camcorder (Sony, Tokyo, Japan) installed at 40 cm above the test 

arena, placed in the middle of the circular LED lamp (Neewer
®

). Video-recordings were 

analysed a posteriori with Ethovision XT
®

 (Noldus, Wageningen, The Netherlands). Locomotor 

behaviour was assessed through different parameters: the total distance moved (cm), the mean 

velocity (cm·s
-1

), the time spent at the periphery of the arena (s) and the total time spent moving 

(s). The different parameters of Ethovision XT
®

 were set to: sample rate = 5/s; smoothing = 3; 

minimum distance moved = 0.15 cm; maximum distance moved = 3 cm; threshold = 0.75 – 1; 

averaging interval = 3 samples. 

2.4.  Statistical analysis 

Data were analysed with R Studio (Version 1.1.453-RStudio
©

, Inc., Boston, USA, https://www.r-

project.org/) and Statistics Calculators (https://www.socscistatistics.com/). Results are expressed 

as means ± standard error of the means (SEM). Non-parametric permutation test was used, as the 

data did not meet normality and homoscedasticity. We performed a permutation test for paired 

samples, as the same crab was tested at each experimental time point, using the function ezPerm 

from ―ez‖ package. Mixed within-and-between Ss designs were used (i.e., repeated factor: 

exposure time; independent factor: experimental groups) to analyse absolute and relative colour 

change, and locomotor behaviour (i.e., normalised velocity; distance moved; time spent in 

periphery; total time spent moving). The number of iterations was set to 1 000. If the null 

hypothesis was rejected (p ≤ 0.05), post-hoc permutation test for paired samples from 

―RVAidememoire package‖ (function pairwise.perm.t.test) was performed to reveal any 

differences among experimental groups and among exposure times. For post-hoc tests, false 

discovery rate (fdr) was applied using the Benjamini-Hochberg procedure (Benjamini and 

Hochberg, 1995). The permutation tests were complemented with tests performed on an online 
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calculator astatsa.com (CC 2016 Navendu Vasavada): a Friedman test to analyse absolute colour 

change and to test for effects of exposure time within treatment groups, followed by sign test as 

post-hoc analysis as well as Kruskal-Wallis one-way non-parametric ANOVA to test differences 

among treatments at each time point, followed by Dunn‘s test as post-hoc analysis.  

Sample sizes for juvenile crabs tested for colour change were as follows: (i) from white to black 

environment: control, n = 16; FLX5, n = 15; FLXVEN5, n = 16; (ii) from black to white 

environment: control, n = 12; FLX5, n = 11; FLXVEN5, n = 11. The varying number of crabs 

among the different groups and test conditions was due to the loss of individual crabs. Sample 

sizes for juvenile crabs that were tested for the locomotor behaviour were always 14 for each 

experimental group.  

3. Results 

3.1.   Colour change on opposite background 

3.1.1. White to black environment 

3.1.1.1.  Absolute colour change 

Within the control group, crabs had a mean MGV of 108.4 ± 35.1 over the benchmark week, i.e., 

d-8, whereas during the experimental time course mean MGV progressively increased to a 

maximum of 127.4 ± 37.3 at d16 (Table. 1). Indeed, the MGV of the crabs after 21 hours 

adaptation to a white background turned out to differ significantly over the experimental time 

course (permutation test, p = 0.004). Post-hoc permutation test showed a difference of MGV 

between d-8, i.e., the benchmark week, and each of the experimental time points (d-8–d2, p = 

0.02; d-8–d9, d-8–d16 and d-8–d23, p = 0.04, respectively). Consequently, the control crabs 

were displaying a brighter carapace over time. Following 21 hours on white background, crabs 

from the control groups were able to get darker when placed on black background for 2 hours, 

but they were displaying a less dark carapace over time. After 2 hours on black background, 

crabs had a mean MGV of 90.0 ± 26.8 at d-8, whereas at d2, d9, d16 and d23 mean MGV 

increased progressively (Table. 1). As a matter of consequence, the MGV on black background 

after 2 hours changed significantly over the experimental time course (permutation test, p = 

0.001). Post-hoc permutation test revealed a significant difference in the MGV between d-8 and 
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d16 as well as d23 (d-8–d16, p = 0.04; d-8–d23, p = 0.05). In summary, the control group 

improved its capacity to display a high MGV, i.e., paler carapace, over time. On the other hand, 

the capacity to adapt to a darker background with a lower MGV, i.e., darker carapace, 

diminished throughout the entire experimental time course as a result of the general trend for the 

crabs to become brighter over the experimental period.  

