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Abstract

Predicted droughts and anthropogenic water use will increase groundwater lowering rates
and intensify groundwater limitation, particularly for Mediterranean semi-arid ecosystems.
These hydrological changes may be expected to elicit differential functional responses of

vegetation either belowground or aboveground. Yet, our ability to predict the impacts of
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groundwater changes on these ecosystems is still poor. Thus, we sought to better
understand the impact of falling water table on the physiology of woody vegetation. We
specifically ask (a) how is woody vegetation ecophysiological performance affected by
water table depth during the dry season? and (b) does the vegetation response to increasing
depth to groundwater differ among water-use functional types? We examined a suite of
physiological parameters and water-uptake depths of the dominant, functionally distinct
woody vegetation along a water-table depth gradient in a Mediterranean semi-arid coastal
ecosystem that is currently experiencing anthropogenic groundwater extraction pressure.
We found that groundwater drawdown did negatively affect the ecophysiological
performance of the woody vegetation. Across all studied environmental factors, depth to
groundwater was the most important driver of ecophysiological adjustments. Plant
functional types, independent of groundwater dependence, showed consistent declines in
water content and generally reduced C and N acquisition with increasing depths to
groundwater. Functional types showed distinct operating physiological ranges, but common
physiological sensitivity to greater water table depth. Thus, although differences in water-
source use exist, a physiological convergence appeared to happen among different
functional types. These results strongly suggest that hydrological drought has an important
impact on fundamental physiological processes, constraining the performance of woody
vegetation under semi-arid conditions. By disentangling the functional responses and
vulnerability of woody vegetation to groundwater limitation, our study establishes the basis
for predicting the physiological responses of woody vegetation in semi-arid coastal

ecosystems to groundwater drawdown..
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Introduction

The seasonal cycle of water availability drives variation in Mediterranean ecosystem
function. Water availability is considered to be the main factor limiting vegetation growth
in this region, and changes in precipitation are already inducing changes in these
ecosystems (e.g. Allen et al., 2010; Barbeta, Ogaya, & Pefiuelas, 2013; Jump, Hunt, &
Pefiuelas, 2006; Pefiuelas & Boada, 2003). Climate models broadly predict a decrease in
water resources and negative impacts on ecosystem integrity, particularly on semi-arid
ecosystems (Kirtman et al., 2013). These predicted meteorological droughts will diminish
recharge and increase groundwater lowering rates, intensifying groundwater depletion
(Taylor et al., 2012). Additionally, groundwater will be affected by the changing patterns of
anthropogenic use, as increasing withdrawal combined with reduced recharge can decrease
groundwater levels significantly (Klgve et al., 2014; Kopp et al., 2013). These trajectories
raise concerns, as they can lead to insufficient supplies for both human society and
ecosystems (Taylor et al., 2012).

Climate and human-induced changes in groundwater will directly affect groundwater-
dependent ecosystems (Col6n-Rivera, Feagin, West, Lopez Figueroa, & Benitez-Joubert,
2014; Cooper, Sanderson, Stannard, & Groeneveld, 2006; Naumburg, Mata-Gonzalez,
Hunter, Mclendon, & Martin, 2005). In particular, groundwater can serve as an important
water resource for woody vegetation in semiarid landscapes (Barbeta & Pefiuelas, 2017,
Barbeta et al., 2015; Dawson & Pate, 1996; Evaristo & McDonnell, 2017; Garcia-Forner
et al., 2016; Miller, Chen, Rubin, Ma, & Baldocchi, 2010; Palacio, Montserrat-Marti, &
Ferrio, 2017), especially in sandy soils, where water retention is low, and there is strong

soil moisture limitation in the top soil during dry seasons. Thus, limited plant access to
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groundwater caused by groundwater lowering is expected to have major impacts on plant
physiological performance (Rossatto, de Carvalho Ramos Silva, Villalobos-Vega, da
Sternberg, & Franco, 2012; Zencich, Froend, Turner, & Gailitis, 2002). However, due to
niche differentiation among species in response to ecohydrological factors, not all species
are expected to respond in the same way (Araya et al., 2011; Silvertown, Araya, & Gowing,
2015; Silvertown, Dodd, Gowing, & Mountford, 1999).

