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Abstract

The global demand for renewable energy is rapidly increasing in response to efforts to
reduce greenhouse gas emissions, driving the development of novel technologies. Offshore
solar energy is an emerging renewable technology with the potential to contribute to
the energy transition and decarbonization of electricity generation. Although offshore
solar projects are developing at an increasing pace, their ecological implications are not
yet well-understood, including interactions with marine megafauna. Given the central
ecological roles of birds and marine mammals, assessing and monitoring these interactions
is essential before large-scale deployment. Despite extensive research on marine megafauna
interactions with offshore wind farms, no studies have yet examined offshore interactions
with solar installations. This study uses year-round time-lapse imagery and bird pellet
analyses to record species presence, abundance, juvenile occurrence, and behavioral use of
these structures in the southern North Sea. Seagulls, as well as grey and harbor seals, were
frequently observed resting on the floating solar installations. Bird occurrence showed
seasonal variation, likely reflecting breeding and migration patterns. The results indicate
offshore solar structures may serve as temporary resting grounds for marine megafauna.
These findings emphasize the importance of long-term ecological monitoring to ensure the
sustainable co-existence of offshore renewable energy and marine biodiversity.

Keywords: offshore solar; North Sea; sea gulls; seals

1. Introduction
As renewable energy demand continues to rise and available land becomes increas-

ingly limited, innovative solutions are needed to expand solar power generation beyond
terrestrial environments. Offshore floating solar photovoltaic (PV) systems offer such an
opportunity, enabling large-scale clean energy production at sea, while avoiding land-use
conflicts and creating synergies with offshore wind. By utilizing shared infrastructure
and concession zones, offshore solar can support a more integrated and spatially efficient
marine energy landscape [1–3].

In European and Dutch energy transition scenarios, offshore solar is therefore con-
sidered an important complementary technology, with expectations of infrastructure for
generating tens of gigawatts possibly being deployed within existing wind farm zones by
mid-century. Integrating solar alongside wind could add substantial carbon-free electricity
without occupying additional sea space, underscoring the strategic role of offshore solar
for national energy independence and in long-term decarbonization pathways.
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While the technological development of offshore solar is advancing rapidly, much
less is known about how these installations affect marine life, particularly higher trophic
levels. Most ecological work to date has focused on underwater processes. The addition
of hard substrate, for example, can promote colonization by benthic organisms and the
formation of upside-down reefs [4–6], while early modeling indicates limited effects on
phytoplankton dynamics in the North Sea environment [7]. Although these studies offer
an initial understanding of underwater processes, they do not address how mobile species
interact with offshore solar; for marine megafauna, empirical field observations are needed
as a first step before any meaningful modeling can be undertaken. A key consideration
for mobile wildlife is the extensive horizontal structure introduced at the sea surface.
These low-profile floating platforms could interact with marine megafauna, though these
potential effects have yet to be explored.

Birds and mammals receive particular attention by playing multiple critical roles in
marine and coastal ecosystems [8,9]; as apex predators, they help regulate populations of
fish and invertebrates, contributing to the stability of marine food webs. Through feeding
and nesting behaviors, birds facilitate nutrient cycling by transporting key elements such
as nitrogen and phosphorus across marine and terrestrial environments. This makes them a
vital ecological link between land and sea. Additionally, birds and mammals are considered
important bioindicator species due to their sensitivity to environmental changes [10,11].
Variations in their presence, behavior, or population trends can reflect shifts in fish stocks,
levels of pollution, and broader climate-related impacts, providing early warning signs of
deteriorating ecosystem health.

Given the role of marine megafauna within ecosystems, it is essential to study how
these animals interact with emerging renewable technologies to ensure that conservation
priorities are integrated into sustainable energy development. The introduction of man-
made structures can affect birds in different ways, including collision risk, avoidance or
attraction [12]. Avoidance behavior can lead to higher energy expenditure or longer flight
times, which is particularly important when crossing ecological barriers, where birds must
complete their flights in a single go [13]. It can also lead to decreased reproductive out-
put and changes in immigration or emigration [14], as well as deprivation from suitable
breeding, roosting, and feeding habitats [12]. On the other hand, attraction to manmade
structures could be a result of new roosting grounds or increased food resources, such as
those created at turbine bases and fishing restrictions near these sites [15].

Regarding marine mammals, it has been observed that energy structures in the marine
environment can cause both avoidance and attraction. They may cause noise disturbance
and trigger avoidance behavior. Avoidance is most likely during the construction phase,
particularly during pile-driving for fixed wind installations, which produces intense under-
water noise [16]. Such noise can interfere with foraging and communication, leading to the
temporary or long-term displacement of individuals. Displacement may, in turn, reduce
access to key feeding or breeding habitats and increase energy expenditure if animals must
travel farther to forage. In contrast, attraction often occurs during the operational phase,
when turbine foundations become colonized by benthic organisms, supporting higher fish
abundances and creating new foraging opportunities [17]. Another factor of concern is
the electromagnetic fields generated by submarine power cables, which may influence
marine mammal behavior, although the extent and significance of these effects remain
uncertain [16].

