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The regional spatial and inter-annual response of the Enhanced Vegetation Index (EVI, as a proxy for
aboveground net primary production) to environmental controls was evaluated in drylands of SE Spain.
By means of linear mixed-effects models we found that both the spatial patterns and inter-annual trends
of the EVI annual mean were explained by climate variability but clearly modulated by lithology and
vegetation. Along the spatial gradient, precipitation increased the EVI mean even compensating for the
greater evapotranspiration of warmer sites. Limestones, with high available water content, showed the
lowest dependence of EVI mean on precipitation. The greater capacity of scrublands to store and use soil
moisture was only evident on marls sites. The observed 2001e2010 trends toward less stressful conditions (precipitation rises and temperature declines) led to EVI mean increases. This EVI mean response
was steeper in grasslands, with shallow roots, and marls, with low available water content. The study
revealed the importance of analyzing the seasonal timing of trends in Mediterranean drylands, where
temperature and precipitation are out of phase. The observed earlier rain-arrival after summer drought
and cooler early-autumn, caused very strong EVI increases at the beginning of the growing season that
may favor the rest of the season.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Drylands of the Mediterranean basin, where precipitation
and temperature are out of phase, are particularly sensitive to the
intensiﬁcation of aridity conditions (Giorgi and Lionello, 2008).
The response of aboveground net primary production (ANPP) to
precipitation represents an effective and straightforward approach
to evaluate drylands status and trends (Verón et al., 2006).
However, there exist differences between the spatial and temporal
models that relate ANPP to climate factors (e.g. Jobbagy et al., 2002;
Le Houérou et al., 1988), suggesting that other biotic and abiotic
factors are involved.
In addition to precipitation, abiotic controls include temperature,
land-surface and soil properties, and topography. Temperature has
both a direct and indirect effect on ANPP. In energy-limited environments, cold temperatures constrain ANPP and determine the
seasonality and starting date of the growing season (e.g. Jobbagy et al.,
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2002). In water-limited environments, temperature increases
potential evapotranspiration, which may constrain ANPP (Le
Houérou, 1990). Soil structure, texture, depth, and chemical composition control the soil water holding capacity (Russell and Wild,1988),
which is particularly important for determining the partition of
annual precipitation use between wet and dry seasons (Le Houérou,
1984). Topography and solar irradiation also inﬂuence water redistribution and ANPP (Jobbagy et al., 2002). In addition, soil biogeochemical constraints, such as soil N content, can limit both ANPP
(Epstein et al., 2005) and rain use efﬁciency (Bai et al., 2008). Landsurface biogeophysical properties such as albedo or surface temperature also affect evapotranspiration and ANPP (García et al., 2008).
Another fraction of the ANPP variance relates to biotic features
of ecosystems (Huxman et al., 2004; Webb et al., 1983). Functional
and structural traits of vegetation, such as canopy type, species
diversity, or root depth, determine water use efﬁciency and, hence,
ANPP at the regional scale. Species diversity increases the probability of including different plant functional types and a broader
range of strategies to gain resource use efﬁciency (Chapin et al.,
1997). Lloret et al. (2007) showed how the impact of dramatic
water shortage on vegetation greenness depends on the presence
of species able to cope with drier conditions. In arid SE Spain,
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Miranda et al. (2009a) also found high resistance in the response
of annual plant communities to reductions in water supply thanks
to the presence of species adapted to high climate variability.
Plant spatial distribution also affects water use efﬁciency and
productivity in this area, being higher when Stipa tenacissima L.
tussocks are perpendicularly distributed to the maximum slope
(Puigdefábregas et al., 1999). In the Patagonian steppe, plant
density has also been shown to be a control of ANPP recovery
after drought (Yahdjian and Sala, 2006). Root depth, size, shape,
distribution, and competition are very important in water-limited
environments, since they determine the amount of soil explored
to take up water and nutrients (Schenk and Jackson, 2002). For
example, shrubs generally have deeper roots than grasses, which
allow shrubs to explore larger volumes of soil and, hence, to better
buffer the inter-seasonal and inter-annual variability in precipitation (Haase et al., 2000).
Two critical limitations for the study of the environmental
controls of ANPP across space and time are the difﬁculty in
obtaining repeated regional estimates of ANNP and the lack of longenough time-series (Fabricante et al., 2009; Knapp and Smith,
2001). Remote sensing tools help to overcome both limitations
(Alcaraz-Segura et al., 2009a). First, spectral vegetation indices of
vegetation greenness (such as the Normalized Difference Vegetation Index e NDVI e , or the Enhanced Vegetation Index eEVI e )
can be used to estimate ANPP at the regional scale through the
operative and conceptually solid model of Monteith (1972). Vegetation indices are commonly used to estimate leaf area index, the
fraction of photosynthetically active radiation absorbed by the
canopy (fAPAR) (Sellers et al., 1992), and ANPP (e.g. Paruelo et al.,
2000; Piñeiro et al., 2006). Second, since different satellites have
been repeatedly capturing this kind of spectral information during
the past few decades, they provide a collection of long-enough
time-series of satellite images, which currently constitute our
best tool to track ANPP at the regional scale (Pettorelli et al., 2005).
Spectral vegetation indices have been extensively used in the
study of semi-arid ecosystems in SE Spain. Many of these studies
focused on the evaluation of drylands condition and degradation
(e.g. Boer and Puigdefábregas, 2003; Camacho-De Coca et al., 2004;
García et al., 2008; Liu et al., 2004), and the estimation of evapotranspiration and recharge (Contreras et al., 2008; García et al.,
2008). However, few studies have taken advantage of vegetation
indices as proxies or estimators of ANPP (Miranda et al., 2009a),
absorbed photosynthetically active radiation (APAR) (Oyarzabal
et al., 2008; Oyonarte et al., 2010; Paruelo et al., 2005), or leaf
area index (Serrano-Ortiz et al., 2007). From these, only two works
have formally evaluated the response to precipitation of NDVIderived surrogates of ANPP in drylands of SE Spain at the local
(Miranda et al., 2009a) and regional (Paruelo et al., 2005) scales.
Miranda et al. (2009a) used NDVI to evaluate the response of ANPP
to controlled precipitation reductions in annual plant communities.
Paruelo et al. (2005) used NDVI to evaluate the differences in
the APAR-precipitation correlation between protected and nonprotected landscapes.
In this article, our aim was to evaluate, by means of linear
mixed models, the regional spatial and inter-annual response of
the Enhanced Vegetation Index (our proxy for ANPP) to both
precipitation and temperature, but also accounting for the role of
vegetation and lithological substrate and their interactions. The
following hypotheses guided our study:
- Since drylands of SE Spain are water-limited environments,
precipitation should be the main control of EVI. In addition,
temperature should also play an important role since it increases
potential evapotranspiration and water stress in drylands
(Haase et al., 1999; Le Houérou, 1990), hence reducing EVI.

