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13 Abstract

14 Solar farms offer an opportunity for habitat creation for wildlife, including insect pollinators, 

15 potentially simultaneously contributing to both low-carbon energy and nature recovery. However, it 

16 is unknown whether co-benefits would persist under future land use change given that habitat value 

17 is context dependent. For the 1,042 operational solar farms in Great Britain, we predict their ability to 

18 support bumblebee populations (both inside and outside the solar farm) under three different socio-

19 economic futures. These futures represent alternative 1 km scale landcover projections for the year 

20 2050 with accompanying narratives. We downscale these to 10 m resolution, spatially allocating crop 

21 rotations, agri-environment interventions and other habitat features consistent with the scenario 

22 narratives, to realistically represent fine-scale landscape elements of relevance to bumblebee 

23 populations. We then input these detailed maps into a sophisticated process-based model that 

24 simulates bumblebee foraging and population dynamics, enabling us to predict bumblebee density in 

25 and around Great Britain’s solar farms, accounting for the effects of their changed habitat context and 

26 configuration in these different future scenarios. We isolate the drivers of bumblebee density change 
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27 across scenarios and scales and show that solar farm management was the main driver of bumblebee 

28 density within solar farms, with ~120% higher densities inside florally-enhanced compared to turf 

29 grass solar farms, although the exact figure was influenced by wider landcover changes. In foraging 

30 zones immediately surrounding solar farms, landscape changes had a greater impact on bumblebee 

31 densities, suggesting a single solar farm in isolation generally did not counteract the influence of wider 

32 land use changes expected under future scenarios. In addition to providing insights into the potential 

33 future value of pollinator habitat on solar farms, our methodology demonstrates how combining 

34 process-based modelling with landcover projections that are downscaled to ecologically relevant 

35 resolutions can be used to better assess future effectiveness of habitat interventions. This represents 

36 a step-change in our ability to account for species’ interactions with socio-economically-driven 

37 futures, which can be extended and applied to other taxa and land use interventions.

38
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40

41 Introduction

42 Countries across the world are decarbonising their energy systems to reduce greenhouse gas 

43 emissions and meet Net Zero targets (UN, 2021). This is leading to exponential increases in renewable 

44 energy infrastructure and associated land use change (IEA, 2021). Demand for land for other uses, 

45 including agriculture and nature recovery, is also intensifying, with global targets aiming to conserve 

46 or protect at least 30% of terrestrial and inland water areas by 2030 (UN, 2022). Consequently, the 

47 COP28 Joint Statement on Climate, Nature and People emphasises that global climate change targets 

48 cannot be achieved without addressing climate change, biodiversity loss and land degradation in a 

49 synergetic manner (UN, 2023a). Renewable energy sites, and in particular ground-mounted solar 

50 photovoltaic (PV) farms, offer much potential to achieve this (Randle-Boggis et al., 2020; Tölgyesi et 

51 al., 2023). 

52
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53 Solar PV accounted for three quarters of global renewable energy capacity additions in 2023 (IEA, 

54 2024) and utility scale PV, predominantly ground-mounted solar farms, accounted for ~52% of total 

55 deployment (IEA, 2023). Compared to conventional energy technologies, the power density (i.e. the 

56 land area needed to produce a given amount of power) of solar farms is relatively low (Capellán-Pérez 

57 et al., 2017), which is a concern given that land use change presents an equivalent or greater threat 

58 to biodiversity than climate change (IPBES, 2019). Moreover, anticipated future land use changes, 

59 driven by policy, developments in technology (Burgess and Morris, 2009), changing demand for 

60 specific products (Angus et al., 2009) and climate change (plus mitigation attempts; Oliver and 

61 Morecroft, 2014), enhance risks to biodiversity globally. Future land use scenarios, which consider 

62 varying socio-economic and climatic factors, offer insight into the potential consequences of future 

63 land use changes, with projections indicating that differences in future land management and 

64 landscape composition will have significant implications for biodiversity (Brown et al., 2022; Newbold 

65 et al., 2015; Redhead et al., 2020; Pereira et al., 2024).

66
67 Whilst land use change for solar farms presents risks to biodiversity (Hernandez et al., 2015; Rehbein 

68 et al., 2020), there are also opportunities to embed benefits for groups such as insect pollinators 

69 (Blaydes et al., 2021), with implications for a range of ecosystem services beneficial to human society 

70 and ecosystems (Potts et al., 2016; Walston et al., 2021). Using solar farms to support pollinator 

71 conservation is a relatively novel concept but could be achieved through a range of mechanisms, 

72 including providing microclimatic variation, increasing landscape heterogeneity and connectivity and 

73 adapting site management practices (Blaydes et al., 2021). Indeed, evidence suggests that solar farms 

74 managed with a biodiversity focus could support a greater abundance and diversity of pollinators 

75 compared to similar land uses (Randle-Boggis et al., 2020; Walston et al., 2021). Such action could 

76 mitigate declining population trends reported for some groups, including bumblebees (Ghisbain et al., 

77 2023), which are critical pollinators in agricultural systems (Hutchinson et al., 2021; Kleijn et al., 2015). 

78 Managing solar farms to provide a continuous supply of bumblebee foraging resources (pollen and 

79 nectar from flowering plants) and nest sites (many species nest underground) could support or 

Page 3 of 38 Global Change Biology



80 enhance populations and pollination services (Blaydes et al., 2022; Blaydes et al., 2024), potentially 

81 resulting in benefits to wider ecosystem conservation (Potts et al., 2016), increased agricultural yields 

82 (Walston et al., 2018; Walston et al., 2023) and lead to income streams from policy incentives and 

83 nature markets (UN, 2023b). Moreover, given the typical lifespan of solar farms is 25 – 40 years (Solar 

84 Energy UK, 2022), appropriately managed solar farms could ensure habitats are retained for decades, 

85 potentially moderating impacts of future habitat loss in the wider landscape (Brown et al., 2016).

86
87 Although understanding of pollinator response to solar farms in the present day is increasing, potential 

88 responses to these developments as wider landscapes undergo change remains uninvestigated. 

89 Consequently, the overall aim of this study was to determine if solar farms currently in operation 

90 across the nation could support bumblebees in the future amid wider land use change occurring 

91 beyond site boundaries. To achieve this, we (i) predicted and compared bumblebee density in solar 

92 farms, surrounding foraging zones and wider landscapes between the present day and future 

93 scenarios and (ii) assessed which land use changes drove changes in bumblebee density.

