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• Shrub encroachment is a worldwide
phenomenon that affects many ecosys-
tem services.

• Its causes need to be better understood
and quantified in the Mediterranean
Basin.

• We studied its drivers, and impact on
plant functional traits in Holm-oak
woodlands.

• We found that topo-edaphic factors, not
climate, largely predict shrub encroach-
ment.

• Wehelp to predict encroachment under
climate change and to improvemanage-
ment actions.
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Shrub encroachment influences several ecosystem services in drylands worldwide. Yet, commonly used strate-
gies to reduce encroachment show a low medium-term success, calling for a better understanding of its causes.
Previous works identified multiple drivers responsible for this phenomenon, including anthropogenic and envi-
ronmental causes. However, the relative effect of climate, topography and edaphic factors on shrub encroach-
ment is not fully understood nor has been properly quantified in Mediterranean Basin drylands. Also,
understanding how these drivers lead to changes in plant communities' functional traits associated to shrub en-
croachment is crucial, considering traits influence ecosystem processes and associated ecosystem services. Here,
we studied the understory of a Mediterranean dryland ecosystem composed of savanna-like Holm-oak wood-
lands, along a regional climatic gradient. We specifically assessed (i) how climatic, topographic and edaphic fac-
tors influence understory relative shrub cover (RSC) and (ii) their direct and indirect effects (via RSC) on plant
functional traits. We studied the mean and diversity of 12 functional traits related to plant regeneration, estab-
lishment, and dispersal, at the community-level. We found that, under similar low-intensity land use, topo-
graphic and edaphic factors, namely slope variations and soil C:N ratio, were the most important predictors of
shrub encroachment, determining communities' functional characteristics. Climate, namely summer precipita-
tion, had a much lesser influence. Our model explained 52% of the variation in relative shrub cover. Climate
had a stronger effect on a set of functional traits weakly involved in shrub encroachment, related to flowering
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and dispersal strategies. We show that shrub encroachment is largely predicted by topo-edaphic factors inMed-
iterranean drylands subject to conventional low-intensity land use. Hence, management strategies to reduce en-
croachment need to take these drivers into account for efficient forecasting and higher cost-effectiveness. Our
results suggest that climate change might not greatly impact shrub encroachment in the Mediterranean Basin,
but may affect functional structure and reduce functional diversity of plant communities, thus affecting ecosys-
tem functioning.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Shrub encroachment, defined as the increase in density, cover and
biomass of native woody species (Van Auken, 2009), has been inten-
sively debated in recent literature (Eldridge et al., 2011; Sala and
Maestre, 2014; Eldridge and Soliveres, 2015; Maestre et al., 2016). It
has been reported mostly for dryland ecosystems, e.g. in North
America (Van Auken, 2009), Australia (Eldridge and Soliveres, 2015),
South Africa (Roques et al., 2001) and in the Mediterranean Basin
(Castro and Freitas, 2009; Maestre et al., 2009; Caldeira et al., 2015).
Shrub encroachment results fromboth natural and human-induced fac-
tors that are difficult to disentangle, leading to apparently contradictory
results. Long-term overgrazing has been often considered a cause of
shrub encroachment in grasslands in western United States or in south-
ern Africa drylands (Schlesinger et al., 1990; Roques et al., 2001; MEA,
2005; Van Auken, 2009). Contrastingly, in the Mediterranean Basin,
shrub encroachment is seen as a consequence of grazing exclusion
(Castro and Freitas, 2009) or of the abandonment of the land, ceasing
active shrub removal (Maestre and Cortina, 2005), i.e. as an expected
outcome of a secondary succession. It has been also associated to past
shrub clearing, reduced fire frequency, increases in CO2, N deposition
and long-term climate change (Archer, 2010).

At a global scale, mean annual precipitation sets an upper limit for
woody cover (shrubs or trees) (Sankaran et al., 2005; Hirota et al.,
2011). However, locally, topography and soil characteristics limit this
potential (Colgan et al., 2012; Sala and Maestre, 2014), particularly in
water-limited ecosystems (Gómez-Plaza et al., 2001), because they
largely determine water availability to plants. Finally, biotic-abiotic in-
teractions may also influence shrub cover through positive feed-backs.
Shrub colonization may lead to a more heterogeneous distribution of
soil water and nutrients, thus promoting further shrub encroachment
(Schlesinger et al., 1990). In short, shrub encroachment depends on
multiple factors, varying with the historical management (e.g. grazing
pressure), environmental conditions (e.g. climate, soil properties, to-
pography) and the scale of analysis (e.g. landscape or patch level)
(Eldridge et al., 2011; Eldridge and Soliveres, 2015).

