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Abstract: Past studies have revealed higher levels of biodiversity, total abundance, and size of
individuals around offshore installations of renewable energy. This study investigated the effects
of Lysekil wave power park (area 0.5 km2) on the abundance and carapace size of decapods at the
Swedish west coast. For that purpose, decapods were caught with cages during four consecutive
summers. Two types of cages were applied to catch a wide range of decapod species and sizes. The
abundance and size of decapods were not significantly different within the wave power park and up
to a distance of 360 m outside of it. The catch rate, i.e., number of decapods caught in 24 h, was not
significantly different among sampling locations but revealed inter-annual variation for both cage
types. The results suggest a limited role of the incidental no-take zone of the small Lysekil wave
power park on the abundance and size of local decapods. However, neither were negative impacts,
such as decreasing abundances or smaller carapace sizes, discovered. As an increase in the number
of marine renewable energy production sites is foreseen, a scaled-up and larger study addressing
MPA networks and other environmental interactions should be considered.

Keywords: marine renewable energy; wave energy; marine protected area (MPA); no-take zone;
co-location; environmental effects; mid-term study

1. Introduction

One of the 17 sustainable development goals of the United Nations, planned to be
realized by 2030, is to achieve affordable and sustainable energy (Goal 7). Its objective
is to substantially increase the share of renewable energy in the global energy mix [1].
The number of offshore renewable energy (ORE) projects, such as offshore wind farms,
as well as wave and tidal energy projects, has been growing in the past few years [2,3].
ORE projects can contribute substantially to reaching Goal 7. The transition to including
more renewable energy sources needs to be accomplished in a sustainable way. Energy
generation, including ORE projects, can affect the environment [4]. As relatively new
technologies, it is important to investigate environmental effects of ORE installations early
in order to have the chance to mitigate eventual negative impacts.

During the different stages of an ORE project (deployment, operation, decommission-
ing), the degree of physical disturbance varies, and this variation is further dependent on
the technology of the applied device and way of deployment [5]. Direct effects of ORE
installations on the coastal environment include, inter alia, enhanced water turbidity [6],
changes of hydrodynamics [6], noise emission [7], electromagnetic fields [3], and risk of
collision or entanglement [8]. Some of the influences are specific to the construction and
decommissioning phase such as increased turbidity, noise, and vibrations. Other perturba-
tions mainly occur during the operational phase, such as the generation of electromagnetic
fields, and the risk of collision and entanglement. Indirect ecological effects of ORE in-
stallations can occur as a result of temporal and spatial shifts in species distribution of
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mobile fauna, with consequent changes in food-web dynamics, predator–prey relationships,
species reproduction, and recruitment [5].

However, there is also empirical evidence of the ecological benefits of installed OREs.
The structures represent, for instance, an additional colonization substratum for benthic
biota [5,9]. ORE devices are primarily deployed in soft-bottom environments, where space
for the colonization of sessile hard-bottom species such as filter-feeding mussels is a limiting
resource [6]. The physical structure of an ORE device can locally increase the heterogeneity
of benthic habitats. The resulting artificial reef effect by the introduced structures can
increase species richness and the density of mobile and sessile organisms [10–15]. Fast
colonization of the structures by sessile organisms is commonly observed [14,16], but the
attraction of pelagic and demersal fish and increased densities of decapods and mega-fauna
were also found [17–19]. Because of the species- and biomass-rich communities that live
attached to and associated with ORE devices, the adjacent soft-bottom area may be locally
enriched through deposition of organic material and can thereby positively influence
densities of benthic epi- and infauna, which in turn serve as food sources for higher trophic
levels [20,21]. The locally enriched epi- and infauna provide additional nutrition and might
contribute to the growth of decapods of larger size.