94

95 Methods

96 To investigate bumblebee response to solar farms amid wider land use changes, we used a Geographic 

97 Information System (GIS) and a process-based pollinator model to estimate the impacts of solar farm 

98 management strategies on bumblebee density in solar farms, surrounding foraging zones and 

99 landscapes (Figure 1). We explored the impacts of two management strategies, that represent 

100 common industry practice, in the present day and under three different socio-economic futures for 

101 2050, based on the established Representative Concentration Pathways and the Shared 

102 Socioeconomic Pathways (Brown et al., 2022; O’Neil et al., 2020; Figure 1). This involved four key 

103 steps: (i) solar farm digitisation and creation of foraging zones and landscapes, (ii) preparation of land 

104 use maps, (iii) pollinator modelling and (iv) statistical analysis. The approach is applied to Great Britain 

105 given data and model availability but could be replicated for other regions.

106
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107 Solar farm digitisation and creation of foraging zones and landscapes

108 Operational, ground-mounted solar farms in Great Britain (England, Scotland and Wales) were located 

109 using the Renewable Energy Planning Database quarterly extract for December 2021 (UK Government, 

110 2021a). Solar farms (n = 1,042) were then digitised using aerial imagery in ArcGIS Pro (version 2.5.0; 

111 Esri, 2023) or Google Earth Pro (version 7.3.3.7721; Google, 2023). Solar farm boundaries (the fence 

112 line) and solar panels within were digitised by creating polygons. Margin areas within the solar farm 

113 boundary (areas not covered by solar panels) were generated by erasing solar panel polygons from 

114 solar farm boundary polygons. The size of solar farms ranged from 2,559 m2 to 1,241,573 m2, with a 

115 mean area of 139,403  4,020 m2. Solar farm shape was also variable, with some solar farms occupying 

116 a single land parcel and others spanning multiple fields. Consequently, there was variation in margin 

117 area and distribution within sites, but on average, margin areas occupied 28.9  0.3 % of total solar 

118 farm boundary area.

119
120 To represent wider landscapes surrounding each solar farm, a 10 km x 10 km landscape (see below 

121 for details of landcover data used for each scenario) centred on each solar farm was created (n = 

122 1,042), although landscape squares with significant overlap (> 25%) were excluded from landscape-

123 scale analyses (n = 569; Figure 2, Text S1; Gardner et al., 2021). Buffer zones extending 0 – 500 m from 

124 the solar farm boundaries were created to represent bumblebee foraging zones (n = 1,042). Distances 

125 of 500 m were based on the average foraging distance of a bumblebee colony, although individual 

126 workers can travel further dependent on landscape quality (Blaydes et al., 2022; Redhead et al., 2015). 

127 Solar farms and foraging zones were rasterised at 10 x 10 m pixel resolution for input into the 

128 pollinator model.

129

130 Preparation of land use maps

131 One present day and three future scenarios were used to explore the impact of land use change on 

132 bumblebee density inside solar farms, foraging zones and wider landscapes, represented by land use 

133 maps derived from UK’s Representative Concentration Pathways (RCPs) and Shared Socioeconomic 
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134 Pathways (SSPs; Brown et al., 2022). UK-RCP-SSPs enable exploration of potential future land use in 

135 the UK as a result of future climate and socio-economic conditions and projections span from 2020 - 

136 2080 in decadal time slices (Oliver et al., 2014), but we focus on 2050 given the UK’s Net Zero emissions 

137 targets (UK Government, 2021b). Whilst there are five scenarios, we focus on Sustainability (RCP2.6-

138 SSP1; “SSP1”), Middle of the Road (RCP4.5-SSP2; “SSP2”) and Fossil-fuelled Development (RCP8.5-

139 SSP5; “SSP5”) to represent contrasting futures with different implications for climate and land use 

140 change (Table 1). The Middle of the Road projection for 2020 was used to represent a present day 

141 scenario. All of the UK-RCP-SSP land use maps can be obtained from online repositories (CRAFTY-GB, 

142 2023) and a detailed narrative accompanies each UK-SSP, describing land use changes and their drivers 

143 (Harrison et al., 2021a; Harrison et al., 2021b; Harrison et al., 2021c).

144
145 UK-RCP-SSP land use maps were downscaled due to their coarse spatial resolution compared to the 

146 requirements of the pollinator model (Figure 3). The model requires high spatial resolution landcover 

147 information to simulate foraging processes and uses a 10 m landcover map typically derived from the 

148 UKCEH Landcover Map 2015 (Rowland et al., 2017), with added Ordnance Survey orchard polygons 

149 and 2016 crop location information derived from rural payments agency databases (hereafter the 

150 “G2020 map”; Figure 3a; Gardner et al., 2020). In comparison, UK-RCP-SSP maps provide information 

151 about the dominant land use at 1 km resolution (Figure 3b). Portions of other landcover types are 

152 likely to exist within these 1 km pixels and therefore, to capture land use information from UK-RCP-

153 SSP maps, while retaining the spatial detail of the G2020 map, a hybrid landcover map was created 

154 for each UK-RCP-SSP scenario.

155
156 Additionally, the G2020 map consists of 24 landcover classes that the pollinator model is 

157 parameterised for (i.e. those that have been scored by pollinator experts in terms of floral cover, floral 

158 attractiveness and nesting attractiveness), whereas the UK-RCP-SSP maps consist of 17 broader land 

159 use classes, that must likewise be translated. Each UK-RCP-SSP land use class was therefore assigned 

160 an equivalent landcover class from the G2020 map. Where there was not a direct equivalent in G2020, 
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161 land use classes were assigned scores made up of different proportions of relevant existing G2020 

162 landcover scores (for further details see Text S1 and Table S1). 

163
164 Land use transition decisions were implemented in ArcGIS Pro (Esri, 2023). Each UK-RCP-SSP land use 

165 map was resampled from 1 km to 10 m resolution to ensure every cell had a direct equivalent in the 

166 G2020 map. Next, a raster overlay using conditional statements was undertaken, whereby the location 

167 and attribution of the G2020 landcover map and UK-RCP-SSP land use maps informed the creation of 

168 hybrid rasters such that the conversion of pixels to new coarse-scale landcovers was dependent on 

169 their current fine-scale landcover (Figure 3c). To preserve a realistic landscape structure, land parcels 

170 from the present day were reintroduced and within each parcel, the majority landcover class was 

171 calculated (Figure 3d). Following this, broad arable land use types (i.e. intensive arable, extensive 

172 arable and sustainable arable) were assigned specific crop types (cereal, oilseed rape, field beans or 

173 grass ley) based on arable land use descriptions (Redhead et al., 2020) and common crop rotations 

174 identified across the UK (Upcott et al., 2023; Figure 3e). Appropriate agri-environment features such 

175 as flower patches, field margins and hedgerows were then added to represent further agroecological 

176 differences between scenarios consistent with interpretations of the UK-SSP narratives (Figure 3f). For 

177 example, field margins were wider and total hedgerow length was greater in the Sustainability 

178 scenario compared to other scenarios. Agri-environment features were generated in R (version 4.2.3; 

179 R Core Team, 2023) and for more information see Texts S3 and S4.

180
181 Once land use maps had been prepared, the mean percentage cover of each landcover class and 

182 feature was calculated inside 0 – 500 m foraging zones (n = 1,042) and 10 km landscapes (n = 473) 

183 surrounding each solar farm across each scenario. The change in area of each landcover class and 

184 feature were also calculated between the present day and each future scenario in foraging zones (n = 

185 1,042) and landscapes (n = 473). All landscapes were rasterised at 10 x 10 m pixel resolution for input 

186 into the pollinator model.

