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ARTICLE INFO ABSTRACT

Keywords: Plastic pollution is a growing environmental concern, with microplastics (MPs) and associated contaminants such
Intraspecific variation as polycyclic aromatic hydrocarbons (PAHs) jeopardising the resilience and long-term survival of marine species.
Heart rate

While species-specific effects have been well-documented, the role of intraspecific diversity in modulating
species’ responses to these contaminants remains largely neglected. This study investigates whether genetically
distinct lineages of the green crab (Carcinus maenas) differ in their behavioural and physiological responses to
environmentally relevant concentrations of polyethylene microplastics (PE) and PE contaminated with phen-
anthrene (PE+PHE). Juvenile crabs from the Southwest European (SWE) and Icelandic (ICE) populations were
exposed to control seawater, PE, or PE+PHE for 72 h, and their behavioural (i.e., food contest) and physiological
performances (i.e., heart rate) were assessed. Overall, there were no significant effects of PE or PE+PHE on key
behavioural traits related to food competition (e.g., latency to initiate movement, interbout intervals, contest
outcome) or on physiological parameters such as heart rate. However, resource possession was significantly
reduced in ICE crabs exposed to PE. Our findings suggest that C. maenas exhibits short-term resilience to MPs and
PAHs, with similar behavioural responses across distinct genotypic lineages (SWE = ICE). However, differences
in heart rates between genetically distinct populations, even in control conditions, highlight the potential effect
of lineage-specific physiological plasticity. In addition, high inter-individual variability in behavioural responses
suggests susceptibility to MPs and PAHs may not be uniform within populations. Long-term assessments
incorporating individual-based analyses are needed to fully understand the complex interplay between plastic
pollution, genetic diversity, and behavioural plasticity in this marine species.

Agonistic interaction
Stress
Pollution

1. Introduction Microplastics (MPs; Thompson et al., 2004) are of particular concern
due to their ever-growing abundance, persistence, and ability to

Over the past few decades, plastic pollution has emerged as a contaminate nearly every level of the marine environment, from surface
pervasive threat to terrestrial and aquatic ecosystems, jeopardising waters to sediments (Isobe et al., 2019; Phuong et al., 2021). Due to their
biodiversity, the balance and functioning of ecological systems and the ubiquity and small size (< 5 mm), microplastics are ingested by hun-
services they provide (Borrelle et al., 2020; Thushari and Senevirathna, dreds of species across multiple trophic levels (Guzzetti et al., 2018;
2020; Kumar et al., 2021). Carbery et al., 2018; Ugwu et al., 2021), often inducing adverse effects
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that include physical blockages of the gut, impaired growth, and overall
reduced fitness (Wright et al., 2013; Ali et al., 2023; Jeong et al., 2024).
Beyond these physical effects, microplastics also serve as carriers for
harmful chemicals, either through the leaching of additives added dur-
ing plastic production (e.g., bisphenol A and phthalates) or by adsorbing
pollutants from the surrounding water (e.g., persistent organic pollut-
ants and polycyclic aromatic hydrocarbons; Fries and Zarfl, 2012;
Rodrigues et al., 2019).

Among these, polycyclic aromatic hydrocarbons (PAHs) are of
particular concern and have been prioritised by the US Environmental
Protection Agency due to their persistence, toxicity, and potential for
bioaccumulation. These organic compounds, derived from the partial
combustion of petrol, gas, coal, and wood, enter aquatic ecosystems
through atmospheric deposition, industrial and municipal discharges,
and stormwater runoff (Douben, 2003; Mojiri et al., 2019; Anyahara,
2021). Once introduced into the environment, the high lipophilic and
hydrophobic nature of PAHs enhances their binding to both microplastic
surfaces (Sgrensen et al., 2020; Hou et al., 2023; Ali et al., 2024) and
particulate matter. While sorption to MPs may enhance the bio-
accumulation potential of PAHs (Besseling et al., 2013; Miller et al.,
2020; Li et al., 2022), their interaction with particulate matter promotes
transport and accumulation in sediments (Means et al., 1980; Maleti¢
et al., 2019; Dai et al., 2022). Once ingested, these chemicals can leach
into organisms, triggering subtle toxic effects such as endocrine
disruption, oxidative stress, and immune suppression (Wang et al., 2019;
Gunaalan et al., 2020).

Phenanthrene (PHE) is one of the most common PAHs in marine and
freshwater ecosystems and has been extensively investigated for its
acute toxicity and harmful effects on natural ecosystems and human
health (Ma et al., 2016; Hong et al., 2017). Marine organisms, particu-
larly benthic species and filter-feeders have been shown to be highly
susceptible to exposure to PHE through their direct interactions with
sediments and suspended particulate matter. In these organisms, PHE
exposure has been linked to a range of physiological, developmental,
and behavioural effects such as immune suppression and oxidative
stress, DNA damage and impaired reproductive success (Correia et al.,
2007; Bhagat et al., 2016; Peng et al., 2019; Wang et al., 2024; Yifei
et al., 2024).

