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Abstract -

Global solar photovoltaic capacity is growing exponentially, and it is projected to become the dominant
renewable energy source by 2050. A significant proportion of photovaoltaic capacity is deployed as
ground-mounted solar parks (SPs), incurring significant land use change, with implications for hosting
ecosystems. Despite the rapid deployment of SPs, understanding, of their environmental impacts and
consequences for ecosystem services (ES) remains poor. Here, we use.a systematic literature review to
identify environmental impacts of SPs and derive implications for ES, beyond the benefits that SPs
confer over other means of electricity generation. We found 622 pieces of evidence from 167 articles
demonstrating a wide range of both positive and negative impacts of SPs on ES, with responses varying
with climate, ecosystem type and SP life cycle phase. Dominant positive outcomes included enhanced
soil quality regulation in dry climates, and enhanced,water cycle support, soil erosion regulation and
pollination regulation during the operational phase. Conversely, savanna and grassland ecosystems and
the construction phase were more commaonly. associated with negative outcomes. Further, negative
climate regulation outcomes tended to occurin desert ecosystems. Crucially, we highlight significant
knowledge gaps, with < 20 pieces of evidence for half of all ES, including vital services such as
pollination regulation, likely to be impacted by SP land use change. The outcomes of this review could
inform site location and management decisions which maximise ecosystem co-benefits and avoid
detrimental impacts, providing valuable insight for emerging environmental policies. Ultimately,
understanding of the impact of SP$son.ES could aid an energy system transition that mitigates the
climate and ecological crises.

Highlights

o Evidence from 167 articles highlights the impacts of solar parks on ES

e Impacts vary with solar park location, life cycle phase and management decisions

e Climate regulation,may be degraded in desert and semi-desert ecosystems, whilst soil quality
regulation‘'may be degraded in temperate climates but enhanced in dry regions

¢ Negative impacts on habitats and biodiversity during construction but scope to enhance a range of
ES during solar~park operation, including water cycle support, soil erosion regulation and
pollination regulation

o Knowledge gaps for a range of ES, including air and water quality and pollution regulation

o | Evidence-based recommendations for stakeholders across the solar park life cycle

Word count: [10622]



oNOYTULT D WN =

48
49
50

51

52
53
54
55
56
57
58
59

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76
77
78
79
80
81
82
83
84
85

86
87
88
89
90
91

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

Keywords: Solar farms, renewable energy, photovoltaics, biodiversity, natural capital, land use change

1.0 INTRODUCTION

Climate change mitigation has prompted the rapid rise of renewable energy in recent years. Of the
existing renewable energy technologies, photovoltaic (PV) solar power has the greatest potential power
generation across the world [1]. Indeed, the capacity of PV panels for electricity generation has seen
exponential growth in the past decade, with 1412 GW of PV installed globally by 2023 and predictions
indicating that by 2050 it will become the dominant renewable energy source<[2, 3]. Due to their
relatively high capacity and economies of scale compared with smaller building'mounted, systems [4],
utility-scale PV solar parks (hereafter referred to as SPs) account for much of global PVnstallation and

are predicted to represent almost two-thirds of global PV capacity by the middle.of this century [5, 6].
~

The growth of SPs will result in significant land use change, with average landuse requirements ranging
from 1.6 ha MW in the UK [7] to 2.8 ha MW in the US [8]. SPs have often been considered ‘benign’
in terms of their environmental impact [9] which is reflected in_the relatively sparse evidence base
compared to other renewables [10]. Decarbonisation of energy systems through SP development has
well-established benefits for ecosystems through climate change mitigation [2, 11]. Despite this, land
use change for SPs may have notable ecosystem impacts: previous studies have observed changes to
the microclimate, such as altered temperatures, albedossphotosynthetically active radiation (PAR),
humidity, and wind speed and direction in and around SPs [12-18]; biodiversity impacts including direct
mortality of wildlife, habitat loss and altered vegetation community composition [12, 19-22]; and the
potential for integration with agriculture in so-called ‘agriveltaic’ systems [23-28]. The ecosystem
consequences of SPs are likely to vary with SP life cycle phase, climate zone, and ecosystem type, with
the response varying through time. Moreover, during the operational phase, solar farm management
practices, such as implementation of agrivoltaies;wildflower planting, soil amendments, mowing and
grazing regime and pesticide use [10, 29, 3Q}.will be strong determinant of ecological outcomes.
However, there is a distinct lack of research which'synthesises the global environmental and ecosystem
service (ES) impacts of SPs and accounts,for the influence of such factors.

Together with contributing to understanding of the health of our ecosystems, knowledge of SP impacts
on the environment could help to aveid.or mitigate negative ecological impacts and maximise co-
benefits [10]. This is particularly pertinent considering the decline in the capacity of global ecosystems
to provide ES, much of \which'is caused by land use change [31, 32]. Specifically, this understanding
may be used to directly infarm decision support tools [10] and thus SP location, design and management
decisions. Notably, thiscould provide much needed insight to apprise energy, climate change and nature
policies and frameworks. At'a global scale, this could include the UN Sustainable Development Goals
[33] and Kunming-Montreal Global Biodiversity Framework [34], whilst also being relevant to national
energy strategies and mandatory planning requirements such as Biodiversity Net Gain [35] within the
UK.

Given the declinen global ecosystems, the rate of SP expansion and associated land take, it is essential
that we rapidly advance our understanding of the ecological impacts. For the first time, this paper
synthesises the environmental impacts of SPs on a global scale, underpinned by a systematic review,
and links the impacts to ES categories. Within this we investigate the influence of climate zone,
ecosystem.type and the life cycle phase of the SP and outline good practice guidance for industry.
Through identifying these nuances and knowledge gaps, we aim to both inform site-specific SP design
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and management and to direct future research efforts, but comparison with other technologies and
climate change effects are beyond our scope.

2.0 METHODOLOGY

To answer the primary question “what are the ES impacts of SPs?”, a quick scoping review. (QSR) of
peer-reviewed publications was undertaken, following U.K. Department for Environment, Foed and
Rural Affairs (DEFRA) guidelines [36]. The review comprised four key steps - scope definition,
literature search, results screening, and evidence database development - each of which is:detailed
below.

2.1 Scope definition

The literature search scope was defined using the PICO approach [36], identifying the Population,
Intervention, Control and Outcome elements. The population, the subject.of‘the study, was defined as
SPs. Given the global scope of the review, no geographic restrictions were selected (Appendix: Table
1). To ensure all potential environmental impacts were captured, regardless,of previous land use or
specific interventions during construction and operation of the SP, he interventions or controls were
specified. The outcome was defined as any aspects of the environment that may be affected by SPs, for
example pollination, species diversity and land use changex(Appendix: Table 1). The population and
outcome keywords were selected through identifying relevant:words and phrases in the published
literature, and expert insight, reflecting varying terminology acrossrnations (Appendix: Table 1). The
keywords were combined with Boolean and ,wildcard operators to form the final search strings
(Appendix: Table 1). Evidence relating to carbon emissions reduction associated with transition to SPs
from other forms of electricity generation was considered outside the scope of this review, as this has
been assessed previously [37] and is concomitant onthe carbon intensity of the grid. For example, wind
power may have a higher carbon intensity than solar-and fossil-fuel forms of electricity generation in
certain contexts, such as development on peatlands [38].

2.2 Literature search and results screening

An advanced search of peer-reviewed scientific articles was undertaken in the Web of Science™ core
collection on 11/12/2020 usingsthe sgarch strings and subsequently updated on 24/10/2023 using the
same protocol. All articles published in English between 1945 — 2023 were included, and irrelevant
science categories excluded (e.g4 thermodynamics, nuclear physics). A three-phase screening approach
was used to exclude articles outside of the scope of the study (Appendix, figure 1). The first phase
involved reading the title.and discarding irrelevant articles. In the second phase, abstracts were read,
and unrelated articles discarded. In the third phase the full article was read, and evidence extracted from
all relevant articles. Multiple pieces of evidence were extracted from an article where results related to
more than one ES, property.or process known to impact an ES. Evidence for Concentrated Solar Power
(CSP), roof mounted and floating solar was excluded.

2.3 Evidence database development

The lead author created an evidence database comprising the following fields for each piece of evidence:
article reference, a brief summary of the evidence, ES impacted, impact direction, evidence quality,
study. location, ecosystem type, climate zone, study design type, solar panel life cycle phase. A subset
of 10% ofthe total evidence was cross validated by the co-authors.
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Evidence from SPs was categorised according to which of the 16 ES (using ES categories used in a SP
management tool [10]) it could potentially impact (Appendix: Table 2). If the paper mentioned a
specific ES this was recorded, however most papers did not provide direct measurements of ES. In these
cases, the evidence was linked to the primary ES the ecosystem property or process assessed was most
likely to impact, although this may not be a direct measure of an ES. For example, Guerin et-al., [19]
recorded the deaths of 20 animals during SP construction in Australia, which was linked to degradation
of the ES defined as “maintaining habitats and biodiversity”.

The impact direction was categorised as positive, neutral, negative, or uncertain. Positive.and negative
impacts were defined as enhancement and degradation of the ES, respectively.. A neutral, impact
indicated no impact, or if two processes cancelled each other out e.g., observed decreases in surface
albedo, but increases in effective albedo [17] indicating a neutral impact on the climate regulation ES.
Uncertain impacts were those for which there was no scientific consensus of the impact on an ES, or
where the impact of the evidence was inconclusive or taken from conceptual.framework papers
highlighting potential impacts.

Each piece of evidence was classified as either strong or weak. Evidence,was:considered strong if it
was empirical data derived from lab or field measurements, derived from well-established concepts, or
followed an established methodology. In contrast, evidence was:classed.asweak if it was speculative,
expert opinion, based on anecdotal evidence or was unverified modelling.

The location of the evidence was classified to country levelsEcosystem type was categorised as one of
the seven terrestrial biomes as per the IUCN’s Global Ecosystem. Bypology 2.0 [39] with urban (e.g.,
built-up areas, car parks) and agricultural categories replacing the intensive land-use biome (Appendix:
Table 3). Ecosystem types were inferred through the articlessthemselves (if given) or by locating the
site on the IUCN Global Ecosystem Typology map [39]. Climate type was defined as tropical, dry,
temperate, continental, or polar following the simplified Képpen Climate Classification system and was
taken from the paper where available or identified using the updated Koppen-Geiger climate map [40].
If evidence was summarised from multiple countries, ecosystem types, climate zones, lab experiments
or perspective papers, “not applicable” was recorded. Study design type was categorised as original
research (e.g., empirical data), opinien/meta-analysis/conceptual frameworks, or reviews of empirical
data, with the latter excluded from further analysis. Finally, the SP life cycle phase the evidence
pertained to was categorised as congtruction, operation (including management) or decommissioning
(including recycling and disposal).

2.4 Evidence analysis

Chi-square goodness of-fit tests were conducted to establish if the evidence allocated to each ES was
biased towards positive or negative impacts (neutral and uncertain impacts, summarised in section 3.2
were excluded from analysis given the focus on change and low evidence numbers) and strong or weak
quality. The Chi-square tests were only performed on ES where the number of pieces of evidence > 10
to ensure a critical assumptionof the Chi-square test was not violated [41]. P values < 0.05 were deemed
statisticallyssignificant/The distribution of evidence across the positive and negative impact categories
was assessed for each ES by climate type, ecosystem type, location, evidence type and life cycle phase.

To summarise the understanding of the impact of SPs, each ES was classified based on the quantity and
quality (% strong) of evidence following an adaptation of the IPBES four-box model [32]. Specifically,
“wellbestablished” was both high quantity and high quality, “established but incomplete” was high
quality but lower quantity, “unresolved” was high quantity but lower quality and “inconclusive” was
bothilow quantity and low quality. Impact direction (significantly enhanced — significantly degraded)

Page 4 of 41



Page 5 of 41

oNOYTULT D WN =

177
178

179
180
181

182

183

184

185
186
187
188
189
190
191
192
193
194

195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

21
212
213
214
215
216
217
218

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

was calculated for each ES using positive, negative and neutral data on a sliding scale of 1 to -1 (with
1 being 100% positive and -1 being 100% negative) and indicated with text shading.

Following evidence analysis and interpretation, the discussion was supplemented where relevant with
peer reviewed grey literature and journal articles, to establish context within the current evidence base.
However, these additional sources were not subjected to analysis.

3.0 RESULTS AND DISCUSSION
3.1 General trends

We identified 194 journal articles, which together provided 849 pieces of evidence of how SPs impact
ES, with 116 classified as neutral and 111 uncertain. In total there were 622 pieces of evidence evenly
distributed between positive (n = 306) and negative (n = 316) impacts.(X2=0.16,/p = 0.69). Counts of
articles published per year were unevenly distributed across the time period.of 2009 — 2023 (X? 181.32,
p < 0.001, Table 1, Appendix: Figure 2). Generally, more of the evidence assaciated with negative ES
impacts was considered strong (X? = 25.63, p < 0.001), derived. frem empirical or quantitative methods,
whilst evidence linked to positive ES impacts was evenly distributed between strong and weak quality
(X?=0.01, p = 0.91). Significant trends emerged when contextualising the ES through location, climate
zone, ecosystem type and life cycle phase, which are discussed below. A fuller description of both
positive and negative effects is included in Section 3.2. y

The evidence was unevenly distributed across ES (X3= 839.61, p = < 0.001; Table 1), with most related
to the impacts on maintaining habitats and biodiversity (25%), food provision (21%), climate regulation
(14%) and soil quality regulation (10%)#0ut of all'ES, only maintenance of habitats and biodiversity
was generally degraded at SPs (X?=8.01, p <,0.001), whilst water cycle support, soil erosion regulation
and pollination regulation were generally enhanced (X?=5.23, p = 0.02; X?=9.78, p < 0.001; X?=7.20,
p < 0.001, Table 1). Understandingrof just four ES - maintaining habitats and biodiversity, food
provision, climate regulation and seil quality regulation - was considered well-established due to the
relatively high quantity and quality. (figure 2); whilst understanding of water cycle support, biomass
materials provision, soil erosion‘regulation and recreation and aesthetic interactions was considered
established but incomplete, with lower guantity but high quality (figure 1). Evidence was inconclusive
(low quantity and quality).for the remaining ES (figure 2). Of these, some are unlikely to be notably
impacted by SPs, specifically flood regulation, air quality regulation and educational and cultural
interactions. However; others.for which SP land use change could be highly influential were
underrepresented; for example, pollination regulation comprised just 3% of evidence, despite the
potential for significant impacts [42] and important links to human wellbeing through maintenance of
wild plant reproduction, biaediversity, ecosystem stability and crop yields [43, 44].

The evidenee,was unevenly distributed between nations (X?= 1504.57, p < 0.001; Table 1) and did not
match the deployment trends (figure 1). Almost one third of evidence (27%) for which location could
be identified was from the USA (Table 1), followed by China (19%), Italy (8%) and France (8%).
Whilst the USAand China feature in the top 10 rankings of installed PV capacity [45], China has over
three-times more installed PV capacity than the USA, and there is limited evidence for Japan, Germany
and India,despite having the 3", 4™ and 5™ highest installed PV capacities globally [45]. Moreover,
data on the siting location i.e., building mounted, ground mounted or floating, is not available for all
countries and thus it is not possible to infer the global impacts of SPs on ES.
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Similarly, the evidence was unevenly distributed between climate zones (X?= 127.33, p < 0.001), with
the majority (36%) derived from temperate climates. This reflects the large proportion of current PV
solar capacity installed in temperate areas of Europe, China and the USA (Table 1). This was followed
by dry (29%) and continental climates (12%). Significantly more evidence was associated with negative
impacts on soil quality regulation in temperate climates (X?= 10.71, p < 0.001, Table 2). Conversely,
water cycle support and pollination regulation were enhanced in temperate climates (X? = 6.25, p»=
0.01, X? = 4.45, p = 0.03, Table 2), whilst soil quality regulation was enhanced in dry climates (X%=
6.37, p = 0.01, Table 2).

Evidence was identified from a wide range of broad global ecosystem types, including agricultural,
savanna and grassland, deserts and semi-deserts, alpine and urban areas, yet was-unevenly distributed
(X? = 558.58, p < 0.001). Most evidence, where ecosystem type could be identified, was from
agricultural ecosystems (35%), partly attributable to the significant increase.in research/on agrivoltaics
in recent years [46]. Significantly more evidence linked to soil erosion regulation’and water cycle
support in agricultural ecosystems was associated with positive impacts (p <.0.05, Table 2). Conversely,
relatively little evidence (16%) was identified from desert and semi=desert-ecosystems, although
significant proportions of PV capacity in arid areas of China and,the USA [45]. Despite this, climate
regulation, a key ES intrinsically linked with many other ES, was generally degraded at SPs in desert
and semi-desert ecosystems (X?= 5.26, p = 0.02, Table 2){ Moreover, evidence from savanna and
grassland ecosystems was dominated by negative ES impacts (X?= 12.74, p < 0.001, Table 1), with the
majority categorised as strong quality (X2= 10.53, p <0.001, Table 1). These include potential for
negative outcomes associated with a range of ES, such as climate regulation, soil quality regulation and
maintaining habitats and biodiversity. [12, 47-49]. These outcomes highlight the importance of
considering the wide-ranging potential implications:for ES when developing SPs in these ecosystems.

