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Abstract.

In this studywe modeled the distribution of deepoted woody species in southern Portugal from
climatic, hydrological and topographic environmemnaliables To achieve this, we first relied on the

density ofQuercus suberQuerais ilexandPinus pineaas proxy speeis of GDV. Model fitting was

performed between the proxy species Kernel density and the selected environmental predictors using 1) a

simple linear model and 2) a Geographically Weighted Regression (GWR), to accaurttfor

correlation of the spatial datand residuals. When comparing the results of both models, the GWR

modelling results showed improved goodness of fitting, as opposed to the simple linear model. Climatic

indices were the main drivers of GDV density ellgsfollowed by groundwater depth, drage density
and slope. Groundwater depth did not appear to be as pertinent in the model as initially expected

accounting only for about 6% of the total variation against 89% for climate drivers.

The relative propoitns of nodel predictor coefficients were used as weighting factors for multicriteria
analysis, to create a suitability map to the GDV in southern Porshgaling where the vegetation is
most likely to rely on groundwater to cope with arididyvalidation of theresulting map was performed
using independent data thfe Normalized Difference Water Index (NDWI) a sateltierivedvegetation
index.NDW!I anomalies were calculatédr June July and August d?005in reference tyears1999
2009to assess theesponsef active woody species in tegion after an extreme drougfihe results
from the NDWI anomalyrovided an overall good agreeméetween areasith goodor badsuitability
tohostGDV. The model was considered reliable to predict the didioibwf the studied vegetation
However, lack of data quality and informatioengshown to be the main cause for suitability

discrepancies between maps.

Themethodologydevelopedtana p GDV 6 s ompredlidt theseVolutmmof the distribution of GDV
according to climate change scenarios and aid stakeholder deatiaking concerning priority areas of

water resources management.
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1 Introduction

Mediterranean forests, wdlands and shrublands, mostly growing under restricted water availability, are
one of the terrestrial biomes with higher volume of groundwater used by vegéEataisto and

McDonnell, 2017) Future predictions afecreaed precipitatiofGiorgi and Lionello, 2008; Nadezhdina

et al., 2015)decrease runoff (Mourato et al., 2015andaquiferrecharggErtiirk et al., 2014; Stigter et

al., 2014)in the Mediterranean regighreaten thesustainabilityof groundwater reservoiend the
corresponding dependestosysters. Therefore, a sstainable management of groundwaésourcesnd

the Groundwater Dependent Ecosystems (GDE) is of crucial importance.

Mapping GDEconstitutesa first and fundamental step to their active management. Several approaches
have beemroposedincluding remote sensing techniques (e.g. Normalized Difference Vegetationilndex
NDVI) (Barron et al., 2014; Eamus et al., 2015; Howard and Meljf2010) remotesensing combined
with groundbased observatiorfkv et al., 2013)based on geographic information sys{&iS) (Pérez
Hoyos et al., 2016a)r statistical approach€Pérez Hoyos et al., 20160bAn integrated multidisciplinary
methodologyCondesso de Melo et al., 2018s also been usefl widely used classification of GDE

was ppposed byramus et al. (2006Y his classificatiordistinguisheghree types: 1) Aquifer and cave

ecosystems, which includes all subterranean waters; 2) Ecosystems reliant on surface groundwater (e.g.

estuarine systems, wetlandsarine systems) and 3) Ecosystems reliant on subsurface groundwater (e.g.
systems wherplants remain physiologically active during extended drought periods, without visible

water source).

Despite of a wideanging body of literature regarding GDEpst d the studiesdo not include

Mediterranean region®oody et al., 2017; Dresel et al., 2010; Minch and Conrad, 2R@rgover,

studies on ecosystems relying on subsurface groundwater frequentfparded on riparian

environmentf Lowr y and Lohei de, 2Mhlfdvexa@desin Melijerramdan al . |,
areaqdel Castillo etal., 2016; Fernandes, 2013; Hernan&entana et al., 2008; Mendes et al., 2016)
Thereis aclearknowledgegap concernintheidentification ofsuch ecosystemtheir phreatophyte

associated vegetatigRobinson, 1958n the Mediterragan region anthe management gions that

should be taken tdecreas¢he adverse effects of climate change.

In the driest regiosiof the Mediterranean basin, the persistent lack of water during the entire summer
periodsselected plants witbroughtavoidng strategieslike those thateach deeper stored water up to
the point of relying on groundwatéCanadell et al., 199 Miller et al., 2010) Groundwater access by
deep rooting species is often associated to hydraulic lift and/or hydraulic redistribution mechanisms
(Orellana et al., 2012Yhose mechanisms provide the ability to move water from geiéfayers where
watercontent ishigher, to more shallowayerswhere watercontent idower (Horton and Hart, 1998;
Neumann and Cardon, 2018)ydraulic lift and redistributiotave been reported for several woody
species of the Mediterranebasin(David et al., 2007; Filella and Pefiuelas, 2004) noticeably for

Cork oak Quercus subek.) (David et al., 2013; KurBesson et al., 2006; Mendes et al., 2016)
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Cork oak woodlands are agsilvo-pastoral systems of the southwest Mediterranean Kadfiine et al.,
1999)that havealready been referenced haagroundwater dependent terrestrial gsbsm(Mendes et
al., 2016) In the ecosystems of thgeographical aredghe dominant tree species are the cork oak
(Quercus suér L.) and thePortuguese holm oalQuercusilex subsrotundifoliaLam.) (Pinto-Correia et
al., 2011) Additionally, stone pingPinus pined..) has become a commonly-ocacurrent species in the
last decadefCoelho and Campos, 2009he use ofjroundwater has been frequently reported fahbo
Pinus(Filella and Pefiuelas, 2004; Grossiord et al., 2016; Pefiuelas and Filellaa28@3Yercus
(Barbeta and Pefiuelas, 2017; David et al., 2007, 2013;Baggon et al., 2006, 2014; Otieno et al.,
2006)gerre. Furthermore, hte contribution of groundwater teeephysiology has been shown to be of a
greater magnitude f@@uercussp. as compared withinussp.(del Castillo et al., 2016; Evaristo and
McDonnell, 2017)

Q. suberandQ. ilex have been associated witlgh resilience and ad#gihility to hydric and thermic
stressand torecurrentdroughtsin the southern Mediterranean ba@arbero et al.1992. In Italy and
Portugal, during summer droughsilex used a mixture of raivater and groundwater and was able to
take water from very dry soif®avid et al., 2007; Valentini et al., 1992n increasng contributionof
groundwater in the summaas also been shown for this spe¢igarbeta et al., 2015pimilarly, Q.
subershowed a seasonal shift in water sources, from shallow soil water in the spring to the beginning of
the dry periodollowed by a progressive high useof deeper water sources throughout the drought
period(Otieno et al., 2006)n addition, the specia®ots are knowio reachdepths as deep 48min
southern PortugalDavid et al., 2004)Althoughco-occurrentto cork andholm oaksspeciesthere is still
no evidenceetthatP. pinearelies on groundwater resources during the dry seatmwmever itshows a
very similar root systerfMontero et al., 20043s comparetb cork oak(David et al., 2013)with large
sinker roots reaching i depth(Canadell et al., 1996%iven the information available on water use
strategies by the phreatophyte arboreous specittgeobrk oak woodlands, we consider@dilex Q.
suberandP. pineaas proxies for vegetation that belongs to GBling on subsurface groundwater
(from here onvardsdesignedas Groundwater Dependent Veajaini GDV).