This study examined the interactions between marine megafauna and an offshore
solar installation in the southern North Sea over the course of one year through the analysis
of images and bird pellets. The North Sea is a rich feeding ground for different species
of indigenous seabirds, while it is traversed annually by tens of millions of migratory
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birds [18,19]. Meanwhile, this region also supports populations of harbor porpoises (Pho-
coena phocoena), grey seals (Halichoerus grypus), and harbor seals (Phoca vitulina), as well as
occasional occurrences of other cetacean species [20]. Both globally and within the North
Sea, marine bird and mammal populations, including species of high conservation con-
cern, are already under pressure from numerous threats [21,22]. Consequently, assessing
the interactions between marine megafauna and emerging offshore technologies, such as
offshore solar, is critical for informing conservation strategies and developing targeted
mitigation measures where necessary. Following the key interaction pathways described for
offshore renewable structures (collision risk, avoidance and attraction), we document the
presence and use of offshore solar platforms by seabirds and marine mammals and assess
any evidence of bird collision risk, as well as factors that may shape visitation patterns.
The study specifically addresses the following questions:

(1) Was there any evidence of bird collisions with the solar farm during the study period?
(2) Do marine birds and/or mammals visit the farm? If so, which species are observed?
(3) Are juvenile birds present at the farm, and if so, when?
(4) How do season, time of day, daylight conditions and sea state (e.g., significant wave

height) relate to observed platform use/visitation patterns?
(5) Which dietary components can be identified from collected pellets, and is there any

evidence consistent with feeding on organisms associated with the underside of the
solar farm?

2. Materials and Methods
The study was conducted from May 2022 to April 2023 at the offshore solar farm

operated by Oceans of Energy, located at the Offshore Test Site, 12 km off the coast of The
Hague, the Netherlands, at a water depth of 20 m (Figure 1a,b). The farm consists of flexibly
interconnected floating platforms that move with the waves while they remain floating on
the sea surface and are held in place by anchors on the seabed.
 

 

Figure 1. (a) Location of the offshore solar farm, 12 km from the coast of the Hague, the Netherlands,
where the marine megafauna study was conducted. (b) Aerial view of the offshore solar farm placed
at the Offshore Test Site.

Initially, the horizontal footprint of the solar farm was 47 × 19 m, and expanded to
47 × 38 m in December 2022 due to an increase in the number of floating platforms.
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The sample consisted of images taken by daytime time-lapse cameras that were
mounted on poles elevated approximately 1.5 m above the floating platforms. The cameras
were oriented slightly downward and captured images hourly. Still images were analyzed
over a one-year period. The analysis included four to eight randomly selected days per
month, and six daily time points: 07:00, 10:00, 13:00, 16:00, 19:00, and 21:00. Seasonal
variations in daylight resulted in differing numbers of usable images across months; for
instance, during the winter months, fewer images per day were usable than during the other
seasons. For each time point, three to four cameras were selected to ensure optimal coverage
of the solar farm and to avoid overlapping floaters. While this sampling scheme captures
general patterns of bird and marine mammal presence, the limited temporal resolution and
number of sampling days means that short-term events, such as brief landings or rapid
departures, may not have been detected. Consequently, the results primarily reflect broader,
day-scale behavioral patterns rather than all individual events.

For each image, the bird and mammal species and the number of individuals per
species on the farm were recorded, along with the birds’ age class (juvenile or adult).
Because juvenile birds were often difficult to identify, only some could be classified to
species level; therefore, juveniles were not distinguished to species level in the analysis.
Species abundance at each time point was expressed as the number of individuals per m2.
This was calculated by summing the total number of individuals observed across all images
for a given time point and dividing by the total area of floating platforms (in m2) captured
in those images. Some birds remained unidentified due to challenges such as poor visibility
caused by intense sunlight, and flying birds were not included in the analysis.

Pellet analysis was performed with the aim to determine whether the food available
on and around the platforms plays a role in the attraction of marine megafauna towards
the solar farm. Bird pellets are compact masses of indigestible material that certain birds
regurgitate after eating. It was assumed that the pellet contents represented part of what the
seabirds had eaten over the past 24 h [23]. Pellets were collected at the solar farm between
October and December 2022, using a spatula and sealed individually in labelled plastic
bags. The pellets were later dried at room temperature for 48–72 h on paper towels and
were stored in a dry place. Afterwards, the pellets were analyzed at the Royal Netherlands
Institute for Sea Research (NIOZ) on Texel. The food item identification was based on the
manual ‘Larus fuscus and Larus argentatus: pellet and bolus Analysis’ [24] and the book
‘North Sea fish and their remains’ [25].