Shrub encroachment has been described as a land degradation pro-
cess (Schlesinger et al., 1990;MEA, 2005),mostly from the point of view
of livestock production, a primary use of drylands. However, it may im-
prove carbon sequestration (Daryanto et al., 2013), soil fertility and N
mineralization rate (Maestre et al., 2009; Gómez-Rey et al., 2013), hav-
ing a beneficial effect on ecosystem functioning at least until a certain
threshold of relative woody cover (41–60%) is reached (Soliveres
et al., 2014; López-Díaz et al., 2015). Several previous works support
the idea that the consequences of shrub encroachment are context-
dependent, varying e.g. with precipitation (Jackson et al., 2002; Knapp
et al., 2008; Anadón et al., 2014). Recent works suggest that the effect
of shrub encroachment on ecosystem functioning largely depends on
the functional traits of the woody and herbaceous species involved
(Rivest et al. 2011; Rolo et al., 2012; Soliveres et al., 2014; Maestre
et al., 2016), which largely influence ecosystem processes (Díaz et al.,
2007; de Bello et al., 2010). Shrub encroachment should involve
changes in community functional traits that co-vary among shrub and
herbaceous growth-forms, such as plant height, life-cycle, root depth,
and specific leaf area (Valencia et al., 2015), reflecting trade-offs in re-
source allocation patterns (Díaz et al., 2016).
Previous studies addressed the effects of multiple factors on shrub
encroachment, mainly from outside of the Mediterranean Basin
(Roques et al., 2001; D'odorico et al., 2012; Iannone et al., 2015). Some
of them predict its increase under a climate change scenario of in-
creased aridity (D'odorico et al., 2012), like the one forecasted for Med-
iterranean Basin drylands (Huang et al., 2016). However, to our
knowledge, none has quantified jointly the relative effect of climate, to-
pography and edaphic factors on shrub encroachment and associated
changes in community functional traits in Mediterranean Basin dry-
lands. We propose to overcome this knowledge gap by studying the
plant community of savanna-like Holm-oak woodlands along a spatial
climatic gradient, comprising sites with varying topo-edaphic charac-
teristics. Hence, we adopted a ‘space-for-time substitution’, assessing
changes along space to infer changes over time (Blois et al., 2013).
Holm-oak woodlands consist of scattered trees with an understory of
semi-natural grasslands and shrubland patches, and have a traditional
low intensity silvo-pastoral use. These heterogeneous savanna-like eco-
systems are calledmontados in Portugal or dehesas in Spain, and support
a remarkably rich biodiversity, being very important for the economy of
rural areas (Pereira and Da Fonseca, 2003). Specifically, we assessed
(i) how climatic, topographic and edaphic factors influence relative
shrub cover and (ii) their direct and indirect effects (via relative shrub
cover) on plant functional traits. We studied the mean and diversity of
12 functional traits related to plant establishment, persistence, regener-
ation, and dispersal, at the community level. To test direct and indirect
effects of environmental drivers on the plant community we built an a
priori causalmodel based on our results andon observations of previous
studies, using structural equation modelling (SEMmodel) (Grace et al.,
2012). Under similar low-intensity land use, climate and topo-edaphic
variables are expected to exert a strong control on relative shrub
cover (Sala andMaestre, 2014) at a regional and local scale, respectively.
Our first hypothesis is that local topo-edaphic factors are as important
as climate, as drivers of shrub encroachment. Grass and shrub-
dominated communities are expected to differ considerably in func-
tional traits' means and diversity. Because functional traits are linked
to ecosystem processes (e.g. primary productivity, decomposition) (de
Bello et al., 2010), this information can provide clues about the conse-
quences of shrub encroachment for ecosystem functioning. In addition,
it is important to disentanglewhich functional consequences aremostly
driven by local environmental factors, from those due to regional filters,
i.e. climatic variables. Our second hypothesis is that the community re-
sponse to local environmental filters via changes in relative shrub cover
(i.e. indirectly)will affect a different set of functional traits than that due
to regional climatic filters.