Despite extensive research describing the toxicological effects of MPs
and their associated chemicals on marine species, the potential role of
intraspecific diversity in modulating species’ vulnerability to these
contaminants remains largely neglected. In recent years, intraspecific
diversity (i.e., the genotypic and phenotypic variation within and among
populations of a single species) has been increasingly recognised as a
crucial factor shaping species’ responses to environmental stressors,
including plastic pollution (Nicastro et al., 2023). Genotypic variation
has been shown to affect the behavioural and physiological responses of
mussels to microplastic leachates (Cozzolino et al., 2024). Similarly,
within-species phenotypic variation affects patterns of MP ingestion and
retention across different marine species (Nanninga et al., 2020a; Coz-
zolino et al., 2022; Nicastro et al., 2022). Beyond plastic pollution,
intraspecific diversity plays a fundamental role in regulating ecological
dynamics (Becks et al., 2010; Bolnick et al., 2011; Des Roches et al.,
2018), shaping species interactions and community structure
(Crutsinger et al., 2006; Palkovacs and Post, 2009; Nicastro et al., 2020),
while affecting ecosystem functioning and resilience (Hughes and Sta-
chowicz, 2004; Whitham et al., 2006; Raffard et al., 2019; Govaert et al.,
2024).

Given its critical ecological role, understanding how intraspecific
diversity influences vulnerability to MPs and PAHs is essential for
assessing species’ resilience in polluted environments. The European
green crab, Carcinus maenas, provides an ideal model for investigating
these questions. It is a widespread keystone species in coastal ecosystems
and is particularly susceptible to the combined effects of MPs and PAHs
due to its benthic lifestyle and feeding behaviour. As an opportunistic
predator and scavenger, C. maenas consumes a wide range of prey and
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organic matter, increasing the likelihood of MP ingestion and exposure
to associated contaminants (Suckling, 2021). Microplastic ingestion in
C. maenas has been well-documented (Watts et al., 2014, 2015; McGoran
etal., 2020; Cunningham et al., 2021), with indirect exposure occurring
via trophic transfer (Farrell and Nelson, 2013) and branchial respiration
mechanisms further enhancing exposure to MPs suspended in the water
column (Watts et al., 2016).

Despite these findings, no research to date has explored whether
distinct genotypic lineages of C. maenas exhibit varying physiological
and behavioural responses to MPs and PAHs. This knowledge gap is
particularly significant given its extensive geographic range and notable
genetic diversity (Roman and Palumbi, 2004; Darling et al., 2008;
Domingues et al., 2010). Native to the northeast Atlantic, the geographic
range of the European green crab extends from Norway to Mauritania,
including populations in Iceland and the Faroe Islands. However, due to
its adaptability, high reproductive success, and extensive larval
dispersal, C. maenas has rapidly expanded, establishing invasive pop-
ulations in the northwestern Atlantic and the northeastern Pacific, often
outcompeting native species (Grosholz et al., 2000; McDonald et al.,
2001; de Rivera et al., 2011).

As a global invader, the population structure of C. maenas has been
well described. High-resolution analysis of population genetics using
mitochondrial DNA (specifically the cytochrome c oxidase I gene), mi-
crosatellite loci, and restriction-site-associated DNA sequencing (RAD-
seq) has identified three distinct genetic lineages in the native range of
Carcinus maenas. Specifically, these are one in northern Europe (Nor-
way, Sweden, Finland, Denmark, Germany and Poland), one in south-
west Europe (the Netherlands, Belgium, France, Spain and Portugal) and
a third in Iceland and the Faroe Islands (Roman and Palumbi, 2004;
Darling et al., 2008; Domingues et al., 2010). The Icelandic and Faroese
populations are particularly notable for their unique haplotypes and
deep genetic divergence from continental populations (Roman and
Palumbi, 2004), likely driven by long-term isolation due to deep-water
barriers, as observed in other marine species (see Foss et al., 1998; Shaw
et al., 1999). Genetic variation within C. maenas may influence physi-
ological traits, including tolerance to abiotic stressors, as evidenced by
differences in thermal tolerance between the northern and southern
European populations (Tepolt and Somero, 2014; Tepolt and Palumbi,
2015, 2020). These physiological differences suggest that distinct ge-
netic populations of C. maenas may exhibit varying sensitivity to envi-
ronmental pollutants.