187
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188 Pollinator modelling

189 poll4pop is a process based model derived from the Lonsdorf model (Lonsdorf et al., 2009), developed 

190 by Olsson et al. (2015) and Häussler et al. (2017). The model has been parameterised and validated 

191 for the UK and simulates the foraging and population processes of bees to predict their spatially 

192 explicit abundance in a given landscape using input landcover information, foraging and nesting 

193 habitat preferences, population density and movement range estimates (Gardner et al., 2020). In this 

194 study, we simulate ground-nesting bumblebees, given that bees are the most significant crop 

195 pollinators (Hutchinson et al., 2021), bumblebees are generally the most mobile bees and ground-

196 nesting is the most common bumblebee guild (Falk, 2015).  Model outputs consist of spatially explicit 

197 predictions of the abundance of foraging bumblebee workers, nests and new queens. However, we 

198 focus on foraging worker abundance as this signals forage and nest site availability but include the 

199 abundance of new queens in some analyses.

200
201 To predict bumblebee abundance, the model requires a high resolution rasterised landcover map for 

202 each landscape, where each landcover class is accompanied by parameter values representing (i) the 

203 floral cover it provides during each season, (ii) the attractiveness of its floral resources (where 

204 attractiveness reflects the nutritional quality of the resource) and (iii) the attractiveness of the 

205 landcover class in terms of nesting opportunities. Parameter values are expert derived and 

206 attractiveness scores are specific to ground-nesting bumblebees (Gardner et al., 2020).

207
208 A resource mapping function uses these parameters to convert the input rasterised landscape into 

209 separate maps that represent the distribution of foraging resources (seasonally resolved) and nesting 

210 resources. The model then seeds nests in the landscape according to the distribution of nesting 

211 resources and a foraging function distributes foragers from the nests across foraging resources, 

212 assuming foraging bumblebees spend more time in proximate and better-quality foraging areas. Next, 

213 a growth function relates the number of bumblebees produced per nest to the amount of foraging 

214 resources gathered, enabling the amount and accessibility of foraging resources to influence the 
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215 population size. New reproductive females (i.e. new queens) produced by each nest are dispersed 

216 across the landscape and the availability of nesting resources limits the number that survive to found 

217 their own nests the following year. A foraging distance of 530 m and a dispersal distance to new nest 

218 sites of 1,000 m were used, based on values derived from the literature (Gardner et al., 2020). For 

219 more information about the model see Gardner et al. (2020) and Gardner et al. (2024) and for further 

220 details about the inputs and parameters used in this study see Text S5 and Tables S2 –4.

221
222 poll4pop was run for solar farm landscapes using the hybrid present day, Sustainability, Middle of the 

223 Road and Fossil-fuelled Development land use scenario maps. For all scenarios, two solar farm 

224 management strategies, providing different levels of floral and nesting resources to bumblebees, were 

225 applied. Firstly, the improved grassland landcover class (i.e. higher productivity grassland used for 

226 agriculture) represented solar farms managed as turf grass, offering some bumblebee resources (turf 

227 grass). Secondly, improved grassland was applied in combination with the unimproved meadow 

228 landcover class (i.e. lower productivity, semi-natural grassland offering high levels of resources to 

229 bumblebees) to create a management strategy whereby areas within blocks of solar panels were turf 

230 grass, but margins provided more resources (meadow margins, Tables S2 and S3). This meant each 

231 solar farm underwent a total of eight simulations (four land use scenarios multiplied by two solar farm 

232 management strategies) and output data are available from the Dryad Digital Repository (Blaydes et 

233 al., 2025a).

234
235 For each simulation, mean foraging bumblebee density (per 100 m2) and mean new bumblebee queen 

236 density (per 100 m2) was calculated within solar farms (n = 1,042), 0 – 500 m foraging zones (n = 1,042) 

237 and 10 km landscapes (n = 473) in each scenario by dividing predicted bumblebee abundance values 

238 by area. Bumblebee density was used in analyses to normalise for the effect of area given different 

239 solar farm and foraging zone sizes. The total foraging and nesting resources available in each solar 

240 farm foraging zone (n = 1,042) and landscape (n = 473) was also calculated across three seasons (early 

241 spring, late spring and summer).
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242
243 To investigate differences between the present day and future, the change in foraging bumblebee 

244 density within each solar farm (n = 1,042), foraging zone (n = 1,042) and landscape (n = 473) was 

245 calculated between the present day and each future scenario. 

246

247 Statistical analysis

248 All statistical analyses were undertaken in R (R Core Team, 2023) and to quantify differences in 

249 bumblebee density across scenarios, the differences in both mean foraging bumblebee density and 

250 mean new bumblebee queen density were tested using analysis of variance (ANOVA), followed by 

251 post-hoc Tukey tests. To meet test assumptions, foraging bumblebee density data were transformed 

252 via Box-Cox methods to ensure normality, but this was not necessary for new bumblebee queen 

253 density data given their already normal distribution. Analyses were performed separately for solar 

254 farms managed as turf grass and those with meadow margins within each land use scenario, given 

255 that only one solar farm management scenario was tested at the landscape scale. ANOVA and post-

256 hoc Tukey analyses were also performed to quantify the differences in foraging and nesting resources 

257 in solar farm foraging zones and landscapes.

258
259 To assess the drivers of change from present day to future scenarios, changes in landcover class and 

260 feature area were entered as variables into generalised linear models (GLMs), to assess which changes 

261 had a significant impact on changes in foraging bumblebee density. Changes in new bumblebee queen 

262 density were not explored given the similarity to foraging bumblebee density results in ANOVA 

263 analyses.