2. Methods

2.1. Study sites and environmental variables

The study was developed in Mediterranean drylands dominated by
Holm-oak woodlands (Quercus ilex L. subsp. rotundifolia) in southwest-
ern Iberian Peninsula. Field samplingwas carried out in 54 sites selected
along a regional climatic gradient. A stratified random selection of sites
along amacroclimatic gradient was made (Fig. S1), based on the United
Nations aridity index (AI) (Middleton and Thomas, 1992). The AI repre-
sents the ratio of mean annual precipitation to annual potential
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evapotranspiration, and the lower the index value, the higher the arid-
ity. The global aridity database (http://www.cgiar-csi.org/data/global-
aridity-and-pet-database) (Trabucco and Zomer, 2009) was used to re-
trieve AI data for the period 1950–2000. Along the study area AI ranged
from 0.42 to 0.56. The selection of the sampling sites wasmade in order
to ensure that they had no agricultural activities over the last five years,
and moderate to low grazing intensity (see Nunes et al., 2017 for more
details about sampling site selection). We sampled the understory of
Holm-oak woodlands with a sparse tree cover (b40 trees/ha, on aver-
age) (Amaral et al., 1997). Shrub cover ranged from 0% to 87% (average
16%) over all sampling sites. Themost common species in shrub patches
were Cistus ladanifer, Cistus salvifolius and Lavandula stoechas, and
in grassland areas were Brachypodium distachyon, Vulpia geniculata,
Gaudinia fragilis, Leontodon taraxacoides, Tolpis barbata, and
Chamaemelum mixtum.

Sampling siteswere characterized by a set of 19 climate variables ex-
tracted from Worldclim database with a 1 km2 resolution (Hijmans
et al., 2005) (Table S1). Also, three topographic variables were com-
puted for each site based on digital elevation models with 10 m resolu-
tion using ArcGIS 10.1 (ESRI, 2010): local slope values, the standard
deviation of the slope within a 250 m buffer around the sampling site
centroid, and a topographic wetness index (TWI) (Sørensen et al.,
2005), to quantify topographic control on hydrological processes
(Table S1). A higher TWI value indicates a higher potential for runoff.
Soil samples were collected at each site from the upper 10 cm (compos-
ite sample of 5 subsamples). Soil texture (% of sand, clay and silt) and
nutrient content (soil organic matter, soil N, and C:N ratio) were deter-
mined using standard procedures (Table S1). After exploring the corre-
lation among the climatic, topographic and edaphic descriptors at each
site (Tables S2 and S3), we latter summarized them into 8 variables
showing a Pearson's r correlation b0.70, to be used in subsequent anal-
ysis (Table 1).

2.2. Vegetation sampling and community trait metrics

Understory plant samplingwas performed in April–June 2012, at the
peak of standing biomass. Plant cover was assessed using the point–
intercept method, avoiding drainage and flooding areas. Species cover
was estimated along six 20m transects established at each site, in points
spaced every 50 cm (further detail on the sampling scheme may be
found in Nunes et al., 2014). The year in which the sampling
took place had a low average annual precipitation (370 ± 61 mm)
Table 1
Environmental variables selected, their units and range in the study area.

Environmental
variables

Description Range and
units

Climatic
Aridity index Ratio of mean annual precipitation to annual

potential evapotranspiration, for the period
1950–2000

0.42–0.56
(unitless)

Summer
precipitation

Precipitation of driest quarter 17–34 mm

Winter
temperature

Mean temperature of the coldest quarter 9.4–11.3 °C

Topographic
Slope standard
deviation (slope
SD)

Standard deviation of the slope within a 250 m
buffer around the sampling site (based on
digital elevation models, 10 m resolution)

1.16–14.69°

Topographic
wetness index
(TWI)

Ln [(upslope area)/local slope], used to
quantify topographic control on hydrological
processes

6.32–14.44
(unitless)

Edaphic
SOM Soil organic matter content 2.3–15.6%
C:N Soil carbon/nitrogen ratio 6.8–18.1

(unitless)
Sand Soil sand content 17.9–71.4%
when compared to the 50-year mean of the sampling sites altogether
(561 ± 27 mm). We used the dominant species attaining ≥80% of the
relative cover to characterize communities' functional traits (Pakeman
and Quested, 2007) (95 species overall, and 30 ± 9 per site). Plant
trait selection was based on plant strategies related to establishment,
persistence, regeneration, and dispersal, totaling 12 functional traits
(Table S4). Trait data was obtained through direct measurements in
the field following standard protocols (Pérez-Harguindeguy et al.,
2013), or retrieved from various bibliographic sources (Table S4). We
calculated functional structure and diversity through the community-
weighted-mean (CWM) (Garnier et al., 2007) and functional dispersion
(FDis) (Laliberte and Legendre, 2010), respectively. The CWM is calcu-
lated as the average trait value in a community weighted by the relative
abundance of the species carrying each value (Garnier et al., 2007). FDis
corresponds to the weighted mean distance of individual species from
the weighted centroid of all species in a multidimensional trait space,
where weights are species relative abundances (Laliberte and
Legendre, 2010). It reflects the degree of functional dissimilarity within
the community (Laliberte and Legendre, 2010), and a higher FDis is ex-
pected to lead to increased complementarity in resource use between
species and thus to increased ecosystem functioning (Tilman et al.,
1997). Mean trait values per species were used to compute functional
metrics. Prior to analysis, continuous traits were log transformed. To
deal with continuous, ordinal, and categorical variables, as well as
with missing values, the Gower distance was used in calculations. All
calculations were done using the dbFD function of the FD package
(Laliberté et al., 2014) in R (R Core Team, 2015).

