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ABSTRACT

The effects of ecosystem degradation are pervasive
worldwide and increasingly concerning under the
present context of global changes in climate and
land use. Theoretical studies and empirical evi-
dence increasingly suggest that drylands are par-
ticularly prone to develop nonlinear functional
changes in response to climate variations and hu-
man disturbance. Precipitation-use efficiency
(PUE) represents the ratio of vegetation production
to precipitation and provides a tool for evaluating
human and climate impacts on landscape func-
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tionality. Holm oak (Quercus ilex) woodlands are
one of the most conspicuous dry forest ecosystems
in the western Mediterranean basin and present a
variety of degraded states, due to their long history
of human use. We studied the response of Iberian
holm oak woodlands to human disturbance along
an aridity gradient (that is, semi-arid, dry-transition
and sub-humid conditions) using PUE estimations
from enhanced vegetation index (EVI) observa-
tions of the Moderate-Resolution Imaging Spec-
troradiometer (MODIS). Our results indicated that
PUE decreased linearly with disturbance intensity
in sub-humid holm oak woodlands, but showed
accelerated, nonlinear reductions with increased
disturbance intensity in semi-arid and dry-transi-
tion holm oak sites. The impact of disturbance on
PUE was larger for dry years than for wet years, and
these differences increased with aridity from sub-
humid to dry-transition and semi-arid holm oak
woodlands. Therefore, aridity may also interact
with ecosystem degradation in holm oak wood-
lands by reducing the landscape ability to buffer
large changes in vegetation production caused by
climate variability.

Key words: ecosystem functionality changes;
drylands; global change; holm oak woodlands;
ecosystem degradation; land use; MODIS EVI.
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INTRODUCTION

Ecosystem degradation represents a worldwide
pervasive phenomenon that pertains to the loss of
ecosystem function and productivity resulting from
various factors, including human activities and
climatic variations (Bai and others 2013). The
present changes in climate and land use are
affecting biodiversity and landscape functioning at
an unprecedented rate, increasing global concerns
about ecosystem degradation (McLean and Willson
2011; Valiente-Baunet and Verdd 2013). Drylands,
which extend over 40% of the Earth’s surface and
support nearly 2.5 billion inhabitants, are signifi-
cantly impacted by degradation (up to 20% of these
lands are affected by some form of severe ecosys-
tem degradation) and face a variety of threats
associated with global environmental change
(Millennium Ecosystem Assessment 2005). Sus-
tainable dryland management, therefore, demands
a sound understanding of the factors and mecha-
nisms that regulate the responses of dryland
ecosystems to human pressures and climate change
(Maestre and others 2016).

How ecosystems undergo environmental change
is recognized as one of the main frontiers in ecology
and environmental sciences (Rietkerk and others
2004; Peters and others 2006; Berdugo and others
2017). Ecosystem degradation may take place ei-
ther linearly, in a gradual way, or more abruptly, in
a nonlinear manner, in response to the effects of
disturbance and changes in climate (Scheffer and
others 2001). Both theoretical studies and empiri-
cal evidence increasingly suggest that drylands are
particularly prone to develop nonlinear changes in
their structure and function in response to external
stressors (Noy-Meir 1975; Scheffer and others
2001; Rietkerk and others 2004; Kéfi and others
2007; Bestelmeyer and others 2011). In these dry
landscapes, where vegetation cover is typically
‘patchy’ or spatially heterogeneous, plant—plant
positive interactions (that is, facilitation) and effi-
cient spatial redistribution of resources (for exam-
ple, water, sediments, nutrients, propagules)
between bare and vegetated areas by surface runoff
provide landscape stability over a range of climate
and land-use conditions (Saco and Moreno-de las
Heras 2013; Soliveres and others 2015; Bochet
2015; Kéfi and others 2016). However, as climate
forcing or disturbance intensity increase, significant
deterioration of the stabilizing ecosystem mecha-
nisms may induce rapid, accelerated loss of
ecosystem function and the alteration of landscape
structure (Moreno-de las Heras and others 2012;
Okin and others 2015; Xu and others 2015). The

most extreme alterations may take place in the
form of largely irreversible landscape changes, thus
hindering the natural recovery of ecosystem func-
tion (Schlesinger and others 1990; Peters and oth-
ers 2006, Mayor and others 2013; Moreno-de las
Heras and others 2015; Martinez-Valderrama and
others 2016).

Precipitation-use efficiency (hereafter termed
PUE) represents the ratio of vegetation net primary
production (NPP) to precipitation over a given peri-
od of time, typically a growing season or hydrological
year (Le Houerou 1984). PUE has been widely ap-
plied for assessing the degree of degradation orloss of
ecosystem function in drylands, where human dis-
turbance of vegetation and soil conditions can in-
duce reductions up to 20-50% on the ecosystem
capacity to convert precipitation into vegetation
production (Le Houerou 1984; O’Connor and others
2001; Holm and others 2003; Moreno-de las Heras
and others 2012). PUE has also shown sensitivity to
inter-annual variations of precipitation, reflecting
the NPP dependence on climate conditions (Hux-
man and others 2004; Wessels and others 2007;
Ponce-Campos and others 2013; Zhang and others
2014). Therefore, PUE represents an excellent eval-
uation tool for the assessment of human and climate
impacts on landscape functionality (that is, the in-
tegrity of landscape functions, such as nutrient cy-
cling, water budgeting and primary production) in
drylands (Holm and others 2003; Ver6én and Paruelo
2010; Moreno-de las Heras and others 2012; Ruppert
and others 2012). The availability of decadal series of
remote-sensed vegetation indices that strongly cor-
relate with NPP, such as the normalized difference
and the enhanced vegetation indices (NDVIand EVI,
respectively), facilitates the application of large, re-
gional-scale PUE analysis for monitoring landscape
functionality in drylands (Gaitdn and others 2014;
Zhang and others 2014; Martinez-Valderrama and
others 2016).

Dryland ecosystems across the Mediterranean
basin exhibit varying degrees of degradation due to
their very long history of human use and are re-
ported to be one of the most vulnerable landscapes
in relation to future climate scenarios (Grove and
Rackham 2001; Garcia-Fayos and Bochet 2009). In
the Iberian Peninsula, Martinez-Valderrama and
others (2016) estimated that ecosystem degrada-
tion affects about 20% of its territory, mainly in
agricultural landscapes and woodlands. Holm oak
(Quercus ilex) woodlands are one of the most con-
spicuous dry forest ecosystems in the Iberian
Peninsula and the western Mediterranean basin,
and have been impacted by humans for at least 4
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Figure 1. Location map (area is approximately 20,000 km?). Each study site has a size of 231 x 231 m. Total number of
sites is 138 (53, 51 and 34 sites for semi-arid, dry-transition and sub-humid climate conditions, respectively). Coordinates
and general characteristics for both the study sites and weather stations are detailed in the electronicsupplementary

material of Appendix A: Tables Al (sites) and A2 (stations).

millennia (Terradas 1999). We studied the response
of holm oak woodlands to human disturbance
along an aridity gradient (that is, semi-arid, dry-
transition and sub-humid conditions) across an
approximately 20,000 km? region in eastern Spain,
using remote-sensing estimations of PUE from
decadal (2000-2014) EVI observations from the
Moderate-Resolution Imaging Spectroradiometer
(MODIS). We hypothesized that aridity largely
influences the response of vegetation PUE to hu-
man disturbances, with the less arid, sub-humid
extreme of the gradient showing linear reductions
in landscape functionality and the semi-arid ex-
treme showing accelerated, nonlinear reductions in
the amount of vegetation production per rainfall
unit. Since climate variability in drylands may
interact with the effects of disturbance on ecosys-
tem functions (Pickup 1996, Dube and Pickup
2001; Hein 2006), we also expected human dis-
turbance to cause a stronger impact on PUE values
in dry years due to unfavorable conditions for
vegetation growth.

