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Abstract: Understanding the relationship between environmental temperature and the biological
traits of organisms is fundamental to inferring the potential impacts of climate change. In the case
of marine poikilotherm species, seawater temperature is one of the main driving forces of biological
processes, with consequences at higher levels of organization such as population and ecosystem.
In this study, we analysed differences in maximum carapace width (CWmax), size at maturation,
relative size at maturation, and duration of the reproductive season for the green crab (Carcinus maenas)
along a temperature gradient. An extensive review of bibliographic data was performed on studies
published between 1962 and 2020, gathering C. maenas data from 55 different populations, spread
over 20 degrees of latitude and 14.2 ◦C of sea surface temperature (SST). In addition, green crab data
were collected at five different lagoons and estuaries along the continental Portuguese coast. The
relationship between average SST and CWmax, age of maturation, reduction of size at maturation,
and duration of egg bearing was analysed to understand the role of SST in driving variation in these
C. maenas characteristics across a latitudinal gradient. There was a significant relationship between SST
and CWmax for males and SST and CW of females at maturation, respectively. The results extrapolate
for each local projected temperature increase caused by climate change and suggest an effect on the
morphometric and reproductive traits of C. maenas across regions. These changes comprise an overall
reduction in C. maenas body size, an enlargement of the reproductive season, a shortening in the
duration of larval developmental time, and a decrease in the relative size of crabs at maturation.
Secondary consequences on the fecundity and connectivity of populations are discussed.

Keywords: European green crab; carapace width; sexual maturation; sea surface temperature; global
warming; climate change

Key Contribution: This manuscript provides a comprehensive analysis of the relationship between
environmental temperature and latitude, and different reproductive and morphometric traits of the
green crab Carcinus maenas. This study identified different life history traits of the species that will be
both negatively and positively affected by temperature increase.

1. Introduction

As a consequence of global warming, the Earth’s surface temperature is expected to
rise between 1.7 (Representative Concentration Pathway 4.5 (RCP 4.5)) and 3.2 ◦C (RCP 8.5)
by the end of the XXI century [1]. The implications on the ecology of marine species under
these scenarios are difficult to infer due to different trade-offs and constraints governing
life history traits. For instance, changes in body size due to climate warming could imply
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changes in the fecundity and phenology of organisms [2] affecting species population
dynamics and ecosystem trophic relationships via cascading effects.

The influence of temperature on biological processes in ectotherms and on biological
traits (intraspecific phenotypes) has been observed to vary across temperature gradients,
often represented by latitude. This variability encompasses aspects such as body size
(e.g., Bergmann’s rule), growth, and reproduction [3–5]. Existing biological variation
across latitude can be used to identify how species traits respond to different temperature
conditions and can thus be used to predict how species will respond to changes in those
conditions due to climate warming.

The European green crab Carcinus maenas (Linnaeus 1758) is a brachyuran deca-
pod native to the coasts and estuaries of the Northeast Atlantic, from Mauritania to
Norway, including Iceland [6–8]. Over the past centuries, this species has spread its
geographic distribution and settled in five major regions of the globe (Northeast, North-
west and Southwest Pacific Ocean, and Northwest and Southeast Atlantic Ocean) [9,10].
Carcinus maenas is also included in the top 100 of the most invasive species by the IUCN [11].
An integral component of its success as an invasive species is the high phenotypic plasticity
and its wide range of tolerance to salinity and temperature [12,13]. Across its entire geo-
graphic distribution, C. maenas holds significant ecological importance, playing a pivotal
role as a key epibenthic species. It is deeply involved in various estuarine ecological pro-
cesses through trophic interactions, holding a central position in the marine food chain by
linking primary producers, invertebrates and top predators [14,15]. Similarly, its expansion
throughout its non-native range has been related to a drastic reduction of native benthic
species in North America, such as the bivalve Mya arenaria [16] and the American oyster
(Crassostrea virginica) [17].

The effect of temperature on the growth and adult size of C. maenas has been ob-
served by field observations [18,19], and laboratorial experiments to analyse the effect
of temperature on larval development [3,5,20]. In most studies evaluating the effect of
temperature, it has been observed that at lower temperatures, individuals reach larger
carapace widths [19,21].

Understanding the effect of temperature on C. maenas is fundamental to assessing
the potential consequences of climate warming in this species. The aim of this study is to
complement prior studies [19], expanding the geographic range under analysis, examining
reproductive traits in addition to morphometric traits, and developing projections under
future climate conditions. More specifically, in this research, we study the relationship
between the environmental temperature (sea surface temperature, SST) and morphological
and reproductive characteristics of C. maenas. To determine that, we combine existing data
on C. maenas traits across a wide range of its geographic distribution and new field data
gathered in Portugal at five lagoons and estuaries. These data allowed us to estimate the
potential consequences of local SST increases on the morphometric and reproductive traits
of C. maenas.