Plant responses to changes in water availability are generally linked to varying capacities
for water uptake and tolerance of water stress (Chaves Manuela, Maroco Jodo, & Pereira
Jodo, 2003; West etal., 2012; Pivovaroff etal., 2016; Grossiord et al., 2017; Ackerly,
2004). Both meteorological drought and hydrological drought might initiate differential
species responses either belowground or aboveground (Antunes, Diaz Barradas,
Zunzunegui, Vieira, Pereira, et al., 2018; Imada, Yamanaka, & Tamai, 2008; Maguas et al.,
2011; Zunzunegui, Diaz Barradas, & Garcia Novo, 1998; Zunzunegui, Diaz Barradas, &
Garcia Novo, 2000). After drawdown events, regional water tables commonly continue to
decline, with the vegetation usually responding through progressive and unidirectional
changes in abundance and composition (Froend & Sommer, 2010; Sommer & Froend,
2011). Variations in composition can be manifested as a shift towards species not
dependent on specific hydrological conditions (e.g., relatively shallow groundwater), with
the progressive change in hydrology continuing to force a transition in the flora towards an
alternative ecohydrological state (Sommer & Froend, 2011, 2014). These variations are
expected to be primarily based on ecophysiological processes of acclimation and stress
tolerance. Phenotypic plasticity and physiological adjustments in plants allow some species
to sustain (or increase) resource-use efficiency rates, subsequently maintaining their fitness

under varying environmental conditions (Ernande & Dieckmann, 2004; Valladares et al.,
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2014). Still, there are some species that, by lower tolerance of water stress, decrease their
physiological performance and ultimately face die back and a decline in the community
(Horton, Kolb, & Hart, 2001; Lloret & Granzow-de la Cerda, 2013; Padilla & Pugmaire,
2007; Zunzunegui, Barradas, Ain-Lhout, Clavijo, & Novo, 2005). Interestingly,
ecophysiological processes of acclimation and structural changes forced by (long-term)
cyclic droughts may further mitigate the negative effects of extreme droughts and of
human-induced hydrological changes (Barbeta et al., 2013, 2015; Helman, Lensky, Yakir,
& Osem, 2017; Matesanz & Valladares, 2013). However, there are costs and limits to the
functional benefits that acclimation processes can deliver in a given environment
(McDowell et al., 2008; Valladares, Gianoli, & Gomez, 2007).

Our ability to predict with confidence the impacts of hydrological droughts on ecosystems
with high human and climate pressure such as coastal semi-arid woodlands is still poor.
Understanding current water, N and C use responses to declining water table and soil
moisture in the semi-arid Mediterranean region is essential for predicting the altered
functioning of these key ecosystems under scenarios of future groundwater limitation
(Schroter et al., 2005). The evaluation of physiological adjustments can improve the
categorization of plant functional responses to hydrological drought, ultimately helping to
better inform and make more accurate predictions regarding plant responses to future
changes in groundwater availability. Through an ecophysiological perspective, we can
potentially identify mechanisms underlying the hydrological impacts that threaten the
persistence of ecosystems in their current structures and compositions.

Thus, in this study, we sought to better understand the impact of groundwater drawdown
(i.e., falling water table) on the physiology of overlying woody vegetation. Accordingly, we

aimed to assess functional responses of woody species to increasing water table depth in a
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semi-arid Mediterranean coastal dune ecosystem under anthropogenic groundwater
abstraction. We specifically ask: how is woody vegetation ecophysiological performance
affected by water table depth during the dry season? Are there other environmental factors
that influence variation in ecophysiological responses in the dry season? Does the
vegetation response to increasing depths to groundwater differ among water-use functional

types?

METHODS

Study site

The study was conducted at a semi-arid Mediterranean coastal dune ecosystem at
Biological Reserve of Dofiana, southwest of Spain (Fig. S1a). The site has a typical thermo-
Mediterranean climate, with total annual rainfall (September 2012—-September 2013) of 566
mm (weather station at BRD: 36°59'19"N; 6°26'35"W). During the hydrological year of
2012-2013 the evapotranspiration was higher than precipitation; with a negative water
balance of -197 mm. Top-soil moisture was reduced by 85% from spring to summer,
reaching a mean value of 0.017 cm3.cm2in the dry season.

