“ Landscape Ecology 19: 543-559, 2004. 543
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.

Research article

Variations in landscape patterns and vegetation cover between 1957 and
1994 in a semiarid Mediterranean ecosystem

Alados!, C.L.I* Y. Pueyol, O. Barrantes?, J. Escés®, L. Giner! and A.B. Robles*

'Pyrenean Institute of Ecology Avda. Montaiiana 1005, Apd. 202, 50080 Zaragoza, Spain; *Dpt. Agricultura y
Economia Agraria, Universidad de Zaragoza, Miguel Servet 177, 50013, Zaragoza, Spain; 3Infraestructura
and Ecologia. Avda. Cardenal Herrera Oria, 65 3° pl, 28034, Madrid, Spain; *Estacién Experimental del
Zaidin. Profesor Albareda 1, Apd. 419, 18008, Granada, Spain; *Author for correspondence (e-mail:
alados@ipe.csic.es)

Received 11 March 2003; accepted in revised form 23 February 2004

Key words: Fragmentation, Land-use, Mediterranean, Semi-arid ecosystem, Vegetation cover transition, Cabo de
Gata-Nijar Natural Park, Spain

Abstract

The aim of this study was to analyze the main processes that determine changes in landscape patterns and veg-
etation cover from 1957-1994 to develop a model for land cover dynamics. Land cover and landscape patterns
were assessed and compared using aerial photographs taken in 1957, 1985, and 1994. Over this period, tall grass
steppe and arid garrigues increased by 6% and 4%, respectively, while crop fields decreased by 15% and tall arid
brush remained the same. Over the same period, tall grass steppes and arid garrigues became less fragmented.
Changes in land use were triggered by socioeconomic forces, which were constrained by the underlying structure
of the physical landscape. The best preserved vegetation (tall arid brushes) was concentrated at higher elevations,
with a pronounced slope, not oriented towards the sea, and in volcanic substrate. Communities tended to be
better preserved further away from towns and at lower house densities. Tall grass steppe was present on more
gradual sea-oriented slope and in calcareous substrate, and increased at higher elevations, although not far from
the town but away from high anthropogenic influence. Previous studies have revealed that traditional land uses
of this landscape, particularly grazing, favoured the transition from tall arid brush to tall grass steppe. In this
study, we analyzed to what extent the underlying structure of the physical landscape imposes limitations to the
vulnerability to human activity of the main vegetation types. According to the data on the probability of vegeta-
tion transition over the 37-year period, the shift from tall arid brush to tall grass steppe appeared to be favoured
by gradual slopes. Tall arid brush recovered from either arid garrigues or tall grass steppes at steeper slopes.
Thus, steep terrain had a favourable effect on the formation of brushwood and more gradual terrain favoured tall
grass steppe. The prevalent trends were confirmed by a projection of a transition matrix over 100 years.

Introduction Humans colonized the Almeria coast (SE Spain) dur-

ing the Neolithic period and settled in river valleys.

Changes in landscape use and cover take place over
long periods of time as a result of changes in popu-
lation (Turner et al. 1990, 1993). Traditional land use
activity such as farming has modelled the Mediterra-
nean landscape for centuries (Stevenson and Harrison
1992; Barber4 et al. 1997; Valero-Garcés et al. 2000).

No major evidence of climate change has been
reported since that period (Chapman 1978). During
Roman times, mountain slopes provided timber and
the lowland steppes consisted of abundant Stipa tena-
cissima L. grass and a few areas of climax evergreen
vegetation (Chapman 1978). Traditional land use in-
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cluded cereal crops in the valley and husbandry on
the slopes. Since the middle of the 20™ century, the
landscape has undergone important changes with
drastic consequences for the ecosystem. These in-
clude farming intensification (irrigation, pesticides,
fertilizers, machinery, etc), increased migration to ur-
ban centres and more summer houses on coastland
(housing projects, infrastructure, transportation, etc.).
Similar processes are occurring in other Mediterra-
nean areas (Ispikoudis et al. 1993; Lyrintzis 1996;
Papanastasis and Kazaklis 1998), resulting in signif-
icant landscape degradation (Arianoutsou-Faraggitaki
1985; Aidoud et al. 1998). Many changes have
occurred so quickly that the natural environment can-
not adapt and is significantly impacted. As a result,
habitat fragmentation has increased dramatically over
the last century (Saunders et al. 1991; Groom and
Schumaker 1993).

Habitat fragmentation (habitat loss and isolation) is
a serious threat to biological diversity (Soulé 1986;
Kareiva et al. 1993; Edwards et al. 1994). Populations
become more isolated since dispersal success and
patch colonization are disrupted, resulting in lower
population persistence and more regional extinctions
for the entire metapopulation across the landscape
(Lande 1987; With and King 1999a).

Proper management and conservation of land-
scapes should consider the relationship between land-
scape patterns (composition and spatial configuration)
and how they are generated. Factors that affect land-
scape can be divided into abiotic (topography,
climate, soil), biotic (organism interaction, ecosystem
succession) and human (Levin and Paine 1974). On
the spatio-temporal scale of ecological studies, human
related factors are the driving force of landscape evo-
lution (Krummel et al. 1987; Iverson 1988; Huebner
et al. 1999; Turner et al. 1996; Wickham et al. 2000).
Broad-scale variability in abiotic factors will con-
strain the interactions among biotic factors (Turner et
al. 2001). More information is needed on how the
stable physical attributes of landscape elements con-
strain land use and determine changes in land cover
(Pan et al. 1999; Swenson and Franklin 2000).

