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a b s t r a c t

Implementing long-termmonitoring programs that effectively inform conservation plans is a top priority
in environmental management. In floodplain forests, historical pressures interplay with the complex
multiscale dynamics of fluvial systems and require integrative approaches to pinpoint drivers for their
deterioration and ecosystem services loss. Combining a conceptual framework such as the Driver-
Pressure-State-Impact-Response (DPSIR) with the development of valid biological indicators can
contribute to the analysis of the driving forces and their effects on the ecosystem in order to formulate
coordinated conservation measures. In the present study, we evaluate the initial results of a decade
(2004e2014) of floodplain forest monitoring. We adopted the DPSIR framework to summarize the main
drivers in land use and environmental change, analyzed the effects on biological indicators of foundation
trees and compared the consistency of the main drivers and their effects at two spatial scales. The
monitoring program was conducted in one of the largest and best preserved floodplain forests in SW
Europe located within Do~nana National Park (Spain) which is dominated by Salix atrocinerea and Fraxinus
angustifolia. The program combined field (in situ) surveys on a network of permanent plots with several
remote sensing sources. The accuracy obtained in spectral classifications allowed shifts in species cover
across the whole forest to be detected and assessed. However, remote sensing did not reflect the
ecological status of forest populations. The field survey revealed a general decline in Salix populations,
especially in the first five years of sampling ea factor probably associated with a lag effect from past
human impact on the hydrology of the catchment and recent extreme climatic episodes (drought). In
spite of much reduced seed regeneration, a resprouting strategy allows long-lived Salix individuals to
persist in complex spatial dynamics. This suggests the beginning of a recovery resulting from recent
coordinated societal responses to control excessive water extraction in the catchment, highlighting the
need for continuing long-term monitoring. The DPSIR framework proved useful as a conceptual tool in
analyzing the entire environmental system, while both field and remote sensing approaches com-
plemented each other in quantifying indicator trends, improving the monitoring design and informing
conservation plans.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple pressures threaten biodiversity worldwide and
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alterations in floodplains are expected from the interaction of
global change and escalating water use, particularly inwater deficit
areas (V€or€osmarty et al., 2010). In the Mediterranean region,
floodplain forests are resource-rich habitats that support a wide
range of ecosystem functions and services which extend far beyond
the area they occupy (Stella et al., 2013). Floodplain forests provide
ecosystem services, such as those related to water quality, micro-
climate, wildlife habitats, an energy base for the foodweb and flood
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mitigation (MEA, 2005). In spite of their importance, floodplain
forests have shrunk significantly due to human impacts at the local
and the catchment scale. They are therefore a top-priority target for
conservation, management and restoration (Stella et al., 2013). In
Europe, the assessment and restoration of degraded riparian areas
has become mandatory within the Water Framework Directive and
the Biodiversity Strategy to 2020 in the context of the Aichi targets
(Gonz�alez del T�anago et al., 2012).

Reliable conservation and restoration of floodplain forests
require coordinated actions to reduce the pressures that degrade
their status but also to assess ecosystem effects through an adaptive
management approach that enhances their resilience to human
induced changes (White and Stromberg, 2011; Sanders and
Kirschbaum, 2015). Long-term monitoring of riparian plant com-
munities is critical in this respect, not only in order to track bio-
logical responses to multiscale anthropic and environmental
changes, but also to identify early warning signals of prospective
changes in ecosystem functions and services (Cardinale et al., 2012;
Str€om et al., 2012). A long-term floodplain forest monitoring pro-
gram is a valuable means of assessing drivers and the effects of
pressures, where subtle changes would otherwise remain unde-
tected; it provides scientifically valid information and makes pro-
jections about future structure and composition. It is therefore an
important tool in adaptive management (Sanders and Kirschbaum,
2015).

Implementing an effective long-term monitoring program of
floodplain forest changes is challenging and these type of studies
are scarce (but see Nguyen et al., 2015; Sanders and Kirschbaum,
2015). Firstly, this is because a long-term monitoring program is
highly resource-demanding. In addition, there is a significant
complexity inherent to the dynamics of floodplain systems which
integrate multiple spatial (catchment, segment, reach) and tem-
poral scales of variation (Dufour and Pi�egay, 2009); and finally, it is
difficult to document the long-term consequences of changes such
as land use and climate change and to pinpoint environmental
drivers of deterioration (Nguyen et al., 2015). In order to achieve
this, establishing an integrative conceptual framework, such as the
driversepressuresestateseimpactseresponses (DPSIR) approach
(EEA, 2005), might help to draw links between environmental and
anthropogenic drivers on biotic elements, so that more effective
conservation strategies can be defined. In a long-term monitoring
program, this general framework can be used to evaluate the effects
of driving forces and their associated pressures on the state of the
environment and their impact on ecosystem functions, as well as to
evaluate the effects of societal responses taken during the moni-
toring period (Haberl et al., 2009).