Another positive indirect effect of ORE devices includes the generation of incidental
no-take zones that arises from the presence of the new infrastructure [22]. Many ORE
parks prohibit human activities such as fishing and marine traffic, with potentially similar
beneficial effects on biodiversity like marine protected areas (MPA) or intended no-take
zones. The term MPA refers to marine areas where human activities have been restricted
with the aim of protecting living and non-living resources [4]. MPAs are known to provide
several advantages for the biota living inside a protected area [23–27]. The influences from
this approach bear benefits for multiple species and ecosystems, as well as general effects
such as the recovery of benthic areas from invasive fishing and overfishing in general.

The strength of protection may vary, with a no-take zone being the strongest level of
protection, followed by spatial and temporal variations in protection and exceptions [28].
The size of an MPA can play an important factor in the protection success. Whereas moder-
ately sized MPAs (i.e., 4–20 km2) are important to conserving biodiversity or supporting
climate change resilience, smaller sized MPAs (i.e., 0.5–1 km2) can increase the abundance
and biomass of species, and several examples of small, effective MPAs exist [24,29–34].

The benefits of MPAs have proven to increase the size, biodiversity, density, body mass,
and reproductive potential of many species as a direct result of protection [23,26,34,35].
The spiny lobster (Jasus edwarsii) increased by 22% in mean abundance and up to 28 mm
in carapace length five years after the establishment of a reserve [36]. The catch rate of
spiny lobster (Palinurus elephas) was 7.5 times greater inside the protected area than in
the adjacent, unprotected zone [30]. Several studies showed that the number and size
of individuals of benthic biota increased inside an MPA compared to outside. Empirical
evidence exists about the declining number and size of individuals of benthic biota within
the first 1000 m outside MPAs [25,36–41]. Adjacent zones and fisheries can profit from
MPAs, too. Benefits are expected from the recruitment of exported eggs and larvae as well
as from spillover of adults to adjacent fishing grounds. This effect has been shown in several
studies [36,42]. ORE parks could principally function as MPAs. In a study northwest of
Great Britain, for instance, more and larger European lobsters were found inside a wind
farm park where fishing was temporarily excluded than outside [43]. One idea to reduce
conflicts between ocean use and conservation needs is to relax competing demands on
marine space by co-location of ORE installations with marine protected areas [4,6,44–46].

Our studies were performed at the resting Lysekil wave power park on the west
coast of Sweden [47,48]. Marine activities such as boat traffic or fishing are restricted
inside the park area. Past environmental studies from the Lysekil research site showed
an increased biomass, diversity, and abundance of epifauna and infauna on the wave
power foundations as well as one meter around, representing an additional potential food
source for decapods, [13,14]. The aim of this study was to investigate the possible effects of
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the incidental no-take zone created by the presence of the wave power park on decapod
abundance and carapace size. We quantified decapod abundance and carapace size on
a larger range in the park and outside of the park by deploying cages in the park and
up to 360 m outside. We expected to find more individuals of decapods and with larger
carapace sizes within and closer to than further away from the park due to the benefits of
the no-take zone.

2. Materials and Methods
2.1. Study Area

The Lysekil research site is located ca. 2 km off the Swedish west coast near the Islands-
berg lighthouse. The site is marked at the northern and southern boundaries with a sea
marking (northern marking 58◦11′850 N; 11◦22′460 E and southern marking 58◦11′630 N;
11◦22′460 E) (Figure 1A) and covers an area of around 0.5 km2 [49]. The seafloor at the
research site is at a depth of 25 m, consists of sand, and shows little relief [50]. On the western
coast of Sweden, winds and waves come predominantly from westerly directions. The tidal
range at Lysekil is ca. 0.3 m [51] and average salinity in the area is approximately 25‰ [52].
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A heaving point-absorber wave power generator was developed by Uppsala 
University [48]. The first full-scale generator was deployed in 2006 at the Lysekil research 
site, followed by further deployments in the following years [48]. Throughout this study, 
wave power generators were neither connected to wave buoys nor was electricity 
generated, and thus, the park can be referred to as resting. In 2007, 21 concrete cylinders 
of 1 m height, 3 m diameter, and with a weight of 10 tons each (hereafter referred to as 

Figure 1. (A) Location of the Lysekil research site on the Swedish west coast. (B) Sea chart of the
wave power park, marked with two yellow rod-shaped sea markings. The yellow buoy between
the two rod-shaped sea markings indicates the position of the wave-measuring buoy. The red line
indicates the position of a sea cable. Blue triangles mark the position of generators, black rectangles
mark ecological foundations, and the red hexagon indicates the position of the marine substation.
Sampling locations east and west of the wave power park are marked as squares. Numbers indicate
water depth and light-yellow areas represent islands. Note: size and position of symbols are not
to scale.