- Dominant plant species of drylands of SE Spain are known to
differ in their strategies for water control. For example, due to
their deeper roots and less dense canopies, shrubs of Anthyllis
cytisoides L. and Retama sphaerocarpa (L.) Boiss. showed lower
rainfall interception, lower direct canopy evaporation rates,
higher stemﬂow, and, hence, higher percolation of rainfall to
deeper soil layers than the tussock grass of S. tenacissima
(Domingo et al., 1998). Hence, shrubs would increase deep-soil
water storage and use, and improve hydraulic lift (e.g. Prieto
et al., 2010), while the shallow-rooted S. tenacissima, adapted
to use sporadic rainfall pulses (Haase et al., 1999), would
depend on soil moisture from top layers. We hypothesized that
EVI in grasslands would be lower than in scrublands as a result
of greater sensitivity to water stress and higher dependence
on annual rainfall.
- Differences in lithology may also affect EVI since substrates
differ in soil water retention and land-surface physical properties. Soil water content in the macro-pores (known to be easily
lost by gravity) is known to be the most valuable predictor for
estimating leaf growth in individuals of S. tenacissima (Haase
et al., 1999). Cabello (1997) showed higher soil available water
capacity on limestones than on marls, phyllites and schists as
a result of their textural differences (Table 1). García et al. (2008)
also pointed out that the former substrates differed in
their energy partitioning between latent and sensible heat,
inducing differences in vegetation transpiration. These controls
of lithology on the water dynamics suggest the existence of
a strong effect of lithology on the EVI.

2. Methodology
2.1. Study area
The study area was restricted to drylands of Andalusia in
Southeastern Spain (36 460 N, 1400 W to 37 290 N, 3 070 W) (Fig. 1).
The analysis was focused on the most representative vegetation
types of the region: scrublands and perennial grasslands (alpha
steppes). Scrublands are dominated by chamaephytes adapted to
dry and semi-arid conditions (Cabello, 2009), such as A. cytisoides,
Anthyllis terniﬂora (Lag.) Pau, Cistus spp., Genista umbellata (L’Hér.)
Dum, Helianthemum almeriense Pau, Phlomis purpurea L., R. sphaerocarpa, Rosmarinus ofﬁcinalis L., Sideritis spp., Teucrium spp., Thymus
spp. and Ulex parviﬂorus Pourr.. Perennial grasslands are alpha
steppes largely dominated by the perennial tussock grass S. tenacissima. Both vegetation types are representative of drylands of the
Western Mediterranean Region.
2.2. Datasets and pixel selection
From the different spectral vegetation indices available, we
chose the Enhanced Vegetation Index (EVI) as a surrogate of ANPP
since it is more resistant to both soil inﬂuences and atmospheric
effects than NDVI. EVI was introduced by Huete et al. (1997) by

Table 1
Soil texture and moisture description of 21 sites distributed across the study area
(for details see Cabello, 1997). Mean and standard deviation for percentage of clay
and sand, Available Water Content (AWC in mm) and Water Holding Capacity
(WHC in mm).

