
Academic Editors: Paraskevi

K. Karachle, Elena Tricarico,

Giorgio Mancinelli and

Baran Yoğurtçuoğlu
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Simple Summary: Carcinus maenas is an invasive crab species that threatens coastal ecosys-
tems around the world by competing with native species and damaging habitats. Recently,
a population of this species was discovered in the San Matías Gulf in Argentina, marking
its northernmost record in the southwestern Atlantic. We studied its demographic and
life-history traits in the intertidal zone and found a male-biased sex ratio and relatively
low population density. Additionally, egg-bearing females were present nearly year-round,
with an increase in their abundance from May to July, suggesting that this population
is adapting well to local conditions and maintaining an extended reproductive period.
Together, these findings point to an early stage of invasion with the potential for further
expansion, posing risks to native species and north Patagonian ecosystems.

Abstract: The invasive European green crab (Carcinus maenas) poses a significant ecological
threat due to its rapid global spread and disruptive impact on coastal ecosystems. In
the southwestern Atlantic, the northernmost population was recently recorded in the
San Matías Gulf, offering a unique opportunity to study its demographic and life-history
traits at the leading edge of its range. We assessed the sex ratio, population density, size
distribution, and size at which 50% of females were ovigerous (SM50) in the intertidal
zone. Our findings revealed a male-biased sex ratio (1.50 males per female) and low
population density (0.42 crabs m−2), suggesting early-stage establishment. A size-structure
analysis showed a well-structured population with clear cohort separation in both sexes
and evidence of two recruitment events. The carapace width at which 50% of females were
ovigerous was estimated at 61.48 mm. Although egg-bearing females exhibited a well-
marked seasonality, with the highest prevalence from May to July, their presence nearly
year-round suggests an extended reproductive period and adaptability to local conditions,
which may be advantageous in recently established populations, facilitating invasion
success. These traits, combined with the species’ ongoing range expansion, highlight the
invasive potential of C. maenas and its possible ecological impacts on the San Matías Gulf.

Keywords: Carcinus maenas; life-history traits; sex ratio; population density; juvenile
abundance; ovigerous females; newly established population; expansion range

Biology 2025, 14, 480 https://doi.org/10.3390/biology14050480

https://doi.org/10.3390/biology14050480
https://doi.org/10.3390/biology14050480
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biology
https://www.mdpi.com
https://orcid.org/0009-0005-2104-156X
https://orcid.org/0000-0002-6051-4842
https://orcid.org/0000-0002-9763-2615
https://doi.org/10.3390/biology14050480
https://www.mdpi.com/article/10.3390/biology14050480?type=check_update&version=2


Biology 2025, 14, 480 2 of 23

1. Introduction
The establishment and expansion of invasive species depend on multiple factors, in-

cluding their biological traits and the environmental conditions of the invaded region [1]. In
newly established populations, individuals often show high growth rates and an extended
reproductive period, traits that facilitate population expansion [2]. In marine ecosystems,
invasive crustaceans significantly alter native biodiversity and ecosystem functions [3].
The European green crab Carcinus maenas, one of the world’s most notorious marine in-
vaders, has successfully spread across multiple continents due to its adaptability and high
reproductive potential [4–7].

The population dynamics of C. maenas are shaped by its ability to rapidly colonize new
environments. These crabs exhibit flexible growth patterns, with rates varying depend-
ing on environmental conditions such as temperature, food availability, and population
density [5]. Additionally, C. maenas have been observed to shift reproductive strategies
in response to low densities, such as earlier maturation and prolonged breeding seasons,
which enhance invasion success [8].

The green crab exhibits remarkable tolerance to diverse environmental conditions.
Adults can withstand temperatures ranging from 0 to 33 ◦C [5], while optimal larval de-
velopment occurs within a narrower range of 10 to 22.5 ◦C [9]. This species also endures
a wide salinity range: early life stages require salinities above 20‰ [10], whereas adults
survive in salinities from 10 to 50‰ [11]. Temperature plays a key role in range expan-
sion, influencing growth and maximum body size [12]. Larger individuals tend to have
greater reproductive success, fecundity, and longevity. In females, increased body size
correlates with a higher number of eggs per brood, boosting larval output and enhancing
establishment success [13]. Additionally, extended longevity prolongs the reproductive
period, allowing for more reproductive events over an individual’s lifetime [12].

The species was first recorded outside its native range along the mid-Atlantic coast of
the United States in 1817, and it has since expanded globally, facilitated by international
trade and ballast water transport [8]. Established populations now exist in Asia, Australia,
and South Africa, among other regions (references in [5]). In the southwestern Atlantic, C.
maenas was first reported in 2001 in Bahía Camarones, Chubut province, Argentina [14,15].
It has steadily expanded its range along the coast, reaching Puerto Madryn by 2015 [16]. In
2019, Malvé et al. [17] documented an individual in Puerto Lobos, suggesting a potential
incursion into the San Matías Gulf. By 2022, a population was confirmed in the northern
region of the Gulf [18] (Figure 1), marking the northernmost distribution of C. maenas in the
southwestern Atlantic.

This progressive northward expansion in the southwestern Atlantic could generate
significant changes in the trophic networks of coastal ecosystems in southern South Amer-
ica [19] and jeopardize the livelihoods of shellfish-based fisheries, since this crab primarily
preys upon mollusks and crustaceans in coastal ecosystems [20]. Despite the ecological
and economic implications, there remains limited knowledge about the demographic and
biological traits of the invasive green crab at the northernmost distribution in the south-
western Atlantic. Understanding the demographic and life-history characteristics of these
crabs is a key aspect for unraveling the mechanisms behind their range expansion.

Here, we aim to provide baseline demographic and life-history data for the newly
established population of green crabs at the northernmost edge of its known range in
the southwestern Atlantic. Specifically, we assess key population parameters, including
population density, size distribution, sex ratio, and the proportion of ovigerous females.
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Figure 1. Distribution of the invasive green crab Carcinus maenas along the southwestern Atlantic 
coast. Green dots represent previously documented populations, the year of observation, and cor-
responding citation indicated [14,15,17,21,22]. 

2. Materials and Methods 
2.1. Study Area 

This study was conducted in the rocky intertidal zone of northern San Matías Gulf, 
Río Negro Province, Argentina (40°49.88′ S, 65°6.46′ W). Water temperatures range from 
an average of 9.8 °C in July to 21.4 °C in December (Servicio de Hidrografía Naval, 
https://www.hidro.gov.ar (accessed on 20 November 2024)), while salinity varies from 
33.94 ± 0.5‰ in April to 34.03 ± 0.7‰ in September [23]. The intertidal zone extends for 
over 200 m across the tidal gradient. Its topography is characterized by a gently sloping 
ramp on the seaward side, influenced by a semidiurnal macro-tidal regime with up to 9 
m of amplitude and significant seasonal variation [24]. Close to the mean high tide level, 
the upper intertidal area is dominated by macroalgae and tide pools. During low tide, 
these upper areas experience high desiccation and fluctuations in temperature and salin-
ity, as the tide takes approximately 12 h to cover them [24]. Low-lying areas near the sea-
ward edge are characterized by dense populations of the mytilids Brachidontes rodriguezii 
and Perumitylus purpuratus, as well as barnacles. The tidal cycle exposes organisms to ex-
treme yet predictable changes in abiotic conditions twice daily, likely influencing their 
vertical distribution and zonation patterns. Consequently, the intertidal zone can be char-
acterized into two distinct, but spatially adjacent, areas. 

2.2. Field Sampling 

Figure 1. Distribution of the invasive green crab Carcinus maenas along the southwestern Atlantic
coast. Green dots represent previously documented populations, the year of observation, and
corresponding citation indicated [14,15,17,21,22].