GDV of the Mediterraneabasinis dten neglected in researcimdeed, still ittle is knownabout the

GDV distribution but research has already been done on the effects of climate change in specific species
distribution, such a®. suber in the Mediterranean bagibuquelazo et al., 2018; Paulo et al., 2015)

While theincreasan atmospheric C@andthe raisingemperature cahoosttree growth(Barbeta and
Pefiuelas, 2017; Bussotti et al013; Sardans and Pefiuelas, 2004ter stressan have a counteracting

effect on growth of botlQuercus ilexXLépez et al., 1997; Sabaté et al., 2082)P. pinaster(Kurz-

Besson et al., 2016)yherefore, it is of crucial importance wentify geographicaéreas whersubsurface

GDV is present andharacterizeéhe environmental conditiorthis vegetation type is thriving.ifThis

would contribute to the understiding of how to managéhesespecies under unfavorable future climatic

conditions.

The aim of this study was to create a suitability map ottimeentdistribution ofthe arboreous
phreatophyte specie®nsidered here as GON southern Portugabased orthe occurrence of known

andforeseen subsurface phreatoptgpeciesand weltknown environmental conditions affecting water
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resources availabilitySeveralenvironmental predictonsere selected accdng) to theirimpacton water
use and storagendthenusedin a Geographically Weighted Regression (GWR) to mtigebensity of
Q. suber Q. ilex andP. pineaoccurrence in the Alentejo region (NUTSII) of southern Portugalfar,
veryfew applications bthis methodchave been used to modglecies distribiion and only recentlyts
use haspread in ecological resear@hu et al., 2017; Li et al., 2016; Mazziotta et aD16). The
coefficiens proportionobtainedfrom the model equaticior each predictor were used as weights to

build the suitability map with GIS mulfactor analysis, aftaeclassifying eacknvironmental predictor.

Based on the environmental conditsof the study area and the species needdiypothesized that 1)
groundwvater depthogether with climatic conditionglay one of the most important environmentdés
i n G distribstionand 2) groundwatetepth between 1.5 and 15m associated wétficxxonditions

shouldfavor a higherdensityof GDV and thus a largarse of groundwater by the vegetation.
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2 Material and Methods

2.1Study area

The administrative region of Alente{dlUTSII) (fig01) covers an area of 3804.9 knd, between the
latitude 3722°to 39.39° N and longitude 9.00° to 6.55° WisRBiudy area is characterized by a
Mediterraneartemperatanesothermic climate with hot and dry summelefined asCsain the Kdppen
classification(APA, n.d.;ARH Alentejo, 2012a, 2012b}t is characterized by a sthumid climate,

which hasrecently quickly drifted t@emtarid conditiongMinistério da Agricultura do Mar do
Ambiente e do Ordenamento do Territério, 2018)large proportion ofhearea(abose 40%) iscovered
by forestry systesi(Autoridade Florestal Nacional and Ministério da Agricultura do Desenvolvimento
Rural e das Pescas, 2010pviding a highecanomical valuego the region and the countf$armentand
Dores, 2013)

2.2 Kernel Density estimation of GDV

Presence datasets@tiercus subemQuercusilex andPinus pineeof the last Portuguese forest inventory
achievedn 2010(ICNF, 2013)wereused to calculate Kernel density (cowmiy called heat map) as a
proxyfor GDV suitability. Only data points with one of the thygexy specieselectedas primary and
secondary occupation were used. The resuKieignel density waseighted according tvee cover
percentage and was calc@dtising a quartic biweight distribution shape, a search radius kifnl @nd

an output resolution of 0.018 degreearresponding to a cell size of 1kifhis variable was computed
using QGIS version 2.14.1R)GIS Development Tean2017)

2.3 Environmental variables

Species distribution is mostly affected by limiting factors controliegphysiological responses
disturbances and resourd€&uisan and Thuiller, 2005Y 0 charactéze the study area in terms of GD\s
suitability, environmental variables expectedaffect G D V @ensitywere selected according toeir
constraint on groundwater uptake and soil water storage. Within possible abialdes landscape
topographygeology, groundwater availability and regional climagre consideretb map GDV
density. Thewelve selead variables for modeling purposesgtrieved from different data sourcase
listed inTable 1.The softwares used in spatial analysis waneGIS® softwareversion 10.4.1 by Esri

andR programsoftware version 3.4.@R Deelopment Core Team, 2016)

2.3.1 Slope and soil characteristics

The NASA and METI ASTERGDEM productwas retrievedrom the online Data Poptourtesy of the
NASA Land Processes Distributed Active Archive Center (LP DAAC), USGS/Earth Resources
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Observatbn and Science (EROS) Center, Sioux Falls, South

Dakota,https://I[pda&c.usgs.gov/data_access/data_p@patial Analyst Todlox was used taalculate the

slope from the digital el@tion model Slope was used as proxy fibke identification ofshallow sail

water interaction with vegetation.

Themap ofsoil type was obtained from the Portuguese National Information System for the Environment
- SNIAmb © Agéncia Portuguesa do AmbienteP., 2017)and uniformized to the World Reference

Base with the Harmonized World Soil Database WEA&O et al., 2009)The vector map was converted

to raster using th€onversion Tolibox. To reduce the analysis complexity involving the several soil

types present in the mamilstypes weraegroupedn threeclas®s,according to theicapacity to store or

drain water (Table Al in appendix A)he classification was based on the chemastics of each soil unit
(available water storage capacity, drainage and topsoil textare)the Harmonized World Soil
Databas€FAO et al., 2009)In the presence of dominant soil with Etttiminage capacity, AWC and

mainly topsoil clay fraction, lowescores weregiven to higher shallow soil water retentiondalecreased
suitability for GDV. Otherwise, when soil characteristics suggested water storage at deeper soil depths,

lower AWC, drahageand sand topsoil texture, higher scores were given.

Effective soil thicknes¢Table 1) was also considered for representing the maximum soil depth explored
by the vegetation roots. It constrains the expansion and growth of theysten, as well aheavailable

amount of water that can be absorbed by roots.

2.3.2 Groundwater availability

Root access to wategsourcess one of the most limiting factef or GDV&és gr owt h and
especially during the dry season. The map of deptvatertable was interpolated from piezometric
observationgrom the Portuguese National Information SysamWater Resources (SNIRH) public data
base(http://snirh.apambiente.piast accessed on Marchs84017)and the Study of Groundwater

Resources of Alentej&aRHSA) (Chambel et al., 2007Pata points of largeiameterwells and

piezometers were retrieved for the Alentejo regiorOd)cand sortedhto undifferentiated, karst or

porous geologial types to model groundwater deg@wWDepth) In the studied area, piezometers are
exclusively dedicated structures for piezometric observations, in areas with high abstraction volumes for
public water suppl Oppositely, large wells are mainly devotedotosate use and low volume
abstractionsDue to the largdeterogeneitpf geological media, groundwater depth was calculated
separately for each sdiasin. A total of 3158 data pointsrresponding ttargewells and piezometers

were usedwith unevermeasurements between 1979 and 26bv¥ eaclpiezometean average depth

was calculatedrom the available observatioasnd used aasingle value. In areas with undifferentiated
geological type, piezomet level and elevation were highly correlated (>0.9), thlisear regression

was applied to interpolate data. Ordinary kriging was preferred for the interpolation of karst and porous
aquifers, combining large wells and piezometric data polrtduild a surbicelayer of the depth to water
table, the interpolated surface of the groundwater level was subtracted frdigitéleclevation model

Geostatistical AnalystoolBox was used for this task.

sur v
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Drainage densitis a measure of how well the basin iaidedby sream channels. It is defined as the
total length of channels per unit area. Drainage density was calculated@&m grid size for the
Alentejo regionpy the divisionof the 10km square area (A) in Kimy the total stream length (L) in km
asin Eq (2).

oQ -, (1)

2.33 RegionalClimate

Temperaturend precipitation datasets were obtained from H@BS

(http://eca.knmi.nl/download/ensembles/ensemples last accessed on Marchs84017) public

databas€¢Haylock et al., 2008)Standardized Pogpitation Evapotranspiration Index (SPEI), Aridity
Index(Al) and Ombrothermic Indexes waremputedrom longterm (193-2010) monthly temperature
and precipitatiorobservations. The computationpadtentialevapotranspiration (PEWyas performed
according torhornthwaite(1948)and was assessed using tlRE§ackaggBegueria and Vicente
Serrano, 2013)n R program

SPEI multiscalar drought inde@Vicente-Serrano et al., 201®)ascalculatedover a 6 month intervab
characterizelrought sevety in thearea of studusing SPEI packag@egueria and Vicent8errano,
2013)for R programSPElis based on the normalization of the water balarateulatedas the difference
between cumulative precipitation and PET for a given period at monthly inteN@aimalized values of
SPEltypically rangebetween3 and3. Drought events were considegEsisevere WwenSPEIvalues were
between1.5 and-1.99, and as extreme with values bel@{Mckee et al., 19935evere and extreme
SPEI predictors wereomputed ashe number of monthsith severe oextreme droughtouned dong

the 60 yearsof theclimate time-series.