In addition, the proper choice of reliable, well validated bio-
logical indicators (Gumiero et al., 2015) in the design and
improvement of monitoring programs is a top-priority goal in
conservation management if we are to adequately assess the
impact of environment changes on species and subsequently
respond with adaptive actions (Haberl et al., 2009). Foundation
species (Dayton, 1972) provide a suitable opportunity for such an
approach due to their tight relationship with the habitat and their
influence on other species in the ecosystem (Corenblit et al., 2011).
Foundation riparian trees, such as Salicaceae, interact with envi-
ronmental change by modulating fluvial system processes (flow
velocity, sediment deposition) and consequently affect the physical
habitat of other species (Karrenberg et al., 2002). As such, different
foundation tree canopies often correspond to different understory
communities. Monitoring them is highly worthwhile in order to be
able to track alterations liable to have an effect at the community
and ecosystem level (Ellison et al., 2005). The use of foundation
species as an indicator provides an insight into key ecosystem
processes, and allows for management based on information
obtained by monitoring these processes.
This study documents the first decade of results from a long

term monitoring program in the floodplain forests of Do~nana Na-
tional Park. The main goals of the present study are: 1) to sum-
marize the main drivers and pressures affecting the Do~nana
floodplain forests within a DPSIR framework; 2) to set up a baseline
trend of the dominance, abundance and health (i.e. balanced pop-
ulation structure) of foundation trees to use in the analysis of the
environment impact of water availability and pressures from
catchment land uses; 3) to test the consistency of trends in foun-
dation trees across indicators analyzed through two monitoring
approaches based on remote sensing and field sampling, respec-
tively; and, 4) to assess the utility of the monitoring program for
conservation management within a DPSIR framework. We hy-
pothesized that 1) the recent historical (last 20 years) withdrawals
of superficial and phreatic water in the La Rocina stream catchment
have led to a quantifiable compositional and structural change in
foundation tree indicators given the different water requirements
of the dominant species and 2) the changes registered at a local
scale with field indicators should correspond with dominance
shifts in foundation species at the landscape scale by remote
sensing imagery analysis.

2. Materials and methods

2.1. Study site description

The Do~nana marshes are one of the largest protected wetlands
in Europe with an area of 340 km2, of which 300 km2 are included
in Do~nana National Park (Morris et al., 2013; Díaz-Delgado et al.,
2010; García Novo et al., 2006). With a typical Mediterranean
climate, the flooding cycle starts in September and usually reaches
peak levels during the end of boreal winter subject to rainfall
variability. The dominant clay and silt substrates of the Do~nana
marshes are soaked with the first showers and a shallow water
layer spreads over the floodable area (Fig. 1). The tributary river
network streams into the marshes maintaining water levels as
runoff flows in the catchments. Mediterranean water courses vary
dramatically during the cycle either causing fast and intense floods
or remaining completely dry for long periods.

La Rocina feeds the Do~nana marshes from the west collecting
runoff and groundwater across 400 km2 of a sandy catchment.
Average annual water discharge from La Rocina to the marshes is
about 40 hm3 (Manzano et al., 2005). While marshes are included
in the Do~nana National Park, La Rocina and a surrounding 500 m
buffer have a minor protection status, limited to the downstream
12 km of its total 19 km length. The floodplain forest canopy is
mainly dominated by Fraxinus angustifolia Vahl. and Salix atroc-
inerea Brot., with open flooded areas being more abundant as the
stream approaches the marshes. Within the forest, each species is
generally dominant at opposite positions along a gradient of
hydroperiod and flooding frequency: Salix is dominant in more
flooded areas and Fraxinus in the transition to upland vegetation.
This stand represents the largest area of a well-preserved Ibero-
Atlantic floodplain forest with aMediterranean climate (Rodríguez-
Gonz�alez et al., 2008). Several endemic and threatened species are
found in the La Rocina wetland forest. These include Frangula alnus
Mill. subsp. baetica (Willk. & �E. Rev.) Rivas Goday, Rorippa valdes-
bermejoi (Castrov.) Mart.-Laborde Castrov, Utricularia exoleta R. Br.,
Mycropyropsis tuberosa Romero Zarco y Cabezudo, and Carex elata
subsp. tartessiana Luce~no & Aedo.

Following the establishment of the Do~nana National Park in
1969, intensive agriculture progressively developed in the sur-
rounding countryside (Haberl et al., 2009) with intensive farming of
greenhouse crops irrigated with water pumped from Do~nana's