In this study, we aim to investigate whether different genetic pop-
ulations of C. maenas respond differently to MPs and PAHs, offering
insights into their adaptability and resilience to these pollutants. We
expose C. maenas to factory-fresh virgin polyethylene microplastics (PE)
and PE contaminated through phenanthrene (PHE) adsorption (PE +
PHE). We selected PE and PHE because they are among the most com-
mon polymer and polycyclic aromatic hydrocarbons (PAHs) in the ma-
rine environment, and because high-density polyethylene (HDPE) MPs
often exhibit high sorption capacity (Rochman et al., 2013). In addition,
research assessing the sorption-desorption dynamics of MPs and PAHs
using various polymer types and pollutants has shown that PE and PHE
have the highest potential for accumulation in organisms (Teuten et al.,
2007; 2009; Bakir et al., 2014). Importantly, higher PHE desorption
rates were observed in the presence of gut fluids, compared to seawater
alone, suggesting that increased leaching will occur once MP is ingested
(Teuten et al., 2007). We focused on two genetic lineages of the green
crab, the southwest European and Icelandic populations to evaluate
intraspecific differences in their behavioural and physiological re-
sponses to these contaminants. Based on their distinct physiological
tolerance to abiotic stressors (Tepolt and Somero, 2014; Tepolt and
Palumbi, 2015, 2020), we specifically hypothesised that (i) distinct ge-
netic lineages of the green crab would show different behavioural and
physiological responses to the two treatments (i.e., PE and PE + PHE)
and that (ii) the responses observed within each lineage would differ
between treatments. In particular, we expected the combined effect of
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PE + PHE to be more pronounced than that of PE alone.
2. Material and methods

2.1. Study organism

Juvenile male green intermoult crabs, Carcinus maenas (carapace
width: 2.74 + 0.26 cm; mean + SD) belonging to the southwest Euro-
pean (SWE) and Icelandic (ICE) clades were collected in June and
September 2024 in Faro (N 37°0°35.95”, W 7°59°46.23"; Portugal) and
Sandgerdi (N 64°1°59.8”, W 22°42°42.18”; Iceland), respectively. At
each location (Fig. 1), specimens were manually collected from the
intertidal zone during low tide and brought to the laboratory in dark,
cool conditions. Before each experiment, individuals of C. maenas were
acclimatised for 5 days in glass aquaria under continuous seawater flow
directly pumped from the experimental location and thus representative
of in situ conditions (i.e., Portugal: S = 35 PSU, T = 17 °C; Iceland: S = 34
PSU, T =10 °C). Crabs were maintained under natural photoperiods that
reflected the environmental conditions of each collection site during the
experimental periods. Specifically, individuals held in southern Portugal
were exposed to approximately 15 h of daylight and 9 h of darkness,
consistent with early summer at that latitude. In contrast, crabs from
southwestern Iceland experienced a shorter photoperiod of approxi-
mately 11 h of daylight and 13 h of darkness, corresponding to early
autumn conditions in that region.

All crabs used in this study were green morphotype males at com-
parable stages of the intermoult cycle, selected to minimise variation
related to moult status and sex-specific physiological differences. Pre-
vious studies have demonstrated significant physiological and behav-
ioural differences between green and red morphotypes of Carcinus
maenas (Reid and Aldrich, 1989; Reid et al., 1989; Kaiser et al., 1990;
Reid et al., 1994, 1997), and intermoult duration has been shown to
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influence susceptibility to toxicants such as pyrene, as well as metabolic
capacity (Dam et al., 2006). Females were excluded to avoid con-
founding effects of reproductive investment, such as egg carrying, which
can substantially alter metabolic and stress responses.

2.2. Experimental design

Prior to the laboratory experiments, crab carapace width (including
the spines; cm) and surface area of the major chela (crnz) were measured
using ImageJ software.

Crabs were placed in individual glass jars (~ 3 L in volume) and
exposed to one of three distinct treatments, including control seawater,
seawater with factory-fresh (virgin) polyethylene (PE) microplastic
(MP), and seawater with PE MP contaminated via phenanthrene
adsorption onto their surface (i.e. PE + PHE). Control seawater consisted
of the seawater used for acclimatisation. The solution of virgin PE MP
was prepared from commercially available virgin ultra-high molecular
weight PE MP powder (150 pm; Goodfellow Cambridge Ltd) at a con-
centration of 50 mg L~ seawater, following the lowest concentration in
Mbedzi et al. (2020). Phenanthrene was sorbed onto virgin PE MP at an
environmentally relevant concentration (Teuten et al., 2007; 2009).
Briefly, 375 g of virgin PE MP powder was added to a solution of
phenanthrene (7.524 mg crystalline powder; Thermo Scientific) dis-
solved in 400 mL of absolute ethanol (Fisher Scientific). Ethanol was
evaporated in a flume hood, and the resulting contaminated PE MP was
washed three times in Milli-Q-purified water to remove ethanol and
unbound phenanthrene (protocol adapted from Browne et al., 2013).

Prior to the experiment, crabs were fed ad libitum to standardise
hunger levels. Each crab was assigned to a single treatment group and
exposed for 72 h to either control seawater, PE MP, or PE + PHE. Every
24 h, each jar was cleaned and refilled with newly prepared treatment
seawater. Aeration was used to aid the distribution of microplastics in

Iceland
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Fig. 1. (A) Sampling locations of Southwest European and Icelandic lineages of Carcinus maenas, collected in Faro (Portugal) and Sandgerdi (Iceland), respectively.
(B) Juvenile C. maenas individual used in the experiments. (C) Experimental tank and setup used for behavioural trait recording.
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each jar. Crabs remained unfed throughout the 72-hour exposure
experiment. At the end of the experiment, a total of 40 crabs were used
in food contest trials to assess behavioural responses during competitive
interactions. An additional 21 crabs were used for heart rate measure-
ments to provide a proxy for physiological condition.