In terms of life cycle stage, the review identified significant knowledge gaps on evidence specific to the
construction and decommissioning phases, with the;overwhelming majority of evidence (78%) relating
to the operational phase (X?=953.96, p < 0.001;Table 1). Overall, the operational phase has significant
scope for ES enhancement (X?=6:92, p < 0.01, Table 1). Principally, three ES - pollination regulation,
soil erosion regulation and water cyele support — were found to be enhanced in the operational phase
(X?=7.12, pp = 0.01, X?=8.91, p/< 0.001, X2.=7.41, p < 0.01, Table 2). Despite the lack of evidence
specific to SP construction, this phasghas the potential to be the most damaging to ES, with significantly
more evidence associated with negative ES impacts overall (X2=53.93, p < 0.001, Table 1), including
impacts on maintaining habitats.and biodiversity [20, 48, 50-53], pest and disease regulation [54, 55]
and soil quality regulation [19, 56]. However, more of the construction phase evidence linked to
negative impacts was_considered weak (X?>= 7.67, p = 0.01, Table 1), as there is limited empirical
research. Specifically, maintaining habitats and biodiversity was degraded during the construction
phase (X?=29.88,4 < 0.001, Table 2), largely due to the initial habitat loss. Notably, there is currently
very limited evidence onthe‘impacts of decommissioning (< 1%; Table 1) given the lifetime of SPs and
their relatively recent deployment, yet many SPs will be nearing end of life by the early 2030s [6].
Consequently, there is a critical need for empirical data which quantify the impacts of SP construction
and decommissioning to ensure improved understanding and aid mitigation of potential negative
impacts throughout the SP life cycle.

Finally, although outside the scope of this review, SPs significantly reduce GHG emissions compared
to fossil fuel electricity generation, and thus mitigate global climate change [2, 57-59]. Further, the
negative impacts of fossil fuel sources of electricity generation (and associated mining and hydraulic
fracturing) are well-established e.g. air and water pollution, wildlife mortality and habitat degradation
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264  [60-63]. Alongside exacerbation of climate change, these impacts can have wide-ranging implications
265  for arange of ES at global and local scales.
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Figure 1: Global distribution of evidence extracted during the review and linked to positive, negative or neutral impacts on 16 ecosystem services. Installed PV capacity (GW)
for corresponding countries is indicated through shading. N = total evidence per country. Bar plots show the number of pieces of evidence per country for continents where
evidence/was extracted from multiple countries. Country abbreviations: Switzland = Switzerland, Bdesh = Bangladesh, S. Korea = South Korea.
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4 Established but incomplete Well-established
Soil erosion regulation Maintaining habitats and biodiversity.
Water cycle support Food provision
Biomass materials provision Climate regulation

Recreation and aesthetic interactions Soil quality regulation

Inconclusive Unresolved

Pollination regulation ~

Air quality regulation

Quality of evidence (% strong)

Pest and disease regulation

Educational and cultural interactions

er quality regulatior
Flood regulation
Spiritual and religious enrichment

Pollution regulation &

Quantity of evidence

Impact direction: . Significantly - Enhanced - No change |:| Degraded - Significantly
enhanced degraded

Figure 2. Confidence levels assignedde.the 16 ES impacted by SPs, an adaptation of the IPBES four-box model.
Each ES was assigned a confidence level according to the quantity and quality of evidence linked to that ES.
Quality of evidence is defined as the percentage,of evidence classified as strong, i.e., sourced from empirical or
field data. Confidence levels assigned to each ES (top right - bottom left) are as follows: well-established: higher
quantity and quality (4 ES); establishetsbut incomplete: higher quality but lower quantity (4 ES); unresolved:
higher quantity but lower quality (0 ES); inconclusive: both lower quantity and quality (8 ES). Impact direction
was calculated using positive, negative and neutral data, ranging from significantly enhanced (80-100% positive
evidence) to significantly degraded (80=100% negative evidence) and is indicated with text shading.

Table 1. The counts of evidence categorised as positive (+) or negative (-) impacts for database fields used in the
QSR. The remaining,evidence ‘is, summarised (Appendix: Table 4). Only database categories where the total
number of pieces.ofsevidence = 10 were included in statistical analysis, as per assumptions of the Chi-square
goodness of fit/test. Ecosystem service impact counts in bold text represent a statistically significantly higher
positive or negative‘evidence count, respectively, in comparison to expected counts (p < 0.05), whereas impact
counts in plain‘text indicate no significant difference, or database fields with evidence counts < 10. Numbers in
bold marked with an asterisk in the evidence quality column indicate a significantly higher count of evidence
considered strong or weak quality. For publication year, values in the total column are displayed as: number of
articles (number of pieces of evidence), and values in ES impact and evidence quality columns relate to the number
of pieces of evidence extracted from articles published in each year.

ES impact Evidence quality

Database category Sub-category Total
+ - Strong Weak
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2009 11 0 1 1 0
2011 1(3) 1 2 3 0
2012 1(3) 3 0 3 0
2013 2(4) 2 2 4 0
2014 4 (18) 8 10 3 15*
2015 34 0 4 1 3
Publication year 2016 9 (25) 6 19 g R
2017 13 (38) 10 28 12 26*
2018 7 (35) 31 4 7 28*
2019 10 (45) 30 15 22 23
2020 17 (47) 27 20 30 17
2021 25(95) 42 53 77* 18
2022 31 (128) 68 60 83* 45
2023 43 (176) 78 98 105* 71
Maintaining habitats and biodiversity 153 59 94 87 66
Food provision 133 70 63 91* 42
Climate regulation 84 39 45 42 42
Soil quality regulation 64 29 35 56* 8
Water cycle support 43 30 13 30* 13
Biomass materials provision 29 17 12 19 10
Soil erosion regulation 23 19 4 12 11
Ecosystem Recreation and aesthetic interactions 22 8 14 10 12
Service Pollination regulation 20 16 4 4 16*
Flood regulation 13 4 9 0 13*
Pest and disease regulation 13 6 7 3 10*
Educational and cultural interactions 6 3 3 1 5
Air quality regulation 6 4 2 1 5
Water quality regulation 5 2 3 0 5
Pollution regulation 4 0 4 0 4
Spiritual and religious enrichment 4 0 4 1 3
USA 167 78 89 98* 69
China 120 83 37 88* 32
N/A 76 37 39 7 69
Italy 50 25 25 26 24
France 49 16 33 47* 2
UK 22 13 9 9 13
South Korea 20 6 14 18* 2
Germany 18 10 8 15* 3
India 17 6 11 9 8
Australia 14 3 11 4 10
Greece ~ 10 5 5 5 5
L ocation Spain A 10 1 9 2 8
South Africa 9 2 7 4 5
Belgium 8 3 5 7 1
Czechia 7 5 2 1 6
Japan 5 2 3 5 0
Hungary 4 1 3 4 0
Bangladesh 3 3 0 2 1
Pakistan 3 2 1 0 3
Mexico 3 0 3 0 3
Chile 3 2 1 3 0
Switzerland 2 0 2 2 0
Thailand 1 0 1 1 0
Brazil 1 1 0 1 0
Temperate 222 110 112 163* 59
Dry 183 90 93 114* 69
Climate type N/A 136 72 64 21 115*
Continental 72 32 40 53* 19
Tropical 9 2 7 6 3
N/A 225 110 115 67 158*
Ecosystem type Agricultural 219 120 99 166* 53
Deserts and semi-deserts 97 45 52 68* 29
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Savannas and grassland 38 8 30 29* 9
Polar/alpine 25 16 9 18* 7
Urban 14 7 7 8 6
Tropical sub-tropical forests 4 0 4 1 3
Operational 486 272 214 318* 168
Life cycle phase Construction 69 4 65 23 46*
N/A 64 30 34 16 48*
Decommissioning 3 0 3 0 3

Table 2. Evidence counts and impact direction (+ or -) linked to ES (where total evidence = 10) by location,
climate type, ecosystem type and life cycle phase. Only database categories where the total/number of pieces of
evidence > 10 were considered for statistical analysis, as per assumptions of the Chi-square goodness of fit test.
Ecosystem service impact counts in bold text represent a statistically significantly higher pasitive or negative
evidence count, respectively, in comparison to expected counts (p < 0.05), whereas impact countsin plain text
indicate no significant difference, or database fields with evidence counts < 10. Numbers in bold marked with an
asterisk in the evidence quality column indicate a significantly higher count of evidence considered strong or weak

quality. ~
ES impact Confidence
Ecosystem service Database category Sub-category
+ - High Low

USA 16 37 30 23
. China 19 13 26* 6
Location N/A 8 13 6| 15
Italy 5 8 6 7
Dry 24 31 39* 16
. N/A 14 29 9 34*
Maintaining habitats | Climate type Temperate 14 25 o7+ 12
and biodiversity Continental 7 8 12* 3
N/A 23 55 31 47
Deserts and semi-=deserts 10 17 20* 7
Ecosystem type Agricultural 10 11 16* 5
Savannas and grassland 7 6 9 4
Operational 50 45 66* 29
Life cycle phase Construction 3 38 15 26
N/A 6 10 6 10
USA 19 7 12 14
France 9 14 22* 1
Location South Korea 4 12 16* 0
Germany 8 6 13* 1
N ltaly 5 5 7 3
Temperate 41 40 70 11
Food provision ) Dry 11 6 6 11
N Continental 4 11 10 5
N/A 13 2 0 15*
Agricultural 48 54 85* 17

Ecosystem type
N/A 19 5 2| 20
Life cycle phase Operational 66 61 91* 36
N/A 8 14 1 21*
Location China 11 10 17* 4
USA 8 10 11 7
Dry 11 20 21* 10
Climate type N/A 17 1 2 26*
Climate regulation Temperate 8 8 12* 4
N/A 22 17 7 32*
Ecosystem type Deserts and semi-deserts 6 17 16 7
Agricultural 7 4 9* 2
Life cycle phase gyiratlonal 3: 3; 42 3;
Location China 14 9 22* 1
France 2 11 13* 0
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USA 9 2 11* 0

Temperate 3 18 20* 1

Climate type Dry 15 4 16* 3

Soil quality regulation Continental 7 9 16* 0
N/A 5 15 16* 4

Ecosystem type Agricultural 7 10 14* 3

Deserts and semi-deserts 12 5 17* 0

Life cycle phase Operational 23 30 50* 3

Location China 13 2 12* 3

Climate type Dry 10 v 157 A

Water cycle support Temperate 13 3 12* 4
Ecosystem type Agricultural 18 5 19* 4

Life cycle phase Operational 28 11 28* 11

Location USA 8 8 14 2

Biomass materials Climate t Temperate 11 5 12* 4
provision Imate type Dry 5 6 7 4
Ecosystem type Agricultural 11 7 15* 3

Life cycle phase Operational 17 -9 19* 7

Soil erosion Location China 11 1 7 5
regulation Ecosystem type Agricultural 9 1 4 6
Life cycle phase Operational 18 4 11 11

Recreation and Climate type N/A 4 7 5 6
aesthetic interactions | Ecosystem type N/A 6 9 6 9
Life cycle phase Operational 6 7 8 5

Climate type Temperate 9 2 3 8

Pollination regulation | Ecosystem type N/A 12 1 0 13*
Life cycle phase Operational 14 3 3 14*

3.2 Impacts of SPs on ecosystem services

The following sections discuss the findings for each of'the ES with sufficient evidence for statistical
analysis (number of pieces of evidence assoeciated with the ES > 10), contextualised in light of climate
zone, ecosystem type and SP life cycle phase. For ES where n > 10, neutral evidence is also summarised.

3.2.1 Maintaining habitats and biodiversity

SPs may impact habitats and biodiversity 'due to changes in management and the presence of the
infrastructure, including land clearance and alteration to the local climate, with consequences for
habitats, species movement and mﬁ'tality [19, 21, 22, 48, 64-66]. Overall, there was a significantly
higher count of negative evidence'(61%) compared to expected counts (X?=8.01, p < 0.001, Table 1).
However, evidence wasevenly distributed between strong and weak quality (X>=2.88, p = 0.09, Table
1). Similarly, positive and negative evidence was evenly distributed across climate and ecosystem types
(Table 2), however more evidence from the construction phase was associated with degradation of the
ES (Table 2), largely due to the potential initial habitat loss. A further 24 pieces of evidence associated
with neutral impacts were extracted.

Negative impacts

Just under half of the negative evidence related to habitat degradation, loss, or fragmentation. Multiple
studies highlighted the actual or potential loss of habitat due to SP expansion [51, 53, 67-69] including
overlap of SPs;with conservation areas [53, 70, 71] and rare wildlife habitats [52], for example the loss
of grey-crowned babbler (Pomatostomus temporalis) habitat and nest removal prior to SP construction
in Australia{19]. In addition, habitat fragmentation [72], degradation of habitat corridors [73], concerns
over the close proximity of SPs to protected areas [66] and the resulting potential barriers to animal
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movement [69] were also identified as possible negative impacts which may worsen with increasing SP
development.

Around a quarter of negative evidence was linked with actual or potential changes to species abundance,
richness, evenness, diversity or community composition. This included lower species diversity {12, 43,
74-76] and abundance within SPs, often particularly under panels. For instance, areas under panelshad
lower floral abundance, insect species richness and diversity in Oregon, USA [77]. Furthermore, there
is some evidence that the behaviour of species such as bats may be negatively affected at SPs, for
example, bat activity was reduced at SPs in Hungary [78] and the UK [79], presumed due to loss,or
fragmentation of foraging and commuting habitat.

Around 15% of negative evidence focused on species mortality, survivorship, injury or welfare. There
has been much focus on avian mortalities at SPs, with estimates in the Southwestern US ranging from
2.49 birds/MW/yr to 11.61 birds/MW/yr [64, 80, 81]. However, there is considerable uncertainty around
fatality estimates, including difficulty attributing a definitive cause of mortality,demonstrating the need
for further research [81]. Research on other taxa includes reduced growth of the rare desert annual
Eriophyllum mohavense under solar panels in the Mojave Desert during agoad'rainfall year [82], and
increased mortality of aquatic birds and insect species attributed ta'the polarised light produced by solar
panels [83, 84]. Finally, concerns have been raised around potential future‘’damage to wildlife due to
the disposal of solar panels in the decommissioning phase [85].

The remaining evidence comprised negative implicationssfor photosynthesis, productivity, biomass
production (of non-food, fuel or fibre plants) and vegetation cover, attributed to reductions in PAR
under solar panels [16, 86, 87].

Positive impacts

Positive impacts on maintaining habitats and biodiversity (39%) were evenly distributed across climate
type, ecosystem type and SP life cycle phase (Table:2). Around two-thirds of this evidence quantified
favourable outcomes for species abundance, richness, evenness, diversity and community composition,
linked to the implementation of beneficial management, ceasing detrimental practices, or the solar
infrastructure creating beneficial conditions. For instance, in the central Asian Steppe, tenebrionid
beetle diversity was significantly ‘higher within a SP compared with an ungrazed site, although this
difference was marginal [88] and:in China, increased plant species richness [16] and diversity [89] were
observed under panels and between rows of panels compared to controls. Further evidence related to
habitat enhancement, protection, or provision, including scope to enhance local biodiversity and
wildlife habitat at SPs [22,.90, 91] through co-location with vegetation, wildflower planting, provision
of shade and integration,with the local landscape [21, 22, 90-95].

Around a quarter of evidence focused on productivity, aboveground biomass production (of non-food,
fuel or fibre plants).andvegetation cover. Almost all of this evidence was from China, particularly areas
with a dry climate or semi-arid ecosystems, where panel shade provides protection from strong solar
radiation and 'wind erosion, allowing vegetation to establish and cover to increase [16, 18, 96]. For
example,several papers reported an increase in NDVI [97, 98], aboveground biomass [89, 99] and
vegetation cover [16, 100, 101] following SP construction.

The remaining evidence highlighted positive impacts on species survival, welfare and provision of
resources at|SPs. For instance, birds have been observed using SP infrastructure for shade, shelter,
perches; foraging and nesting in South Africa and the USA [48, 56, 102, 103]. In the Mojave desert,
seed bank survival for two desert annuals increased under the shade of experimental solar panels [104]
and an increased number of the rare Mojave woolly sunflower (Eriophyllum mohavense) survived to
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maturity, likely attributable to reduced evapotranspiration in the shade [87]. However, impacts varied
with species, habitat and weather conditions, highlighting the importance of site characteristics and
species on outcomes [82, 87, 105].

Neutral impacts

One third of the neutral maintaining habitats and biodiversity evidence shows no significant impact on
abundance, species richness or community composition in focal taxa. For example, no change was
found in the abundance and community structure of tenebrionid beetles in a SP in China [88] or the
richness or diversity of flowers between shade levels within a SP in the US [77].

Another third of evidence was split between neutral impacts on habitat size, corridors and animal
movement and the cover of vegetation [78, 106, 107]. For instance, mitigation corridors»established
between two large-scale PV SPs in California were deemed sufficient to_contain home ranges and
maintain connectivity of Mojave desert tortoise (Gopherus agassizii) populations.J65]. The remaining
evidence highlighted no bird injuries, mortalities or attraction to the polarised light produced by PV
panels, including in Australia [19], South Africa [48] and the USA [102;,103].