2. Materials and Methods
2.1. Study Area

This study was conducted in the rocky intertidal zone of northern San Matías Gulf,
Río Negro Province, Argentina (40◦49.88′ S, 65◦6.46′ W). Water temperatures range from
an average of 9.8 ◦C in July to 21.4 ◦C in December (Servicio de Hidrografía Naval,
https://www.hidro.gov.ar (accessed on 20 November 2024)), while salinity varies from
33.94 ± 0.5‰ in April to 34.03 ± 0.7‰ in September [23]. The intertidal zone extends for
over 200 m across the tidal gradient. Its topography is characterized by a gently sloping
ramp on the seaward side, influenced by a semidiurnal macro-tidal regime with up to 9 m
of amplitude and significant seasonal variation [24]. Close to the mean high tide level, the
upper intertidal area is dominated by macroalgae and tide pools. During low tide, these
upper areas experience high desiccation and fluctuations in temperature and salinity, as
the tide takes approximately 12 h to cover them [24]. Low-lying areas near the seaward
edge are characterized by dense populations of the mytilids Brachidontes rodriguezii and
Perumitylus purpuratus, as well as barnacles. The tidal cycle exposes organisms to extreme
yet predictable changes in abiotic conditions twice daily, likely influencing their vertical
distribution and zonation patterns. Consequently, the intertidal zone can be characterized
into two distinct, but spatially adjacent, areas.

https://www.hidro.gov.ar
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2.2. Field Sampling

We conducted monthly sampling of green crabs from August 2022 to July 2023 in
the intertidal zone of San Matías Gulf. Sampling efforts focused on both the upper and
lower intertidal areas, with a simple random sampling design used to allocate quadrats
within each area. During low tide, we laid out four 25 m2 quadrats per area to obtain a
representative sample and estimate population density.

We manually collected crabs by performing an exhaustive search under rocks and
among algae, using metal hooks to probe inside burrows. Non-destructive methods were
prioritized to minimize the impact on the population and habitat. To estimate individual
size, we measured the carapace width (CW) to the nearest 0.1 mm using a digital caliper,
recording the distance between the distal ends of the fifth teeth on the anterolateral margin
of the carapace. Crabs were sexed through a visual inspection of the abdomen (Figure A1),
and small individuals that could not be sexed were categorized as juveniles. Additionally,
we recorded the presence of ovigerous females.

Following measurements and observations, subsamples were transported to the labo-
ratory for later species identification while the remaining specimens were released back into
their habitat. These samples were preserved in the Invertebrate Collection of CENPAT (Cen-
tro Nacional Patagónico, cataloged under the numbers CNP-INV 4113 and CNP-INV 4116).
The procedure for identifying these individuals is described in the “Species Identification”
section of Appendix A.

2.3. Statistical Analyses

All statistical analyses were conducted using R version 4.3.1. To analyze green crab
abundance (density) and size (carapace width), we fitted a generalized linear mixed model
(GLMM) and linear mixed model (LMM), respectively, with the lme4 package [25]. For
green crab density, we used a GLMM with a negative binomial distribution and log-link
function. We included log (25 m2) as an offset term to convert count data to density values
(ind m−2), accounting for the sampling area in each plot. Both models included sex (male
and female) as a fixed factor, while month (sampling dates from August 2022 to July 2023)
and intertidal area (upper and lower) were incorporated as random effects to account for
temporal and spatial variability. The model selection involved testing the significance of
fixed and random effects using likelihood ratio tests (LRTs), comparing models with and
without each factor while retaining other effects. Random effects were tested following the
corrections outlined by [26].

To analyze the population size structure of the crabs and identify distinct size groups,
we applied a finite mixture model approach. We implemented the mixture model using
the mixtools package [27], utilizing the Expectation-Maximization (EM) algorithm [28] for
parameter estimation. Models with one to five components were fitted for each sex, with
the optimal number of components determined by the Bayesian Information Criterion
(BIC; [29]). We used k-means clustering to enhance EM algorithm convergence [30]. A
Separation Index (SI) was calculated to assess the distinctness of adjacent components, and
components with SI < 2 were merged to prevent overfitting [31]. Monthly analyses were
conducted to investigate seasonal patterns and growth progression.

To estimate the size at which 50% of female crabs are ovigerous (SM50; [16,32,33]), we
grouped female individuals into carapace width (CW) intervals of 5.3 mm, determined
using Sturges’ formula for class intervals [34]. We applied a weighted logistic regression
using a generalized linear model (GLM) with a binomial error distribution and a logit
link function. The binomial response variable was defined by the presence and absence of
ovigerous females, with the carapace width (CW) as the independent variable. We applied
weights corresponding to the total number of individuals in each size class to adjust for
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differences in sample sizes across classes, ensuring that size classes with larger sample sizes
contributed proportionally more to the model.

Additionally, we calculated the monthly proportion of ovigerous females (number of
ovigerous females divided by total females examined each month) and further computed
the distribution of reproductive effort throughout the year by expressing each monthly
count of ovigerous females as a fraction of the annual total. To analyze the degree of
seasonality in reproductive patterns, we calculated the coefficient of variation (CV) using
these weighted annual proportions.

3. Results
3.1. Density and Individual Size

A total of 1300 crabs were collected, and we found that males outnumbered females,
yielding a sex ratio of 1.50 (709 males and 472 females). The overall density of green crabs
in the San Matías Gulf was 0.42 ± 0.05 ind m−2; consistently, males showed, on average,
a 79% higher density compared to females (Table 1). The lowest density for both sexes
was observed in August, in the winter season, followed by a sustained increase in density
during the warmer months from December to February (Figure 2). Temporal and spatial
factors exerted greater influence on crab density than sex. The differences between males
and females, although consistent throughout the year and between zones, explained only
3.7% of the variability (marginal R2, Table A2). Conversely, random effects accounted
for 26% of the total variance, with similar contributions from month and zone (14.3%
and 12.1%, respectively; Table A2), resulting in the complete model explaining 28.6% of
observed variability. The juvenile density was 0.028 ± 0.003 ind m−2.
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Figure 2. Monthly density (ind m−2) variation of the invasive green crab Carcinus maenas in the
intertidal zone of the San Matías Gulf (Las Grutas, Río Negro, Argentina), from August 2022 to July
2023. Empty circles represent observed densities from sampling quadrats (25 m2 each) placed in the
upper and lower intertidal zones, while solid points, lines, and error bars indicate predicted means
and standard errors derived from the mixed model. Red and blue colors indicate the densities of
females and males, respectively.
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Table 1. Summary of means (±SE) and statistical significance of sex effect on density (ind m−2) and
size (carapace width, mm) in response to sex difference of the invasive green crab Carcinus maenas,
from the intertidal area of the San Matías Gulf, Argentina. Number of observations are indicated
between parentheses. Significant values of each effect are shown in bold. Complete mixed-model
results including random effects can be found in Appendix A (Table A1).

Variables
Sex

Sex Effect Sex Comparison Effect Size
Females (F) Males (M)

Density 0.15 ± 0.06 (96) 0.26 ± 0.11 (96) X2
1 = 21.05; F vs. M −4.59

p < 0.001

Size 36.79 ± 1.02
(472)

40.11 ± 1.24
(709) X2

1 = 22.25; F vs. M −4.72

p < 0.001

We also found a significant difference in size (carapace width, CW) between male and
female individuals. On average, males (40.11 mm) were 9% larger than females (36.79 mm;
Table 1). The CW range was 16.4–64 mm for females and 11.0–72.1 mm for males. Juveniles
showed, on average, a CW = 12.4 ± 0.4 mm (4.5–18.9 mm).