The aim of this study was to analyze the processes
that have generated changes in landscape patterns and
vegetation cover from 1957-1994 in Cabo de Gata-
Nijar Natural Park (Almeria province). We wanted to
know to what extent physical characteristic of the
landscape determined vegetation cover and influ-
enced land degradation. The primary focus was on
land cover change and fragmentation, and the driving

processes that generated such changes. We also tested
whether vegetation transitions were significantly in-
fluenced by anthropogenic factors and we described
the main constraints on transitions in vegetation/ land
cover.

Previous studies report that grazing (the main ac-
tivity in the slopes of Cabo de Gata-Nijar Natural
Park) has favoured the colonization of the tussock-
graminoid Stipa tenacissima L. (Alados et al. 2003),
in agreement with other work in semi-arid Mediterra-
nean areas where grazing favoured perennial grasses
(Hadar et al. 1999). The dominant plant cover com-
munity (tall arid brush) leads the vegetation through
a progressive series of stages towards the end-succes-
sional steppe of S. tenacissima (Tomaselli 1981). This
species is clearly the most successful species in semi-
arid south eastern Spain because of its reproductive
strategy based on combined sexual and asexual
reproduction. In the latter, the underground stem de-
velops extensive branched rhizomes that fragment by
withering, providing a good spatial spread (Hessen
1999). The buried renewal buds cannot be reached by
livestock and have a high capacity to retain soil and
runoff, especially in fine material soils (Cammeraat et
al. 2002). However, when the slope gradient in-
creases, perennial bunch-grasses also disappear due to
the loss of fine material. This leaves the root exposed,
reducing the survival of species with shallow roots,
such as perennial grass. In contrast, woody species
with deeper roots can survive in pronounced slopes
with greater stoniness and rugosity (Hodgson et al.
1994; Guerrero-Campo et al. 1999). Slope gradient is
then an important factor determining vegetation suc-
cession in semiarid areas. Indeed, the thinner struc-
ture of calcareous soils appear to be more suited to
the thin and dense roots system of dominant S. tena-
cissima, while the greater stoniness and rugosity of
volcanic soils delays surface runoff, providing a
greater infiltration rate (Cerdd 2001) and being more
suitable for the thicker roots of shrubs.

Thus, the dynamics of transition from tall arid
brush to tall grass steppe must be related to the topo-
graphical characteristics, soil properties, geographical
location and the favourable living conditions of S. fe-
nacissima.

We hypothesize that:

(i) The climax vegetation of Cabo de Gata-Nijar N.
P., tall arid brush, would be more abundant in areas
with pronounced slopes where S. tenacissima is less
competitive. Conversely, moderated slopes would
favour S. fenacissima configuration.



(ii) The vulnerability of the vegetation to the deg-
radation depends on both the dynamic of the erosion-
sedimentation processes and the sensitivity of the
vegetation to human impact. We expect the transition
from tall arid brush to tall grass steppe would be re-
tarded in rocky soils, such as volcanic soils, whereas
gradual slopes would promote the transition to tall
grass steppe. Indeed, human impact would accelerate
the transition from tall arid brush to tall grass steppe.

(iii) Spatial structure of the vegetation in the land-
scape is the result of both of pre-existing environmen-
tal heterogeneity and spatial self-organization caused
by local interactions and local dispersion. Changes in
vegetation spatial patterns among years reflect
changes in the spatial self-organization, whereas to-
pographic variables remain invariable. We expect
those changes would be related with the degree of
preservation of each vegetation cover class.

Methods
Study Area

Cabo de Gata-Nijar Natural Park (SE Spain) is a pro-
tected area (37 570 ha) that has been preserved since
1987. It ranges in altitude from sea level to 493 m at
El Fraile peak. The climate is Mediterranean semi-
arid. The average annual rainfall between 1973 and
1996 at 43 m elevation was 193.9 mm, and the mean
annual temperature was 19.4 °C (Passera 1999).

The potential vegetation is a dense matorral of Pis-
tacia lentiscus L., Chamaerops humilis L. and Rham-
nus lycioides L. (Chamaeropo humilis-Rhamneto
lycioidis sigmetum) (Peinado et al. 1992). Periploca
laevigata is also a common species. Recently, the
landscape has been altered by human activities such
as cropping, grazing, burning and deforestation and
is composed of various types of shrubland.

The area was mainly exploited under traditional
agro-pastoral systems, with cereal cultivation on the
floodplains and livestock (sheep and goats) grazing
on the slopes. Esparto-harvesting (Stipa tenacissma)
has been frequent since Roman times until recently
replaced by plastic fibre (Mota et al. 1996). After the
1960s, the human population increased rapidly due to
an increase in intensive crops and a booming tourist
industry (mainly on the coast). Inland farms were
abandoned since they were less profitable, partly due
to the low precipitation regime in the area (Castro and
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Guirado 1993; Guirado and Mendoza 2000; Ro-
driguez and Sanchez 2000).

We developed a GIS database to study the struc-
ture, spatial patterns and evolution of the landscape
at Cabo de Gata-Nijar Natural Park. Fine-resolution
data sets were generated from manual digitization and
automated scanning of aerial photographs. A topo-
graphic map from 1985 (scale 1:25.000) was obtained
from the Geographic Institute. Contours were digi-
tized every 20 m as well as roads, settlements and
streams. Vegetation and land/cover use in 1994, 1985
and 1957 were calculated from aerial photographs
(1994, scale 1:15 000; 1985, scale 1:20 000 and 1957,
scale 1:33 000). A geology map was obtained from
the Geological and Mining Institute (scale 1: 50 000).
All the thematic maps were prepared and stored in
GIS using ARC/INFO and ERDAS software on
UNIX workstations and PCs. All the layers were
stored in vector format, where information is defined
by points, lines or polygons.