2. Material and Methods

Data on different biological traits of Carcinus maenas were obtained from two sources:
(1) metadata that included a literature review of C. maenas studies with associated geo-
graphic information, and (2) field sampling carried out at five locations along the Por-
tuguese coast (Figure 1). Regardless of the data source, the biological traits compiled
included maximum carapace width (CWmax, in mm) for both sexes, minimum size at
maturation for females (CWmat, in mm), and the duration period of egg-bearing females
(EggTime, in months). The biological data from the literature review encompassed a broad
amount of information covering a large spatial extent.
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2.1. Literature Review Data

A comprehensive bibliographic review was carried out considering studies published
between 1962 and 2020 (Tables 1 and 2). The scientometric analysis was conducted using the
Web of Science scientific database (http://webofknowledge.com, between January 2019 and
January 2021 accessed on 7 April 2022). The search and choice of keywords and Boolean
operators followed a research methodology where three fields were used to define the search
steps, all connected by the AND option in the connection boxes from one to the other. The
first search field was defined to insert the words related to carapace width: “Carcinus maenas
AND Carapace Width” OR “Carcinus maenas AND CW” OR “Carcinus maenas AND Size”
OR “Carcinus maenas AND Carapace” OR “Green crab AND Carapace Width” OR “Green
crab AND Size”. The second search field comprised keywords related to sexual matu-
ration, with the following terms used: “Carcinus maenas AND Sexual maturation” OR
“Carcinus maenas AND Reproduction”. The third search field comprised keywords related
to egg-bearing females, with the following terms used: “Carcinus maenas AND Egg” OR
“Carcinus maenas AND Ovigerous” OR “Carcinus maenas AND Larval release”. Furthermore,
a main search was performed only with the word “Carcinus maenas”. The data information
includes both native populations (Table 1) and non-native populations (Table 2) along a
wide latitudinal gradient, spreading over 20 degrees in the northern hemisphere (Figure 1).
The information was obtained from values included in the text, or data provided in tables
and figures, followed by a quality assessment of the data. Manuscripts with poor or sparse
data were not used in our review, with the exclusion criteria being the number of individuals
analysed (minimum: 50 individuals) and the sampling periods (minimum: 2 samplings).
The search considered 326 reviewed articles and was reduced to 46 articles that provided
data on 55 different populations.

Figure 1. Geographical location of the different biological traits data on Carcinus maenas populations
obtained throughout literature (A) and throughout field work in five study areas on the Portuguese
Coast: Ria de Aveiro, Mondego estuary, Sado estuary, Ria de Alvor and Ria Formosa (B).

http://webofknowledge.com
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Table 1. Source studies on Carcinus maenas native populations found in the bibliographic search, listed
from north to south. NA = data not available; SST = sea surface temperature (◦C); RCP = representative
concentration pathway.

Location Latitude Source Sampling
Period

Collection
Method

Number of
Samplings

Number of
Individuals Mean SST Future STT

RCP 4.5
Future SST

RCP 8.5

Gullmarsfjord,
Sweden 58◦20′ N [22] 2000 NA NA NA 8.7 11.2 12

Limfjord, Jutland,
Denmark 56◦20′ N [23] 2009–2014 Pots 162 60,000 9.62 11.77 12.63

Isefjord, Denmark 55◦56′ N [24] 1979–1982 Trap NA 18,545 9.3 11.66 12.62
Clyde Sea, Scotland 55◦44′ N [25] NA NA 2 66 9.78 11.02 11.64
Kerteminde Fjord,

Denmark 55◦15′ N [26] 1992–1993 Trap 5 1720 9.19 11.45 12.45

Schlei, Germany 54◦35′ N [27] 1973–1976 Hand-collected 10 2588 9.48 11.72 12.73
Whitby Harbour

and Robin Hood’s
Bay, UK

54◦29′ N [28] 1973 Trap 21 1023 9.78 11.67 12.48

Ynys Faelog, UK 53◦08′ N [29] 1992 Trap 54 841 10.9 12.24 13.04
Menai Strait, UK 53◦08′ N [30] 1989–1990 Trap 20 5096 10.9 12.24 13.04
Menai Strait, UK 53◦08′ N [31] 1988–1991 Hand-collected 12 1248 10.9 12.24 13.04

Den Helder,
Netherlands 52◦56′ N [32] NA NA NA NA 10.96 12.96 13.83

Dale Peninsula, UK 51◦42′ N [6] NA NA NA NA 11.7 12.91 13.78
Mumbles Point, UK 51◦34′ N [33] 1958–1961 Trap 39 633 11.54 12.91 13.79
Bullens Bay, Ireland 51◦23′ N [34] 2006–2008 Trap 20 589 11.81 12.88 13.71

Minho Estuary,
Portugal 41◦52′ N [35] 2010 NA 2 99 14.71 15.66 16.57

Ria de Aveiro,
Portugal 40◦38′ N Present

study 2018–2021 Trap 52 9214 15.89 16.81 17.77

Mondego Estuary,
Portugal 40◦08′ N [36] 2003–2004 Trawl net 12 1804 16 16.91 17.88

