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Bird communities are facing heavy declines, especially in agricultural landscapes. An exponentially spreading
landscape feature, photovoltaic solar farms, may offer an opportunity for their conservation. Compared to
croplands and other disturbed areas, solar farms may provide stable food and nesting sources, but also pose
challenges due to intensive vegetation management and the presence of artificial structures. We know little about

Photovoltaics K o . o . : :
Renewable energy how bird communities respond to these novel habitat characteristics, preventing the formulation of evidence-
Urbanization based guidelines to benefit birds in solar farms. Here, we aimed to unravel drivers of bird community pat-

terns in solar farms embedded in transformed, agricultural landscapes. Using data from 32 farms and sur-
rounding landscapes, we found that birds in the farms form distinct communities compared to the surrounding
landscape, and the bigger the farm, the more distinct the community. Indicator species of solar farms include
urban and open-habitat species, while forest species only spill over to the farms from adjacent woody habitats.
Although some open-habitat species regularly occur in solar farms, those that require a clean skyline avoid the
farms. In addition, if better-quality grasslands are available around, open-habitat birds do not enter in higher
numbers but tend to lower their preference on the farms. Birds showed seasonal variation in solar farm use; they
were more common during the breeding season than in the fall. These findings highlight the potential (e.g., for
open-habitat bird conservation) and the limitations (e.g. unfavourable off-season conditions) of solar farms,
which we could strategically exploit and should navigate with targeted interventions, respectively.

are deployed on the ground (1.6-3.5 ha MW ™!, depending on climatic
conditions) (Hernandez et al., 2014, Ong et al., 2013, Blaydes et al.,
2021), making solar energy utilization an emerging land-use type

1. Introduction

Global energy consumption is expected to double by the mid-21st

century (Kober et al., 2020), while there is growing demand for
renewable solutions to slow down climate change (Papadis and
Tsatsaronis, 2020). This challenge spurred renewable energy de-
velopments worldwide, and the utilization of solar energy has become
the fastest-growing option (Van de Ven et al., 2021, Nijsse et al., 2023).
Compared to other energy sources, solar irradiation has a low energy
density, necessitating large land allocations when photovoltaic panels
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(Spath, 2018; Hermoso et al., 2023). For example, the USA has set aside
8900 km? potential area for future solar developments in eleven western
states (BLM (Bureau of Land Management), 2024), while European
economies, such as the UK or Poland, have also pledged themselves to
similar levels of greening, including an up to tenfold increase in the
cumulative area of utility-scale solar farms by 2030 (UK Government,
2023, https://www.smart-grids.pl, https://www.teraz-srodowisko.pl).
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The exponential spread of solar farms can lead to conflicts with other
land-based activities, such as agriculture or nature conservation
(including restoration). Agricultural production can be continued in
solar farms if scaffolds and panels are adjusted to fit the movement of
agricultural machinery and appropriate crop types are selected to match
the altered site conditions (Dinesh and Pearce, 2016). As an analogue to
this ‘agrivoltaic’ solution, ‘ecovoltaic’ solar developments combine
biodiversity conservation and components of nature restoration with
solar energy generation (Sturchio and Knapp, 2023; Tolgyesi et al.,
2023). However, solar farms have unique habitat features (solar
panels, scaffolds, fences, and other accessories) and vegetation man-
agement requirements (e.g. to avoid panel shading) that have conse-
quences on wildlife. Therefore, careful, evidence-based guidelines are
needed on how to optimize for biodiversity (e.g., to provide nesting sites
or provide food sources for birds) and best assist nature recovery in solar
farms to make them ecovoltaic.

To construct and maintain ecovoltaic solar farms, we first need to
understand how wildlife interacts with solar facilities. Solar farms are
known to increase habitat fragmentation as the artificial structures are
avoided by some animals, and the fences represent significant barriers to
the movements of large animals, such as mammals (Levin et al., 2023).
Water-associated animals (e.g. water birds and polarotactic insects) can
mistake solar arrays for water, leading to collisions (Walston Jr et al.,
2016, Visser et al., 2019) and reproductive failures (Horvath et al.,
2010). However, the most substantial concern for wildlife is habitat
loss, as major solar developments in many regions of the world often
occur in natural areas, such as grasslands (Hernandez et al., 2015;
Tsafack et al., 2022; Young et al., 2025). A particularly vulnerable group
of species in such areas is open-habitat specialist birds (often referred to
as ‘grassland birds’), which have already undergone massive declines
globally due to agricultural expansion and land-use intensification
(Brennan and Kuvlesky Jr, 2005, Douglas et al., 2023). Overall, the
impact of such solar developments is likely to be negative on grassland
birds by decreasing habitat quality or supporting synanthropic, often
invasive bird species (DeVault et al., 2014; Visser et al., 2019; Young
et al., 2025).