Fig. 1. Location of the study area in the European (a) and Spanish (b) context. Fig. 1 c) also shows the position of the La Rocina stream in relation to the Do~nana marshes. Fig. 1 d)
details the La Rocina catchment showing the protection limits (red line), the floodplain forest (green line), the hydrographic network (blue line) and the location of permanent plots
(yellow dots). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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large aquifer system (Almonte-Marismas). La Rocina catchment has
been one of the areas most affected by strawberry farming given
that uncontrolled wells are pumping underground water, even in
illegally cultivated public lands (Aldaya et al., 2010). During the
1990s, different hydrogeological studies (Custodio et al., 2005,
2009; Manzano et al., 2005) provided evidence of a generalized
drop of the piezometric records (water table) in the area
(Supplemental Fig. S3). During the last 10 years, the competent
administration, Confederaci�on Hidrogr�afica del Guadalquivir, has
embarked on a lengthy process of inventorying and filing legal
actions. These actions are gradually helping to shut these illegal
extractions down. In spite of these efforts, the latest WWF report,
integrating research on the state of water in Do~nana, points out that
the aquifer is “at risk” (WWF Espa~na, 2016). On the other hand,
large extensions of the most upstream catchment were devoted to
eucalyptus and pine afforestations since the 1950s. Water con-
sumption by eucalyptus in the region has been estimated at about
14,000 m3 ha/year (Aldaya et al., 2010). At the beginning of the 21st
century, different management plans implemented clearcutting
targeting eucalyptus plantations. From 2005 to 2011 alone, up to
9 km2 were cleared, representing 2.25% of the total La Rocina
catchment (land use cover change analysis based on the 2005 and
2011 SIOSE maps (Spanish Land Use Information System) (Moreira
et al., 2008).

In 2002, the Do~nana Biological Station together with the Na-
tional Park Management Board set up an integrated long-term
monitoring program with the aim of building the baseline for
trend analysis and adaptive decision-making (Díaz-Delgado, 2010).
Monitoring features focused on species, habitats and processes,
including the impact of anthropogenic drivers. The approach in-
tegrates data captured in situ by standardized monitoring protocols
and information derived from remote sensing image analysis
collected from different sources (satellite, airborne and very
recently by UAV). Riparian forests, one of the less represented
habitats in the protected area, were assessed by 11 permanent
monitoring plots where structural variables are recorded every 5
years.
2.2. Field monitoring

We carried out quinquennial inventories (summers 2004, 2010,
2014) of the composition and structure of the two foundation tree
communities (Fraxinus angustifolia and Salix atrocinerea) in a per-
manent monitoring network established in 2004 within the La
Rocina floodplain forest area (Fig. 1). We conducted tree inventories
in 11175e250 m2 permanent plots (KML Map 1) conforming to the
recommended sampling area range for wetland forests (van der
Maarel, 2005). In each plot, we identified all trees higher than
1.5 m to species; we recorded species abundance in percent cover
to determine species dominance; we measured tree height with a
Blume-Leiss hypsometer to the nearest 0.5 m and breast height
diameter (DBH) for all stems �2.5 cm to the nearest 0.1 cm at two
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perpendicular directions using a caliper. For trees with single or
multiple trunks at breast height, all stems were counted, measured
and recorded as dead or alive. In every plot, we identified tree
seedlings to species and counted them across the three sampling
campaigns, recorded the presence of vegetative reproduction and
made observations about tree damage due to flooding/wind and
herbivory. We recorded local environmental variables such as wa-
ter level in summer and descriptive observations on soil parameters
(Supplemental Table S1).

During the 2014 field campaign, a specific measurement design
(KML Map 2) was adopted to determine an extensive collection of
homogeneous canopy covers dominated by the two target species.
The complete study areawas gridded at a 30� 30 m pixel size from
which a final set of 42 pixels was selected to show the highest
spectral homogeneity (see details in the following section). In the
field, once the center of the pixel was located and the dominant
canopy cover confirmed, we recorded structural information on the
forest, such as plant and bare soil percent cover, forest stratification
and species dominance per strata, tree recruitment and tree dam-
age. We took measurements at the four cardinal axis points where
the canopy cover mixed with the other species. During this sam-
pling we also measured Leaf Area Index (LAI) using AccuPAR LP-80
ceptometer (Decagon Devices, Pullman, WA, USA). LAI variability
contributes to spectral response (Jones and Vaughan, 2010), suffi-
ciently enough to produce differences for canopies homogeneously
covered by the same species.

Plots and measurements were geolocated by means of a Leica
1200 differential GPS allowing an average precision positioning
with an error below 1 m under forest canopy. In addition, several
trees were tagged and marked to improve plot identification for
later visits.

2.3. Remote sensing data sources

The long-term ecological monitoring program incorporates a
landscape scale approach by using different sources of remote
sensing imagery. For this study we used airborne hyperspectral
images acquired with the Airborne Hyperspectral Scanner (AHS) in
2004 and 2015. These flight campaigns were originally designed for
aquatic plant mapping, wetland delineation and water quality
assessment of the Do~nana marshes and lagoons (G�omez-Rodríguez
et al., 2008; Bustamante et al., 2009; Díaz-Delgado et al., 2010,
2016). La Rocina images were also available with a 5.8 m pixel
size. The AHS is a “line-scanner” radiometer and collects at-sensor
radiance from the ground in 80 spectral bands from 430 to
13,000 nm. It has a wide coverage in the Visible (VIS) and Near
InfraRed (NIR) regions from 430 to 1000 nmwith 21 relatively wide
bands (27e30 nm). In the Short Wave InfraRed (SWIR) it has a
single band centered on 1600 nm. Images were acquired and pre-
processed by INTA (Instituto Nacional de T�ecnicas Aerospaciales).
They were radiometrically corrected to at-sensor spectral radiance
and geometrically corrected using IMU data and the Andalusian
GPS reference network with a mean position error (RMS) below 1
pixel. During each flight campaign, spectroradiometric signatures
were collected in the field for bright and dark targets for use in
empirical line calibration, providing accurate surface reflectance for
every pixel (Bustamante et al., 2013).