While the SPEI index used in this study identifies geographical areas affected with more frequent extreme
droughts, théridity index (Al) distinguishes arid geographical areas prone to annual negative wate
bdance (with low Al value) tanore mesic areas showing positive annual water balance (with high Al
value).Al gives information related to evapotranspiration processes and rainfall deficit for potential
vegetative growth. It was calculatéallowing Eq. (2) according taMiddleton et al. (1992where PETis
theaverage annuglotential evapotranspiratiand P is the average annual precipitation, bothrinfon

the 60 years period of tleimate timeseries. Dry lands are defined by their degree of aridity in 4 classes:
Hyperarid (Al<0.05); Arid (0.05<Al<0.2); Senrairid (0.2<Al<0.5) and Dry Subhumid (0.5<AlI<0.65)
(Middleton et al., 1992)

Al= — 2

Ombrothermic Indexes were usedoittercharacterize the bioclimatology of the study rediivas
Martinez et al., 2011y evaluatingoil water availabilityfor plants during the driest months of the year.
Four ombrothermic indexes were calculadé@dording to a specific section of the year stated in Table 1,

and followingEq. (3) where Pp is the positive annual precipitatiaocimul#éed monthly precipitatin
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when theaverage monthlyneantemperatureés higher than 0°C) and Tp is the positive annual
temperature (total in tenths of degrees centigrade of the average monthly temperatures higher than 0
Ombrothermic index preseng valuesbelow?2 for the analzedmonths, can be considered as
Mediterranean bioclimaticl. For nonMediterranean areas, there isdrg period in which, for at least

two consecutive months, the precipitation is less than or equal to twice the temperature.

® —, ®3)

2.4 Model predictors selection

The full set of environmental variablessevaluated as potentiptedictorsfor the suitability of GDV

(based orthe Kerneldensity of theproxy species). A preliminary selection was carraed, first by

computing Pearsonds corr el at vanablessmasectntl byperfermings bet we e
a Principal Components Analysis (PCA) to detect multicollinearity. Covariatesdiszardedor

modeling according to sequential proceda. Whenevepairs of variables presented a correlation value

above 0.4thevariablewith the highest explained variance on the first axis of the PCA was selétted.

addition, selected variables had to shbes bowest possible correlation values betwiem. Variables

showing low correlatiomand explaining higher cumulative proportioaf variability with the lowest

number ofPCA axis were later selectad predictoréor modeling.PCAwas performed using the GeoDa
Software(Anselin et al.,, 2006dndPe ar sonds correl ati on cSpaidl Analgsti ent s we

Tool .

2.5 Model development

When fitting a linear regression model based on the selected variableerrtiad distibution and

stationarity of the modgiredictors andesidualamustbe assured

The Kernel density dhe proxy GDV specie®Q. suber Q. ilex andP. pinea,showed a skewed normal
distribution. Thereforea squareoot normalization of the data was applied this response variable
before model fittingTo be able to copare the resulting model coefficients and use them as weighting
factors ofthe multicriteria analysis to build the suitability mapepredictor varables were normalized
using the zscorefunction. This allows to create standardized scores for eadibl@rby subtracting the
mean of all data points from each individual data point, then dividing those points by the standard

deviation of all points,sthat the mean of eackpredictor is zero and the deviation is 1.

Spatial autocorrelation and natatonarity are commomhen using linear regression spatial data. To
overcome thesissues Geographically Weighted Regression (GWR) was used to atiogel
coefficients to adjust to each location of the dataset, based on the proximity of samplingdocation
(Stewart Fotheringham et al., 1996) this study, simple linear regression and GWR \batb applied to
the dataset and their performances compared. Models weredfit@slo random subsanmgpbf the entire

dataset(6242 data pointsdue to computatial restrictionsand to decrease the spatial autocorrelation
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effect(Kihn, 2007) This methodology has already been applied with a subsample of 10%, with points
distant 10km froneach othe(Bertrand et al., 2016)n our dataset, even though we selected a 5%
subsample, thmean and maximum distance between two random data points were, respectively, 3.6 km
and 16.7 kmproviding a good representation of local heterogeneity, as shown in figures 05 &md 06.
additional analysishowing an excellent agreemdrgttween the two dasets is presented in FigAl in

appendix A.

Initially the model was constructed containing
correlation analysis. After, we sequentially discarded predictors so as to ascertain the model presenting
lower secondorder Akaike Information CriteriadICc) and higher quagjlobal R chosen to predict the
suitability of GDV.

AdaptiveKernel bandwidths for the GWR model fitting were used dubkeapatial irregularity of the
random subsample.a@ddwidthswere oltained by minimizing the CrossValidation scéBivand et al.,

2008) To aralyze the performance of the GWR modkine the local and global adjustedsquared

were consideredlo compare between the GWR model and the simple linear model, we considered the
distribution of the model residuals, e.g. whether there werdevislibdered values and th&ICc. The

spatial autocorrelation of the models residuals was evalwited h e Mo r aModas, 1950ubireg s t
the Spatial Statistics Tool, and alg@phically GWR nodel wasfitted usingthe spgwrpackage fronR
program(Bivand and Yu, 2017)

2.6 Suitability map building

To create the suitability map we proceeded with the classification afealighorlayersincludedin the
GWR mode| similarlyto Condesso de Melo et al. (2015) sidoy et al. (2017) Thelikelihood of an
interaction between the vegetation and groundwater resources was scoréddr®fior each predictor
Scores were assigned after bibliographic reviad expert opinion. Thhigher the score, th@gherthe
likelihood, 1 corresponding to a wedikelihood and3 indicating very higHikelihood. Groundwater

depth wadividedin two classes, according tioe accesibility to shallow soilwaterabovel.5m and the
maximum rootinglepthfor Mediterranean woody species reaching 13aported byCanadell et al.
(1996) Throughout the manuscript, we designated as shallow soil water the water between 0 and 1.5m
depth, while water below 1.5 m depth was considered as groundwater. The depth class between da
1.5m was based on the riparian vegetation in seidiMediterranean areas which is mainly composed of
shrub communitiegSalinas et al., 200@nd present a mean rooting depdhd.5m(Silva and Rego,
2004). The most commadree species rooting depihriparian ecosystems is normally similar to the
depth of fine sediment not reaching gravel substrates (Singer et al.,a2@{t)} reaching levels as deep
asdeeprootedspeciesThe minimum score was given to areas whererglaater depth was too shall
(below 1.5m) considered to belong Burfacegroundwater dependent vegetatidineas with steep slope
were considered to hageiperficialrunoff and less rechargamdinfluence negatively tree densii@osta
et al., 2008) Those areas weteeatedasless suitable to GDWalues of theOmbrothermic Index of the

summer quarter and the immediately previous month (les@ split in 3 classes according to Jenks

10
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natural breakswith higher suitabilitycorresponding to higher aridityhe higher valuesf Al,

corresponding to lower aridity had a score of 1, because a higher humid environmerdeunestse the

necessity of the arboreous species to use deep water sdaceslingly, @ increase in aritly (lower

values of Al)has already been shownitarease tree decline (Waroux and Lambin, 2Gk®)so higher

Al values corresponded to a score ofeaving the score 3 to intermediate values of Biainage density

scoring was based on the capabitifydrainage of the water through thedrographichnetwork of the

river. When drainage density was lower (below 0.5), a higher suitability scoring was given because the

water lost from runoff through the hydrographic network would bedea#able to thevegetation thus

favoringa higheruse of water fom groundwater reservoirf®Rodrigues, 2011)

A direct compilation of the predictor layers could have been perfofangtle multicriteria analysis.