The effects of solar developments on birds are not necessarily
negative in agricultural landscapes, particularly if the farms are con-
structed in the place of croplands, mining sites, and other degraded
brownfields. This is the case in much of Europe and other regions of the
globe with a large human footprint index, where remote natural areas
are scarce and, if present, are no-go zones for solar developments
(Golawski et al., 2025). In agricultural landscapes, we can expect a
mixture of negative and positive effects on bird communities. Compared
to croplands with regular soil and vegetation disturbance, low food di-
versity, and limited nesting opportunities, solar farms can offer more
favourable conditions, but the artificial structures or some grassland
management options, such as maintaining a short turf, are not neces-
sarily perceived as attractive habitat features (Jarcuska et al., 2024;
Copping et al., 2025). Optimizing for the above positive effects can
potentially yield considerable improvements for bird communities. Such
targeted improvements have been initiated for other organisms, such as
vascular plants and pollinators (Blaydes et al., 2021; Lambert et al.,
2022; Meyer et al., 2023), but, for birds, no evidence-based guidelines
can be developed as long as we do not have a more in-depth under-
standing of their community-level interaction with solar farm habitats.
To this end, we aimed to unravel community assembly patterns of birds
in solar farms located in agricultural landscapes of Central Europe.
Specifically, we hypothesized that 1) that solar farms can maintain
distinct bird communities compared to the surrounding landscape, and
the level of compositional distinctness is determined by local to land-
scape level ecological drivers (incl. farm size, season, management in-
tensity, soil type, and landscape composition), and 2) these ecological
drivers also affect the diversity, abundance, and composition of bird
communities within the solar farms.
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2. Material and methods
2.1. Study area

The study was carried out in the Great Hungarian Plain of Hungary,
Central Europe. The region has a subcontinental climate with an
increasing Mediterranean influence. Its mean annual precipitation and
temperature range between 500 and 600 mm and 11-12 °C, respectively
(Erdos et al., 2024), and it is located 80-140 m above sea level. Native
vegetation is primarily forest-steppe, which is a mosaic transition be-
tween temperate broadleaf forests of Western Europe and the arid
steppes of Eastern Europe and Middle Asia (Erdos et al., 2018). How-
ever, most of the natural ecosystems of the region have been trans-
formed into cropland, tree plantations, or urbanized areas (Biro et al.,
2013, 2018). As a recent trend since the late 2010s, utility-scale solar
farms have appeared as a novel land-use type, and their number is still
increasing rapidly. Most solar farms have been built on former arable
land, and their vegetation is managed solely to serve the purposes of
energy production, mostly leading to low-nature-value grassland vege-
tation among the panels. Ecovoltaic principles, where supporting
biodiversity is intentionally considered (see Tolgyesi et al., 2023;
Sturchio and Knapp, 2023), have not become a regular strategy yet.

2.2. Data collection

We selected 32 solar farms in the region, differing from each other in
terms of size, soil type, and management intensity (Fig. 1). All variables
had two levels. Regarding size, we had small (1-1.5 ha) and large (4-10
ha) farms; intermediate sizes are rare in the entire region due to tech-
nological reasons. We classified soils into either coarse-grained sand or
clayey-loamy, cohesive soils, with a strong effect on the species
composition and structure of the vegetation. Sandy farms are arid and
have bare patches, while cohesive soils usually host a continuous-
canopy sward. Managers either applied intensive methods to suppress
vegetation, including spraying herbicides and frequent mowing (up to
3-4 times a year), or followed a more moderate management with no
spraying and less frequent mowing (2-3 times a year), and sometimes
grazing. Information about the management was directly obtained from
the solar farm owners. We also considered the composition of the
landscape in 1000-m zones around the farms (henceforth “surrounding
landscape”). We used the CORINE Land Cover (CLC) dataset (European
Environment Agency (EEA), 2018) and reclassified the original CLC
categories using high-resolution (3 m) four-band PlanetScope satellite
imagery provided by Planet Labs (Planet Team, 2025). Categories
included ‘cropland’ (arable fields, orchards and vineyards), ‘forest’
(forested and shrubby habitat patches outside urban areas), ‘grassland’,
and ‘urban area’ (inhabited areas, roads, strongly disturbed areas such
as quarries and sandpits). Images corresponding to the sampling periods
were selected to ensure temporal consistency with biological data. We
processed all satellite images and derived data with ArcGIS Pro (ESRI
(Environmental Systems Resource Institute), 2024).