Concurrently, the FLX5 group showed the same pattern as the control with an average MGV of 

105.5 ± 30.4 at d-8, while it increased at d2, d9, d16 and d23 (Table. 1). The MGV on white 

background after 21 hours changed significantly over time (permutation test, p < 0.001). Post-

hoc permutation tests demonstrated a significant difference of MGV between d-8 and each of the 

experimental time points, i.e., d2, d9, d16, d23, (d-8–d2, p = 0.01; d-8–d9, p = 0.007; d-8–d16, p 

= 0.007; d-8–d23, p = 0.007). As for control group, the crabs from the FLX5 group were 

becoming brighter over time. Furthermore, the MGV on black background after 2 hours was 

significantly different over the experimental time course (permutation test, p = 0.002). Post-hoc 

permutation test showed a significant difference of MGV between d-8 and d16, d23 (d-8–d16, p 

= 0.048; d-8–d23, p = 0.04), but also between d2 and d16, d23 (d2–d16, p = 0.04; d2–d23, p = 

0.04). As for the control group, the increasingly paler carapace after 21 hours in a white 

environment reduced the capacity of the FLX5 group to adapt to a darker background.   

Within FLXVEN5 group, crabs displayed a more stable MGV over time on either white or black 

environment (Table. 1); neither did the MGV on white background after 21 hours change 

significantly over time (permutation test, p = 0.918), nor did the MGV on black background after 

2 hours (permutation test, p = 0.419). This means that the evolution of a brightening colouration 

observed over the experimental time course in the control and FLX5 groups did not occur in the 

FLXVEN5 group. 

Overall, the control and FLX5 group showed a capacity to brighten after 21 hours on a white 

background, with an improved capacity to get paler, whereas FLXVEN5 group showed stable 

changes of colour over time (Table. 1).  

Table 1. Mean Grey Values (MGVs) of juvenile crabs‘ carapace from the three experimental 

groups: control, fluoxetine at 5 ng·L
-1 

(FLX) and combined with venlafaxine at 5 ng·L
-1 

(FLXVEN) each after being placed in a white environment for 21 hours and subsequently 

transferred to a black environment for two hours. Benchmark week (d-8) and experimental time 
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points d2, d9, d16 and d23. MGVs are expressed as means ± SEM (n = 15-16); * indicates a 

significant difference between the benchmark week and experimental time points; ** indicates a 

significant difference between d2 and other experimental time points (permutation test, pairwise 

post-hoc permutation test with fdr correction) 

21h in white environment 

  d-8 d2 d9 d16 d23 

CONTROL 108,4 ± 35,1 121,1 ± 37,1 * 123,2 ± 38,8 * 127,4 ± 37,3 * 127,2 ± 37,1 * 

FLX 105,5 ± 30,4 125,8 ± 32,3 * 127,6 ± 35,2 * 133,7 ± 25,9 * 132,9 ± 29,0 * 

FLXVEN 110,0 ± 32,8 122,0 ± 29,8 117,5 ± 36,8 109,7 ± 31,9 112,4 ± 32,9 

    

 

      

2h in black environment  

  d-8 d2 d9 d16 d23 

CONTROL 90,0 ± 26,8 91,9 ± 30,2 93,6 ± 23,4 102,7 ± 24,6 * 103,4 ± 23,7 * 

FLX 89,5 ± 23,5 89,5 ± 20,1 98,2 ± 25,1 103,7 ± 20,7 ** 102,6 ± 20,4 ** 

FLXVEN 85,0 ± 20,9 102,0 ± 20,1 97,4 ± 19,1 94,0 ± 17,5 94,7 ± 16,8 

3.1.1.2.  Per cent colour change 

Untreated white adapted animals from both the benchmark week and the controls from d2 to d23 

became about 18% darker when being placed for 2 hours in a black environment, but the 

individual variances were quite high (18.5%±9.51 SEM; fig.4). During the benchmark week, the 

capacity of colour change was similar for all treatment groups (Kruskal-Wallis, p=0.910). In the 

FLX5 group, colour change varied significantly between the benchmark week and two of the 

experimental time points (Friedman, p = 0.048): the MGV increased by 14 percentage points to 

27.8% on d2 and by 10 percentage points on d23 to 23.8% relative to the benchmark week, 

leading to significant differences between d-08, d2 and d23 (sign test, p=0.020 for d-08–d23 and 

d2–d23; table S1). A slight increase could also be observed for the control group, but without 

being statistically significant (Friedman, p = 0.338). No increase, as compared to the benchmark 

week, was discernible for the FLXVEN5 group (Friedman, p = 0.663). The strong increase in 

colour change following FLX5-exposure and the largely unchanged coloration of the animals 

treated with FLXVEN5 lead to significant differences among the treatment groups (Kruskal 

Wallis, p = 0.009). Dunn‘s post hoc test revealed a significant difference in the capacity to 
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change colour between the FLX5 and the FLXVEN5 group at the beginning of the exposure, i.e., 

d2 (14.1% vs. 27.8%, respectively; p = 0.013). The average colour change also differed among 

the treatment groups at the end of the experiment, i.e., d23, with 19.7%±0.86 SEM for the 

controls, 23.8%±2.62 SEM for the FLX5 animals and 15.4%±11.78 SEM for the FLXVEN5 

group (Dunn‘s test, C–FLX5, p = 0.004 and FLX5–FLXVEN5, p = 0.032, respectively). 