Vegetation/land use was classified into nine groups
(Figure 1) according to CORINE (1991): (1) Tall arid
brushes (Phlomido-Ulicetum canescentis ; (2) Tall
arid brushes (Anthyllidetalia terniflorae); (3) Tall
grass steppes of Stipa tenacissima (Lygeo-Stipetalia
tenacissima); (4) Arid garrigues (Artemisio — Salsol-
etum genistoidis, Siderito-Teucrietum chaeridemi),
(5) Halonitrophylous shrub of Tamarix boveana
(Tamaricetalia africanae); (6) South-eastern gypsum
scrubs (Thymo-Teucrion verticillati); (7) Ruderal
communities or extensive crop fields; (8) Cliffs, rocks
and sand dunes; (9) Towns, mines and salines. The
phytosociological nomenclature of vegetation com-
munities follows Peinado et al. (1992) and Mota et
al. (1997).

A reconnaissance survey was also carried out in the
study area to identify and relate the vegetation types
to the photos. Stratified random sampling was used to
distribute sampling points (n = 189) in different veg-
etation strata. The overall accuracy was 73.54%. Pro-
ducer’s and user’s accuracy (Congalton 1991) were
higher for tall arid brush (97.14 and 87.18 respec-
tively) and tall grass steppe (75.86, 84.61%), than arid
garrigues (60.0, 48.98%) and ruderal communities/
extensive crop fields (66.07, 75.51%). The accuracy
of arid garrigues was lower because of the time lag
between aerial photographs (1994) and the year of
ground observation (2002). The transition of an aban-
doned crop field to arid garrigue may take about
seven years. Indeed, some abandoned fields were cul-
tivated again due to demand for land (the population
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Figure 1. Vegetation cover map of Cabo de Gata-Nijar N. P., SE Spain, in 1994.

in the area between 1900 and 2000 ranged from
144000 to 407000; http://ine.es). Tall grass steppe and
tall arid brush were rarely confused even though they
were the most difficult to distinguish in the aerial
photos (1 out of 35 shrubs and 3 out of 47 steppes
were misclassified). In addition, crop fields were very
well differentiated from arid garrigues in the aerial
photo. Given this fact, we assumed that the photo-in-
terpretation of arid garrigues was accurate, being the
difference observed due to the time lag between pho-
tos (1994) and field identification (2002).

Derived variables

Topographic variables including elevation, slope
angle and slope aspect were derived from the digital
elevation model (DEM) using ARCVIEW. Slope as-
pect was calculated in reference to shoreline to reflect
the dominant influence of sea winds, which deter-
mine, for example, the presence of Periploca laevi-
gata (one of the most frequent shrubs of that
vegetation community). Sea oriented slopes (i.e.,
slopes oriented 135° to the SE), were obtained by
subtracting 135° from north orientation (& = 0°),
where, cos ($-135) = 1 when sea oriented, and —1
for NW slopes.



We also considered house density (number of
houses per km?), and town distance (distance to the
nearest town in km).

Data analysis

We identified the areas that changed and the direction
of change using the information about overlying lay-
ers of vegetation in different years. We also deter-
mined the changes in class in these areas and
predicted the direction and magnitude of future
changes.

Spatial patchiness was measured and quantified in
terms of composition (patch types and abundance)
and configurations (patch area and patch aggrega-
tion).

Because the term spatial heterogeneity has been
used in diverse ways (Kolasa and Rollo 1991), it is
important to differentiate when it corresponds to spa-
tial variability (measured using non-spatial statistics)
and when it corresponds to spatial patterns (using
spatial explicit metrics). We used the latter approach,
defining spatial heterogeneity in terms of spatial de-
pendence or spatial autocorrelation (Adler et al.
2001). Strong spatial dependence implies spatial het-
erogeneity, while spatial independence implies a ran-
dom pattern. Spatial self-structuring can arises
through local interactions between individuals and
their neighbours and local dispersion and produces
non-random spatial patterns at scales much larger
than the scale of the interaction among individuals
(Peterson 2002). The destruction of the landscape
spatial structure will disrupt self-organization of long
standing stable communities (Johnson and Boerlijst
2002). Changes in patch spatial patterns of vegetation
among years reflect the change in spatial heterogene-
ity independent of the underlying topographic varia-
bles, which remain invariables along the 40 years of
this study. Theses changes are hypothesized to be re-
lated with the degree of preservation of each vegeta-
tion cover class.

The spatial distribution of patches was analyzed by
detrended fluctuation analyses (DFA), which mea-
sures the degree of autocorrelation of a spatial
sequence (Alados et al. 2003). DFA was used to esti-
mate the degree of spatial aggregation of each land/
use cover independent of the scale of measurement.
DFA describes habitat connectivity by providing in-
formation about fragmentation and spatial autocorre-
lation as well as patchiness. DFA is described by Peng
et al. (1992) and Alados and Weber (1999) and has
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often been applied in the literature (Peng et al. 1992,
1994; Hausdorff et al. 1995, 1997). It is systemati-
cally better than other algorithms that measure fractal
correlations (Taqqu et al. 1995) and yields more
powerful prognostic information than traditional
measures of variability (Mikikallio et al. 1999;
Huikuri et al. 2000).

A binary sequence (z(i)) of cover presence was de-
noted by 1, and absence was denoted by —1 at 25 m
intervals (i) taken along continuous transects of 1025
points along the Cabo de Gata-Nijar land cover map.
Integration of the sequence y(f), obtained by adding
the previous sequence such that y(r)= >~ z(i), pro-
vides a graphical representation that can be used to
calculate the degree of autocorrelation in the land-
scape spatial sequence. The entire sequence of data
of length N is divided into non-overlapping sub-se-
quences, or ‘boxes’, of length b. In each box, we fit a
least square line to the data. Let $,(¢) be the regres-
sion estimate of y, () for each box size b. The fluc-
tuation of y,(r) about 9,(r) was calculated for each
data point, and then the average fluctuation for that
box size b was determined as

F(b) = 2 (yb(tiv_ (1)),

If this procedure is repeated for various box sizes,
b, the residual variances should fit the relation,

F(b) =b"

where a=0.5 indicates no correlations in the se-
quence (random distribution) and a#0.5 indicates
long-range power-law correlations. In general « is
equivalent to the Hurst exponent H (Hausdorff et al.
1997), and inversely related to the fractal dimension
by the relation H = 2 — D, for one-dimensional se-
ries. We considered boxes of sizes scaled to the near-
est integer in the power-law relation 22, 2%°, 23, 233,
... 277, Sizes were equally spaced on a log scale to
avoid biasing the linear regression in favour of larger
boxes. The « values were compared among years us-
ing a one-way analysis of variance (ANOVA).

