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that the construction of solar parks reduces the physical qualty ebilalteringmain soill
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viii.  Abstract and Keywords

Abstract:

Solar energy is increasingly used to produce electricityunofe, but the environmental impact
of constructing and running solar parks (SP) is not yet well studied. Solar park construction
requires partial vegetation removal and soil leveling. Additionally, solar panels may alter soil
microclimate and functionindn our study of three French Mediterranean solar parks, we
analysedl) effects of solar park construction on soil quality by comparing solar park soils with

those of semnatural land cover types (pinewood and shrubland) and abandoned croplands

2



44

45

46

a7

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

(formervineyardsland?2) the effect of solar panels on soil microclimate ,@@uxes and

vegetation. We measured 21 soil properties of physical, chemical, and microbiological soll

quality in one solar park and its surroundings to calculate integrated indicators of soil quality. We
surveyed soil temperature and moisture, €ffluxes and vegetation below and outside solar

panels of three solar parks. Soil aggregate stability was reduced by SP construction resulting in a
degradation of soil physical quality. Soil chemical quality and a general indicator of soil quality
were lower inanthropogenic (SP and abandoned vineyards) than inrsgomal (pinewood and
shrubland) land cover types. However, differences between abandoned vineyards representing the
pre-construction land cover type and solar parks were not significant. Solas patieted the

soil temperature by 10% and sGID, effluxes by 50% but did not affect early successional plant
communities. Longerm monitoring is needed to evaluate the effects of solar panels on

vegetation.

Keywords: renewable energy, soil functionsidacover, microclimate, soil respiration, plant

communities

iX. Main text

1. Introduction

The use of solar energy to produce electricity is increasingly common in Eamdpexjuires
largeareasn order to be costffective(Murphyet al, 2015xOnget al., 2013) Solar park
constructionnvolvesclearing and gradinthe soil surfacgourying of electric cableyegetation
removalandsoil compactionncreasingunoff and erosion. Gradingpmpactionand erosion
change the physical and chemical properties of the soil and thus reduce its §ural@ysolar
park congruction destroys the vegetation and affects the soil, a careful analysis of the
environmental impact of solar parks is neeffstronget al, 2016; Hernandeet al,, 2015)
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Although soil quality is an important indicator of ecosystencfioning the effect of solar park
construction on soil quality has nggtbeen reported elsewhewfter the installation of solar
panels, the vegetationiniegularly mown or grazelmiting vegetation heighto prevent shading

of panels. The solar panels also change the microclimate such as temperature, humidity, solar
radiation(Tanneret al, 2020; Armstronget al, 2016) Such changes in microclimatey affect

soil processes armqlantcommunities under panels, particularin the European Mediterranean

with high solar irradiation compared to temperate regions

Soil quality is 2he capacity of a specific kind of soil to function, within natural or managed
ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and
air qualityand support human health and habitatigtarlenet al, 1997) Three soil quality

indicator groups are commonly used: physical, chemical and biological soil properties
(Bunemanret al, 2018xCostantiniet al, 2016xMauryaet al, 2020) Physical properties, such

as bulk density and texture influence water holding capaaitiplant communities by

modulating root growtliScarparest al 2019; Lampurlanés, Cantefidartinez 2003)Chemical
properties such @sorganicN, totalC and pH control plant nutrition and microbiological

activity. Biological indicators include the aatiy of decomposers such as invertebrates or
microorganismsThese organismsontrol organic matter decomposition and nutrient cycling

(Mauryaet al, 2020)

Velasquezt al (2007)developed single general indicator of soil quality (GISQ) that integrates
a set of physicakbhemical,and biological soil propertieSuch soil properties are chosen and
measured to evaluate multifaceted aspects of soil functions and further combined to calculate
subindicatorsof physical quality, chemicdeértility, and biological functioning. The GISQ

combines thesub indicator$o provide a global assessment of soil quality based on soill

4
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ecosystem services and faciliatke comparison of s@between different sites/habitats. In a
comparative study on four land use typ@siesi & Salela&ilani, 2020)showed, using an

adapted GISQ, that soil quality was 1.5 times lower in anthropogenic than in naturdicsitd.

et al (2019 observedadecrease in sopghysicachemical qualityalong a anthropization

gradient from forest tarban soilsvhereasloimelet al. (2017 did nat find anydifferencein

biological qualityof these soilsThe construction ofadar parls on natural andgeminatural land

use types (e.qg. forest, shrublaamttlabandoned vineyards)ay reducesoil qualityandaffect
ecosystem functions such as infiltration and storage of water, fertility and plant reestablishment,
soil organic matter and nutrient cyclifighare & Goyal, 2013; RomefDiazet al, 2017;

Rutgerset al, 2009; Scarparet al, 2019; Yinet al, 2020)