3.2. Population Size Structure

The mixture model analysis identified two distinct size classes for both male and
female green crabs in the overall population (Figure A3). For males, these size classes were
characterized by means of 27.13 ± 7.13 mm and 48.72 ± 8.95 mm, comprising 37.24% and
62.76% of the male population, respectively. Female crabs similarly exhibited two size
classes with means of 25.54 ± 5.34 mm and 40.49 ± 7.81 mm, representing 20.13% and
79.87% of the female population, respectively.

We observed a considerable temporal variation in the size class distribution through-
out the annual cycle (Figure 3). Male crabs predominantly displayed two size classes
throughout the year, with the exception of August, when three modes were observed.
The smaller male size class (young adults) showed mean carapace widths ranging from
15.87 mm (August) to 36.86 mm (January), while the larger size class ranged from
22.40 mm (August) to 58.30 mm (January). Females exhibited a more variable modal
structure, ranging from one to three size classes depending on the month. The smaller
female size class ranged from 20.28 mm (February) to 39.55 mm (May), while the larger
size class ranged from 38.52 mm (June) to 55.59 mm (January).

The primary finding was the emergence of a substantial cohort of young adults
in early spring, evidenced by new small-sized components in October for males
(mean = 23.83 mm) and November for females (mean = 23.51 mm) (Figure 3). Individ-
uals of this cohort became predominant by January, creating a significant population
turnover with smaller size classes comprising 72% of males (mean = 36.86 mm) and 93% of
females (mean = 33.56 mm).
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monthly progression of size groups identified by mixture model analysis for both male (top panel) 
and female (bottom panel) crabs throughout the year. Circle size represents the proportion of indi-
viduals within each size group, while vertical bars indicate standard deviations. Dashed lines track 
the most conspicuous growth progression of modal size classes over time. Arrows indicate recruit-
ment events where new cohorts appear in the population. Monthly size-class frequency distribu-
tions are presented in Figures A4 and A5 and their associated statistics are presented in Tables A3 
and A4. 

Figure 3. Temporal patterns of size structure in green crab populations. The plots display the monthly
progression of size groups identified by mixture model analysis for both male (top panel) and
female (bottom panel) crabs throughout the year. Circle size represents the proportion of individuals
within each size group, while vertical bars indicate standard deviations. Dashed lines track the
most conspicuous growth progression of modal size classes over time. Arrows indicate recruitment
events where new cohorts appear in the population. Monthly size-class frequency distributions are
presented in Figures A4 and A5 and their associated statistics are presented in Tables A3 and A4.

An additional incorporation of young adults was detected in February for both sexes,
with new small-sized components (20.87 ± 3.00 mm in males, 20.28 ± 1.64 mm in females)
that contributed substantially to the population in subsequent months (Figure 3). Two
winter modal components of young adults were observed with minimal impact on the
overall population structure: a male component in August (CW = 15.87 ± 2.49 mm) and
a female component in June (CW = 20.46 ± 2.53 mm). The temporal pattern of juvenile
abundance showed an increase from November (1.1 individuals) to a peak in March
(17.4 individuals), almost mirroring seasonal temperature oscillations (Figure 4).

Accelerated growth was evident during spring and summer months (October–March),
as indicated by the increasing mean sizes of modal components showing rapid size increases
during this period (Figure 3).
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sex could not be determined through visual examination of the abdomen. 
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Figure 4. Upper panel: mean (solid points) and standard deviation (error bars) of monthly air tem-
perature in Las Grutas (Río Negro, Argentina) obtained from the Saint Exupéry airport climatologic
station. Lower panel: monthly variation in the number of juveniles of the invasive green crab Carcinus
maenas in the intertidal zone of San Matías Gulf (Las Grutas, Río Negro, Argentina), from August
2022 to July 2023. Juveniles are defined as small individuals (<15 mm carapace width) whose sex
could not be determined through visual examination of the abdomen.

3.3. SM50 and Ovigerous Female Seasonality

The weighted logistic regression model revealed a significant relationship between
the proportion of ovigerous female crabs and CW (GLM, z = 31.44, p < 0.001). The carapace
width at which 50% of female crabs were ovigerous (SM50) was estimated to be 61.48 mm
(Figure 5).
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Figure 5. Weighted logistic regression of proportion of ovigerous females to carapace width (CW) of
the invasive green crab (Carcinus maenas) in the intertidal zone of the San Matías Gulf, Argentina,
from August 2022 to July 2023. SM50 for female crabs was estimated at the inflection point of the
curve, which corresponds to 61.48 mm CW (N = 472), indicated by the green dotted line. The blue
circles represent the proportional size of the points, scaled by the total number of individuals in each
size class, grouped in 5.3 mm size-class intervals.



Biology 2025, 14, 480 9 of 23

Ovigerous females were present in the intertidal zone throughout nearly the entire
year, underscoring the species’ prolonged reproductive activity in this region. However,
the proportion of egg-bearing females exhibited a pronounced seasonal pattern, with a
coefficient of variation of 1.27 (127%) for the weighted annual proportions. The primary re-
productive peak occurred during May–July, accounting for 62% of the annual reproductive
effort, with July alone representing 38.9%. A secondary reproductive period was observed
from September to December (spring to early summer), which collectively accounted for
30.6% of the annual reproductive effort. Late summer to early autumn months (February–
April) showed substantially reduced or absent reproductive activity, with March having no
ovigerous females (Figure 6).
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4. Discussion
This study provides baseline demographic and life-history data for the newly estab-

lished population of the invasive green crab (C. maenas) in the San Matías Gulf, at the
northernmost edge of its known range in the southwestern Atlantic. The overall crab den-
sity of 0.42 ind m−2 showed significant temporal and spatial variations, with lower densities
in winter and higher densities during warmer months. Our findings revealed a pronounced
male-biased sex ratio, with males exhibiting 79% higher density than females and attaining
significantly larger sizes. Green crabs showed a significant population turnover, with a
substantial cohort of young adults emerging in early spring that became predominant by
January, followed by an additional recruitment in February. Modal progression analyses
revealed accelerated growth during spring and summer months (October–March). More-
over, we present the first estimate of the size at which 50% of females are ovigerous for
the southwestern Atlantic coast. Ovigerous females were observed in the intertidal zone
throughout most of the year, though with significant temporal variability and a distinct bi-
modal pattern, demonstrating the species’ extended yet seasonally structured reproductive
period and its remarkable adaptability to local environmental conditions.
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4.1. Density and Sex Ratio

The overall density of C. maenas in the San Matías Gulf (0.42 ind m−2) falls within
the lower range reported for different populations of the green crab globally (Table 2),
providing valuable baseline data for this recently detected population, first recorded in
2022 [18]. Seasonal fluctuations were evident, with the lowest densities recorded during
winter and a steady increase observed during the warmer months. These trends align
with seasonal reproductive and molting cycles documented in other C. maenas populations,
supporting previous research that water temperature influences crab distribution patterns,
with offshore migration during colder months and inshore movement during warmer
periods [35].

Table 2. Morphometric and population parameters of Carcinus maenas obtained through bibliographic
review. Data are presented as mean ± SD (n) and range (min–max) in parentheses. The complete
dataset is available in Table S1.