A heaving point-absorber wave power generator was developed by Uppsala Univer-
sity [48]. The first full-scale generator was deployed in 2006 at the Lysekil research site,
followed by further deployments in the following years [48]. Throughout this study, wave
power generators were neither connected to wave buoys nor was electricity generated,
and thus, the park can be referred to as resting. In 2007, 21 concrete cylinders of 1 m
height, 3 m diameter, and with a weight of 10 tons each (hereafter referred to as “ecological
foundations”) were deployed in the Lysekil research site (Figure 2). Ecological foundations
were used to simulate foundations of wave generators and to conduct studies on their
environmental and ecological impact. Fishing and other activities have been undesired
in the research area since 2006, yet violations to that occurred throughout all study years
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(personal observation). However, recreational cage fishing for decapods and boat traffic
takes place in the area around the park.
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Figure 2. Two ecological foundations for environmental and ecological studies in the Lysekil
wave power park research site. Upper ecological foundations include manufactured holes for
increased complexity.

2.2. Experimental Design and Cage Types

The cages were deployed between June 25 and July 24 in the years 2016 to 2019
to ensure comparable environmental conditions among years. Two different cage types
(Figure 3a,b) were used for the study to catch a wide range of species and sizes of the local
decapod community. Both cage types are commonly used for commercial and recreational
fishing. Each deployed cage was baited with half a salted herring before its 24 h deployment.
The deployment of the cages took place inside the wave power park as well as to the east
and west outside of it (Figure 1B). During the deployment, the GPS position of each
cage was taken and its distance to the closest ecological foundation was calculated. The
carapace width of all captured decapods was measured. Subsequently, each individual was
tagged with a t-bar anchor to identify potential recatches, and all individuals were returned
to the respective sampling location. Every year, cages were placed at approximately
similar positions.

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 4 of 17 
 

 

“ecological foundations”) were deployed in the Lysekil research site (Figure 2). Ecological 
foundations were used to simulate foundations of wave generators and to conduct studies 
on their environmental and ecological impact. Fishing and other activities have been 
undesired in the research area since 2006, yet violations to that occurred throughout all 
study years (personal observation). However, recreational cage fishing for decapods and 
boat traffic takes place in the area around the park.  

 
Figure 2. Two ecological foundations for environmental and ecological studies in the Lysekil wave 
power park research site. Upper ecological foundations include manufactured holes for increased 
complexity. 

2.2. Experimental Design and Cage Types 
The cages were deployed between June 25 and July 24 in the years 2016 to 2019 to 

ensure comparable environmental conditions among years. Two different cage types 
(Figure 3a,b) were used for the study to catch a wide range of species and sizes of the local 
decapod community. Both cage types are commonly used for commercial and recreational 
fishing. Each deployed cage was baited with half a salted herring before its 24 h 
deployment. The deployment of the cages took place inside the wave power park as well 
as to the east and west outside of it (Figure 1B). During the deployment, the GPS position 
of each cage was taken and its distance to the closest ecological foundation was calculated. 
The carapace width of all captured decapods was measured. Subsequently, each 
individual was tagged with a t-bar anchor to identify potential recatches, and all 
individuals were returned to the respective sampling location. Every year, cages were 
placed at approximately similar positions.  

  
(a) (b) 

Figure 3. (a) Small cage type, with two entrances one on each long side (white funnel-shaped net); (b) lateral view of large 
cage type, with two entrances, one on each long side (white funnel-shaped net). The yellow surface buoy and line are 
stored in the left chamber of the cage. 