Blue mussel (Mytilus edulis) represents the dominant species in terms of biomass colo-
nizing the undersides of the floaters [4,6]. Given that one of the study’s hypotheses was that
avian presence at the farm may be influenced by food availability, the size distribution of
blue mussels colonizing the underside of the farm was examined. A total of 60 mussels were
randomly collected from the undersides of the structures, with five individuals sampled
from each of 12 floaters. The shell length of each specimen was subsequently measured.

Bird and mammal abundances were analyzed in relation to several factors, including
month, daylight, time of day, and significant wave height. Significant wave height (hereafter
referred to as wave height) represents the average height of the highest one-third of waves
and provides an ecologically relevant measure of sea state, capturing conditions most
likely to influence floating structures and associated fauna while minimizing the impact
of short-term variability in individual wave measurements. The size of the farm was not
included in the analysis due to partial collinearity with month, and results should therefore
be interpreted in the context of this limitation.

Light availability throughout the day was categorized into daylight and twilight based
on the average sunrise and sunset times for each month at the study site’s latitude. Daylight
was defined as the period when the sun was above the horizon, whereas twilight referred to
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periods when the sun was below the horizon but still provided some ambient light. Images
were not collected during full darkness.

Significant wave height data were obtained from the Rijkswaterstaat monitoring
station “Eurogeul E13”, which is the nearest available station providing measurements
corresponding to each time point in the analysis (https://waterinfo.rws.nl/ (accessed on
15 January 2026).

Statistical analysis was performed using R statistical software [26], version 4.3.3. Data
were tested for normality using the Shapiro–Wilk test. Non-normally distributed data were
compared using the non-parametric Kruskal–Wallis test, followed by post hoc pairwise
comparisons using a permutation-based approach in the coin package. p-Values were
calculated by randomly permuting group labels across observations and recalculating test
statistics for each permutation, thereby generating an empirical distribution of the test
statistic (10,000 resamples). To account for multiple testing, p-values were adjusted using
the Benjamini–Hochberg method.

For juvenile birds, grey seals, and harbor seals, monthly counts contained an excessive
number of zeros, and therefore post hoc comparisons were not conducted.

Differences in abundance between the two seal species were assessed using a paired
Wilcoxon signed-rank test due to lack of normality in the data.

To assess the relationship between significant wave height and bird or seal abundance,
we performed a Spearman’s rank correlation test. This non-parametric test was chosen
due to the presence of non-normal distributions and tied ranks in the data. The correlation
coefficient (ρ) and associated p-value were calculated using the cor.test() function. LOESS
smoothing was used to visualize trends in the scatterplot.

Bird and seal abundance (individuals m−2) was modeled using a generalized additive
model (GAM) from the mgcv package with the aim of quantifying the relative importance
and shape of the effects of environmental and temporal predictors on their abundances.
Tweedie distribution with a log link function was used to account for zero-inflation and
the positively skewed distribution of the data. Wave height was modeled as a smoothed
continuous predictor, while month, time of day, and light conditions were included as
categorical predictors.

3. Results
3.1. Birds

In total, 1131 pictures taken from May 2022 to April 2023 were analyzed. All identified
seabirds observed visiting the solar farm belonged to the Larus genus (gulls) and are
considered Least Concern in the IUCN Red List of Threatened Species. The species were
the lesser black-backed gull (Larus fuscus), the great black-backed gull (Larus marinus),
and the herring gull (Larus argentatus). All birds were alive, roosting and showed no
foraging behavior.

Overall, the predominant species present on the farm was the lesser black-backed
gull, followed by the herring gull, and smaller numbers of the great black-backed gull
(Kruskal–Wallis: p value < 0.001, adjusted p < 0.01 for all three).

Birds were present on the farm throughout the year, though their abundances varied
significantly (Kruskal–Wallis: χ2

11 = 189.23, p < 0.001). The highest abundances were
recorded in August and September, followed by July (Figure 2a). April did not differ
significantly from July and October (p = 0.42 and p = 0.44, respectively), although it exhibited
numerous outliers. In contrast, bird numbers were lowest in November, January, and
February, with birds nearly absent during these months.
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Figure 2. (a) Bird and (b) seal abundance (individuals m−2) per month at the offshore solar farm.
Each data point represents one time point. Boxplots sharing the same letter indicate groups that are
not significantly different from each other (p adjusted < 0.05 from pairwise permutation tests).

