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Abstract

Worldwide growth of offshore renewable energy production will provide marine organisms with new hard substrate for colonization
in terms of artificial reefs. The artificial reef effect is important when planning offshore installations since it can create habitat
enhancement. Wind power is the most advanced technology within offshore renewable energy sources and there is an urgent need
to study its impacts on the marine environment. To test the hypothesis that offshore wind power increases the abundance of reef
species relative to a reference area, we conduct an experiment on the model species common shore crab (Carcinus
maenas).Overall, 3962 crabs were captured, observed, marked and released in 2011 and 1995 crabs in 2012. Additionally,
carapace size, sex distribution, color morphs and body condition was recorded from captured crabs. We observed very low
recapture rates at all sites during both years which made evaluating differences in population sizes very difficult. However, we were
able to estimate population densities from the capture record for all three sites. There was no obvious artificial reef effect in the
Lillgrund wind farm, but a spill-over effect to nearby habitats cannot be excluded. We could not find any effect of the wind farm on
either, morphs, sex distribution or condition of the common shore crab. Our study found no evidence that Lillgrund wind farm has a
negative effect on populations of the common shore crab. This study provides the first quantitative and experimental data on the
common shore crab in relation to offshore wind farms.
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Introduction

As the world is trying to make a transition to a lower carbon economy, offshore wind power capacity is expected to grow
significantly [1]. Offshore wind energy has a great resource potential as the wind there is higher and steadier than onshore. By the
end of 2015 there were 7748 MW installed and 3198 under construction, compromising 76 wind farms spread over ten European
countries [2]. Although the advantages of renewable energy on a global scale are not in doubt, the effects on the local environment
must also be carefully considered [3].

Offshore wind turbines will affect local hydrodynamics, and thus change larval and nutrient transports [4, 5]. Furthermore, analytical
models suggest that large farms may act as small mountain-chains creating up- or down-welling velocities influencing the
atmosphere [6]. On the other hand, offshore wind turbines may act as artificial reefs [7] due to their foundations and potential scour
protections. This may increase the amount of habitat available for local fish and invertebrate assemblages, and enhance the local
biomass of sessile and mobile species [3, 8—10]. Atrtificial reefs have become an important and popular resource enhancement
technique, as they are thought to improve fish stocks and attract fish [11-14]. The effect of artificial reefs on recruitment rates may
be species specific due to differences in limitation by refuge, food, territory and/or behavioral requirements [3]. Artificial reefs that
enhance growth, reproduction and survival of individual species can thus have an important effect on population structure and
dynamics [15, 16]. Furthermore, the specific design of marine renewable energy installations can affect their impact on the
environment, for example by attracting reef aggregated species [17-21]. As commercial fishing is restricted or prohibited within
offshore wind farms, establishment of marine renewable energy installations may enhance fish populations, fish size and species
richness in a degree comparable to marine protected areas [22]. When a marine area becomes protected by no-fishing zones
around marine renewable energy installations it may lighten the pressure from fisheries on commercial and/or overexploited
species [8]. However, the installation of marine renewable energy devices may also include a loss or degradation of the local
habitat. The degree of impact will vary depending on the type and size of the installation [3], and although offshore marine
renewable energy installations in general are considered unlikely to generate significant habitat loss, it is thought that inappropriate
siting has the potential to cause deleterious effects for some taxa [23].

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0165096 27.10.2016
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In connection to an environmental monitoring program of fish and mobile benthic species in Lillgrund offshore wind farm (see
Methods section 2.1 for a description of the farm), the Swedish Agency for Marine and Water Management observed a tendency of
an increasing quantity of shore crabs in Lillgrund after the wind farm was constructed [24]). These observations in the offshore wind
farm indicated that artificial hard substrates can have an impact on natural shore crab population’s distribution. A great variability in
behavior, morphology and physiology is commonly found in Carcinus maenas in relation to size, carapace coloration and sex [25,
26, 27]. This variability reflects the phenotypic adaptive responses of individual crabs in relation to differences in the environment
[28-30], and are expressed when organisms experience different ecological and environmental conditions [31]. As shore crabs
inhabit a variety of habitats, it has been suggested as a useful model organism to examine how habitat quality affects individual and
population level parameters [32].