Topography defines a spatial gradient of depth to groundwater which has been exacerbated
due to human water extraction and rainfall reduction. The excessive pumping for human
use led to groundwater table lowering in the site, which is threatening Dofiana habitats (De
Castro Ochoa & Mufioz-Reinoso, 1997; Mufoz-Reinoso, 2001; Mufoz-Reinoso & de
Castro, 2005; Mufioz-Reinoso & Garcia Novo, 2005; Serrano & Zunzunegui, 2008; Diaz-

Paniagua & Aragonés, 2015).
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The water table level (height relative to sea level) was measured every month with a
portable probe in PVC piezometers (diameter 6 cm) installed in 7 sampling points (Serrano
& Zunzunegui 2008). The belowground vertical distance from soil surface to water table
(i.e. depth to groundwater), across the study area was estimated using a digital terrain
model (DTM) and through a geo-statistical approach as in Antunes et al. (2018a). We
observed a shallower groundwater table depth in winter months and a general summer
lowering of the water table.

Nineteen sampling plots (20 m x 20 m), separated by at least 200 m, were distributed
throughout the study area, which presented a spatial gradient of depths to groundwater (Fig.
S1b). Our sampling plots end up distributed along a spatial gradient of depth to
groundwater that ranged in summer (August), from 0.94 to 12.28 m.

As all sampling plots were in similar sandy soils and under the same meteorological
drought pressure during the dry season, we can focus on specific responses of vegetation to

water table depth and top-soil moisture variations.

Plant species

The sand mantle is mostly covered by a Mediterranean scrub with local patches of
Juniperus phoenicea and Quercus suber woodlands, and the presence of Pinus pinea
(Mufoz-Reinoso & Garcia Novo, 2005). We focused our study on woody plant species. In
each plot, we sampled two dominant scrub species and the dominant tree species (either
one or two species). When possible, we sampled three individuals per species in each plot.
Fifteen woody plant species, with distinct functional characteristics (Diaz Barradas et al.,

1999), and a total of 191 plants were sampled (Table 1). In a previous study (Antunes et al.,
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2018b) these species clustered in five water-use functional groups, with distinct summer

water-use patterns, exploring soil water from shallower to deeper soil layers. The species in

this study and their respective functional type classification are described in Table 1.

Table 1. Species hames, number of individual plants sampled (n), functional type classification

(based on water used by plants in the dry season), their description, and water sources depth used by

each functional type during the dry season (mean * standard deviation and maximum estimated

depth; different letters stands for significant differences between functional types).

Potential
water-
Summer Water uptake
water-use sources depth (m)
Species n functional Description used (dry [mean = SD
type* season)* (max)]
Cistus libanotis 6
Halimium calycinum 11 NXS narrow-leaved shallow
Rosmarinus officinalis 9 xerophytic shrubs 0.17+0.15%
Corema album 9 0.7)
Cistus salvifolius 6 )
Lavandula stoechas 6 Os EEHIL%%SIGS&E? or 0.6 +0.38 2
Stauracanthus genistoides 3 broad-leaf shrubs (1.4)
Ulex australis 3
b
- R semi-deciduous 086+1.2°
Halimium halimifolium 42 sMs mesophytic shrub (5.5)
Erica scoparia 33
Phillyrea angustifolia 7 evergreen 0.96 + 1.25°
Salix atrocinerea 3 eH hygrophytic (6.12)
Quercus suber 5 shrubs and trees
- - v
Pinus pinea 24 eXt evergreen dee 1.9+161°
Juniperus phoenicea 24 xerophytic trees P (5.79)

* based on Antunes et al., 2018b

Physiological parameters

Ecophysiological traits measured included leaf C and N concentrations and isotope ratios

and spectral reflectance indices from plants sampled at the 19 sampling plots (Fig. S1). In
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each sampling plot, all the following physiological measurements were carried out during

the dry season, in late summer, 2-10 September 2013.

Leaf carbon and nitrogen isotope composition

Mature leaves (2-10, depending on leaf size) were collected from each plant. The bulk leaf
samples were dried at 60 °C for at least 48 h, and milled to fine powder in a ball mill
(Retsch MM 2000, Germany) for isotopic analysis. Leaf 5*C and 8N and C and N
concentrations were determined by continuous flow isotope ratio mass spectrometry (CF-
IRMS) on a Sercon Hydra 20-22 (Sercon, UK) stable isotope ratio mass spectrometer,
coupled to a EuroEA (EuroVector, Italy) elemental analyser. Uncertainty of the isotope
ratio analysis, calculated using values from 6 to 9 replicates of secondary isotopic reference

material interspersed among samples in every batch analysis, was < 0.1%o.