MATERIALS AND METHODS
Study Area

Our study sites are located within an extensive
20,000 km?® region in eastern Spain, comprising
areas of the basins of the Tajo, Ebro, Turia and
Mijares rivers (Figure 1). The climate is Mediter-
ranean, with two wet periods (April-June and
September—November) during which more than
60% total precipitation is concentrated. Mean an-
nual precipitation (MAP) and air temperature are

350-700 mm and 9.0-12.5°C, respectively. Poten-
tial evapotranspiration (PET) is 850-950 mm.
Aridity, calculated as the ratio of MAP to PET
(UNEP 1992), ranges from 0.35 to 0.85. Holm oak
woodlands in the region are highly impacted by
human activities due to a long history of land use,
mainly fuel wood consumption, domestic livestock
and agriculture (Stevenson 2000; Garcia-Fayos and
Bochet 2009).

We selected 138 study sites for analysis (each
231 x 231 m, corresponding to the pixel size of the
UTM-re-projected MODIS MOD13Q1 product that
was later applied for the calculation of PUE) dis-
tributed within semi-arid, dry-transition and sub-
humid climate conditions with a MAP/PET ratio of
0.35-0.50 (53 sites), 0.50-0.60 (51 sites) and 0.65—
0.75 (34 sites), respectively (Figure 1). Site selec-
tion was decided upon by applying GIS techniques
and field validation to identify for each climate
aridity level (semi-arid, dry-transition and sub-
humid) a large number of representative holm oak
sites in a variety of deforestation levels. All the sites
were selected in areas with nearby availability of
reference meteorological records (that is, daily
precipitation series) and homogeneous landscape
topography and lithology. Specific site selection
methods, site coordinates and their general char-
acteristics are detailed in the electronic supple-
mentary material of Appendix A. Overall, our sites
can be described as holm oak woodlands affected
by different deforestation intensity levels (but with
no signs of agricultural use) on low-gradient terrain
(3.8° £ 1.5° hillslope angle). Soils are Mollic
Haploxeralfs (Soil Survey Staff 1987) over calcare-
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ous parent materials (that is, limestones and dolo-
mites) of Jurassic and Cretaceous age.

Remote-Sensing Estimations of
Precipitation-Use Efficiency

The enhanced vegetation index (EVI) is a remote-
sensing index that minimizes the influence of soil
background and atmospheric conditions for spatial
analysis of vegetation dynamics (Huete and others
2002). EVI is strongly sensitive to changes in veg-
etation canopy and leaf phenology and, therefore,
provides a good indicator of the spatiotemporal
variations in leaf area and landscape primary pro-
duction (Pasquato and others 2015). Ponce-Cam-
pos and others (2013) showed that the annual
integral of EVI (iEVI) is a good remote-sensing
estimator (R* = 0.82) for the annual net primary
production (ANPP) across a variety of arid, semi-
arid and mesic grasslands and woodlands in Aus-
tralia and the USA. Previous remote-sensing anal-
ysis of Q. ilex forests in Spain found that iEVI
strongly correlates (Pearson’s R = 0.91) with tree
annual diametric increment and provides an
excellent proxy for ANPP in Iberian holm oak
woodlands (Garbulsky and others 2013). There-
fore, we applied iEVI as an ANPP proxy for the
estimation of PUE in our study sites.

We compiled decade-scale (2000-2014) series of
EVI for the study sites with a 16-day compositing
period from the MODIS Terra satellite (MOD13Q1
product, collection 5) by using the NASA’s Earth
Observing System Reverb tool (http://reverb.echo.
nasa.gov/). The data were re-projected to UTM
WGS84 (231 x 231 m pixel size after re-projec-
tion). We checked the reliability summary layer of
the MODIS products and discarded those EVI val-
ues that were affected by snow, ice and cloud
anomalies (1% of data). Discarded values were
then interpolated using a second-order polynomial.
Finally, the EVI time series were filtered by apply-
ing a Savitzky—-Golay smoothing algorithm to re-
duce inherent noise (Choler and others 2010;
Moreno-de las Heras and others 2015). iEVI was
calculated as the sum of the filtered EVI data for
each hydrological year (from present September to
August of the following year). PUE was estimated
for each site and hydrological year as the ratio of
iEVI (dimensionless) to annual precipitation (mm),
using the rainfall records of the closest reference
weather station. We applied rainfall records of 9
meteorological stations facilitated by the Spanish
Agency of Meteorology, AEMET (Figure 1, station
ID and coordinates in the electronic supplementary
material of Appendix A: Table A2). Site mean dis-

tance to the nearest weather station is
6.9 + 2.9 km. PUE was expressed in 10~ mm ™"
for analysis to reduce the number of decimal places
in the estimation of model coefficients and graph-
ical presentation.

Estimation of Disturbance Intensity
Using Local Vegetation Conditions

Tree cover (TC, %) was determined using high-
resolution (50 cm per pixel) digital orthophotos of
the Spanish National Program for Aerial
Orthophotography (PNOA, 2012 campaign). The
PNOA orthophotos were downloaded using the
IBERPIX web platform  (http://www.ign.es/
iberpix2/visor/) of the Spanish National Institute
of Geography (IGN) and clipped to match the
231 x 231 m size of the study plots. We used the
spectral information of the orthophotos (that is, the
red, green and blue bands) to generate binary maps
of tree vegetation by applying supervised classifi-
cation techniques, achieving a mean global accu-
racy of 95 £ 4% for the determination of tree
cover. Comparison of our remote-sensed estima-
tions of tree vegetation cover with alternative
determinations using older (years 2004 or 2006)
PNOA orthophotos revealed negligible temporal
variations in tree cover (< 5% in all sites) between
2004/06 and 2012. Consequently, the quantified
fractional cover values are representative of the site
vegetation conditions for the full (2000-2014)
study period.

Vegetation cover patterns in Mediterranean
landscapes depend on a variety of factors, including
the effects of human disturbance, topographical
control of incoming solar radiation, and soil for-
mation and natural erosion processes (Kutiel and
Lavee 1998; Grove and Rackham 2001; Bochet and
others 2009; Marston 2010). Detailed analysis on
the influence of site distance to the nearest settle-
ment (as a proxy of local deforestation by human
activities typically concentrated in the proximity of
the villages) and landscape geomorphology (that is,
hillslope gradient and aspect) on tree cover patterns
for our 138 holm oak sites (electronic supplemen-
tary material of Appendix B) indicated that tree
cover variations within each rural town/hamlet
vicinity of the explored region reflect local intensity
levels of human disturbance (that is, tree vegeta-
tion cover increased with site distance to the
nearest human settlement), also discarding any
significant topographical effects for these low-gra-
dient terrain landscapes. However, the length of
the disturbance (or tree cover reduction) gradients
is different for the three climate aridity levels, as
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indicated by existing regional differences in maxi-
mum tree cover for the climate types. In fact, re-
mote-sensing analysis of tree cover over the
complete regional extent of low-gradient (< 10°),
calcareous holm oak woodlands (920 MODIS pix-
els, 4900 ha) resulted in maximum values of 87, 75
and 53% cover for sub-humid, dry-transition and
semi-arid climate conditions, respectively, suggest-
ing increasing climate limitation for tree cover
development along the study aridity gradient. A
local deforestation level, DI, was calculated for each
site (as a function of their climate potential for tree
cover development) and further applied as a stan-
dardized descriptor of disturbance intensity across
our aridity gradient:

where TC (%) represents tree cover for a particular
site, TCinax (%) represents the maximum tree cover
level for the corresponding climate type of the
analyzed site (given by the above-detailed values
for sub-humid, dry-transition and semi-arid con-
ditions), and the local deforestation level (DI) takes
values between 0 for undisturbed (TC = TC.x)
and 1 for entirely deforested (TC = 0% tree cover)
site conditions.