Sex
Maximum
Carapace

Width (mm)

Sex Ratio
(M–F)

Density
(Crabs m−2) SM50

Male 82.7 ± 11.5 (62)
(57.0–114.0) 1.8 ± 1.6 (36)

(0.4–8.2)
21.8 ± 34.5 (16)

(0.1–101.2)
38.3 ± 14.0 (6)

(28.9–49.96)
Female 72.9 ± 11.4 (42)

(52.0–93.0)

By comparison, established populations of C. maenas report a mean density of
21.8 ± 34.5 crabs·m−2 across 16 studies (Table 2). However, the methodological di-
versity across studies complicates direct density comparisons. Our hand-collection ap-
proach aligns well with other hand-collection studies (1.56 ± 0.7 ind m−2, n = 8 studies,
Table S1), suggesting that our findings are consistent with similar methodologies, despite
the lower values. Even more, between these studies, intertidal estimates fall between 0.24
and 1.29 ind m−2 [36]. In contrast, studies using other sampling methods are scarce and
show considerable variability in their estimates. Techniques such as substrate sieving
(45.56 ± 20.95 ind m−2, n = 5; [37,38]) and trawl-net sampling (52.75 ind m−2, n = 2; [39])
yield substantially higher densities, as they often include juveniles and larvae. Similarly,
trapping methods (3.10 ind m−2, n = 1; [40]) selectively capture actively foraging individ-
uals, while mark–recapture methods can be compromised by tag loss during molting [5].
These inherent limitations emphasize the need for standardized methodologies to facilitate
more meaningful comparisons across invaded regions.

Our results revealed a strongly male-biased sex ratio (1.50 males per female), a pattern
commonly observed in C. maenas populations worldwide (e.g., [41–44]; Tables 2 and S1),
as well as in populations of native crab species (e.g., [45–47]). This bias is often attributed
to differences in habitat use, behavior, and physiological requirements between sexes.
Females, for instance, migrate to subtidal zones during the breeding season to release
larvae in more stable conditions, resulting in reduced numbers in intertidal areas during
low tide sampling periods [48]. Alternatively, the male bias could reflect sampling bias or
behavioral differences, as males are generally more active and exploratory, increasing their
likelihood of being captured [49].

4.2. Size

In line with global patterns for C. maenas, males in the San Matías Gulf attained
significantly larger carapace widths than females (mean: 40.11 mm vs. 36.79 mm; Table 2,
Figure 7). Interestingly, the maximum sizes recorded in our study (72.1 mm for males and



Biology 2025, 14, 480 11 of 23

64 mm for females) fall within the lower range reported for other populations documented
globally (Table 2). Several non-exclusive hypotheses could explain this pattern.
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between males and females. Blue dots represent males and red dots represent females, with data
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error bars represent means ± 95% confidence interval. The figure illustrates sexual dimorphism in
carapace width within this species. For detailed information on size and references, see Table S1.

First, our sampling methodology may have contributed to the observed size distribu-
tion. The hand-collection approach in intertidal zones typically yields smaller individuals
than trapping methods, which target larger crabs in subtidal areas (77.21 ± 4.1 mm vs.
88.94 ± 10.3 mm mean carapace width for males across studies; Table S1). This pattern
aligns with documented ontogenetic habitat partitioning in C. maenas, where smaller indi-
viduals dominate intertidal zones, while larger crabs migrate to deeper subtidal areas [50].
Our study was conducted exclusively in the intertidal zone, which likely limited our abil-
ity to sample the largest individuals that might inhabit deeper waters. However, spatial
segregation alone cannot fully explain our findings, as our maximum recorded sizes re-
main below the averages reported even among other hand-collection studies, suggesting
additional factors are influencing the size distribution in this population.

The relatively smaller sizes we observed likely reflect traits characteristic of newly
established populations experiencing strong r-selection pressures. At the leading edge of a
species’ range or during early invasion stages, selective forces typically favor traits that
enhance rapid population growth and survival, including reduced age at maturity, accel-
erated growth rates, and increased energy allocation to reproduction rather than somatic
growth [2,51–54]. In C. maenas, size is an important determinant in competitive interactions
between males [55]. Low population density may reduce intraspecific competition, poten-
tially allowing for successful reproduction at smaller sizes compared to dense populations
where larger individuals have competitive advantages. These adaptations enable individu-
als to reach reproductive size sooner, thereby shortening generation times and accelerating
population expansion [56,57]. Such life-history strategies are particularly advantageous for
invasive species, facilitating both primary invasion and secondary spread [58,59].

Lastly, the presence of hybrids between C. maenas and C. aestuarii, coupled with the
general lower sizes reported for this species [60], could also explain the intermediate size
ranges observed in this study. Hybridization has been documented in regions such as
Japan, where both species co-occur [61], and could produce phenotypes with traits from
both parent species [3,62,63], potentially influencing growth patterns and size distribu-
tions. Recent molecular evidence suggests C. aestuarii’s presence in the nearby Nuevo
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Gulf [64]; therefore, the possibility of hybrids in the San Matías Gulf cannot be ruled out
and warrants further investigation. However, we consider this explanation less likely for
several reasons. Our morphological assessment using established criteria [65] indicated
the unique presence of C. maenas. Furthermore, genetic analyses by Darling et al. [66]
determined that Carcinus populations in Argentina likely derived from C. maenas popula-
tions introduced from Australia. Although Cordone et al. [64] detected sequences from
both species in metabarcoding analyses of gut contents, the authors acknowledged the
limitations of metabarcoding in distinguishing actual prey items, and neither C. maenas nor
C. aestuarii were visually identified in their study. Based on this evidence, we conclude that
the San Matías Gulf population most likely represents C. maenas, with the observed size
patterns primarily reflecting invasion dynamics and the sampling methodology rather than
hybridization effects.

4.3. Population Size Structure

The size-structure analysis of the green crab population revealed distinct bimodal size
distributions in both sexes, reflecting a structured population with clear cohort separation.
Unlike males, which consistently displayed two size classes throughout most of the year
(with the exception of August), females exhibited greater variability in modal structure,
ranging from one to three size classes depending on the month. This sex-based difference
in population structure dynamics aligns with findings from other regions where males and
females exhibit different growth and molting patterns [67].

Our temporal analysis identified two significant recruitment of young adult events.
The first occurred in early spring (October–November), when substantial cohorts of young
adults emerged for both sexes. By January, these cohorts became predominant, creating a
significant population turnover with smaller size classes comprising the majority of the
population. A second recruitment event was detected in February, with new small-sized
components contributing substantially to the population in subsequent months. The tem-
poral pattern of juvenile abundance, which increased from November to a peak in March,
likely captures this second recruitment pulse. Two additional winter modal components
were observed with minimal impact on the overall population structure, suggesting limited
winter recruitment. This bimodal pattern of recruitment aligns with observations from other
populations of C. maenas across its native and invasive ranges. In European populations,
refs. [67,68] documented one or two main recruitment periods annually. Similarly, ref. [69]
found that in non-native Atlantic coast populations of North America, recruitment typically
occurs in multiple pulses, with two principal events coinciding with water temperature
cycles. In Argentina, Vinuesa [21] also reported comparable recruitment patterns, with a
primary event in spring and a secondary one in late summer. This pattern appears to be
relatively consistent across the species’ global distribution [5,61].

Notorious growth was evident during spring and summer months (October–March),
as indicated by rapidly increasing modal sizes during this period. This accelerated growth
coincides with warmer water temperatures, conditions that, coupled with an increased
food availability, favor ecdysis in decapod crustaceans [70]. The seasonal growth pattern
observed in our population is consistent with other studies of C. maenas that document
concentrated molting periods during warmer months [61,71,72]. This growth pattern indi-
cates a concentrated molting period, which has significant implications for reproduction,
since female green crabs can only be fertilized during the soft-carapace period immediately
following ecdysis [5,21].
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4.4. SM50 and Ovigerous Females

The size at which 50% of females were ovigerous (SM50) in this study was
61.48 mm. This value is larger compared to sizes at maturity estimates from other C.
maenas populations (e.g., [13,33,48]; see Table 2 and Table S1), where values typically range
from 28.9 mm to 49.96 mm. While previous studies primarily relied on macroscopical
and histological techniques to determine gonadal and physiological maturity, our SM50

estimate was based on the proportion of females observed carrying eggs [33,47]. This
method inherently reflects the end of the reproductive process—when fertilized females
are bearing eggs—rather than the onset of physiological maturity. As a result, the actual
size at physiological maturity is likely smaller than our SM50 estimate. Unfortunately, no
studies exist on SM50 based on beared females for other C. maneas populations.