 

Figure 4. Per cent colour change of juvenile crabs, expressed as a percentage of absolute colour 

change, from the three experimental groups: control, fluoxetine at 5 ng·L
-1 

(FLX) and FLX 

combined with venlafaxine at 5 ng·L
-1 

(FLXVEN) each after being placed either (A) from white 

to black, and (B) from black to white environment. Means ± SEM; n = 11-16; * indicate 

significant differences among experimental groups at p≤0.05; the letters a and b indicate a 

difference among time points within the same group at p≤0.05 (permutation test, pairwise post-

hoc permutation test with fdr correction) 

3.1.1.3. Normalised colour change 
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Overall, the normalised colour change between white and black environment did not differ over 

the entire exposure time (p = 0.785) (Fig 5.A). Albeit a constantly lower normalised colour 

change was observed for the FLXVEN5 group, in the majority of cases no significant difference 

among the treatments could be obtained, except for d16 (Kruskal Wallis, Cd16–FLX5d16–

FLXVEN5d16, p = 0.046). At this time point, the difference between the FLX5 and the 

FLXVEN5 group, which could be observed throughout the experiment, became statistically 

significant (Dunn‘s test, p = 0.039). The generally high variability in the data sets effectively 

prevented statistical significances for most of the obvious differences in the normalised colour 

change of animals exposed to FLX5 on the one hand, and FLXVEN5 on the other hand. 

 

Figure 5. Relative colour change expressed as ∆ccfold-change between two opposite backgrounds 

by juvenile crabs exposed to fluoxetine alone at 5 ng·L
-1 

(FLX) or in combination with 
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venlafaxine at 5 ng·L
-1

 each (FLXVEN), or in control condition; (A) from white to black, and 

(B) from black to white environment. Colour change test was done over four time points (day 2 

and 4, day 9 and 11, day 16 and 18 as well as day 23 and 25). The dotted line represents the 

baseline corresponding to the averaged individual reference data to which colour change values 

were normalised with the values obtained for the benchmark week (for details see text). Means ± 

SEM; n = 11-16; *, indicate a significant difference (p<0.05) among treatment groups 

(permutation test, pairwise post-hoc permutation test with fdr correction) 

3.1.2. Black to white environment  

3.1.2.1.  Absolute colour change 

In the control group, the MGV after 21 hours in black environment was 85.3 ± 21.5 during the 

benchmark week, i.e., d-6, and kept increasing up to 102.1 ± 23.0 at d25 (Table. 2). Therefore, 

the MGV on a black background after 21 hours changed significantly over time (p = 0.002). 

Post-hoc permutation tests showed a difference of MGV between d-6 and d18 as well as d25 (d-

6–d18, d-6–d25, p = 0.02, respectively), as well as between d11, d18 and d25 (d11–d18, d11–

d25, p = 0.02, respectively). A trend to become brighter may be noticed between d4, d18 and d25 

(d4–d18, p = 0.056; d4–d25, p = 0.067). Thus, crabs from the control group were exhibiting 

poorer colour change on black background, i.e., getting less dark over time. Correspondingly, the 

MGV on a white background after 2 hours changed significantly over time (p = 0.002). Post-hoc 

permutation tests only highlighted a trend between d-6 and d18 as well d26 (d-6–d18, p = 0.08; 

d-6–d25, p = 0.07). Because the crabs adapted to a black background over 21 hours became 

brighter over time, alike the crabs that were adapted to a white background after 21 hours, the 

crabs from control group were able to improve their MGV when placed for 2 hours on a white 

background, i.e., they were getting brighter during the experiment. Generally, the values 

corresponded to those that were observed when crabs were kept for 21 hours on a white 

background (Table. 2). 

Although the groupwise permutation test indicated a significant change of the MGV in the FLX5 

group after 21 hours over time (permutation test, p = 0.002), the post-hoc permutation tests did 

not demonstrate any significant difference among the experimental time points. Similarly, the 

MGV on white background after 2 hours was significantly different over time (permutation test, 
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p < 0.001) across all experimental time points, but the post-hoc permutation test failed to reveal 

which of the time points were significantly different. 

For the FLXVEN5 group, the MGV on black background after 21 hours was not significantly 

different (permutation test, p = 0.057), even if a trend towards an increased MGV over time may 

be noticed. The MGV on white background after 2 hours was significantly different (permutation 

test, p = 0.008), but the post-hoc permutation test failed to highlight any significant difference 

among time points. 

