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Abstract We present an approach to derive base-
line conditions for the radiation intercepted by
vegetation in the largest remaining patches of homo-
geneous vegetation of the Iberian Peninsula. These
baseline conditions can serve as a reference to assess
environmental changes. We also characterized the
major vegetation types of the Peninsula in the
functional space defined by the NDVI dynamics
and analyzed the climatic controls of NDVI dynam-
ics. We analysed the attributes of the NDVI seasonal
dynamics: annual mean (NDVI-I), relative range
(RREL), NDVI maximum and minimum values
(MAX and MIN), months of MAX and MIN (MMAX
and MMIN), and their inter-annual variabilities
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(1982-1999). We selected as reference sites only
homogeneous pixels occupied by natural vegetation.
We described their relationship with climatic vari-
ables using regression models. NDVI-I and RREL
captured most of the variability of the NDVI annual
profile. Eurosiberian vegetation types were more
productive, with winter minima and summer maxima.
Mediterranean vegetation had summer minima and
maxima distributed from autumn to spring. Inter-
annual differences (higher in the Mediterranean) were
low for NDVI-I and MAX and high for RREL and
MIN. Precipitation was the main driver of NDVI-I for
the Mediterranean pixels while temperature con-
strained it in the Eurosiberian ones. Seasonality
(RREL) was associated with winter temperatures in
Eurosiberian areas and with summer drought in
Mediterranean ones. The Iberian vegetation types
mainly differed in terms of total production and
seasonality. Such differences were related to mean
and inter-annual variation in precipitation and tem-
perature associated with the Eurosiberian and
Mediterranean climate zones. The NDVI dynamics
allowed us to identify a functional signature for each
vegetation type which captures differences that go
beyond their range of climatic factors. Our baseline
descriptions, based on a common approach to char-
acterize vegetation functioning, are proposed as
reference situations to evaluate the impact of envi-
ronmental changes on the remaining large patches of
single major natural and seminatural vegetation

types.
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Introduction

The effects of global environmental changes are
particularly noticeable at the ecosystem level and at
regional scales (Vitousek et al. 1997; Wolters et al.
2000). However, characterizations of the baseline
conditions of ecosystems on extensive regions are
relatively scarce in comparison with reference
descriptions at the species, population, and commu-
nity levels (Fazey et al. 2005). In addition, vegetation
descriptions have been traditionally based just on
structural features (such as physiognomy, dominant
species, or floristic composition) derived from a few
plot observations (e.g., Mueller Dombois and Ellen-
berg 1974; Stephenson 1990) but omitting functional
attributes at the ecosystem level. Ecosystem function-
ing (i.e., the exchange of energy and matter between
the ecosystem and the atmosphere Valentini et al.
1999) clearly complements traditional studies, since it
shows a shorter response to environmental changes
than vegetation structure (Milchunas and Lauenroth
1995; Wiegand et al. 2004). Monitoring ecosystems
functioning by assessing ecological processes such as
carbon gains or evapotranspiration allows a direct
measurement of ecosystem services (Daily 1997). In
addition, functional attributes of ecosystems can be
easily and frequently monitored through remote
sensing (Paruelo et al. 2001), which is particularly
useful for monitoring vegetation dynamics and eco-
system responses to environmental changes.
Currently, remote sensing provides adequate meth-
ods to produce a spatially continuous characterization
of vegetation functioning at regional scale (e.g., Xiao
and Moody 2004; Alcaraz-Segura et al. 2006). Both
theoretical and empirical analyses provide support to
the relationship between spectral indices derived
from satellite images and functional attributes such as
primary production (Pettorelli et al. 2005), the most
integrative and essential indicator of ecosystem
functioning (McNaughton et al. 1989; Virginia and
Wall 2001). The most widely used of such indices is
the Normalized Difference Vegetation Index (NDVI),
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which is calculated from the reflectance in the red and
near infrared wavelengths ([NIR — R]/[NIR + R];
Tucker and Sellers 1986). The NDVI can be used to
estimate the fraction of Absorbed Photosynthetically
Active Radiation by vegetation (fAPAR) (Myneni
and Williams 1994), the main control of primary
production (Monteith 1972). The NDVI temporal
dynamics provides critical information about the
land-surface phenology and seasonality of vegetation,
which is of great importance to determine the
different strategies of carbon gains (Mooney et al.
1977; Orshan 1989).

The characterization of the baseline conditions of
functional attributes of vegetation for the assessment
of global change impacts has been frequently accom-
plished in protected areas (e.g., Garbulsky and
Paruelo 2004; Alcaraz-Segura et al. 2008a). However,
restricting studies to protected areas may not provide
enough extent and replications for the whole spectrum
of vegetation types in a region. Moreover, the abrupt
change of the disturbance regimes often associated
with protection may initiate an ecological succession
that obscures the signal of global drivers of change,
such as changes in climate or in the atmospheric
composition (Alcaraz-Segura et al. 2008b). Both
constraints can be solved by extending studies to
natural areas not subjected to land-use change, i.e.,
areas dominated by native vegetation subjected to a
minimum human intervention and whose dynamics is
mainly controlled by natural factors such as precip-
itation, temperature, and soils.

In this article, we present an approach to derive
baseline conditions for the radiation intercepted by
vegetation in the largest remaining patches of homo-
geneous vegetation of the Iberian Peninsula. These
baseline conditions can serve as a reference to assess
environmental changes. We also characterize the
major vegetation types of the Peninsula in the
functional space defined by the NDVI dynamics.
Finally, we explore the climatic controls of the
radiation interception.