2.4. Image selection and digital classification procedure

Based on in situ data acquisition, we selected AHS imagery ac-
quired during spring in 2004 and 2015 to map the foundation
species. Both dates cover the maximum monitored time span. Data
gathered in the sampling plots (2004 and 2014) were used as
training areas and ground-truth for digital image classifications.
70% of the ground-truth sample for every date was randomly
selected as training pixels and the remaining 30% as test pixels for
subsequent accuracy assessment.

An exploratory analysis was carried out to locate highly domi-
nated stands for the two target species. A study area mask was built
by combining the polygons classified as “Riparian Forest” from the
most up-to-date land use cover map (Moreira et al., 2008) and the
pixels only with NDVI (Normalized Difference Vegetation Index)
values greater than 0.7 (Sobrino et al., 2012; Jim�enez et al., 2005).
The main reason for this latter criterion was to avoid the inclusion
of the other relatively abundant surrounding tree/shrub species
along the border of the protected area which were also apparent in
the ortophotographs used for the land use cover map.

A final set of 20 spectral bands covering the range between 400
and 1000 nm was used for the digital image classification. The 2
airborne strips covering the La Rocina study area were merged by
normalizing the overlapping pixels (Hongjian et al., 2004). Merged
strips from the two different dates were segmented in order to
assess the radiometric homogeneity of ground-truth plots (Chang,
2013). The final sample size was increased by including those
adjacent pixels assigned to the same segments of the original
training areas. The maximum likelihood method was used for the
supervised per-pixel classification for both dates. Although most of
the fluvial course of La Rocina is covered by a dense canopy, pure
stands dominated by each of the target species are not frequent,
while mixed canopies from the two target species are typical.
Nevertheless, we decided to use Salix and Fraxinus-dominated
classes as thematic classes, in order to reveal subtle dominances
even undermixed canopies circumstances. A canopy cover gradient
of this nature may subsequently be assessed with the resulting rule
images and refining a posteriori probabilities (Strahler, 1980). Re-
sults were assessed by calculating overall agreement and Kappa
index with the unused 30% of pixels as the validation test set.

2.5. Data processing and calculations

Structural data on foundation trees were organized in matrices
for the calculations of structural indicators at the individual
(number of stems/tree, basal area/tree) and plot level (number of
stems, trees and seedlings). Using the averages of the two diameter
measurements per tree, basal area per individual (cm2/tree) was
calculated for all live and dead stems. Structural indicators were
calculated for each species: health category (dead/alive), domi-
nance types (based in 2004 species dominance for each plot), and
height and diameter size classes (Supplemental Table S1).

We explored existing relations in the structural plot parameters
with environmental variables using correlation analyses. We used
the non-parametric Kruskal Wallis Rank test to detect differences
among the different structural indicators for individuals and plots
by sampling years, species and dominance types (Fraxinus or Salix
dominated plot), having set a significance level at p < 0.05.

3. Results

3.1. DPSIR framework

The main drivers, corresponding pressures and their effects on
the La Rocina floodplain forests during the decade 2004e2014 are
summarized in Table 1. For the most part they relate to the inten-
sification of agriculture and reduced discharge due to eucalyptus
plantations in the catchment. In parallel, some societal responses
are themselves acting as drivers (management measures, gradual
closure of illegal water extraction) with different impacts on the
state of the ecosystem. Both external drivers and societal responses
are potentially reflected through biological indicators that can be



Table 1
Summary of the main environmental and anthropic forces influencing Do~nana floodplain forests during the last decades within the Driver-Pressure-State-Impact-Response
(DPSIR) framework, and the corresponding indicators used for monitoring of foundation trees at both field plots (FP) and remote sensing (RS). Fx stands for Fraxinus
angustifolia, Sa stands for Salix atrocinerea. [1] Iremonger and Kelly, 1988; [2] Rodríguez-Gonz�alez et al., 2010; [3] Stella et al., 2006; [4] Bellingham, 2001; [5] Amlin and Rood
2003; [6] Stella et al., 2010; [7] Soriguer et al., 2001.

Driving forces Pressures Estimated
period

Environmental
STATE

Impacts on ecosystem functions and
foundation trees

Foundation tree indicators
used in monitoring and
expected change

Reference

Market demand of paper and
pulp

Eucalypt
plantations in the
catchment.