2.2.1. Behavioural experiment (agonistic interaction for food)

Individuals of Carcinus maenas (n = 40) were used in contest trials
where a control crab was paired with a treated conspecific (i.e., PE or PE
+ PHE). Specimens were selected in each contest to ensure that there
were no significant differences in carapace width (cm; ANOVA:
p = 0.263 for SWE and p = 0.197 for ICE C. maenas) or major chela area
(cm? ANOVA: p = 0.312 for SWE and p = 0.396 for ICE C. maenas) to
avoid potential bias in contest success related to body size. Crabs (i.e.,
control vs treated) were positioned at opposite ends of a
50 x 25 x 25 cm (L x H x W) observation chamber, divided into three
sections (21 x 8 x 21 cm) by vertically sliding glasses. The lateral and
rear glasses were blacked out to minimise external visual stimuli that
could potentially affect crab behaviour. The observation chamber was lit
by a 2.5 W LED (AquaNice T4-L50; 18 x 500 mm). Specimens were
given a 15-minute acclimation period before a whole mussel (Mytilus
edulis in Iceland and M. galloprovincialis in Southern Europe), within its
shell (size: 4.3 + 0.6 cm; weight: 10.6 + 2.3 g for SWE; size: 5.2
+ 0.4 cm; weight: 12.5 + 1 g for ICE; mean + SD), was placed in the
central section of the chamber. The dividers were then raised to initiate
the agonistic encounter. Contests were recorded for 15 min using GoPro
Hero 10 cameras positioned at the front and overhead angles. C maenas
exhibits typical agonistic behaviour during competition for limited re-
sources (Sneddon et al., 1997). Agonistic encounters are characterised
by crabs clutching, pushing, and pinching each other with their claws
while attempting to get the food resource. These interactions typically
involved low aggression and minimal injuries, although in some cases,
they escalated into more intense encounters with rapid movements and
frequent pinching of the peraeopods. Contest success and crab behav-
iours were evaluated using criteria adapted from Sneddon et al., (1997)
and Dissanayake et al. (2009), as detailed in Table 1.

2.2.2. Physiological experiment (heart rate measurement)

Individuals of Carcinus maenas (n = 21) were used in physiological
experiments to assess heart rates (heartbeat min~1) using infrared (IR)
sensors (Vishay CNY70) connected to a PULSE V2 heart rate logging
system (Electricblue, Portugal). As in C. maenas heart rates vary with
body size (smaller individuals show faster heart rate; Ahsanullah and
Newell, 1971), specimens were selected to ensure no significant

Table 1

Behavioural responses of agonistic encounter for food in juvenile male green
Carcinus maenas (adapted from Sneddon et al., 1997 and Dissanayake et al.,
2009). Time in each response is expressed in seconds (s).

Behavioural Abbreviation Description
response
Time for first action T firstaction Time each crab takes to initiate its first
movement in a contest, either by engaging
in wrestling or attempting to seize the
resource
Resource possession T resource Time in possession of the mussel. Crabs
with higher resource possession were
deemed the contest “winner”.
Interbout interval T interbout Time between an individual disengaging
duration from agonistic interactions (i.e., wrestling
or resource possession) and re-engaging in
such behaviour. During this period, the
crab neither possesses the resource nor
approaches its opponent, maintaining its
distance.
Number of N_interbout Total number of interbout intervals that
interbout each crab performs during a contest.
intervals
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differences in carapace width (cm; ANOVA: p =0.89 for SWE and
p = 0.78 for ICE C. maenas). Crabs were individually transferred to glass
arenas filled with 2 L of clean seawater as in control conditions. Crabs
were left to acclimate for 10 min before heart rate was measured. Car-
diac activity was continuously recorded at 10 Hz for 5 min (n = 7 in-
dividuals per genotype and treatment) using IR sensors placed on the
carapace directly above the heart while each crab was submerged.

2.3. Statistical analyses

To evaluate the effects of treatment (i.e., C, PE, PE + PHE) on the
behavioural and physiological responses of Carcinus maenas, all statis-
tical analyses were conducted separately for SWE and ICE populations.

Behavioural responses were analysed using separate linear mixed-
effects models (LMMs) with contest ID as a random factor accounting
for contest-level variability and carapace width as a covariate. Depen-
dent variables included (i) time to first action (T firstaction), total
interbout interval time (T interbout), number of interbout intervals
(N_interbout) and total time holding the resource (T resource). Log
transformation was applied to non-normally distributed variables
(Shapiro-Wilk normality test). For dependent variables with negligible
random effects, standard linear models were used (e.g., for T resource).
Chi-squared tests were performed to assess contest outcomes (i.e.,
contest winner) comparing observed winner frequencies (control vs.
treatment groups) with expected 50:50 distributions. Separate tests
were conducted for each paired contest (i.e., C vs. PE and C vs. PE+PHE)
and within each lineage.