Data Analysis

Precipitation-use efficiency of our 138 holm oak
sites was modeled as a quadratic function of dis-
turbance intensity (quantified using the local
deforestation level), allowing for separate functions
for each climate aridity type (semi-arid, dry-tran-
sition and sub-humid). We averaged the PUE val-
ues over the 14 hydrological years to model the
mean trend, yielding a single value for each of the
138 sites. We fitted the following model:

E(PUE) =f, + B1Isa + BoIpt + B3DI + B,DI?
+ BsIsaDl + BoIptDl + B;IsaDI”  (2)
+ BsIprDI?

where E(PUE) is the mean precipitation-use effi-
ciency (107> mm™'); Isy is a dummy indicator
variable for the semi-arid climate type (Isp =1 if
the site is under semi-arid climate and 0 other-
wise); Ipr is an indicator variable of the dry-tran-
sition climate type; DI is the local deforestation
level of the sites; and f, through fig are parameters
to be estimated.

For each climate aridity level, the separate PUE—
Dl functions took the form of a second-order
polynomial where the intercept, linear, quadratic
coefficients and their standard errors were quanti-

fied as linear combinations of the f parameters of
equation (2) (electronic supplementary material of
Appendix C: equations C2-C4).

We extended the above-described general model
to account for the influence of the type of hydro-
logical year (dry versus wet years throughout the
study period) on the relationship between PUE and
disturbance intensity. Dry (wet) years were defined
for analysis by using the rainfall records of the
reference meteorological stations as those years
with precipitation below (above) historical (1998-
2014) mean precipitation. We took within-site dry
and wet year average PUE values for model com-
putation and extended equation (2) by incorpo-
rating a dummy indicator variable for type of year
(with values of 1 and 0 for dry and wet year,
respectively) as well as all its interactions with cli-
mate aridity type and the linear and quadratic
terms of the function, totaling 9 additional
parameters (electronic supplementary material of
Appendix C: equation C5). The model included a
random effect for site to account for the lack of
independence between dry and wet observations
from the same site. We applied a weighed model
structure, with weights proportional to the recip-
rocal of the error variance, to account for differ-
ences in the number of observations for dry/wet
years among sites. As for the above-described
general model, each climate aridity and hydrolog-
ical year type combination in the extended model
was expressed in a separate PUE-DI function of
second-order polynomial structure, where the
coefficients and their errors were estimated as lin-
ear combinations of the parameters of the extended
model (electronic supplementary material of Ap-
pendix C: equations C6-C11).

Goodness of fit for the general PUE-DI model
was assessed using the coefficient of determination
(R?). For the extended PUE-DI model, marginal R?
(proportion of variance explained by the fixed
predictors: local deforestation level, climate aridity
level and type of hydrological year) and conditional
R? (variance explained by both the fixed predictors
and the random, site, variable) were calculated
following the mathematical approach described by
Nakagawa and Schielzeth (2013) for mixed-effect
models. Variations in the relationships between
PUE and disturbance intensity for the different le-
vels (semi-arid, dry-transition and sub-humid) of
climate aridity and (dry/wet) type of hydrological
year were assessed by evaluating the size (that is,
the absolute values) and statistical significance of
the coefficients for the separate PUE-DI functions.
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Figure 2. General effects of (A) climate conditions (that is, aridity level) and (B) disturbance intensity (as described by the
local deforestation level, DI, of the study sites) on precipitation-use efficiency (PUE). Between-year variations of site-
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RESULTS

PUE for our 138 study holm oak sites varied con-
siderably both between climate aridity levels and
among hydrological years (Figure 2A). Vegetation
PUE decreased from semi-arid to sub-humid con-
ditions and strongly peaked for the three driest
years of the series (hydrological years 2004-2005,
2011-2012 and 2013-2014, with annual precipi-
tation about 60-70% of the historical average
precipitation).

Precipitation-use efficiency decreased with
increasing local deforestation levels (DIl), overall
accounting for an estimated absolute reduction of
about 0.4 107 2mm~' (30-35%) of 2000-2014
average PUE, irrespective of climate aridity condi-
tions (Figure 2B). However, the shape of the PUE-
reduction trend changed along the aridity gradient,
as indicated by the differences in size (F, ;23 = 3.1;
P = 0.048) of the separate quadratic terms in the
general PUE-DI model for semi-arid (SA), dry-
transition (DT) and sub-humid (SH) climate con-
ditions (Table 1). The curvature (or abruptness) of
the relationship between vegetation PUE and dis-
turbance intensity, measured by the absolute val-
ues of the quadratic terms in the general PUE-DI
model, increased from SH (— 0.10) to DT (— 0.29)

and SA (— 0.42) sites. Furthermore, lack of signif-
icance of the quadratic term in the general PUE-DI
model for SH holm oak sites (t120 = — 0.98;
P = 0.33) indicated that 2000-2014 average PUE
values decreased linearly with disturbance inten-
sity under sub-humid conditions (Figure 2B). Dif-
ferently, for dry-transition and semi-arid holm oak
sites there was strong evidence that PUE decreased
nonlinearly with increased disturbance intensity
(DT and SA quadratic terms in the general PUE-DI
model were significant at P < 0.001; Table 1).
Our holm oak sites showed higher vegetation
PUE for dry than for wet years (Figure 3). The
relationship between PUE and disturbance inten-
sity for separate dry and wet years were consistent
with the general patterns described for the SA, DT
and SH climate aridity levels by the 2000-2014
average PUE-DI] trends. Indeed, the quadratic
coefficients of the extended dry/wet model for both
DT and SA sites were statistically significant at
P < 0.05 (Table 1), pointing out accelerated, non-
linear reductions in vegetation PUE with distur-
bance intensity under semi-arid and dry-transition
conditions (Figure 3A, B). Conversely, the quad-
ratic terms of the extended PUE-DI functions for
SH sites were not statistically different from zero for
both dry (t;59 = — 1.29; P = 0.20) and wet years
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Table 1. Equation Fitting Parameter Estimates and Statistics of the Relationship Between PUE and Dis-
turbance Intensity (as Described by the Local Deforestation Level, DI, of the Study Sites) for the General (14-
Year Average Response) and Extended (Dry/Wet Year) Models.

Intercept

Linear coefficient

Quadratic coefficient

General model: average PUE-DI relationship

SA sites
Estimate 1.30%**
SE 0.02
DT sites
Estimate 1.27%%*
SE 0.02
SH sites
Estimate 1.14%**
SE 0.03

Extended model: dry year PUE-DI relationship
SA sites

Estimate 1.64%**

SE 0.03
DT sites

Estimate 1.68%**

SE 0.03
SH sites

Estimate 1.39%**

SE 0.04

Extended model: wet year PUE-DI relationship
SA sites

Estimate 1.12%%*

SE 0.03
DT sites

Estimate 0.96%**

SE 0.02
SH sites

Estimate 0.99%#*

SE 0.03

SA, semi-arid; DT, dry-transition; SH, sub-humid; SE, standard error.

0.06™ — 0.42%**
0.10 0.08
—0.11™ — 0.29%**
0.09 0.08
— 0.34%* — 0.10™
0.11 0.10
— 0.09™ — 0.47%**
0.13 0.11

— 0.42%** — 0.20%
0.12 0.10

- 0.37* —0.17"
0.16 0.13

—0.01™ — 0.28**
0.11 0.09
0.13™ — 0.35%*%*
0.10 0.09

— 0.39%* 0.03™
0.12 0.10

Significance codes: ***P < 0.001; **P < 0.01; *P < 0.05; "™non significant at P = 0.05.