2.2.1. Small Cage Type 
The small cage type (70 cm length, 40 cm width, 28 cm height), with a mesh size of 

22 mm × 22 mm, has two entrances (7 cm diameter), one on each long side (Figure 3a). 

Figure 3. (a) Small cage type, with two entrances one on each long side (white funnel-shaped net); (b) lateral view of large
cage type, with two entrances, one on each long side (white funnel-shaped net). The yellow surface buoy and line are stored
in the left chamber of the cage.

2.2.1. Small Cage Type

The small cage type (70 cm length, 40 cm width, 28 cm height), with a mesh size of
22 mm× 22 mm, has two entrances (7 cm diameter), one on each long side (Figure 3a). This
cage type is used in commercial fishing to fish for Norway lobster (Nephrops norvegicus). Six
cages were connected with a line (hereafter “cage line”) and a total of three cage lines were
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used simultaneously with one cage line inside the park, one east and one west of the park.
In 2018, the three cage lines were deployed three times due to optimal weather conditions
(Table 1). The distance between adjacent cages on a line was approximately 10 m. At each
end of the line, an anchor weight and a line with a surface buoy was connected for retrieval.
Distances from the cages to the ecological foundations ranged between 35 m and 275 m.

Table 1. Number of deployed small and large cages and rounds of deployments throughout the
sampling period of different years at the three sampling locations.

Deployed Cages West of Park Inside Park East of Park Total Cages

Small 2016 6 6 6 18
Small 2017 6 6 6 18
Small 2018 3 × 6 3 × 6 3 × 6 54

Total small cages 30 30 30 90

Large 2016 1 × 6/1 × 5 1 × 6/1 × 5 2 × 5 32
Large 2017 2 × 6 2 × 6 2 × 6 36
Large 2018 2 × 6 2 × 6 2 × 6/1 × 5 41
Large 2019 3 × 7 3 × 7 3 × 7 63

Total large cages 56 56 60 172

2.2.2. Large Cage Type

The large cage type (92 cm length, 46 cm width, 38 cm height), with a mesh size of
30 mm × 30 mm, has two entrances, one at the center of each long side with a diameter of
12 cm (Figure 3b). This cage type is used in commercial and recreational fishing to catch Eu-
ropean lobster (Homarus gammarus) and brown crab (Cancer pagurus). Each cage contained a
line with a surface buoy to retrieve the cage. Five to 7 cages were simultaneously deployed
at one sampling location. This range resulted from a loss of one cage, its replacement, and
the regain of the lost cage throughout the study years. Each year, several deployments
with 5–7 cages were conducted over the study period (Table 1). Distances to the ecological
foundations ranged between 2 m and 362 m.

2.3. Statistical Analyses

All analyses were conducted using statistical software R (version 3.5.1, Vienna, Austria),
enabled via RStudio (version 1.1.463, Vienna, Austria) [53].

2.3.1. Catch Rate

Differences in the catch rate, i.e., the number of decapods caught in a 24 h deployment
period, among (i) years and (ii) sampling locations were evaluated using one-way analysis
of variance (ANOVA) with the “aov” function of the R “base” package v 3.5.1 [53]. The
analysis was performed independently for both cage types. ANOVAs comparing catch
rates among years grouped all cages deployed in a given year, regardless of the location
of deployment, resulting in 3 and 4 fixed levels for ANOVAs in small and large cages,
respectively. Comparisons between sampling locations (fixed, three levels: inside the wave
power park, and east and west of the wave power park) were run for each year and type of
cage separately (i.e., a total of 7 ANOVAs). The inverse value of variance was included in
the ANOVA to account for weighting unequal numbers of cages among years and sampling
locations for the large cage type, and among years for the small cage type. A Tukey post
hoc test (R base, v 3.5.1, function: “TukeyHSD”) [53] was performed to reveal differences
among factor levels in case of significant difference (i.e., α set to ≤0.05). Homogeneity of
variances was confirmed with plots of residuals vs. fitted values. We used quantile-quantile
plots (R base, v 3.5.1, function: “qqnorm”) [53] as well as the Kolmogorov–Smirnov test
(R base, v 3.5.1, function: ”ks.test”) [54] to test whether the data were normally distributed.
Violation of normality occurred for the catch rate data among the years for the large cage
type and for the catch rate data among the sampling locations for the small cage type. For
these comparisons, a Kruskal–Wallis test with the “kruskal.test” function of the R “base”
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package v 3.5.1 [53] was performed as a non-parametric alternative. In case of significant
difference, pairwise Mann–Whitney U tests (R base, v 3.5.1, function: “wilcox.test”) [53]
were carried out to detect differences between factor levels.