The duration of the reproductive period in green crabs appears to be influenced by
temperature, with ovigerous females reported for three months in colder regions and up to
eight months in warmer locations [13]. This pattern may also apply to the southwestern
Atlantic coast, where in colder areas, ovigerous females are typically observed between
May and September [21]. In contrast, in the San Matias Gulf, we detected ovigerous females
in the intertidal zone nearly year-round. Similar extended reproductive periods have been
documented in the species’ native range [67,72], suggesting that favorable environmental
conditions in this region could support prolonged reproductive activity. While some studies
have proposed that prolonged brooding might reflect lower reproductive success due to
environmental stress, as reduced salinity, lower temperatures, or mild disturbances can
delay larval release in C. maenas [5,73], this explanation seems unlikely for our study popu-
lation. In the San Matias Gulf, fluctuations in salinity and temperature remain well within
the species’ tolerance range, making it improbable that abiotic factors limit population
establishment or reproductive success at this stage.

Although ovigerous females were present throughout most of the year, our results
revealed a pronounced seasonal pattern, with the highest proportions observed between
May and July. The observed low proportion of ovigerous females in August, coupled with
the subsequent emergence of a substantial young adult cohort in October, strongly suggest
that larval release predominantly occurs during August. This timing is consistent with the
bimodal size distributions in both sexes and discrete recruitment peaks. Temporal growth
patterns further support this seasonal reproductive pattern. However, the extended period
during which ovigerous females can be found suggests considerable reproductive flexibility,
which may enhance recruitment success by increasing the probability of successful larval
release under optimal environmental conditions. This adaptability could be particularly
advantageous for newly established invasive populations, allowing them to capitalize on
favorable conditions rather than being constrained to a narrow breeding window, ultimately
facilitating population growth and range expansion. Year-round systematic larval sampling
is required to definitively confirm this reproductive pattern.

5. Conclusions
This study provides baseline demographic and life-history data for the newly estab-

lished green crab population at the northernmost edge of its known range in the southwest-
ern Atlantic. By employing a direct counting approach in the intertidal zone, we captured
an initial snapshot of key population traits. The population exhibited a male-biased sex
ratio, relatively low density, and relatively smaller body sizes, suggesting it is in an early
stage of establishment. Ovigerous females showed a clear seasonal pattern, but their year-
round presence indicates a potential extended reproductive period, which may enhance
recruitment success and promote population expansion. The long-term monitoring of
population density, size structure, and reproductive patterns, along with genetic analyses
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to confirm species identity among all the Patagonian green crab populations, will be crucial
for understanding the dynamics of this invasion. As post-establishment management
actions are often ineffective [74], preventing additional introductions emerges as the most
resource-efficient method to limit the green crab’s ongoing expansion [75]. This precau-
tionary approach is especially critical in marine ecosystems, where extensive connectivity
across broad spatial scales renders the eradication of established non-native species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology14050480/s1. Table S1. Complete dataset of bibliography
review on green crab population characteristics [76–115].
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Appendix A Supporting Information for Methods, Results, Tables,
and Figures
Species Identification

Sixty-three crabs from different sizes were collected, transported to the laboratory,
and sacrificed by freezing. Following the protocol designed by [65], the shape of the male
pleopod was visually classified as either curved outward or straight and parallel. In both
male and female crabs, the relationship between the carapace width (CW) and the carapace
length (CL), as the distance between the central lobe on the frontal area and the posterior
border of the carapace, was recorded, and the shape of the three lobes in the frontal area
(between the eyes) was classified either as with “bumps” or flatted.

The CW/CL of the 63 individuals examined (46 males and 17 females) varied from
1.24 to 1.58 for males and 1.27 to 1.33 for females (Table A1); in all individuals, the rostrum
shape was classified as with “bumps”, typical of C. maenas. In all males, the shape of the
pleopods was curved outward in a crescent shape (Figure A2). The authors of [65] state that
specimens with a CW/CL ratio ≥ 1.29 correspond to Carcinus maenas, whereas those with
a lower ratio belong to C. aestuarii. However, all the males examined exhibited pleopods

https://www.mdpi.com/article/10.3390/biology14050480/s1
https://www.mdpi.com/article/10.3390/biology14050480/s1
https://doi.org/10.5281/zenodo.15278353
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typical of C. maenas, even though their CW/CL ratio was below 1.29. This variation may
be influenced by environmental factors, particularly in invasive populations, suggesting
that the CW/CL ratio alone is insufficient for definite species identification. Based on these
morphological traits, we conclude that the Carcinus population in the San Matias Gulf
corresponds to C. maenas.

Table A1. Mean carapace width to length ratios (CW/CL) for males and females of Carcinus maenas
of various size categories. Numbers in brackets give sample size.

Carapace Width Males Females

20–30 mm 1.30 (2)
30–40 mm 1.39 (4) 1.30 (6)
40–50 mm 1.29 (14) 1.28 (7)
50–60 mm 1.29 (23) 1.32 (2)
60–70 mm 1.29 (5)

Range (min–max) 1.24–1.58 1.27–1.33

Table A2. Detailed results of the linear mixed models on density (ind·m−2) and size (carapace width,
mm) in response to sex difference of the invasive green crab Carcinus maenas from the intertidal area
of the San Matías Gulf, Argentina. Significant values of each effect are indicated in bold.

Density Size

Predictors Incidence
Rate Ratios CI p Estimates CI p

Intercept
(Females) 0.15 0.07–0.33 <0.001 36.79 34.79–38.79 <0.001

Sex (Males) 1.79 1.40–2.30 <0.001 3.32 1.94–4.70 <0.001
Random Effects

σ2 1.66 137.25
τ00_Month 0.32 8.48
τ00_Zone 0.27

ICC 0.26 0.06
NMonth 12 12
NZone 2

Observations 192 1181
Marginal

R2/Conditional
R2

0.037/0.286 0.018/0.075

Table A3. Parameters of the mixture model components identified in male green crabs (Carcinus
maenas) from San Matías Gulf, Argentina (August 2022–July 2023). For each month, the table
presents the parameters of the normal components identified by finite mixture model analysis:
modal component (number), mean carapace width (mm), standard deviation (SD, in mm), proportion
(relative abundance of each component), and Separation Index (degree of distinction between adjacent
components). Separation Index values > 2 indicate clearly separated components.

Modal
Component

Mean
Carapace

Width (mm)
SD (mm) Proportion Separation

Index

August
1 15.87 2.49 0.33 2.03
2 22.4 2.06 0.26 15.19
3 40.05 10.74 0.41

September 1 32.88 10.58 0.53 6.17
2 57.12 6.65 0.47
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Table A3. Cont.