Limestones
Marls
Phyllites & Schists

% Clay

% Sand

AWC

WHC

17.6  8.4
10.8  3.2
9.5  5.1

52.2  15.2
63.5  17.2
66.9  11.0

1.0  0.4
0.7  0.4
0.9  0.4

32.8  16.1
11.3  7.0
16.1  8.9
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Fig. 1. Study area. Drylands of Andalusia in SE Spain. Black dots show 137 pure
230  230 m MODIS pixels were sampled within a 5-km buffer and 100-m altitudinal
range around 13 meteorological stations with data available online: 1) Baza, 2)
HuercaleOvera, 3) Cuevas de Almazora, 4) Tíjola, 5) Antas, 6) Tabernas, 7) Ugíjar, 8)
Alhama, 9) Níjar, 10) San Isidro, 11) Almería, 12) La Mojonera, and 13) Adra
(RIA Network: www.juntadeandalucia.es/agriculturaypesca/ifapa/ria, RAIF Network:
http://dgpa.besana.es/clima/inicio.do).

taking advantage of two former improvements made to NDVI:
the Soil-Adjusted Vegetation Index (SAVI) (Huete, 1988) and the
Atmospherically Resistant Vegetation Index (ARVI) (Kaufman and
Sendra, 1988; Kaufman and Tanre, 1992, 1996). On the one hand,
SAVI adds and adjustment factor “L” into NDVI to compare canopies
with dark and light soil backgrounds. Normally “L” is set to 0.5, but
for low vegetation cover such as drylands, “L” can be set to 1. On the
other hand, ARVI incorporates a self-correction process into NDVI
that automatically corrects the atmospheric effect in the red band
by introducing the blue band into the NDVI formulas. As a result,
compared to NDVI, EVI is more sensitive to changes in areas having
high biomass (a serious shortcoming of NDVI), reduces the inﬂuence of atmospheric conditions on vegetation index values, and
corrects for soil background signals.
Our study was based on a time-series of EVI satellite images
provided by the MODIS (Moderate Resolution Imaging Spectroradiometer) Terra sensor from January 2001 to December 2010. We
used MOD13Q1 product, which provides 23 EVI maximum value
composite (MVC) images per year (every sixteen days) with an
approximated pixel size of 230  230 m. The images are geometrically and atmospherically corrected and include quality assessment ﬂags that we used to mask those pixels ﬂagged as cloud,
shade, water, snow, and with high aerosol content. For each year,
we calculated the EVI annual mean and obtained the long-term
average of the EVI annual mean (EVI_mean) as a surrogate of
average ANPP.
The selection of pixels was carried out in four steps. First, we only
used pixels within a 5-km buffer and within an altitude range
of 100 m around 13 meteorological stations (RAIF and SIVA
Networks, Fig. 1). Then, we used the vegetation map of Andalusia
(scale: 1:10,000, years: 1996e2006) and the land-use information
system of Spain (SIOSE2005 for Andalusia, scale: 1:10,000, years:
2004e2006) to select only those pure pixels at the both maps
that corresponded to scrublands and alpha steppes. For each pure
pixel, we identiﬁed the dominant (>90%) lithological substrate
according to the lithological map of Andalusia (scale: 1:50,000,
year: 2004, Spanish Institute for Geology and Mining). Finally, we
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used orthophotos of Andalusia (pixel size: 0.5 m, year: 2008)
to visually double check the ﬁnal selection of 337 pixels (Fig. 1).
All datasets can be downloaded from the ofﬁcial website of the
Environmental Information Network of Andalusia (REDIAM, http://
www.juntadeandalucia.es/medioambiente/site/rediam). Scrublands
(n ¼ 134) and grasslands (n ¼ 203) samples were distributed
across all meteorological stations and lithological substrates (pixel
percentages for scrublands: clays and silts ¼ 5, conglomerates ¼ 37,
limestones ¼ 27, marls ¼ 8, phyllites and schists ¼ 7, and
sandstones ¼ 15; for grasslands: clays and silts ¼ 18,
conglomerates ¼ 28, limestones ¼ 20, marls ¼ 13, phyllites and
schists ¼ 9, and sandstones ¼ 12).
Since climatic data for the ﬁrst half of 2001 were not available in
Níjar station, we used forward stepwise regressions to estimate
the missing data. Variables were mean annual temperature, total
annual precipitation, and the mean temperatures and accumulated
precipitations of the MODIS 16-day MVC periods in Níjar (dependent variables) and in the remaining stations (independent variables) from 2002 to 2010. Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC) were used as a trade-off
between signiﬁcance and simplicity to select the ﬁnal equations
used to ﬁll Níjar gaps.
2.3. Data analysis
We built two Linear Mixed Models (LMMs) using the nlme
(Piñeiro et al., 2009) and lme4 (Bates and Sarkar, 2007) R packages.
LMMs are particularly useful to account for nested sampling
designs (Bolker et al., 2009), where the autocorrelation of samples
(pixels) within sites (meteorological stations) is accounted for
through the introduction of random effects. We followed the steps
suggested by Zuur et al. (2009) as a procedure to build the two
models. First, using the full model for the ﬁxed effects, we found the
optimal structure for the random component using restricted
maximum likelihood (REML). Then, to ﬁnd the optimal ﬁxed
structure, the trade-off between signiﬁcance and simplicity was
evaluated by iteratively comparing more complex models to
simpler models and choosing the one with lower AIC and BIC, and
signiﬁcant c2 test for the Log-likelihood (using maximum likelihood and always maintaining the same random structure). We
present the ﬁnal model using REML and checked for the absence of
signiﬁcant correlation among independent variables and for
normality of residuals. To assess the overall goodness of ﬁt we
provide the correlation between the ﬁtted and the observed values
(Bogner et al., 2010). We also calculated Edwards’ R2 statistic
(Edwards et al., 2008) for the ﬁxed effects, which compares the full
model with a null model with all ﬁxed effects deleted (except
typically the intercept) while retaining exactly the same covariance
structure. Though it is conceptually different to the partial R2 in
linear regression, this statistic can be similarly interpreted in the
sense that it measures the marginal improvement or reduction in
unexplained variability in the ﬁxed component after accounting for
a given predictor effect.
The ﬁrst model evaluated the environmental controls of the
spatial patterns of EVI_mean (Table 2). Fixed effects (factors whose
effects at each level we were interested in) included: vegetation
type, lithological substrate, mean annual precipitation (MAP), mean
annual temperature (MAT), and their ﬁrst order interactions. The
meteorological station was considered a random effect, i.e. a factor
where the interest lies in the variation among them rather than
speciﬁc effects of each site. MAP and MAT were centered around
their mean values to avoid correlation between them and the ﬁxed
intercept (as suggested by Zuur et al., 2009).
The second model evaluated the environmental drivers of the
inter-annual trends of EVI_mean (Table 3). First, we calculated the
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Table 2
Linear mixed model results for the evaluation of the environmental controls of the spatial pattern of the EVI_mean (a proxy of primary production) in drylands of SE Spain.
Fixed effects were mean annual temperature (MAT), mean annual precipitation (MAP), vegetation type, lithology, and their interactions. The random effect was the meteorological station. Analysis based on normal errors and AIC using ML estimation, with EVI_mean between 0 and 1, and MAT and MAP centered. Signiﬁcance threshold was
p-value < 0.05. EVI_mean ¼ a þ b1MAP*MAT þ b2MAP*Litho þ b3Veget*Litho þ b4Litho þ bia þ 3 ijb.
Fixed effects (Partial R2)
MAP*MAT (0.21)
MAP*Lithology (0.15)