We surveyed every solar farm once in summer (in June) for resident
birds after the end of the spring migration, and once in fall (in October)
during migration. Half of the parks were surveyed in 2023 and the other
half in 2024. After arriving to the solar farms, we allowed a few-minute
settling period for the birds before starting the survey. During the sur-
veys, we slowly walked for 20 min along the perimeter of the farms and
recorded every bird — heard or seen - that was inside (e.g. perched on
solar structures, feeding on the ground, etc.) or actively used the
airspace of the farm (hovering kestrels, hunting swallows, etc.). The
allocated time was enough to compile a complete checklist for both
small and large farms. A spatially more balanced sampling effort could
have been achieved by sampling only a fraction of the large farms that
equalled the size of small farms but that would have pushed a solar farm
part to the surroundings of the sampled part of the large parks, which
would have always been absent in the surroundings of small farms. We
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Fig. 1. Distribution of the studied 32 solar farms in the Great Hungarian Plain, Central Europe (A); a large solar farm near Kalocsa in a predominantly agricultural
landscape with a small share of grassland (B), a large solar farm with higher forest cover in its surroundings near Jaszszentlaszl6 (C), and a small solar farm in an

urbanized environment near Mezékovacshaza (D).

considered this more difficult to handle during the interpretation of the
results than a simple difference in the size of the sampling sites. We also
recorded every bird — heard or seen - in an approximately 150 m wide
section of the surrounding landscape around the farm (henceforth
“surrounding buffer”). Since forested habitats were comprised by semi-
arid tree plantations and small spontaneous patches of woody species, it
was possible to detect most birds both in open and forested parts of the
buffer with equal reliability, although some silent foraging individuals
might have remained elusive in all habitat types. Flybys (e.g. migrating
birds) without interaction with the farm below or its buffer zone were
noted but excluded from the analysis. Birds that we flushed during the
survey and changed position (to the buffer from the farm or to the farm
from the buffer) were counted only in their former position. Birds that
crossed the border of the solar farms on their own were recorded to both
the solar farm and its buffer. Birds that left one of the locations to the
direction of the other but without landing or interacting with it in any
active way were recorded only in the first location. Surveys were con-
ducted within four hours after sunrise (approx. From 5 a.m. to 9 a.m. in
summer and from 7 a.m. to 11 a.m. in October). All surveys were done
by the first author; therefore, data quality was not affected by inter-
observer differences.

2.3. Comparing solar farms to surrounding buffer habitats

All data processing and analysis were performed in R 4.2.2. (R Core
Team, 2022). Raw species richness and abundance data are of limited
usability for solar farm vs. surrounding buffer comparisons because
buffer sizes showed high variation due to the different shapes and sizes

of the farms; therefore, we analysed only compositional and propor-
tional data. First, we tested whether the bird community composition of
solar farms differed from the surroundings with permutational multi-
variate analysis of variance (PERMANOVA). For this, we used the
‘adonis2’ function of the vegan package (Oksanen et al., 2024); the
distance measure was Bray-Curtis dissimilarity, locality was set as strata,
and we applied a permutation test with 5000 permutations. We also
compared multivariate dispersion between solar farms and the sur-
rounding buffers using the ‘betadisper’ and ‘permutest’ functions of the
vegan package (Bray-Curtis dissimilarity, 5000 permutations, and lo-
cality used as strata). We visualized compositional patterns with non-
metric multidimensional scaling (NMDS), with Bray-Curtis dissimi-
larity on log-transformed bird counts, using the ‘metaMDS’ function of
the vegan package. We applied data transformation because some counts
were rather large compared to the rest, but the ecological importance of
this was comparatively low, as the high scores occurred due to the
flocking behaviour of some species (e.g., Common Starling).

After describing the main compositional patterns, we separated the
compositional difference of sample pairs (between each solar farm and
its surrounding buffer; no cross-locality distances were considered) into
its two components, turnover and nestedness, using the ‘beta.pair’
function of the betapart package (Jaccard distance, Baselga et al., 2023).
We compared the two components with a paired Wilcoxon signed-rank
test to reveal any difference in their importance. High turnover can
indicate that each sample type (solar farm or surrounding buffer) has its
own species, while a high nestedness indicates that one of the samples is
just a subset of the other, more diverse one, e.g. if only a subset of the
birds enter solar farms from the surroundings. Since the turnover
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component was higher, we prepared a linear mixed-effects model to
understand what determines its value. We used management intensity,
soil type, landscape composition (i.e. the share of cropland, grassland,
forest, and urban area in the surrounding landscape), park size, and
season as fixed factors and locality as the random effect. We prepared
the model with the ‘lmer’ function of the Ime4 package (Bates et al.,
2015). We checked the predictors for multicollinearity with the ‘vif’
function of the car package (Fox and Weisberg, 2019), and calculated
pairwise correlations among them using the built-in ‘cor.test” function.
We found high variance inflation factor for the proportion of arable
land, forest, grassland, and urban areas in the landscape buffer. We
checked the actual correlation pattern between these variables with the
built-in ‘cor.test’ function and found that arable land correlated nega-
tively with the others, while the others did not have a significant cor-
relation with each other (Table S1). We thus dropped arable land from
the model, and after this, all VIF values remained below 2. We tested the
individual predictors for significance using the ‘Anova’ function of the
car package. Since the retained, non-correlated landscape composition
predictors are proportional, significant effects of their increasing pro-
portion is to be interpreted together with decreasing arable land cover
proportions. We calculated the marginal R? values with the ‘r.squar-
edGLMM’ function of the MuMIn package (Barton, 2025). We checked
the residual distribution with QQ-plot and found no significant devia-
tion (Fig. S1). We tested the model for outliers with the ‘check_outliers’
function of the performance package (Liidecke et al., 2021), and found no
outliers.