3.2.2 Food provision

SPs largely impact food provision through the use of agrivoltaic systems (AVS) - the co-location of
solar panels and food crops or livestock on the same land [24]. Such AV/Shave seen increasing research
focus in the last decade and offer significant scope to increase land use efficiency. The food provision
evidence was evenly distributed between positive and negative impacts (X*>= 0.37, p = 0.54), just under
half (47%) of which related to negative impacts and 53%to positive impacts (Table 1). A further 27
pieces of evidence associated with neutral impactsson food provision at SPs were extracted. Overall,
more evidence linked to impacts of SPs on food provisien was deemed strong, with a high proportion
of field data (X?= 18.05, p < 0.001, Table 1). Positive and negative evidence was evenly distributed
across climate types, ecosystem types and life cycle.phases (Table 2). A total of 27 pieces of neutral
evidence were also identified.

Negative impacts

Just under half of evidence linking SPs to food provision was associated with negative impacts (Table
2), two-thirds of which was related-te.implications for crop health, growth and yield with many focused
on crops such as wheat, maize and soybean that are more sensitive to lower PAR [108-110]. For
example, in South Korea, the yield of sesame, soybean, and rice crops was reduced by up to 30% [110],
and apples within an AV orchard in'France had 24% lower dry matter content and thus reduced quality
[111]. Delays to crop.growth and/maturity within AV systems were also identified. In South Korea,
grapes grown under solar panels exhibited slower growth than those at control sites [112], and
reductions in growth rate during the juvenile phase of lettuces and cucumbers were observed in France,
which were attributed to the reduced light and altered soil temperature [113]. The majority of evidence
linked to negativedimpacts of SPs on food provision is from temperate climates, where the potential
benefits framrshade such as shielding from strong solar radiation and improved soil moisture may be
less apparent. Other negative evidence included implications of land use change from agricultural to
standard solar farms with potential risks for food security [49, 114].

Positive impacts

Positive evidence was linked to potential enhancement of food provision (Table 1), principally
improved crop or livestock health, growth and yield. The benefits were strongly influenced by the
climate, crop selection and array design, with notable benefits in climates with high levels of solar
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radiation given the increased shade, higher soil moisture, and improved water use efficiency (WUE)
[23, 115, 116]. For example, an agrivoltaic experiment in Arizona saw a 65% increase in WUE and
double the fruit production for a heat sensitive tomato crop Solanum lycopersicum var. cerasiforme
compared to unshaded crops [23]. Similarly, shading irrigated vegetable crops with PV panels resulted
in savings of 14 - 29% of evapotranspired water [25].

In more temperate climates, yields were found to increase in drier years [27, 108, 117]; modelled crop
yields from a Belgian study increased by 12% in 2022, which was drier, comparedo the previous year
[118]. Potentially negative impacts on yields were also found when tracker, vertical or bifacial systems
were used as they allow significantly more light to reach crops [118, 119].

A further 14% of evidence linked to positive impacts on food provision discussed the general benefits
of agrivoltaics, including potential improvements to food system resilience, increased diversity of crops
grown, pollination benefits to surrounding crops, increasing overall land useefficiency [22, 24, 90, 120-
123]. o

Moreover, SPs can provide grazing habitat and may improve the welfare of livestock through shade
provision and protection from adverse weather conditions [4, 90, 124]..For example, the body
temperature of cows in the USA shaded by solar panels was lower than those without shade,
highlighting the potential to improve livestock wellbeing in agrivoltaic systems through reduced heat
stress [125], and the liveweight of lambs under solar panels‘was comparable to those grazed in open
pastures, despite a higher stocking density in the SP groups[126]:

. 4
Neutral impacts
Neutral evidence largely concerned neutral effects,on cropryield and production within agrivoltaic
systems. For example, no significant difference was observed in fruit production of jalapenos grown
within the shade of an agrivoltaic system.and in full,sun‘in the USA [23], and whilst cows provided
with solar panel shade at a farm in the USA had lower respiration rates than no shade cows, milk, fat
and protein production did not differ [125].

3.2.3 Climate regulation

Climate regulation is strongly influenced by land use and land cover change [127, 128] and is inherently
linked with many other ES. SPssiimpact climate regulation through biogeochemical effects e.g., acting
as sources and sinks of greenhouse gases, and biophysical effects e.g., altering albedo, temperature,
wind and precipitation receipts [12, 14-17, 129]. Evidence was evenly distributed across positive (46%)
and negative (54%) impacts (X*=10.43, p = 0.51), and strong (50%) and weak (50%) quality (X? <
0.001, p = 1.00, Table-L). A total of 22 pieces of evidence associated with neutral impacts on climate
regulation at SPs were extracted. Climate regulation evidence was evenly distributed between positive
and negative impacts across climate types and life cycle phases (Table 2), with a further 22 pieces of
neutral evidence.

Negative impacts

Just over half of the climate regulation evidence was negative (54%; Table 1), with more evidence from
SPs in.desert and semi-desert ecosystems linked to negative impacts (X? = 5.26, p = 0.02, Table 2).
Almost half of the negative climate regulation evidence related to observed or potential increase in air
temperatures, thus exacerbation of climate change, largely in hotter, drier regions [13, 14, 23, 101, 130-
132]. These increases may result from higher panel temperatures compared to ambient, leading to
convection heat dissipation [101], or a reduction in albedo following conversion to SPs, which may be
more apparent in desert environments given their naturally higher ground surface albedo [13, 23].
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Indeed, almost a quarter of the evidence highlighted a reduction in albedo associated with the land cover
change to SPs [14, 67, 101, 107, 130, 133, 134]. Increased air temperatures have largely been reported
when measurements were taken from above panels, or from exposed areas within SPs (i.e. not directly
under panels), as panels can increase heat transfer and radiate heat [13, 14, 130, 135]. Similarly, at night
[23, 136] or during winter [12], panels may retain heat and contribute to elevated air temperatures.under
panels. Additionally, several modelling studies have predicted localised increases in air temperature at
SPs [67, 134, 137].

A quarter of the evidence highlighted that SPs may reduce soil carbon, with negative implications for
climate regulation. For example, studies in France [75, 138], China [139] and Italy [140] have ebserved
reduced soil total and/or organic carbon within SPs compared to controls. Potential explanations include
a reduction in the growth of herbaceous species combined with decreased soil moisture, increased
salinity and pH [140]. Moreover, multiple studies [86, 138, 141, 142] hypothesised soil carbon may be
reduced at SPs due to changes in soil moisture, air, or soil temperature. The remaini,Qg gvidence included
reduced precipitation [129, 137] following hypothetical construction of large=scale SPs, in addition to
speculation on general degradation of climate regulation due to solar development [72].

Positive impacts

The positive evidence associated with climate regulation (46%; Table 1) was evenly distributed across
all climate types, ecosystem types and lifecycle phases (Table 2).“Approximately half comprised
reductions in air temperature, indicating potential mitigation oficlimate change [15, 17, 23, 86, 132,
135-137, 143]. SPs can reduce local air temperatures, influeneed by time of day, season and
measurement location (i.e. directly under panels or above panels). During the day, air temperatures
directly under panels can decrease, as the shade provided byspanels reduces the amount of incoming
solar radiation [12, 23, 136]. This trend may be more pronounced in spring and summer, when ambient
temperatures are higher [12, 111, 144, 145]. SPs remove a proportion of incoming solar energy as
electricity, which may contribute to a land surface temperature SP ‘cool’ island’ effect in arid
ecosystems [17, 146]. At night, temperatures under panels or within SPs can remain lower than ambient
[132, 135]. Similarly, where the difference in albedabetween the panel surface and surrounding ground
surface is less pronounced, e.g. in grasslands vs deserts, cooling at SPs may also occur [86]. In addition,
the orientation and modality of panels may alse, influence the nature of impacts on air temperatures. For
example, Suuronen et al. [136] founQIower daily air temperature under panels in a fixed mount system
compared to gaps and the surrounding Chilean desert, however these differences were less pronounced
in a tracker system. Finally, incorporating wetland creation and vegetation planting into SP design may
reduce air temperatures [91].

Whilst there was much field data'supporting negative impacts for soil carbon, around a quarter of the
positive evidence detailed increases in soil carbon, although most were predictions (i.e., no field data)
[4, 21, 67, 86, 90,,147-149]. For instance, there is potential to utilise degraded lands for SPs, where
landscaping with native vegetation may promote soil carbon sequestration [4]. A smaller amount of
research details.observed increases in soil carbon following SP installation, with links to vegetation
cover [99; 150]. Forrexample, in the USA, vegetated solar areas had higher soil carbon compared to
bare areas [150]. Finally, general enhancement of climate regulation [22, 90] and solar PV’s substantial
reduction in.carbon emissions, compared to other energy sources was detailed [141, 151, 152].

Neutral impacts

The majority of neutral evidence related to no significant difference in air temperature at SPs compared
to controls [18, 74, 95, 110, 113, 145, 153-155]. Other neutral evidence comprised little or no change
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in meteorological variables and carbon fluxes [12, 17, 113]. Further, some studies found no change in
soil carbon at SPs [12, 89, 101, 156], which could be due to site characteristics or insufficient time since
construction.

3.2.4 Soil quality regulation

Soil quality regulation is vital to delivering regulating services through the storage and degradation of
organic matter, mediating exchange of gases to the atmosphere, storing, degrading, and transforming
materials such as nutrients and contaminants, and regulating the flow of water [31, 157]. Evidence was
extracted from multiple studies revealing a heterogenous distribution of soil physieal, chemical and
biological properties at SPs, attributed to altered microclimate and subsequent changes to vegetation
cover and composition, construction and on-site management decisions. Thessoil quality regulation
evidence was evenly distributed across positive (45%) and negative (55%) impacts (X?=10.56, p = 0.45),
however far more (88%) was considered strong (X?= 36.00, p < 0.001, Table 1) Positive and negative
soil quality regulation evidence was evenly distributed across ecosystem types and life cycle phases.
However, more negative evidence was from temperate climates and more positive evidence from dry
climates (Table 2). An additional 25 pieces of neutral evidence were extracted:

Negative impacts

Just over half (55%) of the evidence linked to soil quality (regulation was associated with negative
impacts (Table 1), more of which was from temperate climates (Table 2). Direct degradation of physical
soil quality was attributed to compaction, a common/cause»of a’naerobism, waterlogging, nutrient
depletion and reduced fertility in soils [158] from machinery during SP construction [56, 118, 133].
Further, soil temperature, an important physicalproperty that can indirectly impact soil quality [159]
through influencing plant growth, development, and nutrient uptake [160, 161], microbial community
composition [162, 163] and decomposition of organic matter [164, 165], was higher under an agrivoltaic
test bed in South Korea [112] and across @ SP.in.an arid region of China [18].

Evidence reveals negative impacts on soil chemistry, both through the effect on ecological processes
but also directly from the SP infrastructure. Soil nutrient concentrations, including nitrogen, were also
negatively impacted in response tossitesmanagement decisions, including topsoil stripping during
construction [47] and removal of vegetation cover [150]. Soil nitrogen is an essential nutrient and low
concentrations can limit soil organigmatter, and thus carbon, accumulation [166]. Several studies in
France and Italy have found lower nitrogen under panels [75, 76, 138, 140] and a corresponding
decrease in SOM has also been.observed [76]. Increases in soil salinity have also been found [98, 140],
with concomitant adverse effects on'plant growth [167, 168]. Other negative impacts on soil chemistry
at SPs include higher_levels of toxic chemicals such as lead [169] and chlorine [98], potentially the
result of leaking from panels. Soil may also be contaminated with transformer oil during SP construction
[19].

The negative/effects on soil biological quality focus on implications for soil invertebrates and
microorganisms,which /regulate organic matter decomposition and nutrient cycling [170-172]. For
examples; substantial reductions in the biomass of soil microorganisms and abundance of mites,
springtails, fungi and gram negative bacteria have been observed outside SPs compared to under panels
[75]«The response of soil biology is tightly coupled to soil physical and chemical properties. For
example, Indtaly, a general reduction in soil microbial activity was observed in SP soils compared to
controls, attributed to a combination of adverse environmental conditions including reduced soil
moisture, higher temperature, increased salinity and reduced organic matter [140].

Positive impacts
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Under half (45%) of soil quality regulation evidence was associated with positive impacts, of which
significantly more related to dry climates (Table 1, Table 2). Soil temperature was commonly reduced,
a climate change mitigation effect, under panels at SPs in more arid regions or those experiencing
increased droughts [14, 75, 87, 138, 144, 156]. Given the climate sensitivity of these environments
[173] temperatures may be close to thresholds for vital plant-soil processes such as productivity;
decomposition and seed germination [12, 174], thus reduced temperature could mitigate’ increasing
climate change impacts [175].

Soil chemical and biological quality was also enhanced at SPs. For instance, increases in,soil nitrogen
and organic matter in China [99, 176]. Moreover, there is potential for management to be selected to
promote beneficial outcomes. For instance, through promotion of biocrust formation, a.key component
in soil formation in desert ecosystems, SPs could restore degraded dryland ecasystems [98; 177, 178].
Finally, general, non-specific references to enhancement of soil quality, including fertility and soil
formation constituted 6% of positive evidence [22, 90] suggesting that there is some,focus on using SP
to improve soil health.

Neutral impacts

Much of the neutral evidence showed no differences in soil parameters between SPs and contraols,
including soil temperature [110, 179]; nutrients and pH [89, 99, 101, 139,156], and bacteria and fungi
[75, 89].

3.2.5 Water cycle support 3

Water cycle support encapsulates Earth’s major, water fluxes, such as precipitation, evapotranspiration
and river flow, and water storages including lakes, groundwater, and soil, which together determine the
spatial and temporal availability of water [31, 157]. SPs can impact water cycle support through
redistributing water receipts at the surface and altering evapotranspiration rates, with implications for
soil moisture. Moreover, water used for panel washing may impact water supply locally within arid
regions, depending on the level of water scarcitysand the frequency of panel washing. Evidence relating
to water cycle support at SPs was unevenly distributed across positive (67%) and negative (33%)
impacts (X?=5.23, p = 0.02, Table 1), and strong (70%) and weak (30%) quality (X*>=6.72, p = 0.01,
Table 1). More evidence from temperate climates, agricultural ecosystems and the operational phase
was associated with enhancement.ofithe ES(Table 2).

Negative impacts

Around one third of the evidence linked to water cycle support was negative (Table 2). This evidence
was evenly distributed-across climate and ecosystem types and SP life cycle phases (Table 2). The two
reported effects were increased water scarcity due to use of water for panel washing, particularly in dry
climates [19, 49, 56], and reductions in soil moisture under panels [117, 138, 140, 180], predominantly
due to diverteddrainfall by solar infrastructure [87, 96].

Positive impacts

Of the two-thirds\of positive water cycle support evidence, more related to temperate climates,
agricultural.ecosystems and the operational phase of the SP life cycle (Table 2). Soil moisture was
generally higher under the shade of solar panels, accounting for 60% of positive evidence, due to a
combination of reduced evaporation in the shade and a tendency for precipitation to collect along the
edges of panel frames [12, 13, 23, 149]. This effect was observed in arid zones [16, 133, 179] and more
temperate zones [15, 77, 89, 150], yet differences in soil moisture in temperate climates may become
particularly apparent in drier spring and summer months [126].
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The remaining evidence comprised general non-specific references to the potential for enhancement of
water cycle support at SPs [22, 90] and highlighted the opportunities to reduce water required for panel
washing [91], reusing washing water for irrigation of agrivoltaic crops and rainwater harvesting [120,
181].

3.2.6 Biomass materials provision

Biomass materials provision refers to the provision of all biomass of use to humans, excluding food
crops e.g., timber, biofuel, medicine and genetic resources, grazing and livestock forage)[157]. SPs may
enhance or reduce biomass provision depending on biomass type, location and management. Overall;
the biomass evidence relating to water cycle support at SPs was evenly distributed across positive (59%)
and negative (41%) impacts (X?>= 0.86, p = 0.35, Table 1), and strong (66%) and'weak(34%) quality
(X?2=2.79, p = 0.09, Table 1). Positive and negative evidence was evenly distributeddacross climate,

ecosystem types and life cycle phases (Table 2).
~

Negative impacts

Over two-thirds of negative biomass materials provision evidence was associated with decreased plant
productivity, photosynthesis and biomass at SPs. For instance, the shade of solarpanels led to reductions
in aboveground net primary productivity (ANPP) and biomassrof forage grassland, although factors
such as array design, soil moisture, and seasonal and diurnal{variations.in light and temperature cause
variation in outcomes [126, 180, 182].

The remaining evidence included the potential for reduced/provision of raw materials following SP
construction, with the scale of impacts varying with location, construction, and site management
decisions [72, 142]. For example, there are concernsithat yieldsof Opuntia cactus, a marketable product,
may decrease alongside increasing solar developmentiin the Chihuahuan desert [72]. Additionally,
inhabitants living near SPs in Rajasthan, Andia, experienced reduced access to firewood [183].

Positive impacts

Evidence relating to positive impacts,of SPs on biomass material provision was linked to increases in
both quantity and quality of biomasssFor example, at SPs in Oregon, USA, biomass increased by 90%
[15] and forage quality and digestibility increased [124, 126]. Additionally, it has been speculated that
SP management can be adaptedsto enhance raw materials provision [22]; for example, the growth of
biofuel crops within SPs [91]; and rosemary, thyme and Medicago sativa within ‘photovoltaic gardens’
in Italy [153, 184].

3.2.7 Soil erosion regulation

Soil erosion is one(of the major global threats contributing to soil degradation through changes to
processes such as nutrient cycling and decomposition, with subsequent impacts on a range of ES [185-
189]. SPs may impact seil erosion regulation through changes to wind speed, distribution of
precipitation and cover of vegetation [143]. Evidence associated with impacts on soil erosion regulation
was largely“positive.overall (83%), with just 17% linked to negative impacts (X*>= 9.78, p < 0.001,
Table 1), although'evidence was evenly distributed between strong (52%) and weak (48%) quality (X?
= 0.04, p =0.83, Table 1). Positive impacts were particularly associated with agricultural ecosystems
and the operational life cycle phase (Table 2).