Reflectance indices

We used a nondestructive optical method, based on the reflectance of light by an intact leaf.
Spectral reflectance was measured using a UniSpec Spectral Analysis System (PP Systems,
Haverhill, Massachusetts, USA) and carried out in 6 different leaves per plant. The mean
value of the 6 measurements per plant was considered. The following reflectance indexes
were calculated:

Chlorophyll index (CHL) = R750/R705, where R750 and R705 are the reflectance at
wavelengths of 750 nm and 705 nm (Pefiuelas et al., 1995). This index has been found to

be well correlated with leaf chlorophyll content on a number of plant species, and can
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provide information about photosynthetic potential, primary production and nutrient status
(Richardson et al., 2002).

Photochemical Index (PRI) = (R531-R570) / (R531+R570), where R531 and R570 are the
reflectance at wavelengths of 531 nm and 570 nm (Pefiuelas, Llusia, Pinol, & Filella,
1997). There is an emerging consistency in the relationship between PRI and light use
efficiency, which can be used as an index of photosynthetic activities (Wong & Gamon,
2015).

Water Index (WI) = R900/R970, where R900 and R970 are the reflectance at wavelengths
of 900 nm and 970 nm (Pefiuelas et al., 1997). This index is highly related to plant water
content, so it can be used as a proxy for water status in the plant (Claudio et al., 2006).
Normalized difference vegetation index (NDVI) = (R900-R680) / (R900+R680), where
R900 and R680 are the reflectance at wavelengths of 900 nm and 680 nm, respectively
(Gamon et al., 1995). NDVI allows the assessment of biomass "greenness,” and therefore

of plant photosynthetic capacity (Mand et al., 2010).

Estimation of potential water uptake depth

To determine the isotopic composition of available water sources, samples were collected
from two distinct water pools: shallow soils (region in the soil profile above 60 cm) and
groundwater (deep water-source) (Dawson et al., 2002; Berry et al., 2017), on the same
days of physiological sampling (summer, 2-10 September 2013). In each sampling plot, soil
samples were collected at 3 depths: 10 cm, 30 cm, and 50 cm, with 3 replicates per depth.
Groundwater samples were collected in piezometers (sampled after bailing to remove
stored casing water) or wells reaching the water table (n=3) (Newman et al., 2010). Since it

did not rain in the two weeks prior to sampling, we did not consider rainwater as an
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available water source for plants during the period of sampling. Lignified woody stems of
each individual selected for physiological measurements were also collected at the same
dates of soil sampling (2-10 September 2013). Soil and twig sampling, storage and water
extraction by vacuum distillation followed the methodology detailed in Antunes et al.,
2018b (Ehleringer & Dawson, 1992; West et al., 2008a). Oxygen stable isotope ratio
analysis of all water samples was performed by headspace equilibration, on an Isoprime
(Micromass, UK) IRMS, coupled in continuous flow mode to a Multiflow (Micromass,
UK) auto-sampler and sample equilibration system. Analytical uncertainty was <0.1%o.

The relative contribution of different water sources to the composition of the xylem water
was estimated by individual-based Bayesian stable isotope mixing models, using the
graphical user interface and model framework MixSIAR for R (Parnell et al., 2013; Stock
& Semmens, 2013), as described in Antunes et al. (2018b) (and supporting information -
Appendix 1).

After the quantification of water sources used by plants in the dry sampling period, we
estimated the potential maximum water uptake depth of each individual plant. For that we
used a weighted average of the contribution of the different soil layers to the xylem water
(derived from MixSIAR), as follows:

(SW10%0.10)+(SW30%0.30)+(SW50%0.50)+(GW*GWdepth)
100

Potential water-uptake depth (m) =

being SW1o, SW30, SW5o and GW the % of contribution of the soil layers; 0.10, 0.30 and
0.50 the soil layer depths in m, and ‘GW depth’ the summer depth to groundwater in m
(minus the hypothetical capillary fringe of 0.5 m) (see Appendix 2 for further details). For
GW depth values we used the information of August (monthly mean) map of water table

depth, obtained as in Antunes et al.(2018a) (Fig. S1b).
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Environmental variables

(i, 1) Spring and summer depths to groundwater (i.e. belowground vertical distance from
soil surface to water table) were calculated per sampling plot using the maps of water table
depth of April and August, respectively.