2.3. Statistical analyses

We first analysed relative shrub cover through linear regression
using the selected climatic (aridity index, summer precipitation, winter
temperature), topographic (slope standard deviation, topographic wet-
ness index) and edaphic (soil organic matter, C:N ratio, and sand con-
tent) predictors (Table 1), as well as two-way interactions among
them.We also included a quadratic term for aridity, to account for non-
linear responses (Gross et al., 2013). Correlation among the predictors
was below Pearson's r 0.7 in all cases (Tables S2 and S3). We used a
multi-model inference approach and the best model was selected
based on the Akaike information criterion (AIC), after ensuring no sig-
nificantmulticollinearity through variance inflation factors (VIF). After-
wards, we built regression models for the functional trait metrics using
the same predictors and procedure. As we found strong correlations be-
tween some trait functional metrics (Tables S5 and S6), we conducted
two principal component analyses (PCA), based on correlationmatrices,
using separately CWMand FD values of all traitsmeasured. This allowed
us to summarize trait variation, and identify the most informative axes
of functional specialization (Díaz et al., 2016). We then used the two
first PCA components of each analysis as a measure of the CWM and
the FD of each community, i.e., as response variables (see Valencia
et al., 2015 for a similar approach). Then, we used a variance decompo-
sition analysis based on the best models selected to obtain the percent-
age of variance explained by climatic and topo-edaphic predictors and
their interactions (Dubuis et al., 2013). Finally, to identify the mecha-
nisms that control shrub encroachment, and to test direct and indirect
effects (i.e., via changes in relative shrub cover) of climatic and topo-
edaphic factors on the functional traits of the plant community, we
used structural equation modelling (SEM). This approach is well suited
for studying hypotheses about processes with complex causal connec-
tions (Grace et al., 2012). It allows separating the direct and indirect ef-
fects of the predictors included in a model and estimating the strengths
of multiple effects. We established an a priori model based on our cur-
rent knowledge and on the best regression models previously built for
each response variable. We hypothesized that (i) climatic and topo-
edaphic variables would directly affect relative shrub cover and the
functional characteristics of the plant community and (ii) changes in
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Fig. 1.Relative shrub cover variationwith slope standard deviation (slope SD) and soil C:N
ratio. Planes represent the predicted values of a linear regression fitted to both variables.
The colors of the predicted planes change from blue (low values of relative shrub cover)
to red (high values of relative shrub cover).
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functional metrics would be inter-related and largely mediated by
changes in relative shrub cover. Although we admit that other a priori
model structures could be considered, and that assuming cause-effect
relationships from observational studies has its pitfalls, the metrics of
goodness-of-fit of our model, and ecological evidences drawn from
ours and other studies, clearly support the plausibility of the relations
we propose among variables. Beforemodelling, we examined the distri-
butions of all our endogenous variables, and tested their normality. The
first component of the PCA on CWM values was normalized (z-score)
before analyses. To test the overall fit of SEM models we used the chi-
square statistic and its significance (the model is rejected if p-value b

0.05), the comparative fit index (CFI N 0.9), the root mean square
error of approximation index (RMSEA b 0.10) and the standardized
root mean square residual (SRMR b 0.10). Standardized path coeffi-
cients estimated by maximum likelihood were used to measure the di-
rect and indirect effects of the predictors (Grace et al., 2012). These
coefficients are interpreted as the size of an effect that one variable ex-
erts upon another. SEM models were fit using the Lavaan package
(Rosseel, 2012). All the analyses were performed under R statistical en-
vironment (R Core Team, 2015). All the predictors used in modelling
were standardized and normalized (z-score) before analyses.

3. Results

3.1. Relative shrub cover

Variation in relative shrub cover (RSC) was mostly explained by
topo-edaphic variables (64% of the adj. r2 = 0.52), increasing with
slope standard deviation and soil C:N ratio, which showed additive ef-
fects (Table 2, Fig. 1). Lower aridity (higher values of the aridity
index) and lower summer precipitation also contributed to higher
RSC, although climatic predictors explained a small proportion of its
variation along the climatic gradient either per se (15%), or together
with topo-edaphic factors (21%) (Table 2).

