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Abstract
The use of coppébpasedreparationss a longstanding practice in viticulture taoatrolvine fungal

diseaseswhich has led to high copper concentrationgneyard soilsandimpacts oroff-targetterrestrial
organismsUnder projected climate change, some of the mechanisms and peopestds thainfluence

the extent of metals ecotity impactsare projeceéd to be alterednamely soil erosion, rainfall,
temperature, amafganiccarborcontentin this contextandwithin the framework of life cycle assessment
this studyaimsto smulatethe influence of projected changes in soil orgamicbon, soil erosion, and
rainfall oncharacterization factors (CH&) copper terrestrial ecotoxicity acrassn-calcareous European
vineyard sois. Weemployed empirical regression models to account for metal speciation and
bioavailability as determined by soil characteristi¢ss were computed for a current scenario and mid-
term future scenarkby 2050determined across three Representative Concentration &et{fRCF2.6,
RCP4.5, and RCP8.5)though future scenarios suggest that CFs may either increase or decrease, CFs are
projected to increader alarger share of theuropean vineyard surfacghich may lead to higher terrestrial
ecotoxicity impactsThe RCP4.5 scenario projects the highest increases in CFs, with a 27 thse
median CF in comparisomith the current scenario. Néreas thRCP8.5 and RCP2.6 scenarios project a
19% and 14% increase median CFsrespectively. Thehanges irCFs weredetermined principally by

the changes incopperbioavailabilty driven by projected changes in soil orgardacbon.However, he
spatial variability of CFs was largéhanthe temporavariation with a variation of roughly 2 orders of

magnitude across the dymed scenariosThis study highlights the relevance of integrating spatial



differentiationand the influence of projected climate chaingthe characterization modelling of copper

terrestrial ecotoxicity.
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Highlights:
X Method accouririg for the interaction of climate change and terrestrial ecotoxicity.

X Neglecting thanfluenceof projected climate change potentialpderestimatesopperterrestrial
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1.Introduction

Copperbased fungicides are widely used in organic and conventional viticulture to control fungal
diseases, namely downy milde®Rlésmopara viticolajDroz et al., 2021) nitiated in the late T®century,
the use of coppédbasedfungicidesis a longstanding practice irviticulture, because otthe high
effectivenes®f copperunder rainy conditions and islatively low marketcost(Tamm et al., 2022)The
application rate and timingf copperbased fungicides are closely relatedhialroclimatic conditions,
agricultural practices, vine varietgndpolicies (Droz et al., 2021)An average fungicide application rate
of 8.1 kg-ha! has been estimated by Panagos e{2018)for permanent crop@mong which viticulture)
which is higher thathat for arable lan(D.54 kg-hat) (Panagos et al., 2018hdhigherthanthemaximum
application rate establishday the Europea Union regulationg(4 kg-hat) (Droz et al., 2021)The
continuous application of coppbased fungicides has led to high copper content in vineyardirsoils
comparison wittother land use(Ballabio et al., 2018a; Droz et al., 202&ading tompactsonterrestrial
and aquatic organisniBart et al., 2017; Fernandez et al., 2015; Ruyters et al., 2013)

Life Cycle Assessment (LCA) is a holistic method to evaluate the potential environmental impacts
related to a product or service across its entire life dyafe resource acquisition to its end of [{fSO,
2006a, 2006b)in the context of LCAthe impactn terrestrial and aquatic organisms resulting ftioen
emissionof chemicalsare evaluatedunderthe ecotoxicity impact categoffrantke et al., 2017; Peter
Fantke et al., 2018).CA studieson wine productiomavereported copper as the dominanntributor to
the ecotoxicity impacts due to the applicatidrc opperbasedungicides in viticulturg¢Falcone et al., 2016;
VazquezRowe et al., 2012Nevetheless the high contribution of metals to ecotoxicity impads not
restricted to viticulture. A study addressing the question ag&siherthe inclusion of speciatiofi.e., the
different pools of metal in sdithanges the rank contribution of metagerrestrial ecotoxicity asssed
roughly 13000 unit processe$ the ecoinventlatabase employinthreelife cycle impactassessment
methods The authorgoncluded that even when metal speciatiantegratednto the characterization of

terrestrial ecotoxicity, metals remain the main contributotkis impactcategoryandthatthe difference



in resultsamongdifferentimpact methods is explained by variatianghe coverage athemicalq Sydow
et al., 2020)

Recent efforts in LCA were devoted to enhancingatbeessment of metals ecotoxiaiglated impacts
by including metal speciation in the computationcbhracterization factors (CFdyong et al., 2014;
Gandhi et al., 2010; Owsianiak et al., 2013; Plouffe e@lg) Within LCA, CFs are applied toonvert
andaggregate life cyclewventoryinterventions(i.e., emissions or resource consumptioty) scores of
potential impacts Regardingterrestrial ecotoxicity, two maimethodological frameworkisave been
developed to derive CFs includingetal speciation driven by soil properti€ne methodemployed
empirical regression models to compute the different pools of metal {©swdianiak et al., 2013yvhereas
asecond approach used the geochemical speciation model \V-¥dr the sameurposgPlouffe et al.,
2016) Both methodological approachdéseak down the CF inta fate factor (FF) describing the
distributionof the substance in the environmembioavailability factor (BF) correspondingtte fracton
of the total metal that is availabker uptake by organisms, and an effect factor (EF) representing the
potentially affected fraction of speciEBAF) by theavailable metapool (Owsianiak et al., 2013; Plouffe
et al., 2016)Owsianiak et al., (2013Isointroduced an accessibility factor (ACR)the computation of
CFs which represessthe fraction of reactive metal over total metal. In consequence, the BF is expressed
by the fraction of free ions of the reactive metal in. 9ddreover,Owsianiak et al., (2013)Jerived a
multiple linear regressiofMLR) for the calculation of CFs for copper, wéhil organic carbobeingthe
controlling factor due to its influence on metal fate. Besitte=proposedLR was shown to bienproved
by integrating soil pH, which influencesetal bioavailability.In addition, it has been reported that the key
factors explaining 45% dthe copper content in European vineyards are precipitation, aratity,soil
organic carbon (Droz et al., 2021)

In the context of coppdrased fungicidgeusein viticulture, subsequent studies deriv&gsfor copper
terrestrial ecotoxicityncluding metal speciatio(Pefia et al., 2018; VilanuexRey et al., 2019; Viveros
Santos et al., 2018pefa et al(2018)and Viveros Santos et al. (20k&8mputedsitedependenCFs for

non-calcareous soigthatis, CFs & relatively low spatial resolution inherited from the Harmonized World
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Soil Database, which is a 30 asecond raster database. However, both studies aimed at computing CFs for
large geographical area®efia et al(2018) concentrated on European vineyaetsl found a spatial
variability of CFsover 1.5 orders of magnitud&iveros Santos et al2018)focused on nomalcareous
soils of the worldand reported spatial variabilty of CFs derived with WHAM 6.0 of 5.5 orders of
magnitudeOn the other hand, VilanuexRey et al. (2019 alculated spatialigifferentiated CFs for wine
growing regionsn Northern Spain and Portugaid found a spatialariability of 1.6 orders of magnitude
between the lowest and highest value of CFs