Vegetation*Lithology (0.14)

Lithology (0.06)

Class
Clays & silts
Limestones
Conglomerates
Marls
Phyllites & schists
Sandstones
Ref. (Grasslands)
Scrublands
Clays & silts
Limestones
Conglomerates
Marls
Phyllites & schists
Sandstones
Ref. (Clays & silts)
Limestones
Conglomerates
Marls
Phyllites & schists
Sandstones

Intercept a

Estimate b ( 104)

SE ( 104)

df

t

p-value

0.9
1.2
0.0
1.7
2.9
2.5
4.2

0.4
1.2
1.0
0.7
1.1
0.9
1.1

11
307
307
307
307
307
307

2.019
1.004
0.004
2.300
2.778
2.861
3.777

0.069
0.316
0.997
*0.022
**0.006
**0.005
***0.000

50.3
30.0
3.9
260.6
50.7
21.5

48.6
32.1
27.6
46.1
52.5
41.3

307
307
307
307
307
307

1.035
0.937
0.142
5.659
0.966
0.520

0.302
0.350
0.887
***0.000
0.335
0.604

103.1
6.4
151.1
56.0
39.1
1506.8

44.2
39.0
47.2
52.3
45.8
42.4

307
307
307
307
307
307

2.331
0.164
3.201
1.071
0.853
35.568

*0.020
0.870
**0.002
0.285
0.394
***0.000

Goodness of ﬁt (Pinheiro) ¼ 0.474, Edwards’ R2 for the ﬁxed effects ¼ 0.224.
a
Random effects (bi): Meteorological station with intercept mean ¼ 0 and variance ¼ 0.537*104.
b
Model error (3 ij): mean ¼ 0 and variance ¼ 1.564*104.