Howeversomepredictorsmight have a strongénfluenceonthe GEV distributionand density than

others Theefore, there was a need to define weighting factors for each layer of the final GIS multicriteria

analysis. Yet, due to the intricate relations between all environmental predictors and their effects on the

GDV, experts and stakeholdessggestedery different scoring for a same lay&ubsequentlywe

insteadchose to use theelativep r opor ti on of each predi ct oGWRs

model Eqg. 4)as weighting factorsThe finalGIS multicriteria analysisvasperformedusingthe Spéal

coef fi

Analyst Toolby applying local model equations obtained for each of the 6242 coordinates of the Alentejo

map (Eq.4),

Suitability = Intercept + coef* [real valueXi] + coet * [real valueX;] + coek * [real valueXs] + €

(4)

with brackets represéng the reclassified GIX layer corresponding to the scoriagdcoefy indicating

the relative proportioffior the predictox.

According to this equationplervalues indicat a loweroccurrenceof groundwater use referred a lower

GDV suitability while higher values correspond to a highse of groundwater referred a higher GDV

suitability. To allow for an easier interpretation, the data on suitability to GDV was subsequentl

y

classified based on their distribution value, according to Jenks naturks bféss resulted ib suitability

classes: AVery poorododofi Paonodr oA,V efr Mo dGeoroadtoe 0 ,

2.7 Map validation

G

The Normalized Difference Water Index (NDW®@Gao, 1995 is a satellitederived index estimating the

leaf water content at canopy leveidely usedfor drought monitoringAnderson et al., 2010, Gu et
2007; Geccato et al., 2002andto estimate fuel moisture conteMl@ki et al., 2004)NDWI is compu

al.,
ted

using the near infrared (NIR) and the shegve infrared (SWIR) reflectancehieh makes it sensitive to

changes in liquid water content and in vegetatiorop@ges (Gao, 1996; Ceccato et al., 28%. NDWI
computation (Eq. X) was further adapteglGond et al. (20040 SPOFVEGETATION instrument
datasets, using NIR (0.84 um) abdR (1.64 um) channels, as describedHngolle et al(2005).
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Following Eqg. 6), NDWI data were computed using B3 and MIR datauaedq from VEGETATION
instrument on board of SPOT4 and SPOTS5 satellites. Extraction and corrections procedigéscappl
optimize NDWI series are fully described@ouveia et al. (2009 and 2012

The NDWI anomaly was computed as the differdmesveen NDWI observed in Junkuly and August

of 2005 and the median NDWI for the same mditithe periodl999 to 2009. he was selected to

provide the best signal from a still fully active canopy of woody species while the herbaceous layer had
usuallyalready finished its annual cycle and dried out. The hydrological year of 2004/2005 was
characterized by an extreme droughént over the Iberian Peninsula, where less than 40% of the normal
precipitation was registered in the southern area (Gouvela 2089). Thus, in June 2005 the vegetation

of the Alentejo region was already coping with an extreme-teng drought, whih was well captured

by the anomaly of the NDWI index, as shown by Gouveia et al. 2012.
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3 Results

3.1 Kernel Density

Within the studied region of Portugal, thereatophytespecieQuercus subeQuercusilex and the
suspected phreatophyte speddsuspineawerenot distributed uniformly throughout the territory. Areas
with higher Kernel density (or higher distributibkelihood) were mostly spread between the northern
part of Alentejo region and the western part close to the coast, with valuegyaatyieerf00 and 1200
(fig03). Two clusters of high density also appeared below #gudriver. The remaining study ea

presenédmean density values, withvery low density in thearea of theiver Tagus

3.2 Environmental conditions

The eploratoryanalysis of thevariables performed through the PCA and Pearson correlation matrix
confirmed the presence of multicollinearirom the initial variables (Table 1), Thickness, Spei_severe,
Spei_extremeAnnual Ombrothermic Index (lof)mbrothermic Indexf the hottest month of ¢h

summer quarter(losBndOmbrothermic Index of the summer quarties3) were discarded, while the
variables slope, drainage density, soil type, groundwater depth, Al and los4 were maintained for analysis
(figA2 andTableAl in appendiy. A sequential mmoval of each predictor from the model with the six
variables was performed (tat2ewhich allowed to choose the model with the highest gloBH0F99)

and the lowest AICc (18050.34llherefore five environmental variables oof the initial 12 considered

(fig04) were endorsed to explain the variation of the Kernel density of GDV in Alertkj@s4,

GWDepth, Dd andlepe.

In mostpart of theAlentejoregion, slope was below 10% (@ige anccoastalareagpresenting the lowest
values andsariability. Highest values ofroundwater depth (fityic), reaching a maximum of 258,

werefound in the Atlantic margin of the study area, mainly &giisand Sadaiver basins.Several other

small and confined areas in Alentejo also showigh falues, correspoirth toaquifers of porous or

karst geological types. Most of themainingstudy area showed groundwater depthrggingbetween 1.5

m and 15m. FiguresD4aand04bindicae thesoutheastf Alentejo as the driest area, given by minimu
values of thexridity index (0.618)andpotential evapotranspirationuch higher thaprecipitation.

Besides, los4 presented a maximum value (0.714) for this region (meaning that scilvaiability was

not compensated by the precipitation of thevisus MJ-J-A months).This is also supported by the

higher drainage density in the southeast which indicates a lower prevalence of shallow soil water due to

higher stream length by area.

Conbining all variables, itvaspossible to distinguish tweubregons with distinct conditions: the
southeasof Alentejo and the Atlantic margin. The latter is maidistinguished by itéow slope areas

higher groundwatedepthand more humid climatic oalitions than theoutheasbf Alentejo.
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3.3 Regression models

The best model to describe the GDV distribution was found through a sequentially discard of each
variable (Table 2) and corresponded to the model with a distinct lower AICc (18050.76) compared with
the second lowest AICc (27389.74) and showed an impdrter#ase in quasilobal R (from 0.926for

the second best model to 0.9@2 the besbne. The best moddit wasobtained withAl, los4,

GWDepth, Ddand slope. This final model was thappliedto theGIS layersto mapthe suitability of

GDV in Alentejp, according to Eq..6

Suitability = Intercept + Al coef* [reclassifiedAl valug + los4 coef * [reclassifiedos4 valug +
GWDepth cogf* [reclassifiedGWDepth valup+ Dd coef * [reclassifiedDd valug + slope coef *

[reclassifiedslope valug,

(6)

Local adjusted RBquaredf the GWR model wakighly variable throughout the study areaangingfrom
0 to 0.99 (fig05) Also, the local Rsquared values below 0.5 corresponded to only 0.3% of theTdata
lower Rsquared values werbstributed throughat the Alentejo area, with no distinct pattefime
overall fit of the GWR model was hidifable 3) The adjusted regression coefficient indicated tB&6 9
of the variation in the data was explained by the GWiRlel, while only0.026 was explained by the
simple linear modelTable3). Accordingly, GWR had aubstantialljower AICc when compared with

the simple linear model, indicating a much better fit.