Methods
Study area

The Iberian Peninsula (Fig. 1) is one of the most
diverse areas of Europe and a region particularly
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Fig. 1 Spatial distribution of the 200 NOAA/AVHRR 8 x 8 km pixels with more than 70% of their surface corresponding to one of
the 12 Iberian major vegetation types studied. See “Study Area” subsection for vegetation type abbreviations

sensitive to biodiversity losses due to climate and
land-use changes (Valladares et al. 2004). Natural
areas cover large part of it despite having been
intensively used for millennia. Two biogeographic
regions, the Eurosiberian and the Mediterranean, are
present in the Peninsula (Rivas-Martinez 1987,
Fig. 1). The Eurosiberian region is characterized by
a humid climate of oceanic influence, with fairly cold
winters and water availability throughout the year,
making vegetation phenology tightly linked to tem-
perature seasonality and photoperiod (Lieth 1974;
Rathcke and Lacey 1985). Five major vegetation
types were studied in this region: Alpine natural and
seminatural grasslands (AG), Alpine needleleaf
coniferous forests (ACF), Temperate broadleaf decid-
uous forests (TDF), Temperate semideciduous forests
(TSF), and Heathlands (H). The Mediterrancan

region is characterized by a dry climate with mild,
rainy winters and hot, dry summers. The presence of
low winter temperatures and summer droughts (the
main stress for Mediterranean vegetation; Blondel
and Aronson 1999) generates two temporal “win-
dows” for plant growth: spring and autumn (Mitrakos
1980). Eight vegetation types were studied in the
Mediterranean region: Spanish Juniper woodlands
(SJW), Mediterranean natural and seminatural grass-
lands (MG), Dehesas (D), Mediterranean evergreen
sclerophyllous forests (MEF), Mediterranean needle-
leaf coniferous forests (MCF), Maquis and garrigues
(Mqg&G), Mediterranean semiarid scrublands (MAS),
and Alpha-steppes (AS). Dehesas are savanna-like
systems comprising an open overstorey of evergreen
Quercus trees over an understorey of herbaceous
annual and perennial species used by livestock.
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Selection of study sites for each vegetation type

Identifying large areas of natural vegetation in a
region with an extensive history of human interven-
tions and a very patchy distribution of ecosystems
represents a difficult task. Therefore, we considered
as “natural” only those areas with low human
influence (i.e., not cropped or urbanized) and whose
dynamics is mainly controlled by natural factors
(such as climate, soils, or landscape structure) and
disturbances. To simplify the high heterogeneity of
the Iberian vegetation, we worked at the level of the
12 major vegetation types named above, i.e., exten-
sive areas of natural and seminatural vegetation
types, homogeneous in terms of physiognomy (rela-
tive abundance and dominance of plant functional
types). Although they are not strictly natural, we
included Dehesas and Mediterranean coniferous
forests in the analysis because of their high extent
and importance for nature conservation in Spain
(Costa et al. 2005), and because they are relatively
stable (Stevenson and Harrison 1992).

To select the study sites for the Iberian vegetation
types, we used 1027 digital maps of the Spanish
Forest Map (MFE200—Mapa Forestal de Espaia
1:200,000; Ruiz de la Torre 1999). First, all polygons
were reclassified to one of the former 12 major
vegetation types considering the information in the
MFE200 and the potential-vegetation map of Spain
(generalized by us from Rivas-Martinez 1987; as
specified in Alcaraz-Segura et al. 2006). Only sites
larger than 8 x 8 km (pixel size of the imagery used
in the study; see below) and dominated (more than
70%) by the same major vegetation type were pre-
selected. Then, to validate this pre-selection, we used
the 1990 CORINE Land Cover database (EEA 2000)
to discard those pre-selected sites of the MFE200
with lower than 70% of the equivalent land-cover in
the CORINE database. The MFE200 was developed
from aerial photographs from 1985, while CORINE
used satellite images from 1986 to 1996. We also
checked that these pixels did not contain a significant
surface of changes from 1990 to 2000 in the CORINE
land cover change map (EEA 2007). We assumed
that sites corresponding to a particular vegetation
type near the beginning and end of the study period
remained representative of the same vegetation type
during the whole period. Besides, although land-
cover could be altered by human activities, these
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changes are more subtle and slow in squares of
64 km?. The final number of 8 x 8 km sites was 200