2.3.2. Number of Decapods and Carapace Width

A linear model (R base v 3.5.1, function: “lm”) [53] was used to fit the number of
decapods per cage as a function of distance to the closest ecological foundation for both
cage types independently, either for each year separately or combined for all years. The
carapace width for the three most abundant species, Cancer pagurus, Carcinus maenas, and
Liocarcinus depurator, was analyzed independently for each cage type but combined for
all years to unmask differences due to size differences in the species. A linear model was
used to fit the average carapace width for each of the three species per cage as a function of
distance to the closest ecological foundation.

Homogeneity of variances was confirmed with plots of residuals and standardized
residuals vs. fitted values. We tested for outliers using Cook’s distance plot and no outliers
were found. We used quantile-quantile plots (R base, v 3.5.1, function: “qqnorm”) as well
as the Kolmogorov–Smirnov test (R base, v 3.5.1, function: ”ks.test”) [52] to test whether
the data were normally distributed. Model residuals were not normally distributed for
the data of the decapod abundance caught with the small and large cages for all years
combined or in the years 2018, 2019 for the data of decapod abundance caught with the
large cages, despite attempts to log(1+x)-transform the response variable. However, linear
and linear mixed effects models are quite robust to violation of assumptions regarding
normality of model residuals [54–56].

3. Results

Five decapod species were caught throughout the years with large and small cages:
brown crab (Cancer pagurus), shore crab (Carcinus maenas), sandy swimming crab
(Liocarcinus depurator), great spider crab (Hyas araneus), and common hermit crab (Pagurus
bernhardus). For three species, the hermit crab (Pagurus pubescens), a squat lobster species
(Galathea spp.), and the European lobster (Homarus gammarus), we encountered only a
single individual during the entire study (Table 2). Over the entire study period, 19 small
cages (21%) and 21 large cages (12%) remained empty (Table 2). All catches comprised
exclusively native species.

Table 2. Number of individuals of decapod species caught during all sampling years in small cages
(90 cages total) and large cages (172 cages total).

Species Individuals
Small Cages

Individuals
Large Cages

Cancer pagurus 38 165
Carcinus maenas 92 45

Liocarcinus depurator 102 63
Hyas araneus 8 10

Pagurus pubescens 1 0
Pagurus bernhardus 1 6
Homarus gammarus 0 1

Galathea spp. 1 0

Total number of decapods 243 290
Total number of cages 90 172

Total empty cages 19 21

3.1. Catch Rate
3.1.1. Catch Rate of Decapods with Small Cages

Decapod catch rate was significantly different among years (Kruskal–Wallis test:
chi-square = 45.22, p < 0.001). We captured, on average, 3.9 and 2.7 times more decapods in
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2016 and 2017, respectively, than in 2018 (Figure 4a). The catch rate in 2017 was, on average,
24% lower than in 2016, and they were not significantly different from each other. Decapod
catch rates were not significantly different among sampling locations.
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outliers (open dots) among the different survey years for (a) small and (b) large cages.

3.1.2. Catch Rate of Decapods with Large Cages

Decapod catch rate was significantly different among years (1-way ANOVA:
F (3,168) = 6.79, p < 0.001). There were, on average, 1.6 and 1.2 times more decapods
encountered in cages in 2016 and 2019, respectively, than in 2017, and on average, 1.9 and
1.5 times more decapods encountered in cages in 2016 and 2019, respectively, than in 2018
(Figure 4b). The difference in catch rate of 22% between 2016 and 2019 and the difference
in catch rate of 19% between 2017 and 2018 were statistically not significantly different.
Decapod catch rates were not significantly different among sampling locations.