1950e2002 Reduced
discharge

Reduced hydroperiod
Competitive advantage of Fx face to Sa

FP: Sa tree density drop/
Unbalanced population
structure in Sa
RS: Dominance shift from Sa
to Fx

[1], [2]

Common Agricultural Policy
subsidies for intensive
farming and increased
massive Tourism

Water pumping
extractions increase
in the surrounding
area

1990e2016 Alteration of
hydrologic
regime (amount
and timing)

Lack of seed recruitment due to loose of
synchrony between species phenology (seed
dispersal) and habitat availability for
recruitment

FP: Seedlings monitoring/
Reproductive strategy shift
from sexual to vegetative
RS: Dominance shift Sa to Fx

[3], [4]

Global warming: Extreme
drought climatic episodes

Rainfall scarcity 1979
e1980,
2004
e2005,
2012e2013

Reduced water
availability

Water table drop
Tree Mortality

FP: Seedlings mortality both
species/Decline in both
species
RS: Dominance shift from Sa
to Fx

[5], [6]

Societal Responses Pressures Estimated
period

Environmental
state

Impacts on ecosystem functions and
Foundation trees

Foundation tree indicators
used and expected trend

Reference

Conservation measures at the
catchment scale

Clearing of
eucalyptus
plantations in the
catchment

2002e2004 Increased
discharge

Larger hydroperiod, increased hydrology
and sediment dynamics, creation of available
habitats
Increased competitive advantage of Sa face
to Fx

FP: Increased Sa stem
density and stems/tree
(recovery through
vegetative sprouting)
RS: Dominance shift Fx to Sa

[1], [2]

Conservation measures
within the protected area

Increase of wild
herbivores
populations

1984e2016 Overgrazing
within floodplain
forest

Breakage and trampling,
Recruitment elimination and browsed
vegetative sprouts

FP: Lack of seedlings/
Senescent Sa populations
RS: Dominance shift from Sa
to Fx

[7]
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tested through the monitoring program in both the field and
remote sensing methods.
3.2. Field monitoring

3.2.1. Plot indicators and water level
The exploratory analysis between the plot structural parameters

and the water level measured in summer in the different sampling
years resulted in some significant correlations. In Salix-dominated
plots (Sa-plots), Fraxinus basal area per ha was significantly corre-
lated (r ¼ 0.5518, p ¼ 0.0330) with the increasing depth of the
phreatic level. Meanwhile in Fraxinus-dominated plots (Fx-plots),
no significant relationship was revealed (r ¼ �0.1130, p ¼ 0.7266).
This confirms the ecological preferences of both species and sug-
gests that a lower phreatic level favors the increase of Fraxinus in
Sa-plots. Sa-plots show a significant increase of dead stems per ha
(r ¼ 0.5524, p ¼ 0.0327) with the increasing depth of the phreatic
level, while Fx-plots displayed no significant relationship
(r ¼ �0.4735, p ¼ 0.1200). This suggests that in Sa-plots the
lowering of the phreatic level may be related to increased mortality
of Salix.
3.2.2. Individual level indicators: tree biomass and health patterns
across species

We recorded a significant (KWeH(2, 204) ¼ 16.5458, p ¼ 0.0003)
decrease in the number of Salix stems by individual in the period
2004e2014 with a particularly large decrease in the 2004e2010
sampling (Fig. 2), while the number of Fraxinus stems by individual
was relatively constant across the 10 year period of monitoring
(KWeH(2, 182) ¼ 0.5199; p ¼ 0.7711). The percentage of dead basal
area per tree experienced a marginally significant increase
(KWeH(2, 204) ¼ 4.5094; p ¼ 0.1049) for Salix individuals, especially
for 2014, while no significant change (KWeH(2,182)¼0.2843;
p¼ 0.8675) was detected in Fraxinus individuals. Stems per tree can
be considered as a proxy for tree biomass and the dead basal area
per tree as a proxy for health status (basal area corresponding to the
dead stems in a tree).
3.2.3. Plot level indicators: temporal trends of stem density, tree
density and mortality

Stem and tree density (total number of stems/ha and total
number of trees/ha) displayed a similar temporal pattern in Fa-
plots, with a non-significant decrease in 2004 sampling
compared to 2010 and subsequently was relatively constant (stems/
ha: KW-H(2,12) ¼ 1.2007, p ¼ 0.5486; trees/ha: KW-H(2,12) ¼ 0.4865,
p ¼ 0.7841) (Fig. 3). However, in Sa-plots, tree and stem density
followed different trends. While the stems/ha displayed a signifi-
cant decrease in the 2004e2010 sampling (KWeH(2,15) ¼ 8.094,
p ¼ 0.0175), the trees/ha showed an initial small decrease but a
slight recovery in 2014 (KWeH(2,15) ¼ 0.3834, p ¼ 0.825). This re-
covery of the total number trees may be related to the recruitment
of Fraxinus individuals in Sa-plots (see Fig. 4).
3.2.4. Population structure indicators: size class frequency changes
The stem diameter distributions varied by species in the two

types of plot dominance with Fraxinus stems present in both Fx-
plots and Sa-plots, though with different frequencies, while Salix
stems were exclusively present in Sa-plots with a negligible pres-
ence in Fx-plots (Fig. 4). In Sa-plots, the frequency of Fraxinus
stems/ha increased especially across the 2010 and 2014 campaigns.
In Sa-plots, the frequency of Salix stems/ha experienced a decrease
from 2004 to 2010, but was unchanged from 2010 to 2014. A
striking pattern in the size frequency distributions of Salix stems in
Sa-plots is that rather than moving to bigger size classes, the total
number of stems substantially decreased in the 2010 and 2014
sampling campaigns, compared to 2004 stem frequencies, probably



Fig. 2. Number of stems per tree (left) and percentage of dead basal area per tree (right), calculated from the data collected at the permanent plots during each of the three
monitoring campaigns in 2004, 2010 and 2014. Types of dominance (Fx, Fraxinus angustifolia; Sa, Salix atrocinerea). NOTE: plot dominance based on the 2004 sampling.