The lesser black-backed gull was present at the solar farm year-round, except in
February. The herring gull was absent only in January and February, while the great
black-backed gull was not recorded in November, January, or February (Figure A2a,c,e).
As a result, February was the only month without any gulls visiting the solar farm.

Juveniles were not identified to species level due to difficulties in identification, though
all were gulls. Most juveniles were observed during the summer months, particularly in
August, September, and October, while none were recorded in November, January, or
February (Figure 3). Notably, juveniles accounted for more than half of the observed
individuals in September and October (Figure A1). Statistical analyses were not possible
for juveniles due to the large number of zero observations.

 

Figure 3. Bird juvenile abundance (individuals m−2) per month at the offshore solar farm.
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There was a significant weak to moderate negative correlation between wave height
and bird abundance (Spearman’s ρ = −0.352, p < 0.001), indicating that as wave height
increased, the total bird density tended to decrease (Figure 4a). Visually, the slope dropped
more sharply after approximately 95 cm wave height and beyond about 200 cm wave
height, bird abundance remained close to zero.

  

Figure 4. Bird (a) and seal (b) abundance (individuals m−2) at the solar farm as a function of
significant wave height (cm) over the whole year. Blue and purple lines indicate the locally estimated
scatterplot smoothing curve, with shaded areas indicating 95% confidence intervals.

When wave height was below 100 cm, only 26% of observations recorded zero bird
abundance. However, this proportion increased to 61% for wave heights above 100 cm, and
further raised to 74% at 200 cm, indicating a strong negative relationship between wave
height and bird presence.

Modeling of bird abundance as a function of wave height, month, time of day, and light
conditions showed that wave height significantly explained variation in bird abundance,
with a non-linear effect (smooth term for wave height edf = 4.63, F = 27.7, p < 0.001)
especially, from around 100 cm onwards, bird abundance quickly dropped (Figure 5a).
Several months demonstrated significant deviations from the annual mean bird abundance.
In particular, abundance was significantly higher from July through October, whereas
January and February showed significantly lower values relative to the overall monthly
mean. Regarding the time of the day (Figure 5d), only 07:00 showed a significant deviation
(estimate = −0.53, p = 0.003), indicating lower bird densities in that time period compared
to the average across all times. Finally, no significant effect of light was detected (p > 0.5
for daylight and twilight), suggesting light conditions had a minimal influence on bird
abundance. With 73.7% of the variation explained, the variables tested captured most of
the observed variation in bird abundance.

The analysis of 20 bird pellets collected from the solar farm, serving as a qualitative
reference of the diet of visiting birds, revealed that the most frequent prey species was the
flying crab (Table 1), followed by the European plaice, whiting, and common dab. One
blue mussel of 2.5 cm and sheep pellets were each detected in only a single sample.

To assess whether birds might have consumed blue mussels from the underside of the
farm, 60 mussels were collected and measured. The shell lengths of these mussels ranged
from 4.1 to 6.4 cm, with an average length of 4.9 ± 0.4 cm.
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Figure 5. Partial effects on bird abundance (individuals m−2) of (a) significant wave height, (b) light,
(c) months, and (d) time during the day estimated using a generalized additive model (GAM) with a
log-linked Tweedie distribution. For the continuous variable, tick marks on the x-axis show observed
datapoints, the black line indicates the model’s predicted partial effect and the shaded area indicates
95% confidence intervals. For the categorical variables, points show the estimated coefficients for
each level of the factor variable and error bars indicate 95% confidence intervals.

Table 1. Items in food pellets of birds collected at the offshore solar farm.

Species Name Common Name Found in Number of Samples

Polybius holsatus Flying crab 19

Pleuronectes platessa European plaice 5

Merlangius merlangus Whiting 4

Limanda limanda Common dab 2

Plaice/dab 1

Mytilus edulis Blue mussel 1

3.2. Seals

The marine mammals observed at the offshore solar farm, identified through both
photographic analysis and from sightings during maintenance works at the farm, were
the grey seal (Halichoerus grypus) and the harbor seal (Phoca vitulina). Individuals were
frequently seen resting on the floating structures.

Seals were present on the farm year-round, but their abundance differed significantly
among months (Kruskal–Wallis test: χ2

11 = 97.50, p < 0.001). The highest abundances were
observed in February, March, and April, whereas September and November showed the
lowest numbers (Figure 2b). Notably, harbor seals were completely absent in September
(Figure A2d).

When comparing the two species, total abundance did not differ significantly between
grey and harbor seals (paired Wilcoxon signed-rank test: V = 6348.5, p = 0.191). Season-
ality was broadly similar for both species (Figure A2b,d), with grey seals reaching peak
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abundance in February, followed by March and April, while harbor seals peaked in March,
followed by April and February. The lowest numbers of visits by grey seals were recorded
in September, November, and January, while harbor seals showed similarly low visitation
in these months as well as in August.