264
265  Nine key landcover classes (agroforestry, cereal, grass ley, field beans, improved permanent 

266 grassland, oilseed rape, unimproved permanent grassland, urban and woodland) were included as 

267 continuous, explanatory variables in GLMs, selected as they either made up large areas of landscapes 

268 surrounding solar farms or because of their value to bumblebees. The woodland landcover class 

269 included in GLMs represented multiple woodland classes grouped together, which varied in type 
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270 (broadleaf, coniferous or mixed), function (productive, conservation or multifunctional) and whether 

271 they were native or non-native (see Text S2 and Table S1 for more details). In total, twelve GLMs were 

272 built to investigate the drivers of foraging bumblebee density change in (i) solar farms managed as 

273 turf grass, (ii) solar farms managed with meadow margins, (iii) foraging zones surrounding solar farms 

274 managed as turf grass and (iii) landscapes containing a solar farm managed as turf grass, each with 

275 three models representing change from the present day to each future scenario. Assumptions of 

276 normality and equal variances were visually checked using histograms and Q-Q plots.

277

278 Results

279 Bumblebee response to land use and management scenarios

280 At the landscape scale (from the solar farm boundary to 10 km away), solar farm management was 

281 inconsequential, and foraging bumblebee density was greater under Sustainability and Middle of the 

282 Road scenarios, compared to the present day and Fossil-fuelled Development (Figure 4a, Table S5). 

283 Similarly, at the foraging zone scale (from the solar farm boundary to 500 m away), solar farm 

284 management had no effect and bumblebee density was greatest under Sustainability, followed by 

285 Middle of the Road, Fossil-fuelled Development and lowest in the present day (Figure 4b, Table S6). At 

286 the solar farm scale (within the solar farm boundary), bumblebee density was higher in solar farms 

287 under future scenarios, compared to the present day (Figure 4c, Table S7). In contrast, management 

288 was the strongest driver of differences in bumblebee density within solar farms and density was 

289 always higher in solar farms managed with meadow margins (i.e. those with inter-panel vegetation 

290 equivalent to improved grassland but with margins equivalent to unimproved grassland), compared 

291 to turf grass (i.e. those where both inter-panel vegetation and margin areas are equivalent to 

292 improved grassland), regardless of land use scenario (Figure 4c, Table S7). Mean increases in 

293 bumblebee densities inside meadow margin solar farms were greatest in the present day (126%), 

294 followed by Fossil-fuelled Development (124%), Middle of the Road (123%) and lowest in Sustainability 

295 (117%; Figure 4c). The results were similar for new bumblebee queen density across spatial scales 
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296 (Text S6, Figure S1 and Tables S8-10) and the availability of bumblebee foraging and nesting resources 

297 in each land use scenario broadly mirrored patterns seen in mean bumblebee densities, with the 

298 greatest amounts present in Sustainability and Middle of the Road (Text S7, Figure S2 and Tables S11-

299 14).

300

301 Drivers of change in bumblebee density

302 Mean foraging bumblebee density in solar farms, foraging zones and landscapes increased between 

303 the present day and all three future land use scenarios (Figures 5 and 6). Changes in bumblebee 

304 density varied by land use scenario, solar farm management strategy and spatial scale, driven by 

305 changes in the area of certain landcover classes including crops such as cereal, but also improved 

306 grassland, woodland and urban landcovers (Figure 5, Table 2, Tables S15-18 and Figure S3).

307
308 At the landscape scale, foraging bumblebee density increased with increases in urban area and grass 

309 ley in Sustainability, increased with increases in unimproved permanent grassland and woodland area 

310 in Fossil-fuelled Development and was driven by decreases in agricultural land and associated features, 

311 such as arable field margins, in all future scenarios (Figure 5a, Table 2 and Figure S3).

312
313 Similarly, at the foraging zone scale, increases in foraging bumblebee density were driven by urban 

314 areas and grass ley in Sustainability (Figure 5b, Table 2 and Figure S3). In contrast, changes in 

315 bumblebee densities were associated with changes in the area of semi-natural habitats and oilseed 

316 rape in Fossil-fuelled Development, and in addition, with unimproved permanent grassland in Middle 

317 of the Road (Figure 5b, Table 2 and Figure S3). Moreover, changes in bumblebee density in the foraging 

318 zone showed a negative relationship with changes in the area of improved grassland, arable crops and 

319 semi-natural habitats in Sustainability and with grass ley in Fossil-fuelled Development (Figure 5b, 

320 Table 2 and Figure S3).

321
322 As similar to the landscape and foraging zone scales, in Sustainability, an increase in urban area 

323 contributed to increases in foraging bumblebee density inside solar farms under both management 
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324 strategies (Figure 5c and d, Table 2 and Figure S3). In Middle of the Road, solar farm bumblebee density 

325 increased with flower patch area regardless of solar farm management, and with hedgerow area for 

326 solar farms managed as turf grass (Figure 5c and d, Figure S3). In Fossil-fuelled Development, solar 

327 farm bumblebee density was driven by changes in semi-natural habitats such as hedgerows, woodland 

328 and flower patches (Figure 5c and d, Table 2 and Figure S3). Across all future scenarios, bumblebee 

329 density at the solar farm scale increased with decreases in the area of agricultural landcovers and their 

330 associated features (Figure 5c and d, Table 2 and Figure S3).

331

332 Discussion

333 Solar farm management and surrounding land use, as dictated by land use scenario and interpreted 

334 in the downscaling, both had significant impacts on predicted bumblebee densities. Land use scenario 

335 had a greater impact on landscape-scale and foraging zone bumblebee densities, with all future 

336 scenarios increasing densities compared to the present day. Although this may seem counterintuitive, 

337 present day landscapes surrounding solar farms are dominated by agriculture and contain high 

338 proportions of landcovers such as improved grassland and cereal, which provide few nesting and floral 

339 resources for bumblebees. Such landscapes could therefore become more suitable for bumblebees 

340 under future land use changes if other landcover types, which offer more bumblebee resources, are 

341 introduced. For example, in Sustainability, agricultural land area decreases due to reductions in food 

342 waste, reduced meat consumption and sustainable intensification practices in agroecosystems and 

343 biodiversity is embedded into the management of remaining farmland (Harrison et al., 2021a). 

344 Similarly, in Middle of the Road, area of intensive agriculture declines and sustainable agriculture is 

345 promoted (Harrison et al., 2021b) while in Fossil-fuelled Development, agricultural land is replaced by 

346 other land uses such as urban, all with implications for bumblebees and their resources (Harrison et 

347 al., 2021c). Whilst land use changes across scenarios could lead to increased bumblebee densities in 

348 solar farm landscapes, it is important to note that these represent only a subset of landscapes across 
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349 Great Britain. If all landscapes were considered (i.e. including those less dominated by agriculture), we 

350 would likely see different impacts of land use change on bumblebee resources and densities.