The gatial autocorrelatiogiven by theMoran Index (Griffith, 2009, Moran 1950 retrieved from the
geospatial distribution of residual valugassignificant for both GWR and linear modél was

substantially lowefor the GWR modethough, than for the lineanodel ¢z-score of 50.24nd147.56
respectively)Indeed, in the linear model (fig06b), positive residuals were condensed in the right side of
Tagus and Sado river basins, whilgatve values were mainly present on the left side of the Tagus river
andin the centessouth of Alentejo. In the GWR model (fig06a) the positive and negative residual values
were much more randomly scattered throughout the study region, highlightinghabatter performance

of the GWR, which minimized residual autocorrelation.

The spatial distribution of the coefficients GWR predictors are presented in FigThey were later

used for the computation of the GDV suitability score for each data poir) (Eqe coefficient

variability was three times higher ftine Aridity Indexas compared to $4 fig08), reaching 66 and 22%
respectivelyFor GWDepth Dd and Slope, the coefficient variation was much lower, representing only
about 6.2, 3.8 and 1.2% of the total variation observed in the coefficients, respettiestgmainig
variables showed a median close to 0 and the los4 was the second with/aigitslity followed by the
GWDepth.The coefficient median valuesewe respectively;3.40, 0.29;0.015,-0.018 and 0.022 for Al,
los4, GWDepth, Dd and Slope variables.

Thedistributions of egative coefficientsveresimilar for Al and the los4 varidles fig07a and figO7h
with lower values in the southern coastal area, and in the Tagus river watershed. Thebgyles

values were mostlfoundfor Al in the southern @&a of the Alentejo region armh smallerpatchein the
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northern region. In the centand easter areaf Alentejo a higher weight of the groundwater depth
coefficient could be founffig07c), approximatelymatchinga higher influence of slop@gig07e). The
GWDepth seemed to have almastinfluenceon GDV demsity in the Tagus river watershed, expressed
by coefficients mostly null around the riverbed (fig07c). The coefficient distribafddd and los4
showssomesimilarities, mostly in the cent@nd sotheatsof Alentejo (ig07d). Extreme values of los4
coefficients weremostly concentratedh the eastern part of the Tagus watershed and in the southern
coastal areincludedin the Sado watershe8lopecoefficient values shogdthe lowestamplitude
throughout the study are&id07e), with prevailing highpostive values gatheredhainly in the center of

the study areand inthe Tagus river watershed (northwest of the study center

3.4 GDV Suitability map

The dassification of the ®ndorsednvironmenthpredictors is presented irable4 andtheir respective
mapsin figure B1 in appendix BRivers Tagusand Sado hadn overall positive impa@n GDVO s
suitabilityfor eachpredictor with the exception of Al and GWDepthhis is due to a higér water
avdlability reflected by the values of the los4, the Dd and the lower slopes due to the alluvial plains of
the Tagus rive(figs. B1b,d and e in appendiX)BOn the other hand, those regions also presented higher
humidity conditions (through angalis of theAl in fig Bla in appendipB) and groundwater deptlositside

the optimum range (Fig. B1c in appendi) therefore less suitable for GD®@ptimal conditions for
groundwater accesgeremainly gatheredn the interior of the study regidfig. B1c in appendi B), with

the exceptiorof some confined aquifeiia the northeast and southeast of the study regiavorable

slopes for GDV were mostlyighlightedin theTagusriver basin areawhere agoodlikelihood of

interactionbetween GDV ad groundwater coullie identified(fig. Ble in appendix B

The final magllustrating the suitabilityo GDV is shown in Fig. 09The proportion of each suitability

class wagjuite evenly distributed throughout the study area. The largest ai&&/K8i¥) presented a very

poor suitability to GDV but corresponded only to approximately a quarter of the total study aB84)(0.2

This percentage was followed closely by the moderate suitability to GDV which occupied 0.26%
(800km?). Overall, the twdesssuitableclasses (very pa@and poor) represented 0.47% of the study

area, whilst the two best ones and the moderate class (very good, good and moderate) repr@énted 0.5
Consequentlymost of the study area showed high to moderate suitability to GB& véry good and

good suitaility classes corresponded to the most southern and eastern center area of the Alentejo region,
mainly close to the coastal line, passing through the Sado Guadiana rives. Mg of the center of the

study area showed mod&do very good suitabilitdo GDV, while the areas corresponding to the

alluvial deposits of th&agusriver showed poor to very poor suitability.

The suitability to GDV in the Alentejo region was mainly drivertty Al, given bythe highest

coefficient variability associated the Al predictor in the GWR model equatidrhis is alsosupporéed

by the similar distribution pattern observed between the suitability map and the aridity index predictor
(fig04a and fig@). Areas with good or very gaol suitability mostly matched areasAdf with score 3

(Fig. Bla in appendiB). Ontheother hand, the lowest suitability classes showed a good agreement with
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the lowest scores given to GWDepth (Fig. B1c in appeBjiixnostly in the coastal area and lire flagus

river basin.

3.5 Map validation

To assess the accuracy of the suitability map developed in the present study, we compared our results
with the NDWIlanomaly considering the month of June of the dry year of 2005 in the Alentejo area
(figl0). Both maps (figs 09 and 10) showed simil&aafor higher and lower presence for GDV. The
NDW!I anomaly was mostly negative over the Alentejo territory indicating water stress in the vegetation
leaves. Water stress due to the extreme drought was maximum (brown colour) in geographical areas
matchingthe highest GDV suitability (fig09). It was less pronounced (mostly yellowish) in the central
area of the Alentejo region between the Guadiana and Sado river basins where the vegetation presents a
lower density (fig03). Areas with positive/null valuesNiDWI anomaly (corresponding to a higher water
availability) were mostly distributed on the coastal area of the Atlantic ocean or close to riverbeds,
namely in the Tagus and Sado floodplains (green cdiigix)), matching areas of poor suitability for

GDV in Figure 09
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4 Discussion

4.1 Modeling approach

The Geographically Weighted Regression maaia$ been usduefore in ecological studigki et al.,
2016; Maziotta et al., 2016)put rever for the mapping of GDV, to our knowledddis approach
consterably improved the goodness of fit when compared to the linear model, with a coefficient of
regression (B increasing from 0.02 to 0.99 at the global leesid an obvious reduction of residual
clustering. Despite those improvements, it has not beasilgp@so completely eliminate the residual
autocorrelatiorafter fitting theGWR model.

Kernel censity for the study argarovideda strong indicabn of presence and abundance of the tree
speciesonsidered a&DV proxy formodeling.Mediterranean cork esodlandgMontados)are
agrdorestrysystemsonsidered as sematural ecosystems, that must be continually maintained through
human management by thinning, understory use through grazing, ploughing and shrub clearing
(Huntsinger and Bartolome, 199® maintain a good productivity, biodiversity decosystems service
(Bugalho et al., 2009Montados dominate alit 76% of the Alentejo region (while onl9&/is covered

by stone pine). Ithose systemdree density is known to be a traddaétween climate driverggffre

1999 Gouveia & Freitas 200&nd the need for space for pasture or cereal cultivation imierstory
(Acacio & Holmgreen 2014 In our studythe anthropologic management of agroforestry systems in the
Alentejo region has not been taken into account. This could, at least partially, explain-thadmmness

of the residual distribution afterV8R model fitting as well as the mismatshigetween the GDV and the

validation maps.