The overall aim of this study was to investigate the effect of offshore wind farms on local populations of shore crabs. Specifically,
we wanted to test the notion that shore crab populations would be more abundant in the Lillgrund wind farm compared to adjacent
control sites due to added new habitat. In addition, we investigated possible differences in morphological traits (e.g. carapace size)
and sex ratio between the site containing wind turbines and control sites.

Material and Methods

Study site

Lillgrund offshore wind farm (OWF) is situated in the Oresund strait, between Sweden and Denmark, about 7 km off coast of
Sweden and 9 km off the coast of Denmark (55° N, 12° W). It consists of 48 offshore turbines that have been operating since the
beginning of 2008. The total height of the wind turbines is 115 m, and the turbines have a rotor diameter of 90 m. The seabed in
this area consists of limestone, stones and sand, and the depth varies from 4—9 meters [33]. Because of differences in salinity
between the water masses coming from the brackish Baltic Sea in the south and the salt Atlantic Ocean in the north, the salinity in
Oresund is related to the water currents [24], but ranges normally from 8-15 %, down to 10—15 m depth [34].

The foundations of the wind turbines in Lillgrund are gravity based. As the seabed in the area is not all flat, five different foundations
with different heights were used, but all had a footage diameter of 19 m? [35]. That means that 15% of Lillgrund's area is covered
by artificial hard substrate. The bottom slab of the foundations is six-sided, where each side is approximately 8 m (Fig 1A and 1B).
The whole area of the seabed around each foundation is covered with a rock-filled scour protection to prevent the ocean currents
from undermining the stability of the foundations by moving seabed material [36]. This rock-filled scour protection may provide an
ideal habitat for reef aggregated species, such as shore crabs.

Fig 1.

Photographic illustration of the gravity based foundations in the Lillgrund offshore wind farm: A. Six-sided bottom slab of the
foundations; the six pockets and circular section in the shaft are filled with ballast. B. Transportation of the gravity based
foundations for deployment in Lillgrund. With kind support from RSB Formwork Technology.
http://dx.doi.org/10.1371/journal.pone.0165096.g001

Study species

The shore crab Carcinus maenas is among the best known intertidal animals. The fact that it is common, relatively large, easily
found; measured; sex-determined and marked, makes it highly suitable for field studies [37]. The shore crab is a widely distributed
epibenthic species of European coast and estuaries, and inhabits both soft and hard habitat [38]. The species has also been found
in the north-western Atlantic, and has recently colonized some areas in Australia, southern Africa and the Pacific coast of North
America [39]. It is considered to be one of the worst invasive species in the world [40].

The life cycle of the shore crab is complex with four pelagic zoea stages and a megalopal (postlarval) stage that settle and
metamorphose into the first benthic crab stage [41]. C. maenas has been shown to consume an enormous variety of prey items,
especially organisms belonging to the phyla Crustacea, Annelida and Mollusca [39]. It lives in both salt and brackish waters and on
hard and soft substrate [42]. Although the shore crab is most common on the coast and estuarine habitat, it has been found down
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to depths of 200 meters [42]. The coloration of shore crab varies from a green to red carapace with darker marmoration and a
yellow abdomen, and can reach a carapace width of 80 mm [42]. The different carapace color is an indicator of intermoult duration,
with red crabs having been in intermoult longer than the green ones [31].

Sampling and Experimental design

The project was carried out in Lillgrund OWF and two control sites, Sjollen situated 13 km north, and Bredgrund situated 8 km south
of Lillgrund (Fig 2). Both control sites are similar to Lillgrund in physical characteristics, with seabed consisting of limestone, stones
and sand, and depth varying from 4-9 meters. Each of the three areas covers about 6000 m2. The two control areas are influenced
by the same strong salinity gradient that is occurs throughout the sound [43]. The Sjollen site is situated closer to shipping lanes
than either of the two other sites.
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Fig 2. Location of Lillgrund OWF and the two control sites, Sjollen in the North and Bredgrund in the South.
http://dx.doi.org/10.1371/journal.pone.0165096.g002