A log likelihood ratio (G-test) was performed to
compare land cover changes and vegetation transition
rates. The variation in mean patch size among years
and cover classes was determined using an ANOVA.

The regression analysis was performed using a
random selection of 10% pixels (61872 pixels) to
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minimize problems with autocorrelation. In order to
separate the variation due to physical constraints from
the variation due to anthropogenic influence, we per-
formed a step-backward logistic regression analyses
between the topographic variables (elevation in m,
slope angle, and slope aspect) and geology (volcanic
vs. non volcanic) as the predictor and vegetation
cover class as the dependent variable (presence or
absence as 1 or 0). Studentized residuals with abso-
lute value larger than 1.96 were computed and evalu-
ated for each vegetation cover (Cardille et al. 2001).
Visual representation of residuals was inspected to
determine if spatial autocorrelation existed. The
residuals were then regressed against the anthropo-
genic variables (house density and town distance).

Data on changes in land use over time were
obtained by comparing chronologically sequenced
coverage. The probability of vegetation transition was
calculated by dividing the number of pixels from
class i to class j across the landscape by the total
number of class i pixels (i.e., the conditional
probability of being j given the condition of being i
in the previous transition period).

Land cover changes between 1985 and 1994 (i.e.,
1 if transition took place and O otherwise) for the
three most abundant cover classes (tall arid brush, tall
grass steppe and arid garrigues/extensive crops) were
regressed by step-backward logistic regression. Topo-
graphic (elevation, slope angle and slope aspect),
geological (volcanic vs. no volcanic) and anthropo-
genic (house density and town distance) variables,
were used as predictors. Comparisons between the
1994 cover class and those predicted by the model
were performed by Tau , statistic (Ma and Redmond
1995; Cardille et al. 2001).

To determine the probability of degrading or
recovering from a previous stage, vegetation cover
classes were ordered in successional regression order,
from tall arid brush to tall grass steppe and to arid-
garrigues/extensive crops. Due to the fast transition
between extensive crops and arid garrigues, both
classes were joined for the transition matrix analysis.
The probability of degrading to a less evolved cover
class from 1985 to 1994 was assigned a score of 1 if:
i) it belonged to a tall grass steppe cover class in 1994
but was tall arid brush in 1985, or, ii) it belonged to
arid-garrigues/cropland cover class in 1994 but was
tall arid brush or tall grass steppe in 1985. Otherwise,
the probability of degrading was zero. The probabil-
ity of recovery was also assigned 1 if: i) it belonged
to tall arid brush cover class in 1994 but was tall grass

steppe or arid-garrigues/cropland in 1985, or ii) it be-
longed to tall grass steppe in 1994 but was arid-gar-
rigues/cropland in 1985. Otherwise, the probability of
recovery was zero.

Results
Land cover change and fragmentation

Tall arid brush of Phlomido-Ulicetum canescentis was
the best preserved vegetation, occupying 9332.41 ha
in 1994. The Anthyllidetalia terniflorae brushland
community was more scarce, representing only
0.52% of the cover land in the park (201.31 ha). For
that reason, this cover is not included in further
analyses concerning tall arid brush community. The
tall arid brush community decreased between 1957
and 1985, but recovered in 1994 (log likelihood ratio
G-test = 16.58, P < 0.001; Figure 2). At the other
extreme, the tall grass steppes, corresponding with the
end successional regression stage of tall arid brush
community, occupied 9093.14 ha in 1957, increasing
to 11834.12 ha in 1994 (G-test = 252.14, P <
0.001). Arid garrigues correspond to early succession
stages after abandoning of traditional cereal cropland.
Its cover has changed drastically over the last 50
years (G-test = 505.89, P < 0.001). Extensive crop
fields that occupied 12023.97 ha in 1957 decreased
by 45% in 1994, occupying only 6927.77 ha (G-test
= 242497, P < 0.001). The change was parallel to
the increase of arid garrigues (Figure 2). Town cover
increased as a result of increasing tourism in the area
(G-test = 170.53, P < 0.001). Other communities
were Halonitrophylous shrub, South-eastern gypsum
scrubs and the already mentioned Anthyllidetalia
terniflorae.

Patch size varied significantly among the different
land cover (Fg sp,5 = 5.00, P < 0.001). With the
exception of the Gypsum scrubs (mean =+ se is
299.74 £ 13.36), tall-arid brushes of Phlomido-Ul-
icetum canescentis were significantly larger than arid
garrigues (Tukey test pairwise comparison P <
0.001), although no significant differences were ob-
served with tall grass steppes or crop lands.

Patch size did not vary significantly (F, 450 =
0.26, NS) in the study period (1957, 1985, and 1994)
for tall arid brushes of Phlomido-Ulicetum canescen-
tis, neither for tall grass steppes (F, 45 = 0.91, NS).
Only arid garrigues increased significantly with time
(F5, 13090 = 20.58, P < 0.001), ranging from 7.27 %
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Figure 2. Percent area of different land cover types during the period 1957-1994.

Table 1. Means * se alpha values calculate by DFA analysis from 26 transects along C. Gata vegetation cover map. Means with different

letters are significant at the 0.5 level, DHS Tukey contrast.