Another explanation of the reminiscent autocorrelation after GWR fitting could be the lack of
groundwater dependent species in the model. For example, we decided te BialgginasterAiton

due to its more huid distribution in Portugal, and due to conflicting conclusions driven from previous
studies to pinpoint the species as a potential groundwate(Bmeke, 2004; Ktz-Besson et al., 2016)

In addition, we excluded olive trees although the use of groundwater by an olive orchard has been
recently provedFerreira et al., 2018however with a weak contribution of groundwater to the daily root

flow, and thus with no sidficant impact of groundwater on the sggrphysiological conditions.

Methods previously used liyoodyet al., (201 and Condesso de Melo et al. (20idb)nap specific

vegetation relied solely on expert opinion, e.g. Delphi panel, toeefeighting factors of environmental
information for GIS multicriteria analysis. In our study, wseda GWR modelling approacho assess

weighing factorsfor each environmental predictor in the study area, to build a suitability map for the

GDV in southern Portugal. This alloweainempiricaldetermination ofhelocal relevanceof each
environmental predictor in GDVistribution, thus avoiding the inevitable subjectivity of Delphi panels.
Modelling of the entire study region at a regional level did motide satisfactory results. Therefpree
developed a general model varying locally according to local predictor coefficients. The local influence of
each predictor was highly variable throughout the study area, especially for climatic predictorageflecti
water availability and stress conditis. The application of the GWR model did not only allowed for a
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localized approach, by decreasing the residual error and autocorrelation over the entire studied region, but
al so provided i nsi\chnbs expainedbythe naib &birsmiad deivers iodally.

Predictor coefficients showed a similar behavior in the spatial distribution of the coefficients. This was
noticeable for theridity index and thgroundwaterdepth in the Tagus and Sado rivEsins.
Groundwater depth had noinfuee on GDV&6s density in these areas
Aridity index showed a negative effect of increased humiity G D V 6 s In ddditios, a ¢lugter of

low drainage density values matched thaseas.

4.2 Suitability to Groundwater Dependent Vegetation

Accordingto our results, more than half of the study asgg@earsuitable forGDV. However, one

quarter of the studied arshowed the lowest suitability to GDVhe lower suitability to thisegetation

in themore northern and western paftthe studied area can be explained by less favorable climatic and
hydrological conditions, resulting from the combination of a high aridity index and low groundwater
depth scores (equivalent to high sballsoil wate availability), corresponding to the coastal area and in

the Tagus river basin

Zomeret al. (2009) attempted to quantify the extent of agroforestry at the global level by performing a
geospatial analysis of remote sensing derived globakdtt. They showed that the average tree cover
density within agricultural land camereclosely lirked to aridity with similar trends for different

geographical areas. Our results agree with these findings since the aridity and ombrothermic indexes were
the most important predictors of GDV density in the Alentejo region, according to our model outcomes.
This is in agreement with former studies linking tree cover/density of Mediterranean oak woodland to
climate drivers derived from precipitatioG@uveia ad Freitas 2008Joffre et al. 1999)Also, Waroux

and Lambin (2012) studied the degradation of tigarsa woodlands in serarid to arid Southwest

Morocco and found that a 44% decline of the forest density was mostly driven by the increasing aridity in
the region between 1970 and 2007. Similarly, many studies carried out on oak woodlands in Italy and
Spain identified drought as the main driving factor of treeldiek and as the main climate warning
threatening oak stands sustainability in the Meditermrabeain (Gentilesca et al. 2017). Tree mortality

linked to increasing drought stresses can alsebec#ated to a geographical shift in vegetation

communities (Lloret et al., 2004). For example, xeric plant species Sahel have expanded in the north of
Sahé since the last half of the 20th century, toward areas of higher rainfall at an average rat®of 500

600 m yf! (Gongalez P., 2001).

In environmentsvith scarce water sourcesich as the Mediterranebasin,plants have developed
strategies to either aid or escape drought stre€zh@ves et al., 2003The development of dimorphic
root systera in woody species is an adaptation strategy to escape drougth (Dinis 2014, David et al.,

2013). When comparing differentaterlimited ecosystems from a globadtdsetSchenk and Jackson
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564  (2002)showed thatooting depthincreased with aridityrurthermorea clear relationship between
565 rooting depth and the wattable depth was evidenced at global scRén(et al. 2017

566 In our study, goundwater depthppeared to have lowerinfluence on GDV dnsity than climate drivers,

567 as reflected by the relative low magnitude of the GWDepth coefficient in our modetm@ascdhis

568  surprisingly disagrees with our initial hypothebecaus groundwater represerg notable proportion of

569 the transpired water of deepoting phreatophytes, reaching up to 86% of absorbed water during drought
570 periods and representing about 30.6Pthe annual water absorbed by trees (David et al. 2013; Kurz

571 Besson et al. 2014Nonethelesshis disagreement should be regarded cautiously due to the poor quality
572  of the data use®n one hand, data points in the study region were highly heteragersaal certain

573 areas showed a better statistical representat@ndthers. Moreoverheé high variability in geological

574  media, topography angegetationcover attheregional scaleid not allow toaccount for small changes

575 in groundwater deptfx15 m deep), which has a huge impact on GDV suitab{l@gnadell et al., 1996;

576  Stone and Kalisz, 1991ndeed, a lgh spatial resoltion of hydrological database essential to

577  rigorously characterizthe spatialdynamics of groundwatefepthbetween hydrographic basins

578 (LorenzelLacruz et al., 2017However,such resolutionvas not available foour study area. In addition,

579 thelack of temporal dathamperedhe calculation of seasonaénds in groundwater depth, whiahe

580 essential undevlediterranean anditions to build a reliable interpolation of observed data. Temporal data
581 would also further help discriminate areas of optimal suitability to GDV, either during the wet and the dry
582  seasonsinvestigations efforts should be invested totfik gap either bymproving thePortuguese

583 piezometric monitoring network, or by assimilating observations with remote sensing products focused on
584  soil moisture or groundwater monitorinthis hasalreadybeen performed fdarge regional scale such as

585 GRACE satelitesuryes, based on changes of , tHesertethholdgsargr avi t at i o
586 not applicable to Portugal 6s scale, since the coars

587  monitoring of largeeservoirs (Xiao et al. 2015).
588
589 4.4 Vvalidation ofthe results

590 Satellite derived remoigensing products have been widely used to follow the impact of drought on land
591  cover and the vegetation dynamics (AghaKouchaket al. 2015). Vegetation indexes offenetas to

592  assess and monitor plant changeswaatkr stress (Asrar et al. 1989).

593  The understory of woodlands and the herbaceous layer of grasslands areas in southern Portugal usually

594  ends their annual life cycles in June (Pago et al. 2007), whileattapy of woody species is still fully

595  active withmaximum transpiration rates and photosynthetic activities (Basson et al. 2014, David et

596 al. 2007, Awada et al. 2003). This is an ideal period of the year to spot differential response of the canopy

597  of woody species to extreme droughts events usitedlisa derived vegetation indexes (Gouveia

598 2012). In this manuscript we preferred the NDWI index to be more sensitive to canopy water content and

599 a good proxy for water stress status in plaktsreover NDWI has been shown to be best related to the

600 gemness of Cork aok woodlando6és canopy, expressed by
601 active radiation (Cerasoli et al., 2016).
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By looking at the map ahe NDWI anomaly in June 2005, it appe#nst the woody canopy showed a

strong loss of canny water in the areas were tree density and GDV suitability were higher (figs03, 09 and
10). This occurred although trees minimized the loss of water in leaves with a strong stomatal limitation
in responséo drought (KurzBesson et al. 2014, Grant et2010). In the most arid area of the region

were Holm oak is dominant but tree density is lower, the NDWI anomaly was generally less negative thus
showing a lower water stress or higher canopy water contésitn oak Quercus ilexspprotundifolia)

is well known to be the most resilient species to drought conditions in Portugal, due to its capacity to use
groundwater and a higher water use efficiency (David et al. 2007). Furthermore, by looking at the
dynanics of NDWI anomaly(fig10) we can see that the lewwater stress status on the map is
progressively spreading from the most arid areas to the milder ones from June to200§udespite the
intensification of drought conditions. This endorses the fldabtrees manage to cope with drought by
relying an deeper water sources in response to drought, replenishing leaf water content despite the
progression and intensification of drought conditions. Former studies support this statement by showing
that groulwater uptake and hydraulic lift were progressivaking place after the onset of drought by
promoting the formation of new root reaching deeper soil layers and water sources, typically in July, for
cork oak in the Alentejo region (Kwesson et al., 25, 2014). Root elongation following a declining

water table has also been reported in a review on the effgcoohdwater fluctuations on Phreatophytic

vegetation Nuamburg et al. 2005).