Mondego Estuary,
Portugal 40◦08′ N [37] 2003–2007 Trawl net 48 18,656 16 16.91 17.88

Mondego Estuary,
Portugal 40◦08′ N Present

study 2003–2018 Trawl net 120 82,821 16 16.91 17.88

Sado Estuary,
Portugal 38◦32′ N Present

study 2018–2021 Trap 67 22,294 16.4 17.24 18.25

Ria de Alvor,
Portugal 37◦08′ N Present

study 2018–2021 Trap 27 5259 17.19 17.91 19.81

Ria Formosa,
Portugal 37◦02′ N Present

study 2018–2021 Trap 77 11,806 17.87 18.69 18.95

Table 2. Source studies on Carcinus maenas non-native populations found in the bibliographic search, listed
from north to south. NA = data not available; SST = sea surface temperature (◦C); RCP = representative
concentration pathway.

Location Latitude Source Sampling
Period

Collection
Method

Number of
Samplings

Number of
Individuals Mean STT Future STT

RCP 4.5
Future SST

RCP 8.5

Coast of British
Columbia 52◦20′ N [38] 2006–2013 Trap 1100 10,023 9.76 12.05 13.91

Vancouver Island,
British Columbia 49◦29′ N [39] 2006 Trap 10 376 9.42 11.65 13.42

Pipestem Inlet,
British Columbia 49◦01′ N [19] 2006–2010 Trap 15 16,600 10.38 12.57 14.32

Barkley Sound,
British Columbia 49◦00′ N [30] 2008–2009 Trap 6 1794 10.38 12.57 14.32

Vancouver Island,
British Columbia 48◦53′ N [40] 2006 Trap NA 294 10.38 12.57 14.32

Goose Cove, North
Harbour,

Newfoundland
47◦51′ N [41] 2008–2012 Trap 22 1124 4.89 7.18 9.13

Fox Harbour,
Newfoundland 47◦19′ N [42] 2016 Trap 26 17,598 4.77 7.16 9.11

Basin Head, PEI 46◦23′ N [43] 2000–2001 Trap 23 2826 6.32 9.04 11
Bras d’Or Lakes,

Nova Scotia 45◦51′ N [44] 1999–2000 Trap 28 4222 6.49 9.32 11.08

Chignecto Bay,
Nova Scotia 45◦27′ N [45] 2013–2014 Trap 20 1890 6.35 8.75 10.49

Clarke Head, Nova
Scotia 45◦23′ N [46] 2008–2017 Trap 68 4040 6.35 8.75 10.49

Tillamook Bay,
Oregon 45◦18′ N [19] 2006–2010 Trap 15 37 10.9 12.99 14.75

Netarts Bay, Oregon 45◦14′ N [19] 2006–2010 Trap 15 131 10.9 12.99 14.75
Saint Andrews,
New Brunswick 45◦02′ N [47] 1951 Trap 9 50 6.62 9.07 10.77
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Table 2. Cont.

Location Latitude Source Sampling
Period

Collection
Method

Number of
Samplings

Number of
Individuals Mean STT Future STT

RCP 4.5
Future SST

RCP 8.5

Yaquina Bay,
Oregon 44◦37′ N [22] 1998–2003 Trap 20 333 11.36 13.44 15.21

Yaquina Bay,
Oregon 44◦22′ N [19] 2006–2010 Trap 15 196 11.36 13.44 15.21

Boothbay Harbor,
Maine 43◦49′ N [48] 1979–1980 Scuba divers 14 723 9.22 11.64 13.3

Coos Bay, Oregon 43◦15′ N [19] 2006–2010 Trap 15 169 10.73 12.84 14.65
Great Bay Estuary,
New Hampshire 43◦04′ N [49] 2009–2010 Trap 144 2337 9.82 12.22 13.9

Hampton-Seabrook
Estuary, New
Hampshire

42◦53′ N [49] 2009–2010 Trap 168 35,788 9.82 12.22 13.9

Hampton-Seabrook
Estuary, New
Hampshire

42◦53′ N [49] 2009–2010 Trap 168 35,788 9.82 12.22 13.9

Salem Sound,
Massachusetts 42◦18′ N [50] 2013–2016 Trap 36 7753 10 12.17 13.75

Bodega Bay,
California 38◦09′ N [19] 2004–2010 Trap 21 12,095 11.62 13.59 15.3

Tomales Bay,
California 38◦05′ N [19] 2006–2010 Trap 15 293 11.3 13.23 14.97

Loch Lomond
Harbor, San

Francisco Bay
37◦58′ N [16] 1992–1994 Trap NA NA 11.3 13.23 14.97

Crab Cove, San
Francisco bay 37◦46′ N [16] 1992–1994 Trap NA NA 12.2 14.08 15.83

Hayward Shore,
San Francisco Bay 37◦39′ N [16] 1992–1994 Seine NA NA 12.2 14.08 15.83

Foster City Lagoon,
San Francisco Bay 37◦33′ N [16] 1992–1994 Trap NA NA 12.2 14.08 15.83