3.2. Number of Decapods
3.2.1. Small Cages

The mean number of decapods per cage, including all years and sampling sites, was
2.7 individuals and the range of caught decapods per cage was 1–11 (Figure 5). When
the data of different years were pooled, the number of decapods caught with small cages
increased with distance to the ecological foundations, on average, by 0.1 individuals every
100 m (linear model: abundance = 0.001 × Distance (D) + 2.57 (Figure 5)), indicating
a statistically non-significant relationship between decapod abundance and distance to
the ecological foundations (F (1,88) = 0.007, p = 0.79). Variation in decapod abundance
was large and is also reflected by a low level of explained data variance (r2 = 0.08%) by
the model.

When data were analyzed for each year separately, the number of captured decapods
increased every 100 m away from the wave power park by 0.7 individuals in 2016, and
decreased by 0.1 individuals in 2018. For 2017, linear regression analyses suggest a statisti-
cally significant relationship between decapod abundance and distance to the ecological
foundations (F (1,16) = 10.29, p = 0.006) (Table 3). The number of decapods in the year
2017 increased, on average, by 2.9 individuals for every 100 m away from the ecological
foundations (linear model: abundance = 0.029 × 100 + 0.86) (Figure 5).
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Table 3. Results of the linear models with number of decapods per cage as a function of distance to the closest ecological
foundation (=D) for the different combinations of cage type and year.

Cages Number of Cages F-Statistic r2 p-Value Linear Model: Abundance

Small 2016 18 0.42 0.03 0.528 0.007 × D + 4.85
Small 2017 18 10.29 0.391 0.006 0.029 × D + 0.86
Small 2018 54 0.38 0.007 0.538 −0.001 × D + 1.31

Small pooled 90 0.007 0.0008 0.79 0.001 × D + 2.57

Large 2016 32 0.87 0.03 0.359 0.002 × D + 2.04
Large 2017 36 0.50 0.015 0.482 0.001 × D + 1.29
Large 2018 41 1.01 0.03 0.321 −0.002 × D + 1.45
Large 2019 63 0.01 0.0001 0.931 0.0001 × D + 1.71

Large pooled 172 0.06 0.0004 0.81 −0.0002 × D + 1.69

3.2.2. Large Cages

The mean number of decapods per cage, including all years and sampling sites, was
1.7 individuals and the range of caught decapods per cage and calculated distance was 1–6
individuals (Figure 6). The number of decapods decreased, on average, by 0.02 individuals
every 100 m (linear model: abundance = −0.0002 × D + 1.69) (Figure 6), indicating a
non-significant relationship between decapod abundance and distance to the ecological
foundations (F (1,170) = 0.06, p = 0.81). Variation in decapod abundance was relatively
large and is also reflected by a low level of explained data variance (r2 = 0.04%) by the
model. Linear regression of single years indicated a non-significant relationship between
decapod abundance and distance to the ecological foundations (Figure 6 and Table 3).
When data were analyzed for each year separately, the number of captured decapods
increased every 100 m away from the wave power park by 0.2, 0.1, and 0.01 individuals
in 2016, 2017, and 2019, respectively. In the year 2018, the number of captured decapods
decreased every 100 m away from the wave power park by 0.2 individuals. In no case did
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the relationship between decapod abundance and distance to the ecological foundations
indicate a statistically significant relationship.
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3.3. Carapace Width

Cancer pagurus, Carcinus maenas, and Liocarcinus depurator caught with the small and
large cages indicated a non-significant relationship between carapace width and distance to
the ecological foundations (Figures 7a–c and 8b,c and Table 4), with one exception of Cancer
pagurus caught with the large cages (Figure 8a and Table 4). The carapace width of Cancer
pagurus decreased, on average, by 0.45 cm every 100 m (linear model: abundance = −0.0045
× D + 13.33) (Figure 8a), indicating a significant relationship between brown crab carapace
width and distance to the ecological foundations in 2017 (F (1,115) = 4.47, p = 0.037).

