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a  b  s  t  r  a  c  t

During  last  decades  semiarid  Mediterranean  saline  wetlands  have  undergone  several  hydrological  and
biological  changes  as  a consequence  of increased  water  inputs  from  agricultural  areas.  Specific  indices
are  needed  in  order  to  assess  the  condition  of these  unique  ecosystems  in  relation  to major  hydrological
disturbances  at  watershed  level.  Through  the  long-term  study  of selected  plant  taxa  in  a set of repre-
sentative  wetlands  in  Murcia  province  (SE  Spain),  together  with  the  characterization  of their  watershed
agricultural  land  uses,  plant  indicators  of  wetland  condition  were  sought  and  then  combined  into  a  wet-
land  condition  index.  Percentages  of land  cover  classes  of  interest  were  weighted  taking  into  account
land  cover  arrangement  and  receiving  wetland  size.  Characteristic  perennial  plant  taxa  were sampled  in
1989  and  2008  and  significant  taxa frequency  changes  at each  wetland  site  were  determined.  Regres-
sion  analysis  was  used  to relate  wetland  plant  taxa  frequency  and  watershed  condition  during  the study
period.  Limonium  spp.,  Arthrocnemum  glaucum,  Phragmites  australis,  Tamarix  canariensis  and  Atriplex  hal-
imus  showed  significant  relationships  with  watershed  condition.  Indicator  taxa  were  thus  identified  and
their frequencies  were  combined  into  an  integrated  index  of  wetland  condition,  which  showed  a  robust
relationship  with watershed  hydrological  condition.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Wetlands naturally act as sinks of surface and subsurface
drainage effluents due to their relative low position in the land-
scape, thus reflecting upland occurring processes. In last decades,
specially in coastal plain areas, there has been a flourishing growth
of agricultural irrigated land areas in many semiarid Mediterranean
regions (Herrero and Snyder, 1997; Levin et al., 2009; Martínez-
Fernández et al., 2005). More specifically, in Murcia province the
opening of the Tagus-Segura river water transfer in 1979 promoted
the conversion of most dry farmed lands into irrigated land areas.
The current expansion of agricultural irrigated lands at watershed
scale has led to significant hydrological imbalances that alter wet-
land ecosystems, thus threatening its conservation (Casta neda and
Herrero, 2008a; Esteve et al., 2008; Ortega et al., 2004).

Monitoring actions applied to management and conservation
of wetlands require precise indicators in order to obtain accurate
information about ecosystem state and functioning and provide
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an effective early warning system (Fancy et al., 2009). Although
much effort has been applied towards protection of wetlands, the
preservation of surrounding areas in which they are embedded has
been ignored (Houlahan and Findlay, 2004). Assessment of water-
shed hydrological condition plays therefore a vital role in wetland
management (Mack, 2006; Turner et al., 2003; Wigand et al., 1999).

The European Water Framework Directive (European
Commission, 2000) seeks the development of indicators of
ecological status for freshwater ecosystems, specifically including
wetlands (European Commission, 2003). However, most indicators
established for aquatic ecosystems are not suitable for semiarid
Mediterranean saline wetlands, also called crypto-wetlands (Carre
no et al., 2008; Innis et al., 2000; Williams, 1999). These are semi-
terrestrial environments between steppes and standing water
ecosystems (Vidal-Abarca et al., 2003; Casta neda and Herrero,
2008b).

The development and selection of ecological indicators is a com-
plex process for which different approaches can be used (Carignan
and Villard, 2002; Niemeijer and Groot, 2008). Physico-chemical
indicators of wetland habitat condition can be very labor inten-
sive and may  not necessarily be biologically relevant (Gergel et al.,
2002). However, biotic indicators, and specifically plants, may inte-
grate changes in wetland condition over time, may  be easy to
identify and may  provide information on the type of pressures if

1470-160X/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
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Fig. 1. Location map of the study wetlands in Murcia province. Wetland keys: Cañada Brusca North (CR3N) and South (CR3S), Alcanara (CR5), Marina del Carmolí (CR10),
Playa  de la Hita (CR20), Matalentisco (CR4), Boquera de Tabala (CR19) and Salinas del Rasall (H1).

their ecological tolerances are known (Cronk and Fennessy, 2001;
Mitsch and Gosselink, 2007).

Plant species diversity of semiarid saline wetlands is relatively
low and it is differentiated according to the plants’ individual toler-
ance of salinity, fluctuating water table levels and anoxic substrate.
The establishment of plants as ecological indicators comprises the
study of species responses to a known range of a given environ-
mental stressor (Allan, 2004; Niemi and McDonald, 2004). In this
regard, results arising from the study of wetland plant species and
surrounding land uses at single dates may  not be representative
of the whole range of species responses and environmental gra-
dients. It has been suggested, for example, that there is a delayed
response of the biota to certain landscape environmental variables
(Carre no et al., 2008; Harding et al., 1998). Besides, species might
still occur in wetlands long after the conditions that promoted their
presence have vanished. Therefore, interpretation of site and date
specific data needs to be conducted within the larger spatial and
temporal perspective (Álvarez-Rogel et al., 2006; Dale and Beyeler,
2001).