Belmont Slough,
San Francisco Bay 37◦32′ N [16] 1992–1994 Trap NA NA 12.2 14.08 15.83

Sea Drift Lagoon,
California 37◦32′ N [19] 2006–2010 Trap 15 4277 12.27 14.19 15.91

Redwood Shores
Lagoon, San

Francisco Bay
37◦31′ N [16] 1992–1994 Trap NA NA 12.2 14.08 15.83

San Francisco Bay,
California 37◦25′ N [19] 2004–2010 Trap 21 213 12.2 14.08 15.83

Elkhorn Slough,
California 36◦29′ N [19] 2004–2010 Trap 21 426 12.63 14.46 16.21

2.2. Field Work Data

Field samplings of C. maenas were carried out along Portuguese estuaries and lagoons to
obtain in situ biological data: Ria de Aveiro (40◦38′ N 8◦41′ W), Mondego Estuary (40◦08′ N,
8◦50′ W), Sado Estuary (38◦25′ N 8◦48′ W), Ria de Alvor (37◦08′ N 8◦37′ W), and Ria Formosa
(37◦03′ N 7◦43′ W) (Figure 1). In the Mondego estuary, the population of C. maenas was sampled
monthly from June 2003 to December 2018 during the night, at high water of spring tides, using
a 2 m beam trawl with one tickler chain and 5 mm mesh size in the cod end (see more details
in Monteiro et al. 2021) [13]. For the remaining systems, C. maenas populations were sampled
monthly from June 2018 to December 2020 using fishing traps deployed for 24 h.

2.3. Environmental Data

The annual mean sea surface temperature (SST) at each location was obtained from the
Copernicus dataset (https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-biodiversity-
cmip5-global?tab=form, accessed on 13 September 2022) choosing the variable “Sea Surface
Temperature” (Monthly mean) from the Model “IPSL-CM5A-LR”, the Ensemble member
“r1i1p1” and the Experiment “RCP 4.5 and RCP 8.5”. With this dataset it was possible to
obtain the present mean annual SST (mean SST between 1960–2020) and the future mean
annual SST (mean SST expected between 2080–2100) for each location (Tables 1 and 2). The
pathways RCP 4.5 and RCP 8.5 describe different climate change scenarios, all of which
are considered possible depending on the volume of greenhouse gases (GHG) emitted in
future years. RCP 4.5 is described by the IPCC as an intermediate scenario, and RCP 8.5 is
generally taken as the worst-case climate change scenario.

https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-biodiversity-cmip5-global?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-biodiversity-cmip5-global?tab=form
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2.4. Data Analysis

Analysis within regions was avoided due to a limited number of samples per region
(less than 20) and narrow ranges of sea surface temperature (SST) between locations within
each region (See Supplemental Information, Figures S1 and S2). As expected, a statistically
significant negative linear relationship between latitude and SST data (indicating lower
temperatures at higher latitudes) (p < 0.001, Figure 2) was observed across sampling sites.
Consequently, SST was considered as the explanatory variable for all tested relationships.

Figure 2. Relationship between latitude and sea surface temperature (SST) (◦C).

The relationship between C. maenas morphometric and reproductive traits (response
variables) and SST (explanatory variable) was assessed using linear regression. The
traits considered were: (1) maximum carapace width (CW) for females (CWmax fe-
males) and males (CWmax males); (2) the difference between maximum CW of the sexes
(CWMaxMales—CWMaxFemales); (3) CW at sexual maturation (CWmat) for females;
(4) the relative size at maturation (CWmat/CWmax), defined as the ratio between the
size at maturation and the maximal carapace width of females; (5) the duration of the
period, in months, when egg-bearing females are present (EggTime). Model validation was
performed by visual inspection of residuals and by fulfilling the linearity, homoscedasticity,
independence and normality assumptions and a probability level α < 0.05 was used in all
analyses in order to reject the null hypothesis. All statistical analyses were performed in
IBM SPSS software 29.0 (Statistical Package for the Social Sciences).

The future predicted CWmax for each sex, the CWmat for females and EggTime,
were recalculated using the estimated linear model (based on present data) by substituting
the projected sea surface temperature (SST) values for the end of the 21st century under
scenarios RCP 4.5 and RCP 8.5. Changes in fecundity and pelagic larval duration (PLD) for
the present scenario and both RCP scenarios were calculated using equations developed
for C. maenas by [51,52], respectively.

The fecundity and PLD regressions mentioned above encompass a range of SST values
observed within the SST range collected in this study across all populations. While the
equations derived from these studies were initially designed for specific regions, the tested
values for estimating fecundity and PLD, as included in the studies by the latter authors,
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fall within the range of SST collected across all populations in our study. As a result, the
estimations made here serve as robust proxies for the anticipated effects of SST in the
RCP 4.5 and 8.5 scenarios.