Table 4. Results of the linear models with carapace width of the three most abundant decapod species as a function of
distance to the closest ecological foundation (=D) for the two cage types.

Small Cages Number of Cages F-Statistic r2 p-Value Linear Model: Carapace Width

Cancer pagurus 32 0.04 0.001 0.849 −0.0006 × D + 9.91
Carcinus maenas 28 2.13 0.076 0.157 0.0021 × D + 6.16

Liocarcinus
depurator 52 0.06 0.001 0.802 −0.0002 × D + 5.17

Large Cages Number of Cages F-Statistic r2 p-Value Linear Model: Carapace Width

Cancer pagurus 117 4.47 0.037 0.037 −0.0045 × D + 13.33
Carcinus maenas 27 2.61 0.095 0.058 −0.0026 × D + 6.86

Liocarcinus
depurator 45 0.16 0.004 0.693 −0.0007 × D + 5.32
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Figure 8. Average carapace width per decapod species: (a) Cancer pagurus, (b) Carcinus maenas, and
(c) Liocarcinus depurator captured with large cages in 2016–2019. Black dashed line represents a pooled
regression line for all years.
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4. Discussion

This study investigated the effects of the incidental no-take zone of a small inoperative
wave power park on decapod abundance and carapace width over a period of four years.
Our study generally revealed no significant differences in abundance and size of decapods
in and around the park, more than 15 years after the wave power park construction. Mid-
and long-term investigations around ORE devices are especially scarce [45], but can provide
important information on the environmental impacts of such relatively new offshore
technologies and are necessary to isolate their effects from inter-annual variation [57].
Samples were taken each year between late June and late July to minimize the influence
of seasonal effects [18,19]. However, the natural inter-annual variation of numbers of
individuals was high among all years for both cage types. Natural variation in numbers
of individuals within a community may occur over several temporal scales from hours
to decades [58], and only long-term approaches to community studies can take account
of these changes. Furthermore, data from long-term studies are an essential tool in the
assessment and prediction of environmental change on the community and therefore
valuable for the assessment of ORE installations [59].

The number of decapods did not vary significantly with distance to ecological founda-
tions for data pooled across all years for either the small or for the big cages. We expected
to find fewer decapods with increasing distance to the ecological foundations as a result of
the incidental no-take zone of the wave power park. Missing trends in decapod responses
between sampling sites were confirmed for most analyses when data were analyzed for
each year separately. For those years showing significant trends, the effect was small and
distance to the ecological foundations explained less than 40% of the observed variance.
Studies from MPAs and also ORE parks showed increased numbers of individuals inside
such areas compared to outside [18,25,60,61]. However, several possible explanations are
described below to rebut our expectations and to explain trends lacking in our study. With
an area of 0.5 km2, the wave power park in our study is relatively small compared to the
areal extent of most MPAs. Small MPAs seem generally less effective for their conservation
benefits than larger MPAs [62]. Potentially, the size of the wave power park as a no-take
zone did not meet the required minimum size to affect size and numbers of decapods.

The home range of target species could play a key role in the effect of MPA size on
distribution patterns of target species around MPAs [34]. Home ranges can vary strongly
across species, and the multispecies impacts of no-take zones will depend upon the range
of biological characteristics and behaviors of a target species [34]. Species densities were
reported to be significantly greater inside MPAs where the size of the MPA exceeded the
home range of the target species. If the home range of a species exceeds the size of a
protected area, possible effects, such as larger and/or more individuals inside than outside
this area, could be blurred by specimens moving in and out of the area on a regular basis.
Two of the three most abundant species in our study, Cancer pagurus and Carcinus maeans,
showed high variation in movement rates between individuals and their ability to exceed
the distance of 360 m within a few days [63,64]. Liocarcinus depurator revealed no long-term
site attachment [65]. The described patterns and behaviors for the three species match
with our results, where non-significant differences in decapod abundances were found
among the wave power park and the areas up to 360 m away from it. Seasonal migration
patterns, such as migrations to deeper waters during winter months, were excluded from
the discussion since all investigations were performed during summer.