Although several indices based on plant species and commu-
nities have previously been used as a tool for wetland condition
assessment in the USA (Johnston et al., 2009; López and Fennessy,
2002; Miller et al., 2006), such indices are lacking for semiarid
Mediterranean saline wetlands and are needed in order to fulfill
the European Water Framework. In the context of a proposal for
monitoring semiarid Mediterranean saline wetlands, the main aim
of this study was to investigate plant taxa as an ecosystem attribute
that reflects long-term changes in wetland hydrological conditions.

More specifically, the objectives were (1) to assess major
changes in wetland plant taxa composition and in their associated
watershed land cover classes in a set of representative semi-
arid saline wetlands over a 20 years period, (2) to characterize
watershed hydrological condition for each wetland in relation to
agricultural hydrological pressures, (3) to establish relationships
between wetland plant taxa and watershed hydrological condition,
and (4) to develop and validate a wetland condition index based
on the resulting indicator plant taxa. To accomplish this, historical

fieldwork sampling, remote sensing and hydrological modeling
techniques were combined.

2. Methods

2.1. Study wetlands

Murcia province (SE Spain: 37◦ N, 1◦ W)  has a semiarid Mediter-
ranean climate with a mean annual temperature of 16 ◦C and a
mean annual precipitation of 339 mm  (Esteve et al., 2006). Eight
representative wetlands from which we  had plant records in 1989
and 2008 were selected, i.e. 6 coastal and 2 inland wetlands (Fig. 1
and Table 1). Selected sites are included in the regional inventory
of wetlands (Vidal-Abarca et al., 2003) and their protection status
ranges from regional, national to international level due to their
high ecological values (Ramsar Site, Special Protection Area for
Birds, Site of Community Importance and Special Protection Area
for the Mediterranean), except for Matalentisco and Boquera de
Tabala wetlands, which do not benefit from any protection status.
Marina del Carmolí and Playa de la Hita wetlands are in a low-
land coastal plain, called Campo de Cartagena, associated with the
internal shore of the Mar  Menor coastal lagoon, which comprises
12,700 ha (Conesa, 1990; Conesa and Jiménez-Cárceles, 2007). The
lagoon and its associated wetlands are all RAMSAR sites, containing

Table 1
Characterization of wetlands and their associated watersheds.

Name Wetland
size (ha)

Watershed
size (ha)

Location Reference
site

Salinas del Rasall 26.3 236 Coastal Yes
Cañada Brusca South 3.8 69.5 Coastal Yes
Cañada Brusca North 17.4 360 coastal No
Marina del Carmolí 314 16,923 Coastal No
Playa de la Hita 34.4 2052.8 Coastal No
Matalentisco 10.4 907.6 Coastal No
Boquera de Tabala 36.9 5819.2 Inland No
Alcanara 199 6508 Inland No
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eighteen Habitats of Community Interest according to the European
Habitat Directive (Council of Europe, 1992). Salinas del Rasall is a
coastal wetland associated with a salt extraction pond embedded
in the Calblanque Natural Park, protected in 1987 by the regional
authorities and also included in the Mar  Menor RAMSAR protected
area. Matalentisco and Cañada Brusca North and South are coastal
wetlands located in the southern part of the region on the Mediter-
ranean Sea. Boquera de Tabala and Alcanara are inland wetlands
associated with an ephemeral river and with a saline alluvial plain,
respectively. Salinas del Rasall and Cañada Brusca South wetlands
were selected as reference sites, as their watersheds did not present
irrigated agricultural land areas during the study period.

Characteristic plant communities of these wetlands are salt
steppes and salt marshes, which occupy areas with high salin-
ity conditions and low and high water availability, respectively.
The salt steppe units are composed of the priority habitat
1510 “Mediterranean salt steppes, Limonietalia” and habitat 1430
(Halo-nitrophilous scrubs Pegano-Salsoletea) of the European
Habitat Directive (European Commission - Directorate General for
Environment, 2007). Main species in salt steppe are Lygeum spar-
tum, Suaeda vera, Frankenia corymbosa and Limonium spp. The
salt marsh units are dominated by habitat 1420 (Mediterranean
and thermo-Atlantic halophilous scrubs, Sarcocornetea fruticosi)
and habitat 1410 (Mediterranean salt meadows). Main species in
saltmarsh are Sarcocornia fruticosa, Arthrocnemum glaucum, Hal-
imione portulacoides and Halocnemum strobilaceum. Habitat 92D0
(Southern riparian galleries and thickets) is also represented in
sandy areas, composed of Tamarix canariensis and Tamarix boveana.
Finally, the reed beds unit, when present, is dominated by Phrag-
mites australis and occupies areas with regular water flows and
lower salinity (Álvarez-Rogel et al., 2006, 2007; MARM,  2009).
All habitats, excluding reed beds, are recognized as being of
Community Interest by the Habitat Directive and habitat 1510
(Mediterranean salt steppes) is designated of Priority Interest.