Shore crabs were captured during two summers (25th July—9th August 2011 and 27th June—20th July 2012), with two linked double
fyke nets at 10 randomized locations in the Lillgrund OWF and two control sites, i.e. at 30 stations altogether). The same locations
and fishing-methods were used by Swedish Agency for Marine and Water Management in studies of the effect of the wind farm in
Lillgrund on fish and fisheries [44]. The fyke nets had a height of 55 cm; three entrances and were five meter long. At each station
the nets were set out during the morning and collected and emptied the following morning. On days with strong wind or strong
current, the nets were left for two days or in one case, until later in the evening. In Lillgrund the fyke nets were placed out on the
soft bottom between the foundations. Bait was only added in 2012 after all stations in the areas had been visited twice and was
used throughout the rest of the project to increase the catch yield.

To estimate population size and density at each site, a mark- recapture method was applied with two different marking methods in
2011 and 2012 due to equipment availability. Both marking techniques are expected to give the same results and have been used
in earlier crab experiments [45] The crabs caught in 2011 were marked individually with cable tie placed around the merus segment
of the first periopod (claw) in a way that didn't hinder the crabs natural behavior. Crabs caught in 2012 were marked with t-bar
anchor floy tags [46] on the posterior margin of the epimural suture. In addition all captured crabs were sex determined, location
and presence of eggs were noted, crabs were measured (mm) and released at the same location as they were caught [47]. The
size of the crabs was measured as the greatest width of their carapace (mm). The majority of the captured individuals smaller than
42 mm were not marked since they were too small, but counted. Any damage or loss of legs or claws on the caught crabs was
recorded. Crabs possessing any of these characteristics were classified as being in “reduced body condition”, while those with no
damage or reduced number of legs or claws were classified as being in “good body condition”. The coloration of the crabs was
classified as “green” or “red”, as recommended by McGaw and Nailor [28]. All handling was done directly on the boat. Mean
individual handling time was ca. 1 minute, and all individuals were released within 1 hour in the same location they were caught.
Any recapture of previously caught and marked individuals was recorded. At each location in the three areas, four marking and five
capture occasions took place in 2011, and in 2012 five marking and six capture occasions took place. Catch per unit effort was
standardized as the mean number of crabs caught in each station of the areas per day per double fyke net. The catch per unit effort
index has earlier been shown to represent useful information concerning relative abundances of a population [48]. Ethical
permissions for fishing crabs with fyke nets were given by the Swedish Board of Fisheries (Ref. nr. 23-2231-11), and crabs were
treated and tagged with care and good handling procedures in order to prevent harm and damage. Vattenfall AB gave the
permission to conduct the field studies during both 2011 and 2012 at Lillgrund wind farm. C. maenas is not an endangered or
protected species, and thus no specific permissions were required for the public control sites Bredgrund and Sjollen.

Data analyses

Statistical analyses were performed with R-software version 3.0.2. Data fitted the assumption of normality and homoscedasticity for
parametric testing.

Two-way analysis of variance (ANOVA) with Tukey's HSD as post hoc test was used to analyze the effect of area on the catch per
unit effort indexes in the three different sites, Lillgrund, Sjollen and Bredgrund in the years 2011 and 2012. Population estimations
were conducted with the program MARK 6.2 where marked individuals only should be used for the analysis [49]. The dataset was
treated as a closed captures in the analysis, as the collection of data was done in a short time span each year. The density
(individuals/m?) was calculated from the estimated population size.

Multifactorial ANOVA with Tukey's HSD as post hoc test was used to analyze mean size of shore crabs between the sites, years,
males and females and color morphs with their interactions. Logistic regression was used to investigate relationship between
categorical data (function = gim, family = binomial, link = logit). Data were analyzed in three different models. Model 1: Coloration
(red or green) was treated as response variable with sites and years as explanatory variable. Model 2: Body condition (good or
reduced) was treated as response variable with sites and years as explanatory variable. Model 3: Sex distribution (male or female)
was treated as response variable with sites and years as explanatory variable.