There is agrowing interest in assessing futuoeented scenarioemploying LCA to foreseethe
potential environmental impacts of new technologies and pro@Bistsella et al., 2021; Sacchiet al.,
2022) or to evaluate them under projected environmental conditions dligrelinate changéSala et al.,
2017) Particularly since agriculture is highly dependent on climatame LCA studies have addressed the
potential impact of projected climate change on the environinpattormance of some crops, namely
corn, soybean, spring barley, and wine grapes (Cosme and Niero, 2017; Garba et al., 2014, Lee et al., 2020;
Viveros Santos et al., 2023)hese studies simulated the impact of climate changelé¢tbgcleinventory
level, considering the variation of crop yiadile to climate and extreme everds well aschanges in
agricultural practices such as the application rate of pesticiddsraiimbrs. However, it is expected that
the fate, exposurand effect of pollutants will be alterechder future environmeritaonditions(Noyes
and Lema, 2015; Stahl Jr. et al., 2Q18)this regard, research has been conduoteévelop CFs under
future scenariag-or instance, CFs for assessing waterretsted impacts were developedritegrate the
impact of climate change on water availability in r@ad midtermfuture scenarios in Spait was found
thatfuture decreases in water withdrawals compared touhent situation would lead to lower impacts
related to freshwater resouraes essibilityNufez et al., 2015Moreover, CFs for marine eutrophication
wereparameterizetb simulate the influence of projected environmental conditions on the fate, exposure
and effect of nitrogen emission&hile the effect factors aregjectedto increase by around 7% for marine
eutrophication, the decreases in fate and exposition tetibresult in a decrease in CFs of around 22%

by 2050 for the North Sea and Baltic $€asme and Niero, 2017)



Theterrestrial ecotoxicityf metalsis sitedependenbwing to the influence of soil properties and
climate conditions on metal speciatf@@wsianiak et al., 2013; Plouffe et al., 201B3sides,somesoil
properties anagnechanismshat affect theecdoxicity impact of metals such as organic matter, moisture,
rainfall, microbial activiyy, and soil erosion are susceptible imate change (Biswas et al., 2018; Fu et al,
2018; Noyes and Lema, 2015; Pham et al., 2@rjected soil erosion rates indicate a poteim@ease
of 13%to 22.5%by 2050comparedo the current situation in Europe (Panagos et al., 20&1igh might
increasehe runoff of contaminants (Biswas et al., 201&yd of particular concern in sloping vineyards
(Pham et al., 2021Moreover, projected changes in the frequency and intensity of rainfall wilhajtsaact
the runoff and leaching of pollutants (Biswas et al., 20b&ddtion, theprojected changes $oil organic
carbon(SOC) maymodify the mobility of copper in vineyard soils, which will vary spatially given that
projections indicaténcreasein SOC stocks isomeparts ofEuropeby 2050, but also point ecreases
principally in southern EuropéDroz et al., 2021; Yigini and Panagos, 201%)me studies have also
reportedthe adverse effects of increasing air temperature and drier conditions on the performance of soil
invertebrates inmetatpolluted soils Stil, the authors stressed the need to conduct more research to
disentangle the effect of changing environmeralditions on species sensitivity from inducdtnges in
metal speciatiofFu et al., 2018; Gonzaledcaraz and van Gestel, 2016)

Given that some soil properties and mechaniffectingthe fate, mobility,and bioavailability of
metalsin soils are projectedto changeaunder future environmental conditigres derived fronclimate
change scenarios, the purpose of this exploratory study is to simulate the influence of et@eted n
soil organiccarbonsoil erosion rates, and precipitation on future CFs for caeperstrial ecotoxicity.
Sets of CFs were calculated for currantl midterm future scenarios by 2050. The latter scenarios were
based on projections of the abawentionecparameters derived according to the Global Climate Model
(GCM) IPSL-CM5A-LR acrossthree Representative Concentration Pathways (RCP2.6, RCRAdb,
RCP8.5) This study addressé&®mth the spatial and temporal dimensiohthe characterization modelling
of copper terrestrial ecotoxicitifence on the one sidghis study contributes tthe ongoing efforts

LCA to account for spatially differentiated impacts. On the other side, it provides CFs for stuchés that
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to assess the environmental impacts of product systems under future scenarios, which is particularly
relevantto agriculturdsystemsFurthermore, this study proposes an approach to account for the interaction

of impact categories, which are normally charactdiiz@ependently in the framework of LCA.

2.Methods
2.1.Study area and temporal scenarios

The study area corresponds to tBeropean vineyard surface (Figurelb), representing
approximately 26% of land dedicated to permanent caod4.7% of the total agricultural land of the
European Union. The European vineyard area is defined by a layer retrieved from the CORINE Land Cover
project of the European Environment Agency (2QEiQureAlb). Despite the low share of agriculair
land under vineyards, a large amount of coppased fungicides sold in the B&)used extensively in
permanent crops (vineyards, olive grovesd fruit trees). Furthermarim the EU vineyard soils have the
highest median copper concentration (26.09 mé)-kgcomparisorto other land use(11.58 mg-kg)
(FigureAl) (Ballabio et al., 2018b)

Toassess the effect of projected changes in soil organic carbon, sail erosican@@ecipitatioron
the characterization modelling of copper terrese@btoxicity, CFs were computed for two temporal
scenarios:

x Currentscenario: A scenario based twstorical or recent datasets of climate and soil
propertiego determine CFs for the current state of the environment. This is a common practce
in environmental modelling, namely LCA (P. Fantke et al., 2018; Kounina et al., 204d
environmentatisk assessmef&tahl Jr. et al., 2013p evaluate th@otentialenvironmental
impact of emissions

X Midterm future scenario: A prospective scenario by 2050, according to data availability o
projections of soil organic carboswil erosion ratesand precipitationMoreover, the selected
time horizon is aligned with the 2@ar midterm period (2042060) defined by the
Intergovernmental Panel on Climate ChandC(C)to project the impact oflimate change

(IPCC, 2021)



Based onavailable data, we considerptbjections of soil organic carbon, soil erosion satand
precipitationaccording to threRepresentative Concentration Pathwi@GP) spanningrom the trajectgr
of ambitiousgreenhouse gas (GH@missions mitigation (RCP2.6) to the less aggressive one (RCP8.5
andincluding an intermediate trajectonf GHG emissions mitigatio(RCP4.5).
2.2.Characterization factors forapperterrestrial ecotoxicity

The characterization modér metals terrestrial ecotoxicity utilizeth this study is based oa
methodologicalframeavork that enploys multiple linear regressions computemetal speciation and
bioavailabilty in soil(Owsianiak et al., 2013According to Equation 1he characterization faat€Fis
(PAF-mB3-day kgt emited?) Of total metak emitted to the environmental compartmieatcomposedfa
fate factor-F; s (day) fortotal metal $n soil, an accessibility factor AGKKgreactiveKQwtar?) that expresses
the fraction of reactive metal over total metal soil, a bioavailability factor BE(kQree-Kgreactivé®) that
guantifies the fre®n fraction of thereactive metadin soil, and an effect factor EFPAF -m?-kgeet) that

representshe potentially affected fraction (PAF) of sail organisms by the free ion metal in soil.

Wier ((peon# Heen 3(an” (a0 (1)

In line with previous studies that derived CFs for metals terrestrial ecotqguityianiak et al., 2013;
Pefia et al., 2018; VilanuexRey et al., 2019; Viveros Santos et al., 2048 appkd the methodological
approactbased on empirical regression modelaccount formetal speciation and bioavailability in soll;
since the purpose of our study was to calculate the relative impact of prajpateges in soil organic
carbon, soil erosiomates, and precipitation on future CFs for copper terrestrial ecotoXitassumed
that the relative change in characterization factors between current and future scenarios would be in the
same range regardless of the methodological framework usedu@tsathemBesides, using empirical
regression modelstreamlinedcomputing CFs for copper terrestrial ecotoxi@tcording to the format

(raster) of the availablayers of soil properties for both current and future scenéibs4).In section &



of the supplementary materials, we presentdaimpirical regression models uskm calculating the
different pools of copper in so{metal speciationjand the equations for computing thaifferent
intermediatefactors of Equation 1.