(ti120 = 0.31; P=0.76), evidencing more gradual,
linear effects of disturbance on sub-humid holm
oak PUE levels (Figure 3C).

Type of hydrological year, as assessed by the
statistical differences in dry/wet year coefficients of
the extended PUE-DI model, significantly affected
(F>, 137 = 4.3; P =0.015) the effect of disturbance
on PUE levels. In fact, total reduction in PUE across
the analyzed disturbance intensity gradients was in
general deeper for dry than for wet years (35-40%
and 25-35%, respectively; Figure 3). These effects
were, however, influenced by the climate aridity
conditions of the studied holm oak sites. Global
PUE reductions associated with the loss of tree
cover under semi-arid and dry-transition condi-
tions were about 1.5 times stronger for dry than for
wet years (Figure 3A, B). In contrast, the drop in
PUE along the analyzed (DI) disturbance intensity

gradient under sub-humid conditions was equiva-
lent for both dry and wet years, accounting for a
homogeneous ~35% reduction in PUE levels
(Figure 3C).

DiscussioN

Precipitation-use efficiency provides an integral
measure for exploring the response of vegetation
primary production to spatiotemporal changes in
precipitation and land uses (Le Houerou 1984;
Ver6n and Paruelo 2010; Gaitdn and others 2014).
Large-scale analysis of remote-sensed precipitation-
use efficiency of vegetation in this study facilitated
exploration of the interactions between climate
aridity, human disturbance and precipitation vari-
ability for the emergence of nonlinear changes in
the functionality of Iberian holm oak woodlands.
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Figure 3. Effect of type of hydrological year (dry versus
wet years) on the relationship between precipitation-use
efficiency (PUE) and disturbance intensity (as described
by the local deforestation levels, DI, of the study sites) for
(A) semi-arid, (B) dry-transition and (C) sub-humid
sites. Reported marginal and conditional R? (on top of the
graph) and fitted lines correspond to the extended (dry/
wet year response) model.

PUE decreased from semi-arid to dry-transition
and sub-humid conditions in our holm oak sites
(Figure 2A), which agrees with other studies that
pointed out that as water stress decreases from
semi-arid to humid conditions with increasing an-
nual average precipitation, primary production is
gradually more constrained by other factors, such

as the availability of nutrients and light (Huxman
and others 2004; Prince and others 2007; Ruppert
and others 2012; Gaitan and others 2014). More
importantly, PUE in our study sites also decreased
with the intensity of human disturbance (Fig-
ure 2B). Accordingly, the precipitation-use effi-
ciency of vegetation has been reported to show a
high sensitivity to the alteration of both vegetation
and soil conditions (Le Houerou 1984; O’Connor
and others 2001; Prince and others 2007). PUE in
highly disturbed landscapes generally falls due to
enhanced water loss by surface runoff and direct
evaporation that, in turn, reduces the proportion of
precipitation that is used for transpiration (Ludwig
and others 1999; Ver6én and Paruelo 2010). Our
results indicate that the conversion rate of precip-
itation into vegetation primary production can de-
crease up to 35% in disturbed Iberian holm oak
woodlands. This reduction in PUE values is similar
to reported changes for other degraded dryland
ecosystems in Australia, Africa and America (Le
Houerou 1984; Holm and others 2003; Veréon and
Paruelo 2010; Moreno-de las Heras and others
2012).

Our findings indicate different precipitation-use
efficiency responses to human disturbance of holm
oak woodlands as a function of their climate aridity
conditions (Figure 2B). Sub-humid conditions
showed linear decreases in PUE with increased
woodland deforestation. In contrast, semi-arid and
dry-transition holm oak sites showed nonlinear
decreases in PUE with disturbance intensity;
reductions in PUE rapidly accelerated as a quadratic
function of local deforestation level. These results
provide empirical evidence for the dryland ecosys-
tem stability principles discussed in a variety of
theoretical studies, which predict nonlinear
behavior for arid and semi-arid ecosystems in re-
sponse to climate variability and human distur-
bance (Noy-Meir 1975; Ludwig and others 1999;
Scheffer and others 2001; Rietkerk and others
2004; Bestelmeyer and others 2011; Mayor and
others 2013). Plant—plant positive interactions (for
example, plant facilitation by amelioration of
environmental stress), which can effectively pro-
vide ecosystem stability to external stressors over a
range of vegetation conditions, have been com-
monly argued to play an important role in the
nonlinear behavior of dryland ecosystems (Noy-
Meir 1975; Kéfi and others 2007, 2016; Soliveres
and others 2015). Similarly, short-range spatial
redistribution of water, nutrients, sediments and
propagules between bare and vegetated areas is
postulated as a fundamental feedback process for
structuring and providing stability to dryland
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ecosystems with patchy vegetation (Saco and
Moreno-de las Heras 2013; Okin and others 2015;
Bochet 2015). Both plant-plant interactions and
short-range spatial redistribution of surface re-
sources may play a role in the nonlinear behavior
of the studied Mediterranean-dry woodlands,
where vegetation cover is patchy (that is, tree
vegetation for our study sites reached 50-70%
maximum cover under semi-arid and dry-transi-
tion conditions) and holm oak trees have a key
importance in regulating plant-plant interactions
and plant-soil feedbacks (Terradas 1999; Cubera
and Moreno 2007; Carnicer and others 2013).
Significant deterioration of these stabilizing feed-
backs (for example, loss of large vegetation patches
with high capacity to modify environmental con-
ditions) may induce accelerated, rapid loss of
ecosystem function (Kéfi and others 2007, Mor-
eno-de las Heras and others 2012; Berdugo and
others 2017).

Precipitation-use efficiency of vegetation was
considerably higher for dry than for wet years
across 2000-2014 in our study holm oak sites
(Figures 2A and 3), which agrees with other studies
that perceived similar variations in PUE as an
ecosystem resilience mechanism that sustains veg-
etation production during the driest periods (Hux-
man 2004; Wessels and others 2007; Ponce-
Campos and others 2013; Zhang and others 2014).
In general, disturbance induced a stronger decline
in PUE values for dry than for wet years resulting,
for severely altered landscapes, in a sharp reduction
in the ecosystem ability to buffer large changes on
primary production caused by drought (Figure 3).
In fact, the alteration of landscape conditions in
dryland ecosystems typically shows more pro-
nounced effects on primary production and pre-
cipitation-use efficiency of vegetation during dry
periods, which strongly affects the vulnerability of
disturbed landscapes to precipitation variability
(Pickup 1996; Dube and Pickup 2001; Hein 2006).
For example, the scarcity of deep-rooted trees un-
der the most disturbed conditions of our holm oak
study sites very likely constrains vegetation use of
deep soil moisture, which has been argued to play
an important role in retaining primary production
during dry periods in Mediterranean oak wood-
lands (Baldocchi and Xu 2007; Cubera and Moreno
2007).

The differences between dry and wet years on
the response of PUE to disturbance increased with
aridity from sub-humid conditions (where PUE
reductions with site deforestation were equivalent
for both dry and wet years, Figure 3C) to dry-
transition and semi-arid conditions (1.5 times

stronger PUE drop along the disturbance gradient
for dry than for wet years, Figure 3A, B), suggest-
ing that aridity in the studied Iberian holm oak
woodlands may intensify the wvulnerability of
ecosystems to the combined effects of climate
variability and disturbance. The previous analysis
of arid to mesic Mediterranean rangelands affected
by grazing pointed to a similar reduction in resi-
lience to climate-driven changes in vegetation
production that is exacerbated by climate aridity,
which may facilitate the collapse of ecosystem
functions and services by drought in intensively
used dry landscapes (Kochy and others 2008).