To evaluate the direction and extent of climate impacts, we computed both the absolute
and relative (%) changes in morphometric and reproductive C. maenas traits values for each
RCP scenario. This involved calculating the disparity between projected future alterations
and the current scenario. In order to categorize populations based on their overall biological
traits, we employed the K-means similarity classification method from data mining analysis.
This technique aims to divide n-populations of biological traits into k-clusters, where each
observation (morphometric and reproductive trait) is assigned to the cluster with the closest
mean. Populations exhibiting comparable changes in biological traits were grouped together
within the same cluster. The sum of squared Euclidian distance was used to determine the
distances between k-mean clusters and provide an index of oddity of the cluster.

To determine the optimal number of clusters that best elucidates data classification,
we conducted an ANOVA. We tested various numbers of K-clusters (ranging from 1 to
6), and ANOVA p-values for K-means revealed that 5 clusters provided the optimal fit,
effectively indicating the number of clusters that most accurately described the data. The
data on each response variable was then averaged for each K-mean cluster for both RCP 4.5
and RCP 8.5 analyses, using the population individual values observed from each location
(Supplementary Information).

3. Results

The biological trait data of Carcinus maenas were collected from 60 distinct locations,
including 55 sourced from a literature review and 5 obtained through field samplings.
These locations spanned more than 140 degrees of longitude and 20 degrees of latitude in
the northern hemisphere (see Figure 1). Among these, 24 populations were categorized as
native (Table 1), while 36 were classified as non-native (Table 2) locations.

The observed mean sea surface temperatures (SST) exhibited considerable variation
across the different populations, ranging from 4.8 ◦C at North Harbour, Canada (48◦ N),
to 19 ◦C at Ria Formosa Lagoon, Portugal (37◦ N). Similarly, the biological trait values
encompassed a wide range of phenotypic diversity within the species. For females, the
maximum carapace width (CWmax) spanned from 54 mm CW (at 37◦ N [16]) to 93 mm (at
49◦ N [38]), while for males, the range extended between 67 mm CW (at 37◦ N [16]) and
114 mm CW (at 49◦ [38]).

The relationship between SST and CWmax was statistically significant exclusively
for males (p = 0.014), while the relationship for females showed no statistical significance
(p = 0.324; refer to Figure 3A,B). Notably, males exhibited a higher CWmax compared
to females. Moreover, the relationship between SST and the difference in maximum CW
between males and females was also statistically significant (p = 0.023), indicating that
in warmer locations, the discrepancy in CWmax between males and females is reduced
(Figure 3C).

Considering the reproductive-related traits, it was observed that the relationship
between SST and CWmat of females (the data was unavailable for males) was negative and
statistically significant (p = 0.023; Figure 4A). On the contrary, the negative relationship
between SST and the relative size of females at maturation (CWmat/CWmax) was not
statistically significant (p = 0.116; Figure 4B). Finally, the relationship between SST and
duration of the period when females carry their eggs in a year was positive and statistically
significant (p < 0.001; Figure 4C), with egg-bearing females being found during 3 months in
colder locations (∼=6 ◦C) and up to 8 months in warmer locations (∼=18 ◦C).
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Figure 3. Relationship between morphometrics Carcinus maenas traits and sea surface temperature
(SST). (A) Female maximum carapace width mm (Female CWmax); (B) Male maximum carapace
width mm (Male CWmax); (C) difference between Male CWmax and Female CWmax. In each figure
it is possible to observe the linear regression and the 95% confidence intervals.
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Figure 4. Relationship between reproductive Carcinus maenas traits and sea surface temperature
(SST). (A) Female carapace width at maturation (mm) (Female CWmat); (B) females’ relative size
at maturation (Carapace width at maturation/maximum carapace width); (C) time of egg-bearing
females (months) (EggTime). In each figure it is possible to observe the linear regression and the 95%
confidence intervals.
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With the rise in temperature predicted by the end of the XXI century, 2080–2090
(Tables 1 and 2), changes in the morphometric and reproductive traits of C. maenas become
predictable (Figure 5 and Table 3, Supplementary Information Tables S1 and S2). For
C. maenas males, a reduction of approximately 0.9 to 6.0 mm in CWmax (corresponding
to a decrease of around 1.20% to 6.63%) is foreseen across various locations under RCP
4.5 and RCP 8.5 scenarios. For females, a minor decrease in the CWmax of about 0.36 and
2.38 is expected, corresponding to 0.51% and 1.30% for RCP 4.5 and RCP 8.5, respectively.
Moreover, the size at maturation (CWmat) for females is expected to decrease by 0.47 to
3.04 mm, constituting a reduction of roughly 1.71% to 8.84% for RCP 4.5 and RCP 8.5,
respectively. Conversely, an increase in the duration of the egg-bearing period by 0.22 to
1.45 months is estimated, corresponding to 3.59% and 56.80% for RCP 4.5 and RCP 8.5,
respectively. Due to the anticipated reduction in CW, a decrease in fecundity of between
2570 and 16710 eggs is also projected, corresponding to a decrease of approximately 0.84%
and 4.87% under RCP 4.5 and RCP 8.5, respectively. Lastly, the negative relationship
between SST and PLD suggests a potential decrease in PLD by 2 to 36 days, representing a
decrease of 5.71% to 32.35% depending on the location.