There was a significant moderate negative correlation between wave height and seal
abundance (Spearman’s ρ = −0.405, p < 0.001), indicating that higher wave heights led to
decreased seal abundance (Figure 6b). Visually, the slope appeared to drop more sharply
after approximately 110 cm wave height. When wave height was below 100 cm, only 10%
of observations recorded zero seal abundance. This proportion increased to 50% for wave
heights above 100 cm, and further raised to 80% at 200 cm, indicating a strong negative
relationship between wave height and bird presence.

Figure 6. Partial effects on seal abundance (individuals m−2) of (a) significant wave height, (b) light,
(c) months and (d) time during the day estimated using a generalized additive model (GAM) with a
log-linked Tweedie distribution. For the continuous variable, tick marks on the x-axis show observed
datapoints, the black line indicates the model’s predicted partial effect and the shaded area indicates
95% confidence intervals. For the categorical variables, points show the estimated coefficients for
each level of the factor variable and error bars indicate 95% confidence intervals.

GAM results showed that wave height had a significant non-linear effect on seal abun-
dance (edf = 5.83, F = 12.56, p < 0.001), indicating that seal presence varied strongly across
the range of sea conditions (Figure 6). At low wave heights (up to ~130 cm), the partial
effect was slightly positive, indicating a small increase in predicted seal abundance. Be-
yond this point, the effect declined, becoming negative at higher wave heights, suggesting
substantially lower predicted abundance under rougher conditions. Among the categorical
predictors, several months showed significant differences compared to the mean value of
seal abundance across all months. Seal abundance was significantly higher than the yearly
average in February, March and April, while it was substantially lower in September. Most
time periods did not differ from the overall mean, except 10:00, which showed a slight but
significant decrease (estimate = −0.28, p <0.05), while light conditions had no effect (all
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p > 0.05). The final model explained approximately 54% of the deviance, indicating that
about half of the variation in seal abundance was captured by the included predictors.

4. Discussion
This study aimed to investigate the interactions of marine megafauna with offshore

solar in the southern North Sea by means of image analysis over the course of one year and
bird pellet analysis.

The results indicated that gulls and seals used the offshore installation, with sea state
(wave height) and season being associated with variation in marine megafauna occurrence.
This use pattern aligns with previous findings showing that both birds and seals utilize
offshore energy structures [17,27,28]. Nevertheless, because the mid-study increase in farm
size was not explicitly accounted for in the analysis, these results should be interpreted
with caution. This further underscores the value of continued field monitoring across
deployment stages to support evidence-based conclusions.

4.1. Birds

The offshore solar farm was visited by three bird species: the lesser black-backed
gull (Larus fuscus), the great black-backed gull (Larus marinus), and the herring gull (Larus
argentatus). Additionally, no bird carcasses were found at the solar farm, indicating no
collision incidents. Finally, no definitive conclusion can be drawn regarding whether the
visiting birds fed on fauna growing on the floating structure.

Regular visits by the three gull species, along with the absence of bird carcasses,
suggest a low vulnerability to displacement and collision [29]. The floating solar platforms
provide above-water surfaces that birds appear to use as resting and roosting sites, similar
to what has been observed for offshore oil and gas structures, thereby reducing their energy
expenditure [30]. In a recent study on a smaller-sized solar farm at a small distance from
the Dutch shore, terns (Sterninae) and waders (Charadriiformes) were also observed in
addition to seagulls [31]. These offshore solar installations could be particularly valuable
for resting when co-located with offshore wind farms, as birds may expend more energy
to avoid wind turbines [32]. However, such attraction could inadvertently increase their
exposure to nearby turbines, thereby elevating the risk of collision. Conversely, species
known to exhibit avoidance behavior toward wind farms [33] might also avoid adjacent
solar installations, reducing any potential interactions altogether.

Collision risk associated with offshore wind developments has been a major environ-
mental concern for birds [34], but this risk is expected to be very low with offshore solar
installations. Unlike wind farms, which operate in three-dimensional space with actively
rotating blades, solar farms are two-dimensional, static structures that do not pose direct
obstacles to birds in flight. Many bird species have limited frontal binocular vision and
primarily downward-focused fields of view while foraging, which increases their suscep-
tibility to collisions with rotating turbine blades [35]. Offshore solar structures remain
within the birds’ visual field during flight and therefore pose a substantially reduced risk
of collision.

Collision risk associated with solar energy has been documented in onshore instal-
lations, where waterbirds may perceive solar panels as water bodies, a phenomenon
described as the “lake effect” [36,37]. On land, certain bird species are believed to mistake
photovoltaic panels for lakes or wetlands, potentially resulting in collisions. However,
the absence of any recorded collision incidents over the one-year duration of this study
suggests that such risks may be less relevant in offshore environments. Notably, observa-
tions of birds landing on the offshore solar installation indicate that they most likely can
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distinguish between the constantly moving sea surface, shaped by wind and wave activity,
against the smooth, static surface of photovoltaic panels.