Overall, crabs from the control group expressed a higher MGV over time, i.e., displaying a paler 

carapace, even when placed on black background. By trend this was the case in the exposed 

crabs as well. For all groups, the MGV at d4 was comparatively low, which is likely to be 

responsible for the significant differences over time. 

Table 2. Mean Grey Values (MGV) of juvenile crabs‘ carapace from the three experimental 

groups: control, fluoxetine at 5 ng·L
-1 

(FLX) and combined with venlafaxine at 5 ng·L
-1 

(FLXVEN) after being placed in a black environment for 21 hours and then transferred to a 

white environment for 2 hours. Benchmark week, i.e., d-6, and the experimental time points, i.e., 

d4, d11, d18 and d25. MGV are expressed as mean ± SEM (n=11-12). * indicates a significant 

difference between the benchmark week and experimental time points; ** indicates a significant 

difference between d11 and other experimental time points (permutation test, pairwise post-hoc 

permutation test with fdr correction) 

21h in black environment 

  d-6 d4 d11 d18 d25 

CONTROL 85,3 ± 21,5 72,9 ± 45,0 91,5 ± 21,6 * 105,4 ± 20,5 * 
/
 ** 102,1 ± 23,0 * 

/
 ** 

FLX 94,7 ± 23,1 68,5 ± 42,2 101,3 ± 25,5 106,7 ± 18,6 99,9 ± 18,6 

FLXVEN 82,5 ± 22,7 78,4 ± 41,5 92,0 ± 21,9 99,6 ± 23,0 95,3 ± 20,8 

            

2h in white environment 

  d-6 d4 d11 d18 d25 

CONTROL 113,3 ± 33,1 82,4 ± 57,5 117,0 ± 37,4 125,2 ± 36,6 * 127,0 ± 38,0 * 

FLX 122,8 ± 33,9 85,0 ± 58,6 122,8 ± 30,5 128,8 ± 30,7 127,8 ± 28,8 

FLXVEN 106,0 ± 36,8 86,7 ± 51,9 114,1 ± 40,0 119,9 ± 36,6 115,6 ± 34,7 
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3.1.2.2.  Percent colour change 

On average, all black adapted animals became about 18% brighter when being placed for 2 hours 

in a white environment (18.5% ± 3.16 SEM; fig.4). Some instability in the capacity of colour 

change from black to white could be noted in all treatment groups: there was a notable 

depression in their ability of becoming brighter at d4 as well as a slightly reduced amplitude at 

d18. However, these fluctuations over time were statistically significant in the control group only 

(Friedman, p = 0.003; sign test, d-06–d4 and d-06–d18, p = 0.004, respectively). No significant 

effects of the antidepressant treatments on the capacity of becoming brighter when adapted to a 

black background could be detected for any of the time points.  

3.1.2.3. Normalised colour change 

The experimental time course had a significant effect on colour change between white 

and black environment (permutation test, p = 0.001), but without any effect of treatment 

(permutation test, p = 0.984) (Fig 5. B). Pairwise post-hoc permutation test highlighted a 

difference between d4 and d11, d18, d25 (d4–d11, p = 0.006; d4–d18, p = 0.036; d4–d25, p = 

0.006). Hence, the crabs of all experimental groups were continuously getting paler over time 

relative to the benchmark week. The antidepressant treatment, notably in the FLXVEN5 group, 

may have advanced this process slightly, but the variability in colour change was much too high 

to obtain any statistical significance in the differences among the groups.    

3.2.  Locomotor behaviour 

3.2.1. Distance moved 

During the benchmark week, crabs moved on average a distance of 425.9 ± 134.3 cm during the 

5 min test (n = 42). Following exposure, the distance moved was significantly different among 

groups (permutation test, p = 0.009). Pairwise post-hoc permutation test highlighted differences 

between FLXVEN5 and the control and FLX5 groups (FLXVEN5–control, p = 0.012; 

FLXVEN5–FLX5, p = 0.006) (Fig. 6.A). Crabs from FLXVEN5 group walked a longer distance 

than controls or FLX5 group at all experimental time points. Furthermore, the distance moved 

was significantly different over time (permutation test, p = 0.037). Notwithstanding, pairwise 

post-hoc permutation test did not show a significant difference over time, but a trend between d3 

and d17 (p = 0.072). This result is likely to be associated with an increasing intra-group 
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variability in the FLXVEN5 group at d17 and d24 (d3 = 1.56 ± 1.22, d10 = 1.76 ± 0.78, d17 = 

2.25 ± 1.59, d24 = 2.49 ± 2.69). Nevertheless, one may notice that crabs from FLXVEN5 on 

average increased the distance moved over time, while control and FLX5 group exhibited a more 

consistent variability during the entire exposure time. 