Physiological responses were analysed using one-way ANOVA with
treatments as the factor and heart rate (expressed as heartbeat min_l) as
the dependent variable. Normality (Shapiro-Wilk normality test) and
homogeneity of variances (Levene tests) were assessed before analyses.
All statistical analyses and visualisations were performed in R software
(R Studio). Significance was assessed at p < 0.05.

3. Results
3.1. Behavioural experiment (agonistic interaction for food)

3.1.1. SW European population

The morphological data for crab size measurements (i.e., carapace
width and chelae size) of SWE Carcinus maenas followed a normal dis-
tribution (Shapiro-Wilk test, p > 0.05) and exhibited homoscedasticity
(Levene’s test, p > 0.05). Juvenile green crabs displayed no significant
differences in morphological features (e.g., chelae size) across treat-
ments (ANOVA, p > 0.05). Contests in which crabs failed to move
(n = 3;i.e.,,n=2CvsPEandn = 1 Cvs PE + PHE) were excluded from
the analysis.

None of the variables analysed followed a normal distribution
(Shapiro-Wilk test, p < 0.05) and were log-transformed.

“T firstaction” was tested using a linear mixed-effects models fitted
using restricted maximum likelihood (REML) and t-tests (Sat-
terthwaite’s method), revealing no significant effect of treatments
(p=0.213 for PE; p=0.572 for PE+PHE) or carapace width
(p = 0.348). These results indicate that exposure to polyethylene
microplastics and phenanthrene does not affect the latency to initiate
movement during food contests. On average, crabs in control seawater
moved after 98 + 73 s (mean + SD) and those in PE and PE+PHE moved
after 153 4+ 122 and 110 + 91 s, respectively (Fig. 2A).

“T resource” was tested using a simpler linear model (LM), which
included treatment as a factor and carapace width as a covariate. This
model was preferred over linear mixed-effects models due to negligible
random effect variance (= 0). The model revealed no significant effect of
treatments (p = 0.435 for PE; p = 0.735 for PE+PHE) or carapace width
(p = 0.890). On average, crabs from control seawater held the resource
for 186 + 236 s (mean + SD) and those from PE and PE+PHE for 208
+ 257 and 124 + 206 s, respectively (Fig. 2B).
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Fig. 2. Behavioural responses of treated (PE and PE+PHE) and untreated (Control) Carcinus maenas from the SW European and Icelandic lineages. Boxplots were
used to visualise the behavioural responses during food contests, including (A) time to first action (T firstaction), (B) time holding the resource (T resource), (C)
average interbout time (T interbout), and (D) number of interbout intervals (N_interbout). Jittered data points overlaying the plots represent individual variability.

“T interbout” was tested using a linear mixed-effects models
revealing no significant effect of treatment (p = 0.423 for PE; p = 0.506
for PE+PHE) or carapace width (p = 0.831). These findings suggest that
exposure to polyethylene microplastics and phenanthrene does not in-
fluence the time between wrestles. On average, interbout duration was
177 + 213 s (mean + SD) for crabs in control seawater, and 155 + 208
and 179 + 251 s for crabs maintained in PE and PE+PHE seawater
(Fig. 2C).

“N_interbout” was tested using a linear mixed-effects models
revealing no significant effect of treatment (p = 0.663 for PE; p = 0.444
for PE+PHE) or carapace width (p = 0.851). On average, crabs kept in
control seawater showed 1.9 + 1.7 interbout (mean + SD), compared to
1.8 £ 2.9and 1.2 £ 1.6 of crabs from PE and PE+PHE-treated seawater,
respectively (Fig. 2D).

The Chi-squared test revealed no significant deviation from the ex-
pected 50:50 distribution for contests between "C vs PE” (> =0, df =1,
p=1) or "C vs PE+PHE" (y* = 0.1, df = 1, p = 0.739). These results
suggest that exposure to polyethylene microplastics or polyethylene
microplastics with sorbed phenanthrene did not influence the likelihood
of winning an agonistic interaction for food in C. maenas (Fig. 3).

3.1.2. Icelandic population

The morphological data for crab size measurements (i.e., carapace
width and chelae size) of ICE Carcinus maenas followed a normal dis-
tribution (Shapiro-Wilk test, p > 0.05) and exhibited homoscedasticity
(Levene’s test, p > 0.05). Juvenile green crabs displayed no significant
differences in morphological features (e.g., chelae size) across treat-
ments (ANOVA, p > 0.05). Contests in which crabs failed to move
(n=3;i.e.,,n =1 CvsPE and n = 2 C vs PE+PHE) were excluded from
the analysis.

As previously observed for the SWE population, none of the variables
analysed showed normal distribution (Shapiro-Wilk test, p < 0.05) and
were log-transformed. All tests were conducted using linear mixed-
effects models.