Plant communities anas functioningmayalso beaffected bychanges immicroclimate under
solar panelsSolar panels reduce solar radiation,laimidity and soil temperatures, but in winter,
soil temperatures are generdiigherunder panels (Armstrongt al, 2016).Adehet al (2018)
reported highest soil moisture and local heterogeneity of soil water conditions under solar panels.
Suchchangein microclimatemayalter plantcommunity compositionand soil respiration that
can be measured as £@leaseMediterranean plant commurgs are dominated by heliophilous
plants(Bagella & Caria, 2012)The reduction of solar radiation under solar panels may thus
result in a plant community shift towards shadkerant species. Seed germination of
Mediterranean spéesmay be limited by light reductiofGrestaet al, 2010) andthe mortality

of heliophilous plants increases in competition to stiatbrant speciegNovaraet al, 2012; de
Datoet al, 2010) Thechange imair and soil microclimate under pasetduced the soill
respiration under temperate oceanic clinf@enstronget al, 2016) Unde Mediterranean

climate with higher annual temperatures and summer drotlggnigesn microclimate under



113 solar panels may degherresulting in a strongisturbancef seasonasoil respiratiordynamic

114 (Gonz&ézUbierna & Lai, 2019)Plant communities contribute to soil g€f@lease by respiration
115 of roots and rhizosphemicroorganismgRaich & Tufekciogul, 2000put also by changes in soil
116 structure(Yanget al, 2009; Zowet al, 2005) Furthermoe, plants are the principal carbon source
117 of decomposer microorganisrfi&/all et al, 2012) Thus, solar panels may also change soil

118 conditionsindirectly by a shift in plant community composition since plants are very sensitive to

119 change in microclimate.

120 The aims of our studwere to assess e effet of solar park construction @wil qualityin

121 comparingsolar park with seminatural land covetypes(pinewood and shrubland) and

122 abandoned vineyasa@nd 2) theeffects of solar panetsn soil microclimate, C@effluxes and

123 vegetatiorunder Mediterranean climat&Ve expected that 1) solar park construction reduces
124  physical,chemical,and biological soil quality, 2olar panelghange soil microclimate and plant

125 community compositiorand3) solar panelghange soil respiration accamgd tothe ®ason.

126

127 2. Material and Methods

128 2.1.Study sites

129 Two studiesvereconducted in three solar parks (SP) located in Southern France (La Calade,
130 PouzolsMinervois and Roquefort des Corbierésgure 1A.) with a distance 010 to 30km from
131 one awther (Tablel). These SRvere constructed in 2011, 2014 and 2016, respectiveWered
132 between 8.5 antlé Haand usd groundfixed photovoltaic (PV) systems carrying the solar

133 panelsat a fixed inclinationThe solar panels are aligned to form rgtwsight of 0.6m min and

134 2 m max) exposed to the Southith a gap of 4n between rows. Thetudyregion is



135 characterized by typical Mediterranean climate with summer drought and mild, wet winters. The
136 SP are mainly bordered by pimeod (Pinus halepens)sshrubland and vineyards. The soils of

137 the SPs are characterizegl carbonatic pedofeatures (i.e. fine calcareous silty clay soil).

138

139 2.2.Sampling desigs

140 Study 1 effect of solar park construction

141 To study the effects of solar park construction on soil quality, four sampling ploif (&)

142 separated by3D m were randomly chosen within the SP at Roquefort des Corbigtesrows
143 between solar parg}! In the surroundings dhe SP, we randomly keeted four sampling plet
144 (100m?) for each othethreedominant habitatypesin thestudyregion:pinewood shrubland
145 and abandoned vineyar(Figure 1B). Thesethreeland cover typearealsorepresentative of
146 regionalland usgforestry, ancienpastures and viticultureandthe studied SP was constructed
147 on an abandoned vineyaithe plotswere at least 200 m apart from each other @otdmore than
148 400 m from the SPThe pinevoodis essentially composed Binus hdepensisand Quercus

149 coccifera The shrublands are dominated@yercus coccifera, Pistacia lentiscus, Rosmarinus
150 officinalis, Myrtus communis, Genista scorpius, Brachypodium retasui@istus

151 monspelliensisThe vineyard$iad beerabandoned faiive yearsbefore solar park construction
152 andweredominated by grapevin&nisantha rubens, Dittrichia viscosadLysimachia arvensis
153 In March 2016, ten soil samples were randomly collecteaifi@epth) within each plot, mixed
154 to one composite sample per plot.ngmosite samples were sieved (mesh sizen prior to

155 analyses. An aliquot of samples wasdtied (L week 30°C). For each sample, another aliquot

156 was stored at 4C for microbial analyses.

157 Study 2: effect of solar panels
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To study the effect of solaapels on solil respiratiotemperatureand moisture andn plant
communities, we randomly selectetthin each of thehreeSPfour sampling plots (52 m)
below the solar panelboth separated by at least Ii0and four adjacent sampling plots (%@

m) in the interrows between the solar panel

2.3.Measurements ofod physicechemical and microbiological quality
Soil physical properties

Water content (¢g*) was determined after drying samples (24 hours @)5Water holding

capacity (WHC) was analyzexdtcording tdSaetre (1998put usinga modified protocol 10 g of

dried soil were weighted in a PVC cylindendsaturated with water. WHC was defined as the

water content remaining in ttseil after 12h (4°C). The different soil fractions.é. sand, silt,

FOD\ ZHUH GHWHUPLQHG XVLQJ WlKste&d® Bl QIO MgEICSHWWH |
matter removal by oxidation withJg, (30%, 48 hours). Bulk density (BD) was determined by

measuring dried soil@®VV VDPSOHG LQ D 6LHJULWafigetbl\@IDPGHU SFFR
value of 2.655.cm®was assumed for real soil density (RD). Soil porosity was calculated using

the following equation.