In addition to serving as resting grounds, solar farms may attract birds due to increased
food availability, similar to observations at offshore wind installations [38]. The underside
of floating solar structures provides a substrate for marine organism growth, effectively
creating an artificial reef [4], which in turn attracts fish and crustaceans and other potential
prey for birds. The small sample of bird pellet contents did not confirm this trophic link,
but a larger, seasonally distributed sample size could provide more robust conclusions.
Additionally, foraging behavior was not observed in any of the pictures analyzed.

In this study, the observed seasonal variation in bird abundance, with highest abun-
dance in August, September, and July, and lowest in February, January, and November,
could reflect their breeding cycle during which it is known that they forage in large numbers
within a small distance from their nests [39]. For example, in the lesser black-backed gull,
offshore movement typically decreases during the incubation period and peaks during the
early chick-rearing phase, which could explain the observed large presence of birds during
the summer months and also the large presence of juveniles during that period [40]. In
other months of the year, April showed unexpectedly high bird abundances, which may be
attributed to particularly low wave heights, as it was the month with the lowest median
wave height across all months in that year (Figure A3). Similarly, November had almost no
birds and was the month with the highest waves.

Sea state, particularly wave height, appeared to be an important factor influencing bird
visits. Our results suggest a potential threshold: visits were frequent up to approximately
100 cm of wave height but declined sharply beyond this level. No diurnal pattern of
visitation was detected, aside from fewer visits at 07:00, which could possibly reflect daily
movement patterns and/or changing light conditions, although this cannot be resolved
with the present dataset.

The lack of diurnal pattern is somewhat surprising, given that gulls are known to
exhibit distinct flight and feeding activity patterns [41]. When the day was further divided
according to light availability, which could be more ecologically meaningful than human-
defined hours, no clear effect on visitation was again observed. Nighttime conditions
could not be assessed in this study, but their inclusion would be highly relevant, as seabird
behavior varies by species: some engage in nocturnal migration or feeding [42–44], while
others typically return to terrestrial roosts after dark [45]. Detection of such species would
require alternative monitoring approaches, such as bird radar or night-vision cameras.
Finally, additional environmental parameters, such as weather conditions, particularly
wind, which is known to influence bird flight height [46], could possibly improve the
description of our data.

Regarding the interspecific variation in bird presence, the lesser black-backed gull
was the most abundant species, followed by the herring gull, while the great black-backed
gull occurred in much lower numbers. However, some individuals could not be identified
to species level, and flying birds were excluded from the analysis, potentially influencing
relative abundance patterns.

The lesser black-backed gull was observed at the solar farm throughout the year,
with the exception of February. The highest average numbers were recorded from July
to September, a period that follows the breeding and hatching season and overlaps with
chick-rearing. During the breeding season, this species is known to concentrate around its
breeding colonies, primarily located in the Delta region and on the Wadden Islands, where
the largest colonies are found [47]. It is known to forage over distances of several tens of
kilometers from their colonies, placing the study site within their potential foraging range.

https://doi.org/10.3390/su18031646

https://doi.org/10.3390/su18031646


Sustainability 2026, 18, 1646 12 of 20

This suggests that the gulls may use the solar farm platforms as resting areas following the
energetically demanding breeding and hatching period [48].

Typically, the lesser black-backed gull is most numerous along the Dutch coast in
July, and beginning around September, it migrates southwards to overwinter [49]. Adult
birds begin returning to their breeding colonies around February or March, while a smaller
number of immature individuals follow later in the spring; the majority remain in the
wintering areas until reaching sexual maturity [47]. The strong presence of this species
in September could likely overlap with its migration period, with individuals visiting the
farm during their journey from northern regions.

The herring gull is present year-round in the North Sea, with slightly higher numbers
typically observed during the autumn months [47]. Our findings support this pattern, as
herring gulls were recorded at the solar farm throughout the year, except in January and
February, with the highest numbers observed between July and September.

Great black-backed gulls were present on the platform in relatively low numbers
throughout the year, with peak abundances observed from July to September. This pattern
contrasts with expectations, as the North Sea is an important migration and wintering
area for birds from northern regions [50], and great black-backed gulls typically arrive in
September and remain until early March [51].

Juvenile gulls were most frequently observed on the solar farm in August and Septem-
ber, with smaller numbers also recorded in October and July. These peaks align with the
general breeding cycle of these gull species, which typically hatch from late May to late June
and fledge about 40–55 days later, corresponding to mid-July through mid-August [52–54].