In sum, our results indicate that the interaction
of climate variability and human disturbance in
Iberian holm oak woodlands can result in nonlin-
ear decreases in ecosystem function under semi-
arid and dry-transition climate conditions. Changes
in climate aridity and drought frequency are cur-
rently perceived as chronic contributors to ecosys-
tem degradation in drylands (Suding and others
2004; Moreno-de las Heras and others 2012). Cli-
mate change projections for the Iberian Peninsula
suggest decreased mean annual rainfall with in-
creased summer temperatures and drought fre-
quency for the next 100 years (de Castro and others
2005), which may exacerbate ecosystem change in
Iberian holm oak woodlands. Specifically, sub-hu-
mid holm oak woodlands, showing at present
gradual, linear reductions in ecosystem function in
response to the effects of human disturbance, may
also acquire the characteristic nonlinear behavior
of the semi-arid and dry-transition sites. There is
particular concern that, under certain circum-
stances, these nonlinear ecosystem changes can be
largely irreversible (Noy-Meir 1975; Schlesinger
and others 1990; Scheffer and others 2001; Rietk-
erk and others 2004; Kéfi and others 2016). His-
torical environmental records indicate that
deforestation of Iberian holm oak woodlands at the
boundary between arid and semi-arid climate
conditions (MAP-to-PET ratio 0.20-0.40) can result
in persistent ecosystem changes (Latorre and others
2001). Biodiversity and soil conditions (for exam-
ple, water retention capacity, soil biological activ-
ity, nutrient cycling integrity) play a fundamental
role in conferring stability and resilience to dryland
ecosystems (Suding and others 2004; Garcia-Fayos
and Bochet 2009; Maestre and others 2016). Fur-
ther exploration of biodiversity patterns and soil
functions may assist ascertaining whether observed
nonlinear reductions in PUE levels of Iberian holm
oak woodlands may hinder natural recovery of
disturbed ecosystems.
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Appendix A: This appendix contains details for the site selection methods

Our site selection procedure aimed to identify a large number of holm oak woodland sites along a
climate aridity gradient (semi-arid, dry-transition, and sub-humid conditions with MAP/PET 0.35-
0.50, 0.50-0.60, and 0.65-0.75, respectively) affected by different levels of deforestation, with nearby
availability of reference meteorological records of precipitation, and minimizing, at the same time,
between-site variations on landscape topography and lithology. Site selection was carried out by using
(a) large-scale spatial exploration using GIS techniques with thematic information (i.e. climate, land
cover type, elevation, slope gradient, and lithology), and (b) further field validation within an approx.
20,000 km? region in eastern Spain (Figure 1 in the paper).

As sources for the GIS thematic information for the site selection, we used:

- Climate data: the Digital Climate Atlas of the Iberian Peninsula (Ninyerola and others 2005) and
the Global Potential Evapo-Transpiration dataset developed by the Consortium of International
Agricultural Research Centers (Trabucco and Zomer 2009) with 200 and 1000 m resolution,
respectively.

- Land cover type data: the European CLC2006 land use map (100 m resolution) developed by the
Corine Land Cover EU Program (EEA 2007).

- Elevation and slope gradient: the Digital Elevation Model MDT25 (25 m resolution, mean square
error 50 cm) developed with LIDAR technologies within the Spanish National Plan for Earth
Observation (PNOA) and distributed by the Spanish National Geographic Institute (IGN).

- Lithology: the 1:50,000 National Geological Map of Spain (IGME 2012).

We applied a GIS raster mesh with pixel size 231 x 231 m (UTM WGS84 projection) derived from
the MOD13Q1 product of the Moderate Resolution Spatial Spectroradiometer (MODIS) to initiate the
site selection. First, we determined within the 20,000 km? region those potential areas with (i) natural
forests and open woodlands (excluding sites dominated by coniferous vegetation), (ii) elevation <1500
m.a.s.l. (the regional orographic limit for the distribution of holm oak; Longares-Aladren and Mateo-
Sanz 2014), (iii) slope gradient <10°, (iv) calcareous lithology (limestones and dolomites of Cretaceous
or Jurassic age), and (v) <15 km distance to the closest weather station of the Spanish Agency of
Meteorology (AEMET) with available precipitation data. Further visual analysis of the potential areas
using high resolution (50 cm) aerial photographs distributed by the IGN through the IBERPIX platform
(http://www.ign.es/iberpix2/visor/) facilitated the selection of a wide range of study sites with different
deforestation levels: from the maximum tree cover detected for each climate aridity level (about 55,
75 and 90% for semi-arid, dry-transition and sub-humid climate conditions, respectively) to
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approximately 0% tree cover. Site characteristics (e.g. dominance of Quercus ilex, vegetation

condition, soil type) were subsequently verified in the field. A total of 138 sites (53, 51 and 34 sites

for semi-arid, dry-transition and sub-humid conditions, respectively) of 231 x 231 m were selected. In

order to increase the independence of the plots, no single plot shared any side with the other plots. Site

coordinates and general characteristics are detailed below in Table Al of this appendix. The AEMET

identification codes, coordinates and elevation of the 9 weather stations that were applied in this study

are also detailed below in Table A2 of this appendix.

Table Al. Site center coordinates (UTM WGS84, Zone 30 North) and general characteristics (i.e.
elevation; slope angle; mean annual precipitation, MAP; potential evapotranspiration, PET; MAP/PET
ratio; mean annual temperature, MAT; tree cover, TC; and deforestation level, DI) for the 138 holm
oak study sites. Each site has a size of 231 x 231 m.

Site Easting Northing Elevat.! Slope! MAP?> PET? MAT? TC* s
D (m) m)  (masl) ) (mm) (mm) VAPPET ooy g D
Semi-arid sites (MAP/PET 0.35-0.50)

S1 632004 4483237 1268 3.1 440 926 0.48 10.7 304 0.43
S2 632004 4482310 1246 2.9 442 924 0.48 108 404 0.25
S3 632236 4482079 1227 6.1 438 921 0.48 108 411 0.23
S4 633394 4483237 1257 5.6 425 923 0.46 106 52.7 0.02
S5 633857 4483005 1260 3.4 379 924 0.41 107 356 034
S6 634552 4501769 1175 4.3 444 926 0.48 10.7 440 0.18
S7 634784 4482079 1267 3.3 432 925 0.47 10.7 43.0 0.20
S8 635016 4501769 1195 5.0 449 926 0.48 10.7 427 0.21
S9 635016 4482774 1290 2.7 423 925 0.46 106 352 0.34
S10 636869 4497600 1147 6.9 449 929 0.48 11.0 394 0.27
S11 636869 4495283 1200 6.2 350 929 0.38 104 455 0.15
S12 637101 4497831 1155 2.1 448 923 0.49 11.0 340 0.37
S13 637332 4489955 1162 4.9 425 923 0.46 106 318 041
S14 637332 4479530 1206 3.1 432 915 0.47 109 313 042
S15 637564 4498063 1139 3.1 448 923 0.49 11.0 354 034
S16 637564 4479994 1209 2.6 433 913 0.47 109 38.0 0.29
S17 637796 4489955 1143 5.3 423 919 0.46 108 306 0.43
S18 638027 4490187 1147 5.6 430 920 0.47 10.7 320 0.40
S19 638491 4489260 1133 3.3 432 920 0.47 10.7 28.9 0.46
S20 638722 4489028 1121 4.0 435 919 0.47 108 16.6 0.69
S21 638954 4491345 1118 2.4 444 925 0.48 10.7 2.2 0.96
S22 638954 4488565 1112 4.2 450 929 0.48 108 19.7 0.63
S23 639186 4492040 1073 6.5 446 920 0.48 10.7 0.1 1.00
S24 639186 4491577 1118 14 437 927 0.47 10.7 16 0.97
S25 639186 4491113 1119 2.1 424 926 0.46 10.7 134 0.75
S26 639186 4486943 1126 6.4 449 926 0.48 109 16.0 0.70
S27 639417 4490650 1109 4.3 434 929 0.47 10.7 3.7 0.93
S28 639417 4486712 1115 5.7 429 929 0.46 11.0 104 0.81
S29 639881 4491577 1063 6.4 439 927 0.47 10.6 0.0 1.00
S30 639881 4486480 1099 4.5 423 929 0.46 11.0 0.6 0.99
S31 640112 4491113 1067 7.3 430 929 0.46 10.6 0.3 1.00
S32 640344 4501306 984 2.9 442 928 0.48 11.6 0.3 0.99
S33 640344 4489723 1091 5.2 459 927 0.5 10.8 6.3 0.88
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Table Al continuation (1).