 

Figure 6. Distance moved (A) and velocity (B), expressed as fold-change, of juvenile crabs 

during a 5 min openfield test at four time points (d=day) of exposure to fluoxetine alone at 5 

ng·L
-1 

(FLX), in combination with venlafaxine at 5 ng·L
-1

 each (FLXVEN), or in control 

condition. Values are averaged individual data normalised with values obtained from the 

benchmark week (for details see text). The dotted line represents the baseline corresponding to 
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the benchmark week. Means ± SEM; n = 14; *, significantly different among experimental 

groups at p≤0.05 

3.2.2. Velocity 

The average velocity of crabs during the benchmark week was 1.42 ± 0.45 cm·s
-1

 (n = 42). The 

velocity differed significantly among experimental groups (permutation test, p = 0.008). Pairwise 

post-hoc permutation test demonstrated that FLXVEN5 group had a greater velocity than the 

control and the FLX5 group (FLXVEN5–control, p = 0.006; FLXVEN5–control, p = 0.006) (Fig. 

6.B). Crabs exposed to FLXVEN5 walked on average at a greater velocity than control or FLX5 

groups. In addition, velocity was significantly different over time (p = 0.030). However, pairwise 

post-hoc permutation test did not show any significant difference among time points, but 

revealed trends between d3 and d17, d24 (d3–d17, p = 0.072; d3–d24, p = 0.096). As for the 

distance moved (see above), this trend, i.e., absence of significant increase over time, is owed to 

variability in the data, which lowered statistical power. It may be noticed that control and FLX5 

groups kept roughly a consistent variability throughout the entire experimental time course. 

3.2.3. Time spent in the periphery 

During the benchmark week, crabs spent the majority of their time in the periphery of the 

openfield arena: 296.3 ± 11.5 s. Following exposure, the time spent in the periphery remained 

stable among groups (permutation test, p = 0.378) and for any of the time points during the 

experimental time course (permutation test, p = 0.764). Crabs from all groups spent the vast 

majority of their time in the periphery of the openfield arena. 

3.2.4. Total time spent moving 

During the benchmark week, juvenile crabs spent on average 162.9 ± 43.3 s moving in the 

openfield arena. The total time spent moving was significantly different among groups 

(permutation test, p = 0.036). Pairwise post-hoc permutation test showed that FLXVEN5 group 

spent more time moving than controls and FLX5 group (FLXVEN5–control, p = 0.015; 

FLXVEN5–FLX5, p = 0.015) (Fig. 7). This is in line with results from the parameters distance 

moved and velocity. A trend to increase the total time spent moving emerged over time 

(permutation test, p = 0.072), which followed the same pattern as observed for velocity and 
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distance moved. Moreover, a higher intragroup variability was observed in FLXVEN5 group, 

whereas in control and FLX5 group it remained stable. 

 

 

 

 

Figure 7. Time spent moving by juvenile crabs during a 5 min openfield test expressed as fold-

change over four time points (d=days) of exposure to fluoxetine alone at 5 ng·L
-1 

(FLX) or in 

combination with venlafaxine at 5 ng·L
-1

 each (FLXVEN), or in control condition. Dotted line is 

representing the baseline of reference data. Values are normalised and expressed as means and 

SEM. *, indicates a significant difference among experimental groups p≤0.05 (permutation test, 

pairwise post-hoc permutation test with fdr correction). 

In summary, the data suggest effects of antidepressants on colour change. The extreme 

variability as well as occasionally opposing responses rendered it difficult to obtain statistically 

significant differences for many of the differences comprised in the data. Nevertheless, the 

pattern of colour changes, i.e., brightening of the carapace over time, expressed by the control 

and FLX groups were not observed in FLXVEN5 group.   

By contrast, the antidepressant treatment clearly and significantly affected locomotor behaviour. 

The FLXVEN5-exposure resulted in a significantly higher velocity, a greater distance moved 

and more time spent moving as compared to the non-exposed controls or the FLX5-treatment 

throughout the entire experimental period, i.e., from d3 to d24.  
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Whether this is due to the VEN in the mixture or the cumulated concentration of 10 ng·L
-1

 with 

the two antidepressants cannot be told without testing either of the antidepressants alone and in 

mixtures at different concentrations. 

4. Discussion 

4.1.  Colour change on opposite background 

When juvenile shore crabs where placed from the opposite background into an either black or 

white environment, they were able to adapt their luminance, either becoming darker or whiter 

over two hours, as previously demonstrated by Stevens et al. (2014a). When white adapted 

animals were placed on a black background, they became about 20% darker on average, a value 

consistent with the magnitude of colour change observed in the transparent Crangon crangon 

(Ford and Feuerhelm, 2020; Siegenthaler et al., 2018). The amplitude of colour change was, 

however, extremely variable ranging from half to double of the average colour change. This high 

inter-individual variability in the capacity of becoming darker or brighter may be explained in 

part by the highly polymorphic morphological colouration of the cuticle, which overlays the 

physiological colour change of the chromatophores situated in the epidermis. High variability in 

colour change has been repeatedly reported for various crustacean species, including species 

with transparent cuticles. It is likely to relate (i) to the complexity of the response (Rao, 2001) 

and (ii) derives from the many external and internal factors that are influencing it, amongst them 

stress (Detto et al., 2008; Hanumante and Fingerman, 1982a, 1981; Siegenthaler et al., 2018). 