slope and signiﬁcance of the 2001e2010 trends for EVI_mean,
MAP, and MAT. To minimize the inﬂuence of errors, outliers,
missing data, and serial dependence on the slope estimations
(Gilbert, 1987), we used a non-parametric linear slope estimator
suggested by Sen (1968). Sen’s Method for the slope calculates the

median of all possible two-point slopes between pairs of years
(Hirsch et al., 1982) but discards tied observations (Hollander and
Wolfe, 1973). The ManneKendall trend test was used to evaluate
the signiﬁcance of the trend, since it is a rank-based test robust
against non-normality, heteroscedasticity, and missing values

Table 3
Linear mixed model results for the analysis of the environmental drivers of the inter-annual 2001e2009 trends of the EVI_mean (a proxy of primary production) in drylands of
SE Spain. Fixed effects were trends in mean annual temperature (MAT_trends), trends in mean annual precipitation (MAP_trends), vegetation type, lithology, and their
interactions. The random effect was the meteorological station. Analysis based on normal errors and AIC using ML estimation. Signiﬁcance threshold was p-value < 0.05.
EVI_mean trends ¼ b1MAT_trends*Litho þ b2MAP_trends*Litho þ b3Veget þ b4Litho þ bia þ 3 ijb.
Fixed effects (Partial R2)

Class

Estimate b ( 104)

SE ( 104)

df

t

p-value

MAT_trends*Lithology (0.17)

Clays & silts
Limestones
Conglomerates
Marls
Phyllites & schists
Sandstones
Clays & silts
Limestones
Conglomerates
Marls
Phyllites & schists
Sandstones
Grasslands
Scrublands
Ref. (Grasslands: Clays & silts)
Scrublands
Limestones
Conglomerates
Marls
Phyllites & schists
Sandstones**
Ref. (Clays & silts)
Limestones
Conglomerates
Marls
Phyllites & schists
Sandstones

532.1
349.3
296.9
285.9
174.6
177.0
0.1
0.4
0.2
0.8
0.3
0.3
13.1
33.3

143.2
121.3
99.7
150.6
113.7
147.9
0.3
0.2
0.2
0.2
0.2
0.3
16.4
16.2

301
301
301
301
301
301
301
301
301
301
301
301
301
301

3.717
2.880
2.978
1.898
1.536
1.197
0.295
2.273
1.485
3.528
1.820
1.157
0.799
2.048

***0.000
**0.004
**0.003
0.059
0.126
0.232
0.768
*0.024
0.139
**0.001
0.070
0.248
0.425
*0.042

22.8
18.6
16.8
25.8
17.8

5.8
5.5
6.6
7.3
6.3

301
301
301
301
301

3.962
3.371
2.558
3.559
2.823

***0.000
**0.001
*0.011
***0.000
**0.005

12.6
20.0
36.6
30.9
35.0

19.2
14.6
16.9
16.9
19.4

301
301
301
301
301

0.657
1.371
2.167
1.823
1.801

0.512
0.172
*0.031
0.069
0.073

MAP_trends*Lithology (0.16)

Vegetation (0.23)
Vegetation*Lithology (0.18)

Lithology (0.23)

Goodness of ﬁt (Pinheiro) ¼ 0.652, Edwards’ R2 for the ﬁxed effects ¼ 0.2299.
*, p < 0,05.
**, p < 0,01.
***, p < 0,001.
a
Random effects (bi): Meteorological station with intercept mean ¼ 0 and variance ¼ 165.21*104.
b
Model error (3 ij): mean ¼ 0 and variance ¼ 148.13*104.

Please cite this article in press as: Cabello, J., et al., The role of vegetation and lithology in the spatial and inter-annual response of EVI to climate
in drylands of Southeastern Spain, Journal of Arid Environments (2012), doi:10.1016/j.jaridenv.2011.12.006