351
352 Although bumblebee densities generally increased between the present day and future, the highest 

353 bumblebee densities were associated with more environmentally sustainable futures. In 

354 Sustainability, urbanisation in solar farm landscapes was a key driver of bumblebee density change as 

355 its urban landcover was assumed to have relatively high floral and nesting resources for bumblebees, 

356 representing green cities and populations with greater environmental awareness (Harrison et al., 

357 2021a). In Middle of the Road, shifts towards sustainable farming supported bumblebees at the solar 

358 farm scale, but an influx of floral resources in the landscape (from landcovers such as oilseed rape) 

359 attracted foraging workers away from solar farms. In Fossil-fuelled Development, semi-natural 

360 habitats were important drivers of bumblebee density at all scales, which may be because landscapes 

361 in this scenario are less hospitable for bumblebees (i.e. it is assumed there are no flowering non-crop 

362 species amongst agricultural landcovers, and new urban areas provide no floral resources) and the 

363 few remnants of remaining semi-natural habitats are therefore highly valuable. Although both positive 

364 and negative bumblebee density changes could be attributed to changes in certain land uses, it is likely 

365 that these net impacts conceal underlying opposing impacts and further research to disentangle this 

366 interplay could be undertaken to increase understanding of bumblebee response to land use change.

367
368 Whilst differences were apparent between land use scenarios, they were limited and may have been 

369 underestimated for three principal reasons. Firstly, the future land use scenario storylines provided 

370 few details on the differences between arable land uses (Harrison et al., 2021a; Harrison et al., 2021b; 

371 Harrison et al., 2021c). Instead, descriptions of arable land use types and common crop rotations from 

372 the literature were used to define differences between the scenarios (Redhead et al., 2020; Upcott et 

373 al., 2023), but likely underestimated the variation in the crops grown between scenarios (Rial-Lovera 

374 et al., 2017) and did not account for more innovative or diverse crop rotations, ultimately affecting 

375 bumblebee density predictions (Hass et al., 2019; Marja et al., 2018). This is particularly important 
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376 given solar farm landscapes were dominated by agricultural land uses. Secondly, differences in land 

377 management approaches between scenarios may also have been underestimated as these were 

378 characterised by present day options, omitting consequences of new policies or practices which may 

379 be in place by 2050. In scenarios such as Sustainability, this may translate to a greater number or 

380 diversity of agri-environment interventions (only grass margins, hedgerows and flower patches were 

381 represented here), leading to bumblebee gains, whereas in Fossil-fuelled Development, intensive 

382 management may be common practice, with agrochemical application prevalent in attempts to 

383 maximise productivity (Harrison et al., 2021c). Pesticide effects are not included in the pollinator 

384 model and may reduce bumblebee abundance, leading to greater differences in bumblebee density 

385 predictions between some scenarios (Feltham et al., 2014; Whitehorn et al., 2012). Moreover, changes 

386 in bumblebee densities may have feedbacks on land management decisions (Synes et al., 2018) which 

387 are also likely to differ across the scenarios but were not possible to capture in this study. Lastly, whilst 

388 the original land use scenarios accounted for climate changes when determining landcover change 

389 (Brown et al., 2022), direct impacts of climate change on bumblebee density were not accounted for. 

390 We simulate guild-level, rather than species-level bumblebee density, giving the results some 

391 robustness to climate-induced range shifts or species turnover. However, the pollinator model does 

392 not consider the direct impacts of weather on bumblebee density, which could lead to larger 

393 differences between future land use scenarios given impacts on bumblebee physiology (Soroye et al., 

394 2020), phenology (Wyver et al., 2023a) and distribution (Wyver et al., 2023b), and the extent to which 

395 scenario land use mitigates or exacerbates this. Further work is now needed to build on our initial, 

396 likely conservative results, to explore whether differences between scenarios widen if more radical 

397 agroecological approaches and climate change impacts can be defined, parameterised and simulated. 

398 Future studies could also test how bumblebee densities change in response to different crop 

399 compositions and agricultural intensity levels within scenarios through running sensitivity analyses, 

400 but this would only be feasible at smaller spatial scales given computational demand.

401
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402 Although surrounding land use impacts dominated at the foraging zone and landscape scale, solar 

403 farm management was the strongest driver of bumblebee density at the solar farm scale. This was the 

404 case in solar farms across all land use scenarios, indicating that well-managed sites could support both 

405 foraging bumblebees and new bumblebee queens in the future across a range of surrounding land use 

406 changes and levels of environmental sustainability. Solar farms can be managed to support and 

407 enhance insect pollinators through the provision of suitable habitat (Blaydes et al., 2021) and given 

408 their relatively long life spans, habitats within solar farms could be capable of supporting localised 

409 bumblebee populations amid wider land use changes. Our results suggest that solar farms could 

410 contribute to supporting bumblebees in the future when managed to enhance floral resources given 

411 bumblebee density was greater inside solar farms managed with floral-rich margins, compared to 

412 those managed as turf grass, supporting findings from other modelling (Blaydes et al., 2022) and field-

413 based studies (Blaydes et al., 2024), as well as industry assessments (Montag et al., 2016; Solar Energy 

414 UK, 2025). Managing solar farms entirely as wildflower meadows would likely further increase 

415 bumblebee gains (Blaydes et al., 2022) and while this is thought to be relatively rare in reality, 

416 managing space between solar panel rows is possible (Tölgyesi et al., 2023; Meyer et al., 2023). 

417 However, this may become more common practice, especially in more environmentally sustainable 

418 scenarios. For example, in Sustainability, development focuses on minimising environmental impacts 

419 and multi-functional land uses, including solar farms, are promoted (Harrison et al., 2021a).

420
421 In contrast, solar farm management had little impact on bumblebee densities at the foraging zone 

422 scale. Elevated bumblebee densities surrounding solar farms managed with meadow margins may 

423 have been expected, where the flower-rich habitats within these sites could provide resources to 

424 support bumblebees outside of the solar farm, but no significant effect was found. Such effects have 

425 been detected in field studies, where enhanced bee visitation to soybean flowers was observed 

426 adjacent to solar farms (Walston et al., 2023). In this case, a greater area, or different distribution, of 

427 resource-rich habitat may have been required inside solar farms to have beneficial impacts beyond 

428 the site boundary and further work could be undertaken to increase understanding, given the 
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429 potential to increase bumblebee densities and local crop pollination services (Walston et al., 2018; 

430 Walston et al., 2023). Further research could explore how spatial arrangements of habitats within 

431 solar farms could be optimised to enhance the spillover of pollination services from wild pollinators, 

432 as well as the impacts of co-locating solar farms and pollinator-dependent crops (Armstrong et al., 

433 2021).