We also made an indicator species analysis using the ‘multipatt’
function of the indicspecies package (De Caceres and Legendre, 2009) to
identify species significantly associated with solar farms and the sur-
rounding buffer. The analysis calculates indicator values following the
IndVal approach of Dufrene and Legendre (1997). It combines two
components describing how characteristic a species is to a group of
samples: specificity (how restricted a species is to a group) and fidelity
(how consistently the species occurs within that group). A high indicator
value therefore means that a species occurs mainly in one group and is
present in most samples of that group. Statistical significance of spe-
cies—group associations was assessed using a permutation test.

We categorized species according to their habitat preferences into
open-habitat, forest, urban, and wetland birds using Mullarney et al.
(2023) and our own expertise on regional conditions (Table S2).
Open-habitat birds were those inhabiting grasslands but also occurring
on arable land, while all species that prefer denser woody vegetation
from closed-canopy forests to shrubby thickets were included in the
category of forest species. Double preferences were allowed for species
that regularly use two habitat types. We did not use fuzzy classification;
a species with double affiliation contributed to each category with the
same weight as single-affiliation species. We calculated the proportion
of each species group (species richness and abundance) in all farms, both
inside and outside, and compared the proportion of open-habitat, forest,
and urban birds inside and outside using paired t-tests. Wetland birds
were scarce; therefore, we excluded them from this analysis.

2.4. Effects of ecological drivers on solar farm birds

After the comparison of the bird fauna inside and outside the farms,
we took a closer look at the inside fauna. We tested the effect of man-
agement intensity (high and low), soil type (sandy and cohesive), farm
size (small and large), and season (summer and fall) using PERMANOVA
the same way as above (Bray-Curtis dissimilarity, locality as strata, 5000
permutations, ‘adonis2’ function). For significant drivers, we checked
for indicator species by calculating indicator values, similar to the inside
vs. outside analysis. We visualized the compositional patterns of the bird
communities using NMDS (Bray-Curtis dissimilarity, ‘metaMDS’
function).

To assess bird diversity patterns in the farms, we prepared general-
ized linear mixed-effects models for the species richness and linear
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mixed-effects models for the log-transformed abundance of the bird
communities, with management intensity, soil type, the share of crop-
land, grassland, forest, and urban area, farm size and season as the fixed
effects, and locality as a random effect. We used Poisson error term for
species richness and Gaussian for abundance. The Poisson model was
tested for overdispersion with the ‘testDispersion’ function of the
DHARMa package (Hartig, 2026). We checked both models for outliers
with the ‘testOutliers’ function of the performance package (Liidecke
et al., 2021), and found no outliers. We tested the Poisson model for
zero inflation with the ‘testZerolnflation’ function of the same package,
and found no zero inflation. Residual diagnostics for the Gaussian model
was implemented by assessing the QQ-plot, while for the Poisson model
we used the ‘simulateResiduals’ function of the performance package and
plotted the output. No severe deviation was detected in any of the
models (Fig. S2-3). We calculated marginal R? values with the ‘r.
squaredGLMM’ function of the MuMIn package (Barton, 2025).

The average species richness and abundance in the surrounding
landscapes tended to be somewhat lower in fall (11.6 and 13.0,
respectively) than in summer (13.9 and 13.4, respectively). Therefore,
we made an additional analysis that controlled for this difference by
standardizing species richness and abundance with their average season-
specific values in the surrounding landscape, and tested the effect of
season on these adjusted scores using linear mixed-effects models.

Finally, we prepared generalized linear mixed-effects models for the
species richness (Poisson error term) and linear mixed-effects models for
the abundance (Gaussian error term) of the three main groups of birds
according to habitat preference (forest, open, and urban habitats) and
tested the effect of management intensity, soil type, landscape compo-
sition (i.e. the share of cropland, grassland, forest, and urban area in the
surrounding landscape), farm size, and season following the same
approach and diagnostics protocol as for the other mixed-effects models.
The models for urban and open habitat bird species richness showed
significant overdispersion (p < 0.05); therefore we proceeded with
negative binomial models for these variables, implemented with the
‘glmer.nb’ function of the vegan package (Oksanen et al., 2024). We
found a slight deviation in the QQ-plots of urban species but we did not
consider it critical; the other models did not show any deviation from the
assumptions (Fig. S2-3).