VHFH
Ev

5K E MK N K OLEPruH (Equation. 1)

Mean weight diameter (MWD)f soil aggregatewas measured accorditgKemper and

Rosenay{1986).



177

178 Soil chemical properties

179 The il pH was measured in distilled water and K@IM) (Aubert, 1978) Total Carbon (TC)
180 and Nitrogen (TNYontentwere determined by combustion in an elerakabalyzer CN FlashEA
181 1112 (ThermoFisher) (NF ISO 10694, NFISO 138%&)lcium carbonate (CaGcontent was
182 measured using Bernardcalcimeter(Muller & Gastner, 1971and the percentage of C in

183 CaCQ (C-CaCQ) was determined asC-CaCQ = 11.991 / 100 x CaC4 Inorganic nitrogen
184 (NH4 and NQ) was extracte in KCL solution(1 M) andanalysectalorimetricallyusing the

185 nitroprussidesalicylate and nitrosalicylic acid method accordindytdvaney (1996)andKeeney

186 and Nelsor(1983) respectively.
187
188  Soil microbiological properties

189 Microbial Biomass (MB) wasneasuredising substrate induced respiration (SIR) rates

190 (Anderson and Domsch, 1978asal respiration was determined without adding glucose to
191 calculate the metabolic quotient g&@he ratio of basal respiration to microbial biomass), which
192 is a sensitive ecophysiological indicator of soil sti@gslerson, 2003)Three enzyme activities
193 (i.e.fluorescein diacetate hydrolaphposphatase angrosinase) involveéh carbon and

194 phosphorous cycles were assessed fferdampleto determine the catabolic potential of

195 microbial communities. Fluorescein diacetate hydrolase (FDage,dry weight) was measured
196 according taGreenet al (2006) phosphataseJ.g” dry weight) according tdabatabai and

197 Bremner (19693and the activity ofyrosinase (umol.mif.g™* dry weight) according tSaiya

198 Corketal (2002)



199
200 2.4.Measurementsf solar panel effects on sailoistue, temperaturandin siturespiration

201 Solil respiration, temperature angbisturewere recorded in March and June 2@i@ach

202 samplingplot of thestudy on solar panel effects situ CO, release (CO..m™*.h?) from soils,

203 plant roots, soil organisms and chemical oxidation of C compounds was measured after removal
204 of aboveground vegetation, using a portable gas analyser (IRGA;E£®®system). The

205 device was connected to a closed solil respiration chamber{SRE systems Massachusetts,

206 USA). To prevent leakage of G&hen placing the chamber on thail, a PVC tube (10 cm x 11

207 cm) was buried 1 cm deep into the soil prior to measurenteoiidemperature was recordieda

208 depth of7 cm using the soil tempdrae probe (STH, PRsystem) connected to the

209 respirometer. Soil moisture was recorded on four pointsat depth using a portable time

210 domain reflectometry (TDR) device (DeltaDevices, ML2 Theta Probes).
211
212 2.5.Measurements of solar panel effects egetation

213 In the sampling plotef the study on solar panel effectgegetation surveys were carried out in
214 2016 and 2017Three rectangular sytlots of 210m2 (2m u5 m) were placed at thends and the
215 center of each ploPercentage cover of all occmg vascular plant species was estimated as the
216 vertical projection of aboveground plant orgafysatio of shadowtolerant (sciaphilous) tbemtk

217 heliophilousandheliophilous plant speci€dulve, 2020Wwas calculated
218

219 2.6.Statistical analyses

10



220 We calculated &eneral Indicator oSoil Quality GISQ) according tdvelaquezet al (2007).
221 Information on 21 variables of physicahemical,and microbiological soil properties was used
222 tocreatethreesubindicators related to main soil functions: 1) physical properties that determine
223 the infiltration and storage of water, 2) chemical propertietsatfect fertility and plant

224  reestablishment in solar parks, 3) microbiological propertiesithad soil organic matter

225 decompositiorand nutrient cyclingFor eachgroup of variablegphysical, chemical and

226  microbiologica), a principal componerdnalysis PCA) with data scaled to unit of varianeg&s
227 run XVLQJ 3)DFWrsshr@thls 2020) D Q EactoextU Kassambara & Mundt, 2020)
228 packagesThe KaisedMeyerlkin measurg€>0.50). % D U W O Bif \épWefjdity Y0.B5Y) Wére
229 used to testie samplingadequacy of variablaacluded in thdPCA. Variables with

230 communality values0.05were remove@nd main componentgere identified usinghe latent
231 root criterion (eigenvalues >1.33 syntheticindexof qualityfor each group of variablex a plot
232 i (lg) was calculated ake sum of n variablewi) multiplied by their respective weigfwi) in

233 the determination of axes 1 and 2 of the REAuation 2.)
234 + WL Afg SR(Equation2.)