Tointegratethe effect of expected changes in soil properties and climatic condiieresi byclimate
changeon future CFs for copper terrestrial ecotoxicity, we used projections of soil organic carbon, soil
erosion rates, and precipitation. The selection of thassEmeters is justifiely their influence on the fate
and bioavailabilty of metals in sqiDroz et al., 2021; Owsianiak et al., 201Bhe projected changes in
parameteravere integratedinto the computation of CFs for copper terrestrial ecotoxieityploying
empirical regression modelsTable 1 summarizes the influence of the parameters affected by climate

change on the intermediate factors of CFs (as per Equation 1).

Tablel. Changeshat werantroduced in the characterization modelling to simuthteinfluence of projected
environmental conditions on CFs for copper terrestrial ecotoxicity.

Parameter influenced by Affected parameter | Equation (Model) | Affected factor
projected climate change (source of Equation 1
Projections of soil erosion Transfer rate from sojl Equation Al FFis
(Panagos et al., 2021) to freshwater (USEtox)
Projections of precipitation Transfer rate from so|l Equation Al FFis
(Fick and Himans, 2017; Petrie ef PY leaching Equation A2
al., 2021) (USEtox)
Projections of soil organic matter | Cutotal dissoived Equation A7 FFis
(Yigini and Panagos, 2016) Kd Equation A10
(USEtox)
ClUreactive Equation A6 ACFs, BFs
CUfee Equation A8 BFs

Fate faictors of copper in agricultural soil (Kf were computed for a direct emission to this

compartmentisingUSEtox, the UNEP/SETAC scientific consensus multimedia model for characterizing



the (eco)toxicological impacts of chemicals in LJPantke et al., 2017)JSEtox considers a steadyate
modelling framework for resolving the mass balance of pollutants in fheredit environmental
compartments included in its nested model. Accordingly, in this study, the fate factors of copper were
derived for a direct emission of 1 kg/day of copper to agriculturalldalandscape parameters of USEtox
were modified to account for current and projected values of soil erosionaralewerage annual
precipitation Moreover, we considered soidater partitioning coefficients (K) computed for each
mapping unit according to Equatiéd0. Kq (L-kg?) is the ratio of the totadoil metal content (mé#g?)
and the totatlissolved metal concentration (nhgh). In USHOX, Kq is a substancspecific parameter
required for computig the fateof metals in soil, becaudténfluences runoff from soil([Equation Al)and
leaching to deepesoil layers(Equation A2)(Fantke et al., 2017)n sectionAl.2 of the supplementary
materials we present a preliminaryensitivity analysis of fate factors to partitioning coefficieaterage
annual precipitation, and soil erosion, as computedUgtitox. This brief sensitivity analysiaimedto
confirm that USEtox allowsccounting forchangesn average annual precipitation, soil erosion, and
partitioning coefficientdn fate factors for copper emissions

In the computation of future CFs for copperrestrial ecotoxicitysoil organic carbon, soil erosion
rates and precipitationverethe only parameters that we considered as influenced by climate change in the
future whereasther soil properties were considered consfliné latter assumption iin line with the
studies that generated maps of projected SOC stocks and soil erosion rates (Panagos et al., 2021; Yigini and
Panagos, 2016%al pH influences metal speciati@md this soil property is also vulnerable to changing
environmental conditions driven by climate change. Nonethdlesslynamic of pH ithesoilis moderate
in comparisoro other environmental compartments such asivater and the ocean, because of the buffer
effect of soil minerals. Yefn some circumstances such as thogsweased rainfalsoil pH may be altered
due to the leaching of basic cations, leading to acidic &ifisvas et al., 2018 However,to the best of
our knowledgethere are no projections on future sailggtimatediccording to environmental conditions
influencedby climate changd~urthermore, the temporal resolution of USEtox hinders the modelling of

time-specific events such as hgaainfall.
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The EFs (PAF-rftkgfee?) were computed following the USEtox approach, as per Equativhee
PAF is theincremental change in theotentially affected fraction of speci€BRAF) per free ion
concentration in soil £% s JgHC50ecs0is the geometric mean of distinetedian effective concentration
(ECs0) values that is the concentratidhat lead to an observed effect in 50% of organisfiRs Fantke et
al., 2018) In keepingwith previous studies addressing the calculation of CFs for ntetastrial
ecotoxicity(Owsianiak et al., 2013; Viveros Santos et al., 2pt8)estrial biotic ligand models (TBLMs)
were employed to compute Ebf six different endpaits (Table A2 (Thakali et al., 2006)T BLMs have
been considered an adequate method to compuigepisndent EFs including metal speciation, but their
range of appdiability is limited to noncalcareous soisThe TBLMs forcomputing EGo values for copper
take as parameters the activities of hydrogen and magné&digrtatter parameter was computed following
the modelling of cation exchange describe@wsianiak et al.(2013). Hydrogen and magnesium activities
were considered constant; therefore, fora gmapping unit, the EF is the same for both current and future
scenarios. The use of TBLMs allowed integratimgtal speciation and bioavailability bydrecluded
including the effect of changest@mperature on the extent of effect factors. Howatsrstill challenging
to disentangle the influence of changing environmental conditions on species sensitivity from the changes
causedy modifications ometal spetion (Fu et al., 2018; Gonzaledcaraz and van Gestel, 2016he
inclusion of ACFs and BFs in the computation of future CFs permitted to consider the influence of changes
in organic matter content on bioavailabilty, but the potential impact of changing temperature on the

sensitivity of terrestrial organisms was not included.

2#(_ 05
Wagz *%03y,94

(= (2)

2.3.Analysis and attribution of the changeshmaracterization factors
Projected changes in §F CF ) can be associated witte changes iRFs ACFs, and Bfs according

to thederivative of Equation 1:
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CF dCng FF  + dCng ACF +dCng $F +dCng =
W dFFg 9 dAGR, " 9 dBF, ~ 9 dEF, ¢
()
= ACF 4,BF 4 EF ¢, FF g+ FF oq.BF q.EF ., ACF i+ FF ,ACF,.EF, BF,

whereFFis, ACFs, and Bk are the correspondingaluesof theseintermediate parametefsr the
currentscenario; represents the projected changes in intermediate parametepsred to theurrent
period, and the EF wassumed constant for a giverapping unit The largesterm on the right side in

Equation3 wouldbe interpreted as the dominant factor @F

2.4.Spatial differentiation of characterization factors

To evaluate the influence of spatial differentiation and faciltate their use by LCA practititmers
computel CFs for copper terrestrial ecotoxicity at the native resolution of 500 m were aggregated into three
lower spatial resolutionsvine-growing regions, Europeargions,and Europearcountiies. The spatial
differentiation at the level of wingrowing regions allows using siteependent CFs in cases where the sie
of emission is knownThe second spatial differentiaticionsideredvasatthe level of European regions,
which aredefinedby theNUTS2level. The NUTS classification (Nomenclature of Territorialitd for
Statistics) corresponds tioe European Uniorsystem for defining administrative units at different spatial
levels namelycountiies, regions province, and municipalies (European Commission, 2022he spatial
differentiation at the level of European regions was chosen since it is frequently employed for formulating
policies, in addition several environmental indicators have been reported at this (Badligbio et al.,
2018a; Panagos et al., 2021, 2018)e spatial differentiation at treountrylevel was considered because
the available dataset$rom life cycle inventory databases are generatlyhis level, which may simplify
connecting spatialized elementary flows to regionalized CFs (Patouillard et al., 2020)