2.2. Watershed delineation

Specific watershed boundaries for each wetland were delin-
eated from a 10 m raster digital elevation model (DEM) using single
flow direction method (D8 algorithm; O’Callaghan and Mark, 1984).
Prior to watershed delineation, the DEM was modified in the Campo
de Cartagena coastal plain area by lowering the elevation values
coinciding with existent stream network to force flow-direction
models to match existing stream lines (King et al., 2005; Strayer
et al., 2003). Since watersheds are usually delineated by the area
upstream from a given outlet point, DEM elevation values within
larger wetlands in the Campo de Cartagena area were modified by
creating an artificial sink in order to force all flow-accumulation
cells draining into the wetland to converge into a single cell. All GIS
analyses were performed with GRASS GIS 6.4 (GRASS Development
Team, 2008). For more details, see Martínez-López et al. (2012).
Wetland watersheds ranged from 70 to 17,000 ha (Table 1).

2.3. Land use/land cover mapping

Historical and medium spatial resolution land cover data were
needed to assess specific pressures on the study wetlands over time.
For each wetland watershed, land cover maps in years 1987 and
2008 were obtained by means of remote sensing techniques. Super-
vised classification of eleven land cover classes was  performed
using the widely used maximum likelihood algorithm (Michelson
et al., 2000; Richards and Jia, 2006). Landsat images sensors TM
and ETM+were used for years 1987 and 2008, respectively, and
image pixel size was set to 25 m.  Each classification was  car-
ried out with two images (summer and winter), including single
bands and diverse spectral and patch shape indices as ancillary

layers: Normalized Difference Vegetation Index (NDVI; Bannari
et al., 1995), Modified Normalized Water Index (MNDWI; Hui et al.,
2008), Normalized Difference Built-up Index (NDBI; Zha et al.,
2003) and Normalized Difference Bareness Index (NDBaI; Chen
et al., 2006), as well as patch fractal dimension (FD) and patch shape
indices (SI) (Chust and Ducrot, 2004). Land use patches were previ-
ously extracted by means of automatic image segmentation using
the region growing algorithm with SPRING software (Cāmara et al.,
1996). Training sites were obtained using aerial photos from 1987
and 2008 of 1 m and 0.45 m resolution, respectively. The classifi-
cation method was  enhanced by an iterative training sites random
selection method (Carre no et al., 2011; González, 2011). The result-
ing maps were verified by visual validation on aerial photos using
a stratified random sampling. For more details, see Martínez-López
et al. (2012).

Seven land cover classes were studied: dense and open natu-
ral woodlands, dense and open natural shrublands, rainfed tree
and herbaceous croplands, irrigated tree and herbaceous crop-
lands, greenhouses, urban areas and water bodies. Urban areas and
water bodies were not further considered in subsequent analyses,
since they represented low percentages in the studied water-
sheds. Rainfed cropland areas were also disregarded since they
were historically present and their water outputs are negligible in
comparison to those from irrigated cropland areas (Conesa, 1990;
Velasco et al., 2006). The rest of land cover classes were pooled into
two categories: natural areas (NAT), including dense/open natu-
ral woodlands and dense/open natural shrublands, and irrigated
agricultural land areas (ILA), including irrigated tree and herba-
ceous croplands and greenhouses. Land cover maps showed an
overall accuracy percentage of 73% and 83% for 1987 and 2008 clas-
sification, respectively. There was a significant and a marginally
significant inverse Pearson correlation between natural and irri-
gated land areas in wetland watersheds, being higher in 2008
(r = −0.83 ; P = 0.01) than in 1989 (r = −0.69 ; P = 0.06).

2.4. Watershed hydrological condition index

In order to assess and compare the hydrological pressures that
irrigation at watershed scale exerts on different wetlands, raw
percentages of irrigated and natural land cover classes in the water-
sheds were weighted by landscape factors. First, since the irrigation
flows from near irrigated areas were supposed to exert more influ-
ence on wetland hydrology (Casta neda and Herrero, 2008b), we
used inverse-distance weights (IDW) to characterize land-cover
arrangement within watersheds (King et al., 2005; Van Sickle and
Johnson, 2008). Secondly, since wetland sizes differed over two
orders of magnitude, ranging from 3.8 to 314 ha, we considered
that the effect of drainage inputs on larger wetlands should be
considerably lower than in smaller ones. Thus, IDW percentages
of natural and irrigated land areas in the watershed were divided
by the receiving wetland area and then square rooted, according to
a wetland area relative percentage index (WARP; Martínez-López
et al., 2014; Eq. (1)).

WARPLC =
√

LC (IDW) in watershed (% )
Wetland area (ha)

(1)

where LC refers to a specific land cover of interest (natural and
irrigated land areas), which were first inverse-distance weighted
(IDW).

2.5. Vegetation sampling

To characterize plant taxa composition at each wetland site,
frequency of nine dominant characteristic perennial plant taxa
was recorded in years 1989 and 2008 by means of field sampling.
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Fig. 2. Irrigated agricultural land areas (ILA) in wetland watersheds in 1987 and 2008. Panels A and B show the percentage of irrigated land areas (inverse distance weighted:
IDW)  and the wetland area relative percentages (WARP-IDW), respectively. Wetland keys: Cañada Brusca North (CR3N) and South (CR3S), Alcanara (CR5), Marina del Carmolí
(CR10), Playa de la Hita (CR20), Matalentisco (CR4), Boquera de Tabala (CR19) and Salinas del Rasall (H1). Wetlands are arranged from larger to smaller sizes from left to right.