J. Cabello et al. / Journal of Arid Environments xxx (2012) 1e8

(Alcaraz-Segura et al., 2009b, 2010). However, only 50% of
pixels simultaneously exhibited signiﬁcant trends (p-value < 0.01)
for EVI_mean, MAP, and MAT, so we eventually decided to
include all Sen’s slopes in the LMM analysis regardless of their
signiﬁcance. Both tests were run using the ManneKendall package
available through the MATLAB Central ﬁle exchange (http://www.
mathworks.com, accessed September 2009). Second, to build the
LMM we considered the slope of EVI_mean trends as the dependent
variable. Independent variables were the trends in MAP, the trends
in MAT, vegetation type, lithological substrate, and their ﬁrst order
interactions as ﬁxed effects; and meteorological stations as random
effects.
3. Results
3.1. Controls of the spatial patterns of EVI_mean
The ﬁrst LMM, explaining the spatial patterns of EVI_mean
(Table 2), included an intercept of 0.15 for the ﬁxed effects that
represents the basal EVI_mean under average climate conditions
(average MAP and MAT of the region, since the variables were
centered around their mean values). The model also retained the
effect of the interactions MAP*MAT, MAP*Lithology, Vegetation*Lithology, and the main effect of Lithology (AIC ¼ 1951.528,
BIC ¼ 1871.306, Log-likelihood ¼ 996.764), with normal distribution of the random intercept (meteorological station, with mean ¼ 0,
variance ¼ 0.537*104) and the error term (mean ¼ 0,
variance ¼ 1.564*104). The overall model goodness of ﬁt was 0.474
and Edwards’ R2 for the ﬁxed effects was 0.224. Correlation among
observations within the same site was low (0.26) but signiﬁcant. MAP
had a positive effect on EVI_mean through its interaction with MAT
and lithology (Table 2). In the case of MAT, the positive interaction
with MAP was weak and barely signiﬁcant (p-value ¼ 0.069, t ¼ 2.019,
df ¼ 11). Even though, we included it in the model since this
is a reasonable interaction that showed the greatest partial
R2 (0.21) and INS> its removal decreased the model performance
(higher AIC ¼ 1948.600 and a signiﬁcant likelihood ratio ¼ 4.93,
p-value ¼ 0.026, df ¼ 1). The EVI_mean response to precipitation
varied among lithological substrates (Table 2). The EVI_mean
dependence on MAP was the highest in sandstones, followed by
marls, phyllites and schists, and conglomerates. Contrary, the annual
EVI_mean in areas with limestones, and clays and silts seemed to be
less dependent on annual rainfall. EVI_mean only differed between
vegetation types in particular lithological substrates. Scrublands
signiﬁcantly showed much greater EVI_mean than grasslands when
growing on marls (Table 2). Lithology itself resulted in a signiﬁcant
control of the EVI_mean spatial pattern (Table 2). EVI_mean
was signiﬁcantly higher on limestones while signiﬁcantly lower on
marls than on the remaining lithological substrates.
3.2. Drivers of the EVI_mean inter-annual trends
Most sampled pixels showed positive EVI_mean trends (87%),
positive MAP trends (100%), and negative MAT trends (95%).
The second LMM, explaining the drivers of EVI_mean trends
(Table 3), did not include any basal intercept for the ﬁxed effects and
retained the effect of the interactions MAT_trends*Lithology,
MAP_trends*Lithology, and Vegetation*Lithology, and the main
effects of Vegetation and Lithology (AIC ¼ 2600.905, BIC ¼ 2698.307,
LogLik ¼ 1274.453), with normal distribution for the random
effects intercept (mean ¼ 0, variance ¼ 165.21*104) and for the
error term (mean ¼ 0, variance ¼ 148.13*104).The overall model
goodness of ﬁt was 0.652 and Edwards’ R2 for the ﬁxed effects was
0.230. Correlation among observations within the same site was
0.53. Inter-annual trends of the EVI_mean were signiﬁcantly related
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to the inter-annual rises in annual accumulated precipitation
(MAP_trends) through its interaction with lithology (Table 3).
Only the EVI_mean increases on marls and limestones were significantly lower with MAP rises, but not on the remaining substrates.
EVI_mean increased signiﬁcantly more with declines in MAT on
particular substrates. The greatest EVI_mean increases related to
MAT declines occurred on clays and silts, followed by limestones,
and conglomerates (marls almost signiﬁcantly showed the same
effect). MAT declines were not signiﬁcantly related to EVI_mean
increases on sandstones and phyllites (Table 3). The EVI_mean trends
also differed among vegetation types. Grasslands signiﬁcantly tended to show higher EVI_mean trends than scrublands, particularly
on clays and silts. Lithology played an important role in determining
the EVI_mean inter-annual trends. In addition to the interactions
between lithological substrates and vegetation and climatic factors
trends, the EVI_mean inter-annual positive trends were signiﬁcantly
greater on marls (and almost signiﬁcantly on sandstones and phyllites and schists) than in the remaining substrates (Table 3). Vegetation type and lithology showed the highest partial R2 (0.23 in both
cases, Table 3).
4. Discussion
4.1. EVI_mean response to climate factors
Mean annual precipitation (MAP) and mean annual temperature
(MAT), both with a relatively narrow range across meteorological
stations (210e368 mm, and 15e19  C, respectively) were not
included as main effects to explain the spatial patterns of EVI_mean
(Table 2). Even though, the interaction between them and
with lithology revealed the clear effect of climate on drylands
primary production. The positive interaction between MAP and
MAT (highest partial R2, Table 2) in the ﬁrst LMM revealed that, on
average, wetter sites that were simultaneously warmer, were also
greener. In wetter sites, greater inputs of rainfall may compensate
for the higher temperatures and subsequent greater evapotranspiration rates. In addition, MAP also raised EVI_mean through
its positive interaction with lithology, which reinforces the role of
precipitation as an important control of EVI in drylands (Table 2).
Trends in MAP and MAT were also not included as main effects
in the second model to explain inter-annual trends of EVI_mean
(Table 3). However, the interaction between MAT trends and
lithology revealed how the observed general declines in temperature (Fig. 3) resulted in EVI_mean increases in most lithologies
(Table 3). Such an important effect of declines in temperature
agrees with the predictions that arid regions are particularly
sensitive to temperature due to its effect on vegetation water
demands (Haase et al., 1999; Le Houérou, 1990).
Several studies have shown the important effects of the seasonal
timing of rainfall on primary production, evapotranspiration, and
rainfall use efﬁciency (e.g. Fang et al., 2005; Porporato et al., 2002;
Potts et al., 2006). The fact that the EVI_mean increases tended to be
lower with greater rises of MAP in a few substrates, would contradictorily suggest that precipitation rises do not favor EVI increases in
drylands. Fig. 3 reveals the importance of taking into account the
seasonal timing of the rainfall trends to understand their effect in the
EVI trends. A particular increase in the amount of cumulated annual
precipitation would cause a more dramatic increase on EVI if
precipitation increases occur during water-deﬁcit periods, than if
they occur during water-surplus periods. This is the case in our study
area (Fig. 3). The analysis of the seasonal timing of the inter-annual
trends in EVI, temperature, and precipitation revealed that the
earlier arrival of the ﬁrst rains after summer drought (displacement
of rainfall from mid-autumn to late-summer) and the cooler
temperatures during late-summer/early-autumn caused very strong
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17-Nov
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14-Sep