3.2. Functional trait metrics

The PCA of the CWMs of all traits segregated two main PCA compo-
nents, which accounted for 57% of the total variance found in the data
(Fig. 2A). The first component, hereafter called ‘CWM-PCA1’, explained
46% of the variance and described a gradient of RSC, being negatively
correlated with it. Communities with lower RSC showed a higher pro-
portion of annuals (graminoids and rosettes), more anemochory dis-
persal and higher SLA; communities with higher RSC showed higher
plant height and maximum root depth, more perennial species and
more barochory dispersal. This was shown by the strong correlations
found between CWM values of these traits and the CWM-PCA1
(Fig. 2A, Table 3). The second component, hereafter called ‘CWM-
Table 2
Summary of the best models selected for each response variable (see Tables S7 and S8 for furth
The proportion of variance explained by topo-edaphic and climatic predictors (and by both) w

Response
variables

Predictors

Topo-edaphic Clima

Slope
SD

Soil
C/N

Slope SD × soil
C/N

Sand Soil C/N ×
Sand

Aridit

Relative shrub
cover

(+) (+) (−)

CWM PCA 1 (−) (−)
CWM PCA 2
FDis PCA 1 (+) (+) (−)
FDis PCA 2 (−) (+) (−) (−)

Aridity represents – the value of the aridity index, so that higher aridity values correspond to d
The highest values of the proportion of the explained variance by different predictors for each
PCA2’, explained 10% of the variance. The traitsmore strongly correlated
with CWM-PCA2 were flowering traits (onset and duration), growth-
form (erect and prostrate), dispersal strategy (ectozoochory) and N-
fixing ability (Fig. 2A, Table 3). Community FDis values were explained
by the two main PCA components, accounting for 62% of the total vari-
ance found in the data (Fig. 2B). The first component, hereafter ‘FDis-
PCA1’, accounted for 42% of the variance and separated communities
based on life-cycle, root depth, height and SLA traits, which showed
the strongest correlations with this axis (Fig. 2B, Table 3). The second
component, hereafter ‘FDis-PCA2’, explained 20% of the variance and
segregated communities according to flowering traits (onset and dura-
tion), seed mass and growth-form, all positively correlated with this
axis (Fig. 2B, Table 3). The first components of both PCAs, i.e. CWM-
PCA1 and FDis-PCA1, were mostly explained by topo-edaphic factors
(64% and 76% of the total variance explained by the models, respec-
tively), while the second PCA components, i.e., CWM-PCA2 and FDis-
PCA2 were best predicted by climatic variables (100% and 61% of the
total variance explained by the models, respectively) (Table 2).

3.3. Structural equation modelling (SEM)

Our a priory SEMs were well fitted to our data, as indicated by
goodness-of-fit statistics (Fig. 3). They explained 54% of the variation
er detail). The sign of the coefficients of the selected predictors in eachmodel is indicated.
as calculated using a variance decomposition analysis based on each model.

Proportion of the explained
variance (%)

tic Topo-edaphic × climatic

y Summer
precip.

Winter
temp.

Slope SD ×
summer
precip.

Ad.
R2

Topo-edaphic Both Climatic

(−) 0.52 64 21 15

(+) (+) 0.55 64 14 22
(−) (−) 0.20 0 0 100

(+) 0.42 76 17 7
(+) 0.36 39 0 61

rier conditions, to facilitate results interpretation.
response variable are highlighted in bold.



Rela�ve shrub cover
A

Rela�ve shrub coverB

Fig. 2. Principal component analysis (PCA) of A) community-weighted mean (CWM) and B) functional dispersion (FDis) trait values. Vectors represent traits described in Table S4.
Abbreviations: Ther = therophyte; Phan = phanerophyte; Cham = chamaephyte; Gram = graminoid; Roset = rosette; Erect = erect; SLA = specific leaf area; Anem =
anemochory; Baro = barochory; Height = height; Rdepht = root depth; Smass = seed mass; Slong = seed persistence; Dispers = dispersal strategy; Lcycle = life cycle; Bflow =
onset of flowering; Dflow = duration of flowering. Study sites are represented by points in a gray scale indicating the class of relative shrub cover (%) at each site (see legend). See
Supporting information Table S5 for correlations among CWM values and Table S6 for correlations among FDis values.
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in RSC, which was mainly driven by topo-edaphic factors. Slope stan-
dard deviation and soil C:N ratio had a strong direct positive effect on
RSC (Fig. 3). On the contrary, summer precipitation had amoderate neg-
ative direct effect on RSC. Changes in RSC largely determined CWM-
PCA1 variation, explaining 98% of its variance through a direct negative
effect (Fig. 3), showing that the effects of topo-edaphic variables and of
summer precipitation on CWM-PCA1 (Fig. S2) were mediated by
changes in RSC. The CWM-PCA2 was related only with climatic factors,
although they were only able to explain 21% of its variation; summer
precipitation and winter temperature had a direct strong andmoderate
negative effect on CWM-PCA2, respectively (Fig. 3). Topo-edaphic fac-
tors were negatively related to FDis-PCA1, explaining 64% of its varia-
tion; about 3% of this effect was direct, through the interaction
between slope standard deviation and soil C:N ratio (although individ-
ually these factors had a marginal positive effect), and 97% indirectly,
via CWM-PCA1 (Fig. 3). FDis-PCA2 was related to climatic factors and
also to CWM-PCA1, which jointly explained 38% of its variation; about
87% of this effects was direct, driven by a marginal positive influence
of summer precipitation and by a negative effect of aridity, and 13%
was due to an indirect positive effect of CWM-PCA1 (Fig. 3).