434
435 There was also no effect of solar farm management on landscape-scale bumblebee densities, but this 

436 was expected given the relative size of most solar farms compared to the landscape scale used in the 

437 study. Solar farms were also considered in isolation, where bumblebee density was modelled in each 

438 solar farm and its surrounding landscape individually and overlapping landscapes were removed from 

439 landscape-scale analyses. It is therefore unlikely that a single solar farm in the centre of a 10 km x 10 

440 km landscape would impact bumblebee density at this scale. However, if the cumulative impacts of 

441 multiple well-managed solar farms (i.e. providing greater areas of bumblebee resources, with possible 

442 benefits to landscape connectivity) had been accounted for, there may have been more potential to 

443 detect impacts on landscape-scale bumblebee densities. As such, further research is required to 

444 investigate the density of solar farms needed in the landscape to make a difference to bumblebee 

445 populations at larger spatial scales.

446
447 Although the findings indicate that both solar farm management and surrounding land use change 

448 impact bumblebee density, they are only applicable to the legacy of existing solar farms. We show 

449 that the solar farms in operation could continue to support bumblebees in their current landscapes as 

450 they undergo land use changes, but the implications may differ for new solar farms deployed 

451 elsewhere. More than 90,000 ha of land across the UK may be used for solar farms by 2050 to meet 

452 Net Zero targets (based on current proportions of ground-mounted to rooftop installations), but it is 

453 likely that the amount and location of solar farms will vary depending on policies, grid constraints and 

454 levels of future environmental sustainability (Palmer et al., 2019; Blaydes et al., 2025b). As such, 

455 deployment may be driven elsewhere and new solar farms might be located in different landscapes, 
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456 less dominated by agriculture, which would lead to different net effects. However, strategic siting 

457 decisions for new developments could be optimised to maximise biodiversity benefits through careful 

458 placement to support landscape connectivity, or to provide pollinator habitats where they are 

459 otherwise limited (Blaydes et al., 2021), and agricultural decision support tools could be used to 

460 support and streamline this decision making (Redhead et al., 2022). As the findings suggest that solar 

461 farms have a very localised impact on bumblebee densities, approaches to landscape planning should 

462 be targeted. Careful siting and management could also benefit other pollinators, and other taxa such 

463 as birds (Jarčuška et al., 2024), but further research is required to better understand biodiversity 

464 responses to solar farms in both the present day and in the future.

465
466 To date, there have been no attempts to predict biodiversity responses to solar farms in the future 

467 and few studies in other contexts focus on future land use effects at such high spatial resolution (Titeux 

468 et al., 2016). Studies often combine projections of future land use with species distribution models 

469 (Suzuki-Ohno et al., 2020), which do not account for how species use habitats or the impacts of 

470 landscape connectivity. Or, studies use process-based models focusing on individual species paired 

471 with typically simple land use projections with coarse landcover maps and few landcover classes 

472 (Beatty et al., 2016). Complex ecological models have been used to calculate future biodiversity 

473 consequences for offshore renewable energy developments, but, given the marine context, have not 

474 had to account for changing land use (Warwick-Evans et al., 2017). As such, this study may be the first 

475 to account for interactions of species with richly described futures at such a fine scale. This represents 

476 a significant development in our ability to predict future biodiversity responses to land use changes 

477 and habitat interventions. 

478
479 Future scenarios typically focus on socioeconomics, and do not always specify in detail factors that 

480 affect biodiversity, making it difficult to directly estimate biodiversity consequences. However, the 

481 methods used in this study demonstrate that it is possible to integrate biodiversity into existing future 

482 land use scenarios by interpreting associated narratives, downscaling future land use maps to account 
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483 for features and microhabitats of importance to species and application of process-based ecological 

484 models. Models can then be used to predict biodiversity responses to future land use changes, with 

485 assumptions and caveats relating to the downscaling and modelling documented alongside results so 

486 that limitations and simplifications can be identified and reviewed. The approach used in this study 

487 could be easily applied to other contexts, taxa and geographic regions, providing valuable insight into 

488 how biodiversity might respond to future land use changes. The spatial downscaling process, that 

489 enables the production of high-resolution land use maps from coarser scenarios using user-defined 

490 land use transitions, is available as an open access ArcGIS Pro workflow and can be applied to any 

491 geographic area (Gallego et al., 2025). Coupling this downscaling approach with process-based 

492 models, including the wider *4pop family (which simulates birds, bats, reptiles and amphibians; 

493 Gardner et al., 2024), or with similar models tailored or parameterised for the geographic region of 

494 interest, will expand understanding of the role of land use change on biodiversity and could support 

495 the development of effective conservation policies.

496
497 Overall, this study represents the first investigations into the roles of solar farms in future biodiversity 

498 conservation. Our results indicate that well-managed solar farms could provide an opportunity to help 

499 protect very localised bumblebee populations against future land use changes occurring outside of 

500 site boundaries, for a range of levels of sustainability associated with the scenario driving land use 

501 change. Whilst benefits may be limited to the local scale, this understanding helps to contextualise 

502 the role of solar farms amid future threats to pollinators and may help to ensure biodiversity is 

503 embedded in the transition to renewable energy. Solar farms should be considered as an emerging 

504 tool in conservation which could potentially deliver benefits into the future if managed appropriately. 

505
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805 Figure captions

806 Figure 1. Schematic summary of the scenarios in which ground-nesting bumblebee density (foraging 

807 workers and new queens) was predicted, in relation to spatial scale, solar farm management and land 

808 use scenario. In turf grass solar farms, vegetation across the whole site is equivalent to improved 

809 grassland (i.e. higher productivity grassland used for agriculture) whereas edges of meadow margin 

810 solar farms are equivalent to unimproved grassland (i.e. lower productivity semi-natural grassland), 

811 which provide more bumblebee resources. Land use scenario icons were reproduced from the Noun 

812 Project (https://thenounproject.com). 

813

814 Figure 2. The locations of all solar farm landscape squares in Great Britain (England, Wales and 

815 Scotland; n = 1,042), where green squares represent landscapes included in landscape-level analyses 

816 (n = 473) and blue squares represent those excluded (n = 569) due to overlap (> 25%). Map lines 

817 delineate the study area and do not necessarily depict accepted national boundaries.

818

819 Figure 3. A summary of the downscaling process required to prepare land use maps for use with the 

820 pollinator model (left) and example model inputs and outputs (right). The process follows an example 

821 10 km x 10 km landscape surrounding a solar farm where (a) shows the present day G2020 landcover 

822 map, (b) shows the future UK-RCP-SSP land use map (Sustainability shown here), (c) shows the result 

823 of a raster overlay using conditional statements to preserve certain landcovers, (d) shows the result 

824 of calculating the majority landcover class within each land parcel, (e) demonstrates the insertion of 

825 likely crops into arable land parcels and (f) presents the final hybrid landcover map, with added 

826 features (arable field margins, hedgerows and flower patches). Landcover classes with an asterisk are 

827 those that were assigned specific crop types as part of the downscaling process. This process was 

828 repeated for each land use scenario and (g – j) show example hybrid landcover maps inputted into the 

829 pollinator model, where (k – n) show model outputs of predicted relative bumblebee visitation. 