For the “T firstaction” the models revealed no significant effect of
treatments (p = 0.288 for PE; p = 0.119 for PE4+PHE) or carapace width
(p = 0.243). On average, crabs in control seawater moved after 263

South West Europe Iceland

mC mPE = C @PE
South West Europe

29

BC BFE+PHE

lceland

mC BFE+PHE

Fig. 3. The pie chart represents contest outcomes (C vs PE top two pies; C vs
PE+PHE bottom two) for Icelandic and SW European populations of C. maenas.

+ 222's (mean + SD) and those in PE and PE+PHE moved after 279
=+ 237 and 220 + 194 s, respectively (Fig. 2A).

For the “T resource” the models revealed a significant effect of PE
treatment (p = 0.0131; C > PE), yet no effect of PE+PHE (p = 0.425; C
= PE+PHE) or carapace width (p =0.709). On average, crabs from
control seawater held the resource for 202 4+ 178 s (mean + SD) and
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those from PE and PE+PHE for 50 + 85 and 159 + 210 s, respectively
(Fig. 2B).

For the “Tinterbout” the linear mixed-effects models revealed no
significant effect of treatments (p = 0.582 for PE; p = 0.065 for PE+-
PHE) or carapace width (p = 0.148). These findings suggest that expo-
sure to polyethylene microplastics and phenanthrene does not influence
the average time between wrestles. On average, interbout duration was
202 £ 186 s (mean =+ SD) for crabs in control seawater, and 297 4 207
and 334 + 195s for crabs maintained in PE and PE+PHE seawater
respectively (Fig. 2C).

For the “N_interbout” models revealed no significant effect of treat-
ments (p =0.639 for PE; p = 0.434 for PE+PHE) or carapace width
(p = 0.163). On average, crabs kept in control seawater showed 1.9
+ 1.4 interbout (mean + SD), compared to 1.9 + 1.5 and 2 + 1.3 of
crabs from PE and PE+PHE-treated seawater, respectively (Fig. 2D).

Chi-squared tests indicated no significant deviation from the ex-
pected 50:50 distribution for contests between "C vs PE” (y* = 2.7, df =
1, p = 0.095) and "C vs PE+PHE" (¥*> = 0.5, df = 1, p = 0.479). These
findings suggest that exposure to polyethylene microplastics or poly-
ethylene microplastics with sorbed phenanthrene does not significantly
alter the likelihood of winning agonistic interaction for food in
C. maenas.

3.2. Physiological experiment (heartbeat measurement)

3.2.1. SW European population

Juvenile green crabs displayed no significant differences in
morphological features (e.g., carapace width) across treatments
(ANOVA, p > 0.05). Treatments had no significant effect on the heart
rate of SW European C. maenas (one-way ANOVA, p = 0.428), indicating
that exposure to polyethylene microplastics or microplastics sorbed with
phenanthrene did not influence heart rate function in the green crab
(Fig. 4).

3.2.2. Icelandic population

Similarly to what observed for SW European C. maenas, treatments
had no significant effect on the heart rate of Icelandic crabs (one-way
ANOVA, p = 0.759; Fig. 4).
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4. Discussion

This study provides the first comprehensive assessment of the re-
sponses of two genetically distinct lineages of Carcinus maenas to the
combined effects of polyethylene microplastics (PE) and phenanthrene
(PHE). Despite growing concern over the ecological implications of
microplastics (MPs), our findings show limited behavioural and physi-
ological effects after short-term exposure to environmentally relevant
MP concentrations. This challenges prevailing assumptions and un-
derscores the importance of using realistic exposure scenarios in eco-
toxicological studies.

Our findings revealed that (i) short-term (72 h) exposure to PE,
either virgin or PHE-contaminated, does not significantly affect the
behavioural or physiological performance of C. maenas, and (ii) both
Southwest European (SWE) and Icelandic (ICE) populations exhibited
similar responses across treatments, except for reduced resource-holding
time in ICE crabs exposed to virgin PE compared to control. The
observed reduction in ICE crab resource-holding time suggest subtle
physiological effects. Contaminants, including metals, have been shown
to affect behavioural traits central to animal behavioural types (White
and Briffa, 2017; Grunst et al., 2018). For instance, exposure to copper
reduced aggressive behaviour in Carcinus maenas and Pagurus bernhardus
(Dissanayake et al., 2009; White et al., 2013). However, the absence of a
similar response in the PE4+PHE treatment complicates this interpreta-
tion indicating that factors beyond toxicity, possibly behavioural vari-
ability, could be influencing outcomes.