(Fig. 1).
Analysis of the NDVI imagery

We based our analysis on the 10-day NDVI compos-
ites provided by the 8-km PAL (Pathfinder
AVHRR—Advanced Very High Resolution Radiom-
eter—Land) dataset, available for the 1981-1999
period. This dataset has been corrected for atmo-
spheric and orbital distortions (but not for volcanic
aerosols; details in James and Kalluri 1994) and is
used in a very large number of research studies
(Hicke et al. 2002; Lobell et al. 2002; Nemani et al.
2003; Paruelo et al. 2004; Julien et al. 2006; Sobrino
et al. 2006; de Beurs and Henebry 2007; Baldi et al.
2008; Sarkar et al. 2008). The scenes have an
approximate spatial resolution of 8 x 8 km and
cover the whole globe. We used the portion of the
images located between 35° N and 45° N in latitude
and 3.5° E and 10.2° W in longitude in correspon-
dence with the Iberian Peninsula. The long period
considered includes both extremely dry and wet
periods in the Peninsula (de Castro et al. 2005).
Though new databases have been generated from the
original AVHRR data (i.e., Global Inventory Model-
ing and Mapping Studies (GIMMS) dataset), we
decided to use the PAL data (extending up to 1999)
because evaluations based on the detection of
ecosystem changes suggest a better performance of
PAL than GIMMS, as PAL detects trends that match
the expected shifts (Baldi et al. 2008). In addition, as
we worked with individual PAL pixels, we were able
to remove any remaining noise in the dataset
associated with cloud contamination and spurious
high values (e.g., data transmission errors). The 10-
day composites were layer-stacked to create a 36-
band image for each year. Years 1981 and 1994 were
discarded due to bad quality of the data. Those
problems not removed by the original processing of
the PAL-database, associated with cloud contamina-
tion, incomplete atmospheric correction, off-nadir
views or angular effects, and sensor degradation,
were minimized by selecting the maximum NDVI
value for each pixel from the three 10-day composites
of each month (as proposed by Holben 1986). In
order to further minimize noise and spurious values,
negative values were replaced by zeros, and extreme
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values were eliminated manually. The monthly NDVI
images were examined visually to check for further
possible erroneous pixels to be removed manually. In
coastal pixels, the influence of the ocean signal was
minimized by both the spatial maximum NDVI value
composite of the PAL dataset and by the temporal
maximum NDVI value composite applied every
10 days in the PAL dataset and every month in this
study (Holben 1986). In any case, we visually
checked the NDVI profiles to check that they were
not affected by the ocean signal. Finally, we calcu-
lated the monthly NDVI values of the period as the
mean of the 18 years considered. Averaging the
monthly NDVI values of an 18-year period mini-
mized the effect of the atmospheric scattering caused
by the eruption of Mount Pinatubo in 1991. The final
range of values varied between 0.1 and 0.75.

In order to describe the patterns of the interception
of radiation by vegetation, the following variables
were derived from the mean seasonal NDVI profiles
(Fig. 2): annual mean (NDVI-I), annual relative range
(RREL,; difference between maximum and minimum
NDVI divided by annual mean), maximum and
minimum NDVI values (MAX and MIN), and months
of the maximum and minimum values of NDVI
(MMAX and MMIN). These variables describe in a
straightforward way the height and shape of the NDVI
seasonal profile, and capture important features of
ecosystem functioning for temperate ecosystems
(Xiao and Moody 2004; Pettorelli et al. 2005).
NDVI-I can be used to estimate fAPAR (Sellers
et al. 1996) and thus net primary production (Tucker
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Fig. 2 The six Normalized Difference Vegetation Index
(NDVI) attributes employed in the functional characterization
of the Iberian vegetation types (NDVI-I, RREL, MAX, MIN,
MMAX, and MMIN)

et al. 1985; Sellers et al. 1992; Paruelo et al. 1997).
RREL (annual amplitude normalized by the NDVI
annual mean) provides an indicator of the seasonality
of the photosynthetic activity, i.e., a descriptor of how
different carbon uptake is between the growing and
non-growing seasons (Paruelo and Lauenroth 1995).
RREL keeps the biological meaning of the absolute
range or amplitude but standardized by the mean
NDVI in an equivalent way as the coefficient of
variation (standard deviation divided by the sample
mean) does (Alcaraz-Segura et al. 2006). MMAX and
MMIN provide an additional description of vegetation
phenology, indicating the intra-annual distribution of
the periods with maximum and minimum photosyn-
thetic activity (Lloyd 1990; Hoare and Frost 2004).
We analyzed and summarized the structure of the
whole NDVI dataset by performing a principal
component analysis (PCA). The input data for this
analysis consisted of a matrix of 12 variables (the
mean NDVI value of each month) and, as cases, the
200 pixels classified according to their major vegeta-
tion type. Then, we performed an ordination of the
Iberian vegetation types by means of the two principal
axes that summed up the variation in the NDVI
seasonal profiles. We evaluated the relationship
between the functional traits defined by the NDVI
seasonal profiles and the first two axes of the PCA. We
also used the same matrix to compare the NDVI
seasonal profiles among vegetation types by perform-
ing a discriminant analysis (DA). The discriminant
analysis located the centroids of each group in the
space defined by the 12 months NDVI values and
allowed us to compare the NDVI mean seasonal
profile among vegetation types. Additionally, we
performed ANOVA and post hoc comparisons fol-
lowing the Tukey’s statistic for comparing the mean
values of each NDVI-derived attribute among vege-
tation types. We also analyzed the inter-annual
variability of these attributes by means of their
coefficient of variation (the standard deviation in the
case of MMAX and MMIN because they are quali-
tative data and do not have to be normalized). Finally,
we explored the climatic controls of the radiation
interception by assessing logarithmic and stepwise
multiple linear regressions between the functional
traits (only for NDVI-I and RREL, the two main
descriptors of the NDVI seasonal curve in the Iberian
Peninsula as observed here and in Alcaraz-Segura
et al. 2006) and the following climatic variables: mean
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annual precipitation (MAP, snow included), mean
annual temperature (MAT), mean value of the max-
imum temperatures of the warmest month (TMAX)
and mean value of the minimum temperatures of the
coldest month (TMIN) (obtained from Sanchez-Pal-
omares et al. 1999; Table 1).