While some impact methods in LCA, such as IMPACT World+, recommend aggregating CFs at native
resolution into lower spatial resolution bdsmn emission or extraction data as a proxy for the probability
of emissios or extractionsoccurring in a given point of space (Bulle att, 2019) we performed the

aggregation according to an angaighted average (Equatiat). The reason for this modelling choice is
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the lack of detail b sales of fungicides per category (Panagos et al., 281i) European vineyards lye
heavily on coppebased fungicides (Ballabio et al., 2018a; Droz et al., 20@&j)eover, the aggregation
criterum used in this study is consistent with previous studies that computed CFs for cogséride
ecotoxicity (VilanuevaRey et al., 2019; Viveros Santos et al., 2018) Equation 4, CF; is the
characterization factor of the overlapped vineyardisaiid Ai represents the surface of vineyawithin
a given aggregation regionvine-growing regions NUTS2, or country).The aggregationsf CFs at
differentspatial resolutiogwereperformedusingthe R package exactextra¢Baston, 202Q)

Al Wumtu

C(oag@éfaowxoé@ééf@_ﬁéé@s'—#u (4)

2.5.Data source
2.5.1 Currentandfuturesoil organic matter in Europe

Current (2010) and future (2050) soil organic carbon (SOC) stocks in Europe were obtained from the
study by Yigini and Panag@2016) through theEuropean Soil Data Centre (ESDAMPanagos et al.,
2012) The map of current SOC stocks was derived utilitiveyegression kriging geostatistical technigue
which relied on22,300soil samples (€0 cm) fromthe LUCAS Topsoil Database and data on terrain,
climate, land coveuse and other soil propertiegsamely soil texture and available water capaagy
environmentapredictor(Yigini and Panagos, 2018Regarding the projections of future SOC stocks, the
researchers hypothesized thgt 2050,s0il organic carbon is controlled primarily by climate, land cover
and inherent soil propertieéccordingly, maps of future SOC stocks were derived by using the fitting
regression derived from the base modetl projections otlimate and land cover The researchers
acknowledge that soil organic carbon content is driven predominantly by the balance between net primary
production (NPP) from vegetation and the degradation rate of organic.mitertheless, it is projected
that climate change willffectSOC levels in the long term, whereas the impact of iss®lehange and land
management practices will have a greater impact in the shor(Yeim and Panagos, 2016)

The projections of SOC are availal@ecording to four global climate modéSCMs) and four RCP

scenariosSince the main purpose of our study is to compute the relative magnitude of ch@rgéoin
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copper terrestrial ecotoxicitye considered the projected SOC stocks derived from the GCMUOREA-

LR, in line with a previous study that addresithe impact of climate change on the environmental
performance ofviticulture (Viveros Santos et al., 2023esides,to assureconsistency across the
parametersfluenced by climate chang®nsidered in this study, we selectbd projectionsinderthe
RCP2.6andRCP8.5scenarig in line with Viveros Santogt al.,(2023) and included the intermediated
scenaridRCP4.5.

Because soil organic matter (Old dissolved organic carb@dOC) arerequired for calculating
metal speciation (Equations S87, S8), wefirst produced maps of soil organic carbon cont&QC%
employing the raster packagein R (Hijmans et al., 2022)using the maps of SOC stocksQGiosd
expressed in tonnes hathe soil sampling deptld £20 cm), and a map of soil bulk densitis) in g-cm
3. The latter computationsere performed according to Equation 5, which was usttkistudy byyigini
and Panago&016) The map of bulk density was taken from the study by Ballabio et al. (207)

downloadedrom theESDAC portal(Panagos et al., 2012)

51% a0p

0% = 5. 6 (5)

Based on the derived maps of SOC (%), we generated maps of soil organic matter content (OM)
(Figure S3) considering the relationsi@M= 1.72 ,SOC that is,assuminghat organic matter (OM)
contains 58% of organic carbomhichis in line with previous studies thatomputed sitalependent CFs
for metals terrestrial ecotoxicity accounting for speciation and bioavaila@flouffe et al., 2016; Viveros
Santos et al., 2018Finally, in line with Viveros Santos et g2018)and Owsianiak et al. (2013ye
computed maps of DOC (mg/l) according to an empirical regreéSiprationA3) reported by Romkens
et al. (2004)

2.5.2 Current andfuturesoil erosion ratesn Europe
The maps of current (2016) and projected soil erosion (20&®) in Europe used in this study were

computed byPanagos et a(2021)and made accessible BEEDAC (Panagos et al., 2012Jhe authors
14



applied the European version of the Revised Universal Soil Loss Equation (RUSLE), incorporating rainfall
erosivity changeprojections of landise change, and expected changes in management practices promoted
by Europeamolicy. Future rainfall erosivity was estimateddogployingl9 GCMsaccording to three RCP
scenariosEven though the researchers repottiggh variability in changes in soil erosidmetweerthe
GCMs, the maps of projected soil erosion are provided as an averagesitemipthe 19 GCMs employed
undereach RCP .Therefore for projected soil erosion ratewe were not able tselect data derad
accordingo a specific GCM.

The datasets of soil loss rateMg-ha?-yr- were converted into units of mm:yto make them suitable
for computing fate factors with USEt¢kigureA5). Hence, the layers of soil loss rate (Mgtha ) were
divided bythebulk density(Mg-m-23) and multiplied by a unitonversion factor of 0.1 (ha-mm-H

2.5.3 Current andfutureprecipitationin Europe

We obtained monthly total precipitation (mm) datasets from WorldClind@#®portafor thecurrent
scenao (19702000) and théuturescenaris by 2050underRCP2.6, RCP4.,5and RCP8.%as moddéd
by the GCM IPSECM6A-LR (Fick and Hijmans, 201 Petrie et al., 2021 he spatial resolution of the
retrieved maps i80 secondg¢l knv resolution).The prospective scenario by 2050 corresponds to the
average climate of the period 202060, which is consistent with the studies that simulategrtjections
of SOC stocks (Yigini and Panagos, 20&6) soil erosion by 2050 (Panagos et al., 2@2dtwere used
in this study Since the datsets of precipitation are inputs for the computation of fate factors with USEtox
(Equations S1 and S2gyers of average annual precipitation (mmwvere calculatedn Python
employing theRasteriopackagdGilies et al., 2013]FigureA7).

2.54 Auxiliary soil data
Table2 lists the sources dfie layers of soil properties that were considered constant under both current

and future scenariod hese layersareredownloadedrom the ESDAC portal (Panagos et al., 2012)
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Table2. Source of auxiliary datasets of soil properties for the computation of copper speciation

Parameter Unit Database Source
Bulk soil density kg/l - (Ballabio et al.,
2016)

Clay content % (wiw)

pH, measured in watef - Maps of Soil Chemical | (Ballabio et al.,
properties at European| 2019)

Cation exchange cmolc/kg | scale based on LUCAS

capacity

Calcium carbonate %

content

Base saturation % Soil profile analytical (BreuningMadseret
database 14 (SPADE | al., 2018; Kristensen

Exchangeable calcium cmolc/kg 14) etal., 2019)

Exchangeable cmolc/kg

magnesium

Exchangeable sodium| cmolc/kg

Exchangeable cmolc/kg

potassium

Electrical conductivity | dS/m LUCAS 2015 TOPSOIL (FernandezJgalde

of soil pore water data et al., 2020; Orgiazz|

etal., 2018)
Copper content mg/kg (Ballabio et al.,

2018b; Droz et al
2021; Orgiazzi et al.,
2018)
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3.Results and discussion
3.1.Characterization factors under present and future scenarios

Fig. 1 (&) showsthe distribution ofregionalizedCFs for copper terrestrial ecotoxicity across-non
calcareousineyardsoils in European countries. Besides, Eifh) ilustrates the vineyard surface fraction
for which CFs were calculateBecause the range of applicability of the TBLMsedfor calculatingEFs
is restricted to nomalcareous soisCFs were drived for around 30% of European vineyard soils.
However using TBLMs allowedisto account for metal speciation and bioavailability in the computation
of EFs.