3. Results
3.1. Solar farm vs. surrounding landscape

Despite the moderate sampling effort (single visits in 32 solar farms),
we detected a total of 3607 bird individuals (683 inside and 2914
outside) of 87 bird species (47 inside and 81 outside; Fig. 2, Table S2).
Inside and outside species composition differed significantly (PERMA-
NOVA, F = 13.61, p < 0.001). Beta dispersion was also significant (F =
13.38, p = 0.001), but the significant PERMANOVA did not seem an
artifact of this as the NMDS scatterplot (Fig. 3), although the stress factor
was slightly high (0.20), indicated a clear separation of the two groups
(inside and outside). The ellipses were also different in size, reflecting
the different multivariate dispersions. Therefore, the justified composi-
tional difference allowed us to proceed with dissimilarity partitioning,
and found that the turnover component of the Jaccard distance was
significantly larger than the nestedness (V = 1046.5, p = 0.009), thus,
birds in solar farms are not just a subset of the overall surrounding
landscape but have some species that have preference on them, while
some others apparently avoid them.

Species with a preference for solar farms included Black Redstart
(Phoenicurus ochruros) (p < 0.001), White Wagtail (Motacilla alba) (p =
0.009), Red-backed Shrike (Lanius collurio) (p = 0.016), and House
Martin (Delichon urbicum) (p = 0.046) according to the indicator species
analysis. The surrounding landscape had a total of 28 significant indi-
cator species (Table S3), which avoid solar farms if occurring in the area.
Most of these species (18) are associated, at least partly, with woody
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Fig. 2. Red-backed Shrikes (Lanius collurio) (A) and Crested Larks (Galerida cristata) (B) frequently use solar panels as observation and singing posts in the studied
solar farms. The first observation of Western Black-eared Wheatear (Oenanthe hispanica) for Hungary was found in a solar farm during this study (C). Some birds, such
as Common Linnets (Linaria cannabina) not only feed in solar farms but also use the panels to warm themselves up during cold spells (D). Photos by [blinded]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

habitats, but some grassland specialists, such as Skylark (Alauda arven-
sis), were also among them.

According to the linear mixed-effects model on turnover, higher
scores were associated with larger farms and summer season (Table 1).
The other tested variables had no effect on turnover; the overall mar-
ginal R? was 0.21.

The proportions of the richness and abundance score of the species
groups differed greatly between the solar farms and their surroundings
(Table 2). Forest bird species were proportionately more frequent in the
surrounding landscape than inside the farms, while the proportion of
both open-habitat and urban bird species was higher in the solar farms
than in the surrounding landscape. The proportion of the abundance of
forest birds was also lower, whereas that of urban birds was higher in the
farms compared to the surroundings. We found no difference in the
proportion of the abundance of open-habitat birds between inside and
outside communities.

3.2. Community patterns within solar farms

The bird species composition of solar farms was affected by the size
of the farms (PERMANOVA, F = 2.10, p = 0.019) and season (F = 9.20, p
< 0.001), but management type and soil had no significant effect (F =
1.51,p =0.103 and F = 1.54, p = 0.094, respectively). Summer and fall
data separated clearly, but the distinction according to size was less
pronounced in the NMDS scatterplot (Fig. 4). Significant indicator spe-
cies for large farms included Common Starling (Sturnus vulgaris) (p =
0.009), Crested Lark (Galerida cristata) (p = 0.012), and White Wagtail
(Motacilla alba) (p = 0.026). Small farms had no indicator species.
Regarding season, we found six indicator species for the summer season

and two for the fall season (Table 3).

According to the generalized linear and linear mixed-effects models
both total species richness and abundance in the solar farms were
affected by farm size and season, and marginally negatively by the cover
of grassland in the landscape buffer, while the other predictors had no
detectable effect (Figs. 5 and 6, Table S4). Larger farms, summer season,
and potentially less grassland around the farms contributed to higher
species richness and abundance scores. According to the models on the
species richness and abundance scores standardized with the season-
specific availability of birds in the landscape, we still found that the
solar farms had fewer species (Chi®> = 69.71, p < 0.001) and lower
abundance (Chi® = 65.25, p < 0.001) in fall than in summer.