The k-means tests organize k-clusters in a latitudinal way based on morphometric and
reproductive analyses (Figures 5 and 6A,B, Table 3). The results denote a tropicalization
effect due to SST on the biological traits; here, lower latitudes near temperate areas are less
affected than north areas. Across the k-clusters, it is possible to observe that populations
from locations with presently low SST will be more affected than populations from warmer
locations (Figure 6A,B), which is observed in both RCP scenarios. In addition, we expect
a greater effect from the increase of SST (in both RCP scenarios) on the biological trait
of C. maenas populations from the east coast of North America, and a lower effect on
the European populations (Figure 6A,B; for detailed information, see Supplementary
Information Tables S1 and S2). Since the cluster 1 group populations have expected lower
changes in the biological traits, regardless of the scenario, and cluster 5 has the highest
expected changes in the biological traits, cluster 1 was defined as “low consequences”,
cluster 2 as “low-medium consequences”, cluster 3 as “medium consequences”, cluster 4 as
“medium-high consequences”, and, finally, cluster 5 as “high consequences” (Table 3).

Table 3. Expected changes in the morphometric and reproductive traits of Carcinus maenas caused by
the expected rise of sea surface temperature (SST). The different climate consequence clusters were
obtained through Figure 5. N—Number of populations of each consequence; CWmax—Carapace
width maximum (mm); CWmat—Carapace width at maturation (mm); EggTime—Duration of egg-
bearing females (months); Fecundity—Average number of eggs carried by a female; PLD—Pelagic
larvae duration (days); RCP = Representative concentration pathway. Note that fecundity is closely
related to CWmax females, so this relationship should be corrected by this negative relationship.

Climate
Consequence

Cluster

N CWmax Male CWmax Female CWmat Female EggTime Fecundity PLD
RCP
4.5

RCP
8.5

RCP
4.5

RCP
8.5

RCP
4.5

RCP
8.5

RCP
4.5

RCP
8.5

RCP
4.5

RCP
8.5

RCP
4.5

RCP
8.5

RCP
4.5

RCP
8.5

Cluster 1
Low 6 6 −1.12 −2.42 −0.44 −0.95 −0.56 −1.21 0.27 0.58 −3070 −6647 −2.89 −6.05

Cluster 2
Medium-Low 5 5 −1.62 −2.66 −0.64 −1.04 −0.81 −1.33 0.39 0.63 −4449 −7305 −5.95 −9.43

Cluster 3
Medium 19 18 −2.54 −4.57 −0.99 −1.79 −1.27 −2.28 0.61 1.09 −6985 −12,543 −8.76 −14.94

Cluster 4
Medium-High 15 16 −2.96 −4.98 −1.16 −1.95 −1.48 −2.49 0.71 1.19 −8122 −13,686 −11.84 −18.31

Cluster 5
High 8 8 −3.28 −5.67 −1.29 −2.22 −1.64 −2.83 0.78 1.35 −9011 −15,568 −19.46 −30.35
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Figure 5. Expected changes (%) in the morphometric and reproductive traits of Carcinus maenas caused by
the expected rise of sea surface temperature (SST) of 1.7 and 3.2 ◦C in comparation with the actual value.
CWmax—Carapace width maximum; CWmat—Carapace width at maturation; EggTime—Duration of
egg-bearing females; Fecundity—Eggs carried by a female; PLD—Pelagic larvae duration.

Figure 6. Consequence of SST increase in each Carcinus maenas population according to different scenarios
of climate change, RCP (representative concentration pathway) 4.5 (A) and RCP 8.5 (B). In a gradient of
colour, the populations in blue presented lower consequences and, in red, higher consequences.
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4. Discussion

This study provides a comprehensive analysis of the relationship between different
Carcinus maenas biological traits and the average environmental temperature over its range
of occurrence, continuing the work by Kelley et al. [19]. In comparison with this previous
study, we expand the geographic range under analysis, incorporate reproductive parameters
and predict changes in the morphometric and reproductive traits of C. maenas caused by
global warming. The final data set evaluated covered 20◦ of latitude and 140◦ of longitude
(representing an SST range between 4.8 ◦C and 19 ◦C). With this data set we provide a
comprehensive analysis of the relationship between SST and different morphometric and
reproductive traits of C. maenas. By doing so, we can project the potential consequences of
the anticipated SST increase until 2100, thus allowing us to increase the knowledge about
the consequences of SST increase, with data taken in the field and not with laboratory
experiments that always present some constraints or variables that are not possible to control.