Moreover, the impression that animals were becoming paler over time could derive from the 

artificial lighting to which they continuously adapted (Siegenthaler et al., 2018). Many 

crustaceans become darker during the day, protecting them with melanin against UV radiation 

(Fuhrmann et al., 2011). In the experimental environment, UV light was, however, not a factor 

that would have triggered darkening. 

Animals exposed to antidepressants seemed to be affected in their capacity to respond to darker, 

but not to lighter coloured backgrounds. Dark-adaptation appeared to stabilise towards the end of 

the experiment at around 20% in the control animals (19.71%±0.86 SEM), while the group 

treated with FLX at 5 ng·L
-1

 seemed to stimulate colour change transiently, indicated by a 

significant darkening of 27% at d2 (27.80%±5.70 SEM) and a significantly higher normalised 
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colour change at d16 compared to the FLXVEN5 treatment. The latter group, i.e., FLX plus 

VEN at 5 ng·L
-1

 each, clearly demonstrated attenuated colour change. Firstly, the animals did not 

become as pale as those of the two other treatments when adapted to a white background for 21 

hours. Secondly, they did not darken as much as the controls and, notably, the FLX treated 

animals (Table. 1). Accordingly, the mean colour change in the FLXVEN5 group was only 

about 15% at all time points (14.78±11.94) and the normalised colour change was mostly lower 

than that of the benchmark week, i.e., less than a onefold colour change. Both, the stimulation in 

the FLX5 and the attenuation in the FLXVEN5 group led to significant differences between the 

two treatments.  

In a series of experiments Fingerman et al., (1981) as well as Hanumante and Fingerman, (1983, 

1981) investigated the role of the monoamine neurotransmitters 5-HT, DA and NE on the 

antagonistic action of red-pigment dispersion and aggregation as well as on melanin dispersion, 

with the respective neuropeptide hormones being involved in the colour change of Uca pugilator 

and Macrobrachium ohione (reviewed in Hanumante and Fingerman, 1982a). In their studies 

they also used 5-HT potentiators, such as FLX (Hanumante and Fingerman, 1983). They found 

that FLX accelerated the dispersion of pigments in the erythrophores when crabs were 

transferred from a white to a black background and that it potentiated the indirect action of 5-HT 

as a neurotransmitter of colour change in U. pugilator and M. ohione. On the contrary, FLX 

slowed down the concentration of the pigments when crabs were transferred from a black to a 

white background. The latter could, however, not be confirmed in the present study. Hanumante 

and Fingerman (1982b) further demonstrated that drugs supposed to reduce norepinephrine 

levels reduced the dispersion and increased the aggregation of melanin. By using different 

pharmaceuticals that act on monoamine signalling, these authors could demonstrate that 

monoamines act indirectly on colour change via the nervous system, thus triggering the release 

of pigment dispersing and concentrating neuropeptide hormones, i.e., PDH and RPCH. Our data 

suggest that this was also the case in C. maenas treated with 5 ng·L
-1

 waterborne FLX in the 

present study, as the maximum colour change for all treatments and time points was observed for 

FLX5 at d2, both as % colour change (27%) and an approximately twofold change relative to the 

benchmark value. Moreover, the FLX5 group displayed the highest amplitudes of colour change 

throughout the entire exposure period, being on average 8% above their respective reference 

value (data not shown).  
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Other monoamines also intervene in the control of chromatophores and colour change. For 

instance, DA promotes pigment concentration via RPCH in the erythrophores (Hanumante and 

Fingerman, 1983) and NE —or rather octopamine— elicits pigment dispersion in melanophores. 

These may have interfered with the response to a white environment after dark-adaptation, but 

may have also affected the adaptation to a white environment before being transferred to a black 

background. In addition, other neuropeptides, such as the crustacean cardioactive peptide (Nery 

et al., 1999) or corazonin (Porras et al., 2003), may act on pigment dispersion and aggregation 

within the chromatophores. How monoamines regulate these neuropeptides in crustaceans, such 

as C. maenas, remains to be elucidated. Nery et al. (1999) discovered that crustacean 

cardioactive peptide acted as a full agonist on pigment dispersion in the erythrophores of the 

freshwater shrimp Macrobrachium potiuna. In the crayfish Procambarus clarki, Porras et al. 