4. Discussion

The causes of shrub encroachment in Mediterranean Basin drylands
need to be better understood and quantified in order to improve en-
croachment forecasting and the success of removal programmes. Here,



Table 3
Pearson correlation coefficients between community-weighted-means (CWM) and the
two first components of the respective principal component analysis (CWM-PCA1 and
CWM-PCA2); and between functional dispersion (FDis) and the two first components of
the respective principal component analysis (FDis-PCA1 and FDis-PCA2).

Traits Category CWM FDis

PCA1 PCA2 PCA1 PCA2

Life cycle −0.99⁎⁎⁎ −0.02 0.95⁎⁎⁎ 0.04
Life-form Therophyte 0.96⁎⁎⁎ 0.10 0.78⁎⁎⁎ 0.16

Hemicryptoph 0.01 −0.35⁎⁎

Geophyte 0.04 0.05
Chamaephyte −0.34⁎ 0.34⁎

Phanerophyte −0.98⁎⁎⁎ −0.04
Growth-form Bulb 0.04 0.05 0.16 0.68⁎⁎⁎

Erect 0.44⁎⁎ −0.37⁎⁎

Graminoid 0.73⁎⁎⁎ 0.24
Prostrate 0.26 −0.74⁎⁎⁎

Rosette 0.62⁎⁎⁎ 0.19
Shrub −0.99⁎⁎⁎ 0.03

Max. height −0.94⁎⁎⁎ 0.10 0.87⁎⁎⁎ −0.05
SLA 0.94⁎⁎⁎ 0.06 0.84⁎⁎⁎ −0.28⁎

Onset flower. −0.37⁎⁎ 0.67⁎⁎⁎ −0.20 0.79⁎⁎⁎

Duration flower. 0.08 −0.52⁎⁎⁎ −0.08 0.81⁎⁎⁎

Dispers. strategy Anemochory 0.95⁎⁎⁎ 0.23 0.79⁎⁎⁎ 0.23
Barochory −0.95⁎⁎⁎ −0.15
Ectozoochory 0.16 −0.57⁎⁎⁎

Endozoochory −0.15 −0.08
Seed mass −0.24 0.04 −0.26 0.65⁎⁎⁎

Seed persistence −0.79⁎⁎⁎ 0.07 0.73⁎⁎⁎ 0.08
N-fixing ability −0.32⁎ −0.48⁎⁎⁎ 0.13 0.04
Max. root depth −0.95⁎⁎⁎ 0.00 0.89⁎⁎⁎ 0.17

Significant correlations are highlighted in bold.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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we show that, under similar low-intensity land use, shrub encroach-
ment is largely predicted by local topographic and edaphic factors,
and influenced to a much lesser extent by climate in the studied com-
munities. Hence, integrating topo-edaphic factors into management
strategies to predict and revert shrub encroachment may contribute to
improve their cost-effectiveness and sustainability in the long run.
Also, according to our results, climate change predictions of increasing
aridity for the Mediterranean Basin are not expected to greatly impact
shrub encroachment, but may affect particular functional traits of the
plant community, thereby affecting ecosystem functioning.
Fig. 3. Structural equation model to explain relative shrub cover and the main axis of function
CWM-PCA2) and functional dispersion (FDis-PCA1 and FDis-PCA2). Overall goodness-of-fit sta
0.054 (0.00–0.121), comparative fit index (CFI) = 0.989, standardized root mean square
coefficients, which are presented. The R2 next to response variables indicates the proportion o
4.1. Main drivers of shrub encroachment and implications for management

Our findings partially match our first hypothesis, as both topo-
edaphic and climatic variables influenced shrub encroachment, jointly
accounting for 52% of the variation in relative shrub cover. Topo-
edaphic factors explained most of the variation in relative shrub cover
(64% of the r2), which increased towards areas with higher slope stan-
dard deviation, and areas with higher soil C:N ratio. In drylands, water
limitations constrain vegetation cover, favoring runoff and erosion in
slopes. Hence, topography largely controls water and nutrient flow
paths from upslope to lowlands, where they tend to accumulate
(Gómez-Plaza et al., 2001). This leads to coarser-textured soils on
hillslopes, with less ability to retain water at upper soil depths, favoring
deep-rooted species such as shrubs. Conversely, plain areas tend to have
finer-textured soils, and shallower water profiles, favoring shallow-
rooted species such as most herbaceous species (Sala et al., 1997;
McAuliffe, 2003).