235 Thevalues ofig werethenreducedo a common rang@.1to 1.0) using ahomdhetic
236 transformatiorto obtainthe subrindicatoss of physical, chemical and microbiological soil quality
237 (hereafter p®, cQ and mK) respectivelyEquation J). In this equationa is the maximal and b

238 the minimal Iq value for the plot i.

239

240 L& KN53 L r& ESED Hrg (Equation 3.)
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Finally, aPCA wasrun with the 3 subindicatos. The GISQ was obtained by summing the

products of the respective contributions of variables to factors 1 and 2 by the % inertia explained

by factors, respectively. Finally, the sum of these products gave the following formula for the

GISQ(Equation 4.)

)+53 rd{ L5+®raz?5+B4 & ul 5 + MEquationd.)

All data wereanalysedusing R software (3.6.R, CoreTeam, 202Q)Effects of land covertype
on soil physical, chemical and microbiological propertsesaindicators of soil qualitandGISQ
were assessed usioge way-analysis of variance (ANOVA)In the case of a significant land
cover type effect, Fukey HSD post hoc testas used t@nalye differences between specific
land cover typesTo analyze the effect of solar panels on semhperaturewater content, C®
effluxesand vegetationlinear mixed HITHFW PRGHOV /00V 5 SDFNDJH
including month and treatment (below vs outside panels) as fixed factorsosardpark identity
as random factorAssumptionsof ANOVA were checkedy ShapireWilks testfor normality
and by Levene test for homoscedasticyhen necessary, data were transfornusthg the
SEHVW1RUP D O I(Reters@DZO N drtdet thee assumptionsEffects of solar panels on
plant communitie were visualized by nemetric multidimensional scaling (nMDS) based on the
Bray-Curtis dissimilarity. Differences in plant community composition were testsidg
permutational multivariate analysis (PERMANOVA) 5 SDFNDJH (Oksaddd& al,
2019) A subsequent pairwise post hoc test was conductadélyzedifferences between factor

levels. False discovery rate (fdr) was used to correct for multiple comparisons.
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3. Results

3.1.Effects of solapalk constructioron soil properties

Sevenof the eighttestedphysical soil properties were significantly different betwkeer cover
types(Table 2). Amongthesesevenpropertiesonly two showeda significantdifference between
the twoseminatural(pinewoodand shrublandland cover typeand the SP. Soil water content
was 5.5% lower in the SP (p<0.01) tharsimubland The mean weight diametef aggregates
wastwice ashigh in abandonedineyard asin SP, andhreetimes higher irpinewoodand
shrublandhan in SP (p<0.001Prganic cabon was about 2.5 times higher in seratural than
in anthropogenitand covertypes(p<0.001) Sand and silt contergpil porosity and bulk density
were significantly different between abandonatkeyard andpinewood(Table 2). Silt content
andsoil porosity were 1.4 and 1.3 times lower in abandoviadyard thanin pinewood
respectively. Sand content and BD were about 1.5 times higher in abamtlueyetd than in
pinewood Pinewood anghrublandshowed similar physical properties without significant

differences.

For mostsoil chemical properties, SP showed significant differenc@s@voodandshrubland
but not to abandonedneyard (Table 2). Total carbooontents weréd,44 timeshigher insemi-
natural land cover typablan inanthropogenitand coveltypes p <0.01).Organic carbon
contents were abo@t76 times higher in semmatural land cover types thananthropogenic
land cover type§p<0.01).Total nitrogen(TN) contentshowed the same pattern. TN viatce as

highin pinewood anghrublandasin the SP and abandonetheyard (p<0.001). The water pH

13
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291

292

293
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295

296

297

298

299

300

301

302

303

304

ranged between 8.02 and 8.11 and showadall but significant difference betweeshrubland

andabandonedineyard.

Two microbiological properties were significantly different betwésard covettypes (Table 2).
Landcovertypehad a significant influence on basal respirajex0.03)beingtwo times lower
in the SP and abandonetheyard than inforest andshrubland TheFDAse activity was two
times higher irshrublandandpinewoodthan in the SP and abandonadeyard. Microbial
biomass waswice as low(marginally significantyn SP and abandonetheyard asin the semi

natural lanccovertypes

3.2. Effects of solapark construction on soil quality

Thefirst two axes of th& CArun onphysical propertiesexplaired80.56% of thetotal variance
(see A.1.A. The seminatural lanccovertypesare separated from tlaathropogenisoilsalong

the first axis Silt, watercontentwaterholding capacityandmeanweight diameteof aggregates
hadthe highest scoren the firstPCA axis while soil porositywasstronglycorrelated with the
secondaxis(seeA.1.A). The highest physical quality index of 0.92 was measured in pinewood
and shrubland being two times higher than in abandeinegard (p<0.001).The pSQ(Figure

2A) wastwo times and four times lowar SPthan in the abandonetheyard and semnatural

land covertypes respectively (p<0.01).