Negative impacts

Just. 7% of the soil erosion regulation evidence was negative (Table 2), comprising increased erosion
due channelling of the water [190], resulting in the creation of rills and gullies underneath panels [117]
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and the consequence of soil disturbance, including topsoil stripping, on vegetation and soil properties
on erodibility [47].

Positive impacts

On the whole, SPs have been shown to reduce soil erosion with most of the evidence showing reductions
in soil erosion across a range of climates and ecosystem types, although this is likely more beneficial in
arid regions, through reducing wind speed and thus wind erosion [15, 18, 96, 143, 150, 191].
Additionally, when vegetation cover has increased within the SPs [4, 22, 147, 148, 192], rainfall
interception, reduced runoff rates and increased root binding have been shown to reduce soil erosion:
Contrary to findings on drainage gullies under solar panels, the panels may intercept rainfall'and thus
weaken splash erosion [176].

3.2.8 Recreation and aesthetic interactions

Ecosystems can provide nonmaterial benefits through recreation and aéstheti¢ experience, including
aesthetic values and wellbeing [10, 31, 157]. Overall, evidence relevant to recreation and aesthetic
interactions was evenly distributed across positive (35%) and negative (65%)‘impacts (X?=1.64, p =
0.20, Table 1), and high (45%) and low (55%) confidence (X?= 0:48, p = 0.67, Table 1). Positive and
negative evidence was evenly distributed across climate, ecosystem types. and life cycle phases (Table
2).

Negative impacts

The negative impacts on recreation and aesthetics are related to thg effect on visual impact, [50, 142,
193-196], especially in more natural areas [197], with implications for local wellbeing, community
acceptance and tourism [50, 198-200]. For example, asurvey of locals in the Jaén province in southern
Spain found that one of the least popular options for installation of renewable energy (including SPs)
was tourist areas, amid fears that the infrastructure would make the landscape less attractive for tourists
[200].

Positive impacts

Limited evidence suggested enhancement of recreation and aesthetic interactions at SPs and the
majority was prospective. For example, it was suggested there was scope to manage the vegetation to
enhance aesthetics [22], and to integﬁte SPs into the landscape in a way that provides benefits to locals
including access for recreational activities such as community gatherings or vantage points providing
views over the landscape '[94, 95]. An Italian study postulates that the creation of ‘photo-ecological
gardens’, green spaces within.urban areas that also generate electricity via solar panels, may improve
mood and reduce stress and-anxiety, among other benefits [153].

3.2.9 Pollination regulation

Pollinators are key 'to global, biodiversity and regulating the delivery of final ES such as food and
biomass provision [128, 201], yet pollinators are in decline, primarily due to habitat loss and
fragmentation [201]. SPs offer an opportunity to enhance pollination services through the creation of
habitat and provision of food sources, but could also lead to further loss of habitat depending on
management actions [20, 42]. Overall, evidence relevant to pollination regulation was unevenly
distributed across positive (80%) and negative (20%) impacts (X?= 7.20, p = 0.01, Table 1), with more
evidence linked to positive impacts, particularly in temperate climates and the operational phase (Table
2). However, the distribution of evidence across strong (20%) and weak (80%) quality was uneven (X?
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=7.20, p=0.01, Table 1), demonstrating a lack of field data (Table 1) and the need for further empirical
research.

Negative impacts

The loss of pollinator habitat due to SP expansion and potential subsequent impacts on the fitness and
movement of pollinators accounted for approximately 20% of the negative evidence [20, 202]. Changes
in habitat can also affect pollinator community composition. In Oregon, pollinator abundance; diversity
and richness were lower under panels compared to gaps between rows and controls, possibly linked to
the lower number of bloom units in the shade [77].

Positive impacts

Most of the pollination regulation evidence was associated with positive impacts,largely due to
management decisions, although the majority of evidence was speculative,opinion or modelling based
(Table 1). Specifically, evidence suggested that SPs managed with native vegetation and wildflowers
for pollinators may provide more floral resources [42, 77, 147, 153] and habitat [22, 92, 121, 148, 184]
compared to the prior land use, with subsequent benefits for pollinators. Additionally, a field study in
the USA suggested that where water is limited, late season foragers may benefit from the increased
floral abundance and delayed bloom-timing observed in gaps between rows of panels [77]. Despite the
relatively small amount of peer-reviewed research on pollination regulation at SPs, actions to enhance
the ES are increasingly incorporated into SP management plans; informed by industry guidance such as
the Natural Capital Best Practice Guidance from Solar Energy UK.[203] and pollinator-friendly solar
legislative initiatives in some US states [204].

3.2.10 Pest and disease regulation

Regulation of pests and diseases, including invasivespecies, is important for maintenance of the health
and wellbeing of humans, livestock, crops and.ecosystems [128]. SPs can impact pest and disease
regulation through changes in land management, disturbance to soil during construction and changes to
microclimate. Evidence relevant to pest and disease regulation at SPs was evenly distributed across
positive (46%) and negative (54%) impacts (X?= 0.08, p = 0.78, Table 1), climate and ecosystem types
and lifecycle phases (Table 1; Table 2). However, more of this evidence was considered weak (77%),
although this was only marginally si&nificant (X?=3.77, p = 0.05, Table 1).

Negative impacts

Just over half (54%) of the pest and.disease regulation evidence was associated with negative impacts
(Table 1), with the majority focused on construction and management increasing invasive species and
pests [205]. For example, the presence of two invasive plant species - Mexican poppy (Argemone
Mexicana) and Mesquite (Prasopis julif) - at a SP in South Africa was attributed to construction aiding
the spread of invasive weeds and pest animals [56], whilst two shade tolerant invasive plant species -
Common stork’s-bill (Erodium cicutarium) and Arabian Schismus (Schismus arabicus) - increased at a
SP test site in the/Mojayve Desert [87]. The remaining evidence focused on the negative impacts of SPs
on human health, e.g., infections of construction workers after grading land harbouring the soil-borne
fungal pathogen Coccidioides immitis [54, 55], or concerns around exposure to Electric and Magnetic
Fields'(EMF):[196].

Positive impacts

The remaining evidence (46%) implied positive impacts on pest and disease regulation (Table 1), two-
thirds'of which was general references to hypothetical enhancement of biological control [22, 90],
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human health [90] and crop pest predation [147] at SPs, associated with co-location of SPs with
vegetation or sustainable integration into the landscape.

3.2.11 Flood regulation

Flood regulation concerns the capacity of an ecosystem to reduce flood hazards due tosheavy
precipitation events, by reducing the amount of runoff [128]. Evidence was evenly distributed across
positive (31%) and negative (69%) impacts (X2=1.92, p = 0.17, Table 1), climate and ecosystem types
and lifecycle phases (Table 2). Notably, 100% of this evidence was considered weak; with a‘lack of
field data (X?= 13.00, p < 0.001, Table 1).

Negative impacts

Two-thirds of evidence linked to flood regulation at SPs implied degradation of the ES (Table 1), largely
associated with interception of rainfall by impervious solar panels, resulting invincreased runoff. For
instance, a modelling study found that long-term reductions in surface rodghness under solar panels and
between rows of panels resulted in increased runoff, thus potential. for increased flooding [206].
Similarly, runoff volume was higher after SP construction due to increased,inflow of rainwater which
exceeds the infiltration capacity of the soil [190].

Positive impacts

The remaining third of evidence was associated with potential enhancement of flood regulation at SPs
(Table 1). Constructing SPs on arable land and converting the Iandgover to grassland could reduce the
risk of flooding through increased soil stability, vegetation cover and infiltration [147], with similar
benefits predicted following establishment of pollinator habitatat SPs [21].

3.3 Future research needs

This study focusses wholly on the consequences.of SPs on ecosystem services, without comparison to
other electricity generation technologies or elimate change impacts. As such, in order to inform
electricity generation choices, further research should integrate the outcomes of this review with
existing understanding of other technologies and climate change impacts.

To further advance understanding/of SP impacts on ES, future research should consider the full range
of potential impacts and any trade=offsibetween ES [207-210], the nature and extent of which will vary
depending on factors including sitellocation and management decisions (Section 4.1). In this study, each
piece of evidence was. linked to the ES it most likely impacted. However, linking environmental
indicators to potential Amplications for ES is challenging, given the complex and interconnected
interactions within ecosystems,and between ES and the lack of standardisation amongst indicators
[211]. Moreover, there will likely be trade-offs between ES, where some ES may be enhanced at a given
SP, whilst others are degraded. Such trade-offs are particularly common between provisioning and
regulating services [212], for example enhancement of food provision within an agrivoltaic system may
result in degradation of maintaining habitats and biodiversity. There may also be secondary or indirect
impacts onranother.ES; which were considered outside the scope of this review. Moreover, the review
has identified that'SPs have the potential to enhance a range of ES, including pollination, soil erosion
regulation and water cycle support. However, in addition to the influence of factors including climate,
ecosystem type, soil properties and prior land use, the extent to which positive outcomes can be
achieved will likely rely significantly on on-site management priorities and decisions, such as
wildflower  planting, soil amendments and mowing and grazing regime [10, 29, 30]. Therefore,
additional studies are required which quantify the impacts of such human interventions on ES at SPs.

Page 22 of 41



Page 23 of 41

oNOYTULT D WN =

748
749
750
751
752

753
754
755
756
757

758

759

760

761
762
763
764
765
766
767

768
769
770
771
772
773
774
775

776
777
778
779

780
781
782
783
784
785
786
787

788
789
790

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

Given the relative infancy of SPs, there are no longitudinal studies on ecosystem response to land use
change for SPs, and relatively few studies more than ten years old. Long-term data are essential, given
that the magnitude and nature of ES impact will likely vary temporally. For example, soil properties
such as soil carbon content will respond to land use change over a period of decades [213], whereas
changes in habitat extent and wildlife populations may become apparent far earlier.

Finally, given the accelerating rate of scientific articles, the literature search shouldsbe repeated
periodically. If possible, studies should not be limited to English, as this may exclude relevant research.
Periodic refinement would enable the incorporation of additional factors which may influence the nature
and direction of ecosystem response to SP development, including soil type, plant species composition
and past land use.

4.0 IMPLICATIONS FOR THE SOLAR INDUSTRY —
4.1 General considerations

The solar industry is increasingly engaged in understanding and improving SP.ecology, in response to
environmental, social and governance targets, voluntary and mandatory: reporting, and emerging
environmental policies [33, 35, 214]. The outcomes of this review contribute some of the first multi-
site insight into potential ES impacts of SPs, providing critical evidence to underpin policy development
and industry decision-making. It is key to consider ES impacts.throughout the SP life cycle, considering
both site location (i.e., climate zone and ecosystem type) and® management decisions. Current
understanding suggests that:

1). ES impacts vary with SP location (both climate zone and ecosystem type). Whilst the impacts of
other drivers, for example site management, precluded consistent outcomes, clear overarching trends
emerged, including that savanna and grasslandsecosystems were more vulnerable to negative impacts,
climate regulation tended to be degraded in, desert and semi-desert ecosystems and soil quality
regulation was degraded in temperate climates yet.enhanced in dry climates. Moreover, water cycle
support was particularly enhanced in temperate climates and agricultural ecosystems, whilst soil erosion
regulation was enhanced in agricultural ecosystems and pollination regulation enhanced in temperate

climates.
N

2). The operational phase of the SP life cycle offers significant opportunities for ES enhancement,
particularly for water cycle support, soil erosion regulation and pollination regulation. Conversely, the
construction phase was associated with ES degradation, specifically of habitats and biodiversity
(primarily attributed tordisturbance).

3). Some sites have greater potential for enhancement or degradation of certain ES, and trade-offs
between ES may-oceur. For.example, prior agricultural sites may have greater scope for enhanced food
provision ES/if ce-managed. for grazing or converted to agrivoltaic systems, yet an agrivoltaic
installation constructed on land of high biodiversity value may enhance food provision whilst degrading
habitats and biodiversity. Consideration of these intricacies through development of industry best
practice ‘€.g., Solar Energy UK’s Natural Capital Best Practice Guidance [203], may alleviate such
trade=offs and.could include avoiding environmentally sensitive areas, seeding pollinator habitat at SPs
and mitigating habitat loss during construction [10, 42, 202, 215].

4). Thererare significant knowledge gaps for multiple ES including; pollution, air quality and water
quality regulation, and cultural ES such as educational and cultural interactions. Additionally, the
evidence base for nine ES is more prospective, highlighting potential uncertainties and the need for
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future empirical data. The solar industry must bear this in mind when making decisions and ideally
must work collaboratively to address these uncertainties. Improved information exchange between
stakeholders, perhaps through the development of standardised databases informed by on-site
monitoring, would enable this collaboration whilst providing valuable additions to SP management
tools [10, 202, 203, 216].

4.2 Embedding ES impacts during the SP life cycle

Appropriately designed and managed SPs have the potential to embed ES enhancements.throughout the
SP life cycle . SP practitioners should tailor management aims and actions to the local site.conditions
and consider the potential for trade-offs between ES. For example, in hot dry climates there-may be
scope to enhance ES such as food provision and water cycle support if SPs are.managed-as agrivoltaic
systems, given the shelter from high levels of solar radiation and increased soil moistdre provided by
panels. Conversely, sites can enhance pollination services if sites are managed as.grasslands and sown
with areas of wildflowers in temperate regions. Although not exhaustive," considerations for
practitioners during each stage of SP development are summarised below.

Planning phase

There is significant scope to incorporate ES enhancements andsmitigate _negative impacts during the
planning phase, as highlighted by a growing body of academic [10, 217, 218] and industry-led research
[219, 220]. The mitigation hierarchy, comprised of avoid/prevent, mitigate/minimise, rectify/restore
and offset/compensate is a globally accepted framework which aim.s to prevent biodiversity loss from
development [215]. This hierarchy should be adopted during the planning phase and applied throughout
subsequent phases of the SP. life cycle [203]. Further guidance relating specifically to the planning phase
is outline below:

Generally, environmentally sensitive and.designated landscapes should be avoided, potentially with the
aid of decision support tools [9] e.g., the CarnegiesEnergy and Environmental Compatibility Model
(CEEC) in the US [221]. Preference should be given for intensively managed or modified sites, as this
is where impacts will likely be least severe whilst offering the best scope for ecosystem co-benefits [10,
222]. A plan informing environmental and land management should be developed which incorporates
ES enhancements into the design,(ideally involving ecologists with an understanding of the particular
ecosystem. This may be aided by-mahagement tools, e.g., the SPIES tool in the UK [10]. The evidence
indicates several beneficial management actions, including planting of native vegetation, which can
provide wildlife habitat [91, 122] and sowing nectar species for pollinators in more temperate areas,
which can enhance pollination regulation and food provision through increased pollination services to
surrounding crops [21;:42,122, 223]. Further, solar panels in arid areas can promote vegetation
recovery, alleviate impacts of desertification [16, 22] and enhance food provision through increased
soil moisture [23, 25]. Provision of habitat for protected species can be considered during the planning
and design process, such as‘that implemented at the Topaz Solar Farm Project in California, USA for
the federally listed/San Joaquin kit fox (Vulpes macrotis mutica) [217].

Security Aencing and"lighting should be minimised to prevent disturbance to wildlife, and access
allowed 'for animals to pass through the site to reduce potential issues with habitat fragmentation and
genesflow [4;.202, 203]. Potential aesthetic and recreational impacts should be mitigated during
planning through inclusion of natural screening features in design e.g., local vegetation, ridges and
integration with the surrounding landscape [94, 224], and threats to local cultural and spiritual value
should also be considered [72, 198, 225].

Construction phase
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The construction stage has the potential to have the most detrimental impacts on ES due to the initial
land use change, disturbance and potential habitat loss, therefore impacts should be mitigated where
possible. This could include:

Locating construction compounds away from the most environmentally sensitive areas on this site [222]
and reducing unnecessary disturbance from site machinery to reduce potential for dust, soil compaction
and collisions with wildlife [19, 48]. For example, the use of low-pressure vehiclessand ground
protection in wetter locations, to protect vegetation and soil from compaction.

Removal of existing vegetation should be avoided where possible to protect wildlife habitat e.g., bird
nests and bat roosts [224], maintain soil carbon and nitrogen [47, 226] and reduce<oil erosionand dust
production in arid areas [4].

The use of techniques such as grading, or levelling of land should be minimised due to impacts on
carbon sequestration and biodiversity. In particular, grading in arid areas can increase:soil erosion, one
of the main contributors of dryland degradation [4, 227]. Where avoidance is not possible, topsoil
should be retained, stored according to best practices and replaced folloawing construction [203, 222].

Construction should also be timed to minimise detrimental impacts. For example; avoiding sensitive
seasons for wildlife, including bird breeding seasons, and winter in temperate regions, where soil
compaction is more likely [228].

Operational phase

y
The operational stage is generally the least damaging stage‘of the SP life cycle, as disturbance is often
minimal once the SP is established. However, thexnature, scale and severity of potential ES impacts will
largely depend on the on-site management:

Given emerging policies that require quantification of ecological impacts, ideally impacts should be
monitored throughout the operational stage.:Monitoring protocols will vary with local requirements but
could include vegetation, soil, bird, and pollinater surveys, for example as per the Solar Energy UK
monitoring protocol [203, 216, 219].