Soil C:N ratio, which showed no significant correlation with slope
standard deviation, neither with aridity (Table S3), was also an impor-
tant predictor of shrub encroachment. The soil C:N ratio reflects the dy-
namic interaction between slow-modifying soil features such as particle
size distribution and mineralogy, and local site characteristics like hy-
drology, and vegetation. A higher soil C:N ratio in shrub-encroached
areas may indicate a lower decomposition rate, probably due to lower
water availability. Yet, this assumption would need other direct indica-
tors of soil organic carbon turnover (e.g. microbial biomass) to be con-
firmed. Additionally, a high soil C:N in shrub-dominated areas may
also be a result of higher inputs of above and belowground litter from
shrubs, which have a usually higher C:N ratio and lignin content, that
take longer to decompose, than that from herbaceous species (Bot and
Benites, 2005). These conditions may create a positive feed-back loop
promoting further shrub encroachment.

One of the strategies most used to deal with encroachment is me-
chanical shrub removal, along with the use of herbicides or prescribed
burning (Archer, 2010). Yet, these techniques often fail its goals in the
long run (Rango et al., 2005; Archer and Predick, 2014), calling for a bet-
ter understanding of the causes of shrub encroachment under different
contexts. Considering the importance of topographic and edaphic fac-
tors as predictors of shrub encroachment in Mediterranean Basin dry-
lands, we suggest that combining shrub clearing with other locally
applied techniques that take into account topo-edaphic factors, involv-
ing themanipulation of water and nutrient flowpathways and accumu-
lation, might contribute to their longer-term effectiveness. There are
al specialization of the plant community regarding functional structure (CWM-PCA1 and
tistics: χ2(23) = 26.668, p = 0.270, root mean square error of approximation (RMSEA) =
residual (SRMR) = 0.056. Arrow widths are proportional to the standardized path

f variance explained. *p b 0.05; **p b 0.01; ***p b 0.001. Aridity = -Aridity index.
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many of such techniques (e.g. cross-slope barriers like terraces, stone
bunds, water-harvesting structures, manure spreading) proposed for
sustainable land management in drylands which show some evidence
of success in increasing water and nutrient availability to plants
(Schwilch et al., 2012), although its effectiveness in dealing with
shrub encroachment remains to be tested. A sustainable land manage-
ment in drylands, and improved strategies to promote the recovery of
degraded land e.g. through soil and water conservation, is among the
aims of the UN sustainable development goals, and ourfindings contrib-
ute to approach these goals.

Topo-edaphic and climatic variables jointly explained 52%of the var-
iation in relative shrub cover, suggesting that it may be influenced by
other factors, such as biotic interactions or past land management. In
Holm-oak woodlands, plain areas may be more grazed by livestock
(particularly cows) than slopes, because they have in generalmore pro-
ductive soils, providing higher quantity and quality of forage (Bailey
et al., 1996). In addition, occasional mechanical shrub clearing that
may have occurred in the past, is easier to perform in flatter areas
than in slopes. Hence, although a similar low-intensity land-use was
one of the criteria used to select sampling sites, these factors may
have partially contributed to a higher shrub cover found in areas with
higher slope variation.

Climate was a weak predictor of shrub encroachment. In light of this
result, climate change forecasts of increased aridity for Mediterranean
Basin drylands (Huang et al., 2016) are not expected to greatly affect
shrub encroachment. Still, relative shrub cover decreased with increas-
ing summer precipitation across the studied communities. This may be
because precipitation during the warmer season (summer) usually
leads to low percolation of water into the soil, thus favoring
shallower-rooted herbaceous species in detriment of shrubs (Sala
et al., 1997). Previous studies based on manipulative experiments
found increased woody plant encroachment with higher precipitation
intensity (shorter events with higher precipitation), but not with the
total precipitation amount (Kulmatiski and Beard, 2013). The authors
argue that a higher precipitation intensity can push soil water deeper
into the soil, in shrub rooting depth, thus favoring woody species over
grasses. The intensity and frequency of extreme precipitation events
and intra and inter-annual precipitation fluctuations are likely to in-
crease under a climate change scenario (IPCC, 2014). However, as we
did not assess variations in precipitation distribution in our observa-
tional field study, we cannot confirm nor discard its potential effect on
shrub encroachment, based on our findings. Also, since our study was
developed within a regional climatic gradient where the aridity index
ranged from 0.42 to 0.56, further studies along broader climatic gradi-
ents comprising more extreme aridity levels would be needed to fully
assess the potential effect of climate change on shrub encroachment.