Thefirst two axes of th&CA useda calculate thesubindicator ofsoil chemicalquality (cSQ)
explaired80.98% of the total variancésee A.1.B. The seminatural landcovertypesare
separated from thenthropogenisoils along the first axid.otal carbonprganic carbortotal

nitrogen and ammonium were most correlated with thedxistand nitrate with the secorakis

14
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(see A.1.B. With a valueof 0.18, thecSQ wasfour times lower in the SP and abandoned

vineyard thanin shrublandandpinewood(p<0.001 Figure2B).

Thefirst two axes of th& CA usedto calculate thsubindicator of soilmicrobiological quality
explaired80.28% of the total variancésee A.1.¢. Basal respirationnicrobialbiomass,
FDAse and phosphatase were highly correlated with thePi@st axis while the gCQwas
correlated with the secormhe(see A.1.¢. The m$) was not significantly different between

land covertypes(p=0.74) (Figure2C).

The General hdicator ofSoil Quality wasfour times lower in the SP arabandonedineyard

than in the pinewood and shrubland (p<0.001).

3.3. Effects ofsolar paned on soiltemperaturewater contenaindin situ CO; effluxes

Soil temperature and water content were significantly diffdvetweemmontts (p<0.05; Figure
3A and3B). Solar panels significantlgecreasedoil temperaturén March and Junérigure3A)
but did not affect soil water content (p=0.78il CO, effluxesdid not changdetweermontrs

butweretwice as high outsidsolar panelghan below solar panels (p<01)0

3.3. Effects of slar paned on plant communities

Neither thespecies richnessor the total cover of plant communitassignificantly affectedy

the solar pansl(Table 4) A marginally significant difference was detected for the ratio
M6FLDSKLOH +HOLRSKLOH SODQWVY EHLQKRe KMD¥aKHU EHORZ W
PEMANOVA did not reveahnysignificantsolarpanel effecton plant communitgomposition

(p = 0.3461, Figurd). However, community composition was significantly different between

15
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343

344
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348

the solar park§p<0.001). No significant differenagasdetected betweenbservatioryears (data

not shown).

4. Discussion

Solar ParSP)construction reducephysical and chemical soil qualipmpared with semi
naturallandcover typegforestand shrubland) but not biological soil qualitychange in soll
temperature and C@ffluxesalsodemonstrate a negativesolar panel effect on soil
microclimateandfunctioning However,n early stages of plant succession following solar park
constructionplant community composition below and outside solar pamassnot significantly

different

4.1 Effects of star park construction orod quality

Soil quality assessmeartequirethe measurement afwide range of physical, chemical, and
biological propertiegnvolving ahigh complexityof potential analyse@iauryaet al, 2020) In

this study, we assessed soil quality using a aputiky approach includg 21 soil properties.

The reduction of the number of variables using PCA to group these properties allows an
integrated evaluation of soil quality based on their main functions, such as infiltration and storage
of water, solil fertility plant reestablishent and soil organic matter and nutrient cyclée

foundthat two of threentegratedsubindicatorsand the gner&indicatorof soil qualitywere

lowerin SPthanin thesemi naturalandcovertypes

Among the physical soil properties, the aggredaféD was 1.5 times lower in the SP than in

the seminatural land cover typg3able 2) A low MWD may result in dow aggregatestability.
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Similarly, Kabir et al,, (2017)showed that the MWD decrease anthropogenic soils associated
with a degraded vegetatioim our studysoil levelling and vegetation removal prior 8P
constructiormay havedecreased soil organic mat{(&OM) contentreducingMWD. By binding
colloids and stabilizing soil structure, SOM plays a key role in soil physical properties and
nutrientcycling (Six et al, 2004) Telak and Bogunovic (202&howeda decrease in SOM and
MWD in a vineyard of Croatia after intensive a@nelquenttillage. Such mechanical disturbance
for many yearsnayhave affeatdsoil structure of the vineyard on which the studied SP
(Roquefort des Chiieres) was constructeficcordingly, overall physical soil quality of SP was
lower than that of abandoned vineyawhich was in turn lower than that of senatural land
cover types. The physical soil quality ind@igure 2A)revealed that the construction of a SP
increased the degradation of the physical soil qualityabitatsalready degraded by land
management (abandoned vineygrdh particular, the stability of the soil, key factor of soll
functioning, was lower in SHhan in abandoned vineyardoreoveralower SOM affect
microbial activity and production of mucus resulting idezrease of aggregate MWD ahdsa
soil more sensitive terosion(Blavetet al, 2009; Le Bissonnaist al, 2018) The soil levelling
and vegetation removal during SP construction may have increased surface runoff and soil

erosion(Rabaieaet al, 2021)