Sampled taxa were: A. glaucum, Atriplex glauca, Atriplex halimus,
Limonium spp. (including Limonium cossonianum, Limonium cae-
sium and Limonium insigne), T. canariensis, P. australis, Suaeda vera,
Sarcocornia fruticosa and Halimione portulacoides. The number of
sampling units in each wetland ranged from 12 to 116, depending
on wetland size and heterogeneity of plant communities. Samp-
ling units consisted of 25 m2 circular areas regularly distributed.
Presence/absence of selected taxa was recorded at each sampling
unit and overall taxa frequencies, ranging from zero to one, were
then calculated for each wetland. Wetland areas remained constant
throughout the study period except for Boquera de Tabala wetland,
which was slightly reduced in size during the study period due to
road works.

2.6. Selection of indicator plant taxa

Taxa showing significant frequency changes at each wetland site
over the study period were first identified using a pairwise com-
parison binomial test (Crawley, 2007) in order to select potential
indicator taxa, whose frequencies might be linked to watershed
hydrological condition. Subsequently, final indicator taxa were
selected by means of linear regression analyses between their fre-
quency and watershed hydrological condition in years 1989, 2008,

and the observed changes during the study period. Taxa frequen-
cies were arcsine square root transformed to accomplish normality

prior to regression analysis (Logan, 2010). Careful inspection of
residual plots was  performed in order to check for normality and
independence of residuals. Data were analysed with the statistical
package R (R Core Team, 2012).

2.7. Wetland condition index

Frequencies of resulting indicator taxa were combined as an
index to assess wetland condition (WCI) in relation to water-
shed hydrological pressures. For this purpose, the sum of taxa
frequencies that were positively related to hydrological alterations
(considered as negative indicator taxa) was  substracted to the sum
of taxa frequencies that were positively related to naturalness
(considered as positive indicator taxa). Total frequency of positive
indicator taxa was  square rooted in order to increase their weight
at low occurring frequencies, while diminishing frequency values
higher than one. The fact that both positive indicator taxa were
occurring at high frequencies, could probably be more related to
wetland natural heterogeneity than to its condition status. On the
contrary, the sum of negative indicator taxa was squared in order to
underpin the presence of more than one negative indicator taxon
(sum of values higher than one), while minimizing the effect of total
frequencies below one (Eq. (2)).

WCI  =
√

Total freq. positive indicator taxa − (Total freq. negative indicator taxa)2 (2)

In order to test the applicability of the proposed index in a wider
set of wetlands, four additional wetlands (Sombrerico, Lo Poyo,
Ajauque and Derramadores) were selected in Murcia province, for
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Fig. 3. Frequency of sampled taxa in 1989 and 2008 at each wetland site. Changes at a significance level of P < 0.1 after the pairwise comparison binomial test are denoted with
a  dot, and changes at significance level of P < 0.05 with an asterisk. Taxa keys: Atriplex glauca (Aga), A. glaucum (Agu), Atriplex halimus (Aha), Limonium spp. (Lspp), Phragmites
australis (Pau), Sarcocornia fruticosa (Sfr), Suaeda vera (Sve), Tamarix canariensis (Tca) and Halimione portulacoides (Hpo). Wetland keys: Cañada Brusca North (CR3N) and
South  (CR3S), Alcanara (CR5), Marina del Carmolí (CR10), Playa de la Hita (CR20), Matalentisco (CR4), Boquera de Tabala (CR19) and Salinas del Rasall (H1).

which the same taxa and watershed information was  recorded and
calculated for year 2008. Finally, the resulting index was  tested
against watershed hydrological condition by means of regression
analysis.

3. Results

3.1. Watershed hydrological condition index

Overall, irrigated agricultural land areas increased across wet-
land watersheds during the study period. While the cover of
irrigated land areas (ILA-IDW) represented less than 40% in 1987, it
reached values over 60% in 2008 across wetland watersheds (Fig. 2).
While Cañada Brusca North watershed showed the highest increase
in irrigated land areas during the study period, they were absent in
Cañada Brusca South and Salinas del Rasall watersheds during the
study period (our reference wetlands). After wetland area relative
percentages (WARP) were calculated, larger wetlands showed rel-
atively lower irrigated agricultural land areas values than smaller
ones.

3.2. Vegetation changes and selection of indicator taxa

The binomial paired test showed a total of 24 significant changes
in plant taxa frequency across wetlands during the study period
(Fig. 3). Taxa occurring at a specific wetland with frequencies

lower than 0.05 in both years were disregarded from further
analyses.

Cañada Brusca North underwent the highest number of sig-
nificant changes in taxa frequency, while Cañada Brusca South
and Salinas del Rasall wetlands (our reference sites) showed very
few significant changes in taxa frequency during the study period.
Across wetlands, a decreasing trend in frequencies of Limonium
spp., A. glaucum and Atriplex glauca was  observed (Fig. 3). On the
contrary, frequencies of P. australis, T. canariensis and A. halimus
generally increased in the study wetlands. Frequencies of Suaeda
vera and Sarcocornia fruticosa did not show a consistent pattern
of changes across sites. Halimione portulacoides showed no signif-
icant frequency changes during the study period and hence it was
disregarded as a potential indicator taxon.