(iii) Annual mean depth to groundwater was obtained per sampling plot by calculating the
mean of monthly water table depths from October 2012 to September 2013 (hydrological
year).

(iv) Seasonal variation of depth to groundwater was calculated per sampling plot, as GW
diff (m) = summer depth to GW — spring depth to GW, yielding an estimation of water
table lowering from April to September.

(v, vi) Spring and summer top-soil water contents were obtained by measuring the soil
water moisture (cm®.cm=) in April and September using a ML3 ThetaProbe Soil Moisture
Sensor (Delta-T Devices). Soil moisture (~10 cm deep) was measured at three points per
sampling plot and a mean value considered.

(vii) Seasonal variation in surface soil water content (SWCio) was calculated at each
sampling point, as SWCyo diff (%) = summer SWCyo — spring SWCio.

(viii) Distance to the sea was calculated as the linear distance (m) from the sampling point

to the nearest shore line (in ArcGIS 10.4.1).

Statistical analysis

Multicollinearity among potential environmental explanatory variables was handled by
dropping collinear covariates when correlated at Pearson |r| > 0.7 (Dormann et al., 2013)
(Table S1). This selection resulted in a reduced set of five potential explanatory variables:

Summer depth to groundwater (‘GW depth’), Seasonal variation of depth to groundwater
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(‘GW diff’), Spring top-soil water content (‘SWCspio’), Summer top-soil water content
(‘SWCsi0’) and Distance to the sea (‘Sea Distance’).

A multivariate principal component analyses (PCA) was performed with the individual
physiological traits measurements aiming to integrate the complete set of physiological
traits measured in all woody species, and defined the patterns of physiological performance
of the dominant vegetation (accounting with specific relative position within the
community physiological axis). Then, Spearman correlations between the environmental
variables and PCA (meaningful) axes were performed to examine the relationships between
those variables and the vegetation physiological traits (Serrano et al., 2015). All
environmental variables that showed a significant correlation (p<0.05) were considered for
further analysis.

We tested if the measured ecophysiological traits were different among water-use
functional types (considering each physiological trait separately and the PCA axis factor
scores), using an analysis of variance (ANOVA). Post-hoc pairwise comparisons were
performed with Tukey’s HSD.

In order to select the most meaningful environmental variables, and describe their influence
on the functional responses of the vegetation, we performed a stepwise multiple regression
model selection by Akaike Information Criterion (AIC) (backward elimination of
variables), using (i) PC1 factor scores, (ii) WI (reflectance-based water index), and (iii)
Potential water-uptake depth as response variables, separately. To identify the most
important independent variable(s) in the regression models, we inferred the relative
importance of regressors using the ‘relaimpo’ package of R (Grémping, 2006). The two most

important environmental predictors were selected for further analysis.
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To further characterize the relationship between the most important selected environmental
predictors and the functional responses of (i) overall vegetation, and (ii) each plant
functional type, we performed Generalized Additive Models (GAMs), using the function
“gam” of the “‘mgcv’’ R package (Wood 2017). For both vegetation and plant functional
types, the responses considered were (i) individual PC1 factor scores (extracted from the
PCA performed with the physiological traits), (ii) WI (reflectance-based water index), and
(iii) potential water-uptake depth. For regression models and GAMs, SWCsio was log-
transformed.

All statistical analyses were performed in R version 3.4.3 (R Core Team, 2017).