In contrast to our expectations, the SP construction did neither increasellsaiénsitynor
decrease porosity compared to the abandoned vireffaatle 2) In our studysoil bulk density
was found to be lower in abandoned vineyards than in-sataral landcovertypes The past
land management efneyardsmay havedegraded these propertiesfore SP construction
limiting effects of construction workt is well known thathe use ofagricultural machinery

considerably increas¢hesoil bulk density(Dunjé et al, 2003). Undersimilar Mediterranean
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climateand land use histoiip Spain the bulk density wa80% higher in vineyards than
pinewood(Dunjé et al.2003) Such changein soil physical properties caeducethe infiltration
and storage of watefo improve the process of water infiltration and the capacity of water
storage, a decompaction of the solil surfiaag be useful iparticular if soils were already
compacted by previous land managem®&nichdecompactioralsofacilitates the germination
andestablishmendf plant speciegBassett et al., 2005)he resultingmprovedrevegetation

may limit erosion and protect functions supported by soil physical quedggttyet al, 2017)

Soil chemical propertiesuch asdtal and organic carbandtotal nitrogen arélirectly linked to
soil fertility andplant growth(Liu et al, 2014) In our staly, thesepropertiesshowedower
valuesin anthropogenisoilsthan in semnaturallandcover typegTable 2) Joimelet al (2016)
obtainedsimilar results along a gradiefrom natural to anthropogenic habitats in whiotal
carbon and nitrogen decreased significantly from fetestineyard. Soil disturbance such as
soil tillagein vineyards or construction activitiegicrease mineralization of organic matter
reducing organic C and (Brantley & Young, 2010) Accordingly,Choi et al (2020)founda
significantly lowerC and Ncontent in SP than in grasslasail. In our study, SP construction did
not reduceneither C and N content nor soil chemical quality comparetktwadediineyardsoil
(Table 2) Consequently hte construction a8Pdid not further degradéhe soil chemical
propertiesThe lowindexof chemical qualitfFigure 2B)is thus most likelyelated to the past
vineyardmanagement.ow C and N content suggest that nutrient cycling wer in vineyards
and SP soils and thaeveralSPsoil functions (carbon sequestration, soil strugtbiological
processesyerehampered compardd seminaturalsoils. Appropriate site selectiamay limit

such doss ofkey soil functionsby SPconstruction (Choi et al. 2020).
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394  Soil microorganisma(i.e. bacteria and fungi) contribute actively to soil nutrient cyc(i@ghimel
395 and Schaeffer, 2012Jhus,their genetic and physiologic characteristass importantndicators
396 of ecosystem functioning such as nutrient cycliRgnjardet al, 2011) Microbiologicalsoil

397 propertiesshowed differences betwetmnd cover typesor fluorescein diacetate hydrolase

398 (FDAse activity and basal respiratioRrDAse is & appropriategroxy to evaluate soil microbial
399 activities because the ubiquitoeisterasenzymeqe.g.lipase, proteagare involved in the

400 hydrolysis of FDA(Schnirer & Rosswall, 1982 our studythe FDAse was$wo times lowerin
401 anthropogenisoils (Table 2)suggeshg a reductiorof microbiologicalactivity andnutrient

402 cycling. Soil basal respiration showed the same pattenfirming a degradation of soil functions
403 compared t@eminatural soil{Sparling 1997) Undera similar Mediterranearclimate in Italy
404 Dbasal respiration wakreeto four times lower in vineyards than @oniferous forests, mixed

405 forests and shrublan@®larzaioliet al.(2010) Thedecrease in soil respiration may be reddte
406 the lower organic carbon and nitrogen contarthe decrease in microbial biomgggrnandegt
407 al., 2005) Previousvineyard management, in particular sdiage, mayhaveseverelydecreasg
408 microbialbiomass resulting in lownicrobialactivity. Five yearsabandonmentereprobably not
409 sufficientto entirely reestablismicrobialcommunitiegQuintana et al., 2030Despitethe

410 reduction of microbial properties abandoned vineyasdnd solar parkoils,the

411 microbiological soil quality index (mSiQyas not significantly differerttetween lan@¢over

412 types(Figure 2C) Othermicrobiologicalproperties (BM anghosphatase) mainly contriling to
413 the firstPCA axis werdhardlyaffected by land cover type and thus overruled significant response

414 variables in mSiQ calculation.

415 As a consequence of lower physieaaldchemical subndicators, hegeneral indicator a$oil

416 qualitywasaboutthreetimes lower inSP compared to sematuralland covertypes(Figure 2D)
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The key processes involved in degradation of soil quality were soil till@geal topsoil removal
increasing erosiofQuintonet al, 2010)andorganic mattemineralization. Reduced organic
matter contehandincrease ofoil compactiordecreaseavater holding capacitfMujdeciet al,
2017)andsoil stability(Simanskyet al, 2013) Soil restoration by revegetationayimprove soil
physicalandmicrobiological qualities of solar parkslernandezt al, 2019) Revegetatioomay
increase the stability of aggregat®sincreasing root biomass and the production of binding
agentgErktanet al, 2016) The root exudatesan alscstimulate microbial biomass and actyit

and thus improve nutrient cyey (Eisenhauer et al., 201@enget al, 2019)