Year 1957 Year 1985 Year 1994 F, 75 P
Tall arid brush 1.085 = 0.01* 1.131 = 0.01° 1.093 = 0.01*° 3.60 0.03
Tall-grass steppe 0.943 £ 0.01° 0.945 = 0.02* 1.031 * 0.02° 7.44 0.001
Arid-garrigues 0.902 * 0.01*# 0.955 * 0.01° 0.994 * 0.01° 11.46 0.0001
Crop fields 1.040 = 0.01 * 1.075 = 0.01° 1.052 * 0.01*° 3.09 0.05

0.69 ha to 20.8 * 3.98 ha. The average patch size of
the crop field was also similar for the study period
(Fy, 745 = 0.03, NS).

Alpha values obtained using DFA represent the de-
gree of aggregation (inversely related with fractal di-
mension) of each cover class, which is larger with
increasing values of alpha. The degree of aggregation
increased significantly with time for tall grass steppe
and arid garrigues (low fractal dimension), in com-
parison with tall arid brushes, that increased in 1985
but declined again in 1994 (Table 1).

Topographic and anthropogenic factors determining
land cover

An attempt was made to separate the driving forces
of landscape evolution from the physical boundary
conditions and to understand the processes that gen-
erated the observed patterns. To do this we carried out
a logistic regression using the topographic variables
(elevation, slope angle and slope aspect) and geology
(volcanic vs. no volcanic) as predictors with the sep-
arate dependent variables 1994-tall arid brush, 1994-
tall grass steppe and 1994-arid garrigues covers. Tall

arid brush was significant and positively related with
elevation and slope (Table 2). Indeed, volcanic sub-
strate favoured tall arid brush cover. Tall grass steppe
was also positively related with elevation, but slope
had a negative influence on the establishment of tall
grass steppe and arid garrigues. In addition, sea ori-
ented slopes favoured the presence of tall grass steppe
but selected against tall arid brush and arid-garrigues.
Volcanic substrate was negatively related with tall
grass steppe cover.

Significant studentized residuals (i.e., larger than
1.96) represented the probability of belonging to a
specific cover that is not explained by topographic
and geologic variables. We investigated the relation-
ship of the significant residuals (Figure 3) to the an-
thropogenic variables (house density, number of
houses per km? and town distance, distance to the
nearest town in km). As summarized in Table 3, tall
arid brush increased significantly as house density
decreased and distance to the town increased. Con-
versely, tall-arid steppe and arid garrigues increased
significantly, as town distance declined and house
density decreased.
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Table 2. Logistic regression analysis for landscape cover and topographic variables as predictor in three different communities of Cabo de

Gata N.P in 1994.

Predictors Tall arid brush Log-like. x> = Tall-grass steppe Log-like. x> =  Arid-garrigues Log-like. x> =
21623.74%*%* d = 4 3518.144%** df = 4 1798.18*** df = 4
B Wald B Wald B Wald
Constant —4.254 13826.06%** —0.906 2310.99%%*%* —1.317 3190.54%%*%*
Elevation 0.003 633.06%** 0.003 868.24* 0.0004 10.61%*
Slope angle 0.108 6311.85%** —0.002 3.36 —0.054 1106.86%**
Aspect (sea oriented) —0.041 5.99% 0.177 193.827%#%%* —0.295 329.87#%*
Volcanic 1.740 4536.15%** —0.990 2166.45%%%* 0.234 79.98%**

*P = 0.05 * P = 001, *** P = 0.001.

Main factors influencing changes in land cover

Comparisons of transition probabilities for the three
main succession stages (tall arid brush, tall grass
steppe and arid garrigues/extensive crop) revealed a
significant increase in the probability of permanency
of tall arid brush (log likelihood ratio G-test = 73.67,
P < 0.001) and tall grass steppe (G-test = 60.88, P
< 0.001) in 1985-1994 (Table 4). On the contrary,
the probability of permanence of arid garrigues/
extensive crops decreased (G-test = 853.04 P <
0.001). The probability of switching towards a more
degraded community (arid garrigues/extensive crop)
was larger between 1957-85 than 1985-994 (G-test =
313.24, P < 0.001 when developing from tall arid
brush, G-test = 304.35, P < 0.001 from tall grass
steppe). The probability of recovery from any of the
more degraded stages of the vegetation increased
from 1985-94 for arid garrigues to tall arid brush (G-
test = 136.98, P < 0.001), and to tall grass steppe
(G-test = 288.84, P < 0.001).

The vegetation transition graph is presented in Fig-
ure 4. We constructed the vegetation stage-class ma-
trices for the Cabo de Gata-Nijar N.P. landscape using
the data from a transition matrix between 1985 and
1994, which reflects the actual driving forces. A cover
class grouping Anthyllidetalia termiflorae shrubs, ha-
lonitrophylous shrubs, gypsum scrubs, cliffs, rocks
and dunes, and towns and industry were included into
the projection matrix as ‘Others’ for analysis. Projec-
tion of the 1985-94 transition matrix through eight
consecutive transition periods of nine years each re-
vealed an increase in tall grass steppe and a decline
in arid garrigues/croplands, until they stabilize around
2020. After an initial increase, tall arid brush was
maintained (Figure 4).

To evaluate land cover transition model between
1985 and 1994 we calculated the coefficient of the

logistic regression analysis for each transition cover
(Table 5). The predicted observation for 1994 classi-
fied 76% more pixels correctly than would be
expected by random assignment (Tau, = 0.76). There
was good agreement between the observed and pre-
dicted cover maps (Figure 5).