RESULTS
Influence of environmental factors on ecophysiological patterns of woody vegetation

Through a multivariate approach, we integrated the complete set of physiological traits
measured in all woody species and defined the patterns of physiological performance of the
dominant vegetation (accounting with physiological trade-offs and plants’ relative position
within the overall vegetation’s physiological axis, Fig. 1 and Fig. S2). The first two axes of
the principal component analysis (PCA), PC1 and PC2, accounted for 40.6% and 18.6% of
the variance, respectively. PC1 reflected a gradient of physiological performance related
with carbon and nitrogen acquisition, from low to high values of chlorophyll content index
(CHL), normalized difference vegetation index (NDVI) and leaf 8°N; and high to low
values of 8!3C and leaf C/N (Fig. 1; Table S2). While PC2 reproduced a plant water status

gradient, from low to high values of plant water index (WI) and Photochemical Index (PRI)
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(Fig. 1; Table S2). Since PC2 was mainly reflecting WI (Table S2), plus the WI was the
most significant physiological trait associated with depth to groundwater (Fig. S5) and a
previous study showed that W1 could be an important response factor to water table depth

(Antunes et al., 2018a), we used WI as a response variable in the subsequent analysis.
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Fig. 1 First and second axis of a principal component analysis (PCA) based on individual
physiological measurements (n=191). For physiological parameters considered see Methods
section. The first axis (PC1l) explains 40.6% of the variance and reflects a gradient of
photosynthetic activity and nitrogen acquisition, while the second one (PC2) explains 18.6% and
reproduces a water status gradient. Abiotic (non autocorrelated) variables were included as
supplementary variables (grey dashed arrows). Abiotic supplementary variables considered: depth
to groundwater (GW depth), Distance to the sea (Sea Dist), Spring soil water content at 10 cm depth
(SWCsp, ), Summer soil water content at 10 cm depth (SWCs, ), Seasonal difference of GW depth

(i.e. seasonal water table lowering) (GWdiff).

Thus, using PC1 as a proxy of carbon and nitrogen acquisition (C and N acquisition)
related with photosynthetic capacity, and WI as a proxy of plant water status, we explored
the influence of the environmental variables on plants’ physiology. Additionally, as

described in the methods, we also considered the potential water-uptake depth (WUD) as a
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response variable. There was a significant correlation between the five candidate

environmental predictors and the C and N acquisition axis (PC1) (Table 2).

Table 2. Spearman correlations (rho coefficient) between the axes of the principal component
analysis performed with the physiological variables (PC1, 40.6% and PC2, 18.6%) and the
(selected) environmental variables: Summer depth to groundwater (GW depth), Seasonal variation
of depth to groundwater (GW diff), Spring top-soil water content (SWCspig), Summer top-soil
water content (SWCsao) and Distance to the sea (Sea Distance). *** p<0.001; ** p<0.01; *p<0.05.

PC1 PC2
GW depth -0.51 ** 029 *
GW diff -0.14 * 0.13

SWCspl0 045 *** 0.17 *
SWCs10 0.46 *** 0.23 **
Sea Distance 0.34 **  .0.32 ***

The multiple regression analysis showed that only spring top-soil water content (SWCsp1o)
did not significantly influence PC1. 47.4% of PC1 deviance was explained by depth to
groundwater (GW depth), summer top-soil water content (log(SWCsio)), seasonal
difference of GW depth (GW diff) and distance to sea (Sea Dist) (Table 3). The variables
GW depth, log(SWCsi0) and Sea Dist explained 39.3% of WTI’s variance, while GW diff
and spring SWCiyo were non-significant variables (and thereby excluded from the WI

model) (Table 3). WUD was mostly explained by groundwater related variables (Table 3).

Table 3. Results of Multiple Regression between ecophysiological response variables and the
predictors obtained by stepwise selection. Deviance explained (%) by each abiotic predictor,
deviance explained by the model, adjusted R?, F value and the model are represented in the table.
The ecophysiological response variables considered were the first axis of the PCA (PC1, as a proxy
of carbon and nitrogen acquisition), Water Index (WI, a proxy of plant water status) and Potential
water-uptake depth (WUD). Predictor variables not selected (p>0.05), and not included in the
model, are denoted as ‘ns’. Predictors that explain more than 10% of the deviance are in bold, and
considered the most important variables in the regression model. *** p<0.001; ** p<0.01; *p<0.05.
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Predictors PC1 Wi WUD
GW depth 16.1% 27.8% 13.40%
log(SWCs10)  18.9% 7.75% ns

Sea Distance 9.11% 3.74% 5.58%

GW diff 3.32% ns 9.01%

SWCspl0 ns ns 3.70%
Deviance explained 47.4% @ 39.3%°b 31.7% ¢
adjusted R?  0.463**  (0.384*** 0.301%*