4.2 Effects of solar panels @oil microclimateyegetationandin-situ CO; effluxes

Climatic conditions influence botéoil microbial activitiegShaoet al, 2018)andplant
communitiegGarciaag-ayos & Bochet, 2009)n our studysolar panelseducedhe soll
temperaturen springandin summeiby about 5°C (Figure 3A) Similarly, Armstronget al
(2016)found asoil temperatureeductionof 2 °C undersolarpanelsduring the summeiUK).
Thelowertemperature under sol panelsvas the direct effect of shadiadthough night
temperatures may be high@anneret al, 2020) Solar panelslsointercept precipitatiorand
Tanneret al. (2020)found asignificantreductionin soil humidityunder solar panels the
Mojave desertHowever, we did not find arsgignificantsoil humiditydifferenceundersolar
panelsandoutside(Figure 3B) The result may be expleed by a lower evapotranspiration
limiting humidity losses during drought periodssuggestety Tanneret al (2020)
Mediterranean vegetation is dominated by heliophilous p(&a#gella & Caria, 2012)So we
expected that light reduction by solar panels strongly affects plant communities. However, we did

not find a significant effect of solar panels on plant community composition and str(figuee
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4). The effect of solar panels on the ratio of shadolerant to heliophilous species was only
marginally significant and no influence on plant species ashiwas detectddable 3) Other
studies showed, however, a reduction in plant cover and species richness under solar panels
resulting from lower germination and higher mortaliyrgstronget al 2016) Due to light
limitation, heliophilougplantsare expected to be less competitive under solar pé@ieénet al,
2004) However, potection against strong solar radiation and drought during Mediterranean
summer may have compensated for reduction of light and precipitation in our study. Accordingly,
Tanneret al. (2020)observed that in a desert plant richness was nmallgigreater under their

solar panels than in the control. In our study, the absence of a solar panel effect on the vegetation
(Figure 4, table 3jnay also be explained by the low age of our solar parks limiting differential
effects on the vegetation. lary successional stages, the vegetation is dominated by ubiquitous
annual species germinating and developing under a great variety of environmental conditions.
Responses to the specific microclimate under solar panels may be slow in Mediterranean
vegetaton typeqCoiffait-Gombaultet al, 2012; Kinziget al, 1999) Long-term monitoring is
required to finally evaluate the influencesmlar panels on plant communities.

A lower solil respiration is an indicator of lower litter decomposition and nutrient cycling
suggesting that these ecosystem functions may be reduced under solafipeertist al,

2011) In our study, soil respiration was highly affected by solar pafrésire 3C) Half of the

CO: fluxesfrom soils are produckby heterotrophic organisniBond-Lambertyet al, 2004)
Heterotrophic respiratiorut alsoplant respirationare driven byenvironmental factors, mainly
temperature and moistyrexplaining the strong influence of solar par(&sancioniet al, 202Q
Moinetet al, 2019) Accordingly,Armstronget al (2016)found a reduction of soil C{&ffluxes

under solar panela May and JuneWealreadydetected a reduced Géfflux from March
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463 onwardssuggesnhg that the warm Mediterranean spring resirtearliertemperaturalifferences
464 Dbetweersoilsunder and oiside solarpanelscompared to temperate oceanic climdtas eary
465 decrease in temperature undelarpanelscompared to controls outsigelarpanels mayave
466 reduce microbialactivity and thus heterotrophic respiratidrne reduction of Ceeffluxes

467 undcer solar panels may also be the result of light reduction reducing plant growth and root
468 respiration.

469

470 4.4 Conclusion

471 Physical,chemicalandgenerakoil quality indexeswere lower imasolar park than in semi

472 natural lanccover typesClearing and grading the soil surface during solar park construction
473 resulted ina strong degradation of soil physical quality, especially of soil structure, but did
474 neitherdisturb soil chemical qualitgor global qualitycompared t@bandonedineyards These
475 resultssuggesthat solar parks should Ipeeferablyconstructed omanthropogenisoils or that
476 constructiormust be accompanied leywvironmentatompensatiomeasureandor ecological
477 restorationAt our Mediterranean study sites, solar panelsced soil temperatufeom spring
478 onwards Neither light nor spring temperature reduction under solar patietsd plant

479 communitiedn early stages of plant successhrt reduced C@effluxes Our study

480 demonstratethat solar park construction andaopanels changed soil quality and microclimate
481 to a magnitude knomto affect key soil functiond.ong-term monitoring including different

482 seasons is required to evaluate the final response of soil properties and vegetation to solar panels.

483
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715 Xi. Table

716 Tablel Environmental and technical characteristics of solar parks.
Pouzols Roquefort des
La Calade

Minervois Corbiéres
Altitude (m) 77 100 62
Slope (%) 5 5 5
Temperature (annual mean, °C) 155 13.6 15.5.
Precipitation (annual mean, mm) 557 648 557
Sunshine duration (annual mean, hours 2465 2119 2324
Soil texture Loamy soil Loamy soil Loamy soll
Landcover Shrubland Abandoned Abandoned
before construction Vineyards and Vineyards

shrublandQ
Commissioning of the SP 2011 2014 2016
Maximum power (Kwc) 5102 4950 11152
Solar panel soil localisation Groundfixed
Solar panel cell technologies Crystalline
A Solar panel power (Wc) 180 250 260
Number of solar panels 26856 19800 46473
Area of theSP(ha) 8.5 10.7 16
717
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Table 2: Soil physical, chemical, and microbiological properties in each type of land cover. Mean values with standard errors

parenthese®ifferent letterandicate significant differences between land cover typigmificant Rvalues in bold)BD: bulk density,

WC: water content; WHC : water holding capacity; MWD : mean weight diameter; OC : organic carbon; TC: Total carbon] TN: tota

nitrogen; BR : basakspiration; MB : microbial biomass; qCO2 : metabolic quotient; FDAdearesceirdiacetate hydrolase.