Final indicator taxa of watershed agricultural pressures were
identified by means of regression analysis. Five out of the eight
potential indicator taxa showed significant relationships with
weighted land cover percentages (Fig. 4). While A. glaucum fre-
quency was positively related to natural areas in watersheds in
1989 and 2008 (Fig. 4A and B), observed frequency changes in A.
halimus and T. canariensis were inversely correlated with changes
in natural areas during the study period (Fig. 4D and F). On the other
hand, Limonium spp. showed a negative relationship with irrigated
land areas in 2008 (Fig. 4C), while P. australis frequency changes
were positively related to changes in irrigated land areas during
the study period (Fig. 4E).
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Fig. 4. Significant linear relationships between taxa frequency and weighted land cover percentages (natural and irrigated land areas) in 1989, 2008 and observed changes:
(A)  and (B) Arthrocnemum glaucum (Agu), (C) Limonium spp. (Lspp), (D) Atriplex halimus (Aha), (E) Phragmites australis (Pau), and (F) Tamarix canariensis (Tca).

3.3. Wetland condition index

The developed wetland condition index was finally proposed as
follows (Eq. 3):

WCI  =
√

Lspp + Agu − (Pau + Aha + Tca)2 (3)

where Lspp stands for frequency of Limonium spp., Agu for A. glau-
cum, Pau for P. australis, Aha for A. halimus and Tca for T. canariensis.
The wetland condition index ranged from −9 up to 1.4 (Fig. 5),
standing negative values for highly altered wetlands. The proposed
WCI  showed the highest values at the reference wetlands in 2008
(Salinas del Rasall and Cañada Brusca South), while Cañada Brusca
North showed the highest decrease during the study period. Over-
all, except for for Salinas del Rasall wetland, higher values of WCI
were observed in 1989 than in 2008.

In 2008, wetland condition index values, including the addi-
tional sites, were negatively related to irrigated land areas in
watersheds (WARP-IDW) and to observed changes during the study
period (Fig. 6A and C). The resulting linear model for 2008 was
robust, despite of including extreme values of high watershed
hydrological pressures and low wetland condition index, as is the
case for Sombrerico wetland (Fig. 6B).

4. Discussion

The proposed wetland condition index (WCI) allows the
assessment of Mediterranean semiarid saline wetlands located

in agricultural catchments. Inverse distance weighting (IDW)
and wetland area relative percentage index (WARP) were use-
ful weighting factors for the assessment of watershed condition
in relation to agricultural hydrological pressures on wetlands.
Accurate and medium resolution assessment of land cover types
and the delimitation of specific watershed areas for each wet-
land was highly important, as it has been pointed out in previous
studies (McHugh et al., 2007; Roth et al., 1996). This was  spe-
cially important for some complex wetlands like Cañada Brusca,
whose fragments (North and South) receive clearly different sur-
face hydrological influences. Moreover, our study revealed that
these wetlands showed the most contrasting results in terms of
taxa changes during the study period (Fig. 3).

Salinas del Rasall was the only wetland in which WCI  increased
during the study period, which might be related to the fact that
it was  legally protected for four years before our study started
(Fig. 5). On the contrary, WCI  decreased in Cañada Brusca South
during the study period, probably due to marginal influences com-
ing from the nearby located watershed of Cañada Brusca North,
which suffered the highest ILA increase, followed by Matalentisco
wetland (Fig. 2). The fact that Matalentisco and Boquera de Tabala
wetlands showed negative WCI  values in 1989, might be related
to their lack of protection status during the study period. The pro-
posed wetland condition index showed a robust relationship with
ILA (WARP-IDW) values in 2008 on an extended set of wetlands
(Fig. 6B). Observed changes in WCI  and in ILA (WARP-IDW) in their
watersheds during the study period were also significantly related
(Fig. 6C).
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Fig. 5. Wetland condition index (WCI) values for each wetland in 1989 and 2008. Wetlands are arranged from left to right according to a decreasing gradient of irrigated
agricultural land areas changes in their watersheds during the study period. Wetland keys: Cañada Brusca North (CR3N) and South (CR3S), Alcanara (CR5), Marina del Carmolí
(CR10),  Playa de la Hita (CR20), Matalentisco (CR4), Boquera de Tabala (CR19) and Salinas del Rasall (H1).
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Fig. 6. Linear regression between the wetland condition index (WCI) and irrigated land areas (ILA WARP-IDW) values. Panels A and B show the resulting models in 2008
excluding (n = 11) and including (n = 12) Sombrerico wetland, respectively. Panel C shows the resulting model based on observed changes during the study period (n = 8).
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Historical information reflecting ecosystem responses to land
cover changes enhanced the indicator selection process. Undis-
turbed or reference sites (present or past) were needed in order
to establish reference conditions, despite wetlands natural variabil-
ity. Although our study was constrained by the number of wetlands
sampled in 1989, it was  based on a long-term period of time and
on a set of heterogeneous wetlands, embedded in a representative
range of hydrologically altered watersheds. In 1989, irrigated land
areas were not the dominant land cover types (Fig. 2), therefore
we expected lower influence of watershed land cover on wetland
plant taxa at that time. On the contrary, the land use intensification
gradient across watersheds was large enough to show relation-
ships with some wetland plants in 2008. Moreover, the analysis
of land cover and taxa frequency changes revealed which taxa ben-
efited from the expansion of irrigated land areas during the study
period.