The species richness of forest specialist birds was higher with a larger
forest cover and urban area (and thus potentially with lower arable
cover due to the multicollinearity) in the landscape buffer, and was also
higher in summer than in fall (Figs. 5 and 6, Table S4). Management, soil
type, grassland cover in the landscape buffer, and, interestingly, farm
size had no detectable effect. Effect patterns were similar for the abun-
dance of forest species, although forest cover had only a marginally
significant effect, and larger solar farms had marginally higher abun-
dance scores. Concerning the species richness and abundance score of
open-habitat birds, farm size and season had significant effects (higher
scores in large farms and in summer). Higher grassland cover in the
surroundings was associated with marginally lower open-habitat bird
abundance. Urban birds were significantly affected by farm size and
season, both in terms of species richness and abundance, with higher
scores in large parks and in summer; the other predictors had no sig-
nificant effects.
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Fig. 3. NMDS scatterplot of bird communities of solar farms (circles) and 150-
m wide surrounding landscape buffers (triangles) with their 95% ellipses and
centroids in the middle. Only indicator species with a p < 0.001 are shown.
Stress: 0.20. A_arv: Alauda arvensis, C_car: Carduelis carduelis, C_aer: Circus
aeruginosus, C_pal: Columba palumbus, C_cor: Corvus cornix, C_cae: Cyanistes
caeruleus, D_urb: Delichon urbicum, D_maj: Dendrocopus major, F_coe: Fringilla
coelebs, L_col: Lanius collurio, L_meg: Luscinia megarrhynchos, M_alb: Motacilla
alba, O_ori: Oriolus oriolus, P_maj: Parus major, P_mon: Passer montanus, P_och:
Phoenicurus ochruros, S_dec: Streptopelia decaocto, S_atr: Sylvia atricapilla, T_mer:
Turdus merula, T_phi: Turdus philomelos.

Table 1

Test results of the linear mixed-effects model on the turnover-related component
of Jaccard dissimilarity between the bird fauna of solar farms and their sur-
rounding landscape. Significant predictors (p < 0.05) are indicated with
boldface.

Variable Chi® p

Management 0.02 0.883
Soil type 0.72 0.789
Surrounding forest cover 0.05 0.820
Surrounding grassland cover 0.04 0.833
Surrounding urban area 1.21 0.270
Farm size 4.25 0.039
Season 6.78 0.009

Table 2

Proportions (mean + SEM) of the species richness and abundance of birds spe-
cific to certain habitats and the statistical test results of the comparisons between
solar farms and their surroundings calculated using paired t-tests. The sum of
proportions exceeds 1 both in the solar farms and in the surroundings for both
species number and abundance because double habitat preferences were
allowed. Significant differences are marked with boldface.

Species richness Solar farm Surroundings t p
Forest species 0.25 £+ 0.02 0.52 £ 0.04 6.74 <0.001
Open-habitat species 0.46 + 0.04 0.36 + 0.02 —-2.17 0.032
Urban species 0.55 £+ 0.04 0.37 £ 0.02 —4.47 <0.001
Abundance

Forest species 0.22 £ 0.04 0.48 £ 0.02 6.30 <0.001
Open-habitat species 0.50 + 0.04 0.50 + 0.03 0.09 0.926
Urban species 0.60 + 0.04 0.44 £+ 0.02 3.69 <0.001
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4. Discussion
4.1. Solar farms vs. surrounding landscape

The exponential global spread of photovoltaic solar farms is a rela-
tively recent phenomenon; therefore, we know little about how bird
communities interact with them, potentially rendering the realization of
ecovoltaic concepts rather ad hoc for this group of organisms. Here, we
contribute to our knowledge on the opportunities and limitations eco-
voltaic developers may encounter by providing a detailed assessment of
bird community patterns in solar farms in a central European region.

We found that bird communities associated with solar farms are
rather distinct from the surrounding landscape, as some species avoid
the parks, while others are attracted to them, which is more pronounced
in large farms and summer. The lower distinctness of small farms may be
related to the territory sizes of bird species recorded. Red-backed Shrikes
usually have a territory size of around 1.5 ha (Golawski and Mitrus,
2018), which is the maximum size of the small farms, whereas the Eu-
ropean Stonechat, another common species in our dataset, may need up
to 4 ha (Hueting and Santucci, 2024), forcing them to use both the farms
and the surroundings in the case of small farms. The lower turnover in
the fall season may be related to the fact that birds are often less habitat
specific during migration (Chernetsov, 2006).

Species that avoided solar farms generally had a preference for
woody vegetation. This is not surprising, as the panels and their frames,
even though they may distantly resemble shrubby conditions (due to
shading and emergent structures with vertical components), probably
do not provide the necessary food resources. Although these emergent
structures do not attract forest birds, some grassland birds, such as
Skylarks, also avoid solar farms as the resulting habitat is probably not
open enough. So, solar farms are neither recognized as a shrubby-woody
habitat, nor as pure grassland by the bird communities. The latter
deficiency was apparent in some other studies, where Skylark (Jarcuska
etal., 2024; Golawski et al., 2025), as well as ecologically similar species
in North America (e.g. Horned Lark and Grasshopper Sparrow; Walston
et al., 2025) and South Africa (e.g. Eastern Clapper Lark; Visser et al.,
2019) also avoided solar farms. In contrast, open-habitat birds that
need observation points for sit-and-wait foraging (e.g. Red-backed
Shrikes) and singing (e.g. Crested Larks) can take advantage of the
structures that are provided by the solar farms but are scarcer in
managed grasslands. This species group is also overrepresented in the
solar farms of other regions (e.g. Young et al., 2025), so this may be a
general pattern. However, it is unclear if solar farms are indeed
favourable for them or they are just attracted by the availability of
perches without getting access to more food resources, and thus falling
into an ecological trap. Ecological traps are widespread for birds,
particularly in anthropogenic, transformed landscapes (Battin, 2004,
Zuniga-Palacios et al., 2021); therefore, this potential concern requires
special attention before solar farms are deemed as a novel tool for the
conservation of open-habitat birds. Future research should evaluate food
availability and consumption rates as well as breeding success compared
to high-quality grassland habitats.