Properties Pinewood Shrubland Abandoned Solar park p value
Vineyards

Sand (%) 35.13 (5.07) 45.91 (8.96Y 47.78 (4.3H 42.68 (2.58F 0.04

Silt (%) 47.32 (8.63) 35.81 (6.67 33.16 (2.99 35.97 (1.03F 0.03

Clay (%) 17.54 (4.70) 18.28 (6.33) 19.06 (1.37) 21.35 (1.57) 0.59

BD (g.cm®) 1.11 (0.18) 1.13 (0.17) 1.47 (0.10) 1.32 (0.13% 0.02
Physical

WC (%) 19.55 (3.78Y 22.14 (3.15) 16.67 (2.01% 16.36 (0.44) 0.03

WHC (%) 65.66 (12.46) 70.81 (15.30) 51.93 (13.03) 59.24 (9.06) 0.23

Porosity (%) 58.15 (6.95) 57.54 (6.38) 44.69 (3.99 50.19 (4.88Y 0.02

MWD (mm) 2626.47 (260.47)  2618.40 (223.73) 1593.30 (194.09)  879.22(271.43§ <0.001

OC (%) 4.92 (0.6 4.13(0.70.64) 1.46(0.19) 1.61 (0.17) <0.001
Chemical

TC (%) 8.59 (0.35) 8.07 (1.28) 5.63 (0.46) 5.93 (0.71) <0.001
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TN (%) 0.22 (0.06} 0.20 (0.07 0.09 (0.03) 0.10 (0.02) <0.01
Soil pH in water 8.03(0.04f"° 8.02 (0.03) 8.11 (0.05) 8.06 (0.04%° 0.03
Soil pH in KCI 7.45 (0.04) 7.48 (0.06) 7.52 (0.06) 7.49 (0.05) 0.38
Nitrate (ug pg NNOs".g™) 1.34 (0.32) 1.06 (0.80) 0.72 (0.26) 1.71 (0.61) 0.12
Ammonium (ug NNH,".g?) 2.90 (0.17) 2.92(0.19% 2.65 (0.14) 2.65 (0.04) 0.03
BR (ug GCO..g%h?") 1.28 (0.33) 1.31 (0.613 0.61 (0.36) 0.60 (0.079 0.03
MB (ug C-CO..g".h? 0.40 (0.10) 0.37 (0.15) 0.24 (0.12) 0.20 (0.07) 0.07
qCO2 3.20 (0.26) 3.48 (0.56) 3.33(2.68) 3.38 (1.28) 0.99
Microbiological
FDAse (u.g) 0.0007 (0.000£f 0.0008 (0.0003)  0.0004 (0.000f)  0.0004 (0.0002) 0.02
Tyrosinase (u.§) 0.0526 (0.0144) 0.0321 (0.0061)  0.0504 (0.0084)  0.0438 (0.0154) 0.11
Phosphatasgi.g") 0.0067 (0.0004) 0.0058 (0.0015)  0.0046 (0.0024,  0.0053 (0.0005) 0.28
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Table 3: Effects of solar panels on plant communities. Mean values with standard errors in parentheses.

Outside solar

Parameters Below solar panels panels p
Species richness 12.56 (5.92) 13.25 (5.49) 0.29
Total cover (%) 351.2 (165.12) 379.97 (183.31) 0.22
Hemti-heliophilous: Heliophilous ratio  0.12 (0.14) 0.10 (0.10) 0.09
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Xii. Figurelegend:

Figure 1:(A) Positionof the three solar paskvith 1 : PouzolaMinervois, 2 :Roquefortdes
Corbieres 3La CaladgA) (B) The RoquefortdesCorbieres solar park in detail with

surrounding land use types and sampling points

Figure2: Subkindicators of soil physical (A), chemical (B), and microbiological (C) quality
and general sbquality indicator (D) for different types of land cover. Error bars are means

+/- standard error. Different letters indicate significant difference(p5).

Figure3: Soil temperature (A), water content (B) aD@, effluxes in March (black bars) and
June (greyar9 below and outside solar panels. Error bars are meastanfard error;
different capital and lowercase letters indicate significant differences under and outside panels

in March and June, respectively.

Figure4: NMDS plot with polygons indicating the plant species composition of the three
solar parks under (hatched polygon) and outside (solid polygon) solar panels, NMDS stress:

0.084.Different letters indicate significant differencaféerpairwise post hoc tegp <0.05).
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Solar parks
position

Land cover types

Pinewoods
Shrublands
Abandoned vineyards

D Solar park

Sampling plot

@® Pinewood
4 Shrubland

I Abandoned vineyards
A Solar park
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