F 41.96 40.43 18.72

apC1=3.74-0.21GW+1.30SWCs-1.74GW(diff+0.4e*SeaDist
b WI=1.05-3.79e3GW+7.8e3SWCs-6.38e6SeaDist
¢ WUD=2.46+0.16 GW+4.28SWCsp-1.56GW(diff-4e*SeaDist

Overall, the most important explanatory variables of ecophysiological variation were GW
depth and summer SWCio (Table 3). Therefore, these were the predictors considered for
further detailed relationships analysis. Both PC1 and WI were significantly, and non-
linearly, affected by the selected predictors: negatively by GW depth and positively by
summer SWCy (Fig. 2). WUD was weakly correlated with GW depth, and not
significantly influenced by summer SWCio (Fig. 2). The significant non-linear relationship

between both PC1 and WI and GW depth presented two inflection points: at ~3 m and ~7.5

m groundwater depth (Fig. 2).
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Fig. 2 Relationships between the selected (most important) environmental variables [depth to
groundwater, ‘Depth to GW’, and soil water content in summer at 10 cm, ‘log(SWCsi0)’] and plant
ecophysiological variables [the first axis of the PCA (PC1), Water Index (WI) and Potential water
uptake depth (Water uptake depth)]. PC1 represents a proxy of C and N acquisition and WI the
plants’ water status. Solid and dashed lines represent the main trend of a Generalized Additive
Model (GAM) explaining more than 15 % of the variance and less than 15%, respectively. Grey
bands represent 95 % confidence intervals of a GAM. From left to right the effective degrees of
freedom for each GAM models are: k=2.96, k=1.97, k=2.97, k=1, k=2.66. Further statistical

information are shown in the figure: deviance explained (De), F- value (F), adjusted R’ and p-value
(*** p<0.001; ** p<0.01; *p<0.05"). Grey vertical bars in water-uptake depth panels represent the
standard deviation. n=191.
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Adjustments of plant functional types along a gradient of depths to groundwater and
to top-soil water content

We first tested if the vegetation physiological performance was different among water-use
functional types (see Table 1). We found significant differences in physiology between the
plant functional types (F=69.411, p<0.001; and F=22.104, p<0.001, respectively) (Fig. S3,
S4ac). We further realized that J. phoenicea and P. pinea, although considered to be from
the same functional type, showed a different physiological pattern, especially on water
status (Fig. S2, S3, S4bd). Thus, we subdivided this functional type, and considered these
species separately in the following analysis. The six plant functional types clustered in the

PCA, showing different summer physiological patterns (Fig. 3).
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Fig. 3 Principal component analysis (PCA) based on physiological measurements (n=191), showing
the individual scores and the water-use functional types. Functional types are represented by
different colors as shown in the inner legend. The mean value of each functional type is represented
by a bigger symbol. For functional classification based on summer water-use, and its effects on
PC1, see Table 1 and Table S2. For physiological parameters considered see Methods section.



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

The evergreen hygrophytic species (that generally explore deeper soil layers and showed
higher reliance on groundwater) showed the higher PC1 scores (i.e. higher photosynthetic
capacity and both carbon and nitrogen acquisition), while narrow-leaved xerophytic shrubs
(that rely on water from shallower soil layers) showed the lower PC1 values (Fig. 3). The
evergreen conifer tree P. pinea (dimorphic rooted species that are able to explore deeper
soil layers) showed the highest values of water status (PC2, WI), while xerophytic shrubs
the lowest ones (Fig. 3, Fig. S3, Fig. S4d).

Secondly, we explored the responses to the identified most important environmental
drivers, i.e. summer depth to groundwater (GW depth) and top-soil water content (SWCio),
among the water-use functional types. For that, we used the PC1 factor scores of each
functional type as a proxy of the variation of C and N acquisition within functional type
(and considering their relative physiological position within the community). The
significant positive correlation observed between C and N acquisition and SWCio
considering the overall woody vegetation (Fig. 2, Fig. S5) did not hold up when
considering different functional types (Fig. 4). Evergreen hygrophytic species was the only
group that showed a significant positive trend (Fig. 4). Conversely, we found a significant
decrease of C and N acquisition (PC1) with increasing depths to groundwater among
several functional types (Fig. 4, Fig. S6). Nevertheless, the photosynthetic conditions of the
xerophytic tree 