For the current scenario, the spatial variabilty of CFs spans 1.96 orders of magnitude Hetween
minimum and the maximum valsiéconsidering a bas&0 logarithmic scale)with a mean value of 1.46 x
10° PAF-m?-day-kg?. In comparisonPefia et al(2018) reported similar findings on the geographical
variability of CFs for copper terrestrial ecotoxicity in European vineyard soils, which was found to extend
more than 1.5 orders of magnitude with a mean value of 2.34BAEOmM-day-kg?. In contrast, Viveros
Santos et al(2018)derived CFs employing a method based on the geochemical speciation model WHAM
6.0 and found spatial variability of around 5.5 orders of magnitude for cedoareous soils of the world,
with a median value of 1.73 x 3BAF-m3-day kg™

The CFs for both current and future scenarios depict a similar trend with soil organic matter (Fig. A9).
High organic matter content leads to low values of CFs because of the high affinity of copper for organic
matter(Droz et al., 2021 which decreases copper mobility, and accordingly the associated FF. Cgnversel
high values of CFs occur where pH is low since copper solubility is dependent on soil pH values, and it
tends to increase in acidic soils at a pH lower than six (Fig. A10). Furthermore, low FFs are related to low
Kq values (Fig. A12), that is, in cases where copper concentration in the aqueous phase is high (Equation
A10), which results in a higher influence on removal processes, namely runoff and leaching (Equations Al
and A2). This situation leads to potential increases in fresheetéoxicity; however, it is out of the scope
of this study since this would require computing metal speciation according to freshwater pri@peges

et al., 2014)o be consistent with the modelling approach to account for metal speciation in the computation
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of CFs for terrestrial ecotoxicity. Moreover, high values of CFs are assbwigitdow annual precipitation
because of &ssercontribution of the removal processes (leaching and runoff) (Fig. A11).

Low area coverage of CFs was obtained for Spain, Greece, and Italy, withnld¥érage of tlire
vineyard surfacenodelled We obtaned ntermediate area coverafpe France (31%), Germany (33%),
and Bulgaria (36%) andiger coveragior Slovenia(55%), Romania64%), and PortugdiB6%) (Fig. 1
(b)). In section 3.3, we present CFs aggregatélaraedifferent spatial resolutions that could be used as an
approximation of missing CHer a particulavineyard. For instance, an aggregated CF at the country level
could be used with the correspondepatial variabilty set by the range of the minimum and maximum
values to approximadthe associated uncertainty of ignoring the correspor@intpr that vineyard.

As shown in Figl (a), the lowest spatial variability of Ckgas obtained for Luxembouugdercurrent
and future scenarios, extending over 0.65 orders of magnititdia a 95% interval Z.5th and 975th
percentile¥. This is explained by the low vineyard surfadéhis country, corresponding to roughly 0.04%
of the total European vineyard surface. Likewise, under the cwtengario, CFs for Czechgxhibited a
reduced spatial variability0.78 orders of magnitujién agreementvith its low share othe total European
vineyard surface (0.31%). Nevertheless, the spatial variabilty of the CFs for Czechigegepito
increase under future scenario$.87 orders of magnitude. Spain has roughly a 21% share tdttie
Europearvineyard surface; however, because of the low vineyard surface modelled for this country, CFs
showed a low spatial variabilitynder the current and future scenard87and 0.91 orders of magnitide
respectively. Furthermore, despite the largest share of France of tbp&amvineyard surfacé€32%) the
spatialvariability of the CFs for this countrylisw under the currergcenariq1.04 orders of magnituge)

which is explained in part by the low vineyard surface fraction modelled (31%).
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Fig. 1. Distribution of regionalized CRPAF -ni-day-kg ™) for copper terrestrial ecotoxicia). The area ofthe pie
chartsis proportional to the surface of smihder vineyardfor each country (logarithmic scale), and the green
area indicates the vineyasirface fraction for which CFs were computed (oalcareous soils) (b).

The largest spatial variabilty of CFs for noaicareous European vineyard soils was fofond

Austria, expanding over 1.3nd 1.40orders of magnitude under tleurrentand futurescenaris,

respectively(Fig. 1 (a)). The spatialvariability of CFs for Austria contrasts witts low share ofthe
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Europearvineyard surface; however, the corresponding vineyard surface fraction modelled was relatively
high (47%), which indicates higrariability in soil properties. Comparably, the CFs for Italy exhibited a
spatialvariability of 1.23and 1.3lorders of magnitude under the currant future scenagpwhich is
explained byits high share of the European vineyard surface (1adhigh variability in soil properties
even though itsineyard surface fraction modelled was low (12%).

Under the RCP4.5 scenario, the median CF values for all countries are projected to, rmrgzased
to the corresponding onasder the currergcenario, which indicates a general increase in CFs under the
former scenario (Fidl (a)). Under RCP2.6 and RCP8.5 scenarios, there are some exceptions to the trend
of projected increases in median CFs across all countries. Regarding the RCP2.6 scenario, it is expected
that the median CF for Portugal slightly decreasempaedtothemedian CF for theurrentscenario.
Thisresults fronthe projected increases in soil Gidntent(%) in a larger area of Portugal under RCP2.6
comparedo other RCP scenarios (Fig. A4)ndier the current scenario, CFs for Portugal withérange
of 2.97 to 3.29 orders of magnitude extend over an areaofmaft70%, whileit is projected to drop to
57%undertheRCP2.6scenariqFig. 3). Similarly, under th®@CP8.5scenariothe median CF for Hungary
is expected to gihtly decline compared to the median CF under the current scenario. While the CFs for
Hungarywithin the range of 3.08 to 4.25 orders of magnitude cenearea fraction 00% under the
currentscenarigthe RCP8.5 scenario projeetseduction of thisraa fraction to 35% because of expected
increases in soil OMontent(%) comparedo other RCP scenarid&ig. A4).

By 2050, under the three RCP scenarios, the median CFs for copper terrestrial ecotoxicity are projected
to increase, compared with that for the current scenhdi® k 18PAF-mé-day-kg?). The highest increase
in the median CF is projected under RCP%:h a rise of 27%, which iexplained bythe fact that the
RCP4.5scenarigrojectsthe lowest decreases in sOM content(%) in contrasto otherRCPscenarios
(Fig. A4). RCP2.6 and RCP8.5 scenarios project increases in median CFs of 14% and 19% in comparison
with the current valuggespectively. However, the highest spatial variability of CFs, calculated as the range

between the lowest drthe highest value, is expected under the RCP8.5 sceRariq);
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3.2.Contributions of changes in fate, accessibiligd bioavailabilityfactorsto characterization factors

In this study, banges in future CFare related to variationis FFs(day), ACFs (KGreaciveKg o), and
BFs (KQiee'kgreactivel) (Equation3), driven by changes in soil orgars@arbon, rainfall, and soil erosion
(Tablel). Fig. 2 showsthe major contribut@to changes in CFacrossion-calcareouguropean vineyard
sals underthree RCPscenarioslt was foundhatthechanges in BFwill be the principal contributors to
the changem CFsin around 89% of the modelled European vineyard surface. Particularly, the increases
in CFswill be controlled bythe increases iBFsin roughly 87%of thetotal vineyardsurfacemodelled
while theremaining2% of thevineyard surface will exhibit decreases in €ésulting fromreductionsn
BFs. The vineyard surface where increases in CFs will be dominated by rises in BFesutioéprojected
declines in organic matter under RCP scenar@sparedo the currentscenario (Fig. A). This is
explained by the operational definition of the BF, which corresponds to the free ion fraction of the reactive
metal in sd (Equation A12). While lower matter content leads to decreases in reactive copper
concentrationit causes increases in free copper concentration (Equajoieadingto an overall increase
in BFs.Nonetheless, theharacterization modelling of this study does robant for soil acidification that
can be caused bgpisodes of extreme rainfall, which would result in a higher fraction of free copper
concentration and consequently higher BFs. Besides, soil erosion affects soil organic matter, but the
employedcharacterization model only accounts for the direct impact of soil erosion on the fate of copper
in soil andneglects its influence on metal speciation, induced by its impact on organic matter content.
Among the RCPscenariogzonsidered in this study, it was foutitht the major contoitions ofBFs to
increases irCFsare projectedinderthe RCP4.5scenaripwith a 92% share of nocalcareous vineyard
surfacewhereas thelwestpositive contribution wilbe expected under tIRCP2.6scenaridn 81% of the

non-cakareous/ineyardarea(Fig. 2).