Modal
Component

Mean
Carapace

Width (mm)
SD (mm) Proportion Separation

Index

October
1 23.83 5.44 0.32 8.04
2 49.84 8.68 0.68

November
1 23.94 5.56 0.35 7.42
2 47.3 8.71 0.65

December
1 28.16 5.85 0.33 10.69
2 53.13 8.19 0.67

January 1 36.86 11.61 0.72 2.7
2 58.3 3.67 0.28

February 1 20.87 3 0.08 3.32
2 45.21 10.35 0.92

March
1 22.26 2.53 0.21 3.95
2 44.72 8.22 0.79

April 1 22.51 4.33 0.3 6.49
2 43.48 7.56 0.7

May 1 29.94 9.08 0.42 9.48
2 48.61 7.11 0.58

June 1 31.07 7.69 0.72 5.04
2 54.03 3.13 0.28

July 1 30.54 7.09 0.55 3.12
2 43.02 11.1 0.45

Table A4. Parameters of the mixture model components identified in female green crabs (Carcinus
maenas) from San Matías Gulf, Argentina (August 2022–July 2023). For each month, the table
presents the parameters of the normal components identified by finite mixture model analysis:
modal component (number), mean carapace width (mm), standard deviation (SD, in mm), proportion
(relative abundance of each component), and Separation Index (degree of distinction between adjacent
components). Separation Index values > 2 indicate clearly separated components.

Modal
Component

Mean
Carapace

Width (mm)
SD (mm) Proportion Separation

Index

September 1 32.41 6.4 0.69 4.05
2 47.38 2.71 0.31

October
1 31.37 5.43 0.27 16.76
2 40.09 5.95 0.73

November
1 23.51 4.38 0.42 16.61
2 42.26 5.5 0.58

December
1 28.97 4.84 0.17 6.98
2 46.38 7.33 0.83

January 1 33.56 7.94 0.93 4.63
2 55.59 3.18 0.07

February
1 20.28 1.64 0.07 3.3
2 36.92 6.7 0.79 3.12
3 48.4 3.01 0.14

March
1 25.86 4.29 0.63 5.48
2 41.97 7.23 0.37

April 1 38.17 8.62 1
May 1 39.55 7.3 1

June 1 20.46 2.53 0.29 3.2
2 38.52 8.17 0.71

July 1 24.49 2.26 0.06 3.74
2 39.86 6.37 0.94
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Figure A3. Size-class frequency distribution of the invasive green crab (Carcinus maenas) in the in-
tertidal zone of the San Matías Gulf, Argentina. The histograms show the frequency of individuals 
within 2.8 mm size-class intervals for juveniles (n = 59), females (n = 472), and males (n = 709). Black 
dashed lines represent individual modal components identified through mixture model analysis, 
while the solid red line indicates the fitted total distribution. Data were collected from pooled 
months and sites across the upper and lower intertidal zones between August 2022 and July 2023. 

 

Figure A3. Size-class frequency distribution of the invasive green crab (Carcinus maenas) in the
intertidal zone of the San Matías Gulf, Argentina. The histograms show the frequency of individuals
within 2.8 mm size-class intervals for juveniles (n = 59), females (n = 472), and males (n = 709). Black
dashed lines represent individual modal components identified through mixture model analysis,
while the solid red line indicates the fitted total distribution. Data were collected from pooled months
and sites across the upper and lower intertidal zones between August 2022 and July 2023.
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Figure A4. Monthly size-frequency distributions of male green crabs with mixture model components.
Histograms show the observed frequency distributions of carapace width of male green crabs
(Carcinus maenas) collected in a rocky intertidal of San Matías Gulf (Las Grutas, Río Negro, Argentina)
from August 2022 to July 2023. Sample sizes (N) are indicated for each month. The solid red line
represents the overall density function fitted to the data, while dashed black lines show individual
components of the mixture model. Each component corresponds to a distinct size class or cohort
within the population, reflecting the discontinuous growth pattern typical of molting crustaceans.
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60. Acar, S.; Ateş, A.S. Population Structure, Growth and Reproduction Characteristics of the Portunid Crab, Carcinus aestuarii Nardo,

1847 (Decapoda, Carcinidae) in Çardak Lagoon, Turkish Straits System. Crustaceana 2020, 93, 1031–1045. [CrossRef]
61. Leignel, V.; Stillman, J.H.; Baringou, S.; Thabet, R.; Metais, I. Overview on the European Green Crab Carcinus Spp. (Portunidae,

Decapoda), One of the Most Famous Marine Invaders and Ecotoxicological Models. Environ. Sci. Pollut. Res. 2014, 21, 9129–9144.
[CrossRef] [PubMed]

62. Nogueira, D.M.; De Carvalho, R.S.; De Oliveira, A.M.; De Paula, T.S.; Pereira, D.G.; Pissinatti, A.; Loiola, S.D.O.; Carvalho, E.F.;
Silva, D.A.; Bergallo, H.G.; et al. Uniparental Genetic Markers to Investigate Hybridization in Wild-Born Marmosets with a Mixed
Phenotype among Callithrix aurita and Invasive Species. Sci. Rep. 2022, 12, 1487. [CrossRef]

63. Sefc, K.M.; Mattersdorfer, K.; Ziegelbecker, A.; Neuhüttler, N.; Steiner, O.; Goessler, W.; Koblmüller, S. Shifting Barriers and
Phenotypic Diversification by Hybridisation. Ecol. Lett. 2017, 20, 651–662. [CrossRef]

64. Cordone, G.; Lozada, M.; Vilacoba, E.; Thalinger, B.; Bigatti, G.; Lijtmaer, D.A.; Steinke, D.; Galván, D.E. Metabarcoding, Direct
Stomach Observation and Stable Isotope Analysis Reveal a Highly Diverse Diet for the Invasive Green Crab in Atlantic Patagonia.
Biol. Invasions 2022, 24, 505–526. [CrossRef]

65. Behrens Yamada, S.; Hauck, L. Field identification of the European green crab species: Carcinus maenas and Carcinus aestuarii. J.
Shellfish Res. 2001, 20, 905–912.

https://doi.org/10.7717/peerj.5566
https://www.ncbi.nlm.nih.gov/pubmed/30245928
https://doi.org/10.3354/meps122165
https://doi.org/10.2983/0730-8000(2008)27[427:BCOANE]2.0.CO;2
https://doi.org/10.3391/mbi.2017.8.2.12
https://doi.org/10.3989/scimar.04108.10A
https://doi.org/10.1017/S0025315407056469
https://doi.org/10.1080/07924259.2011.582693
https://doi.org/10.1080/07924259.2019.1588792
https://doi.org/10.1371/journal.pone.0115586
https://www.ncbi.nlm.nih.gov/pubmed/25551233
https://doi.org/10.1111/ivb.12364
https://doi.org/10.1086/409052
https://doi.org/10.1146/annurev.es.08.110177.001045
https://doi.org/10.1073/pnas.1018989108
https://doi.org/10.1111/j.1469-7998.2000.tb00783.x
https://doi.org/10.1086/400074
https://doi.org/10.1038/439803a
https://www.ncbi.nlm.nih.gov/pubmed/16482148
https://doi.org/10.1163/15685403-bja10070
https://doi.org/10.1007/s11356-014-2979-4
https://www.ncbi.nlm.nih.gov/pubmed/24793074
https://doi.org/10.1038/s41598-021-04276-7
https://doi.org/10.1111/ele.12766
https://doi.org/10.1007/s10530-021-02659-5


Biology 2025, 14, 480 22 of 23

66. Darling, J.A.; Bagley, M.J.; Roman, J.; Tepolt, C.K.; Geller, J.B. Genetic Patterns across Multiple Introductions of the Globally
Invasive Crab Genus Carcinus. Mol. Ecol. 2008, 17, 4992–5007. [CrossRef]

67. Baeta, A.; Cabral, H.N.; Neto, J.M.; Marques, J.C.; Pardal, M.A. Biology, Population Dynamics and Secondary Production of the
Green Crab Carcinus maenas (L.) in a Temperate Estuary. Estuar. Coast. Shelf Sci. 2005, 65, 43–52. [CrossRef]