Another reason to explain the non-significant differences in the number of decapods
with distance to the ecological foundations could be an attraction of decapod predators
to the generators and ecological foundations in the park. At the study site, artificial
reef effects were found, as potential predators to decapods, such as cod [13] and seals,
were encountered foraging around the generators (Francisco, personal communication),
as well as cage fishing by humans. An attraction of decapod predators could result in
increased consumption of decapods, which would decrease their numbers and could
thereby imbalance the possible positive effects of increased abundance of a no-take zone.
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Larger decapods were expected inside the wave power park due to rich epifauna on
and rich infauna around the ecological foundations. Earlier studies showed an increased
abundance, biomass, and diversity of infauna locally (i.e., <1 m) around the ecological
foundations [15]. Mobile megafauna, such as Cancer pagurus and Gadus morhua, also showed
greater species richness and numbers of individuals around the ecological foundations [13,15].
Both infauna and mobile fauna represent a food source for decapods. Areas with a rich supply
of food, such as around the generators and ecological foundations, could thereby potentially
contribute to a larger carapace width. The carapace width did not show significant differences
with distance to the ecological foundations. However, the abundance of infauna and mobile
fauna increased only within a few meters of the ecological foundations and thus accounted for
only a small area of the wave power park. The effect to supply a large number of decapods
with additional rich feeding grounds may be too small and local for areas close to ecological
foundations to reveal an effect on carapace size or abundance at the scale of the wave power
park and beyond.

One characteristic of a successful MPA is the extent to which the protection status and
no-take conditions are warranted. The better the protection status is enforced, the higher
the chance of the MPA having a successful outcome [66]. Around the wave power park, no
commercial fishing is performed, but recreational fishing is. During all study years, several
violations of recreational cage fishing inside the park occurred (personal observation by
Anke Bender) and the number of undetected cases may be higher. Recreational fishing has
been shown to contribute to the mortality of marine fish [67,68] and might obscure or mask
increased abundance and size of decapods in the park. This could be one explanation as
to why decapod size and abundance showed only small, often statistically not significant
trends with distance to the wave power park. Differences in fishing intensity between
the years by recreational crustacean fishing around the wave power park may also have
contributed to the differences in catch rates between the years.

Variation in catch rate among sampling locations was not significantly different for any
of the cage types. We expected a higher catch rate from the locations outside the wave power
park compared to inside, due to the incidental no-take zone of the park [23,26,30,34–36], rich
food sources due to higher biomass, the abundance and diversity of infauna close to the
foundations [20], and enhanced mobile macrofauna on the foundations [13,15]. However, it
seems that the effects may be very local and do not create a spillover to larger distances, and
may not be detectable as differences in catch rate.

ORE parks are usually designed and sited with no intent to conserve biodiversity
or enhance individuals, but as incidental MPAs, they still have been shown to protect
organisms. The investigations of more than 80 studies have discovered that even the
smallest MPA had a positive impact and the potential to bolster fisheries surrounding the
MPA, as well as protect against the over-exploitation of fish stocks [69]. In the future, ORE
sites will most likely continue growing to secure a sustainable energy supply. This can
provide a chance to further investigate the potential of purposeful co-location of MPAs
and ORE sites to enhance abundance, biomass density, and biodiversity. The Lysekil wave
power park research site did not significantly influence the abundance or size of decapods
in the park and up to 360 m around it. The results suggest that the incidental no-take
zone plays a limited role as an additional benefit for the decapod community in terms
of abundance and size. However, it is worth highlighting that negative effects such as
decreasing abundance or smaller carapace size were non-significant. Future increase in the
number and area of marine renewable energy installations may change their influence on
benthos, which may warrant repetition of this study.
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