An environmental management plan, informed by on-site monitoring and decision support tools,
tailored for the specific site by input.from land managers, stakeholders and local ecologists, should be
developed and periodically refinedho, 203, 216, 222]. The most appropriate management will vary
with location and potentially with management aims (i.e., carbon sequestration versus pollination
regulation). For example;Sites in temperate climates could be managed to enhance soil carbon (and thus
climate and soil quality regulation) through a combination of measures including organic nutrient
addition, low-intensity sheep grazing and planting legumes and a diverse sward of local plant species
[229]. Reducing grazing on'land previously grazed may allow for recovery of native vegetation,
enhancing ES _such as.maintaining habitats and biodiversity, whilst continued maintenance of
wildflower meadows, orceasing pesticide and insecticide use may promote pollination services [10].

Decommissioning phase

There is'limited evidence on the impacts of SP decommissioning, as SPs became a popular means of
solar'deployment in the mid-2000s and are predicted to be operational for around 20 — 40 years [4].
However, inclusion of the decommissioning phase within policy and SP management plans is vital to
address.thisaupcoming issue [6] and avoid potential ES impacts:

The,site management plan should include detail on deconstruction, recycling, and future use and
management [202, 203, 224]. The subsequent land use will determine impacts on ES and the appropriate



oNOYTULT D WN =

877
878
879
880
881

882
883
884
885
886

887
888
889
890
891

892

893

894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913

914

915

916
917
918
919

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

land management decisions. Ideally, the site will either be reverted to former use or maintained for ES
enhancement in consultation with an ecologist. For example, the Topaz Solar Farms Project secured
approximately 22,000 acres of land for restoration and protection following SP decommissioning,
ensuring continued habitat value [217]. However, both climate zone and ecosystem type will inform
the outcomes, with arid areas slower to adapt to land use change and restoration [202].

A full ecological survey should be undertaken prior to deconstruction, and panels removed.with care to
reduce disturbance to wildlife and habitats. For example, ploughing land to remove panel structure
should be avoided where possible, and panel removal should be timed sensitively e.g., outside of the
breeding season for birds [203]. Panels should be recycled to minimise the potential for toxic chemicals
such as Si and Pb to leach into aquatic systems [6, 85].

It is envisaged that decommissioning will have parallels with construction in terms of activities and
potential disturbance to wildlife. Given the lack of evidence on the impact efidecommissioning, studies
assessing the environmental consequences should be undertaken as SPs/beginto'be decommissioned.
Monitoring should continue during decommissioning, to address the dack'of research associated with
this phase.

5.0 CONCLUSION

Given the urgent need to decarbonise global energy supplies;the declining health of Earth’s ecosystems
and the rapid expansion of ground-mounted solar/ PV, /it is-imperative that we improve our
understanding of the environmental and ES impacts of SPs. In this review, we linked the current
evidence base on environmental impacts of SPs to.ES for the first time and identified the significant
influence of SP location (climate and ecosystem)-and life cycle phase on the nature of ES impact. The
evidence demonstrates a wide range of impacts of SPs on'ES and varying responses between sites in
light of their characteristics and management. Overarching trends indicate that savanna and grasslands
are the most susceptible ecosystems to damage,. that most negative impacts could occur during the
construction phase (notably for maintenance of habitats and biodiversity), and that SPs in desert and
semi-desert climates can have negative feedback on climate regulation. In contrast, the operational
phase has significant potential for ES enhancement, including of water cycle support, soil erosion
regulation and pollination regulation: However, knowledge of SP-ES impacts is relatively limited -
particularly considering the global scale of solar PV deployment - with the evidence base for the
majority of ES deemed inconclusive, This is compounded by a larger proportion of speculative,
hypothetical, and conceptual evidence, especially for positive impacts. Consequently, further empirical
research is required acress a range of former land uses, climates, ecosystems, phases of the SP life cycle
and management regimes, particularly concerning potential SP-ES benefits, to help inform SPs that
address both the ‘climate and ecological crises. This, in addition to closer collaboration between
researchers, policy makers:and SP stakeholders, will create a more robust evidence base through which
site-specific design'and management throughout the SP life cycle can be implemented.

6.0 ACKNOWLEDGEMENTS AND AUTHOR STATEMENT

This work was supported by the European Regional Development Fund (grant number: 03R19P03809)
with IJT’s studentship through the Centre for Global Eco-Innovation at Lancaster University and project
industry partner Eden Renewables. AA was supported by an Industrial Innovation Fellowship
(NE/R013489/1) by the Natural Environment Research Council, UK.

Page 26 of 41



Page 27 of 41 AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

920  We describe contributions to the paper using CRediT roles:
921 LT: Conceptualization, Methodology, Formal analysis, Investigation, Data curation, Writing — original
922  draft, Visualization.: AA: Conceptualization, Methodology, Validation, Writing — review and editing.:
923  S.P.S: Conceptualization, Methodology, Validation, Writing — review and editing.: S.S: Methodology,
924  Validation, Writing — review and editing.: G.P: Validation, Writing — review and editing.
9 925

926  CONFLICT OF INTEREST STATEMENT
12 927  Lucy Treasure was co-funded by Eden Renewables LLC and Guy Parker is employed.by Wychwood
13 928  Biodiversity Ltd. Alona Armstong, Stuart Sharp and Simon Smart declare no conflicts of interest.
14 929
1> 930 7.0 REFERENCES

oNOYTULT D WN =

16

17 931 1. Pogson M, Hastings A, Smith P. How does bioenergy compare with other land-based

18 932 renewable energy sources globally? Global Change Biology Bioenergy. 2013;5(5):513-24.

;g 933 2. Creutzig F, Agoston P, Goldschmidt JC, Luderer G, Nemet G, Pietzcker RC. The

0 934  underestimated potential of solar energy to mitigate climate change. Nature Energy. 2017;2(9):17140.
9 935 3. Singhal AK, Yadav N, Beniwal NS. Global solar energy: a review. Int:Electr Eng J IEEJ.

53 936 2015;6:1828-33.

s 937 4 Hernandez RR, Easter SB, Murphy-Mariscal ML, Maestre FT; Tavassoli M, Allen EB, et al.

o5 938  Environmental impacts of utility-scale solar energy. Renewable and Sustainable Energy Reviews.
26 939  2014;29:766-79.

)7 940 5. IRENA. Future of Solar Photovoltaic: Deployment, investment, technology, grid integration
28 941 and socio-economic 3

;g 942  aspects (A Global Energy Transformation: paper). Abu'Dhabi: International Renewable Energy

31 943  Agency; 2019.

3 944 6 IEA-PVPs la. International Renewable Energy,.Agency and International Energy Agency
33 945  Photovoltaic Power Systems. IRENA and IEA-PVPs.End-of-Life Management: Solar Photovoltaic
34 946  Panels. 2016 [

35 947 7. Solar Energy UK. Solar Energy UK Briefing. Everything Under the Sun: The Facts About
36 948  Solar Energy.2022. . 2022.

37 949 8. Ong S, Campbell C, Denhoelm P, Margolis'R, Heath G. Land-Use Requirements for Solar
38 950  Power Plants in the United States. United States; 2013 2013-06-01.

39 951 9. Tsoutsos T, Frantzeskaki N, Gekas V. Environmental impacts from the solar energy

40 952  technologies. Energy Policy. 2005;33(3):289-96.

41 953 10. Randle-Boggis RJ, White PCL, Cruz J, Parker G, Montag H, Scurlock JMO, et al. Realising
42 954  co-benefits for natural capital and.€cosystem services for solar parks: A co-developed, evidence based
43 955  approach. Renewable and Sustainable Energy Reviews. 2020;125(109775).

4 956 11 Hertwich EG, Giben T, Bouman EA, Arvesen A, Suh S, Heath GA, et al. Integrated life-cycle
4 957  assessment of electricity-supply scenarios confirms global environmental benefit of low-carbon

j? 958 technologies. Proceedings ofithe National Academy of Sciences. 2015;112(20):6277-82.

48 959  12. ArmstrongrA, Ostle NJ, Whitaker J. Solar park microclimate and vegetation management
49 960 effects on grassland-carbon cycling. Environmental Research Letters. 2016;11(7):074016.

50 961 13. Barron-Gafford GA; Minor RL, Allen NA, Cronin AD, Brooks AE, Pavao-Zuckerman MA.

57 962  The Photovoltaic Heat Island Effect: Larger solar power plants increase local temperatures. Scientific
5o 963  Reports. 2016;6(1):35070.

53 964 14 Broadbent. AM, Krayenhoff ES, Georgescu M, Sailor DJ. The Observed Effects of Utility-
54 965  Scale Photovoltaics on Near-Surface Air Temperature and Energy Balance. Journal of Applied

55 966  Meteorology and Climatology. 2019;58(5):989-1006.

56 967 15| Hassanpour Adeh E, Selker JS, Higgins CW. Remarkable agrivoltaic influence on soil

57 968  moisture, micrometeorology and water-use efficiency. PLOS ONE. 2018;13(11):e0203256.

58 969 16. Liu'Y, Zhang R-Q, Huang Z, Cheng Z, Lopez-Vicente M, Ma X-R, et al. Solar photovoltaic
59 970 "panels significantly promote vegetation recovery by modifying the soil surface microhabitats in an
60 971, arid sandy ecosystem. Land Degradation & Development. 2019;30(18):2177-86.



oNOYTULT D WN =

972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2 Page 28 of 41

17. Zhang X, Xu M. Assessing the Effects of Photovoltaic Powerplants on Surface Temperature
Using Remote Sensing Techniques. Remote Sensing. 2020;12(11).

18. Li P, Luo Y, He Z, Zheng J, Xia X, Liao Z, et al. A comparative study of the effects of
photovoltaic power plants in desert and lake on the microclimate. Energy Reports. 2023;10:2128437.
19. Guerin T. A case study identifying and mitigating the environmental and community impacts
from construction of a utility-scale solar photovoltaic power plant in eastern Australia. Solar<Energy.
2017;146:94-104.

20. Shaun MM, Monica AG. Land Conversion for Solar Facilities and Urban Sprawl‘in
Southwest Deserts Causes Different Amounts of Habitat Loss for <i>Ashmeadiella</i> Bees. Journal
of the Kansas Entomological Society. 2020;92(2):468-78.

21. Walston LJ, Mishra SK, Hartmann HM, Hlohowskyj I, McCall J, Macknick J. Examining the
Potential for Agricultural Benefits from Pollinator Habitat at Solar Facilities in the United States.
Environmental Science & Technology. 2018;52(13):7566-76.

22. Liu Y, Zhang R-Q, Ma X-R, Wu G-L. Combined ecological and econamic benefits of the
solar photovoltaic industry in arid sandy ecosystems. Journal of Cleaner Producticn.
2020;262:121376. -

23. Barron-Gafford GA, Pavao-Zuckerman MA, Minor RL, Sutter LF;Barnett-Moreno I,
Blackett DT, et al. Agrivoltaics provide mutual benefits across the food—energy-water nexus in
drylands. Nature Sustainability. 2019;2(9):848-55.

24, Dupraz C, Marrou H, Talbot G, Dufour L, Nogier A, FerardyY. Combining solar photovoltaic
panels and food crops for optimising land use: Towards new agriveltaic sehemes. Renewable Energy.
2011;36(10):2725-32.

25. Marrou H, Dufour L, Wery J. How does a shelter of'solar panels influence water flows in a
soil—crop system? European Journal of Agronomy. 2013;50:38-51:

26. Marrou H, Wery J, Dufour L, Dupraz C. Productivity and-radiation use efficiency of lettuces
grown in the partial shade of photovoltaic panels. European Journal of Agronomy. 2013;44:54-66.
217. Trommsdorff M, Kang J, Reise C, Schindele S, Bopp:G, Ehmann A, et al. Combining food
and energy production: Design of an agrivoltaic system.applied in arable and vegetable farming in
Germany. Renewable and Sustainable Energy Reviews. 2021;140:110694.

28. Trommsdorff et al. Agrivoltaics: Oppertunities for Agriculture and the Energy Transition. 2nd
edition ed. Freiburg, Germany: Fraunhofer-Institute for Solar Energy Systems; 2022.

29. Lai L, Kumar S. A global meta-analysis of livestock grazing impacts on soil properties. PLOS
ONE. 2020;15(8):e0236638.

30. Lambert Q, Bischoff A, Gros:R. Effects of habitat restoration and solar panels on soil
properties and functions in solar parks. Applied Soil Ecology. 2024;203:105614.

31. MA. Millennium EcosystemyAssessment. Ecosystems and Human Well-being: Synthesis.
Washington, DC: Island Press; 2005,"

32. IPBES. Global assessment report on biodiversity and ecosystem services of the

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. Bonn,
Germany.: IPBES secretariat; 2019.

33. Transforming.eur.world: the 2030 Agenda for Sustainable Development., (2015).

34. Kunming-Montreal Global Biodiversity Framework., (2022).

35. Department for Environment Food and Rural Affairs. Understanding biodiversity net gain:
GOV.UK; 2023 JAvailable from: https://www.gov.uk/guidance/understanding-biodiversity-net-gain.
36. Collins A, Coughlin.D, Miller J, Kirk S. The Production of Quick Scoping Reviews and
Rapid Evidence Assessments A How to Guide. 2015.

37. Turney D, Fthenakis V. Environmental impacts from the installation and operation of large-
scale solar power plants. Renewable and Sustainable Energy Reviews. 2011;15(6):3261-70.

38. Albanito F, Roberts S, Shepherd A, Hastings A. Quantifying the land-based opportunity
carbon costs of:onshore wind farms. Journal of Cleaner Production. 2022;363:132480.

39, Keith DA, Ferrer-Paris, J.R., Nicholson, E. and Kingsford, R.T. (eds.). The IUCN Global
Ecosystem Typology 2.0: Descriptive profiles for biomes and ecosystem functional groups. Gland,
Switzerland: IUCN; 2020.

40. Peel MC, Finlayson BL, McMahon TA. Updated world map of the Képpen-Geiger climate
classification. Hydrol Earth Syst Sci. 2007;11(5):1633-44.



https://www.gov.uk/guidance/understanding-biodiversity-net-gain

Page 29 of 41 AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

1

2

3 1027 41 McHugh ML. The chi-square test of independence. 2013(1330-0962 (Print)).

4 1028 42 Blaydes H, Potts SG, Whyatt JD, Armstrong A. Opportunities to enhance pollinator

> 1029 biodiversity in solar parks. Renewable and Sustainable Energy Reviews. 2021;145:111065.

6 4030 43. Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen Cetal.
; 1031 Importance of pollinators in changing landscapes for world crops. Proceedings of the Royal Society:
g 1032 B Biological Sciences. 2007;274(1608):303-13.

10 1033 44, Potts SG, Imperatriz-Fonseca V, Ngo HT, Aizen MA, Biesmeijer JC, Breeze TD, et al.

11 1034  Safeguarding pollinators and their values to human well-being. Nature. 2016;540(7632):220-9.

12 1035 45, IRENA. Country Rankings.: Irenaorg; 2023 [Available from:

13 1036  .https://www.irena.org/Statistics/View-Data-by-Topic/Capacity-and-Generation/CountrygRankings.
14 1037  46. Mamun MAA, Dargusch P, Wadley D, Zulkarnain NA, Aziz AA. A review of research,on

15 1038  agrivoltaic systems. Renewable and Sustainable Energy Reviews. 2022;161:112351.

16 1039  47. Choi CS, Cagle AE, Macknick J, Bloom DE, Caplan JS, Ravi S. Effects of Revegetation on
17 1040  Soil Physical and Chemical Properties in Solar Photovoltaic Infrastructure. Frontiers in

18 1041 Environmental Science. 2020;8.

19 1042  48. Visser E, Perold V, Ralston-Paton S, Cardenal AC, Ryan PG. Agsessing the impacts of a

20 1043 utility-scale photovoltaic solar energy facility on birds in the Northern Cape; South Africa. Renewable
21 1044  Energy. 2019;133:1285-94.

221045 49, Stock R. llluminant intersections: Injustice and inequality through-electricity and water

23 1046 infrastructures at the Gujarat Solar Park in India. Energy Research & Social Science. 2021;82:102309.
24 1047  50. Roddis P, Roelich K, Tran K, Carver S, Dallimer M, Ziv.G. What.shapes community

;Z 1048  acceptance of large-scale solar farms? A case study of the UK's first‘nationally significant' solar farm.
7 1049  Solar Energy. 2020;209:235-44.

28 1050  b51. Santangeli A, Cardillo A, Pes M, Aresu M. Alarming.decline of the Little Bustard Tetrax

29 1051 tetrax in one of its two population strongholds in Sardinia, ltaly. Bifd Conservation International.

30 1052 2023;33:€57.

31 1053 52, Tao S, Rogan J, Ye S, Geron N. Mapping photovoltaic‘power stations and assessing their

32 1054  environmental impacts from multi-sensor datasets.in‘Massachusetts, United States. Remote Sensing
33 1055  Applications: Society and Environment. 2023;30:100937.

34 1056  53. Kim JY, Koide D, Ishihama F, Kadoya, T, Nishihiro J. Current site planning of medium to

35 1057  large solar power systems accelerates the loss.of the remaining semi-natural and agricultural habitats.
36 1058  Science of The Total Environment. 2021;779:146475.