Fig. 2. Climate diagram of the sampled drylands of Andalusia in SE Spain for the
2001e2010 period. The seasonal dynamics of temperature and precipitation (being out
of phase) determines a growing season from early-autumn to late spring and a nongrowing season during the summer drought.

increases in EVI at the beginning of the growing season (mid-autumn)
(Fig. 3). An earlier and greener (more vigorous) recovery from
summer drought stress may facilitate EVI increases that occur during
the middle of the growing season (from late-winter to mid-spring).
However, the strong precipitation increases observed in December
and January did not have an immediate effect on mid-winter EVI
(constrained by the low winter temperatures, Fig. 2) but probably
led to the observed increases of spring EVI, compensating for the
observed reduction of spring precipitation (Fig. 3). This important
effect of the timing of autumn rainfalls on primary production was
also suggested in a one-season greenhouse experiment by Miranda
et al. (2009b). Using pots ﬁlled with soils from Tabernas desert,
these authors observed a decay of primary production of seedlings
due to manipulated delays in the onset of autumn rainfalls.

4.3. Lithology as abiotic control of EVI
Lithology modulated both the effect of MAP on the spatial
patterns of EVI_mean, and the EVI_mean response to inter-annual
trends in temperature and precipitation. Many works have shown
how soil properties, particularly water holding capacity, can be the
main drivers of drylands productivity (e.g. Epstein et al., 2005; Le
Houérou et al., 1988). In the ﬁrst LMM, along the spatial gradient
(Table 2), pixels on marls showed lower than average EVI_mean
values but a signiﬁcant high dependence on MAP. On the contrary,
pixels on limestones showed the highest EVI_mean values but not
a signiﬁcant dependence on MAP. In natural sites of a nearby
region, García et al. (2008) showed how the lower available
water content of marls compared to limestones implied a higher