Fig. 3. Number of total stems per ha (left) and number of total trees per ha (right), calculated from the data collected at the permanent plots during each of the three monitoring
campaigns in 2004, 2010 and 2014. Types of dominance (Fx, Fraxinus angustifolia; Sa, Salix atrocinerea). NOTE: plot dominance based on the 2004 sampling.
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due to increasing mortality rates. Finally, there is an unusually high
frequency of Fraxinus stems in one particular size class (27.5 cm in
2004) that is evident across the three sampling campaigns. This
probably corresponds to a cohort of even-aged trees, suggesting a
past recruitment event for this species.

3.2.5. Regeneration of Salix and Fraxinus in monitored plots
Salix displayed no sexual regeneration, excluding a punctual

occurrence in one plot in 2004. In contrast, Fraxinus seedlings were
present in both types of plot dominance, particularly in recent
years. Fraxinus seedlings significantly increased
(KWeH(2,15) ¼ 9.5913, p ¼ 0.0083) in Sa-plots in 2010 and 2014
relative to 2004, and they were present across all Fx-plots from the
beginning of the monitoring, with a non-significant increasing
trend (KWeH(2,12) ¼ 0.2740, p ¼ 0.8720). (Fig. 5).

3.3. Remote sensing analyses

The first exploratory analysis of spectral signatures revealed
significant differences between Fraxinus and Salix dominated
pixels. Differences were found across the whole infrared spectrum
even for dominated canopies with a high variability in LAI
(Supplemental Fig. S2). Accordingly, the AHS bands are considered
as suitable for the classification of the two target species.

The resulting classifications for the two selected dates showed
overall agreement values of 85.48% (2004 image) and 94.32% (2015
image). Kappa indices of agreement reached 0.70 and 0.88 for 2004
and 2015 maps, respectively. Because these accuracy values are
considered as very acceptable we decided to use both maps in
assessing species dominance change.

In order to highlight changes between the two dates, a change
image (Fig. 6) was calculated revealing the 4 classes of change: 1)
From Salix to Fraxinus; 2) From Fraxinus to Salix; 3) Fraxinus in both
dates; 4) Salix in both dates.

Study of the change image (Fig. 6) reveals an overall shift from
Fraxinus-dominated pixels to Salix-dominated pixels (a total of
17.66 ha from 2004 to 2015 corresponding to 14% see Table 2). The
proportion of pixels dominated by Fraxinus declined from 56% to
48% while for Salix it increased from 43% to 51%. However, shifts in
the opposite direction, from Salix to Fraxinus, are also ubiquitously
found across the floodplain forest (a total area of 30 ha corre-
sponding to 33% of the 2004 Salix-dominated area). Among the
permanent plots inventoried, which were integrated in the ground-
truth, two (DAM6 and DAM8) revealed the most significant trend
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Fig. 4. Size distribution of total stems per ha, calculated from the data collected at the permanent plots during each of the three monitoring campaigns in 2004, 2010 and 2014.
Types of dominance (Fx, Fraxinus angustifolia; Sa, Salix atrocinerea). NOTE: plot dominance based on the 2004 sampling.
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changes, displaying a net cover change in dominance from class
Salix to Fraxinus from 2004 to 2014.

Spatial arrangement of dominance shifts reveals local trends
such as an increase of Salix dominance (blue and red colors in Fig. 6)
downstream and in the uppermost zone of the study area. On the
other hand, Fraxinus dominated pixels (orange and green colors in
Fig. 6) are mainly found on the intermediate riverine course. In
terms of the spatial pattern found for both species and considering
their habitat preferences (that is, proximity to the water course for
Salix, and less flooded areas for Fraxinus), Salixwas identified in the
expected position at the water front, in certain sections only.
4. Discussion

The present case study illustrated the impact of recent land use
changes and water extractions at the La Rocina catchment on the
Do~nana floodplain forests, and was corroborated through forest
responses at both the local (in situ plots) and landscape scale



Fig. 5. Relative frequency of Fraxinus seedlings per 100 m2 in Fraxinus dominated plots
and Salix dominated plots from the data collected at the permanent plots during each
of the three monitoring campaigns in 2004, 2010 and 2014. Types of dominance (Fx,
Fraxinus angustifolia; Sa, Salix atrocinerea). NOTE: plot dominance based on the 2004
sampling.