Results

Ordination of the Iberian vegetation types
by means of their NDVI seasonal dynamics

The first principal component (PCA-1) explained 73%
of the spatial variability in the NDVI seasonal profile
of the Iberian vegetation types (Table 2). PCA-1 was
strongly related (r = 0.996, n = 200, P < 0.001) to
NDVI-I, a descriptor of productivity. The absolute
value of the PCA-2, which accounted for 24% of the
explained variance, was significantly associated with
RREL (r = 0.752, n = 200, P < 0.001) and can be
interpreted, then, as a descriptor of seasonality. Three
different relationships were found between PCA axes

1 and 2 (Fig. 3). All the Eurosiberian pixels had
positive scores in the PCA-2 (highly seasonal) and
showed a negative relationship between PCA-1 and
PCA-2 (PCA-2 = 1.863 — 0.869 PCA-1, r = 0.823,
n =41, P <0.001). Mediterranean grasslands and
Dehesas displayed a different pattern with negative
scores for PCA-2 and a slight, positive relationship
between axes (PCA-2 = —1.051 + 0.301 - PCA-1,
r=0.671, n = 60, P < 0.001). Finally, the rest of
the Mediterranean vegetation types showed no rela-
tionship between the PCA axes (r = 0.197, n = 99,
P > 0.05).

Alpha-steppes and Mediterranean semiarid scrubs
were the least productive vegetation types and formed
an isolated group in the negative extreme of PCA-1
(Fig. 3). Mediterranean coniferous forests were the
most heterogeneous group, covering the highest range
along PCA-1. Mediterranean sclerophyllous forests
presented the highest values of productivity (PCA-1
or NDVI-I) and the lowest seasonalities (both in PCA-
2 and RREL). Alpine grasslands showed the highest
scores in PCA-2 and formed a heterogeneous but
isolated group. Temperate deciduous forests also

Table 1 Environmental characterization of the pixels analyzed for the Iberian natural and seminatural major vegetation types

(Veg.T.)
Veg.T. # Altitude® MAP?* MAT* TMAX® TMIN* Conspicuous species
(m) (mm) ‘O O (‘O

AG 10 2261 £ 139 1449 £220 4+ 1 14+2 —6 =+ 1 Festuca eskia, F. indigesta

ACF 9 1062 £+ 130 1121 £280 10+ 1 25+ 1 —2 =+ 1 Pinus uncinata, P. sylvestris, Abies alba

TDF 9 885+ 156 1583 +423 10+ 1 23 £ 1 —1 =41 Fagus sylvatica, Quercus robur, Q. petraea, Alnus glutinosa

TSF 5 975226 753+ 117 10£1 27+1 =2 %1 Quercus pyrenaica, Q. faginea

H 8 1112 £356 1595 +£195 9+£2 23+2 —1=%2 Erica spp., Calluna spp., Ulex europaeus

SIW 4 1185 £ 56 613+76 100 27+ 0 —2 =+ 1 Juniperus thurifera

MG 11 494 £225 599+ 113 15£2 34+2 2 £ 1 Festuca scariosa, Helictotrichon filifolium,
Brachypodium retusum, Bromus spp.

D 49 478 £ 175 634 +£85 16+1 35+1 3 + 1 Quercus suber, Q. rotundifolia

MEF 15 339 £127 1059 £ 177 16 £1 29+ 1 5 £+ 2 Quercus suber, Q. ilex, Q. rotundifolia

MCF 48 1111 £295 688 £ 162 11 +2 29+ 3 —1 =+ 2 Pinus pinaster, P. sylvestris, P. nigra

Mg&G 13 568 £291 561 £159 14 +£2 31+3 2 + 2 Pistacia lentiscus, Quercus coccifera, Olea sylvestris,
Cistus spp., Rosmarinus officinalis

MAS 10 215+£237 272+£53 17+£1 32+1 6 £+ 2 Anthyllis cytisoides, A. terniflora, Periploca laevigata,
Genista retamoides

AS 9 3806184 295+30 1741 31=+1 6 £ 1 Stipa tenacissima

See “Study Area” subsection for vegetation type abbreviations

MAP mean annual precipitation; MAT mean annual temperature; TMAX maximum temperature; 7MIN minimum temperature

# Number of pixels

* Mean value + spatial standard deviation
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Table 2 Eigenvectors and cumulative variance explained by the first two components of a principal component analysis (PCA)
performed on the mean monthly NDVI values for the period 1982-1999 in the Iberian vegetation types

PCA axis %" Scores

Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov Dec
1 73 0.845 0.801 0.810 0.854 0965 0.857 0.779 0.784 0.802 0.915 0.975 0.878
2 97 —-0.509 —0.586 —0.564 —0.478 0.001 0503 0.621 0.615 0591 0382 —0.088 —0.425
% Cumulated variance
Fig. 3 Functional space of v NDVI-I T t NDVI-|
the Iberian major vegetation
types in terms of the first ‘32 [} °
L. 3 .
two axes of the Principal PCA-2 gr;*s'gl'gg " Winter MMIN
Component Analysis (PCA) (24% of variance) o
carried out with the 12 o o * RREL
NDVI monthly values. P ° a o Temperate
NDVI integer (NDVI-I) Seﬁ[j";"cei;fus Dd?giri‘;‘:s“s
increases with PCA-1 forests o o
(r = 0.996). Annual X ¢ 0o A
. 14 pine
.relatlve range (RREL) J thurifera X 5 coniferous
increases toward the Mediterranean semiarid shrublands lands Heathlands XA~ B A forests
extremes of PCA-2 o & oG X E
(r = 0.752). Three different ol T ) at
RREL
relationships between PCA- P \
1 and PCA-2 can be Alpha-steppes Mediterranean
observed: negative, Mediterranean Sdeffgéﬂws
positive, and none. Dashed -1 coniferous forests
lines correspond to the ( hal A
Eurosiberian vegetation S Dehesas Summer MMIN
types and continuous lines 2 . Mediterranean grasslands . .
to the Mediterranean ones. R ) R
8 2 ! 0 ! * RREL

See “Study Area”
subsection for vegetation
type abbreviations

displayed high positive values for PCA-2 but formed a
more homogeneous group. Temperate semideciduous
and Alpine coniferous forests as well as Heathlands
showed some overlap in the plane of the first two PCA
axes. In the opposite negative extreme of the PCA-2,
Mediterranean grasslands and Dehesas had similar
values of seasonality but differed in productivity.