21



() BF () FF (+) BF

Fig. 2. Dominantcontributions to changes in CPAF -ni-day-kg') under RCP2.6 (a), RCP4.5 (b), and RCP8 5 (c)
scenarioscross European vineyards) nd (+) indicate decreases and increases ir{Bifee KGeactve ) OF FF
(day) respectively

Changes inFFsare the secongrincipal contributors to projected changes@fs Nonethelessin
contrast to BFs, changes in Rk#l solely lead to decreases@fsfor around 11% of theon-calcareous
vineyardarea(Fig. 2). In particular, the highegtontribution of changes in FFs towards changes in CFs is
expected under tHRCP2.6scenaridor approximately 14% of theodelledvineyard surface, whereas the
lower contribution of FFs towards decreases in CFs is projected un@CE¥e5scenariavith avineyard
area fraction of8%. The declines in FFs are explained by twatributionof changes in K values
precipitation and soil erosioprojectedundertheRCP scenarios. Under future scenarios, on aveage
of the surface where FFs contiteé changes in CFs, soil erosiortiie main contributor to the declines in
FFs due to an increasetimeremoval of copper by runofEquationAl). Whereas ér roughly 23% of the
same area, Kvalues are expected to increasayvever their impact is counterbalanced by the projected
increases in precipitation, leading ao increased influence of removal processes, namely runoff and

leaching (Equations S1 ar&R). For the remainder 14% of the avelaere changes in FFs control the
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changes in CEsven though precipitation is projected to decline, the decreagevaiu€s is projected to
entail lower residence time of copper in fud, thereforedecreasing thealues in CFs.
3.3.Characterizatiorfactors at differengpatial resolutions

Areaweighted averages of CFs for noalcareoug&uropearvineyardsoilswereobtainedor the
current,RCP2.6, RCP4.5, and R8P scenarioatthe spatial resolution afine-growingregions,
Europeamegions,and European countri¢gquation 4) Furthermore, in keepingith the IMPACT
World+ methodology (Bulle et al., 201,9pr each level of spatial aggregation, we report the spatial
variability by providing the minimum, edian and maximum CFs valuésr each spatial unihe

datasets can be downloaded from a GitHub repositity<://github.com/iviveros/viveres

santos et al 2023 |clp/tree/main/cf spates) and areeomplementedvith a webpage

(https://iviveros.github.io/viveresantos et _al 2023 c)that presents interactive versions of Figs. 3, 4,

5, and 6 for inteestedreaders.
3.3.1Wine-growing regions

Future scenarios suggest that the changes in soil organic carbon, soil erosion, and rainfall may either
increase or decrease CFs for copper terrestrial ecotoxicity by Ea@h®B). However, CFs under future
scenarios will tend toward an overall increésig. 3), which explains the increases in mediars @ most
European countries across the RCP scengfigsl (a)).

The spatial patterns of CFs shownrHig. 3 seem to vary slightly between the analyzed scenario
because the spatial variability of CFs is higher than the projected cha@fesuinderfuture scenarios by
2050.Regarding the current scenario, CFs in the range of 2.82 to 2.97 orders of magnitude cover the largest
area fraction for this scenar{@9%). In contrast, undefuture scenarios, the highest area fraction
corresponds to CFs in the range of 2.97 to 3.18 orders of magnitude, with 45% and 41% shares of the
modelled vineyard surfader RCP2.6 and RCP4.5, respectivdiinder the RCP4.5scenaripthe area
fraction covered by CFs the range of 2.09 to 3.29 orders of magnitude is closiegatainder RCP2.6,
while the former scenario comprises a highegafraction of CFs in the range of 3.29 to 4.25 orders of
magnitude(28%) compared to 21% under RCP2Fg. 3). Under RCP8.5 hearea fractiorof CFs in the
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range of 2.82 to 3.29 orders of magnitiglelose tathat under the current scenario. However, uttaer
former scenario, thareafraction of CFs in the range of 3.29 to 4.25 orders of magnitude is 23%, while it

amounts to 15% undéne current scenario.

a
Current scenario

AV

i
§

log1o(CF) [PAF-m®day-kg ]
I N [

2.09-2.82 2.82-297 2.97-3.08 3.08-3.18 3.18-3.29 3.29-3.43 3.43-4.25

Fig.3.CFs(PAF-nmi-day kg") for copper terrestrial ecotoxicigggregated at the levef European wingrowing
regionsunder the current(a), RCP2.6 (b), RCP4.5 (c),and RCP8.5 (d) scenarios (coloured by quantiles). The
readerisinvitedto consultthe interactive version ofthis figuretgis://iviveros.qithub.io/viveras
santos_et al 2023 jclp/

Regarding the relative change (%) in Giggregated at the levef European wingrowing regions
the higher increases in CFs are projected under the RCP4.5 scenario with an area fraction of 82%, followed
by the RCP& (79.5%9, and the RCP2.64%). Under the RCP4.5 scenario, most of the projected increases
in CFs will be in the range of 1086 20%,encompassing a 29% area fractifrthe nonealcareous sois,

followed by increases in the range58f%6-100% representing 15% of the modelled vineyard surfieige (
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4). In contrast, under tHRCP2.6scenariothe highest increases in CFs are expected in the range ef 20%
30%, comprising an area fraction of approximately 26%, followed by increases in CFs by®®&%
coveringl5% of the norealcareous vineyard soils. TREP8.5 scenario projects lower increases in future
CFs, which willbe mainly in the range of 0.520%, with a 35% area fractiaf non-calcareous vineyard
soils. Still, the RCP8.5 scenario projects the highestfeaetion(12%)with increases in CFs in the range
of 30%-40%. The three RCP scenarios project increases in CFs higher than 100%; however, the area
fraction of these increases is lotlv&%0on average)Likewise, the area fraction where CFs will not change
considerably (in the range 0045%) is aound 0.5%.

Under future scenarios, the highest declimesCFs are in the range 0f20% to 0.5%. More
specifically, the RCP2.6 scenario projeitits highest decrease in CFs within tlaege over an area fraction
of 17.4%, followed by the RCP4.94.6%9 and the RCP8.%12.6%)scenaris. RCP2.6 and RCP8.5
scenariogorecastapproximately the same area fracti@fo) for expected reductions in CFs 0% to -
20%. Finally, RCP4.5 and RCP8.5 scenarios project a 0.4% area fraction for decreases ir6Chrsoby -
-40%, whilethe RCP2.6 scenario forecastarea fractiorof 1.2%for the same range in declines.