The expansion of irrigated land areas at watershed scale seems
to have altered wetlands natural hydrological regimes, probably in
terms of changes in salinity, flooding frequency and nutrient inputs
from agricultural runoff (Robledano et al., 2010). Salinity condi-
tions and seasonal hydrological fluctuations might have decreased
across the study wetlands, thus negatively affecting taxa which are
adapted to the natural conditions of these wetland types and pro-
moting some taxa adapted to less saline conditions and/or longer
flooding periods.

As it has been pointed out by previous studies, A. glaucum is
known to require saline and humid conditions, being adapted to
seasonal fluctuations of water table levels (Álvarez-Rogel et al.,
2006; Caballero, 1999; Pujol Fructuoso, 2002). It was  the only
taxon showing significant relationship with watershed land cover
in 1989 (Fig. 4A), thus probably serving as an early warning indi-
cator of the presence of irrigated land areas in the watershed.
Limonium spp. belongs to the drier part of the humidity gradi-
ent, avoids flooded soils and withstands high salinities (Caballero,
1999; Álvarez Rogel et al., 2000). P. australis is considered an inva-
sive species (Álvarez-Rogel et al., 2007; Tulbure et al., 2007) usually
forming monospecific stands, reducing species diversity, and there-
fore indicating wetland degradation. Its frequency increased in
most wetlands along with higher percentages of irrigated land
areas in the watershed (Fig. 4E), probably as a consequence of lower
salinity and longer flooding periods (Burdick and Konisky, 2003).
A. halimus occurrence is associated with lower salinity conditions
than salt steppe and salt marsh communities in the drier part of
the humidity gradient and might be found in association with salt
cedar patches (MARM,  2009).

5. Conclusions

By mean of historical fieldwork sampling, remote sensing and
hydrological modeling techniques, a wetland condition index (WCI)
was developed, based on plant taxa frequency, that allows the
assessment of Mediterranean semiarid saline wetlands located in
agricultural catchments, serving as a management tool to pre-
serve their values and associated ecosystem services. The results
from this study reinforce the importance of quantifying the influ-
ence of landscape level processes for wetland management and
conservation, in accordance with previous studies (Rooney et al.,
2012). International management efforts for protecting freshwa-
ter ecosystems in Mediterranean areas, like the European Water
Framework Directive (European Commission, 2000), the European
Habitats Directive (Council of Europe, 1992) and the RAMSAR con-
vention (Ramsar Convention Secretariat, 2004; Finlayson, 2005),
should specifically take into account catchment-scale hydrological
influences of agricultural land uses on wetlands.
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Cāmara, G., Souza, R., Freitas, U., Garrido, J., 1996. SPRING: integrating remote
sensing and GIS by object-oriented data modelling. Comput. Graph. 20, 395–403.

Carignan, V., Villard, M.A., 2002. Selecting indicator species to monitor ecological
integrity: a review. Environ. Monit. Assess. 78, 45–61.

Carre no, M.F., Martínez-López, J., Palazón, J.A., Conzález, J.C., Esteve, M.A., Martínez,
J., 2011. Aplicación de nuevas técnicas para la clasificación supervisada de imá-
genes landsat en la determinación de usos del suelo: por píxel y por mancha.
Mapping Interact. marzo-abril, 68–73.

Carre no, M.F., Esteve, M.A., Martínez, J., Palazón, J.A., Pardo, M.T., 2008. Habitat
changes in coastal wetlands associated to hydrological changes in the water-
shed. Estuar. Coast. Shelf S. 77, 475–483.

Casta neda, C., Herrero, J., 2008a. Assessing the degradation of saline wetlands in an
arid agricultural region in spain. Catena 72, 205–213.

Casta neda, C., Herrero, J., 2008b. Measuring the Condition of Saline Wetlands Threat-
ened by Agricultural Intensification. Pedosphere 18, 11–23.

Chen, X.L., Zhao, H.M., Li, P.X., Yin, Z.Y., 2006. Remote sensing image-based analysis of
the relationship between urban heat island and land use/cover changes. Remote
Sens. Environ. 104, 133–146.

Chust, G., Ducrot, D., 2004. Land cover mapping with patch-derived landscape
indices. Landsc. Urban Plan. 69, 437–449.

Conesa, C., 1990. El Campo de Cartagena: clima e hidrología en un medio semiárido.
volume 13 of Cuadernos, 1 ed. Universidad de Murcia, Murcia.

Conesa, H.M., Jiménez-Cárceles, F.J., 2007. The Mar  Menor lagoon (SE Spain): A sin-
gular natural ecosystem threatened by human activities. Mar. Pollut. Bull. 54,
839–849.

Council of Europe, 1992. Council Directive 92/43/EEC of 21 May  1992 on the con-
servation of natural habitats and of wild fauna and flora.

Crawley, M.J., 2007. The R Book. Wiley-Blackwell, Chichester.
Cronk, J.K., Fennessy, M.S., 2001. Wetland Plants: Biology and Ecology. CRC, New

York.
Dale, V.H., Beyeler, S.C., 2001. Challenges in the development and use of ecological

indicators. Ecol. Indic. 1, 3–10.
Esteve, M.A., Carre no, M.F., Robledano, F., Martínez-Fernández, J., Mi nano, J., 2008.