68. Berrill, M. The Life Cycle of the Green Crab Carcinus maenas at the Northern End of Its Range. J. Crustac. Biol. 1982, 2, 31–39.
[CrossRef]

69. Young, A.M.; Elliott, J.A.; Incatasciato, J.M.; Taylor, M.L. Seasonal Catch, Size, Color, and Assessment of Trapping Variables for
the European Green Crab Carcinus Maenas (Linnaeus, 1758) (Brachyura: Portunoidea: Carcinidae), a Nonindigenous Species in
Massachusetts, USA. J. Crustac. Biol. 2017, 37, 556–570. [CrossRef]

70. Hartnoll, R.G. Reproductive investment in Brachyura. Hydrobiologia 2006, 557, 31–40. [CrossRef]
71. Bessa, F.; Baeta, A.; Martinho, F.; Marques, S.; Pardal, M.Â. Seasonal and temporal variations in population dynamics of the

Carcinus maenas (L.): The effect of an extreme drought event in a southern European estuary. J. Mar. Biol. Assoc. UK 2010, 90,
867–876. [CrossRef]

72. Monteiro, J.N.; Ovelheiro, A.; Maia, F.; Teodósio, M.A.; Leitão, F. Biological Traits and Population Dynamics for Sustainable
Harvesting of Carcinus maenas. Fish. Res. 2025, 281, 107243. [CrossRef]

73. Anger, K.; Spivak, E.; Luppi, T. Effects of Reduced Salinities on Development and Bioenergetics of Early Larval Shore Crab,
Carcinus maenas. J. Exp. Mar. Biol. Ecol. 1998, 220, 287–304. [CrossRef]

74. Kavileveettil, S.; Sheppard, A.W.; Bukombe, J.K.; Egawa, C.; Foxcroft, L.C.; Müllerová, J.; Wanzala, W.; Zenni, R.D.; Castillo, M.L.;
Anderson, A.R.; et al. Management; Challenges, Opportunities and Lessons Learned; Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services: Bonn, Germany, 2023.

75. Roy, H.; Pauchard, A.; Stoett, P.; Renard, T.; Bacher, S.; Galil, B.; Hulme, P.; Ikeda, T.; Sankaran, K.; McGeoch, M.; et al. Summary
for Policymakers of the Thematic Assessment Report on Invasive Alien Species and Their Control of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem ServicesThe Thematic Assessment Report on Invasive Alien Species
and Their Control: Summary for Policymakers. Available online: https://digitalnz.org/records/56060505 (accessed on 20
March 2025).

76. Spooner, E.H.; Coleman, R.A.; Attrill, M.J. Sex differences in doby morphology and multitrophic interactions involving the
foraging behavior of the crab Carcinus maenas. Mar. Eco. 2007, 28, 394–403. [CrossRef]

77. Huxley, J.S.; Richards, O.W. Relative growth of the abdomen and the carapace of the Shore-Crab Carcinus maenas. J. Mari. Biol.
Assoc. 1931, 17, 1001–1015. [CrossRef]

78. Kamermams, P.; Blankendaal, M.; Perdon, J. Predation of shore crabs (Carcinus maenas L.) and starfish (Asterias rubens L.) on blue
mussel (Mytilus edulis L.) seed from wild sources and spat collectors. Aquaculture 2009, 290, 256–262. [CrossRef]

79. Elner, R.W. The mechanics of predation by the shore crab, Carcinus maenas (L.), on the edible mussel, Mytilus edulis L. Oecologia.
1978, 36, 333–344. [CrossRef]

80. Ameyaw-Akumfi, C.; Naylor, E. Spontaneous and induced components of salinity preference behaviour in Carcinus maenas. Mari.
Ecol. Prog. Ser. 1987, 37, 153–158. [CrossRef]

81. Wolf, F. Red and green colour forms in the common shore crab Carcinus maenas (L.) (Crustacea: Brachyura: Portunidae):
Theoretical predictions and empirical data. J. Nat. Hist. 1998, 32, 1807–1812. [CrossRef]

82. Walne, P.R.; Dean, G.J. Experiments on Predation by the Shore Crab, Carcinus Maenas L., on Mytilus and Mercenaria. J. du Conseil
1972, 34, 190–199. [CrossRef]

83. McVean, A. The incidence of autotomy in Carcinus maenas (L.). J. Exper. Mari. Biol. Ecol. 1976, 24, 177–187. [CrossRef]
84. Dries, M.; Adelung, D. Die Schlei, ein Modell für die Verbreitung der Strandkrabbe Carcinus maenas. Helg. Mar. Res. 1982, 35,

65–77.
85. Fletcher, N.; Hardege, J.D. The cost of conflict: Agonistic encounters influence responses to chemical signals in the European

shore crab. Anim. Behav. 2009, 77, 357–361. [CrossRef]
86. Heath, J.R.; Barnes, H. Some changes in biochemical composition with season and during the moulting cycle of the common

shore crab, Carcinus maenas (L.). J. Exper. Mari. Biol. Ecol. 1970, 5, 199–233. [CrossRef]
87. Mathieson, S.; Berry, A.J. Spatial, temporal and tidal variation in crab populations in the Forth Estuary, Scotland. J. Mar. Biol.

Assoc. 1997, 77, 167–183. [CrossRef]
88. Todd, P.A.; Briers, R.A.; Ladle, R.J.; Middleton, F. Phenotype-environment matching in the shore crab (Carcinus maenas). Mar. Biol.

2006, 148, 1357–1367. [CrossRef]
89. Abelló, P.; Aagaard, A.; Warman, C.G.; Depledge, M.H. Spatial variability in the population structure of the shore crab Carcinus

maenas (Crustacea: Brachyura) in a shallow-water, weakly tidal fjord. Mar. Ecol. Prog. Ser. 1997, 147, 97–103. [CrossRef]
90. Hunter, E.; Naylor, E. Intertidal migration by the shore crab Carcinus maenas. Mar. Ecol. Prog. Ser. 1993, 101, 131–138. [CrossRef]
91. Naylor, E. Seasonal changes in a population of Carcinus maenas in the littoral zone. J. Anim. Ecol. 1962, 31, 601–609. [CrossRef]

https://doi.org/10.1111/j.1365-294X.2008.03978.x
https://doi.org/10.1016/j.ecss.2005.05.004
https://doi.org/10.2307/1548108
https://doi.org/10.1093/jcbiol/rux068
https://doi.org/10.1007/s10750-005-9305-6
https://doi.org/10.1017/S0025315409991421
https://doi.org/10.1016/j.fishres.2024.107243
https://doi.org/10.1016/S0022-0981(97)00110-X
https://digitalnz.org/records/56060505
https://doi.org/10.1111/j.1439-0485.2007.00186.x
https://doi.org/10.1017/S0025315400052085
https://doi.org/10.1016/j.aquaculture.2009.02.031
https://doi.org/10.1007/BF00348059
https://doi.org/10.3354/meps037153
https://doi.org/10.1080/00222939800771311
https://doi.org/10.1093/icesjms/34.2.190
https://doi.org/10.1016/0022-0981(76)90102-7
https://doi.org/10.1016/j.anbehav.2008.10.007
https://doi.org/10.1016/0022-0981(70)90001-8
https://doi.org/10.1017/S0025315400033853
https://doi.org/10.1007/s00227-005-0159-2
https://doi.org/10.3354/meps147097
https://doi.org/10.3354/meps101131
https://doi.org/10.2307/2055


Biology 2025, 14, 480 23 of 23

92. Garm, A. Mechanosensory properties of the mouthpart setae of the European shore crab Carcinus maenas. Mari. Biol. 2005, 147,
1179–1190. [CrossRef]

93. Pedersen, K.L.; Pedersen, S.N.; Højrup, P.; Andersen, J.S.; Roepstorff, P.; Knudsen, J.; Depledge, M.H. Purification and char-
acterization of a cadmium-induced metallothionein from the shore crab Carcinus maenas (L.). Biochem. J. 1994, 297, 609–614.
[CrossRef]

94. Munch-Petersen, S.; Sparre, P.; Hoffmann, E. Abundance of the shore crab, Carcinus maenas (L.), estimated from mark-recapture
experiments. Dana. 1982, 2, 97–121.