Fig. 6. Map of changes in species dominance from the comparison of 2004 and 2015 Airborne Hyperspectral Scanner image classifications. (For interpretation of color in this figure
legend, the reader is referred to the web version of this article.)

Table 2
Total area covered by every target species according to digital classification of AHS
images in 2004 and 2015.

Area in 2004 (ha) Area in 2015 (ha)

Fraxinus angustifolia 107.25 88.43
Salix atrocinerea 61.61 80.43

P.M. Rodríguez-Gonz�alez et al. / Journal of Environmental Management 202 (2017) 392e402 399
(remote sensing). The conceptualization of the main pressures and
impacts on the target ecosystem by means of the DPSIR framework
and its integration with monitoring results revealed useful to re-
view and formulate informed responses as conservation
management guidelines.
The most obvious pattern revealed by the in situ monitoring is a

general senescing trend in the tree populations across the perma-
nent plots. For Salix particularly, this pattern was revealed by the
absence of young trees, a decline in the number of stems per tree,
an increase in dead basal area per tree and a decreasing shift in the
frequency of smaller diameter distributions that was practically
reduced by half from 2004 to 2010. In parallel, a slight increase in
Fraxinus can be observed across the studied plots, especially
through recent increases in Fraxinus seedlings and trees with a
smaller diameter in the plots that were dominated by Salix in 2004.
These structural trends reflect the contrasting ecological and
reproductive traits of Salix and Fraxinus. The absence of small Salix
atrocinerea trees and seedlings may be the result of low seed
longevity (Karrenberg et al., 2002) combined with large flooding
periods during seed dispersal in early spring (Rodríguez-Gonz�alez
et al., 2010), and competition for light with mature trees (Jones
and Sharitz, 1998) due to their low shade tolerance (Battaglia and
Sharitz, 2006). In addition, damage by herbivores looking for the
fresher conditions within the forest in the hotter months can pose
an additional challenge to the few recruitment opportunities that
exist for this species (field observations). In conditions of poor
seedling recruitment, sprouting through long-lived multistemmed
genets is assumed as a key strategy in the persistence of Salix
populations (Bond and Midgley, 2001; Rodríguez-Gonz�alez et al.,
2010). The different dynamics of Salix stem density (showing sig-
nificant temporal changes across sampling years) compared with
the relatively constant values of tree density observed across the
studied period exemplifies this result (Fig. 3).

The correlations between Salix stem mortality and depth of
summer water level illustrates the reduced tolerance of Salix
atrocinerea to summer drought (Iremonger and Kelly, 1988;
Rodríguez-Gonz�alez et al., 2010), also reported for other riparian
Salix species (Garssen et al., 2014; Stella et al., 2010). In addition, the
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correlations between the Fraxinus basal area and the increasing
depth of the summer water level in the initially Salix-dominated
plots suggest a forest succession in response to water retreat, i.e. a
terrestrialization tendency. The natural successional dynamics
characteristic of wetland forests includes drier and wetter periods
(Pokorný et al., 2000), although exogenous driving factors acting at
different scales might generate unexpected ecosystem trajectories
(Dufour and Pi�egay, 2009). Consistently across several structural
indicators, the largest Salix decline was observed from 2004 to
2010, while 2014 sampling generally showed similar values or a
slight recovery from 2010. This could reflect a mixture of factors
influencing water availability in the floodplain, such as a lag-effect
of the past anthropic impacts (water extractions) in the catchment,
coupled with growing variability of the Mediterranean climate
regime. An extremely dry climatic episode during the hydrologic
year 2004e2005, when total annual rainfall was only 173 mm
probably imposed water limitations on floodplain species, similar
to the extensive die-off reported on shrubland communities (Lloret
et al., 2016). Since this intense decrease in the water level may have
provoked damage in Salix tree populations, especially in the first
years after 2005, these effects would be evident in the structural
parameters of the 2010 with respect to 2004 sampling.

Results at the plot scale reveal a progressive increase in Fraxinus
while at the landscape scale the net process is the opposite. Such
discrepancies are not uncommon when scaling up in situ data to
larger scales (Hufkens et al., 2008; Wu and Li, 2009), particularly
when the type of monitored parameters are different (canopy cover
vs. understory cover measurements). While setting up the Do~nana
Monitoring program, efficiency and accessibility criteria were
critical to guarantee long-term monitoring (Moreira et al., 2008).
The final decision on the number and location of permanent plots
was subject to the trade-off between covering the 12 km long
floodplain forest and the representativeness of plots dominated by
each of the target species. As mentioned above, the La Rocina
floodplain forest is mainly composed of mixed canopies with subtle
gradients tightly related to water table depth. The sampling design
focused on locating the most stands dominated by the target spe-
cies. It is plausible that such structural characteristics have an effect
on species mapping. However, the inclusion of mixed canopies in
the training area for the digital classifications did not improve re-
sults. Nevertheless, assigning pure species classes to every single
pixel has demonstrated the trends and shifts in a spatially explicit
way and revealed the scale of these processes. Thus, a recent
hydroperiod reconstruction for the Do~nana marshes (Díaz-Delgado
et al., 2016) confirms the increase at the mouth of the La Rocina
tributary due to sand deposits from the El Partido stream which
enters from the north (García-Novo et al., 2007). Flood duration at
the mouth of La Rocina may well be the reason for the spread of
Salix in this area (Fig. 6).