Results

Population abundance

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0165096 27.10.2016
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Mean catch per unit effort ranged between 2,8 + 0,75 and 20,2 + 2,2 individuals per fyke net per day (Fig 3). Table 1 shows that
there was a significant interaction between site and year. Catch per unit effort was signifantly higher in year 2011 compared to 2012
and differed significantly among sites where Lillgrund offshore wind farm (OWF) and Sjollen had a higher CPUE in 2011 than
Bredgrund (Fig 3, Table 2).
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Fig 3. Calculated meanz SE in catch per unit effort (CPUE) of the common shore crab, Carcinus maenas in Lillgrund OWF and the two control
sites Bredgrund and Sjollen in 2011 and 2012.

Letters above bars indicate significantly different means based on Tukey's post-hoc comparisons.
http://dx.doi.org/10.1371/journal.pone.0165096.g003
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Table 1. Multifactorial analyses of variance (ANOVA) of mean carapace width of female and male common shore crabs with different color
morphs (green, red), in different body conditions (good, reduced) at three different sites (Lillgrund OWF, Bredgrund, Sjollen) in two different
years (2011, 2012).

http://dx.doi.org/10.1371/journal.pone.0165096.t001
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Table 2. Comparison of Catch per Unit Effort (CPUE) using univariate analyses of variance (ANOVA) of the common shore crab in three different
sites (Lillgrund OWF, Bredgrund, Sjollen) and in different years (two levels; 2011, 2012).
http://dx.doi.org/10.1371/journal.pone.0165096.t002

Population size estimation and density

Overall, 3962 shore crabs were captured in 2011 and 1995 crabs in 2012 (Table 3). Recapture rates were highest in Lillgrund OWF
and capture probability (p-hat) was higher in 2011 compared to 2012 (Table 4). Local population size reached a minimum of 18 085
crabs in Lillgrund in 2011 and a maximum of 60 152 crabs in Lillgrund in 2012 (Table 4). Estimated population densities ranged
between 3,01 and 10 individuals per m? in Lillgrund and the control sites (Table 4).

(. Capmrn i v [

Litgers 29 . st
spaten 11 =
e e =
L i1 1

preasar -
[r——— - =

Table 3. Mark and recapture data for shore crab populations in Lillgrund OWF, Sjollen and Bredgrund in 2011 and 2012.
http://dx.doi.org/10.1371/journal.pone.0165096.t003
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Table 4. Common shore crab: population size estimations, capture probability and density estimations in Lillgrund OWF, Sjollen and Bredgrund
in 2011 and 2012.

http://dx.doi.org/10.1371/journal.pone.0165096.t004

Morphological traits

Mean carapace size varied in all populations with the widest mean carapace size in Bredgrund and the smallest in Sjollen (Table 1,
Fig 4A). There was a higher variation in mean carapace size between both years with smaller crabs caught in 2011 than in 2012
(Table 1, Fig 4A and Fig 5). Testing the effect of color on mean size showed a significant difference between color morphs and
areas in carapace width with the largest red crabs in Lillgrund OWF and the smallest green crabs in Sjollen (Table 1, Fig 4B).
Furthermore, in year 2011 both green and red crabs were smaller than in 2012 (Fig 4B). In general, green crabs were significantly
smaller than red ones (57,8 mm +0,18 mm and 58,7 mm +0,13 mm respectively, Table 1).
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Fig 4.

Calculated meanz SE in carapace size of the common shore crab, Carcinus maenas in A. Lillgrund OWF and the two control
sites Bredgrund and Sjollen in 2011 and 2012, and B. in the two morphs, red and green in Lillgrund OWF and the two control

sites Bredgrund and Sjollen. Letters above bars indicate significantly different means based on Tukey's post-hoc
comparisons.

http://dx.doi.org/10.1371/journal.pone.0165096.g004
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Fig 5. Size frequency distribution of CW in each site (Lillgrund OWF, Bredgrund and Sjollen) sampled in summer 2011 and 2012.
N, number of measured individuals.

http://dx.doi.org/10.1371/journal.pone.0165096.g005

The results of model 1 showed that the proportion of green crabs varied between sites (lowest in Bredgrund, highest in Sjollen), and
between years (lower in the 2012) (Fig 6A).