95. Werner, M. Prevalence of the parasite Sacculina carcini Thompson 1836 (crustacea, rhizocephala) on its host crab Carcinus maenas
(L.) on the West Coast of Sweden. Ophelia 2001, 55, 101–110.

96. Sekkelsten, G.I. Effect of Handicap on Mating Success in Male Shore Crabs Carcinus maenas. Oikos 1988, 51, 131–134. [CrossRef]
97. van Der Meeren, G.I. Sex-and size-dependent mating tactics in a natural population of shore crabs Carcinus maenas. J. Anim. Ecol.

1994, 307–314. [CrossRef]
98. Mouritsen, K.N.; Jensen, T. The efect of Sacculina carcini infections on the fouling, burying, behavior and condition of the shore

crab, Carcinus maenas. Mar. Biol. Res. 2006, 2, 270–275. [CrossRef]
99. Reid, D.G.; Abelló, P.; Warman, C.G.; Naylor, E. Size-related mating success in the shore crab Carcinus maenas (Crustacea:

Brachyura). J. Zool. 1994, 232, 397–407. [CrossRef]
100. Rasmussen, E. Systematics and ecology of the Isefjord marine fauna (Denmark) with a survey of the eelgrass (Zostera) vegetation

and its communities. Ophelia 1973, 11, 1–507. [CrossRef]
101. Sheehan, E.V.; Thompson, R.C.; Coleman, R.A.; Attrill, M.J. Positive feedback fishery: Population consequences of ‘crab-tiling’on

the green crab Carcinus maenas. J. S. Res. 2008, 60, 303–309. [CrossRef]
102. Tummon Flynn, P.; Lynn, K.D.; Cairns, D.K.; Quijon, P.A. The role of the non-indigenous green crab (Carcinus maenas) in the

decline of a unique strain of Irish moss (Chondrus crispus): Direct and indirect effects. ICES J. Mar. Sci. 2019, 76, 2338–2348.
[CrossRef]

103. Rayner, G. The Behavioural Interactions Between the American Lobster (Homarus Americanus) and the Invasive Green Crab
(Carcinus maenas). Ph.D. Thesis, Memorial University of Newfoundland, St. John’s, NL, Canada, 2018.

104. Goldstein, J.S.; Morrissey, E.M.; Moretti, E.D.; Watson, W.H. A comparison of the distribution and abundance of European green
crabs and American lobsters in the Great Bay Estuary, New Hampshire, USA. Fish. Res. 2017, 189, 10–17. [CrossRef]

105. Fulton, B.A.; Fairchild, E.A.; Warner, R. Carcinus maenas in two New Hampshire estuaries. Part 2: Assessment of average intermolt
period. J. Crustac. Biol. 2013, 33, 339–347. [CrossRef]

106. Young, T.; Komarow, S.; Deegan, L.; Garritt, R. Population size and summer home range of the green crab, Carcinus maenas, in salt
marsh tidal creeks. Biol. Bull. 1999, 197, 297–299. [CrossRef]

107. Himes, A.R.; Balschi, W.S.; Pelletier, G.; Frederich, M. Color phase—Specific ion regulation of the European green crab Carcinus
maenas in an oscillating salinity environment. J. Shellfish Res. 2017, 36, 465–479. [CrossRef]

108. Garbary, D.J.; Miller, A.G.; Williams, J.; Seymour, N.R. Drastic decline of an extensive eelgrass bed in Nova Scotia due to the
activity of the invasive green crab (Carcinus maenas). Marine Biol. 2014, 161, 3–15. [CrossRef]

109. Gillespie, G.E.; Norgard, T.C.; Anderson, E.D.; Haggarty, D.R.; Phillips, A.C. Distribution and biological characteristics of
European green crab, Carcinus maenas, in British Columbia. 2006–2013. In Canadian Technical Report of Fisheries and Aquatic Science
3120; Fisheries and Oceans Canada, Science Branch, Pacific Region, Pacific Biological Station: Nanaimo, BC, Canada, 2015.

110. Behrens Yamada, S.; Gillespie, G.E. Will the European green crab (Carcinus maenas) persist in the Pacific Northwest? ICES J. Mar.
Sci. 2008, 65, 725–729. [CrossRef]

111. Behrens Yamada, S.; Dumbauld, B.R.; Kalin, A.; Hunt, C.E.; Figlar-Barnes, R.; Randall, A. Growth and persistence of a recent
invader Carcinus maenas in estuaries of the northeastern Pacific. Biol. Invasions 2005, 7, 309–321. [CrossRef]

112. Gillespie, G.E.; Phillips, A.C.; Paltzat, D.L.; Therriault, T.W. Status of the European green crab, Carcinus maenas, in British
Columbia—2006. Can. Tech. Rep. Fish. Aquat. Sci. 2007, 2700, 39.

113. Jensen, G.C.; McDonald, P.S.; Armstrong, D.A. East meets west: Competitive interactions between green crab Carcinus maenas,
and native and introduced shore crab Hemigrapsus spp. Mar. Eco. Prog. Ser. 2002, 225, 251–262. [CrossRef]

114. Le Roux, P.J.; Branch, G.M.; Joska, A.P. On the distribution, diet and possible impact of the invasive European shore crab Carcinus
maenas (L.) along the South African coast. S. Afr. J. Mar. Sci. 1990, 9, 85–93. [CrossRef]

115. Malvé, M.E.; Battini, N.; Livore, J.P.; Schwindt, E.; Mendez, M.M. Spatial overlap and trophic interactions between a native
commercial crab and the European green crab in Atlantic Patagonia. Est. Co. Shelf Sci. 2025, 312, 109044. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00227-005-0020-7
https://doi.org/10.1042/bj2970609
https://doi.org/10.2307/3565635
https://doi.org/10.2307/5549
https://doi.org/10.1080/17451000600874752
https://doi.org/10.1111/j.1469-7998.1994.tb01581.x
https://doi.org/10.1080/00785326.1973.10430115
https://doi.org/10.1016/j.seares.2008.09.002
https://doi.org/10.1093/icesjms/fsz130
https://doi.org/10.1016/j.fishres.2017.01.002
https://doi.org/10.1163/1937240X-00002145
https://doi.org/10.2307/1542662
https://doi.org/10.2983/035.036.0218
https://doi.org/10.1007/s00227-013-2323-4
https://doi.org/10.1093/icesjms/fsm191
https://doi.org/10.1007/s10530-004-0877-2
https://doi.org/10.3354/meps225251
https://doi.org/10.2989/025776190784378835
https://doi.org/10.1016/j.ecss.2024.109044

	Introduction 
	Materials and Methods 
	Study Area 
	Field Sampling 
	Statistical Analyses 

	Results 
	Density and Individual Size 
	Population Size Structure 
	SM50 and Ovigerous Female Seasonality 

	Discussion 
	Density and Sex Ratio 
	Size 
	Population Size Structure 
	SM50 and Ovigerous Females 

	Conclusions 
	Appendix A
	References