To understand the main causes of transition since
1985, we calculated the probability of transition to a
more degraded cover class. The results of the logistic
regression analysis between the probability of degrad-
ing and the topographic variables and geological sub-
strate are presented in Table 6 and Table 7. There was
a negative relationship with elevation and slope angle
(Table 6; steeper slopes and higher elevations had
lower degradation probability). Sea oriented slopes
were also negatively related with the probability of
transition to a more degraded community. Studentized
residual maps are presented in Figure 6. Analysis of
residuals revealed that the probability of degrading to
a lower cover class was higher at increased house
density. Indeed, the transition to a more degraded
cover class was higher closer to the town (Table 7).
The probability of recovery from tall grass steppe to
tall arid brush, or from arid-garrigues/cropland to ei-
ther tall-arid steppe or tall arid brush between 1985
and 1994 was positively related with slope (Table 6),
in concordance with land abandonment at high slopes.
Volcanic substrate also favoured vegetation recovery.
Anthropogenic variables significantly influenced the
capability of vegetation recovery (Table 7). As
expected, recovery increased further from the town
and at lower house densities.

Discussion

The most important social and economic changes that
have taken place at the Cabo de Gata-Nijar N. P. be-
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Figure 3. Significant studentized residuals of logistic topographic
model for: (a) tall arid brush; (b) tall grass steppe; and c) arid gar-
rigues covers.
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tween 1957 and 1994 were that around 45% of crop-
lands have been abandoned since 1957 and that the
area was proclaimed a Natural Park in 1987. As a re-
sult, the evolution of the landscape can be divided
into two distinct periods. First, land use was more or
less stable between 1957-1985, without significant
area shifts but with an emergent fragmentation pro-
cess of natural vegetation. Second, from 1985 to
1994, the vegetation dynamics changed towards
recovery of vegetation cover as a consequence of
cropland abandonment and land use regulations for
Natural Parks (PORN 1996). Changes in land cover/
use between 1957 and 1994 included a 19% increase
of tall grass steppe and 24% of arid garrigues as a re-
sult of abandonment. During the 37 years included in
this study, tall arid brush has remained (with only a
small net increase, especially after the area was de-
clared a Natural Park in 1987). The percentage of
towns and buildings increased significantly, but were
quite negligible with regard to the whole study area
(only 2.5%).

Average patch size increased between 1957 and
1994 for arid garrigues and tall grass steppe. As a re-
sult, the number of patches decreased because small
patches begin to coalesce into larger ones (Gustafson
and Parker 1992). No clear trend was observed for tall
arid brush. Although classic fragmentation indices
provide useful results to characterize landscape pat-
terns, they lack spatial information (the distribution of
patches in the landscape). Hargis et al. (1998) exam-
ined the behaviour of landscape metrics in nine series
of generated landscapes varying in fragmentation in-
tensity. They considered edge density, contagion,
mean nearest neighbour distance, mean proximity in-
dex, perimeter-area fractal dimension and mass frac-
tal dimension but none of the measures could
differentiate between dispersed and aggregated land-
scapes. The authors concluded that the current land-
scape metrics do not quantify spatial arrangement.
Indeed, Schumaker (1996) observed a weak correla-
tion between landscape indices and habitat connectiv-
ity. Habitat connectivity has been identified as one of
the most important factors preserving dispersion
among populations (Taylor et al. 1993; Pearson et al.
1996; With et al. 1997). Landscape connectivity de-
pends on the degree of habitat loss as well as the de-
gree of aggregation (fractal dimension). Clumped
landscapes (low fractal dimension) remain connected
across a larger range of habitat loss than in a land-
scape with high fractal dimension (With et al. 1997,
Gustafson 1998; With and King 1999b).
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Table 3. Linear regression analysis for the plant cover residuals and the anthropogenic variables (house density per km? and town distance

in m) for tall arid shrub, tall-grass steppe and arid garrigues in 1994.

Predictors Tall arid brush F=287.89%** df = 2, Tall-grass steppe F=479.95%** df = 2, Arid-garrigues F = 57.55%** df =2, 59974
59974 59974
B t B t B t

Constant —0.051 =0.003 — 17.45%%* 0.068 = 0.004 18.00%** 0.018 = 0.003 5.93%%%

Town distance 0.018 =0.001 21.86%** —0.018 £0.001 — 16.30%%* —0.0046 = 0.001 — 5.25%%%

House density —0.00034 = 0.00 — 4.44%%% —0.0029 = 0.000 —29.45%%% —0.00082 £0.000  —10.33%**

Table 4. Transition probabilities between 1957 and 1985 and between 1985 and 1994 along the vegetation succession from tall arid brush,
tall grass steppe and arid garrigues/crop lands of Cabo de Gata N.P.

Tall arid brush

Tall grass steppe

Arid garrigues/crops

1957-1985

Tall arid brush 0.729
Tall grass steppe 0.031
Arid garrigues/crops 0.087
1985-1994

Tall arid brush 0.822
Tall grass steppe 0.023
Arid garrigues/crops 0.120

0.031 0.182
0.770 0.188
0.117 0.761
0.042 0.100
0.852 0.110
0.176 0.661

According to the spatial aggregation measured by
DFA, the alpha exponent for tall grass steppe and arid
garrigues increased evenly in the past 37 years. The
results agree with previous reports of recovery for
these formations. The distribution of tall arid brush,
on the contrary, was only more clumped in 1985,
compared with 1957, but that was reversed in 1994.

On the other hand, comparisons among land cover
classes revealed that, in terms of patch size and spa-
tial aggregation (alpha values), tall arid brush (the
better preserved vegetation cover of the area) was less
fragmented than tall grass steppe and arid garrigues,
which represent the degradation stages of the Medi-
terranean-type ecosystem (DiCastri et al. 1981; Le
Houérou 2001). Other authors have also observed a
correlation between fractal dimension and the degree
of human transformation of the landscape (Krummel
et al. 1987; O’Neill 1989). In a parallel study in this
area, we have also observed that fragmentation of
natural vegetation is higher as a result of recent tour-
ist development compared with traditional land uses
(Pueyo et al. in prep). These results agree with previ-
ous studies (Alados et al. 2003, in press) and with the
hypothesis that plant spatial patterns are the result of
spatial self-organization processes (Rietkerk et al.
2002) under the constraints of other processes such
as landscape heterogeneity (Pan et al. 1999).