Dynamics of coastal wetlands and land use changes in the watershed: Implica-
tions for the biodiversity. In: Wetlands: Ecology, Conservation and Restoration.
Nova Science Publishers Inc., Hauppauge, New York, pp. 133–175, chap. 4.

Esteve, M.A., Robledano, F., Anadón, J.D., Giménez, A., 2006. Los ecosistemas de la
Región de Murcia: componentes, estructura y dinámica. In: El medio físico de la
Región de Murcia. EDITUM. Universidad de Murcia, Murcia, pp. 245–278.

European Commission, 2000. Common Implementation Strategy for the Water
Framework Directive (2000/60/EC), Romania.

European Commission, 2003. Horizontal guidance document on the role of wetlands
in the water framework directive. Common Implementation Strategy for the
Water Framework Directive (2000/60/EC).

European Commission – Directorate General for Environment, 2007. Interpretation
Manual of European Union Habitats.



Author's personal copy

408 J. Martínez-López et al. / Ecological Indicators 36 (2014) 400– 408

Fancy, S., Gross, J., Carter, S., 2009. Monitoring the condition of natural resources in
us  national parks. Environ. Monit. Assess. 151, 161–174.

Finlayson, C., 2005. Ecosystems & Human Well-being: Wetlands & Water Synthesis.
World Resources Institute, Washington.

Gergel, S.E., Turner, M.G., Miller, J.R., Melack, J.M., Stanley, E.H., 2002. Landscape
indicators of human impacts to riverine systems. Aquat. Sci. 64, 118–128.

González, J.C., 2011. Propuesta de un método eficiente y de bajo coste para la elabo-
ración de mapas de cultivos mediante imágenes Landsat. El caso de los cítiricos
en  la Región de Murcia (Espa na), Murcia (Ph.D. thesis).

GRASS Development Team, 2008. Geographic Resources Analysis Support System
Software. http://grass.fbk.eu/

Harding, J.S., Benfield, E.F., Bolstad, P.V., Helfman, G.S., Jones, E.B.D., 1998.
Stream biodiversity: The ghost of land use past. Proc. Natl. Acad. Sci. 95,
14843–14847.

Herrero, J., Snyder, R., 1997. Aridity and irrigation in Aragon, Spain. J. Arid. Environ.
35, 535–547.

Houlahan, J.E., Findlay, C.S., 2004. Estimating the ‘critical’ distance at which adja-
cent land-use degrades wetland water and sediment quality. Landsc. Ecol. 19,
677–690.

Hui, F., Xu, B., Huang, H., Yu, Q., Gong, P., 2008. Modelling spatial–temporal change
of  poyang lake using multitemporal landsat imagery. Int. J. Remote Sens. 29, 18.

Innis, S.A., Naiman, R.J., Elliott, S.R., 2000. Indicators and assessment methods for
measuring the ecological integrity of semi-aquatic terrestrial environments.
Hydrobiologia 422-423, 111–131.

Johnston, C.A., Zedler, J.B., Tulbure, M.G., Frieswyk, C.B., Bedford, B.L., Vaccaro, L.,
2009. A unifying approach for evaluating the condition of wetland plant com-
munities and identifying related stressors. Ecol. Appl. 19, 1739–1757.

King, R.S., Baker, M.E., Whigham, D.F., Weller, D.E., Jordan, T.E., Kazyak, P.F., Hurd,
M.K., 2005. Spatial considerations for linking watershed land cover to ecological
indicators in streams. Ecol. Appl. 15, 137–153.

Levin, N., Elron, E., Gasith, A., 2009. Decline of wetland ecosystems in the coastal
plain of israel during the 20th century: Implications for wetland conservation
and management. Landsc. Urban Plan. 92, 220–232.

Logan, M.,  2010. Biostatistical design and analysis using R a practical guide. Wiley-
Blackwell, Chichester, UK; Hoboken, NJ.

López, R.D., Fennessy, M.S., 2002. Testing the floristic quality assessment index as
an  indicator of wetland condition. Ecol. Appl. 12, 487–497.

Mack, J., 2006. Landscape as a predictor of wetland condition: an evaluation of the
Landscape Development Index (LDI) with a large reference wetland dataset from
Ohio. Environ. Monit. Assess. 120, 221–241.

MARM,  2009. Bases ecológicas preliminares para la conservación de los tipos de
hábitat de interés comunitario presentes en Espa na, Madrid.

Martínez-Fernández, J., Esteve-Selma, M.A., Aymerich, F.R., Saez, M.T.P., Fructuoso,
M.F.C., 2005. Aquatic birds as bioindicators of trophic changes and ecosys-
tem deterioration in the Mar  Menor lagoon (SE Spain). Hydrobiologia 550,
221–235.

Martínez-López, J., Carreño, M., Palazón-Ferrando, J., Martínez-Fernández, J., Esteve,
M.,  2014. Remote sensing of plant communities as a tool for assessing the condi-
tion of semiarid Mediterranean saline wetlands in agricultural catchments. Int.
J.  Appl. Earth Obs. 26, 193–204.