Despite the mixed response of open-habitat birds, bird communities
recognize solar farms more as grassland than shrub- or woodland, as
open-habitat species are generally attracted to the solar farms, while
birds of woody habitats tend to stay away, as indicated also by their
proportional distributions (see also Zaplata and Dullau, 2022 for
German solar farms). The third group, urban birds, was also attracted to
the farms. Species that frequent artificial structures (Black Redstart and
White Wagtail) or typically nest in anthropogenic environments (House
Martin) were among the indicator species of the studied solar farms.
Such species, even if anthropogenic habitats are scarce in the landscape,
can find the farms relatively quickly after their construction (Young
et al., 2025), and are major contributors to the higher species richness
and abundance of birds inside the farms compared to outside plots
(Jarcuska et al., 2024; Copping et al., 2025). This calls attention to the
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Table 3
Significant indicator species of solar farms for the summer and fall seasons as
calculated with indicator value analysis.

Summer

Species p

Barn Swallow (Hirundo rustica) <0.001
Red-backed Shrike (Lanius collurio) 0.001
White Wagtail (Motacilla alba) 0.001
Common Starling (Sturnus vulgaris) 0.007
Tree Sparrow (Passer montanus) 0.048
Stonechat (Saxicola rubicola) 0.050
Fall

Species P

Black Redstart (Phoenicurus ochruros) <0.001
Meadow Pipit (Anthus pratensis) 0.010

need for some caution when interpreting such comparisons, as high local
species richness and abundance may actually be part of a larger-scale
homogenization of biodiversity (Valera et al., 2024), as often shown
for urbanization processes (McKinney, 2006). In addition, some of the
locally solar-farm-specific urban birds can be alien invasive species (e.g.
Eurasian Collared Dove in the USA (Young et al., 2025) and House
Sparrow in South Africa (Visser et al., 2019), which may not only use the
solar farms locally, but also as potential stepping stones and sources to
colonize surrounding areas.

4.2. Community patterns within solar farms

The analysis focusing only on the solar farm data revealed further
nuances of bird community assembly. The composition was affected by
size, and large parks had several indicators, while small ones did not
have any, corroborating the conclusion we drew from the evaluation of
turnover, which had a higher share in large farms. The effect of season is
not surprising as the breeding period is characterized by summer visi-
tors, while wintering and passage migrant species contribute to the fall
communities in the region, including solar farms. Indicator species for
both seasons had similar traits; there were ground-foragers taking
advantage of the grassy vegetation cover (Common Starling and Tree

Sparrow in summer, and Meadow Pipit in fall) and sit-and-wait hunters
perching on the infrastructure (Red-backed Shrike in summer and Black
Redstart in fall). Barn Swallow, as an aerial hunter, was also an indicator
of summer farms, however, since flying insects are mostly absent in
colder months, no such species was found among fall indicators. Thus, it
seems that various resources are utilized in the structured habitat
offered by the farms in both seasons, as also found by some other solar
farm studies (Jarcuska et al., 2024; Diekmann et al., 2025) and in more
general investigations of habitat heterogeneity—diversity relationships
(Baldi, 2008). However, a more detailed resource utilization and niche
analysis could reveal further patterns.

We found no effect for management intensity and soil type. Intensive
management usually renders grassy vegetation more species-poor as
well as structurally and functionally less diverse, leading to lower
abundance of arthropod food resources for birds (Bonari et al., 2017;
Klein et al., 2020). Maybe the two levels of our management intensity
did not differ enough. The intensive one was probably comparable to
Walston et al.'s (2025) intensive homogeneous solar farm sward, but our
extensive ones were still far from seeded and carefully managed grass-
lands of ecovoltaic parks (Lambert et al., 2022, 2023). Similarly, we
expected some effects of soil type, as the sparser vegetation and bare
sandy patches, together with the different plant species composition of
sand soils compared to finer-textured soils (Bir¢ et al., 2007, Biré et al.,
2008), could affect the bird communities as well, but no such effect was
detectable with our sampling effort. Maybe the commonly occurring
sparse vegetation under the panels (Armstrong et al., 2016) or other
structural components of solar farms override any management-level
and soil type differences, in terms of habitat compatibility of species
with the applied sampling intensity.