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0165096 27.10.2016
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Proportion estimates from A. model 1. Coloration (red and green) of shore crabs in Lillgrund OWF and the two control sites
Sjollen and Bredgrund in the years 2011 and 2012 and, B. from model 2. Body condition (good or reduced) of shore crabs in
Lillgrund OWF and the two control sites Sjollen and Bredgrund in the years 2011 and 2012.
http://dx.doi.org/10.1371/journal.pone.0165096.g006

Model 2 tested the body condition (good/reduced) of the caught crabs described by any observed damage or loss of legs or claws.
Body condition varied from 88,1% of all shore crabs being in good condition in Lillgrund to 88,9% in Sjollen, and both differed
significantly from Bredgrund (84,5%) (Fig 6B). There was a significant difference among years with 92,8% in good body condition in
2011 and 81,6% in good body condition in 2012 (Fig 4B). There was an interactive effect in mean carapace size comparing body
condition in male and female crabs in the three sites (Table 1).

The results of model 3 showed that sex ratio in crabs varied between 95,5% male crabs in Bredgrund, 95,6% in Lillgrund and
96,4% in Sjollen (Table 1), and there was no significant difference in mean carapace size comparing male and female crabs in the
three sites (Table 1). Testing the effect sex ratio on mean size showed a significant difference between sex ratio and years in mean
carapace width with the largest males in 2012 (60,3 mm +0,13 mm) and the smallest female in 2012 (46,5 mm +0,47 mm (Table 1).

Discussion

In this study we did not observe any significant effect, negative or positive, on the common shore crab from the Lillgrund offshore
wind farm (OWF). We could not find any clear artificial reef effect on shore crab densities at the Lillgrund wave farm. This study also
shows the difficulties to estimate population size on a species with a large population size.

The higher catch per unit efforts of shore crabs in 2011 in Lillgrund and in the adjacent control site Sjollen compared to Bredgrund
can be due to the fact that both Lillgrund and Sjollen have higher salinities than Bredgrund, and thus very similar conditions for
mobile species. Fyke nets may be a good food resource by the catch of fish such as cod, wrasse, gobies etc. attracting shore
crabs, so that an aggregation at the nets may take place in both Lillgrund and Sjollen (personal observations), however, no records
of bycatch were done. If we compare the CPUE data from a longer term perspective of 10 years, there is no difference in
abundance of shore crabs in Lillgrund compared to the control areas [24]. In terms of stock assessment, it is the inter-annual
variation of abundance that is of most interest [50]. All in all the yearly variation in CPUE is high, and very likely depending on
changed conditions, such as wind, current, turbulence, temperature and salinity. Shore crabs seem to avoid both too high and too
low temperatures and regulate this by migration to locations of preferred temperature. This migration can influence the catch per
unit effort, and the strong association between temperature and catch per unit effort may mask the underlying changes in
abundance [50].

After the wind farm was established in 2007 the abundance of shore crabs in all three study sites has increased (Fig 7). This was
also noted by Bergstrom et al. [24], and was suggested to be a signal of a change of greater scale in the ecosystem. An increase in
number of caught crabs during fishing has also been observed by Sheehan et al. [51] in a survey on the effects of a crab-fishery
method “crab-tiling” (i.e. artificial shelters providing stable structures) on the abundance of shore crab on intertidal sand- and
mudflats in estuaries. They found an increase in the abundance of shore crab in the areas where this kind of fishery occurred,
which is thought counter-intuitively from what would normally be expected in a population that is fished [51]. This increase in
abundance was associated with an increase in available habitat, created by the “crab-tiling”.
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Fig 7. Mean catch per unit effort in Lillgrund OWF, Sjollen and Bredgrund during the years of construction and during operation of the wind
farm.

Catch per unit effort for all years from 2002 and 2010 are calculated from data from Swedish Agency for Marine and Water
Management [24], data from 2011 and 2012 are added from our results.
http://dx.doi.org/10.1371/journal.pone.0165096.g007
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Similar observations have been done by Géransson [52], as there has been found changes in species compositions in Oresund
from early 1900s to surveys performed in 1989-2000. Eutrophication, parallel with increased nutrient load to coastal waters [52]
might have a stronger effect on the abundance of shore crabs than lack of space. In the long run higher abundance of shore crabs
may reduce the abundance of preferred prey species to a very low level while gradually shifting to alternative prey [53]. Predating
shore crab has been shown to have an effect on recruitment success of cockles, Cerastoderma edule [54], blue mussels, barnacles
and diatoms [53]. Shore crabs have been shown to have a negative impact on recruitment of periwinkles [565]. On the other hand,
shore crabs are prey items for other species, such as cod, an increase in the population may be positive for species in higher
trophic levels [56].