Our results and the dynamics of NDWI over summer 2005 tend to corroborate the studies of Schenk and
Jackson (2002) ahFan et al(2017), by suggesting a larger/longer dependency of GDV on groundwater
with higher aridity. Further investigation needs tocheied on across aridity gradients in Portugal and

the Iberian Peninsula to fully validate this statement, though.

Overall, the map of suitability to GDV showed an excellent agreement with the NDWI validation maps.
The main areas showing good suitabiitg mostly matching in both maphe good agreement between
our GDV suitability maps, and validation maps opengtesibility to apply and extend the methodology
to larger geographical areas such as the Iberian Peninsula, or the simulatiompgttieof climate

changes on the distribution of groundwater dependent species in the Mediterraneairhakitions of
future climate conditions based on RCP4.5 and RCP8.5 emission scéBasiEs et al., 2015, 2017)
predict a significant decrease of precipitation for the Guadiana basin and deeralise for the southern
region of Portugal within 210@\groforestry systems relying on groundwater resources, suariagak
woodlands, may show a decrease in productivity and ecosystem services or even face sustainability
failure. Anincrease in adity and drought frequency for the Mediterran€8pinoni et al., 201 Ayill

most probably induca shift of GDV vegetation toward milder/wetternodtes.

4.3 Key limitations

With the methodology applied in this study, weighting factors can be easily evaluated reolelydal

and regional observations of the studied area. Nonetheless, either the computation of model coefficients
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or expert opiniond assess weighting factorequire update, and/or environmental data, species
distribution and revised expert knowled@ody et al., 2017)

Theevolution of groundwater depth in response to climate change is difficult to model on a large scale
based on piezometric observatidretause it requiresi@xcdlent knowledge of the components and
dynamics of water catchments. Therefaeeliable esthation of the impact of climate change on GDV
suitability in southern Portugal could only been performed on small scale studies.ddoweshowed

that groundwatdr depth was only accounting for about 6% of the coefficient variation in the studied area,
agpinst 89% of the variation represented by climate indexes Al andGbs#ges in climate conditions

only represents part of the watesources shortage issudhe future. Globascale changes in human
populations and economic progresses also ruleg wateand and supply, especially in arid and semi

arid regiongVarésmarty et al., 20007 decrease in useful water resources for human supply can induce
an even higher pressure on groundwegsourcegDoll, 2009) aggravating the water table drawdown
caused by climate chga(Ertirk et al., 2014)Therefore, dditional updates of the model should include
human consumptih of groundwater resources, identifying areas of higher population density or intensive
farming. Future model updatshouldalsoaccountfor the interaction of deep rooting species with the
surrounding understory species. In particulrrubssurvivingthe drought period, which can benefit from
the redistribution of groundwater by deep rooted sp&Bias/son, 1993; Zou et al., 2005)
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5 Conclusions

Our resuls show a highly dominant contribution of water scarcity (Aridity and Ombrotheénchéxes)

on the density and suitability of deepoted groundwater dependent species. The contribution of
groundwater depth was much lower than we initially expected, adnguortly for 6% of the total
coefficient variation. This might be underestimategdvever, due to the poor quality of the piezometric

network especially in the central area of the studied region.

The current pressure applied by human consumption of wateresohas reinforced the concern on the

future of economic activities dependentgroundwater resources. To address this issue, several countries
have developed national strategies for the adaptation of water sources for Agriculture and Forests against
Climate Change, including Portug®&AO, 2007) In addition, bcal drought managemeaslong-term
adaptatiorstrategy has been one of the proposaldghésias et al. (2007p reduce the climate change

impact on groundater resources in the Mediterranean. The preservation of Mediterranean atinofores
systems, such as cork oak woodlands and the recently ass@tigiedaspecies, is of great importance

due to their high socioeconomic value and their supply of valeaigieystem servicdBugalho et al.,

2011) Management policies on the letgrm should account forgundwater resources monitoring,
accommnied by defensive measures to ensure agroforestry systems sustainability and economical income

from these Mediterranean ecosystems are not greatly and irreversibly threatened.

Our present study, and novel methodolggyvides an important tool teelp ddineatingpriority areasof
actionfor speciesand groundwatemanagement, at regional level, to avoid the decline of productivity
and cover density of the agroforestry systems of southern Portugal. This is impmgaatantee the
sustainability of theeconomical income for stakeholders linked to the agroforestry sector in that area.
Furthermore, mapping vulnerable aresaa small scale (e.g.by hydrological basimhere reliable
groundwater depth information isalable, should provide further insightor stakeholder to promote

local actions to mitigate climate change impact on GDV.

Based on the methodology applied in this work, future predictions on GDV suitability, according to the
RCP4.5 and RCP8.5 emissiarenarios will be shortly computed, pidng guidelines for future

management of these ecosystems in the allocation of water resources.
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1063  Figure and Table Legends
1064

1065 Table 1: Enironmental variables farharacterization of the suitability of GDV ihe study area.

1066 Table 2:Effect of varable removal in the performance of GWddel linking the Kernel density @iuercus suber,
1067  Quercus ilexandPinus pineao predictors Aridity Index (Al); Ombrothermic Index of the summer quarter and the
1068 immediately previous month (los4); Groundwater De@WDepth); Drainage density (Dd); Slope; and Soil type.
1069 The model with all predictors is highlighted in grey and the finatlel used in this study is in bold.

1070  Table 3: Comparison of AdjustedsRuared and secommider Akaike Information Criterion (AlCc)dtweerthesimple
1071  regression anthe GWR models.

1072 Table 4: Classification scores for each predictor. A scoBaohighly suitable areaand 1 to highly less suitable
1073  for GDV.

1074  Table Al:Classification scores for soil type predictor.

1075 Table A2: Grrelatons between predictor variables and principal moment axis. The most important predictors for
1076  each axis (when squared correlation is above 0.3) are showed i beldumulative proportion of variance

1077  explained by eacprincipal component axis is shova the bottom of the table.
1078

1079  Figure 01: Study area. On the left the location of Alentejo in the Iberian Peninsula; on the right, the elevation
1080 characterization of the study area with the main river courses from Tagus, Sado and Guadiana basins. Names of the

1081  main rivers are indicated aeto their location in the map.

1082  Figure 02: Large well and piezometer data points usedgfoundwater depttcalculation. Squares represent
1083 piezometers data points and triangle represent large well data points.

1084  Figure 03: Mapf Kernel Density weighted bgover percentage @. suberQ. ilexandP. pinea

1085  Figure 04: Map of environmental layers used in model fittingi @il type; (b)i Slope; (c)i Groundwater Depth
1086  (Depth); (d)i Ombrothermic Index of the summer quarted dne immediately previous month (los4); (eAridity
1087  Index (Al).

1088  Figure 05:Spatal distribution of local Rfrom the fitting of the Geographically Weighted Regression.

1089  Figure 06:Spatial distribution ofmodelresiduals from the fitting of the Simple lear model (a) and Geographically
1090 Weighted Regression (b).