Differences in the seasonal dynamics of the NDVI
among Iberian vegetation types

The discriminant analysis showed significant differ-
ences in the seasonal profiles of NDVI among the
Iberian vegetation types (Fig. 4, Appendix). In gen-
eral, Alpine grasslands, Temperate deciduous forests,
and Mediterranean grasslands were the most distinct
vegetation types. Alpine grasslands and both

o AG AACF oTDF o¢TSF ASJW xH MG ¢D

PCA-1 (73% of variance)
MEF -MCF = Mg&G a MAS =AS

Mediterranean grasslands and Dehesas showed the
highest differences. The most similar classes were (1)
Alpha-steppes and Mediterranean semiarid scrubs
(but quite distinctive from the rest), (2) Mediterranean
coniferous forests and Maquis and garrigues, (3)
Temperate semideciduous forests and both Heath-
lands and Spanish Juniper woodlands, and (4)
Mediterranean grasslands and Dehesas (Fig. 4,
Appendix). The largest differences among vegetation
types occurred in summer (Fig. 4). In general, NDVI-I
was higher for the Eurosiberian vegetation types (with
the exception of Alpine grasslands), even though
Mediterranean sclerophyllous forests showed the
highest NDVI-I (Fig. 5a). The lowest values corre-
sponded to Alpha-steppes and Mediterranean
semiarid scrubs. Seasonality (RREL) was higher in
grasslands systems (Alpine grasslands, Mediterranean
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Fig. 4 Mean seasonal profile of the NDVI in the Iberian
vegetation types. Each point represents the mean value for all
pixels with the same major vegetation type and for the 18 years
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Fig. 5 Functional
characterization of the
Iberian vegetation types in
terms of the mean values of
the NDVI annual mean (a),
annual relative range (b),
maximum and minimum
values of NDVI in the year
(¢, d), and the months of
maximum and minimum
NDVI values (e, f). Vertical
lines on top of the bars
represent the spatial
standard deviation of each
NDVI-derived attribute.
Different letters indicate
significant differences

(P < 0.01; Tukey’s test).
Gray bars correspond to the
Eurosiberian vegetation
types and white bars to the
Mediterranean ones. See
“Study Area” subsection
for vegetation type
abbreviations

grasslands, and Alpha-steppes), while evergreen veg-
etation showed the lowest differences throughout the
year (e.g., Mediterranean sclerophyllous forests)
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(Fig. 5b). The maximum values of NDVI (MAX)
showed a similar pattern than NDVI-I. MAX was
higher in the Eurosiberian vegetation types and
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showed the lowest values in semiarid systems (Med-
iterranean semiarid scrubs and Alpha-steppes)
(Fig. 5¢). The lowest NDVI minima (MIN) occurred
in the grasslands and arid systems (Alpine grasslands,
Mediterranean grasslands, Alpha-steppes, and Medi-
terranean semiarid scrubs), while Mediterranean
sclerophyllous forests had the highest MIN (just
10% lower than MAX) (Fig. 5d). All Eurosiberian
vegetation types had their maximum NDVI in sum-
mer, while the month of the maximum (MMAX) for
the Mediterranean vegetation types varied from
autumn to spring (Fig. 5e). Nevertheless, there were
some Mediterranean pixels with summer maxima
(Mediterranean sclerophyllous forests, Mediterranean
coniferous forests, and Spanish Juniper woodlands).
The minima occurred in winter in the Eurosiberian
vegetation types (Fig. 5f). In the Mediterranean
vegetation types, most pixels had their minimum
(MMIN) in summer, although some pixels showed

Fig. 6 Differences in inter- a
annual variability of the
Iberian vegetation types
from 1982 to 1999
measured through the
temporal Coefficient of
Variation (CVt) of the
NDVI annual mean (a),
annual relative range (b)
and maximum and
minimum values of NDVI
in the year (c, d), and
temporal Standard c
Deviation (SDt) of the
months of maximum and
minimum NDVI values (e,
f). Vertical lines on top of
the bars represent the
spatial standard deviation of
each NDVI-derived
attribute. Different letters 0

CVit NDVI-I

DT OQ —+~
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winter minima (Mediterranean sclerophyllous forests,
Mediterranean coniferous forests, and Spanish Juniper
woodlands).