Regarding the trophic aspect of the study, it should be noted that food remains encoun-
tered in pellets on the solar farm do not necessarily represent organisms actually caught at
the farm, even when the respective species are known to occur there. The small sample of
analyzed pellets showed that part of the main prey species of seabirds included the flying
crab, one of the most prevalent brachyuran species in the North Sea [55], followed by fish
species: common dab, European plaice and whiting, and finally a blue mussel in one pellet.

Swimming crabs, the family to which the flying crab belongs, are a known prey of
lesser black-backed gulls [49,56] and are occasionally taken by herring gulls [49,57]. The
Oceans of Energy offshore crew observed swimming crabs near and on the floating solar
platform, indicating potential foraging opportunities. However, lesser black-backed gulls
primarily forage on swimming crabs in more nearshore areas [56], and no foraging behavior
was observed in the images collected during the study period.

The mussel-containing pellet may have originated from a herring gull, as shellfish,
particularly blue mussels, are part of their diet, especially in younger birds that were present
at the time [58]. This single blue mussel encountered in one pellet did not correspond in
size to that of the mussels randomly sampled from the solar farm. However, that does
not exclude that it originated from the farm, as the bird that ate it might have picked a
smaller specimen.

Fish species found in the pellets (European plaice, common dab, and whiting) most
likely originated from fisheries discards [41,59,60], as gulls commonly follow fishing vessels
and feed on waste [61]. This is consistent with their ecology, as plaice and dab are demersal
and whiting is benthopelagic, meaning that these species are not typically accessible to gulls
in their natural habitats. Nevertheless, as benthic communities develop on the underside
of the solar farm, increasing food and shelter availability could potentially attract other fish
species, which ultimately could become prey for gulls.

While this study confirmed the attraction of the lesser black-backed gull, herring gull,
and great black-backed gull, the response of other species to offshore solar farms remains a
knowledge gap. The orientation of the cameras optimizing coverage of the top surface of
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the farm restricts observations of the sky, thus preventing the measurement of bird fluxes.
Consequently, it is not possible to estimate the proportion of seagulls using the installation
or to detect other species that may have been present in the area. Additionally, expanding
the field of view to include the surrounding water could also help detect foraging birds.

The findings of our study at this solar farm provide insights into potential bird re-
sponses at other North Sea sites. Nevertheless, species composition and abundance are
expected to vary among sites. Bird distribution patterns in the North Sea are strongly
influenced by distance from shore and proximity to breeding or natal colonies [62,63].
Migratory routes in particular follow predominantly coastal corridors, with birds using
shorelines and nearshore waters as navigational corridors and stopover areas. As with other
offshore structures then, bird responses are expected to change with increasing distance
from shore [64].

4.2. Seals

The grey seal (Halichoerus grypus) and the harbor seal (Phoca vitulina) are common
marine mammal species in the North Sea and were also frequent visitors at the solar farm,
which appears to attract these species year-round.

Seals haul out typically on shore or on ice. Hauling out serves multiple purposes,
including rest and thermoregulation, and patterns can vary seasonally depending on sex,
molting, pupping, nursing, as well as diurnal and tidal cycles and prey availability [65–67].
The presence on the solar farm could have multiple effects on the energy expenditure of
the seals; not only do they rest, but they can save further energy by avoiding the need to
travel to shore for this purpose. Additionally, hauling out on the structures allows seals to
avoid the prolonged exposure to cold water, thereby reducing thermoregulatory costs.

Besides resting, seals could also use the solar farm area to feed, as some species are
known to forage near anthropogenic structures [68]. Although direct evidence of feeding
was not observed in this study, marine growth develops on the underside of the farm
already within the first year [6], potentially also enhancing secondary production in the
surrounding seabed [69]. This increase in food availability could make the farm more
attractive to seals, and given that both grey and harbor seals are generalist feeders, it may
ultimately contribute to a local shift in their diet [70].

Finally, hauling out in highly trafficked areas may represent a coping mechanism in
response to noise disturbance [71]. Elevated hauling out activity has been documented in
seals during pile-driving operations [72]. Although noise emissions from offshore solar
farms have not yet been studied and are expected to be less intense than those produced
by pile driving, the North Sea is a highly industrialized and heavily trafficked marine
environment, where cumulative anthropogenic pressures may amplify potential impacts.
The possible influence of these pressures on seal behavior should therefore be further
investigated [73].

Overall, no species was consistently more frequent, although a substantial number
of observations were recorded as ‘unknown’ due to difficulties in identification, as clear
distinguishing characteristics were often not visible on the camera footage.