Analysis of the processes that have generated the
given patterns revealed that, as expected, tall arid
brush (the climax community of this area), occurred
at high elevation and steep slopes not oriented
towards the sea shore. Volcanic soil substrate (more
nutrient rich than calcareous soil substrate) also
favoured tall arid brush formation. Tall grass steppe
was found on more gradual slopes, at high elevation,
and sea oriented, while arid garrigues were found at
low elevation and not sea oriented. Our results con-
firmed the importance of the topographical variables
when explaining patterns of plant communities’ dis-
tribution (Swanson et al. 1988; Davis and Goetz
1990). The reason is that vegetation growth is affected
by environmental variables, such as nutrient availabil-
ity, soil moisture or sun light, which are affected by
topographical variables (Bolstad et al. 1998). The
brushwood community is more suited to very rock
slopes that retard surface runoff, giving smaller inter-
rill runoff discharges and greater infiltration rates
(Cerdd 2001), providing many crevices and fissures
where the thicker roots of shrubs can penetrate the
soil (Hodgson et al. 1994; Guerrero-Campo et al.
1999). Rain simulation experiments in south of Spain
reported that when rock fragments were removed, in-
filtration rate diminished 50% and the erosion rate in-
creased 39 times in comparison with not removed
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Figure 4. (a) Vegetation succession graph where P is the probability of remaining in the same vegetation-class (P, as a tall arid brush, P, as
tall grass steppe, P as arid garrigues/extensive crops, P, as other, which include te remainder cover classes). R is the probability of vegeta-
tion recover (R, is from tall grass steppe to tall arid brush, R, is from arid garrigues/extensive crops to tall grass steppe, and R; is from others
to arid garrigues/extensive crops to tall arid brush, R, is from arid garrigues/extensive crops to tall arid brush, Rs is from others to tall grass
steppe, and R, is from others to tall arid brush). S is the probability of succession to the next vegetation stage (S, is from tall arid brush to
tall grass steppe, S, is from tall grass steppe to arid garrigues/extensive crops, S; is from arid garrigues/extensive crops to others, S, is from
tall arid brush to arid garrigues/extensive crops, S5 is from tall grass steppe to others, and Sy is from tall arid brush to others). (b) Vegetation-

cover projection.
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Table 5. 3 exponent from the logistic regression analysis for transition probabilities among vegetation cover between 1985 and 1994, and
topographic and anthropogenic variables. Only significant variables included.

3 exponent Predictors Tall arid brush Tall grass steppe Arid garrigues/crops
Tall arid brush Constant —0.577 —1.192 0.219
Elevation 0.002 - —0.003
Slope 0.054 —0.037 —-0.078
Aspect 0.072 - —0.283
Volcanic 0.632 —1.159 —0.424
T. distance 0.045 —0.152 —0.073
H. density —-0.016 - 0.007
Tall grass steppe Constant —6.296 1.709 —1.698
Elevation —0.001 0.002 —0.001
Slope 0.093 —0.005 —0.028
Aspect —0.369 0.088 —0.114
Volcanic 0.643 —0.369 0.553
T. distance 0.401 —0.086 —0.034
H. density - —-0.013 0.010
Arid garrigues/crops Constant —4.061 —1.802 1.982
Elevation 0.001 0.002 —0.002
Slope 0.135 0.015 —-0.114
Aspect 0.102 0.159 —0.212
Volcanic 1.043 0.065 —-0.299
T. distance —0.061 - —0.032
H. density —-0.014 —0.028 0.002

rock experiment (Cerda 2001). Slopes that are more
gradual maintain sediments around the tussocks S. fe-
nacissima (Cerdd 1997) favouring the spatial propa-
gation of its rhizomes and the establishment of tall
grass steppe. According with Berael et al. (1995) 10%
was the critical slope angle for incipient rills forma-
tion on very stony slopes, and 4% was the critical
slope angle below which sedimentation occurred.

Anthropogenic influence was analyzed after re-
moving the variance due to topographical and
geological factors, revealing that closer distance to
the town favoured the most degraded formations (tall
grass steppe and arid garrigues). Tall arid brush was
more developed further from the town and at lower
house density per square km. Thus, vulnerability to
human activities was different between the two main
vegetation types in the study area. Indeed, high house
density did not favour any of the natural vegetation
formations. When grazing disturbance is high, close
to the villages and settlements, the decreased and
scattered distribution of brushwood community
favoured the invasion of the colonizing grazing-toler-
ant species, such as steppe grasses, well represented
by S. tenacissima.

The capacity of the system to self-organize and
adapt is an intrinsic property that depends on species
composition (Tilman et al. 1996, 2001; Naeem and Li

1997) and successional dynamics (Burrows 1990;
Connell and Slatyer 1977; Pickett et al. 1987). In
semi-arid regions, such as Cabo de Gata, disturbance
is responsible for particular vegetation changes in the
natural vegetation, where arid garrigues (seral-thyme-
brushwood) and tall grass steppe of S. tenacissima fi-
nally develop (Tomaselli 1981; Peinado et al. 1992;
Alados et al. 2003). In addition, soil erosion and run-
off distribution is directly related with the spatial dis-
tribution of the vegetation (Cerdd 1997; Sole Benet
et al. 1997; Martinez Mena et al. 2000, 2001). After
land abandonment soil erosion is very high during the
first 3 years after abandon, but when vegetation cover
of Artemisia herba-alba community develops (after
10 years of abandonment), water infiltration in-
creases, reaching the highest values with the S. tena-
cissima community (Cerda 1997; Martinez Mena et
al. 2000, 2001).