Inter-annual variability of the NDVI dynamics
in the Iberian vegetation types

In general, inter-annual variabilities (coefficients of
variation) were low for NDVI-I and MAX, and high for
RREL and MIN (Fig. 6). Grasslands and arid vegeta-
tion types (Alpine grasslands, Mediterranean
grasslands, Alpha-steppes, and Mediterranean semi-
arid scrubs) showed the highest inter-annual variability
for NDVI-I (Fig. 6a). The inter-annual variability of
RREL was lower for Alpine and Mediterranean
grasslands and Dehesas, while the highest values
occurred in Mediterranean sclerophyllous and Alpine
coniferous forests (Fig. 6b). Inter-annual differences
of MAX (Fig. 6¢c) were significantly higher for the
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semiarid vegetation types (Mediterranean semiarid
scrubs and Alpha-steppes). The lowest coefficient of
variation of maximum NDVI occurred in the Euros-
iberian vegetation types and in the Mediterranean
sclerophyllous forests. The inter-annual coefficient of
variation of MIN (Fig. 6d) was significantly higher for
the Alpine grasslands. Semiarid vegetation types also
showed high inter-annual differences in minimum
NDVI, while the rest of vegetation types showed
relatively low variability. Spanish Juniper woodlands,
Heathlands, Mediterranean sclerophyllous forests, and
Alpine coniferous forests showed significant differ-
ences with the rest of the vegetation units for the
variability (inter-annual standard deviation) in the
timing of the maximum NDVI (MMAX) (Fig. 6e). In
the case of the month of the minimum NDVI (MMIN),
Spanish Juniper woodlands and Mediterranean conif-
erous and sclerophyllous forest also displayed the
highest inter-annual variability, while the lowest
variation occurred in Mediterranean grasslands, De-
hesas, and Alpha-steppes (Fig. 6f).

Relationship between climatic variables
and the NDVTI attributes for the Iberian
vegetation types

Only mean annual precipitation (MAP) showed a
significant, positive relationship with NDVI-I in the
multiple linear regression analysis carried out
between this functional attribute and the climatic
variables (Table 3). MAP explained 42% (Table 3) of
the variability of the mean NDVI-I of the Iberian
vegetation types (n = 13). The analysis based on all
pixels (n = 200) showed that a lower, but significant
proportion of the variance was explained by MAP
(adjusted coefficient of determination I 0.339,
P < 0.001). A logarithmic model substantially
increased the proportion of the spatial variance of
NDVI-I accounted by MAP (considering mean val-
ues: r° = 0.623, n = 13, P < 0.009, SE (Standard
Error of the model) = 0.087; including all pixels:
= 0.537, n = 200, P < 0.001, SE = 0.080). None
of the three temperature variables considered (mean,
maximum, and minimum) explained the residuals of
the logarithmic relationship between MAP and NDVI-
I at the Iberian scale. The Mahalanobis and Cook’s
distances as well as the Deleted Residual criteria
showed that Alpine grasslands could be considered as
an outlier in the logarithmic regression between MAP
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and NDVI-1. When sites of this vegetation type were
removed, the variance explained by the logarithmic
model increased up to 83% (r2 = 0.831, n =12,
P < 0.001, SE = 0.060; for all pixels: = 0.724,
n =190, P <0.001, SE = 0.063) (Fig. 7). In the
Mediterranean vegetation types, MAP linearly
explained 92% of the variance in NDVI-I (Table 3,
for all sites: #° = 0.703, n = 159, P < 0.001). In the
Eurosiberian vegetation types, only mean temperature
(MAT) showed a significant, positive relationship
with NDVI-I (Table 3; for all pixels: 2= 0.778,
n =41, P < 0.001).

Multiple linear regressions between RREL and
climatic variables only showed significant relation-
ships when Mediterranean and Eurosiberian
vegetation were analyzed separately (Table 3). For
the Mediterranean vegetation types, RREL was
positively related to maximum temperature (TMAX)
and negatively to MAP (Table 3; with all pixels:
P =0.577,n=159, P < 0.001). On the other hand,
in the Eurosiberian vegetation types, RREL was
negatively associated with MAT (Table 3; with all
pixels it was negatively associated with TMAX:
= 0.782, n = 41, P < 0.001).

The inter-annual variability of the NDVI-I (CVt
NDVI-]) in the Iberian vegetation types was associ-
ated with both precipitation and temperature
(Table 3). The multiple regression analysis identified
an inverse relationship of CVt NDVI-I with MAP and
TMAX and a positive one with minimum temperature
(TMIN) (Table 3; including all sites TMAX was
substituted by MAT in the model: = 0.480,
n =200, P < 0.001). Considering separately the
mean values for the Eurosiberian and Mediterranean
vegetation types, the multiple linear regressions were
only significant for the latter. For Mediterranean
vegetation, CVt NDVI-I was negatively associated
with MAP and positively with TMIN (Table 3; for all
pixels MAT also showed a negative relationship:
? = 0.689, n = 159, P < 0.001). For the Eurosibe-
rian vegetation, only when all pixels were considered
in the multiple linear regression, CVt NDVI-I
displayed a significant, negative relationship with
MAT and MAP, and a positive but not significant one
with TMIN (#* = 0.765, n = 41, P < 0.001).

No significant relationship was found between the
inter-annual variability of RREL (CVt RREL) and the
three climatic variables for the Iberian vegetation types
(Table 3). In the Mediterranean ones, a significant,
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Fig. 7 Relationship between the mean values of NDVI-I
(annual mean, surrogate of productivity) and mean annual
precipitation (MAP) for the Iberian vegetation types. The
logarithmic model offered the best adjustment. Alpine grass-
lands (AG) were revealed as an outlier. Triangles were used for
the Eurosiberian vegetation types. See “Study Area” subsec-
tion for vegetation type abbreviations

negative association was only found with TMAX. CVt
RREL was also related, but not significantly, to MAT
(positively) and TMIN (negatively) (Table 3). Includ-
ing all Mediterranean pixels in the analysis, CVt RREL
displayed significant relationships with both TMAX
(negative) and MAP (positive) (r2 = 0.527, n = 159,
P < 0.001). In the Eurosiberian pixels, a significant,
positive relationship was found between CVt RREL
and MAT (+* = 0.410, n = 41, P < 0.001).