1091  Figure 07:Map of localmodel coefficients foeachvariable. (a) Aridity Index (Al); (b) - Ombrothermic Index of the
1092  summer quarter and the immediately previous month (los4); Gloundwater Dgth (GWDepth); (d)i Drainage
1093  density; (e) Slope.

1094  Figure 08:Boxplot of GWR model coefficient values for each predictor. Al is Aridity Index; los4 is the ombrothemic
1095 index of the hottest month of the summer quarter and the immediately previous montlep@G\ViEDGroundwater
1096 Depth and Dd is drainage density.

1097  Figure ®: Suitability map for Groundwater Dependent Vegetation.

1098  Figure10: Validation map corresponding tbe NDWI anomaly considering the mositf June July and Augusbf
1099 theextremelydry year of2005 in the Alentejo area. Brown colors (corresponding to megative values) indicate

1100 vegetation in water stress.
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Figure Al: Boxplot of the main predictors used for the Geographically Weighted Regression model fitting (top) and
the response variablbdlow), for the total data (left) and for the 5% subsamplétlrig

Figure A2: Correlation plot between all environmental variables expected to affect the presence of the Groundwater
Dependent Vegetation. los1, los3 and los4 are ombrothermin indicesp#ctigely, the hottest month of the

summer quarter, the sumngrarter and the summer quarter and the immediately previous month; lo is the annual
ombrothermic index, Spei_extreme and Spei_severe are, respectively, the number of months with extremmeand se
Standardized Precipitation Evapotranspiration Index; Alridity index; GWDepth is Groundwater depth, Dd is the
Drainage density; Thickness and Soil type refer to soil properties.

Figure B1i Predictors maps aftscoreclassification. (a) Aridity Index (Al); (b)7 Ombrothermic Index of the
summer quarter arttie immediately previous month (los4); (clsroundwater Depth (GWDepth); (d)Drainage
density (Dd); (e) Slope.
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Table 1. Environmental variables for the characterization of the suitabiity of GDV in the study area

Variable code Variable type Source Resolution and Spatial extent
Slope Slope (%) This work 0.000256 degrees (25m) raster resolut
SNIAmMb © Agéncia ]
] ] ) ] ) . Converted from vectorial to 0.000256
Soil type Soil type in the first soil layer Portuguesa do Ambiente, ]
degrees (25m) resolution raster
I.P.,2017)
) o EPIC WebGIS Portugal Converted from vectorial to 0.000256
Thickness Soil thickness (cm) )
(Barata et al., 2015) degrees (25m) resolution raster
GWDepth Depth to groundwater (m) This work 0.000256 degrees (25m) rastesolution
Dd Drainage Density This work 0.000256 degrees (25m) raster resolut
) Number of months with severe ] 0.000256 degrees (25m) raster resolut
Spei_severe This work i
SPEI Time coverage 1950010
Number of months with extreme ) 0.000256 degrees (25m) raster resolut
SPEI_extreme This work )
SPEI Time coverage 1950010
o ) 0.000256 deges (25m) raster resolutio
Al Aridity Index This work )
Time coverage 1950010
Annual Ombrothermic Index
) 0.000256 degrees (25m) raster resolut
lo Annual average (January to This work )
Time coverage 1950010
December)
Ombrothermic Index of the
) 0.000256 degrees (25m) raster resolut
losl hottest month of the summer This work
Time coverage 1952010
quarter (J, Jand A)
Ombrothermic Index of the ) 0.000256 degrees (25m) raster resolut
los3 This work )
summer quarter (J, JandA) Time coverage 1950010
Ombrothermic Index of the
summer quarter and the ) 0.000256 degrees (25m) rastesolution
los4 ) ) ) This work )
immediately previous month Time coverage 1950010
(M, J,Jand A)
1116
1117
1118
1119
1120
1121
1122
1123

35



1124

1125
1126
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1130

1131
1132

1133
1134
1135
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1138
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1142
1143
1144
1145

Table 2: Effect of variable removal in the performance of GWRmodel linking the Kernel density of Quercus
suber, Quercus ilexand Pinus pineato predictors Aridity Index (Al) ; Ombrothermic Index of the summer
quarter and the immediately previous month (los4); Groundwater Depth (GWDepth); Drainage density (Dd)
Slope; and Soil type. The model with all preittors is highlighted in grey and the final model used in this study

is in bold.

Type Model Discarded AlCc Quaskglobal R
predictor

GWR Density~ios4 +ai + slope + Dd + GWDepth + soilty 27389.74 0.926481

GWR Density~ios4 + slope + Dd + GWDepth + sgile Ai 28695.14 0.9085754

GWR Density~ai + slope + Dd + GWDepth + soiltype los4 28626.88 0.9095033

GWR Density~ios4 +ai + GWDepth + slope + soiltype Dd 27909.86 0.9184337

GWR Density~ios4 +ai + Dd + GWDepth + soiltype Slope 27429.55 0.924176

GWR Density~ios4 +ai + Dd + slope+ soiltype GWDepth 27742.67 0.9208344

GWR Density~ios4 +ai + Dd + GWDepth + slope Soiltype 3 levels ~ 18050.76 0.9916192

Table 3: Comparison of Adjusted Rsquared and seconérder Akaike Information Criterion (AlCc) between

the simple linear regression andthe GWR model.

Model R-squared AlCc p-value
OoLS 0.02 42720 <0.001
GWR 0.9 * 18851 -

*Quasiglobal R
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1146  Table 4: Classification scores for each predictarA score of 3 was given to highly suitable areas and 1 to highl
1147 less suitable areas for GDV.

Predictor Class Score

0%-5% 1

Slope 5%-10% 2

>10% 3

>15 m 1

Grol:l)Jgdtvr\‘/ater 1.5mi5m 3

b d1. 5m 1

L 0.6-0.68 1

’T;'g'etz 0.680.75 2

O ws 3

<0.28 1

los4 0.280.64 2

O00. 64 3

Dd 00. 5 3

>0.5 1
1148
1149
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1152  Figure 01: Study area.On the left the location of Alentejo in the Iberian Peninsula;on the right, the devation
1153  characterization of the study area with the main river courses from figus Sado and Guadiana basins. Names
1154  of the main rivers are indicated near to their location in the map.
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Figure 04: Map of environmental layers used in model fitting. (a) Soil type; (b) i Slope; (c)i Groundwater
Depth (Depth); (d)i Ombrothermic Index of the summer quarter and the immediaely previous month (los4);

(e)i Aridity Index (Al).
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Figure 06: Spatial distribution of model residuals from the fitting of the Geographically Weighted Regression
(a) and Simple Linear model(b).
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1176 Figure 07: Map of local model coefficients for each variable. (d) Aridity Index; (b) - Ombrothermic Index of
1177  the summer quarter and the immediately previousmonth (los4); (c)i Groundwater Depth (GWDepth); (d) i
1178 Drainage density and (e) Slope.
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1180 Figure 08 i Boxplot of GWR model coefficient values for each predictor. Al is Aridity Index; los4 is the
1181  ombrothemic index ofthe hottest month of the summer quartermnd the immediately previous month GWDepth

1182  is Groundwater Depth and Dd is drainage density.
1183
1184
1185
1186

1187

43



39.5°N

GDV Suitability

- Very Good (> 2.50)
Good (2.140 10 2.499)
[:l Moderate (1.760 to 2.139)
- Poor (1.370 to 1.759)

39°N

38.5°N

38°N

37.5°N

1188 9°W -85°W  -8°W -1.5°W  T°W
1189  Figure 09: Suitability map for Groundwater Dependent Vegetation
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1192  Figure 10: Validation map corresponding to the NDWI anomaly considering the months of June, July and
1193  August of the extremely dry year of 2005 in the Alentejo area. Brown colors (corresponding to more negative
1194  values) indicate vegetation in water stress.
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