37 1059 54, Colson AJ, Vredenburgh L, Guevara RE, Rangel NP, Kloock CT, Lauer A. Large-Scale Land
38 1060 Development, Fugitive Dust, and Increased Coccidioidomycosis Incidence in the Antelope Valley of
39 1061  California, 1999-2014. Mycopathglogia. 2017;182(5):439-58.

40 1062  55. Wilken J, Sondermeyer G, Shusterman D, McNary J, Vugia D, McDowell A, et al.

41 1083  Coccidioidomycosis among \Workers'Constructing Solar Power Farms, California, USA, 2011-2014.
42 1064  Emerging Infectious Disease journal. 2015;21(11):1997.

43 1065  56. Justine R, Paul.GKaren JE. Direct environmental impacts of solar power in two arid biomes:
1066  Aninitial investigation. South African Journal of Science. 2017;113(11/12).

jg 1067  57. Gan Y, Elgowainy A, Lu Z, Kelly JC, Wang M, Boardman RD, et al. Greenhouse gas
47 1068  emissions embodied’in the U:S. solar photovoltaic supply chain. Environmental Research Letters.
4g 1069 2023;18(10):104012.

49 1070 58 Dones RyHeck T, Hirschberg S. Greenhouse Gas Emissions From Energy Systems:

so 1071 Comparison And Overviews Paul Scherrer Institut, CH-5232 Villigen PSI (Switzerland); 2004.

51 1072 59. Luo J; Yang H, Zhang L, Liu H, Wang Y, Hao C. A comparative study on the combination of
52 1073 life cycle assessment.and ecological footprints: solar photovoltaic power generation vs. coal power

53 1074  generation in Ningxia. Frontiers in Energy Research. 2024;Volume 12 - 2024.

54 1075  60. Meij R, te Winkel H. The emissions of heavy metals and persistent organic pollutants from

55 1076  modern coal-fired power stations. Atmospheric Environment. 2007;41(40):9262-72.

56 1077 61! Brittingham MC, Maloney KO, Farag AM, Harper DD, Bowen ZH. Ecological Risks of Shale
57 1078 Oiland Gas/Development to Wildlife, Aquatic Resources and their Habitats. Environmental Science
58 1079 & Technology. 2014;48(19):11034-47.


https://www.irena.org/Statistics/View-Data-by-Topic/Capacity-and-Generation/Country-Rankings

oNOYTULT D WN =

1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2 Page 30 of 41

62. Vengosh A, Jackson RB, Warner N, Darrah TH, Kondash A. A Critical Review of the Risks
to Water Resources from Unconventional Shale Gas Development and Hydraulic Fracturing in the
United States. Environmental Science & Technology. 2014;48(15):8334-48.

63. Giam X, Olden JD, Simberloff D. Impact of coal mining on stream biodiversity in the'tdJS'and
its regulatory implications. Nature Sustainability. 2018;1(4):176-83.

64. Walston LJ, Rollins KE, LaGory KE, Smith KP, Meyers SA. A preliminary assessment of
avian mortality at utility-scale solar energy facilities in the United States. Renewable Energy.
2016;92:405-14.

65. Hromada SJ, Esque TC, Vandergast AG, Dutcher KE, Mitchell Cl, Gray ME, et al. Using
movement to inform conservation corridor design for Mojave desert tortoise. Movement Ecology.
2020;8(1).

66. Hernandez RR, Hoffacker MK, Murphy-Mariscal ML, Wu GC, Allen MF. Solar energy
development impacts on land cover change and protected areas. Proceedings of the National Academy
of Sciences. 2015;112(44):13579.

67. Power K, Lu Z, Zhang Q. Impacts of large-scale Saharan solar farmsion the glabal terrestrial
carbon cycle. Environmental Research Letters. 2023;18(10):1040009. e

68. Evans MJ, Mainali K, Soobitsky R, Mills E, Minnemeyer S. Predicting patterns of solar
energy buildout to identify opportunities for biodiversity conservation. Biological Conservation.
2023;283:110074.

69. Levin MO, Kalies EL, Forester E, Jackson ELA, Levin AH,;Markus C, et al. Solar Energy-
driven Land-cover Change Could Alter Landscapes Critical toAnimal‘Mevement in the Continental
United States. Environmental Science & Technology. 2023;57(31):11499-509.

70. Valera F, Bolonio L, La Calle A, Moreno E. Deployment of Solar Energy at the Expense of
Conservation Sensitive Areas Precludes Its Classification'as an Environmentally Sustainable Activity.
Land [Internet]. 2022; 11(12). v

71. Rehbein JA, Watson JEM, Lane JL, Sonter LJ, Venter O, Atkinson SC, et al. Renewable
energy development threatens many globally important biodiversity areas. Global Change Biology.
2020;26(5):3040-51.

72. McClung MR, Taylor NT, Zamzow BK, Stone ET, Abad H, Moran MD. The threat of energy
diversification to a bioregion: a landscape-level.analysis of current and future impacts on the US
Chihuahuan Desert. Regional Environmental.Change. 2019;19(7):1949-62.

73. Yang Y, Wang Z, Li B, Guan J. The impact of photovoltaic projects on ecological corridors
through the Least-Cost Path model. Global Ecology and Conservation. 2023;42:e02381.

74. Vervloesem J, Marcheggiani-E, Choudhury MAM, Muys B. Effects of Photovoltaic Solar
Farms on Microclimate and Vegetation Diversity. Sustainability. 2022;14(12):7493.

75. Lambert Q, Bischoff A, Enea M, Gros R. Photovoltaic power stations: an opportunity to
promote European semi-natural gra%lands? Frontiers in Environmental Science. 2023;11.

76. Menta C, Remelli S,/AndreoniM, Gatti F, Sergi V. Can Grasslands in Photovoltaic Parks
Play a Role in Conserving:Soil Arthropod Biodiversity? Life [Internet]. 2023; 13(7).

77. Graham M, Ates S; Melathopoulos AP, Moldenke AR, DeBano SJ, Best LR, et al. Partial
shading by solar panels.delays:bloom, increases floral abundance during the late-season for
pollinators in a dryland, agrivoltaic ecosystem. Scientific Reports. 2021;11(1):7452.

78. Szabadi K, Kurali A, Rahman NAA, Froidevaux JSP, Tinsley E, Jones G, et al. The use of
solar farms by batsiin mesaic landscapes: Implications for conservation. Global Ecology and
Conservation./2023;44:€02481.

79. Tinsley E4 Froidevaux JSP, Zsebdk S, Szabadi KL, Jones G. Renewable energies and
biodiversity: Impact,of ground-mounted solar photovoltaic sites on bat activity. Journal of Applied
Ecology; 2023;60(9):1752-62.

80. Smallwood KS. Utility-scale solar impacts to volant wildlife. The Journal of Wildlife
Management. 2022;86(4):e22216.

81. Kosciuch K, Riser-Espinoza D, Gerringer M, Erickson W. A summary of bird mortality at
photovoltaic utility scale solar facilities in the Southwestern U.S. PLOS ONE. 2020;15(4):e0232034.
82. Tanner KE, Moore-O’Leary KA, Parker IM, Pavlik BM, Haji S, Hernandez RR.
Microhabitats associated with solar energy development alter demography of two desert annuals.
Ecological Applications. 2021;31(6):02349.



Page 31 of 41 AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

1

2

3 1135  83. Kosciuch K, Riser-Espinoza D, Mogtaderi C, Erickson W. Aquatic Habitat Bird Occurrences

g 1136  at Photovoltaic Solar Energy Development in Southern California, USA. Diversity [Internet]. 2021,
1137  13(11).

? 1138  84. Fraleigh DC, Heitmann JB, Robertson BA. Ultraviolet polarized light pollution and

8 1139  evolutionary traps for aquatic insects. Animal Behaviour. 2021;180:239-47.

g 1140 85. Tammaro M, Salluzzo A, Rimauro J, Schiavo S, Manzo S. Experimental investigation to

10 14 evaluate the potential environmental hazards of photovoltaic panels. Journal of Hazardous Materials.
11 1142 2016;306:395-405.

12 1143  86. Armstrong A, Waldron S, Whitaker J, Ostle NJ. Wind farm and solar park effects on plant=
13 1144  soil carbon cycling: uncertain impacts of changes in ground-level microclimate. Global Change

14 1145  Biology. 2014;20(6):1699-706.

15 1146 87. Tanner KE, Moore-O'Leary KA, Parker IM, Pavlik BM, Hernandez RR. Simulated solar

16 1147  panels create altered microhabitats in desert landforms. Ecosphere. 2020;11(4):e03089.

17 1148  88. Tsafack N, Fang W, Wang X, Xie Y, Wang X, Fattorini S. Influence of grazing and solar

18 1149  panel installation on tenebrionid beetles (Coleoptera Tenebrionidae) of a central A5|an steppe. Journal
19 1150  of Environmental Management. 2022;320:115791.

20 1151 89. Bai Z, Jia A, Bai Z, Qu S, Zhang M, Kong L, et al. Photovoltaic'panels have altered grassland
21 1152  plant biodiversity and soil microbial diversity. Frontiers in Microbiology.2022;13.

22 1153 90.  Moore-O'Leary K, Grodsky S, Saul-Gershenz L, Hoffacker M, Mulvaney D, Diedhiou I, et al.
23 1154  Techno-ecological synergies of solar energy for global sustainability,(Nature Sustainability).

24 1155  2019;2:560-8.

;Z 1156  91. Semeraro T, Aretano R, Barca A, Pomes A, Del Giudice C, Gatto E, et al. A Conceptual

5, 1157 Framework to Design Green Infrastructure: Ecosystem Services as an Opportunity for Creating

,g 1158 Shared Value in Ground Photovoltaic Systems. Land. 2020;9(8).

29 1159 92 Sturchio MA, Knapp AK. Ecovoltaic principles for.a more Sustainable, ecologically informed

30 1160  solar energy future. Nature Ecology & Evolution. 2023;7(11):1746-9.

31 1161 93 Zaplata MK. Solar parks as livestock enclosures can:become key to linking energy,

3p 1162  Diodiversity and society. People and Nature. 2023;5(5):1457-63.

33 1163 94, Scognamiglio A. ‘Photovoltaic landscapes’: Design and assessment. A critical review for a
34 1164  new transdisciplinary design vision. Renewable.and Sustainable Energy Reviews. 2016;55:629-61.
35 1165  95. Oudes D, van den Brink A, Stremke'S. Towards a typology of solar energy landscapes:

36 1166  Mixed-production, nature based and landscape inelusive solar power transitions. Energy Research &
37 1167  Social Science. 2022;91:102742.

38 1168  96. Wang C, Hill RL, Bu C, Li B; Yuan F, Yang Y, et al. Evaluation of wind erosion control

39 1169  practices at a photovoltaic power station within a sandy area of northwest, China. Land Degradation
40 1170 & Development. 2021;32(4):1854-72.

41 1171 97, Xia Z, Li'Y, Zhang W, Guo's, Zheng L, Jia N, et al. Quantitatively distinguishing the impact
421172 of solar photovoltaics programs onl vegétation in dryland using satellite imagery. Land Degradation &
43 1173 Development. 2023;34(14):4373-85.

1174  98. Luo L, Zhuang ¥, Liu H,Zhao W, Chen J, Du W, et al. Environmental impacts of

jg 1175  photovoltaic power plants.in‘northwest China. Sustainable Energy Technologies and Assessments.
4y 1176 2023;56:103120.
ag 177 99. Liu Y, Ding C, Su D, Wang T, Wang T. Solar park promoted microbial nitrogen and

49 1178  phosphorus cyclespotentials.but reduced soil prokaryotic diversity and network stability in alpine

so 1179  desert ecosystem. Frontiersiin Microbiology. 2022;13.

51 1180  100. XiaZ, Li¥, Zhang W, Chen R, Guo S, Zhang P, et al. Solar photovoltaic program helps turn
52 1181  deserts green'in China: Evidence from satellite monitoring. Journal of Environmental Management.
53 1182  2022;324:116338;

54 1183 101. LiZ, ZhaoV, YangJ, Ying J, Luo Y, Li P, et al. A comparative study on surface energy flux
55 1184  characteristicsiof photovoltaic power station in Gobi in summer. Theoretical and Applied

56 1185  Climatology. 2022;148(3):1239-47.

57 1186 102. . DeVault TL, Seamans TW, Schmidt JA, Belant JL, Blackwell BF, Mooers N, et al. Bird use
58 1187  of solarphotovoltaic installations at US airports: Implications for aviation safety. Landscape and

59 1188 'Urban Planning. 2014;122:122-8.



oNOYTULT D WN =

1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2 Page 32 of 41

103.  Michael BG, Kurt TS, Karl LK. Observations of Greater Sage-Grouse at a Solar Energy
Facility in Wyoming. Western North American Naturalist. 2022;82(1):196-200.

104.  Hernandez RR, Tanner KE, Haji S, Parker IM, Pavlik BM, Moore-O’Leary KA. Simulated
Photovoltaic Solar Panels Alter the Seed Bank Survival of Two Desert Annual Plant Species. Plants.
2020;9(9).

105.  Hernandez RR, Tanner KE, Haji S, Parker IM, Pavlik BM, Moore-O'Leary KA. Simulated
Photovoltaic Solar Panels Alter the Seed Bank Survival of Two Desert Annual Plant Species. Plants-
Basel. 2020;9(9).

106.  Mauro G, Lughi V. Mapping land use impact of photovoltaic farms via crowdsourcing inthe
Province of Lecce (Southeastern Italy). Solar Energy. 2017;155:434-44.

107. Edalat MM, Stephen H. Effects of two utility-scale solar energy plants on land-cover patterns
using SMA of Thematic Mapper data. Renewable and Sustainable Energy Reviews. 2017;67:1139-52.
108.  Weselek A, Bauerle A, Zikeli S, Lewandowski I, Hogy P. Effects on Crop Development,
Yields and Chemical Composition of Celeriac (Apium graveolens L. var. rapaceum) Cultivated
Underneath an Agrivoltaic System. Agronomy [Internet]. 2021; 11(4).

109.  Prakash V, Lunagaria MM, Trivedi AP, Upadhyaya A, Kumar R, Das A et al. Shading and
PAR under different density agrivoltaic systems, their simulation and effecton wheat productivity.
European Journal of Agronomy. 2023;149:126922.

110.  Lee HJ, Park HH, Kim YO, Kuk Y1. Crop Cultivation Underneath-Agro-Photovoltaic
Systems and Its Effects on Crop Growth, Yield, and Photosynthetic Efficiency. Agronomy [Internet].
2022; 12(8).

111.  Juillion P, Lopez G, Fumey D, Lesniak V, Génard M, Vercambre G. Shading apple trees with
an agrivoltaic system: Impact on water relations, leaf morphaphysiological characteristics and yield
determinants. Scientia Horticulturae. 2022;306:111434.,

112.  ChoJ, Park SM, Park AR, Lee OC, Nam G, Ra IH.Application of Photovoltaic Systems for
Agriculture: A Study on the Relationship between Power Generation and Farming for the
Improvement of Photovoltaic Applications in Agriculture. Energies. 2020;13(18).

113.  Marrou H, Guilioni L, Dufour L, Dupraz €, Wery J. Microclimate under agrivoltaic systems:
Is crop growth rate affected in the partial shade of solar panels? Agricultural and Forest Meteorology.
2013;177:117-32.

114. Delfanti L, Colantoni A, Recanatesi F, Bencardino M, Sateriano A, Zambon I, et al. Solar
plants, environmental degradation and local socieeconomic contexts: A case study in a Mediterranean
country. Environmental Impact Assessment Review. 2016;61:88-93.

115.  Uchanski M, Hickey T, Bousselot.J, Barth KL. Characterization of Agrivoltaic Crop
Environment Conditions Using Opaque and Thin-Film Semi-Transparent Modules. Energies
[Internet]. 2023; 16(7).

116.  Schweiger AH, Pataczek L. Mow:t0 reconcile renewable energy and agricultural production in
a drying world. PLANTS, PEOPLE, PILANET. 2023;5(5):650-61.

117.  Weselek A, Bauerle A, Hartung J, Zikeli S, Lewandowski I, Hogy P. Agrivoltaic system
impacts on microclimate and yield of different crops within an organic crop rotation in a temperate
climate. Agronomy for.Sustainable, Development. 2021;41(5):59.

118.  Willockx B Lavaert C, Cappelle J. Performance evaluation of vertical bifacial and single-axis
tracked agrivoltaic'systems on arable land. Renewable Energy. 2023;217:119181.

119.  Tahir ZButt NZ. Implications of spatial-temporal shading in agrivoltaics under fixed tilt &
tracking bifacial photovoltaic panels. Renewable Energy. 2022;190:167-76.

120.  Santra P,Pande/P, Kumar S, Singh R. Agri-voltaics or solar farming: The concept of
integrating'solar PV, based electricity generation and crop production in a single land use system.
International Journal of Renewable Energy Research. 2017;7:694-9.

121.  Mishra SK; Zhu M, Bernknopf RL, Walston LJ. Valuation of pollination services from habitat
management: arcase study of utility scale solar energy facilities in the United States. Environmental
Research Communications. 2023;5(6):065006.

122. . Armstrong A, Brown L, Davies G, Whyatt JD, Potts SG. Honeybee pollination benefits could
inform solar park business cases, planning decisions and environmental sustainability targets.
Biological Conservation. 2021;263:109332.



Page 33 of 41 AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

1

2

3 1243 123. PadillaJ, Toledo C, Abad J. Enovoltaics: Symbiotic integration of photovoltaics in vineyards.
4 1244  Frontiersin Energy Research. 2022;10.