Site

Easting Northing Elevat.! Slope' MAP?

PET®

MAT?

TC*

5
D (m) m)  (masl) © (mm) (mm) VAPPET ooy (g P
Semi-arid sites (MAP/PET 0.35-0.50)
S34 640575 4489492 1081 5.0 411 928 0.44 10.8 40 0.93
S35 640807 4489260 1065 5.4 414 927 0.45 10.9 26 0.95
S36 641039 4483932 1096 6.1 423 929 0.46 11.1 142 0.74
S37 641502 4489260 1050 4.6 413 930 0.44 11.0 0.1 1.00
S38 641502 4483469 1074 5.7 413 931 0.44 11.2 2.8 0.95
S39 641734 4483237 1072 6.3 410 929 0.44 11.3 0.6 0.99
S40 651695 4466326 1124 2.9 440 929 0.47 11.7 154 0.71
S41 651927 4466094 1116 2.0 441 930 0.47 11.7 11.8 0.78
S42 652158 4466558 1077 5.6 444 932 0.48 11.8 354 034
S43 652390 4466094 1088 4.9 447 933 0.48 11.7 412 0.23
S44 653317 4465399 1070 2.5 431 933 0.46 120 410 024
S45 654012 4483932 1204 5.3 429 935 0.46 109 195 0.64
S46 633394 4482310 1232 4.6 433 936 0.46 108 284 047
S47 633857 4482310 1235 2.8 428 937 0.46 108 145 0.73
S48 634089 4482079 1233 55 436 938 0.46 108 209 061
S49 635016 4481384 1246 3.5 426 938 0.45 108 28.6 047
S50 636869 4490187 1191 3.8 443 940 0.47 105 346 0.36
S51 637101 4492272 1188 6.3 444 940 0.47 104 36.7 0.32
S52 637796 4481384 1235 51 433 943 0.46 108 37.7 0.30
S53 639186 4481152 1210 3.7 423 909 0.47 109 325 0.39
Dry-transition sites (MAP/PET 0.50-0.60)
S54 606290 4539066 1168 2.1 508 941 0.54 11.1 0.7 0.99
S55 606522 4538603 1162 1.1 505 939 0.54 11.1 02 1.00
S56 606754 4538834 1163 1.1 500 939 0.53 11.1 0.9 0.99
S57 606985 4539298 1176 21 501 939 0.53 11.1 390 048
S58 606985 4538603 1163 1.1 503 941 0.53 11.1 0.2 1.00
S59 607217 4539066 1163 3.3 504 941 0.54 11.1  30.3 0.59
S60 607449 4537908 1157 3.3 515 940 0.55 11.1 0.0 1.00
S61 607680 4538139 1153 34 506 939 0.54 11.1 05 0.99
S62 607680 4537676 1147 4.3 509 940 0.54 11.1 0.0 1.00
S63 607912 4537908 1150 29 503 939 0.54 11.1 0.6 0.99
S64 607912 4537445 1143 3.2 507 942 0.54 11.1 0.1 1.00
S65 608144 4538834 1146 3.6 490 941 0.52 11.1  20.0 0.73
S66 608144 4538139 1133 55 505 943 0.54 11.1 1.8 0.98
S67 608144 4537676 1144 3.1 506 942 0.54 11.1 0.4 0.99
S68 608144 4537213 1134 3.9 503 943 0.53 11.1 0.1 1.00
S69 608375 4538603 1138 39 507 940 0.54 111 214 071
S70 608375 4537908 1133 2.8 503 942 0.53 11.1 04 099
S71 608375 4537445 1136 39 502 942 0.53 11.1 05 0.99
S72 608607 4539298 1140 4.3 497 945 0.53 11.1 269 0.64
S73 608607 4536981 1114 5.6 507 941 0.54 11.1 0.0 1.00
S74 609070 4536981 1111 4.2 504 942 0.54 11.1 0.0 1.00
S75 609302 4538603 1128 48 497 943 0.53 11.1 147 0.80
S76 609765 4538834 1140 3.8 495 940 0.53 11.1 231 0.69
S77 612545 4537908 1118 5.7 494 947 0.52 11.1 1.0 0.99
S78 612777 4537676 1114 4.2 494 948 0.52 11.1 22 097
S79 612777 4536981 1109 2.3 497 943 0.53 11.1 0.0 1.00
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Table Al continuation (2).

Site Easting Northing Elevat.! Slope! MAP? PET? MAT? TC* 5
D (m) m)  (masl) © (mm) (mm) VAPPET ooy (g P
S80 613240 4536750 1107 15 496 943 0.53 11.1 0.1 1.00
S81 613703 4537213 1099 2.2 492 9241 0.52 111 0.1 1.00
S82 614630 4536981 1081 2.7 497 940 0.53 11.1 22 0.97
S83 615557 4536750 1069 5.2 495 939 0.53 11.1 55 0.93
S84 679957 4446404 1182 1.8 517 939 0.55 115 584 0.22
S85 680189 4446635 1174 2.5 523 939 0.56 116 61.7 0.17
S86 680189 4446172 1179 3.2 520 940 0.55 115 641 0.14
S87 680189 4445709 1190 3.8 491 940 0.52 114 518 0.30
S88 680420 4446404 1169 2.2 528 922 0.57 116 584 0.21
S89 680420 4445940 1180 2.8 508 923 0.55 115 658 0.12
S90 680652 4446635 1159 2.5 495 922 0.54 11.7 744 0.00
S91 680652 4445709 1179 2.4 506 920 0.55 115 624 0.16
S92 680884 4446404 1157 2.3 505 922 0.55 11.7 68.1 0.09
S93 680884 4445940 1164 5.0 500 921 0.54 116 571 0.23
S94 680884 4445477 1170 2.9 512 924 0.55 116 585 0.21
S95 681347 4447330 1090 4.3 498 922 0.54 11.8 499 0.33
S96 681347 4445940 1166 4.4 495 923 0.54 11.7 46.0 0.38
S97 681579 4445709 1162 4.2 494 923 0.54 11.8 646 0.13
S98 681810 4445477 1138 5.6 479 923 0.52 11.8 527 0.29
S99 683432 4446404 1043 6.4 504 932 0.54 121 420 044
S100 683664 4446172 1025 4.0 496 925 0.54 121 611 0.18
S101 607449 4539298 1167 3.1 499 926 0.54 111 264 0.65
S102 607680 4539066 1159 2.6 513 927 0.55 111 164 0.78
S103 607912 4539298 1164 2.3 490 938 0.52 111 36.0 0.52
S104 608839 4539066 1121 5.8 499 938 0.53 111 332 0.55