(2003) demonstrated an antagonistic action of corazonin on erythrophores and leucophores, with 

corazonin promoting pigment dispersion in leucophores together with a concurrent aggregation 

of pigments in the erythrophores (Dircksen, 2013). In line with these findings, Alexander et al. 

(2018) did not observe any activity of corazonin on pigment dispersion in C. maenas adapted to 

a white background, i.e., with maximal aggregation of red pigment, but it might have maintained 

the leucophore pigment granules fully dispersed, which was not investigated by these authors.  

It should be further noted that the above mentioned studies used a semi-quantitative 

chromatophore assay and required high drug levels, i.e., a dose of 20 µg FLX, that was directly 

injected into the animals in order to obtain significant results. The present study, however, used 

low environmental levels of antidepressants, which in combination may provoke the concurrent 

release of different chromatophorotropins. Theoretically, FLX alone should have stimulated the 

colour change when placing crabs from a white background, on which red pigment and melanin 

should be fully aggregated, to a black background, which favours the dispersion of the dark 

pigments. Indeed, the relatively strong colour change in the FLX5 treated animals, notably at d2, 

conforms to this expectation. The combination of the two antidepressants FLX and VEN, 

however, obviously produced the opposite effect. The results rather indicate a significant 

decrease in the amount of darkening of white-adapted crabs treated with FLXVEN5 when being 

transferred to a black environment. Actually, this treatment group displayed the lowest overall 

MGVs when adapted to either black or white environments (Table. 1 and table. 2). As a matter 

of consequence, the capacity to change colour, either as ∆CC, or % of the absolute MGVs, when 
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transferred from a white to a black environment—to which they perfectly adapted—was reduced, 

simply because these animals did, on average, not become as pale as the controls or the FLX5 

group. Assuming a persistent effect of VEN on NE/octopamine and thus on pigment dispersion 

in the melanophores, this may have overruled the more dynamic changes due to FLX exposure 

and attenuated white adaptation. Further studies investigating the effects of VEN alone are 

needed to confirm its putative effect on pigment dispersion. 

4.2.  Locomotor behaviour 

Juvenile shore crabs exhibited a stimulation of their locomotor behaviour in presence of FLX 

plus VEN at 5 ng·L
-1

 each, whereas no effect of FLX alone was observed. Distance moved, 

velocity and total time spent moving increased significantly at all time points of exposure, 

beginning already at day 3. This shows that a short exposure to very low concentrations of only 

two antidepressants can have a significant impact on behaviour. Moreover, the increase of 

locomotion tended to rise over the 24 days of exposure, which may be indicative of an 

accumulation of the antidepressants (Robert et al., 2017). Results of previous research on 

locomotor-related behaviours are inconsistent and vary greatly depending on the employed 

concentration as well as depending on the study organism; an overview is provided in Table 3. 

Table 3. Summary of results of different studies on locomotor behaviour in aquatic species 

exposed to the antidepressant fluoxetine (FLX) or venlafaxine (VEN). 

Authors Species Conditions of exposition: duration, 

contaminant, concentration 

Locomotor behaviour 

Mesquita et al., 2011 Carcinus maenas 7 days 

[FLX]=120-750 µg·L
-1 

 distance moved 

 time spent moving 

no effect on velocity 

Peters et al., 2017 Hemigrapsus japonica 7-9 weeks 

[FLX]=30 ng·L
-1

 

 active behaviour 

Bossus et al., 2014; 

De Castro-Català et 

al., 2017 

Echinogammarus marinus 

and Gammarus pulex 

1-14 days 

[FLX]=1-100 ng·L
-1

 

 velocity 

Fong et al., 2015 Urosalpinx cinerea and 

Lithopoma americanum 

Few hours 

[VEN]=31.3 µg·L
-1

 

[FLX]=345 µg·L
-1

 

 

 distance travelled 

 distance travelled 

Hamilton et al., 2016 Pachygrapsus crassipes 15 min no effect on time spent 
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[FLX]=5-25 mg·L
-1

 moving 

Kubec et al., 2019 Procambarus virginalis  

[VEN]=1 µg·L
-1

 

no alteration of locomotor 

behaviour 

Tierney et al., 2016 Orconectes rusticus 10 days 

[FLX]=2-500 ng·L
-1

 

 locomotor activity 

De Lange et al., 2006 Gammarus pulex 35 min 

[FLX]=10-100 ng·L
-1

 

 swimming activity 

Barry, 2018 Sclerophrys arabica [FLX] or [VEN]=0.5 µg·L
-1

  swimming activity 

Barry, 2013 Aphanius dispar [FLX]=300 ng·L
-1

  swimming activity 

: increase, : decrease 

In summary, numerous studies investigated locomotor behaviour after an exposure to either FLX 

or VEN with very different outcomes in relatively similar experimental settings. Concerning 

thigmotaxis, no effect, neither with FLX alone, nor in combination with VEN at 5 ng·L
-1

 was 

observed in juvenile shore crabs. Two studies corroborate these results: Mesquita et al. (2011) 

did not observe any significant effect of FLX on thigmotaxis in C. maenas. Thompson et al. 