Martínez-López, J., Carre no, M.,  Palazón-Ferrando, J., Martínez-Fernández, J., Esteve-
Selma, M.,  2012. Wetland-watershed modelling and assessment: GIS methods
for establishing multiscale indicators. In: Wetlands: Ecology, Management and
Conservation. Nova Science Publishers Inc., Hauppauge, New York, pp. 231–250.

McHugh, O.V., McHugh, A.N., Eloundou-Enyegue, P.M., Steenhuis, T.S., 2007. Inte-
grated qualitative assessment of wetland hydrological and land cover changes
in a data scarce dry ethiopian highland watershed. Land Degrad. Develop. 18,
643–658.

Michelson, D.B., Liljeberg, B.M., Pilesjö, P., 2000. Comparison of algorithms for clas-
sifying swedish landcover using landsat tm and ers-1 sar data. Remote Sens.
Environ. 71, 1–15.

Miller, S.J., Wardrop, D.H., Mahaney, W.M.,  Brooks, R.P., 2006. A plant-based index of
biological integrity (IBI) for headwater wetlands in central Pennsylvania. Ecol.
Indic. 6, 290–312.

Mitsch, W.J., Gosselink, J.G., 2007. Wetlands, 4th ed. Wiley, Hoboken, NJ.
Niemeijer, D., Groot, R.S.D., 2008. A conceptual framework for selecting environ-

mental indicator sets. Ecol. Indic. 8, 14–25.
Niemi, G.J., McDonald, M.E., 2004. Application of ecological indicators. Ann. Rev. Ecol.

Evol. Syst. 35, 89–111.
O’Callaghan, J.F., Mark, D.M., 1984. The extraction of drainage networks from digital

elevation data. Comput. Vis. Graph. Image Proc. 28, 323–344.
Ortega, M., Velasco, J., Millan, A., Guerrero, C., 2004. An ecological integrity index for

littoral wetlands in agricultural catchments of semiarid Mediterranean regions.
Environ. Manage. 33, 412–430.

Pujol Fructuoso, J.A., 2002. Ecologí a de la germinación de semillas y del crecimiento
del plántulas de especies halófitas del SE Ibérico. Instituto Municipal de Cultura
Joaquí n Chapaprieta. Alicante.

R Core Team, 2012. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Ramsar Convention Secretariat, 2004. The Ramsar Handbook for the Wise Use of
Wetlands. Gland.

Richards, J.A., Jia, X., 2006. Remote Sensing Digital Image Analysis: An Introduction,
4th  ed. Springer.

Robledano, F., Esteve, M.A., Farinós, P., Carre no, M.F., Martínez-Fernández, J., 2010.
Terrestrial birds as indicators of agricultural-induced changes and associated
loss in conservation value of mediterranean wetlands. Ecol. Indic. 10, 274–286.

Rooney, R., Bayley, S., Creed, I., Wilson, M.,  2012. The accuracy of land cover-
based wetland assessments is influenced by landscape extent. Landsc. Ecol. 27,
1321–1335.

Roth, N.E., Allan, J.D., Erickson, D.L., 1996. Landscape influences on stream biotic
integrity assessed at multiple spatial scales. Landsc. Ecol. 11, 141–156.

Strayer, D.L., Beighley, R.E., Thompson, L.C., Brooks, S., Nilsson, C., Pinay, G., Naiman,
R.J.,  2003. Effects of land cover on stream ecosystems: Roles of empirical models
and scaling issues. Ecosystems 6, 407–423.

Tulbure, M.G., Johnston, C.A., Auger, D.L., 2007. Rapid invasion of a great lakes coastal
wetland by non-native phragmites australis and typha. J. Great Lakes Res. 33
(Supplement 3), 269–279.

Turner, R.K., Georgiou, S., Brouwer, R., Bateman, I.J., Langford, I.J., 2003. Towards an
integrated environmental assessment for wetland and catchment management.
Geograph. J. 169, 99–116.

Van Sickle, J., Johnson, C.B., 2008. Parametric distance weighting of landscape influ-
ence on streams. Landsc. Ecol. 23, 427–438.

Velasco, J., Lloret, J., Millan, A., Marin, A., Barahona, J., Abellan, P., Sanchez-Fernandez,
D., 2006. Nutrient and particulate inputs into the mar  menor lagoon (SE Spain)
from an intensive agricultural watershed. Water Air Soil Pollut. 176, 37–56.

Vidal-Abarca, M.R., Esteve, M.A., Suárez, M.L., Gómez, R., Robledano, F., 2003. Los
humedales de la Región de Murcia: Claves para su interpretación. Consejería
de Agricultura, Agua y Medio Ambiente. Dirección General del Medio Natural,
Murcia.

Wigand, C., Comeleo, R., McKinney, R., Thursby, G., Chintala, M.,  charpentier, M.,
1999. Outline of a new approach to evaluate ecological integrity of salt marshes.
Hum. Ecol. Risk Assess. Int. J. 5, 1541–1554.

Williams, W.,  1999. Conservation of wetlands in drylands: a key global issue. Aquat.
Conser. Mar. Freshwat. Ecosyst. 9, 517–522.

Zha, Y., Gao, J., Ni, S., 2003. Use of normalized difference built-up index in automat-
ically mapping urban areas from TM imagery. Int. J. Remote Sens. 24, 583–594.