While mean behavioural responses appeared generally consistent
between SWE and ICE populations, high inter-individual variability was
consistently observed. This aligns with previous studies on decapod
crustaceans, demonstrating that behavioural responses to environ-
mental stressors can vary considerably among individuals due to factors
such as intrinsic physiological variation, competitive ability, prior
acclimation history and behavioural plasticity (Koolhaas et al., 2007:
Briffa et al., 2008; Gherardi et al., 2012; Sih et al., 2015). However,
constraints on sensory capabilities, cognitive structure and physiological
capacities may limit behavioural plasticity (Hazlett, 1995; Dall et al.,
2004), leading to consistent behavioural differences both between and
within populations (Wilson, 1998; Brown and Braithwaite, 2004). In
crustaceans, consistent inter-individual variation in aggression,
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Fig. 4. Heart rate after 72 h of exposure to control seawater (C), virgin polyethylene microplastic (PE) and virgin polyethylene microplastic with sorbed phenan-
threne (PE+PHE). Heart rate is expressed as mean heartbeat (HB) per minute. Jittered data points overlaying the plots represent individual variability.
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boldness and exploration has been previously described (Mowles et al.,
2012). When these differences in behavioural traits remain consistent
across time and environmental or social contexts (e.g., presence or
absence of predator), they are referred to as animal personalities (Dall
et al., 2004; Réale et al., 2007). These personalities can form suites of
correlated traits, known as behavioural syndromes (Sih et al., 2004a,
2004b), where, for instance, more aggressive individuals may also
exhibit increased activity levels and lower risk aversion. Individual
behavioural traits associated with personalities can also be affected by
state-dependent behavioural dynamics (Dall et al., 2004; Sih et al.,
2015), which may in turn be influenced by pollutant exposure
(Montiglio and Royauté, 2014). Given these dynamics, we propose that
the high inter-individual variability observed in our study may be at
least partially explained by animal personalities and behavioural syn-
dromes. Future studies should incorporate pre-exposure behavioural
assays and environmental microplastic monitoring at collection sites to
better characterise population-specific behavioural regimes and con-
textualise exposure responses.

As observed with behavioural responses, short-term exposure to PE
microplastics, whether virgin or PHE-contaminated, did not signifi-
cantly affect the heart rates of C. maenas. Heart rate (HR) was used as a
proxy for physiological stress as it provides valuable insights into species
responses to environmental changes, contaminants, and metabolic al-
terations (DeFur and Mangum, 1979; Bamber and Depledge, 1997;
Handy and Depledge, 1999; Green, 2011). HR remained generally
consistent across treatments within each population, yet ICE crabs
exhibited generally lower HR than SWE ones. These differences are
possibly linked to temperature-dependent metabolic variation, rather
than genotypic intraspecific differences. Indeed, acclimation to colder
temperatures in ICE crabs (10 °C) compared to SWE crabs (17 °C) might
explain the intraspecific differences in HR (Tepolt and Somero, 2014).

C. maenas is a poikilotherm and its physiological and behavioural
processes such as metabolism, growth, and activity, are strongly influ-
enced by fluctuations in environmental temperature. Numerous studies
on decapod crustaceans, particularly C. maenas, have shown a direct
positive relationship between increased temperature and HR, likely
driven by higher metabolic demand (Styrishave et al., 1999; Frederich
and Portner, 2000; McGaw and Nancollas, 2018). For example, the HR
of a 25 mm (CW) individual of C. maenas was reported to be ~ 80 HB
min ! at 10 °C, increasing to ~ 130 HB min~! at 20 °C, yielding a Q¢ of
1.7 in controlled-laboratory experiments (Ahsanullah and Newell,
1971). Similarly, Q;¢ for HR of C. maenas between 4 °C and 20 °C was
estimated at 2.4 during in situ experiments (Styrishave et al., 1999).
These findings align with our observed Q¢ of 1.7 between ICE (11 °C)
and SWE (17 °C) heart rate.

Contrary to our observations, previous research has consistently
documented impaired behavioural and physiological responses in
crustaceans exposed to MPs (reviewed in Yin et al., 2022; D’Costa, 2022;
Zhang et al., 2023). For instance, swimming and feeding behaviours
have been negatively affected in amphipods and copepods (Tosetto
et al., 2016; Cole et al., 2015; Carrasco et al., 2019; Suwaki et al., 2020).
In decapod crustaceans, MP exposure has been linked to increased sus-
ceptibility to predation (5 days; 100 pg L' (Nanninga et al., 2020b) and
disruption of contest dynamics and shell selection in hermit crabs, with
adverse effects on rapping behaviours and key cognitive pathways such
as resource evaluation (5 days, 5gL™'; Cunningham et al., 2021a;
Crump et al., 2023). Research has also shown that C. maenas can take up
MPs through ingestion and inhalation across the gills (Farrell and
Nelson, 2013; Watts et al., 2014; Yi et al., 2021), leading to retention
within body tissues for up to 3 weeks and resulting in physiological
impairment, including decreased gill function, reduced food consump-
tion, and lower energy for growth (Watts et al., 2015, 2016).