Sub-humid sites (MAP/PET 0.65-0.75)
S105 597024 4501769 1423 4.8 655 928 0.71 9.7 59.7 0.31
S106 601657 4501769 1431 4.5 623 929 0.67 9.7 66.7 0.23
S107 601889 4502001 1438 2.3 619 881 0.70 9.7 673 0.22
S108 602121 4503854 1399 4.8 647 932 0.69 9.8 734 0.15
S109 602816 4502928 1424 3.3 606 928 0.65 9.7 596 0.31
S110 602816 4502464 1443 2.5 607 926 0.66 9.7 556 0.36
S111 603047 4502696 1435 3.0 607 935 0.65 9.7 525 0.39
S112 603279 4503854 1377 2.6 614 925 0.66 99 489 043
S113 603510 4504318 1357 2.8 606 924 0.66 101 546 0.37
S114 604437 4503623 1388 2.8 631 924 0.68 100 615 0.29
S115 604437 4503159 1394 4.9 643 930 0.69 98 70.2 0.19
S116 604669 4503391 1380 4.4 612 933 0.66 100 536 0.38
S117 729763 4485090 1267 54 608 929 0.65 10.9 0.0 1.00
S118 730226 4478835 1269 4.8 652 873 0.75 104 81.2 0.06
S119 730458 4477214 1214 4.2 655 870 0.75 105 696 0.20
S120 730690 4478835 1245 4.3 654 872 0.75 105 549 0.37
S121 730921 4477214 1194 2.3 640 872 0.73 108 31.7 0.63
S122 731153 4478604 1267 4.2 622 876 0.71 106 70.3 0.19
S123 731153 4477909 1211 4.8 630 876 0.72 10.7 86.5 0.00
S124 731616 4482310 1125 5.8 645 877 0.74 11.3 396 054
S125 731616 4477214 1180 2.1 634 888 0.71 10.8 26 0.97
S126 731848 4476982 1177 2.3 634 881 0.72 10.8 24 0.97
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Table Al continuation (3).
Site Easting Northing Elevat.! Slope! MAP? PET? MAT? TC*

5
D (m) m  (masl) © (mm) (mm) VAPPET Tocy o D
S127 731848 4475592 1196 33 613 882 070 109 27.0 069
S128 732080 4475129 1177 14 633 88l 072 111 115 087
S129 732311 4477677 1184 39 665 883 075  11.0 18 0.98
S130 732311 4476519 1164 38 646 884 073  11.0 72 092
S131 732311 4476056 1167 14 638 885 072 109 0.7 0.99
S132 732543 4481615 1149 46 634 884 072 109 66 092
S133 732543 4476751 1160 15 640 885 072  11.0 16 0.98
S134 733006 4480920 1142 16 627 886 071  11.0 21 098
S135 733933 4476519 1193 48 627 885 071 108 177 0.80
S136 736481 4483237 1261 31 605 870 070  11.0 01 1.00
S137 736713 4483469 1258 25 638 871 073 112 01 1.00
S138 736945 4483005 1253 20 646 871 074 111 00 1.00

Notes: (*) Elevation and slope angle values were taken from the PNOT MDT25 digital elevation model
(25 m resolution, RMSE 50 cm); (3 mean annual precipitation (MAP) and temperature (MAT) values
were taken from the Digital Climatic Atlas of the Iberian Peninsula (Ninyerola and others 2005); (°)
Hargreaves’ potential evapotranspiration (PET) values were taken from the CGIAR global-PET
dataset (Trabucco and Zomer 2009); (%) tree cover (TC) values were determined by applying
supervised classification to recent high-resolution (50 cm) digital orthophotos (details in the methods
of the paper); (°) local deforestation levels (DI) for the sites were calculated by balancing site tree cover
by the maximum tree cover found for each aridity level (53%, 75% and 87% for semi-arid, dry-
transition and sub-humid conditions, respectively) following equation 1 (details in the methods of the

paper).

Table A2. Station coordinates (UTM WGS84, Zone 30 North), elevation and identification for the 9
AEMET weather stations used to obtain the rainfall records for this study.

Station ID Ezz?;[]l)ng No(rrtrr:)lng %rlﬁ\;a??? Name of town/location
8355 629414 4491331 1410 Pozonddn
8356U 654574 4469197 920 San Blas
84630 686070 4445844 981 Sarrion
9358G 612523 4543801 1090 Torralba de los Frailes
8489A 732768 4479473 1131 Villafranca del Cid
9358l 609067 4546895 990 Aldehuela de Liestos
3003B 592776 4494424 1192 Peralejo de las Truchas
9372 644930 4479802 1023 Cella
9375C 643663 4495001 980 Torremocha del Jiloca
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Appendix B: This appendix contains a complementary analysis on the influence of site distance to
the nearest human settlements (as a proxy of human disturbance) and landscape geomorphology on

the spatial variations of vegetation condition for our study sites

Objective of analysis:

The objective of this complementary analysis was to test for the assumption that disturbance intensity
as it is measured in this study is a consequence of local deforestation by human activities (i.e.
agriculture, livestock and fuel wood consumption) typically nucleated in the proximity of the villages,
and is not a consequence of other environmental factors linked to site geomorphology (i.e. hillslope

gradient and aspect).

Data sources for analysis:

We quantified site distances to the nearest human settlements (i.e. rural towns and hamlets) in the
region by applying GIS spatial analysis. Those distances were further used as a proxy of human
influence for the analysis of tree cover patterns in our sites. Geomorphological information (i.e. mean
slope gradient and aspect) for each study site was obtained from the Digital Elevation Model MDT25
(25 m resolution, mean square error 50 cm) developed with LIDAR technologies within the Spanish
National Plan for Earth Observation (PNOA) and distributed by the Spanish National Geographic
Institute (IGN). Tree cover values were determined by applying supervised classification to recent
high-resolution (50 cm) digital orthophotos (details in the methods of the paper).

Statistical methods:

We applied a linear mixed model (LMM) with slope angle (°), aspect (°), and site distance to the nearest
human settlement (Dws, km) as continuous (fixed) predictors for tree cover (TC, %). Human settlement
was applied as a random variable in the LMM to account for pattern variations between different
towns/villages. Site aspect was cosine-transformed, taking values ranging from 1 to -1 for North and

South aspect, respectively.

Results and Discussion:

Neither slope angle (F1, 120=2.76, P=0.10) nor aspect (F1, 120=0.54, P=0.46) showed significant effects
on tree cover for our study sites. Site distance to the nearest human settlement significantly impacted
site vegetation conditions (F1,120=5.65, P=0.02), by increasing tree cover (fixed-term slope 5.21+2.19).
A good example of this effect is illustrated by the group of sites located in the vicinity of Santa Eulalia,
within the valley of the Jiloca River (Fig. Bla). Tree cover strongly increased with site distance from
the town center (Fig. B1b). This effect responds to the traditional patterns of land use in rural
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settlements for important areas of the Iberian Peninsula and the Mediterranean basin (Grove and
Rackham 2001, Millington and others 2008, Barton and others 2010), where human activities (i.e.
agriculture, livestock and fuel wood consumption) are typically concentrated in the proximity of the
villages. Overall, these results indicated a major role of site distance to the human settlements for
organizing tree cover in our study sites, pointing out that variations of tree cover within each town
vicinity reflect local intensity levels of human disturbance.

30 7

Tree cover, TC (%)
N
o

10 7

o1 © dBé%
T T T T

2 3 4 5 6 7
Site distance to nearest human settlement, D, (km)

Figure B1. Impact of site distance to the closest human settlement (Dns, km) on tree cover (TC, %) for
19 sites located nearby Santa Eulalia (Jiloca River valley): (a) site locations; (b) relation between tree
cover and site distance to the town center. The yellow frames in (a) indicate the 19 sites (each 231 x

231 m). Source for background image in (a): 2012 PNOA aerial picture (IBERPIX platform,
http://www.ign.es/iberpix2/visor/).