830 Displayed outputs correspond to simulations with the solar farm at the centre managed as turf grass. 

831 Land use scenario and landcover icons were reproduced from the Noun Project 

832 (https://thenounproject.com).

833

834 Figure 4. Distributions of spatially-averaged mean foraging bumblebee density (per 100 m2) in (a) 10 

835 km landscapes surrounding solar farms (n = 473), (b) 0 – 500 m foraging zones surrounding solar farms 

836 (n = 1,042) and (c) solar farms (n = 1,042) across land use scenarios. Black points show the sample-

837 level mean and error bars represent the standard error on this sample-level mean. Within each plot, 

838 points that share letters are not significantly different at the P < 0.05 level according to ANOVA and 
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839 Tukey post-hoc analyses. Upper-case letters present the results of ANOVA and Tukey analyses relating 

840 to solar farms managed as turf grass (grey) and lower-case letters present results relating to solar 

841 farms managed with meadow margins (green). Data were transformed before analysis using Box-Cox 

842 methods to meet statistical test assumptions. Land use scenario icons were reproduced from the Noun 

843 Project (https://thenounproject.com).

844

845 Figure 5. The overall mean change ( standard deviation) in foraging bumblebee density from the 

846 present day to each future land use scenario at the (a) solar farm landscape (n = 473), (b) solar farm 

847 foraging zone (n = 1,042) and (c and d) solar farm scale (n = 1,042). Coloured icons summarise the 

848 relationships between the change in foraging bumblebee density and the change in the area of key 

849 landcover classes based on results from twelve generalised linear models. Green icons indicate the 

850 landcover had a significant positive relationship with change in bumblebee density and blue icons 

851 indicate a significant negative relationship. Significant landcover changes may have occurred at the 

852 foraging zone scale (F), landscape scale (L), or both (B), indicated by the letter in the top left hand 

853 corner of each icon. Land use scenario and landcover icons were reproduced from the Noun Project 

854 (https://thenounproject.com).

855

856 Figure 6. An example 10 km x 10 km landscape surrounding a solar farm, where (a – d) show landcover 

857 composition and (e – h) show bumblebee density across this landscape under the present day, 

858 Sustainability, Middle of the Road and Fossil-fuelled Development scenarios. Percentages beneath (a 

859 – d) indicate the percentage cover of each of the eight key landcovers present in this landscape and 

860 values under (e – h) represent bumblebee density. Displayed outputs correspond to simulations with 

861 the solar farm at the centre managed as turf grass. Land use scenario and landcover icons were 

862 reproduced from the Noun Project (https://thenounproject.com).
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873 Tables

874 Table 1. Descriptions of UK-RCP-SSP scenarios including distinguishing socio-economic features and 

875 main land use outcomes. Adapted from Brown et al. (2022). 

Scenario Description Distinguishing features Main land use outcomes

Novel forms of sustainable 
agriculture with strong 
societal support

Decreasing area of intensive 
agriculture, greater 
multifunctionality of agricultural 
land

Low demand for livestock 
products, but preference for 
grass-fed production

Move away from livestock 
production and decrease in 
pastoral area

Sustainability
(RCP2.6-SSP1)

A sustainable and co-
operative society with a 
low carbon economy 
and high capacity to 
adapt to climate 
change

Preference for native tree 
species in forestry

Substanstial shift toward native 
species in forests, depending on 
suitability

Established forms of 
agriculture with potential for 
intensification

Intensification and increasing 
efficiency of agriculture, leading to 
intensive area declines

Increasing demand for 
timber and forest-based 
carbon sequestration

Large increase in forest area, 
dominated by non-native tree 
species

Middle of the Road 
(RCP4.5-SSP2)

A highly regulated 
society that continues 
to rely on fossil fuels, 
but with gradual 
increases in renewable 
energy, resulting in 
intermediate adaptation 
and mitigation 
challenges Low demand for grass-fed 

livestock products

Large decrease in intensive 
pasture area, most livestock 
production feed-based

Increasing demands for 
urban areas and food 
production

High pressure on land area and 
strong competition between land 
uses

Increasing intensification 
options

Very high levels of agricultural 
intensification, supporting large 
increases in production

Fossil-fuelled 
Development
(RCP8.5-SSP5)

A technologically 
advanced world with a 
strong economy that is 
heavily reliant on fossil 
fuels, but with capacity 
to adapt to the impacts 
of climate change Removal of protected areas 

and low demands for related 
ecosystem services

Expansion of productive land uses 
into natural areas, with 
abandonment in upland and 
marginal areas

876

877

878 Table 2. The mean percentage cover ( standard error) of landcover classes and agri-environment 

879 features surrounding solar farms in 0 – 500 m foraging zones (n = 1,042) and 10 km landscapes (n = 

880 473) across land use scenarios. Features were overlaid onto landcover maps during pollinator 

881 modelling and therefore mean percentage cover values may total more than 100%.

882

Land use scenario

Present Sustainability Middle of the Road Fossil-fuelled DevelopmentLandcover/feature

0–500 m 10 km 0–500 m 10 km 0–500 m 10 km 0–500 m 10 km
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Improved permanent 
grassland 36  1 32  1 38  1 28  1 21.9  0.8 16.7  0.6 34  1 28  1

Cereal 32.9  0.9 29  1 28.0  0.8 28  1 31.9  0.8 30  1 22.0  0.8 22.0  0.9

Woodland 8.9  0.4 9.6  0.4 10.5  0.5 12.0  0.5 21.2  0.7 21.2  0.7 17.6  0.6 16.8  0.5

Oilseed rape 10.8  0.4 9.3  0.3 9.3  0.3 9.3  0.3 10.1  0.3 9.6  0.3 7.5  0.3 7.1  0.3

Urban 3.8  0.3 4.2  0.2 5.4  0.3 5.1  0.3 5.3  0.3 5.2  0.3 7.0  0.4 7.7  0.3

Suburban 3.9  0.2 8.3  0.3 3.9  0.2 8.3  0.3 3.9  0.2 8.3  0.3 3.9  0.2 8.3  0.3

Water 1.4  0.2 4.2  0.4 1.4  0.2 4.2  0.4 1.4  0.2 4.2  0.4 1.4  0.2 4.2  0.4

Arable field margin 0.62  0.02 0.0051  
0.0002 2.21  0.06 0.0215  

0.0007
0.73  

0.02
0.0066  

0.0002 0.67  0.03 0.0063  
0.0002

Hedgerow 0.75  0.01 0.0061  
0.0001 1.63  0.03 0.0136  

0.0002
0.71  

0.01
0.0057  

0.0001 0.59  0.01 0.00503  
0.00009

Agroforestry 0.0001  
0.0001

0.0008  
0.0005 0.2  0.1 0.2  0.0 0.6  0.1 0.6  0.0 2.1  0.2 1.9  0.1

Moorland 0.6  0.1 0.6  0.1 0.6  0.1 0.6  0.1 0.6  0.1 0.6  0.1 0.6  0.1 0.6  0.1

Unimproved 
permanent grassland 0.4  0.1 1.0  0.1 0.2  0.1 0.5  0.1 0.8  0.2 0.7  0.1 0.8  0.2 0.5  0.1