4.1. Morphological Trait

Significant differences in the maximum carapace width (CWmax) of C. maenas related
to SST along the spatial range analysed were found only for males (Figure 3). Larger male
crabs were found at locations with the lower SST (114 mm at 52◦ N; Gillespie et al. 2015) [38],
while the smallest maximum CW was recorded at the higher SST locations (67 mm at the
southern Portuguese coast). At all the locations examined, the observed CWmax was
larger in males than in females, which is probably driven by male competition for access
to females and resources [10,53]. This finding is also supported by Hartnoll (2006) [54],
who suggests that females do not execute intraspecific competition effectively, resulting
in more energy diverted into reproduction regardless of the resources/temperature of the
environment. We also found that the sexual difference in CWmax is higher in populations
where crabs are larger (colder locations) (Figure 3C). This finding is a consequence of the
relationships found between SST and male CWmax, which was not found for females.
However, it should be noted that the size of the largest crabs captured in non-native areas
has been decreasing over the last few decades, likely due to the beginning of crab fishing
in these regions. As fisheries target larger individuals, they exert selective pressure that
favours smaller crabs, leading to a reduction in the maximum recorded size and potentially
causing maturation at smaller sizes [55].

Kelley et al. (2015) [19] observed a negative correlation between SST and CW on
a small regional scale along the U.S. North Pacific coast. These authors’ results were
consistent with Bergmann’s rule, as well as the temperature–size rule (TSR) established for
ectotherms [21], which generally establishes that the size of individuals in a given species is
negatively correlated with temperature. However, the maximum carapace width (CWmax)
in Kelley et al. (2015) was not significantly correlated with SST in females. Complementary
to Kelley et al. (2015), this study revealed that such an effect occurs at short and long/global
spatial scales. The CWmax of male C. maenas was negatively correlated with SST, whereas,
for females, this relationship did not reach statistical significance (Figure 3A). These means
presented findings that do not meet the premises of the latter “thermic” rules for females.
In Kelley et al. (2015), despite the lack of correlation between female CWmax and SST, a
negative correlation existed to all other morphometric–SST relationships tested (i.e., mean
size and mean maximum size). In our study, predominantly conducted with metadata,
the relationships between both mean and mean maximum size with SST could not be
analysed. Different ecological explanations are found in the literature for the TSR: while
some refer to the different velocity of developmental and growth rates [56], other theories
point towards environmental pressures optimizing fitness, having that body size is a
final result of food availability and quality, environmental temperature, and predator
pressures [57]. At warmer temperatures, the individual’s metabolism requirements usually
outpace energy acquisition rates, resulting in smaller-sized individuals compared to those
at colder temperatures [58].
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The temperature–size rule (TSR), mentioned before, is a form of phenotypic plastic-
ity that can be described from laboratory analysis. However, it is not possible to conclude
whether the patterns reported in our study are driven by plasticity or by genetic variation
among populations (most likely it is both), and we cannot rule out other unexplored hy-
potheses. One of the hypotheses is the effect of the large intraspecific genetic variation
that C. maenas populations exhibit throughout their geographical distribution [59]. This in-
traspecific genetic variation may also be one of the explanations for the variation in CWmax
across the geographic distribution, due to a temperature-mediated modification in the ex-
pression of genes governing growth, which can result in a plastic response of size [19,60].
Furthermore, crustacean maximum size is known to be influenced by other environmental
patterns, such as salinity and available oxygen [61]. In the present study, these patterns
were not evaluated. Carcinus maenas is an euryhaline intertidal species, adapted to live in
a wide range of salinity and oxygen conditions [10] and thus inhabiting different systems
(lagoons, estuaries, etc.), with local conditions affecting populations biological traits [10,62].
Oxygen solubility increases as both salinity and temperature decrease [63], and, in a previ-
ous study [61], it was observed that the maximum size of crustacean species is influenced
by oxygen availability. In systems with high temperature or salinity, the available oxygen
is lower, leading to an increase in metabolic rates, resulting in higher tissue maintenance
costs and less energy allocated to growth. In addition, the morphological characteristics of
C. maenas are also affected by the presence of competitors/predators [Enemy hypothesis] [53].
For instance, the species distribution and reproductive/feeding behaviour of C. maenas can be
affected by interspecific competition with other crab species [10,63].

4.2. Reproductive Trait

We have found that the size at maturation in females varies negatively with SST. The
relationship between CWmat and temperature has also been observed in other species
of crabs [64] and marine invertebrates [65]. This finding, in combination with other stud-
ies relating a relationship between maximum body size and size at maturation in crus-
taceans [66,67], could imply that female C. maenas are not properly sampled, probably
due to behavioural processes. Nevertheless, warm-water crustaceans are known to reach
maturity at a smaller size than their cold-water conspecifics since the moult frequency of
crustaceans declines in colder water, resulting in longer intermoult periods [68]. These
longer periods favour energy conservation and, thus, larger somatic growth between each
intermoult period compared to individuals in warmer waters [67–69]. Our observations
support this theory, as in populations where SST was lower, the size of females at sexual
maturation was higher. The onset of sexual maturation implies a trade-off between the
amount of energy allocated to reproduction and growth, which organisms in colder envi-
ronments pay at larger relative sizes, ensuring that they have enough internal energetic
resources [54,70].