Combined exposure to MPs and PAHs has also been observed to
exacerbate the adverse effects of MPs (e.g., Sun et al., 2021; Su et al.,
2022), primarily by altering their bioavailability and toxicity. For
instance, the microbial degradation of PHE is significantly reduced
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when it is associated with PE, leading to its increased environmental
persistence (Hatzinger and Alexander, 1997). Synergistic effects have
also been observed with other pollutants; for example, co-exposure to
PHE and copper (24 h) triggered behavioural changes in the amphipod
Hyalella azteca (Gauthier et al, 2016), while dimethyl
sulfide-contaminated nylon fibres reduced grazing rates of the copepod
Calanus helgolandicus more significantly than virgin fibres (Procter et al.,
2019). The effects of PHE have also been studied in relation to cardiac
function, with research highlighting adverse impacts in various species
(Brette et al., 2014, 2017; England et al., 2024). Based on these findings,
we hypothesised that PHE-contaminated PE would have elicited more
pronounced behavioural and physiological effects on C. maenas
compared to virgin particles. However, our findings did not support this
hypothesis.

The lack of significant effects in our study may be attributed to a
combination of factors, including the relatively low (but realistic) con-
centrations of MPs and PHE, as well as the short exposure duration.
Specifically, the concentration of PE employed in this study (50 mg L)
aligns with lower environmental exposure levels (Mbedzi et al., 2020),
providing realistic scenarios for risk assessment. This approach aligns
with recent calls from the scientific community to prioritise environ-
mentally relevant experimental designs (Cunningham and Sigwart,
2019). Supporting this interpretation, research has shown that realistic
concentrations of MPs did not significantly affect the emergence
behaviour of the intertidal gastropod Littorina littorea (Doyle et al.,
2020) or the feeding behaviour of Carcinus maenas (Cunningham et al.,
2021b).

The low PHE concentration tested in this study (~1 pg L), aligning
with the maximum permissible level in seawater (Verbruggen and Van
Herwijnen, 2012), likely limited its bioavailability and uptake. This
concentration is two orders of magnitude lower than the safe level for
the Chinese mitten crab Eriocheir sinensis (214 pg L™'; Jiang et al., 2015)
and the LC50 for C. maenas exposed to sulfoxaflor (288 pg L*; Dam-
asceno et al., 2021). Given that bioaccumulation and elimination of
polycyclic aromatic hydrocarbons like phenanthrene depend on expo-
sure concentration and duration (Fillmann et al., 2002; Watson et al.,
2004), the environmentally relevant PHE levels used here likely reduced
the potential for toxic effects. These findings highlight a critical yet often
overlooked aspect of ecotoxicological research: the necessity of testing
pollutants at realistic environmental concentrations.

Research on the physiological and behavioural responses of deca-
pods to higher PAHs concentrations supports this reasoning. For
example, exposure to sublethal concentrations (200 ug L-1; 7-15 days)
of pyrene significantly increased juvenile Carcinus maenas HR (from ~
90 HB min~! to ~ 120 HB min!) and enhanced competitive ability
during agonistic interactions for food (Dissanayake et al., 2008, 2009).
Similarly, higher concentrations of PHE were also linked to toxic effects
(14 days; 50 pug LL Yang et al., 2022) and acute mortality in Eriocheir
sinensis (4 days; 7000 pg L™%; Jiang et al., 2015). In contrast, low PHE
concentrations (~ 1 pug L") were sufficient to induce immunosuppres-
sion of hemocytes in mud crabs Scylla paramamosain (7 days; Yifei et al.,
2024), trigger bioaccumulation in the lugworm Arenicola marina
(Teuten et al., 2007; Browne et al., 2013), and reduce growth rates in
two phytoplankton species (7 days; Jiang et al., 2022). These studies,
however, were conducted over longer exposure periods.

These differences highlight the importance of exposure duration in
ecotoxicological research. Studies on decapod crustaceans shows
considerable variability in this regard, with exposures ranging from
hours to weeks (D’Costa, 2022). For instance, prolonged exposure (15
days) to varying concentrations of PHE (0.5, 1.0 and 1.5mgL™})
reduced maximum HR in freshwater crayfish (Pacifastacus leniusculus)
without affecting routine HR (Ainerua et al., 2021). Shorter exposures,
such as those in our study, may fail to capture sublethal or chronic ef-
fects, which often require extended periods to emerge. Taken together,
our findings suggest that the lack of significant effects observed after
72 h of exposure to PE and PHE possibly reflects the combined influence



L. Cozzolino et al.

of low pollutant concentrations, short exposure duration and substantial
inter-individual variability.

5. Conclusion

This study demonstrated that short-term exposure to environmen-
tally relevant concentrations of virgin and phenanthrene-contaminated
polyethylene microplastics had limited effects on the behavioural and
physiological performance of Carcinus maenas. Genetically distinct
populations of green crab responded similarly, except for a significant
reduction in resource-holding behaviour in ICE crabs exposed to PE.
High inter-individual variability in behavioural responses suggests that
susceptibility to MPs and PAHs is not uniform within populations. While
realistic MP concentrations enhance ecological relevance, short expo-
sure duration and limited sample size for physiological endpoints may
have constrained the detection of subtle or delayed effects. Future
research should adopt long-term designs and individual-level ap-
proaches to better assess the interplay between plastic pollution, genetic
diversity, and behavioural plasticity.
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