Discussion

Our approach, based on a regional analysis of
functional attributes of natural vegetation types,
provided a description of how different attributes of
ecosystem functioning change across the main envi-
ronmental gradients of the Iberian Peninsula. This
reference description provides baseline conditions of
ecosystem functioning for the evaluation of the
impact of human activities on ecosystems processes.
The inter-annual variability is a critical element for
this evaluation because it provides the basis for
identifying anomalous behavior, such as the effect of
human disturbances or extreme climatic conditions
on vegetation.

@ Springer

The high correlation between scores in the PCA
axes and the NDVI annual mean (NDVI-I) and
relative range (RREL) suggests that the ecosystem
functioning of the Iberian vegetation types mainly
differs in terms of total production and seasonality.
PCA-1 was strongly correlated with the annual mean
of the NDVI, and accounted for most of the total
variance in the seasonal dynamics of the NDVI
(Table 2), as found in previous studies (Townshend
et al. 1985; Paruelo and Lauenroth 1998; Alcaraz-
Segura et al. 2006). PCA-2 was related to seasonality
and phenology (as in Alcaraz-Segura et al. 2006,
including non-natural land-uses). Vegetation types
with high and positive scores for PCA-2 showed very
high seasonality and winter minima associated with
low temperatures (Fig. 3). This was the common
pattern in Eurosiberian vegetation. Pixels in the
negative extreme of PCA-2 also showed strong
differences in NDVI among seasons, but in this case,
related to the summer minima caused by the typical
summer drought of the Mediterranean climates.

The representation (Fig. 8a) of NDVI-I versus
RREL (the main descriptors of the NDVI dynamics
from the PCA) provides, in a simple way, an overall
description of the distribution of the Iberian vegeta-
tion types in the functional space defined by total
production and seasonality. The separation among
vegetation types in the first two PCA axes (Fig. 3) or
in the NDVI-I versus RREL planes (Fig. 8a) was
higher (with lower overlapping among polygons)
than in the climatic plane (Fig. 8b) defined by
temperature and precipitation (e.g., Whittaker
1970). The NDVI dynamics allowed us to identify a
functional signature for each major vegetation type.
Such functional range captures differences among
vegetation units that go beyond the range of climatic
factors that they experience.

Differences in light interception occurred mainly
during summer and between Eurosiberian and Med-
iterranean vegetation types. Such differences may be
related to climatic, physiological, and structural
features. The Iberian vegetation differed in the
seasonal distribution of the growing periods according
to the timing of the different stress sources. Six
patterns can be identified: (1) Unimodal NDVI
seasonal dynamics with a unique and well-defined
growing season centered in summer (Alpine grass-
lands and Temperate deciduous forests and, with
lower seasonality, Temperate semideciduous forests,
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Fig. 8 a Spatial heterogeneity and functional space of the
Iberian vegetation types in terms of NDVI-I (an estimator of
productivity) and RREL (a surrogate of seasonality). b
Climatic characterization in terms of mean annual temperature
(MAT) and precipitation (MAP) of the same pixels. Dashed
lines correspond to the Eurosiberian vegetation types and
continuous lines to the Mediterranean ones. See “Study Area”
subsection for vegetation type abbreviations

Heathlands, and Alpine coniferous forests). (2) High
NDVI throughout the year, with relative spring and
autumn maxima and winter and summer minima
(Mediterranean sclerophyllous forests; similar dynam-
ics but with lower NDVI was observed in
Mediterranean coniferous forests). (3) Bimodal NDVI
profile with two clear growing periods with maxima in
late-autumn and late-spring as well as minima caused
by both severe winters and summers (Spanish Juniper
woodlands). (4) NDVI seasonal profile with a growing
season with late-autumn maxima and summer minima
(Maquis and garrigues, i.e., seasonal heteromorphic
evergreen chamaephytic formations with slight toler-
ation to cold and drought stresses). (5) Low NDVI
values throughout the year and a slight growing season
centered in winter (Mediterranean summer-deciduous
semiarid scrublands and Alpha-steppes). (6) NDVI
profile with a strong and pronounced summer minima
(Dehesas and especially Mediterranean grasslands).
Vegetation structure and climatic conditions
explained the differences in inter-annual variability

of the NDVI dynamics among the Iberian vegetation
types. The inter-annual variability of the Mediterra-
nean climate limits the regularity and duration of the
favorable periods for vegetation growing in this
region, where, for instance, variability of rainfall is
twice that one observed in the Eurosiberian part (Rod6
and Comin 2001). As expected, Mediterranean veg-
etation types presented in general higher inter-annual
variability of the NDVI dynamics. Aside from the
effect of climate, the plant functional type composi-
tion may account for the high variability of
Mediterranean ecosystems. Annual grasses and forbs
are an important component of them, which generates
a low buffer capacity (lower inertia) that makes the
system more dependent on climate variability (Wie-
gand et al. 2004). In fact, the lower NDVI-I inter-
annual variability of Dehesas compared to Mediterra-
nean grasslands could be related to the presence of
sclerophyllous trees in the former. Inter-annual vari-
ability for MAX in the Eurosiberian vegetation (in
summer) was low due the reliability of precipitation
compared to Mediterranean areas (Orshan 1989). In
the case of Alpine grasslands, the high inter-annual
variability observed in the MIN (winter) could be
associated with year to year changes in snow cover
between November and April (del Barrio et al. 1990).