Interestingly, we found that not only CWmat and CWmax decrease with SST, but
the ratio CWmat/CWmax (the relative size at maturation) does as well. This implies that
populations from warmer locations can reproduce at smaller sizes at the cost of reaching
smaller maximum sizes. This finding could be directly related to fecundity, given the close
relationship between female size and the number of eggs [8,62]. Temperature also has
an influence on egg size [71,72]. Presently, this relationship could not be analyzed due to
the limited number of published research papers with measurements of C. maenas eggs.
However, it is expected that at lower temperatures, egg development time would be slower,
but egg size and hatching rates would be higher [71]. Moreover, water temperature can exert
a strong influence on the spawning period, with a positive correlation between SST and the
months when egg-bearing females can be found. This variation ranges from 3 months in
colder locations to up to 8 months in warmer locations. The spawning period of aquatic
species, including fish and crabs, is influenced by SST [66,67,73], as the optimal temperature
range for spawning is extended in warmer conditions. This extended spawning period is
made possible by the consistent maintenance of suitable temperatures [73], resulting in a
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continuous spawning period or even the occurrence of two reproductive periods in females
in temperate water [62].

4.3. Warming Impacts

Understanding the ecological impacts of climate change is a crucial challenge of the
21st century. Considering the total reproductive potential of C. maenas during its lifetime, an
increase of SST could, overall, imply different trade-offs with different directions (Figure 5,
and Table 3). The duration of the period when egg-bearing females can be found increases
with temperature. On the other hand, body size, size at maturity, larval duration, fecundity,
and life span were all negatively related to SST, pointing in the opposite direction for
the relationship between temperature and reproductive potential. It is worth noting that
decreasing body size due to SST could affect fecundity and life span [10,62]. The duration
of the egg-bearing period in females is expected to increase with the increase in SST, and
the periods of reproduction will change from once to twice a year due to climate change, as
happens in warmer water populations [74]. Owing to the reduction of CW, we could expect a
decrease in female fecundity for both climate change scenarios. However, the final outcome
between this decrease in potential fecundity and the enlargement of the reproductive period
is difficult to infer in terms of the expected effect on population recruitment/dynamic.
Moreover, a negative relationship between SST and the duration of the pelagic larval phase
is also expected, which could negatively affect the connectivity between populations or
the mortality rate at the earlier life stages [2,74,75]. With the information obtained in this
study, it is difficult to predict if the morphometric and reproductive changes observed imply
an increase or decrease of populations, given the antagonistic effects on fecundity, pelagic
larval duration, and reproductive period, because the net effects cannot be determined.

The climate change effects in C. maenas are expected to occur in all distribution areas,
but populations in warmer locations will be less impacted than those in colder locations,
because in warmer locations, C. maenas is already exposed to upper limit conditions close
to their biological thermic preference (see more in Young and Elliot 2020) [10]. Even though
some European and North American populations can be found at similar latitudes, we
predict that the ones from the North American coast will suffer harsher consequences of
the expected increase in SST, which may help to mitigate the presence of this species in
these invaded areas. Furthermore, since our model is linear, regions where there is less
predicted impact of warming temperatures have lower predicted consequences for the
morphological and reproductive patterns of crabs, and this reflects the known fact that
temperature increases will be greater near the poles and will be greater in some regions
than other regions inhabited by C. maenas populations.

As observed in our study, Daufresne et al. (2009) found evidence that reduced body
size is the third universal ecological response to global warming in aquatic systems, along-
side shifts in species ranges toward higher altitudes and latitudinal and seasonal changes in
life cycle events. These highlight the impact of global warming on shifting biological traits
of crabs, namely body size and reproductive patterns, and other marine aquatic ectotherm
species. Such an effect has also been recorded for other crabs [76] and fish species [77],
where a decrease in body size has occurred as a result of global warming, with this effect
exerting more influence in males than in females.

4.4. Final Considerations

Understand the consequences of global warming in C. maenas is extremely important,
and this study gives an overview of some potential consequences of climate change on
this species. Overall, our findings show that the reproductive period of the green crab will
increase, but it is difficult to predict if this will lead to a higher reproductive potential, since
that will require observing decreasing body size and phenology (PLD, time to maturity, life
span, etc.). This species’ features, distribution, and adaptation to increased marine warming
can be the reason for C. maenas’ success in colonizing new areas as an invasive species. Our
results should be interpreted with caution; however, the overall results indicate a potential
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reduction in C. maenas body size, affecting its fecundity, an enlargement of the reproductive
season, a shortening in the duration of larval developmental time, and a decrease of the
relative size of crabs at maturation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/fishes8100485/s1, Figure S1: Relationship between
Carcinus maenas traits and sea surface temperature (SST) for each population; Figure S2: Results of the
statistical analysis, carried out through separate analysis by the different populations (ANCOVAS).
Table S1: Expected changes in the morphometric and reproductive traits of Carcinus maenas caused
by the expected rise of SST, in each local; Table S2: Expected changes (%) in the morphometric
and reproductive traits of Carcinus maenas caused by the expected rise of SST of 1.7 and 3.2 ◦C in
comparation with the actual value, for each local.
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