4.2. Vegetation types as biotic control of EVI
Differences in vegetation structure between scrublands and
grasslands explained part of the variation in the spatial pattern
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and inter-annual trends of EVI_mean. Vegetation types differed
in their EVI_mean through their interaction with lithology
(Table 2). Scrublands growing on marls showed signiﬁcantly higher
EVI_mean than grasslands. Marls, showing the lowest EVI_mean,
were probably the most water-limiting substrate (Table 1) (Cabello,
1997; García et al., 2008). On marls, the greater diversity of plant
functional types of scrublands, including shallow-rooted (e.g.
therophytes and grasses) and deeper-rooted species (e.g. perennial
and deciduous shrubs), capitalizes on both weak and strong
precipitation events respectively (Yahdjian and Sala, 2006). Grasslands, with lower capacity to store and use water from the deeper
soil (Domingo et al., 1998) would be more dependent on the
recurrence of rainfall events (Haase et al., 1999). The inter-annual
EVI_mean trends also showed this steeper dependence on annual
rainfall of grasslands (particularly on clays and silts, and marls
compared to scrubland) (Table 3) in response to the observed
precipitation rises and temperature declines of the region (Fig. 3).
Scrublands, on the contrary, showed higher inertia in the EVI
response to the observed climate trends. In a previous work, Liras
(2010) showed how more woody communities displayed weaker
EVI increases with precipitation rises than less woody communities
(across grasslands, scrublands, bushlands, and woodlands).
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30
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Fig. 3. Inter-annual trends along the 2001e2010 study period for a) the seasonal EVI values (the mean seasonal EVI curve is also shown), b) the EVI annual mean (EVI_mean,
a surrogate of primary production), c) seasonal temperature and precipitation values, and d) mean annual temperature (MAT) and mean annual precipitation (MAP) values. Y axes
represent the average Sen’s slope of 137 sampled pixels.
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sensitivity of marls vegetation greenness to summer drought. In
addition to limestones, vegetation greenness on clays and silts
(with the ﬁnest textures, Table 1) did not show signiﬁcant dependence on MAP. Contrary, vegetation growing on sandstones, with
a very coarse soil texture, showed the greatest dependence on MAP,
but not a signiﬁcantly greater EVI_mean than the rest of the
substrates (Table 2). At a ﬁrst glance, these results seem to
contradict the inverse-texture hypothesis (Noy-Meir, 1973), which
states that drylands ANPP should be higher on coarse-texture than
on ﬁne-texture soils. The argument is that in xeric ecosystems, ﬁnetextured soils may favor water losses through evaporation of the
water stored in the top layer (Noy-Meir, 1973), which would
partially offset greater water holding capacity (Knapp et al., 2008).
This hypothesis has been broadly supported across different
regions with cold, dry winters and warm, wet summers (e.g. Austin
and Sala, 2002; Lane et al., 1998; Sala et al., 1988). However, we
speculate that in Mediterranean semi-arid areas (where temperature and precipitation are out of phase, Fig. 2), the absence of
rainfall during the summer would not cause such important water
losses through evaporation from ﬁne-texture soils as in wet
summer climates. Contrary, the greater water holding capacity of
ﬁner soils could offer greater water availability after summer
drought to start a new growing season (Porporato et al., 2002). This
agrees with the observed greater annual EVI_mean values and
lower dependence on MAP in limestones, and clays and silts than in
phyllites and schists, and marls (Table 2).
In the second LMM (Table 3), pixels on marls showed the highest
inter-annual EVI_mean increases. Other coarse-texture substrates,
such as sandstones, and phyllites and schists also showed high and
nearly signiﬁcant EVI_mean increases. To interpret the effect on
the EVI trends of the interaction of lithology with MAP trends, it
would be necessary to formally account for the seasonal timing of
the rainfall trends as stated above (Fig. 3). The effect that lithology
had on the positive response of EVI_mean to long-term temperature declines, could be related to substrates texture. In addition
to the reduction of transpiration, temperature decreases would be
particularly beneﬁcial in ﬁne-textured substrates since, as formerly
explained, they tend to suffer greater water losses through toplayer evaporation than coarse-textured substrates (Noy-Meir,
1973). This potential beneﬁt of ﬁne-textured substrates (e.g. clays
and silts, limestones, and conglomerates), which is more important
under hot and sunny weather, might be occurring during the
warmer parts of the growing season in our study area (i.e. May,
June, September, and October).
5. Conclusions
Our study improves the knowledge of the regional spatial and
inter-annual response of the EVI (our proxy for ANPP) to climate
and how vegetation and lithology modulate this response in
Mediterranean drylands. In this study, we take advantage of linear
mixed-effects models (LMM), long time-series of EVI and climate
data, and high-resolution vegetation and lithology maps, to evaluate the ANPP response to environmental controls at the regional
scale. Along the spatial gradient, precipitation increased the EVI
mean even compensating for the greater evapotranspiration of
warmer sites, though with differences among substrates. The
inverse relationship between the increases in MAP and in annual
EVI_mean suggested the necessity of looking at the seasonal timing
of the climatic and EVI trends in Mediterranean drylands. An
important outcome was the effect of early-autumn climate on the
EVI of the following growing season. The earlier arrival of rain after
the summer drought and the cooler temperatures during earlyautumn caused very strong increases in the EVI at the beginning
of the growing season that may also favor the rest of the growing
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season. On average, the structural constraints of grasslands (shallower roots and denser canopy) for storing and using deep-soil
moisture were only evident on marls, the most water-limiting
substrate (Cabello, 1997; García et al., 2008), where EVI_mean was
greater in scrublands. In response to the observed climate trends,
grasslands showed steeper EVI_mean increases than scrublands,
particularly on clays and silts, and marls. In Mediterranean
drylands, where temperature and precipitation are out of phase,
the overall available water for plants results from the balance
between the rainfall seasonal timing and intensity, and the soil
water holding capacity to carry-over soil moisture from previous
seasons or years. Sites on limestones, with ﬁner texture, deeper
soils, and, hence, greater water storage capacity, showed lower
dependence on current-year precipitation, and greater EVI_mean
than on phyllites and schists, and marls. On the contrary, marls,
with lower water storage capacity, were the most favored substrate
in terms of the EVI_mean increases in response to the trends
toward less water-limiting conditions.
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