A possible use of the CFs aggregated at the level of Europeaigmiving regionss in the context
of Territorial LCA (T-LCA). T-LCA is a variation of the conventional LCA that aims at evaluating the
performance of a territoryn which agriculture is the principal economic activéy,a mesoscale and a
related planning scenariRogy et al., 2022Besides accounting for spatial differentiation at the inventory
and characterization levels;OCA can be used to assess future scenfériniseau et al., 2018; Rogy et al,
2022) In this context, aggregated CFs at the level of Europeangvaveing regiongor future scenarios
will have a potential ggication in prospective LCA®f viticulture that have addressed the impact of

climate change at the inventory ley®iveros Santos et al., 2023)
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CF change [%] between the current and the RCPs scenarios for 2050

(-)67-40  40-20 20-0.5 +0.5 0.5-50 50-100 >100 (+)

Fig.4. Relative change (%) in CFs aggregated at the level of Europeargndnéngregionscompared to the
currentscenaridor RCP2.6 (a), RCP4.5(b),and RCP8.5(c) scenarios. The readerisinvited to consult the
interactiveversion ofthis figure at: https:/iviveros.github.io/vivesantos_et_al 2023 jclp/

3.3.2 European regions (NUTS2)
Fig. 5 depicts the spatiaistributionof CFs aggregated tie level ofEuropean region8ased orthe

performedspatial analysis, European vineyards extend across 124 Euregears However,CFs were
derived for only 87 regions because of the range of applicability of the TRioMdoyedfor computing
EFsand due tdack ofdata on soil OMcontent(%) (for Croatia and CyprusMore specifically, CFsvere

not computedor oneregionfrom Cyprus Czechia, Malta, and Portugal. Furtherm@=gswerenot defined

for two andthreeregionsfrom Hungary and Croatia, respectively. In additi@ks were not obtainefdr

four regionsfrom France and Greece. Finalyaly and Spain are the countries with the largest number of
regionsfor which CFs were not calculatedith 11 and 9 regions, respectivélisigureA13). In the case of
Spain, the lack of CFs for 9 regions would be less problematic compared to Italy, siadeeithaeported
that Spanish farmers do not employ copp&sed fungicides extensively, compared to other countries such

as France and Italy (Panagos et al., 2018)
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Fig.5. CFs(PAF-ni-dayg™) for copper terrestriabcotoxicity aggregated at the level of European regions
(NUTS2 underthecurrent(a), RCP2.6 (b), RCP4.5 (@nd RCP & scenariogcoloured by quantilesThe reader
isinvited to consult the interactive version ofthis figuré#ps://iviveros.github.io/viveres
santos_et_al 2023 _jclp/

Under future scenarios, apart from the RCP4.5 scenario, 16% of the European regions have CFs within
the rangeof 2.22 to 2.76 orders of magnitude. Greece and Italy have the highest number of regions with
CFs within the lower bound of CFs, with six and four regions, respectiiglyy). Under the current
scenario, CFs in the range of 2.76 to 3.19 orders of magnitude comprise 53% of the regions; however, this
share isforecastedo decrease to around 40% by 2050. The largest numbers of regions with CFs falling
within the latte range are projected for Italy (7), Romania (6), and Spain (5). While under the current
scenario, CFs within the range of 3.19 to 4.05 orders of magnitude cover on average 31% of the European

regions, this share is expected to increase to 47% under $eemariosKig. 5). The highest numbers of
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regions with CFs within the latteangeare forecasted for Germany (8), France (5), and Austria (4). In the
case of Frane, RCP scenarios project an increase in the number of regions with CFs falling within the
range of 3.19 to 4.05 orders of magnitude, moving from five to ten regions.

Regarding the number of regions for whichitlaggregated CF will not change5% of variatiol
the RCP2.&cenarigrojects this output for nine regions, while the RCP4.5 scenario fas¢h@sbutcome
for two regions However, future scenarios suggest tggregated CFs will increase by 2.5% to 85% for
around 80%ef the European regior{Eig. 6). More specifically, heRCP2.6 andRCP4.5scenarig forecast
increases in aggregated CFs by 2.5% to 50% for 56 out of 87 European, regi@tse RCP& scenario
projecs this outcomdor 59 regionsTheRCP4.5 scenario projecidherincreases in aggregated CFs in
the range of 20% to 30%. Furthermaiggregated CFs are projected to increass®bfy to 85%for around
12% of European regior{fig. 6).

RCP2.6 and RCP4.5 scenarios project that aggregated CFs will decreasédiyp -20%for two
regions However RCP4.5scenarigprojectsthe same level oflecrease for threeegions Decreases in
aggregatedCFs in the range cR0% to-10% will exhibit an uneven spatidistribution (Fig. 6). The
RCP2.6scenarigrojectsthis outcoméor four regions while theRCP4.5and RCP8.5 scenaripsoject
the same level of decrease for taral five regions, respectivelyurthermore, the spatial distribution of
decreases in aggregated CFs by% to-2.5%is irregular. The RCP2.6¢cgnario projects decreases in
aggregated CFat this levefor severregions, and the RCP4.5 and RP8.5 forecast this outcorsi fod
five regions respectively.

Previous studies have shown the relevance of accounting for spatial differentiationesibery
and impact assessment levéBatouillard et al., 2020; Viveros Santos et al., 20HE8)d impact
methodologies such as IMPACT World+ aim to improve the spatiekdiitiation of LCA resultéBulle
et al., 2019)In the case of consequential LCA, it has been shown that a strategy to decrepataihe
uncertainty of the results is to employ regionalizeds (FFatouillard et al., 2020)n this context, we
recommend using CFs aggregated at the-gnosving level (3.3.1). Nonetheless, a potential application of

the CFs aggregated at the level of European regions (NUTS2) would be to support the ohedigign-
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process by means @ioviding a better commhension of the terrestrial ecotoxicity impact of copper
depending on the averagkaracteristics of the receiving s@hd to consider potential changes in the level

of impact under future scenarios in the definition of copper use regulations. In fhetBuropean Union,
policies are generally formulated at the level of regions (NUTS2) (European Commission, 2022; Panagos

etal., 2021)

Fig.6.Relative change (%) iGFs aggregated at the level of European regions compared to the coeematrio
for RCR2.6 (a), RCP4.5 (hand RCP8.5 (cenariosThe reader is invited to consultthe interactive version of this
figure at:https://iviveros.qithub.io/viveresantos_et_al_2023 jclp/

3.3.3 European countries

As shown inFig. 7 (a), 5 out of 14Europearcountries have an aggregated CF higher thamean
areaweightedCF computed foithe currentscenario(1.30x 1¢® PAF-m-day-kg?). More specifically,
Germanyand Austrighavethe highesaggregate€Fs, which is explained by tlirehigh sharéaround 20%)
of CFs within the range of 3.43 to 4.25 orders of magnitugig.(1 and Fig. 3 (a)). Similarly, Portugal,
Slovenia and Romania have aggregated @b%on averaghigherthan the mean areseighted CEFThis
is explained by the fact thatost of the CFs for Portugal, Slovenia, and Romania fall in the range of 2.97
to 3.29 orders of magnitude, with shares of vineyard surface of 70%an8%2%, respectiveffig. 3).

In contrast, ItalyGreeceand Czechidave the lowest aggregated CFs vatmean valuef 8.26 x 1¢
PAF-m3-day-kg?. This is related to the high share of GRound 60%}vithin the range of 2.09 to 2.82

orders of magnitude for these count(ieggy. 3). Aggregated CFs for Hungary, Bulgaria, Slovakia, France,
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Spain and Luxembourgrebelow the mean areaeightedCF andin the range of 3 orders of magnitude
(Fig. 7 (a)).