As in previous studies, we found a logarithmic
relationship between precipitation and NDVI-I (e.g.,
Box et al. 1989; Paruelo and Lauenroth 1995). The
response of NDVI-I to MAP in the Mediterranean
reveals the restriction of water availability in these
ecosystems (Di Castri et al. 1981; Blondel and
Aronson 1999). The logarithmic model found may
be explained by the restriction that low temperatures
and vegetation structure impose to plant growth,
particularly in some vegetation types of the Euros-
iberian Region (Chabot and Hicks 1982). This is
particularly evident for Alpine grasslands, where high
altitude (low temperatures and snow cover), low
cover, and herbs dominance impose a structural
constraint to light absorption during the growing
season, despite water availability. Besides, most
annual precipitation falls as snow when vegetation
is dormant and, after melting, it leaves the system as
streamflow. Heathlands have the same limiting fac-
tors but under less severe constraints. In fact, mean
temperature was the main significant constraint to
NDVI-I in the Eurosiberian vegetation. Hence, while
water imposes a limitation in the Mediterranean
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vegetation types, temperature constrains productivity
in the Eurosiberian ones.

The climatic controls of seasonality (RREL)
varied between regions. In the Mediterranean, the
summer maximum temperatures showed the strongest
relationship with seasonality, but the influence of
temperature was partially reduced when precipitation
was high. In contrast, in the Eurosiberian vegetation
types, mean temperature caused the opposite effect
on the RREL: seasonality was lower under warmer
conditions. Differences in NDVI among seasons are
caused by low winter temperatures in the Eurosibe-
rian vegetation types and by summer drought (higher
maximum temperatures and lower precipitations) in
the Mediterranean ones.

Inter-annual variability of the NDVI-I decreased
as climatic conditions (precipitation and extreme
temperatures) became less limiting for plant growth.
In general, variability in precipitation decreases from
xeric to mesic conditions (e.g., Montero de Burgos
and Gonzalez-Rebollar 1983; Rodé and Comin
2001). In fact, the highest inter-annual differences
in NDVI-I were found in the semiarid vegetation
(Semiarid scrublands and Alpha-steppes), which is
known to undergo significant inter-annual fluctua-
tions in precipitation (Lazaro et al. 2001). In contrast,
inter-annual differences in seasonality (CVt RREL)
in the Mediterranean pixels tended to be higher in
mesic sites (higher precipitation and lower maximum
temperatures), as well as in the Eurosiberian ones,
where they increased with warmer conditions. In such
mesic conditions, seasonality is very low, making it
prone to suffer high inter-annual differences as a
result of climate variability.

Conclusions

The NDVI seasonal dynamics was able to characterize
the spatio-temporal heterogeneity of ecosystem func-
tioning in the largest remaining patches of the Iberian
vegetation types. By describing the inter-annual
variability, such characterization not only evaluates
the buffer capacity of different vegetation structures to
climate variability, but also provides a reference of
ecosystem functioning to evaluate the effects of global
environmental changes. For instance, it would allow
the identification of extreme periods and deviations
from recorded values (Garbulsky and Paruelo 2004;
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Paruelo et al. 2005). This information has several
applications in management of natural areas, such as
how many growing periods there exist in a year, when
do they start, peak, and end, or how much biomass
would be available for heterotrophes in different
seasons (see Pettorelli et al. 2005).

The functional signatures of each vegetation type
identified from the NDVI dynamics capture differ-
ences in space and time among vegetation units that
integrate the range of environmental factors that they
experience. The Iberian vegetation types mainly
differed in terms of total production and seasonality.
These differences were largely related to the contrast-
ing patterns of precipitation and temperature of the
Mediterranean and Eurosiberian regions. Such pat-
terns also conditioned the inter-annual variability of
the functional attributes. The baseline descriptions that
we provide here have, in our opinion, a particular
advantage to be incorporated in monitoring programs:
they are based on a common approach to characterize
vegetation functioning from remotely sensed images.
Though the present approach had to be based on coarse
spatial resolution imagery to gain enough number of
years that captured the long-term variability (e.g., both
dry and wet periods), it will favor from higher
resolution sensors as soon as longer data records
become available (e.g., MODIS is available since year
2000). In addition, the higher resolution and quality
assessment of current sensors allows for a lower
influence of clouds and aerosols. This is not a big
concern for the Iberian Peninsula, but it may influence
the analysis in areas where clouds and smoke from
fires are a considerable factor (e.g., the tropics).
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Table 4 Mahalanobis distances (lower left side) and F-values for the distances (upper right side) between the centroids of each
vegetation type group

AG ACF TDF TSF H SIw MG D MEF MCF Mq&G MAS AS
AG 137 35 22 38 31 116 162 91 105 85 57 53
ACF 45 15 3 5 8 35 32 6 8 12 32 33
TDF 106 48 6 81 100 200 143 68 85 118 145 158
TSF 101 13 28 24 36 115 80 37 30 47 81 90
H 122 16 24 5 7 27 61 14 13 14 28 96
SIwW 173 48 17 5 40 10 51 12 6 5 10 60
MG 312 100 70 26 83 57 12 34 52 37 64 72
D 273 59 71 23 29 11 8 27 51 15 39 71
MEF 212 16 27 9 38 63 74 32 19 30 103 118
MCF 176 16 46 9 27 28 34 27 16 6 54 64
Mq&G 210 33 44 11 40 25 16 20 15 4 19 55
MAS 161 96 48 18 89 54 24 66 44 32 47 1
AS 160 107 50 19 28 10 25 41 47 34 21 0

All F-values are significant (P < 0.001) except for AS versus MAS

See “Study Area” subsection for vegetation type abbreviations
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