4.2. Consequences of shrub encroachment for community functional traits

Changes in relative shrub cover explained most of the variation in
the functional structure and dispersion of the plant communities.
Shrub encroachmentwas associatedwith changes in CWMs of traits dif-
ferentiating perennial taller shrubs with low SLA and larger seeds, from
herbaceous short-lived and mainly anemochorous species with high
SLA. These CWMvariationsmay be seen as axes of functional specializa-
tion from a resource-conservative to a resource-acquisitive strategy to
cope e.g. with water limitations (Díaz et al., 2016). Interestingly, func-
tional dispersion of the same traits, particularly of life-cycle, root
depth, height and SLA, increased with shrub encroachment. This is
probably due to the co-occurrence of herbaceous and shrub species in
areas with higher relative shrub cover, increasing functional diversity,
when compared to grasslands devoid of shrubs. In addition, other au-
thors have found that at high levels of shrub cover, only herbaceous spe-
cies with contrasting trait values are present (Rolo et al., 2016), which
would contribute to a higher functional dispersion with increasing
shrub cover. The effect of topo-edaphic variables and, to a lesser extent,
of climatic variables, in explaining variation along CWM-PCA1 and FDis-
PCA1 axes was virtually all due to changes in relative shrub cover. This
indicates that main changes in plant community functional traits were
mostly driven indirectly by local topo-edaphic filters, through changes
in relative shrub cover.

4.3. Effects of climate on community functional traits

Climate affected mostly a set of traits not closely related to changes
in relative shrub cover, described by the second components of CWM
and FDis PCAs. Precipitation and temperature affect many plant traits
(Moles et al., 2014), and can influence the timing of phenophases
(Peñuelas et al., 2004). Higher summer precipitation and higher winter
temperature led to an earlier flowering and longer flowering duration.
This was probably due to an attenuation of water and temperature lim-
itations, respectively, which may provide favorable conditions for lon-
ger growth and flowering periods (Crimmins et al., 2013; Ramos et al.,
2015). Previous studies reported an earlier onset of flowering triggered
by higher mean annual temperatures (Miller-Rushing and Primack,
2008), supporting our results. More favorable climatic conditions also
increased the CWM of prostrate and erect growth-forms, leading to a
higher FDis for growth-form, and increased the CWMof ectozoochorous
and N-fixing species. Attenuation of water and temperature limitations
in summer and winter, respectively, may allow a higher reproductive
success of these species. N-fixing species, in particular, seem to be
highly vulnerable to drought during their reproductive phase, which
may shorten the duration of reproductive development, reducing seed
number and weight (Daryanto et al., 2015).

Higher aridity levels and lower summer precipitation were associ-
ated with a lower FDis of flowering traits and of seed mass. A lower
FDis is expected to reflect a lower complementary in resource use be-
tween species, suggesting a reduction in ecosystem functioning
(Mouillot et al., 2011; Valencia et al., 2015) and resilience to environ-
mental change (Volaire et al., 2014). We should also notice that our
study was conducted in a relatively dry year, which may have led to a
lower functional dispersion of vegetative traits such as SLA and height,
particularly of annual species (Carmona et al., 2015), possibly
preventing the detection of changes on the FDis of those traits along
the spatial aridity gradient.

5. Concluding remarks

The causes of shrub encroachment need to be better understood and
quantified in the Mediterranean Basin, to improve encroachment fore-
casting and the cost-effectiveness and sustainability of management
strategies, and our work contributes to fill this knowledge gap. We
show that, under similar low-intensity land use, and despite the likely
influence of other factors not addressed in this study (e.g. past land
management), topographic and edaphic factors were the best predic-
tors of shrub encroachment, influenced to a much lesser extent by cli-
mate, jointly explaining 52% of the variation in relative shrub cover.
Thus, we suggest that monitoring and management actions to reduce
shrub encroachment that take into account topo-edaphic factors, in-
volving, for instance, themanipulation of water and nutrient flow path-
ways and accumulation, are more likely to sustainably succeed, than
shrub removal alone.

Climate was a weak predictor of shrub encroachment, affecting
mostly a set of functional traits not so directly involved in shrub coloni-
zation. In light of this result, climate change predictions of increased
aridity in the Mediterranean Basin are not expected to greatly impact
shrub encroachment. Yet, they may affect the functional structure and
diversity of plant communities, compromising ecosystem functioning.
This work provides important advances to better predict shrub en-
croachment now and under a climate change scenario, and to help de-
fine more cost-effective and sustainable strategies to deal with it in
Mediterranean ecosystems.
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