5 1245 124,  Kampherbeek EW, Webb LE, Reynolds BJ, Sistla SA, Horney MR, Ripoll-Bosch R, et al. A
6 1246 preliminary investigation of the effect of solar panels and rotation frequency on the grazing behavior
; 1247  of sheep (Ovis aries) grazing dormant pasture. Applied Animal Behaviour Science. 2023;258:105799.
g 1248 125.  Sharpe KT, Heins BJ, Buchanan ES, Reese MH. Evaluation of solar photovoltaic systems,to
10 1249 shade cows in a pasture-based dairy herd. Journal of Dairy Science. 2021;104(3):2794-806!

11 1250  126.  Andrew AC, Higgins CW, Smallman MA, Graham M, Ates S. Herbage Yield, Lamb,Growth
12 1251  and Foraging Behavior in Agrivoltaic Production System. Frontiers in Sustainable Food Systems:

13 1252 2021,5

14 1253  127. Campos JC, Rodrigues S, Sil A, Hermoso V, Freitas TR, Santos JA, et al. Climate regulation
15 1254  ecosystem services and biodiversity conservation are enhanced differently by climate-and fire-smart
16 1255  landscape management. Environmental Research Letters. 2022;17(5):054014.

17 1256  128. Smith P, Black H, Evans C, Hails R, Thomson A, Hesketh H, et al. Regulating services

18 1257  [chapter 14] In: UK National Ecosystem Assessment. Understanding nature'sivalue to society.

19 1258  Technical Report. Cambridge: UNEP-WCMC; 2011. ~

20 1259 129. HuA, Levis S, Meehl Gerald A, Han W, Washington Warren M, ©leson Keith W, et al.

21 1260  Impact of solar panels on global climate. Nature Climate Change. 2016;6(3):290-4.

22 1261 130. Yangl, Gao X, LvF, Hui X, Ma L, Hou X. Study on the local climatic effects of large

23 1262  photovoltaic solar farms in desert areas. Solar Energy. 2017;144:244-53.

24 1263  131. Devitt DA, Apodaca L, Bird B, Dawyot JP, Fenstermaker L., Petrie’MD. Assessing the Impact

;Z 1264  of a Utility Scale Solar Photovoltaic Facility on a Down Gradient Mojave Desert Ecosystem. Land
57 1265  [Internet]. 2022; 11(8).

28 1266 132, WuW, Yue S, Zhou X, Guo M, Wang J, Ren Lget al. Observational Study on the Impact of
29 1267 Large-Scale Photovoltaic Development in Deserts on LLocal Air Temperature and Humidity.

30 1268  Sustainability. 2020;12(8).

31 1269 133. Hua, Chail, Chen L, LiuP. The Influenees of the:Desert Photovoltaic Power Station on

32 1270  Local Climate and Environment: A Case Study in Dunhuang Photovoltaic Industrial Park, Dunhuang
33 1271  City, China in 2019. Atmosphere [Internet]. 2022; 13(8).

34 1272 134. LiY, Kalnay E, Motesharrei S, Rivasid; Kucharski F, Kirk-Davidoff D, et al. Climate model
35 1273  shows large-scale wind and solar farms in the.Saharaincrease rain and vegetation. Science.

36 1274  2018;361(6406):1019.

37 1275 135. JiangJ, Gao X, Lv Q, Li Z, i P. Observed impacts of utility-scale photovoltaic plant on local
38 1276  air temperature and energy partitioning in.the barren areas. Renewable Energy. 2021;174:157-69.

39 1277  136.  Suuronen A, Mufioz-Escobar C, Lensu A, Kuitunen M, Guajardo Celis N, Espinoza Astudillo
40 1278 P, etal. The Influence of Solar Power Plants on Microclimatic Conditions and the Biotic Community
41 1279  in Chilean Desert Environments. Environmental Management. 2017;60(4):630-42.

421280 137. Nguyen KC, Katzfey JJ, RiedlJ, Troccoli A. Potential impacts of solar arrays on regional

43 1281  climate and on array efficiency.International Journal of Climatology. 2017;37(11):4053-64.

1282  138. Lambert Q, Bischoff A, Cueff S, Cluchier A, Gros R. Effects of solar park construction and

jg 1283  solar panels on soil quality, microclimate, CO2 effluxes and vegetation under Mediterranean climate.
47 1284  Land Degradation & Development. 2021;n/a(n/a).
48 1285 139. Zhang B, Zhang R, LiY, Wang S, Xing F. Ignoring the Effects of Photovoltaic Array

49 1286  Deployment on Greenhouse.Gas Emissions May Lead to Overestimation of the Contribution of

5o 1287  Photovoltaic Power/Generation to Greenhouse Gas Reduction. Environmental Science & Technology.
51 1288  2023;57(10):4241-52.

52 1289  140. MescatelliME, Marabottini R, Massaccesi L, Marinari S. Soil properties changes after seven
53 1290  years of ground mounted photovoltaic panels in Central Italy coastal area. Geoderma Regional.

54 1291  2022;29:e00500.

55 1292  141¢ De Marco A, Petrosillo I, Semeraro T, Pasimeni MR, Aretano R, Zurlini G. The contribution

56 1293  of Utility-Scale Solar Energy to the global climate regulation and its effects on local ecosystem

57 1294  services. Global Ecology and Conservation. 2014;2:324-37.

58 1295 142. Grilli G, Balest J, De Meo I, Garegnani G, Paletto A. Experts' opinions on the effects of

59 1296  ‘renewable energy development on ecosystem services in the Alpine region. Journal of Renewable and
60 1297, Sustainable Energy. 2016;8(1):013115.



oNOYTULT D WN =

1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2 Page 34 of 41

143. Chang R, Luo Y, Zhu R. Simulated local climatic impacts of large-scale photovoltaics over
the barren area of Qinghai, China. Renewable Energy. 2020;145:478-89.

144.  Ferrara G, Boselli M, Palasciano M, Mazzeo A. Effect of shading determined by photovoltaic
panels installed above the vines on the performance of cv. Corvina (Vitis vinifera L.). Scientia
Horticulturae. 2023;308:111595.

145.  Gonocruz RA, Nakamura R, Yoshino K, Homma M, Doi T, Yoshida Y, et al. Analysis of the
Rice Yield under an Agrivoltaic System: A Case Study in Japan. Environments [Internet]. 2021; 8(7):
146.  Guoging L, Hernandez RR, Blackburn GA, Davies G, Hunt M, Whyatt JD, et al. Ground-
mounted photovoltaic solar parks promote land surface cool islands in arid ecosystems. Renewable
and Sustainable Energy Transition. 2021;1:100008.

147.  Gazdag D, Parker G. Wild Power, Biodiversity and Solar Farms: A Busingss Model'to
Encourage Climate Change Mitigation and Adaptation at Scale. In: Filho WL, Barbir J, Preziosi R,
editors. Handbook of Climate Change and Biodiversity. Climate Change Management2019, p. 391-
402.

148.  Walston LJ, Li Y, Hartmann HM, Macknick J, Hanson A, Nootenboom €, et al. Modeling the
ecosystem services of native vegetation management practices at solar energy facitities in the
Midwestern United States. Ecosystem Services. 2021;47:101227.

149.  WuC, LiuH, YuY, Zhao W, Guo L, Liu J, et al. Ecohydrological insight: Solar farms
facilitate carbon sink enhancement in drylands. Journal of Environmental Management.
2023;342:118304.

150. Choi CS, Macknick J, Li Y, Bloom D, McCall J, Ravi<S. Environmental Co-Benefits of
Maintaining Native Vegetation With Solar Photovoltaic InfrastructuresEarth's Future.
2023;11(6):2023EF003542.

151. Wang L, Li H, Cheng S. A Study of the Ecological Effects.of Solar Energy Development in
Tibet. Mountain Research and Development. 2012;32(1):83<91. » ¥

152.  Yishu L. A photovoltaic ecosystem: improving-atmospheric environment and fighting
regional poverty. Technological Forecasting and Secial Change. 2019;140:69-79.

153.  Semeraro T, Pomes A, Del Giudice C, Negro D, Aretano R. Planning ground based utility
scale solar energy as green infrastructure to enhance.ecosystem services. Energy Policy.
2018;117:218-27.

154,  Yuan B, WuW, Yue S, Zou P, YangR, Zhou X. Community structure, distribution pattern,
and influencing factors of soil Archaea in the construction area of a large-scale photovoltaic power
station. International Microbiology. 2022;25(3):571-86.

155. Jiang S, Tang D, Zhao L, Liang €, Cui N, Gong D, et al. Effects of different photovoltaic
shading levels on kiwifruit growth; yield and water productivity under “agrivoltaic” system in
Southwest China. Agricultural Water, Management. 2022;269:107675.

156.  LiC, LiuJ, Bao J, Wu'T, Chai'B:Effect of Light Heterogeneity Caused by Photovoltaic
Panels on the Plant-Soil-Microbial System in Solar Park. Land [Internet]. 2023; 12(2).

157. UK National Ecosystem Assessment. UK National Ecosystem Assessment. The UK National
Ecosystem Assessment Technical Report. . Cambridge: UNEP-WCMC; 2011.

158.  Batey T. Soil compaction and soil management — a review. Soil Use and Management.
2009;25(4):335-45.

159.  Kibblewhite MG, Ritz K, Swift MJ. Soil health in agricultural systems. Philosophical
Transactions of thesRoyal Society B: Biological Sciences. 2008;363(1492):685-701.

160. Kaspar TC,Bland WL. SOIL TEMPERATURE AND ROOT GROWTH. Soil Science.
1992;154(4).

161. Lwo'H, XuH;Chu C, He F, Fang S. High Temperature can Change Root System Architecture
and Intensify Root\Interactions of Plant Seedlings. Frontiers in Plant Science. 2020;11.

162.  DeAngelis KM, Pold G, Topcuoglu BD, van Diepen LTA, Varney RM, Blanchard JL, et al.
Long-term forest soil warming alters microbial communities in temperate forest soils. Frontiers in
Microbiology. 2015;6.

163. . Pettersson M, Baath E. Temperature-dependent changes in the soil bacterial community in
limed andunlimed soil. FEMS Microbiology Ecology. 2003;45(1):13-21.



Page 35 of 41 AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

1

2

3 1351 164. Conant RT, Ryan MG, Agren GlI, Birge HE, Davidson EA, Eliasson PE, et al. Temperature
4 1352  and soil organic matter decomposition rates — synthesis of current knowledge and a way forward.

> 1353  Global Change Biology. 2011;17(11):3392-404.

6 1354 165. Davidson EA, Janssens IA. Temperature sensitivity of soil carbon decomposition and

; 1355  feedbacks to climate change. Nature. 2006;440(7081):165-73.

g 1356 166.  Bingham AH, Cotrufo MF. Organic nitrogen storage in mineral soil: Implications for'palicy
10 1357 and management. Science of The Total Environment. 2016;551-552:116-26.

11 1358  167.  Negrdo S, Schméckel SM, Tester M. Evaluating physiological responses of plantsto.salinity
12 1359  stress. Annals of Botany. 2017;119(1):1-11.

13 1360 168. MunnsR, Tester M. Mechanisms of Salinity Tolerance. Annual Review of Rlant Biology.

14 1361  2008;59(Volume 59, 2008):651-81.

15 1362 169. Mallick A, Mendez Lopez RD, Arye G, Cahen D, Visoly-Fisher I. Soil adsorption and

16 1363  transport of lead in the presence of perovskite solar cell-derived organic cations. Journal of Hazardous
17 1364  Materials. 2023;451:131147.

18 1365 170.  Griffiths HM, Ashton LA, Parr CL, Eggleton P. The impact of invertebrate decomposers on
19 1366  plants and soil. New Phytologist. 2021;231(6):2142-9. -~

20 1367 171. Bray N, Kao-Kniffin J, Frey SD, Fahey T, Wickings K. Soil Macroeinvertebrate Presence

21 1368  Alters Microbial Community Composition and Activity in the Rhizosphere. Frontiers in

22 1369  Microbiology. 2019;10.

23 1370 172. WuH, CuiH, FuC, Li R, Qi F, Liu Z, et al. Unveiling the ¢rucial role of soil microorganisms
24 1371 in carbon cycling: A review. Science of The Total Environment. 2024;909:168627.

;Z 1372 173.  Jansson JK, Hofmockel KS. Soil microbiomes and climate change. Nature Reviews

57 1373  Microbiology. 2020;18(1):35-46.

28 1374  174.  Walck JL, Hidayati SN, Dixon KW, ThompsonKEN; Paschlod P. Climate change and plant
29 1375 regeneration from seed. Global Change Biology. 2011;17(6):2145-61.

30 1376 175, BaiY, Scott TA, Min Q. Climate change implications of soil temperature in the Mojave

31 1377  Desert, USA. Frontiers of Earth Science. 2014;8(2):302-8.

3p 1378 176. Wang F, Gao J. How a photovoltaic panelimpacts rainfall-runoff and soil erosion processes
33 1379  onslopes at the plot scale. Journal of Hydrology. 2023;620:129522.

34 1380 177. Heredia-Velasquez AM, Giralde-Silva.A, Nelson C, Bethany J, Kut P, Gonzélez-de-Salceda
35 1381 L, et al. Dual use of solar power plants as bioerust nurseries for large-scale arid soil restoration.

36 1382  Nature Sustainability. 2023;6(8):955-64.

37 1383 178. Li X, TanH, Hui R, Zhao ¥YHuang L, Jia' R, et al. Researches in biological soil crust of

38 1384  China: A review. Chinese Science Bulletin. 2018;63(23):2320-34.

39 1385 179. YueS, Guo M, Zou P, Wu W, Zhou X. Effects of photovoltaic panels on soil temperature and
40 1386  moisture in desert areas. Environmental Science and Pollution Research. 2021;28(14):17506-18.

41 1387 180.  Sturchio MA, Macknick JE, Barron-Gafford GA, Chen A, Alderfer C, Condon K, et al.
421388  Grassland productivity responds ufiexpéctedly to dynamic light and soil water environments induced
43 1389 by photovoltaic arrays.Ecosphere. 2022;13(12):e4334.

1390 181. Ye W, MagE, LiaoL, Hui'Ya, Liang S, Ji Y, et al. Applicability of photovoltaic panel

jg 1391  rainwater harvesting system imimproving water-energy-food nexus performance in semi-arid areas.
47 1392  Science of The Total Environment. 2023;896:164938.
4g 1393 182.  Kannenberg SA, Sturchio MA, Venturas MD, Knapp AK. Grassland carbon-water cycling is

49 1394 minimally impacted by a photovoltaic array. Communications Earth & Environment. 2023;4(1):238.
5o 1395  183.  Stock/R, Sovacool BK. Left in the dark: Colonial racial capitalism and solar energy

51 1396  transitions in India. Energy Research & Social Science. 2023;105:103285.

52 1397  184.  Semeraro T;.Scarano A, Santino A, Emmanuel R, Lenucci M. An innovative approach to
53 1398  combing solar phatovoltaic gardens with agricultural production and ecosystem services. Ecosystem
54 1399 Services. 2022;56:101450.

55 1400 185¢ Lal'R.:Soil degradation by erosion. Land degradation & development. 2001;12(6):519-39.
56 1401 186. Guerra CA, Rosa IMD, Valentini E, Wolf F, Filipponi F, Karger DN, et al. Global

57 1402  vulnerability of soil ecosystems to erosion. Landscape Ecology. 2020;35(4):823-42.

58 1403 187. Montanarella L, Badraoui M, Chude V, Costa I, Mamo T, Yemefack M, et al. Status of the
59 1404 “world's soil resources: main report. 2015.



oNOYTULT D WN =

1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2 Page 36 of 41

188.  Pimentel D, Burgess M. Soil Erosion Threatens Food Production. Agriculture [Internet].
2013; 3(3):[443-63 pp.].

189. Lal R, Moldenhauer WC. Effects of soil erosion on crop productivity. Critical Reviews in
Plant Sciences. 1987;5(4):303-67.

190.  Nair AA, Rohith AN, Cibin R, McPhillips LE. A Framework to Model the Hydrology of
Solar Farms Using EPA SWMM. Environmental Modeling & Assessment. 2024;29(1):91-100.

191.  Al-agele HA, Proctor K, Murthy G, Higgins C. A Case Study of Tomato (Solanum
lycopersicon var. Legend) Production and Water Productivity in Agrivoltaic Systems. Sustainability
[Internet]. 2021; 13(5).

192.  Uldrijan D, Cerny M, Winkler J. Solar Park — Opportunity or Threat for VVegetation and
Ecosystem. Journal of Ecological Engineering. 2022;23(11):1-10.

193.  Torres-Sibille AdC, Cloquell-Ballester V-A, Cloquell-Ballester V-A, Artacho:Ramirez MA.
Aesthetic impact assessment of solar power plants: An objective and a subjective approach.
Renewable and Sustainable Energy Reviews. 2009;13(5):986-99.

194.  Spielhofer R, Thrash T, Hayek UW, Grét-Regamey A, Salak B, Griibel J; et al/ Physiological
and behavioral reactions to renewable energy systems in various landscape types." Renewable and
Sustainable Energy Reviews. 2021;135:110410.

195.  Buckley Biggs N, Shivaram R, Acufia Lacarieri E, Varkey K, Hagan D,-Young H, et al.
Landowner decisions regarding utility-scale solar energy on working lands: a,qualitative case study in
California. Environmental Research Communications. 2022;4(5):055010.