(2017) showed that after injection of VEN into zebrafish embryos, the larvae did not behave any 

different from the controls. Hence, thigmotaxis does not seem to be affected by the presence of 

FLX or VEN at environmentally realistic concentrations. 

The altered locomotor behaviour observed in juvenile shore crabs is likely to be linked to the 

modification of the endogenous concentrations of monoamines such as 5-HT or DA, known to 

have a role in locomotion of various species. McPhee and Wilkens (1989) showed that injection 

of 5-HT increased locomotor behaviour in C. maenas, whereas DA had no effect. Along the 

same lines, in the terrestrial snail Helix lucorum, injection of 5-HT stimulated locomotion and 

accelerated crawling, while DA decreased locomotion and even prevented it in some animals 

(Pavlova, 2001). On the contrary, in juvenile lobsters Homarus americanus, injection of high 

doses of 5-HT reduced locomotion by lowering coordination (Peeke et al., 2000). In the crayfish 

Procambarus clarkii, injection of low doses of 5-HT reduced locomotion as well (Tierney and 

Mangiamele, 2001). As with colour change and crypsis, the complexity of locomotor responses 

(Jordan et al., 2007), their hormonal regulation—for instance by crustacean hyperglycaemic 

hormone (CHH)—as well as their modulation by the various monoamines appears to result in a 

highly complex and variable locomotor behaviour. Furthermore, it is unclear to which extent the 

monoamines act directly on basic motor patterns (Harris-Warrick, 2011), and to which extent 

they promote the release of neuropeptide hormones, such as CHH, which may relate to increased 
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locomotor activity (Aquiloni et al., 2012; Morris et al., 2010). With respect to the latter, the 

action of neurohormones from the eyestalk is not straightforward. In an environmental setting, 

these neurohormones seem to regulate persistent circadian and tidal rhythms of locomotor 

activity, which increases with darkness and high tide (Strauss and Dircksen, 2010; Williams and 

Naylor, 1969). Eyestalk extracts, which contain a crude mixture of neuropetides from the sinus 

gland appeared to depress locomotor activity, whereas eyestalk ablation increased arrhythmic 

locomotor activity (Williams et al., 1979). On the other hand, CHH is correlated with increased 

exercise (Morris et al., 2010) and when injected into the crayfish, Procambarus clarkii, the 

animals spent less time motionless (Aquiloni et al., 2012). It is likely that antidepressants, such 

as FLX, increase the release of CHH (Robert et al., 2016) and that this may equally contribute to 

an increased locomotor activity. The complexity of interacting neuromodulators and 

neurohormones might even be increased when exogenous substances interfere with the fine-

tuned regulation of the animal‘s physiological state and locomotion. In the present study, 

however, the combination of two antidepressants at environmentally realistic concentrations 

resulted in a rather clear-cut increase of locomotor activity. Further studies are needed to answer 

the question whether this was due to the elevated concentration of 10 ng·L
-1

 of antidepressants in 

total, or due to the presence of 5 ng·L
-1 

VEN in the combination.   

5. Conclusions 

Albeit antidepressants may be detected and quantified in marine environments at concentrations 

way below levels of toxicity, they may still have pernicious effects on sensitive physiological 

parameters and associated behaviour in non-target organisms. Juvenile crabs exposed to 

environmentally realistic concentrations of cumulated antidepressants clearly exhibited a 

different pattern of colour change than controls over the experimental time course, showing signs 

of a reduced capacity to adapt to their respective microhabitats. Furthermore, a significant 

increase in locomotor activity was demonstrated in presence of the two antidepressants. These 

results highlight the potentially sub-lethal effects of very low concentrations of antidepressants in 

the aquatic environments. Juvenile crabs may become more vulnerable to predators if less well 

camouflaged or more visible by moving too quickly. Yet, the high variability of these 

behavioural responses, notably of colour change, makes it difficult to assess negative 

consequences for survival in crustaceans of the apparently heterogeneous intertidal. It will, 
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therefore, be necessary to scrutinise the sources causing this variability and to identify the 

mechanisms responsible for the variation in crypsis and/or locomotion. 

The combination of antidepressants showed more pronounced effects on colour change and 

locomotor behaviour than FLX alone. This confirms that the notoriously low concentrations of 

single antidepressants in the water bodies are not an argument in favour of their innocuousness, 

but that rather the cumulated concentrations of several antidepressants and some of their active 

metabolites need to be considered for estimating the risk emanating from this class of emerging 

micropollutants. Further studies are needed to determine the contribution of each single 

antidepressant and their interaction in mixtures of antidepressants using less complex 

behavioural analyses that allow for high-throughput.   
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