With the exception of September, when only grey seals were observed at the solar farm,
both seal species were present year-round. Harbor seals were abundant in February, March,
and April, preceding their pupping season, but also in June when it is already pupping
season, contrary to other studies in which hauling out peaks during pupping season and
molting season [74,75]. Very low numbers of visits in August, September, November, and
January may be related to the peak in food intake by harbor seals, which typically follows
the breeding and molting seasons [76]. At the same time, November and January, followed
by September, experienced the highest wave activity, with significant wave heights often
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exceeding 100 cm (Figure A3), coinciding with markedly lower seal observations at the
farm (Figure 6a). Similarly to birds, the doubling of the farm size was not accounted for in
the analysis.

Grey seal visits peaked in February, followed by March and April, while significantly
fewer visits were recorded in September, November, and January. Their breeding cycle
may help explain the observed increase in their numbers at the solar farm during the
winter months, as grey seals breed from September to December and undergo molting later
on [77], and are generally known to be more present at haul-out sites during these periods
compared to the summer [78].

Beyond seasonal effects, sea conditions appear to influence seal presence at the farm.
Similar to birds, higher wave heights were associated with reduced seal abundance; how-
ever, unlike birds, seals showed greater tolerance and began avoiding the farm at wave
heights exceeding approximately 110 cm.

Diurnal patterns reported in previous studies were not detected in this study [66,79].
However, time of day may be relevant at haul-out sites influenced by tides [80] and its
effect may also vary seasonally [67]. This is not the case at the solar farm, which remains
above water at all times.

Overall, it is important to consider that seal haul-out behavior on a solar farm is
likely not directly comparable to haul-out on shores; given that a solar farm is an offshore
structure, seals may use it in different ways than natural haul-out sites, for instance, during
seasons when they are already predominantly offshore.

Although this study documented the use of the offshore solar farm by grey and harbor
seals, it remains unclear how other marine mammals respond beneath the water. For in-
stance, the harbor porpoise (Phocoena phocoena), an abundant North Sea species, is known to
be attracted to anthropogenic structures [27]. To assess potential behavioral responses, such
as attraction or avoidance, of harbor porpoises and other cetaceans, additional methods
such as hydrophone monitoring would be required.

Finally, as with birds, seal behavior is expected to vary across different offshore solar
farm locations, reflecting differences in their spatial distribution, particularly relative to
distance from shore [81]. For example, a study at a smaller solar farm located nearshore
in the Dutch North Sea recorded just a few individual seals over nearly two years [31]. In
addition to natural distribution patterns, haul-out behavior exhibits seasonal variation that
differs by location [77].

5. Conclusions
This study provides the first empirical observations of seabirds and marine mammals

at an offshore solar installation in the southern North Sea. Multiple species (lesser black-
backed gull, great black-backed gull, herring gull, as well as the grey and harbor seal) were
observed resting on the floating platforms, demonstrating that offshore solar structures
can be used by marine megafauna. Their presence fluctuates throughout the year, likely
influenced by breeding and migration. The observed use appears primarily related to
resting/haul-out behavior, although feeding cannot be ruled out. Sea state also largely
influences their presence, with visits declining sharply for birds above wave heights of 1 m
and slightly higher waves for seals.

The reduction in global climate change impacts is essential for the conservation of
marine ecosystems, and offshore solar can play an important role in achieving international
carbon-reduction targets [82]. By lowering CO2 emissions, offshore solar may contribute
positively to biodiversity conservation in the long-term, reducing large-scale climate-driven
threats such as ocean warming, habitat loss, and extreme events. However, the immediate
ecological impacts of offshore solar remain difficult to predict and quantify. Beyond
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the effects of individual solar farms on marine megafauna, it is also necessary to assess
cumulative effects in combination with other anthropogenic activities, such as offshore
wind. For birds, these cumulative assessments are especially relevant, as wind turbines
pose collision risks, while co-located solar farms may influence local use patterns and
habitat utilization.

Continuous monitoring, supported by close collaboration among developers, scien-
tists, and policymakers, will therefore be essential as offshore renewable energy expands,
ensuring that mitigation measures are implemented where necessary and that optimal de-
velopment locations with minimal ecological impact are identified. The findings presented
here provide an initial ecological baseline that can inform environmental assessments,
guide future monitoring and modeling studies, and support the design of nature-inclusive
offshore solar systems.
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Appendix A

Figure A1. Ratio of juvenile to adult bird abundance observed at the offshore solar farm during
one year.
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Figure A2. Abundance (individuals m−2) per month at the offshore solar farm of (a) lesser black-
backed gull, (b) grey seal, (c) herring gull, (d) harbor seal, and (e) great black-backed gull. Each data
point represents one time point.
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Figure A3. Monthly distribution of wave heights for the selected time points from which images were
analyzed at the offshore solar farm location. Each point denotes an individual observation. Boxplots
labeled with the same letter do not differ significantly based on pairwise comparisons (p < 0.05).
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