To assess the effect of perturbation on an ecosys-
tem it is important to know the transition probabili-
ties among different vegetation cover. The probability
of permanency as tall arid brush and as tall grass
steppe increased approximately 10% between
1957-85 and 1985-94, while the probability of
remaining as arid garrigues/croplands declined in a
similar quantity, being the abandon of rural areas one
of the main driving forces of this human-dominated
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Figure 5. (a) Observed vegetation cover (tall arid brush, tall grass
steppe and arid garrigues/extensive crops) in 1994. (b) Predicted
vegetation cover (tall arid brush, tall grass steppe and arid garri-
gues/extensive crops) from the 1985-1994 transition model.

landscape (Castro and Guirado 1993; Guirado and
Mendoza 2000; Rodriguez and Sanchez 2000).

The probability of degrading from tall arid brush
or tall grass steppe to arid garrigues/croplands
declined by approximately 8% from 1957-85 to
1985-94. Conversely, the recover probability from
arid garrigues/croplands to tall arid brush or to tall
grass steppe increased ca. 3% and 7% respectively.

Comparisons were carried out between the proba-
bilities of degrading/recovering with the topographic
and anthropogenic variables to elucidate the main
causes determining the transition probability of
degrading and recovering between 1985 and 1994
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Figure 6. Significant studentized residuals of logistic topographic
model for: (a) Recovering probability map; (b) Degrading
probability map.

(after the establishment of the land use regulations in
Cabo de Gata-Nfjar Natural Park in 1987). We
observed that the higher elevations and steeper slopes
within our study area were less likely to be degraded
and were more likely to recover. Sea oriented slopes
receive the morning dew as an important water
resource that mitigate water stress in this xeric area,
being less prone to degradation than no sea oriented
slopes. Conversely, slower vegetation recovers and
larger hydraulic stress associated with low aggrega-
tion stability in more xeric slopes were also observed
after 10 years experiments in south-eastern Spain
(Cerdéd 1998). As expected, high house density pro-
moted degradation, while distance to the town



556

Table 6. Logistic regression analysis for probability of degrading/recovering and topographic variables as predictor of Cabo de Gata N. P

between 1985 and 1994.

Predictors Degrading Log-like. x> = 550.84%##* df = 4 Recovering Log-like. x> = 3214.30%#* df = 2
B Wald B Wald

Constant —1.091 537.60%#* —2.387 9366.00%**

Elevation —0.002 116.60%#* - -

Slope angle —0.036 267.03%%* 0.042 743.91%**

Aspect (sea oriented) —0.168 43.38%#:% - -

Volcanic 0.193 22.947%#%% 1.137 1741.74%%*

*P = 0.05, #* P = 0.01, ** P = 0.001.

Table 7. Linear regression analysis for probability of degrading/recovering residuals between 1985 and 1994, and the anthropogenic variables

(house density per km?, and town distance in km).

Degrading from brush F=38.51%** df =2, 27653

Recovering F=66.79%** df =2, 39882

B t B t
Constant 0.009 = 0.004 2.23% —0.00009 = 0.004 —0.24
Town distance —0.004 = 0.001 — 3.55%%* 0.003 = 0.001 2.32%

House density 0.001 = 0.0001 7.24%%%

—0.001 £0.0001 — 10.56%%*

*P = 0.05, * P = 0.01, ** P = 0.001.

favoured recovery, supporting the hypothesis that
colonization of tall arid brush by S. tenacissima is
favoured by human impact. This can be related to
previous studies on grazing (the main activity on
mountain slopes), which has been found to induce a
directional effect on vegetation of semiarid land (Fu-
hlendorf et al. 2001), leading to a successional
regression from tall arid brush to tall grass steppe
(Alados et al. 2003).

In summary, the vegetation dynamics of semiarid
marginal areas from south-eastern Spain can allow
the recovery from arid garrigues formation after land
abandonment (towards tall grass steppes), in spite of
the extensive husbandry in the area. It is important to
note that the grazing pressure in the area (0.68 goats/
ha) was under the estimated carrying capacity (0.72
goats/ha; Robles et al. 1997). Nevertheless, results
from previous studies confirm that effective stocking
rates above 0.5 individuals ha™' year™ would increase
the risk of vegetation regression from tall arid brush
to tall grass steppe (Alados et al. 2003).

According to Turner et al. (1993), the ability of an
ecosystem to recover from disturbance depends on
the ratio of the disturbance interval to the time
required to return to the mature stage, and on the ra-
tio of the size of the disturbance to the size of the
landscape. When the disturbance interval is shorter
than the recovery time and a large portion of the

landscape is affected, the system may shift into a dif-
ferent trajectory. Projection of the transition matrix
over 100 years confirmed the prevalent trend ob-
served in the 40 years considered in this study.
Briefly, it consisted in the reduction of arid garrigues/
croplands until they stabilized around 20% cover in
2020, the increase of tall grass steppe to 35% cover
in the same period, and the permanency of brushwood
to the amount observed in the present period.

Hence, it can be concluded that land cover changes
in Cabo de Gata-Nijar underwent two important pro-
cesses. First, the reduction of croplands and arid gar-
rigues as a result of land abandonment, and second,
an evolution towards tall grass steppes as a conse-
quence of vegetation successional dynamics (from
garrigue to steppe) and vegetation successional
regression (from brushwood to steppe). The regener-
ation of tall arid brush from cropland abandonment
appears quite improbable, although vegetation cover
is preserved due to the favourable effect of stepped
terrain in the brushwood formation. Finally, the
increase of tourist infrastructures will increase the ac-
tual fragmentation of the Cabo de Gata-Nijar tall arid
brush.
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