196.  Crawford J, Bessette D, Mills SB. Rallying the anti-crowd: Organized opposition, democratic
deficit, and a potential social gap in large-scale solar energy. Energy Research & Social Science.
2022;90:102597.

197. Ko I. Rural opposition to landscape change from'solar.energy: Explaining the diffusion of
setback restrictions on solar farms across South Korean counties. Effergy Research & Social Science.
2023;99:103073.

198.  Mulvaney D. Identifying the roots of Green, Civil WarOver utility-scale solar energy projects
on public lands across the American Southwest. Journal of Land Use Science. 2017;12:493-515.

199. Codemo A, Barbini A, Mantouza A, Bitziadis A, Albatici R. Integration of Public Perception
in the Assessment of Licensed Solar Farms:A,Case Study in Greece. Sustainability [Internet]. 2023;
15(13).

200. Rodriguez-Segura FJ, Osorio-Aravena JC, Frolova M, Terrados-Cepeda J, Mufioz-Cerén E.
Social acceptance of renewable energy development in southern Spain: Exploring tendencies,
locations, criteria and situations. Energy Policy. 2023;173:113356.

201.  Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE. Global pollinator
declines: trends, impacts and drivers: Trends Ecol Evol. 2010;25(6):345-53.

202.  Moore-O'Leary KA, HernandezRR, Johnston DS, Abella SR, Tanner KE, Swanson AC, et al.
Sustainability of utility-scale solar'energy — critical ecological concepts. Frontiers in Ecology and the
Environment. 2017;15(7):385-94.

203.  Solar Energy UK. Natural‘Capital Best Practice Guidance: Increasing biodiversity at all
stages of a solar farm’s-life cycle. 2022.

204.  Terry G. State pollinator-friendly solar initiatives: Clean energy states alliance.; 2020.

205.  Uldrijan DyWinkler J, Vaverkova MD. Bioindication of Environmental Conditions Using
Solar Park Vegetation. Environments [Internet]. 2023; 10(5).

206.  Gullotta A,/Aschale,TM, Peres DJ, Sciuto G, Cancelliere A. Modelling Stormwater Runoff
Changes Induced oy Ground-Mounted Photovoltaic Solar Parks: A Conceptualization in EPA-
SWMM. Water Resources Management. 2023;37(11):4507-20.

207.  Bennett EM, Peterson GD, Gordon LJ. Understanding relationships among multiple
ecosystemservices. Ecology Letters. 2009;12(12):1394-404.

208¢  Chan KMA, Shaw MR, Cameron DR, Underwood EC, Daily GC. Conservation Planning for
Ecosystem Services. PLOS Biology. 2006;4(11):e379.

209. . Rodriguez JP, Beard Jr TD, Bennett EM, Cumming GS, Cork SJ, Agard J, et al. Trade-offs
across space, time, and ecosystem services. Ecology and Society. 2006;11(1).



Page 37 of 41 AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

1

2

3 1458 210. Smith FP, Gorddard R, House APN, Mcintyre S, Prober SM. Biodiversity and agriculture:
4 1459  Production frontiers as a framework for exploring trade-offs and evaluating policy. Environmental
> 1460  Science & Policy. 2012;23:85-94.

5 1461 211. de Groot RS, Alkemade R, Braat L, Hein L, Willemen L. Challenges in integrating the

; 1462  concept of ecosystem services and values in landscape planning, management and decision making:
g 1463 Ecological Complexity. 2010;7(3):260-72.

10 1464 212.  King E, Cavender-Bares J, Balvanera P, Mwampamba TH, Polasky S. Trade-offs in

11 1465  ecosystem services and varying stakeholder preferences: evaluating conflicts, obstacles, and

12 1466  opportunities. Ecology and Society. 2015;20(3).

13 1467  213. Paustian K, Collier S, Baldock J, Burgess R, Creque J, DeL.onge M, et al. Quantifying carbon
14 1468  for agricultural soil management: from the current status toward a global soil information system.
15 1469  Carbon Management. 2019;10(6):567-87.

16 1470 214. TNFD. Recommendations of the Taskforce on Nature-related Financial Disclosures.; 2023.
17 1471  215. IFC. Performance Standard 6: Biodiversity Conservation and Sustainable Management of
18 1472 Natural Resources. International Finance Corporation; 2012.

19 1473 216. Carvalho F, Treasure L, Robinson SJB, Blaydes H, Exley G, Hayes R,etal. Towards a

20 1474  standardized protocol to assess natural capital and ecosystem services in‘solar parks. Ecological

21 1475  Solutions and Evidence. 2023;4(1):e12210.

22 1476  217. Sinha P, Hoffman B, Sakers J, Althouse L. Best Practices,in Responsible Land Use for

23 1477  Improving Biodiversity at a Utility-Scale Solar Facility. Case Studies.in the Environment. 2018;2.
24 1478  218. Nordberg EJ, Caley MJ, Schwarzkopf L. Designing solar farms for'synergistic commercial

;Z 1479  and conservation outcomes. Solar Energy. 2021;228:586-93.

57 1480 219. Solar Energy UK. Solar Energy UK Guidance: A Standardised Approach to Monitoring
28 1481 Biodiversity on Solar Farms London: Solar Trade Association; 2022 [Available from:

29 1482 https://solarenergyuk.org/wp-content/uploads/2022/06/E coldgitalziMonitoring-Guidance-2022.pdf.

30 1483 220.  Archambault A. Solar PV Atlas: Solar Power in Harmony with Nature.: World Wildlife Fund;
31 1484 2012

3p 1485  221. Hernandez RR, Hoffacker MK, Field CB. Efficient use of land to meet sustainable

33 1486  energy needs. Nature Climate Change. 2015;5(4):353-8.

34 1487  222. Parker GE, Greene L. BRE National:Selar Centre Biodiversity Guidance for Solar

35 1488  Developments. 2014.

36 1489 223. Hoffacker MK, Allen MF, Hernandez RR. Land-Sparing Opportunities for Solar Energy
37 1490  Development in Agricultural Landscapes: A Case Study of the Great Central Valley, CA, United
38 1491  States. Environmental Science & Teehnology. 2017;51(24):14472-82.

39 1492  224. Natural England. Natural England Technical Information Note TIN101 Solar parks:

40 1493  maximising environmental benefits.;2011.

41 1494  225. Roddis P, Carver S, DallimerMyNorman P, Ziv G. The role of community acceptance in
42 1495  planning outcomes for onshore wind and solar farms: An energy justice analysis. Applied Energy.
43 1496  2018;226:353-64.

2‘5‘ 1497  226. LiJ, Okin GS, Alvarez L, Epstein H. Quantitative effects of vegetation cover on wind erosion
16 1498  and soil nutrient loss in-a.desert.grassland of southern New Mexico, USA. Biogeochemistry.

47 1499 2007;85(3):317-32. _ _ _ _ o _

4g 1500 227.  UNCCD, editor United Nations Convention to Combat Desertification in Those Countries 28

49 1501 Experiencing Serious Drought and/or Desertification Particularly in Africa: Text with Annexes.1994;
5o 1502  Nairobi: UNEP.

51 1503  228.  Troldborg M, Aalders I, Towers W, Hallett PD, McKenzie BM, Bengough AG, et al.

52 1504  Application'of Bayesian Belief Networks to quantify and map areas at risk to soil threats: Using soil
53 1505  compaction as angxample. Soil and Tillage Research. 2013;132:56-68.

54 1506 229.  Carvalho F, Healing S, Armstrong A. Enhancing soil carbon in solar farms through active

55 1507 land‘management: a systematic review of the available evidence. Environmental Research: Ecology.
56 1508  2024;3(4):042001.

=g 1509
1510


https://solarenergyuk.org/wp-content/uploads/2022/06/Ecological-Monitoring-Guidance-2022.pdf

oNOYTULT D WN =

1511
1512

1513
1514

1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525

AUTHOR SUBMITTED MANUSCRIPT - PRGE-100306.R2

8.0 APPENDIX
Articles identified through
literature search
n=(18,101)
PHASE 1 —
Articles with potentially Articles with irrelevant title
relevant title excluded
n= (850) ngs (17,251)
Articles with relevant ArticlesWith irrelevant
PHASE 2 - abstract abstractexcluded
n = (304) n = (546)
Relevant articles Exeluded after reading the
whole article
PHASE 3 — n=(167)
. 4
n=(137)

Evidence base

Positive Negative Neutral .
Uncertain impact

n = (306) n=(316 n=(116)

\_Y_I

Statistical analysis ~

n=(111)

Figure 1. Flow diagram detailing the three-phase screening process used during the QSR.

Table 1. Search strings based on keywords associated with PICO elements derived from the primary question
used in the QSR, “what,are the ES impacts of SPs?”” Boolean operators were used to combine keywords, where
OR ensured each.result contained at least one of the listed keywords, whilst AND ensured results contained all
keywords. The @asterisks wildcard operator specified zero or more of any alphanumeric character, e.g., dispers*
located dispersal, dispersion, or dispersed. Keywords enclosed within double quote characters returned only
results that eontained.the phrase as was typed. Each string began with TS to ensure the title, abstract and keywords
of each result was searched, as per Web of Science™ search rules.

PICO element Search string

Population, Cantrol TS = (“SP*” OR “solar farm” OR “solar panel*” OR solar array* OR
“utility scale solar” OR photovoltaic* OR “solar-energy” OR “solar
power” OR “solar facilit*” OR “Agri-voltaic*” OR “agrivoltaic” OR
“agriPV” OR “rangevoltaics” OR “large scale solar” OR “large-scale
solar” OR “ground mounted solar” OR “ground-mounted solar”)
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1

2

3 Outcome TS = (wildlife OR pollinat* OR bird* OR insect* OR invertebrate*

4 OR arthropod* OR mammal* OR reptile* OR amphibian* OR plant*

5 OR vegetation OR primary prod* OR flower* OR wildflower* OR

6 flora* OR nectar OR pollen OR soil* OR “species abundance” OR

7 “species diversity” OR “species richness” OR ecosystem* OR
ecolog™ OR biodivers* OR metapopulation®* OR dispers* OR

8 “wildlife conservation” OR habitat* OR “land-use change” ORx*“land

9 luse change” OR “land cover change” OR “land-cover change” OR

10 “environmental impact” OR landscape* OR “ecosystem service*”

11 OR “natural capital” OR climate OR forag* OR crop* OR food OR/

12 agricult* OR grass* OR pasture* OR meadow* OR.‘brown field”

13 OR livestock)

14

15 1526

: 1527  Table 2. Definitions/descriptions of the ecosystem services used to categorise evidencerextracted from relevant
1? 1528  articles, as per Randle-Boggis et al. [9] and taken from the UK National Ecosystem Assessment[96].
1529

18 Ecosystem Service Definition

19 ~

20 IAIr quality regulation AAir quality regulation concerns the regulation of atmespheric pollutant concentrations

21 and their deposition onto water and land surfaces.

;g Climate regulation Climate regulation provides goods and seryices that regulate climate so that adverse
impacts on human well-being and biodiversity are avoided. Ecosystems regulate

24 climate through biogeochemical effects'and biophysical effects; including sources and

25 sinks of greenhouse gases (GHGs), photosynthetically active radiation (PAR), albedo

26 and local regulation of temperature; wind and precipitation.

27

28 Flood regulation Flood regulation concerns the/apacity of anecosystem to reduce flood hazards due to

29 heavy precipitation events, by reducing the aﬂmunt of runoff.

2(1) Pest and disease regulation Disease and pest regulation directly. affects human health and wellbeing and has a
potentially large impact on regulating the provision of final ecosystem services, such as

32 crops, other plants and livestocks, In addition, evidence concerning invasive species has

33 been included in this ES.

34

35 Pollination regulation Pollination has a potentially large impact on regulating the provision of final ecosystem

36 services, such as crops,and other plants, which deliver food and fibre.

;73 Pollution regulation The capacity of the ecosystem to regulate pollution, including noise, air, water, soil, and
polarised light pollution.

39

40 Soil erosion regulation Soil erosion regulation concerns the retention of soil on the land surface, which can be

41 affecteYbby vegetation cover, climate (wind, precipitation) and land management

42 practices.

43

44 Soil quality regulation Soil,quality regulation is vital to delivering regulating services through the storage and

45 degradation of organic matter, mediating exchange of gases to the atmosphere, storing,
degrading, and transforming materials such as nutrients and contaminants, and

46 regulating the flow of water.

47

48 Water cycle support \Water cycle support underpins the delivery of many other ecosystem services and

49 concerns the major water fluxes, such as precipitation, evapotranspiration and river flow,

50 land water storages including lakes, groundwater, and soil, which together determine the

51 ispatial and temporal availability of water.

52 \Water quality regulation is determined primarily by catchment processes; therefore, it i

53 \Water quality regulation closely linked to other ecosystem services e.g., soil and air quality, and climate

54 regulation. Key ecosystem processes regulating water quality include plant and

55 microbial nutrient uptake, pollutant sequestration in soil and sediment organic matter,

56 breakdown of organic pollutants, acidity buffering and denitrification. These processes

57 contribute to final ecosystem services e.g., detoxification and purification, drinking

58 water and fisheries provision, and recreation.

59 Biomass.materials provision The provision of all biomass excluding food crops e.g., grazing, timber, biofuel,

60 medicine, genetic resources.
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Food provision The provision of food crops, livestock and their products.

Educational and cultural The nonmaterial benefits people obtain from ecosystems through education and,cultural
interactions interactions e.g., knowledge systems, cultural identity.

Recreation and aesthetic The nonmaterial benefits people obtain from ecosystems through recreation and
interactions aesthetic experience, including aesthetic values and wellbeing.

Spiritual and religious enrichment  [The nonmaterial benefits people obtain from ecosystems through spiritual enrichment
and reflection.

Includes species abundance and richness, habitat provision, enhancement; fragmentation
Maintaining habitats and and loss, direct wildlife impacts e.g., mortality and indirect impacts e.gy, dispersal,
biodiversity movement, and gene flow.

Table 3. Categories for ecosystem type classification, adapted from the IUCN terrestrial Global Ecosystem
Typology 2.0 (Keith et al., 2020).

~
Code Definition
T1 Tropical-subtropical forests
T2 Temperate-boreal forests and woodlands
T3 Shrublands and shrubby woodlands
T4 Savannas and grasslands
T5 Deserts and semi-deserts
T6 Polar/alpine (cryogenic) 4
Intensive land use:
17 a.  Urban
b.  Agricultural

Table 4. Ecosystem services for which the evidence base was classed as inconclusive (n = < 10).

ES impact Evidence quality

Ecosystem service Database field Sub-category T § Strong Weak

IAustralia

Location China

~OIN/A

N/A

Climate type Dry

Air quality regulation Continental

Agricultural

Ecosystem type N/A

Polar/alpine

IConstruction

Life cycle/phase N/A

Operational

IAustralia

China

Icocation Italy

N/A

India

Deserts and semi-deserts

Water quality regulation Ecosystem type Agricultural

N/A

Operational

Life cycle phase Construction

[Decommissioning

olololviklolklolk|lolrlolkv kv ik|lklo|lw|dvIv] o
Plelrlolk|klk|rlolr|lolr|olo[dvolov|o|v o |ololn
olololololololo|o|olololo|o|r|olo|r|o|r|lololo]|-
[ ol 1 S LY T N T T T T T T S N R N TN N T I DN TN T

N/A
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1
2
3 Location USA 0 3 0 3
4 UK 0 1 1 0
5 . Dry 0 3 0 3
6 Spiritual and religious Climate type [Temperate 0 1 1 0
7 enrichment N/A 0 2 0 2
8 Ecosystem type Deserts and semi-deserts 0 1 0 1
9 Savanna and grassland 0 1 1 0
10 Life cycle phase Construction 0 4 1 3
1 Italy 0 1 0 1
12 Location South Africa 0 1 0 1
13 USA 0 2 0 2
Polluti lati Climate type Dry 0 L 0 9
14 ollution regulation yp N/A 0 3 0 3
15 Ecosvstem tvoe Savanna and grassland 0 1 0 1
16 ystem typ N/A 0 3 0 3
17 Construction 0 1 0 1
18 Life cycle phase Decommissioning 0 1 0 1
19 N/A 0 2|~ 0 2
20 Mexico 0 2 0 2
21 China 1 0 0 1
22 Location Italy 1 0 0 1
23 Greece 0 1 1 0
24 N/A 1 0 0 1
25 [Temperate 2) 0 0 2
Educational and cultural [~,; [Tropical 0 2 0 2
26 interactions Climate type Dry 1 0 0 1
27 N/A 0 1 1 0
28 [Tropical-subtropical forests IS 0 2 0 2
29 Ecosvstem tvpe Deserts and semi-deserts 1 0 0 1
30 4 yp IAgricultural 1 0 0 1
31 N/A 1 0 0 1
32 Life cycle phase Operational 3 1 1 3
33 IN/A 0 2 0 2
34 1537
35
36
37 2009
38 2011
39 2012
40 2013
41 2014
42
43 s 2015
44 S 2016
45 S 2017
46 S 2018
47 &
48 £ 2019
49 2020
50 2021
51 2022
52
2023
53
54 [ | | | [ |
55 0 10 20 30 40 50
56 Number of studies
57

5g 1538 Figure 2:Publication year distribution chart for articles with evidence extracted during the systematic review
59 15397pand linked to potential positive or negative impacts on ecosystem services.