Regarding species richness and abundance, results on farm size have
to be interpreted with caution; significant difference with higher scores
for large parks should be considered as the expected result due to the
larger surveyed area of large parks. It is, thus, not surprising that larger
farms had larger total species richness and abundance. The scores were
also higher in summer than in fall, and this was unrelated to the overall
density of birds in the surrounding landscapes, so we can conclude that
solar farms are more attractive for birds during the breeding season,
consistent with the findings of Walston et al. (2025). In the fall, when the
vegetation in our parks was mostly in a post-mowing phase, the short
vegetation may have offered fewer food sources due to both lower
arthropod availability and the relative lack of seeds, as many plants
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Fig. 6. Bird abundance relations in small and large solar farms, in summer and fall surveys, and according to forest and grassland cover in the landscape buffer,
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cannot reach a seed-bearing phenological stage due to the mowing. The
marginally negative effect of grassland cover in the landscape buffer on
total species richness and abundance is explained by the individual re-
sponses of the main species groups (forest, open-habitat and urban
specialist birds), as discussed below.

Forest species showed an interesting pattern in that forest cover in
the landscape buffer had a positive effect (which may also be reinforced
by the shifts in arable cover, which negatively correlates with forest
cover), but larger parks did not have more forest species than smaller
ones. This may be an indication of a spillover effect from surrounding
woody patches, which has a certain distance range from the forest edges
(Rand et al., 2006), apparently not wide enough to provide large farms
with more species than small farms. The significant effect of season can
be explained by the fact that most forest birds we detected are insec-
tivorous summer visitors, and the positive effect of urban area cover is
probably due to the relatively high density of trees in our urban areas,
which can also attract forest birds to the landscape (Machar et al., 2021).

Compared to forest birds, the majority of open-habitat species did
not avoid solar farms, reflected in the lack of deviation from the ex-
pected positive effect of farm size. Nevertheless, the quality of solar
farms as grassland was lower than that of the surrounding semi-natural
grasslands, because a higher grassland cover in the surroundings did not
increase but tended to decrease open-habitat bird abundance. So, they
opted for the semi-natural grasslands if those were available, but if not,
they accepted the solar farms as surrogate habitats. Shifts in arable land
cover may also have contributed to the detected patterns.

The marginally negative response of urban birds to increasing
grassland may be related to species with double urban-open preferences,
which may react similarly to grassland cover in the landscape buffer as
the open-habitat-specialist species group (see above). However, the
probably most meaningful pattern for urban species was the lack of
significance of urban area cover in the landscape buffer. So, these birds
did not spill over to the farms from surrounding urban areas (unlike
forest birds from woody habitats), and did not prefer surrounding urban
habitat patches more than the solar farms (unlike open-habitat birds the
grasslands), but probably considered them as prime habitats (see also
Visser et al., 2019), corroborating the findings and associated concerns
outlined above in the solar farm vs. surrounding landscape comparisons.

4.3. Recommendations for active ecovoltaic improvements for birds

1. Forest birds tend to avoid conventional solar farms; therefore, spe-
cific interventions are needed if ecovoltaic developers intend to
support them. The introduction of some woody patches in places
where solar panels are absent or along northern or southern edges (in
the northern and southern hemispheres, respectively), as well as
some shorter hedges elsewhere, may benefit forest birds in terms of
food and breeding site availability, as shown for farmland areas in
general (Batary et al., 2012). Installing nest boxes can also improve
breeding success (Dulisz et al., 2022).

2. Conventional solar farms provide habitat for open-habitat birds but
seem suboptimal for some species. Improved foraging possibilities
(through more structured and compositionally diverse vegetation
that supports arthropod food sources) and breeding success (by
avoiding mowing during the breeding season to protect ground-
nesting species) would probably have favourable effects (Shaffer
and DeLong, 2019).

3. Arthropod abundances in the solar farms should be boosted as much
as possible to reduce the potential mismatch between the density of
perches and food sources, thus avoiding ecological traps for sit-and-
wait type insectivorous species. However, substantial research is
needed in this respect.

4. Conventional solar farms are lower-quality habitats for birds in the
fall, which could be improved by appropriate management (Shaffer
and DeLong, 2019). Higher vegetation with seed-bearing shoots
should be left into the fall to favour both insectivorous and
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granivorous birds, as long as excessive shading does not occur on the
panels.

5. Solar farms are suitable habitats for urban birds, potentially
including invasive ones; therefore, landscapes with predominantly
natural habitats harbouring sensitive species should reconsidered for
solar developments, even if the actual construction would be on a
degraded patch.

6. If the concern about unfavourable species is imminent in a region,
smaller parks are to be favoured, as they are less likely to develop
distinct species composition featuring excessive amounts of urban
species.
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