Our study shows that it is not possible to make an evaluation of differences in population size between Lillgrund OWF and the two
control sites based on the population size estimation done in this study; the reason is the very low recapture rate. Earlier capture-
recapture studies on C. maenas in both Europe and the US showed far higher recapture rates than we received with similar
marking methods [57, 58]. An earlier study by McPherson [59] on survival of Blue swimmer crab marked with t-bar anchor floytags
on the posterior suture of the carapace, found no change in behavior of tagged crabs that could be related to the tagging. The Blue
swimmer crab is also an intertidal species with similar life cycle and feeding behavior as our model species, C. maenas, as well as
easily adaptable to changing environmental conditions [60]. This méns that we can with good confidence exclude the possibility that
low recapture rates are caused by change in behavior or mortality of tagged individuals. Neither was the survival of the tagged
crabs severely reduced: only one out of 24 crabs tagged with a standard t-bar anchor tag died a short time after tagging [59]. Our
density results for shore crabs in Lillgrund and both control sites lie within the range of other earlier reported adult shore crab (30
—70 mm) in Europe, and varies between 0.1 to 20 individuals per square meter in suitable habitats during summer [47, 61].

We did find a size differences both between the sites, but not between the wind farm and the other sites. In Sjollen, crab size has
been smaller than those in Lillgrund and Bredgrund and crabs were larger in 2012 than in 2011. Smaller mean size of crabs in
Sjollen may be explained by stress induced by noise pollution from passing ships [62]. The ship traffic in the Baltic Sea is
considerable, and has increased significantly the last ten years [63]. Sjollen is more exposed to ship noise than Lillgrund and
Bredgrund as it is situated close to the shipping lane through the Oresund strait. Wale et al. [62] showed size-dependent
physiological responses of shore crabs to single and repeated playback of ship noise. Crabs exposed to ship-noise playback had
higher oxygen consumption than those experiencing playback of ambient harbor noise. The response of shore crabs to a single
ship-noise was size dependent, with larger individuals showing a stronger response (i.e. consuming proportionately more oxygen)
than the smaller ones.

Observed differences in crab size dependent on color morphs can be explained by difference in behavior and food preferences. In
general, red individuals prefer larger bivalves and are stronger and more aggressive compared to green individuals [64]. In an
earlier study it has been documented a high amount of bivalves, especially of blue mussels, Mytilus edulis, in the Lillgrund wind
park [65].

We could not observe any effect of the offshore wind farm on body condition of shore crabs measured as any observed damage or
loss of legs or claws. Carapace width in crabs being in reduced body condition was generally larger than the carapace width in
crabs in good body condition. A thicker and larger exoskeleton is an advantage in male-male interactions, but it may reduce the
crab's ability to tolerate salinity changes [31, 66]. This can be of importance, since the salinity in Oresund varies due to the water
currents coming either from the brackish Baltic Sea in the south or the salt Atlantic Ocean in the north. The poor representation of
female in the samples (about 6% females of all crabs caught) can likely be explained by the fact that adult female crabs behave
different from males in the summer where females prefer deeper waters and differ in feeding activities [47, 67]. Such behavioral
patterns can reduce the catch of female crabs by traps compared to male crabs during this time of year. As no difference in
proportion of males was found between Lillgrund OWF and the control sites we suggest that the presence of wind turbines does not
have an effect on the sex ratio of shore crabs.

This study provides the first quantitative and experimental data on the common shore crab in relation to offshore wind farms.
However, further (long term) studies are needed to shed light on the long term effects that wind turbines may have on population
dynamics of marine organisms other than shore crabs. Follow-up studies and targeted monitoring may also further reveal the
effects of offshore wind production on the marine ecosystem as a whole.

Supporting Information
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