References

Barton CM, Ullah |1, Bergin S. 2010. Land use, water and Mediterranean landscapes: modelling long-
term dynamics of complex socio-ecological systems. Philos Trans R Soc A-Math Phys Eng Sci
368:5275-97.

Grove AT, Rackham O. 2001. The nature of Mediterranean Europe: an ecological history. New Haven:
Yale University Press.

Millington J, Romero-Calcerrada R, Wainwright J, Perry G. 2008. An agent-based model of
Mediterranean agricultural land-use/cover change for examining wildfire risk. JASSS J Artif Soc
S 11:4. http://jasss.soc.surrey.ac.uk/11/4/4.html.

Appendix B, page 2



Appendix C: This appendix contains an extended description of the methods for data analysis,
including fully explicit equations for the modelled PUE-DI relationships

Our data analysis methods were built on the hypothesis that aridity largely influences the response of
vegetation PUE to human disturbance for our 138 study Iberian holm oak landscapes, with the less
arid, sub-humid extreme of the gradient showing linear reductions of landscape functionality with
disturbance (Fig. C1, degradation trend 1), and the semi-arid extreme showing accelerated, non-linear

loss of ecosystem function (Fig. C1, degradation trend 2).

Figure  CL. Conceptual model
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The relationship between precipitation-use efficiency (PUE) and disturbance intensity (as described
by the local deforestation level, DI) for our holm oak sites was modelled to fit a quadratic function,
allowing for separate, specific relationships for each climate aridity type (semi-arid, dry-transition and
sub-humid). We averaged the PUE values over the 14 hydrological years to model the mean trend,
yielding a single value for each of the 138 sites. We fitted the following model:
E(PUE) = Bo + Bilsa + B2Ipr + BsDl + B4DI? + BslsoDI+Belpr DI + By IsoDI? + Bglpy DI?
(equation C1),

where E(PUE) is the mean precipitation use efficiency (10 mm™); Isa is a dummy indicator variable
for the semi-arid climate type (Isa=1 if the site is under semi-arid climate and O otherwise); Ipt is an
indicator variable of the dry-transition climate type (Ior=1 if the site is under dry-transition climate
and 0 otherwise); DI is the disturbance intensity index; and fo through fs are parameters to be

estimated.

The null hypothesis that the quadratic term was the same for the three climate types was rejected (Ho:
[7=ps=0, P=0.048, F=3.1 on 2 and 128 d.f.), indicating that each climate type required separate

quadratic functions. The (intercept, linear and quadratic term) coefficients (as well as their standard
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errors) of the separate functions were estimated as linear combinations of the § parameters from the
overall model (equation C1), given the following model structure for each climate type:
Sub-humid conditions:
E(PUE |Is4 =0, Ipy = 0) = By + 3Dl + B,DI? (equation C2),

Dry-transition conditions:

E(PUE |Isy =0, Ipy = 1) = (Bo + B2) + (B3 + B6)DL + (B4 + Bg) DI (equation C3),
Semi-arid conditions:

E(PUE |Isy =1, Ipy =0) = (Bo + B1) + (B3 + Bs)DL + (B4 + B7)DI? (equation C4).

We extended equation C1 to account for the influence of the type of hydrological year (dry versus wet
years along the study period) on the PUE-DI relationship. We averaged the values of PUE for dry (wet)
years with below-average (above-average) precipitation of the 1998-2014 series and extended the
model by adding a dummy indicator variable for type of year as well as all its interactions with climate
aridity type and the linear and quadratic terms of the function, totaling 9 additional parameters. In
addition, the model included a random effect for site to account for the lack of independence between
dry and wet observations from the same site, given the following structure:
PUE;j = Bo + Bilsa;; + B2lpr; + ﬂ3lDryij + B4Dl;j + BsDIF; + ﬁsISAijIDryij + ﬁ7IDTijIDryl-j +
Bslsa;;Dlij + Bolpr;;Dlij + ﬁlOISAileizj + ﬁllIDTileizj + BlZIDryileij + Bl3IDryilei2j +
51415Aij1Dryileij + BISIDTijIDryileij + ﬁl6ISAij1Dryilei2j + ﬁ17IDTijIDryilei2j tu; + e
(equation C5),
where the subindex i denotes the site and j whether the observation corresponds to the wet or dry year
average; PUE represents the precipitation-use efficiency value (102 mm™); Isaij and lotij are the
dummy indicator variables for the semi-arid and dry-transition climate types, respectively; Dljj is the
local deforestation level of the sites; lpryij is the dummy indicator variable for dry hydrological year

(Iory=1 for dry and O for wet); u; is the site random effect component; and ejj is the residual error.

The number of dry years was different among sites, ranging between 4 and 6 (out of 14), and so the
PUE averages for modelling the mean PUE-DI trends were based on different sample sizes for each
site and type of hydrological year. Thus, we fitted a weighted model, with weights proportional to the
number of observations used to compute the average responses. The null hypothesis that the quadratic
term was the same for the two types of hydrological year was rejected (P=0.015, F=4.3 on 2 and 137
d.f.), indicating that each combination of climate and hydrological year type required separate
quadratic functions. We estimated the (intercept, linear and quadratic term) coefficients (as well as

their standard errors) of the separate functions as linear combinations of the parameters from the
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extended model (equation C5), given the following mean trend structure for each combination of
climate and hydrological year type:
Sub-humid conditions, wet year:
E(PUE | Isy =0, Ipr =0, Ipy, = 0) = By + 4Dl + BsDI*  (equation CB),
Sub-humid conditions, dry year:
E(PUE |Isq = 0, Ipyp = 0, Ippy = 1) = (Bo + B3) + (B4 + B12) DL + (Bs + B13)DI* (equation C7),
Dry-transition conditions, wet year:
E(PUE |Isq = 0, Ipy = 1, Ippy, = 0) = (Bo + B2) + (B4 + Bo)DL + (Bs + B11)DI*  (equation C8),
Dry-transition conditions, dry year:
E(PUE |Is4 =0, Ipp =1, Ipyy = 1) = (Bo + B2 + B3 + B7) + (Ba + Bo + P12 + B15)DL +
(Bs + P11 + Bis + B17)DI?>  (equation C9),
Semi-arid conditions, wet year:
E(PUE |Is4 =1, Ipr =0, Ipyy, = 0) = (Bo + 1) + (B + Be)DL + (Bs + P10)DI*  (equation C10),
Semi-arid conditions, dry year:
E(PUE | Isa =1, Ipr =0, Ippy = 1) = (Bo + B1+ B3+ Bs) + (Bs+ Bg + P12 + Pr14)DL +
(Bs + Bio + Bis + B1s)DI*  (equation C11).

Goodness of fit for the general PUE-DI model (equation C1) was assessed using the coefficient of
determination (R?). Similarly, marginal and conditional R? were calculated for the extended PUE-DI

model with mixed-effect structure (equation C5).

Variations in the explored ecosystem degradation trends were assessed by evaluating the size (absolute
values) and statistical significance of the coefficients for the separate PUE-DI functions. Particularly,
statistical significance for the quadratic terms in the modelled separate PUE-DI functions provided
evidence for the occurrence of non-linear, accelerated loss of ecosystem functionality in response to
the effect of disturbance. Furthermore, the size of the quadratic terms in the separate PUE-DI functions

was used to evaluate the abruptness (or curvature) of the studied ecosystem degradation trends.
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