Under futurescenarios, the highest increase in aggregated Grsaatuntry leveis projectedunder
the RCP4.5 scenario with amean increase of @d8tpared to the current scenafay( 7 (b)). The RCP2.6
scenario forecast an average increase of 19%, thbiBRCP8.5 scenario forecaatsiean increase of 16%
in aggregated CFs #tecountry level Fig. 7 (b)). Under the RCP4.5 scenario, the higher increases in
aggregated CFs are projected for Czedhiafugal Slovenia, Slovakia, and Italy, with a mean increase of
33%, while the lowest ineases are projected for Hungary, Greece, Bulgaria, Luxembourg, and Austria
with an average increase of 11%. One exception to the increases in aggregatati€tauatry level is
expected for Portugal under the RCP2.6 scenario, with a decline obBfparedo the current scenario
(Fig. 7 (b)). The reason is théte RCP2.6scenarigprojectsan increase in OM in greatersurfaceover
Portugal in comparison to othecenarios, which leads to lower partitioning coefficigiits), and
consequently to lower FFs and CIFg( 3 and Fig. A). The RCP8.5 scenario also forecastduction in
the aggregated CF for Austria of 8% compdrethe one calculated fdnecurrentscenario.

A potential application of the aggregated CFs at the level of countries faratmareous European
vineyards soils is in cases where there is nedgf'endent CFSection3.3.1), which is equivalent to using
a generic CF, a current practice in LCA (Rallard et al., 202Q)In fact, most life cycle inventory consider
a spatial differentiation at the country level, which would allow using the aggregated CFs presented in this
section.Finally, in terms of policy definition on the use of copper, most countries will need to be more
strict, given the potential increases in the level of impact of copper terrestrial ecotoxicity due to its
interaction with climate change (Fig. 7 (b)), even if the projections indicate a relative low increase (19% on
average) ompared to the spatial variability of the CFs (1.96 orders of magnitude) for the current scenario

(Section 3.1).
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Fig.7. Areaweighted average of CFBAF-ni-day-kg") at the country level for the currestenariqa), and mean
changein CFsfor each European country by 2050 compared tauthentscenario The dotted vertical linein (a)
indicates the mean areseighted CF at the country level, whereas the dashed vertical lines in (b) representthe
mean change (%) in CFs under R€cenarios.

3.4 Limitationsand future perspectives
One main limitation of this study the restricted application of the developed CFs tocwoareous

vineyard soils, while an important area of European vineyards is estaldishealcareous soils. This
limitation resulted from the use of TBLMor computing EFs. While these modé&e ilitated accouning

for metal speciation and bioavailability, they are only valid for oaleareous soils (Thakali et al., 2006)
Besides, father research is neededaccount for projectethanges itemperature in the computation of

EFs. Currently, studies suggest that changing environmental conditions affect the performance of terrestrial
organisms, butitis not straightforward to isolate their impact on metal speciation from the impact on species
sensitivity Thus, theeportedevel of effecton organisms performance results from the combination of
several stress factors, namely increasing temperature and changes in moisturgometeat, 2018;
GonzélezAlcaraz and van €stel, 2016)Accordingly, in this studythe EFs were assumed constant, to

avoid a potential double countird the interaction with climate chandgtil, the influenceof changing
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parameter®n the extent of copper effects wiagoduced via the Bsince this factor depends on soil
organic carbon conterfuture research may consider a multifactorial approach to account for the combined
effect of multiplestressorsn soil organisms (Zandalinas et al., 2021)

Therearealso some uncertainties related to the parameters assumg&thtander future scenarios.

For instance, under episodes of heavy rainfall, pH may be reduced because of the leaching of basic cations.
However, it is not feasible to account for those extreme everl®icomputation of FFs with USEtox.
Still, the rateof changes in pHs slowerin comparisorto other environmental compartments, namely
freshwater and the ocean, owing to the buffer effect of soil minerals (Biswas €tL8l),,\Zhich partially
justifies the assumption afonstant pH for future scenarios. A second effect not accounted for in the
characterization modelling is tivéluenceof precipitation on DOCwhich may decreasster episodes of
increased rainfall dut the increases in its leaching rdatanduse changes were not integrated e
computation of copper fate in soils, but its influence on copper mobility has been reported and identified
researchmeedto avoid problems related the mobilizaéion of copper in cases of reconversion of soil use
that lead to more acid sl such as the conversion of vineyatdsorests (VilamevaRey et al., 2019)

The mobilization of copper driven by the acidification of soils would increase the lixiviation of metal, thus
potentially decreasing the associated terrestrial ecotoxicity impacts, but resutiotgmialincreases in
aquaticecotoxicity impacts.

Lastly, the applickilty of the derived CFs of this studylimited to the characterization afirect
emissiors of copper to norealcareous saj which resulted from the choice of the fate factor. The
assumptiobehindchoosing a fée factor for a direct emission to soil is that a high fraatiothe copper
based fungicide will remain within the parcel afiesticideapplicationdue to the influence of processes
such adry deposition andain. Furthermorethe computed CFs of this study arempatible withLClI
databases such as Werld Food Life Cycle Databag&lemecek et al., 2013nd ecoinvent (Nemecek
and Kagi, 2007bhatcharacterize pesticide emissiosslinect emissiogto agricultural soil, thus neglecting
the primary distributiorof pesticidesHowever, ecently, the OLCAPest Project@perationalising Life

Cycle Assessment for Pesticidagcommended employing default emission fractions for estimating the
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primary distribution of inorganic compoundsamelymetatbasedungicidesand sulphu¢Nemecek et al,
2022) In thiscontext,additionalCFs for a direct emission to air and water will be requiretheracterize

the impact of coppebased fungicidesonsidering the influence of primary distributidRurthermore,
because under future scenayicamoval processes such as leaching and ruarefprojected thave a
stronger influence on the transfer of copper from soil to waterpatment, future research may address
the computation of characterizatifattorsaccounting for the interaction of climate change and aquatic

ecotoxicity.

4.Conclusions

The objective of this work was to compute CFs for copper terrestrial ecotoxicity, inc itz
speciation and bioavailability as influenced by soil properties, for a current scenario and three future
scenarios by 2050, for narelcareous European vineyard solarthermore,tis exploratory study
constitutes a first effort to account for projectédnges in soil organic carbon, soil erosion, and rainfall,
which are parameters relevant to the terrestrial ecotoxicity impact pathway.

Despite the inherent uncertainties of future projectifunsire changes soil organiccarbon, soil
erosion,and rainfall are expected to lea either increasesr decreasem futureCFs. Nevertheless,
increases in CFs are projected over a larger share obthealcareous European vineyaraghich will
lead to rises in the median CFs in the order of 27% URG&4.5compared tehe mediarfor the current
scenarioThese results highlight the relevance of accounting for the interaction of climate change with the
terrestrial ecotoxicity impact pathway. Because of the scope of this study, CFs for aquatic iyoatsic
not derived; however, future research may address the interaction of climate change with this impact
categorysinceclimate change is projected to influence the transfer from soil to freshwater ecosystems by
leaching and runoff.

The CFs derived ithis study are solely valid for narelcareous soils, resulting from the scope of
application of the TBLMs used to derive EFs. Therefore, future research may address extending the range

of applicability of the characterization modelling to calcareous,seihce an important fraction of
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vineyards is established this type of soil. Furthermore, more research is needed on how to account for
projected changes in temperature on species sensitivity to integratehieimtomputation of EFs.

Finally, this studymaycontribute to the growing interest performingprospective. CAs of product
systemswhich so fahavefocused mainly on projections at the life cycle inventory level. However, due to
the projected changesanvironmental conditiordriven byclimate change, the validity of applying current
CFs decreases when using therthémassessment of prospective scenarios. Accordingly, the development
of future CFs for other impact categories will alldkae performingof future-orientedLCA studiesthat
integraetheprospectivalimension at both the inventory and the characterization Jelels promoting is

admissible use for decisianaking in prospective analysis.
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Appendix A. Supplementary data
Please consider the attachedJieLP_Appendix_A Article_VivereSantos_et_ ghdf containing the

swplementary data titnis manuscript.
Theshapefies of CFand the data files of the figures preserntethis study can be found in the
following repository:

https://github.com/iviveros/viveresantos et al 2023 jclp
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The interactive maps that accompany this publication are found here:
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