Field beans 0.0  0.0 0.1  0.1 0.7  0.1 0.7  0.1 0.5  0.1 0.4  0.0 0.9  0.1 0.87  
0.04

Very extensive 
pasture 0.19  0.05 0.12  0.02 0.21  0.06 0.27  

0.05 0.8  0.1 0.9  0.1 0.7  0.1 0.5  0.1

Beaches, sand dunes 
or planes 0.3  0.1 0.7  0.1 0.3  0.1 0.7  0.1 0.3  0.1 0.7  0.1 0.3  0.1 0.7  0.1

Grass ley 0.02  0.01 0.025  
0.006 0.46  0.07 0.74  

0.04
0.26  

0.05
0.27  

0.02 0.45  0.07 0.42  
0.02

Scrub 0.0  0.0 0.0  0.0 0.9  0.2 0.7  0.1 0.0006  
0.0006

0.011  
0.003 0.0  0.0 0.009  

0.003

Salt marsh 0.2  0.1 0.5  0.1 0.2  0.1 0.5  0.1 0.2  0.1 0.5  0.1 0.2  0.1 0.5  0.1

Flower patches 0.006  
0.002

0.000060  
0.000005 0.64  0.02 0.0066  

0.0002
0.032  

0.005
0.00029  

0.00002 0.067  0.007 0.00066  
0.00003

Wetland 0.11  0.03 0.16  0.03 0.11  0.03 0.16  
0.03

0.11  
0.03

0.16  
0.03 0.11  0.03 0.16  

0.03

Orchards 0.0  0.0 0.0  0.0 0.0  0.0 0.00012  
0.00006 0.0  0.0 0.003  

0.0002 0.000  0.002 0.0076  
0.0002

Unimproved meadow 0.0  0.0 0.0  0.0 0.0  0.0 0.0002  
0.0002 0.0  0.0 0.00010  

0.00006 0.0  0.0 0.0003  
0.0003
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Schematic summary of the scenarios in which ground-nesting bumblebee density (foraging workers and new 
queens) was predicted, in relation to spatial scale, solar farm management and land use scenario. In turf 

grass solar farms, vegetation across the whole site is equivalent to improved grassland (i.e. higher 
productivity grassland used for agriculture) whereas edges of meadow margin solar farms are equivalent to 

unimproved grassland (i.e. lower productivity semi-natural grassland), which provide more bumblebee 
resources. Land use scenario icons were reproduced from the Noun Project (https://thenounproject.com). 
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The locations of all solar farm landscape squares in Great Britain (England, Wales and Scotland; n = 1,042), 
where green squares represent landscapes included in landscape-level analyses (n = 473) and blue squares 
represent those excluded (n = 569) due to overlap (> 25%). Map lines delineate the study area and do not 

necessarily depict accepted national boundaries. 
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A summary of the downscaling process required to prepare land use maps for use with the pollinator model 
(left) and example model inputs and outputs (right). The process follows an example 10 km x 10 km 

landscape surrounding a solar farm where (a) shows the present day G2020 landcover map, (b) shows the 
future UK-RCP-SSP land use map (Sustainability shown here), (c) shows the result of a raster overlay using 

conditional statements to preserve certain landcovers, (d) shows the result of calculating the majority 
landcover class within each land parcel, (e) demonstrates the insertion of likely crops into arable land 

parcels and (f) presents the final hybrid landcover map, with added features (arable field margins, 
hedgerows and flower patches). Landcover classes with an asterisk are those that were assigned specific 

crop types as part of the downscaling process. This process was repeated for each land use scenario and (g 
– j) show example hybrid landcover maps inputted into the pollinator model, where (k – n) show model 
outputs of predicted relative bumblebee visitation. Displayed outputs correspond to simulations with the 
solar farm at the centre managed as turf grass. Land use scenario and landcover icons were reproduced 

from the Noun Project (https://thenounproject.com). 
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Distributions of spatially-averaged mean foraging bumblebee density (per 100 m2) in (a) 10 km landscapes 
surrounding solar farms (n = 473), (b) 0 – 500 m foraging zones surrounding solar farms (n = 1,042) and 
(c) solar farms (n = 1,042) across land use scenarios. Black points show the sample-level mean and error 
bars represent the standard error on this sample-level mean. Within each plot, points that share letters are 
not significantly different at the P < 0.05 level according to ANOVA and Tukey post-hoc analyses. Upper-

case letters present the results of ANOVA and Tukey analyses relating to solar farms managed as turf grass 
(grey) and lower-case letters present results relating to solar farms managed with meadow margins (green). 

Data were transformed before analysis using Box-Cox methods to meet statistical test assumptions. Land 
use scenario icons were reproduced from the Noun Project (https://thenounproject.com). 
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The overall mean change ( standard deviation) in foraging bumblebee density from the present day to 
each future land use scenario at the (a) solar farm landscape (n = 473), (b) solar farm foraging zone (n = 

1,042) and (c and d) solar farm scale (n = 1,042). Coloured icons summarise the relationships between the 
change in foraging bumblebee density and the change in the area of key landcover classes based on results 

from twelve generalised linear models. Green icons indicate the landcover had a significant positive 
relationship with change in bumblebee density and blue icons indicate a significant negative relationship. 

Significant landcover changes may have occurred at the foraging zone scale (F), landscape scale (L), or both 
(B), indicated by the letter in the top left hand corner of each icon. Land use scenario and landcover icons 

were reproduced from the Noun Project (https://thenounproject.com). 
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An example 10 km x 10 km landscape surrounding a solar farm, where (a – d) show landcover composition 
and (e – h) show bumblebee density across this landscape under the present day, Sustainability, Middle of 
the Road and Fossil-fuelled Development scenarios. Percentages beneath (a – d) indicate the percentage 
cover of each of the eight key landcovers present in this landscape and values under (e – h) represent 

bumblebee density. Displayed outputs correspond to simulations with the solar farm at the centre managed 
as turf grass. Land use scenario and landcover icons were reproduced from the Noun Project 

(https://thenounproject.com). 
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