Landscape scale analysis contributes to the interpretation of the
shifts in species dominance in the decade 2004e2014 by revealing
different trends along the fluvial course. A detailed assessment of
the trends indicates the synergetic action of the different envi-
ronmental drivers determining water availability for the two target
species. Manzano et al. (2005) provided the most coherent time
series of piezometric values in the La Rocina stream, which presents
a consistently negative trend from the 1970s (Supplemental
Fig. S3). However, by the mid-1990s water discharges started to
rise again. This is the starting period of catchment management
where extensive mature eucalyptus plantations were removed and
treated as a general restoration action (until 2011). It is likely that
such eradication actions contributed to the release of water
retained by eucalyptus plantations. The time span covered by our
analyses assumes the indicative character of the foundation species
in water availability. However, progressive reduction of water
availability will favor the spread of Fraxinus species compared with
an overall decline of Salix species. This has been the situation since
the 1960s for La Rocina. Indeed, diameter size distributions in
Fraxinus observed in the permanent plots suggest the occurrence of
favorable conditions for Fraxinus recruitment within the last three/
four decades. Both long-living species in such a seasonal streamwill
certainly subsist and endure up to certain limits.With the closure of
many pumping stations and the removal of eucalyptus, water
discharge has recovered. This may have contributed to the spread of
Salix species. Given the lack of Salix seed recruitment, this remotely
detected cover expansion is likely to be related with the vegetative
sprouting behavior of Salix from previously existing trees
(Rodríguez-Gonz�alez et al., 2010; and field observations across the
whole floodplain area). This entails a long-term site occupancy
strategy of the species, through a complex spatial dynamic among
long-lived genets, which are able to expand across relatively large
areas through branching ramets (Bellingham, 2001). On the other
hand, the seasonality of flooding has a profound impact on sedi-
ment dragging which alters river banks and course profiles (field
observations) and knocks down ramets and genets, which would
re-start the sprouting process (Corenblit et al., 2011). The tremen-
dous variability in changes found across the floodplain forest
probably reflects the delayed trend of reduced water availability,
the most recent instance being linked to the release of the water
immobilized by eucalyptus and pumping stations.

One aim of this case-study was to confirm the consistency of
monitoring approaches based on foundation tree indicators at two
spatial scales. Our results revealed the complementarity of field and
remote sensing monitoring for improved understanding of tem-
poral changes in the floodplain forest from 2004 to 2014. Following
the DPSIR framework, the field sampling monitoring revealed that
the most substantial impact of driving forces and pressures (water
consumption in the catchment and extremely dry climatic epi-
sodes) occurred during the first half of the study (2004e2010). In
the second period (2010e2014) both remote sensing and field
sampling results suggest that recent societal responses (eucalyptus
removal, long-term monitoring and wildlife conservation mea-
sures) have produced changes in the course of floodplain forest
dynamics, but indicate different processes. Impact on the water
table has been dramatic (Custodio et al., 2009) with plant domi-
nance shifts in just 10 years. Only by applying consistent and pe-
riodic monitoring protocols can the state of the floodplain forest
ecosystem be assessed and early warning signals be identified.
Nevertheless, the same drivers are continuing to affect the region
since intensive agriculture is still being subsidized (WWF Espa~na,
2016).

In terms of floodplain forest management, this case study il-
lustrates how monitoring information can be used to detect
changes and improve future conservation plans. Remote sensing
offers the advantage of covering larger areas than field approaches,
since it provides an absolute quantification of cover changes at the
whole forest scale, something unfeasible through field sampling
alone. It also allows for less invasive monitoring across sites with
difficult or restricted access in more sensitive conservation spots
within protected areas. However, optical remote sensing essentially
provides information about the top of the canopy for densely
forested pixels. Changes at canopy level might not necessarily
reflect the patterns of change at ground-level sampling such as
increasing or decreasing tree density. Indeed, the multispectral
analysis used in this study did not take account of the population
dynamics revealed by tree inventories, specifically the increasing
senesce and vegetative sprouting behavior of Salix entailing a
complex spatial dynamic among long-lived genets, which persisted
and expanded locally through ramets. Remote sensing did not take
into account the negative effects of herbivory that limit the
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expansion of young stems, contributing to skewed population
structures and threatening the long term viability of Salix pop-
ulations. However, these changes were reported by the field
monitoring program. Monitoring programs with frequent return
intervals (e.g., 5e10 years) can provide better insight on forest
dynamics than assessments of change based on sporadic revisits to
areas studied several decades earlier (Nguyen et al., 2015).
Conversely, as spatial changes in foundation species cover occur
through time, the remote sensing approach has the potential to
become a very useful tool for improving and adjusting the field
monitoring network to represent all the dominance cover types
and their associated diversity (i.e. adaptive monitoring, Magurran
et al., 2010). To enhance information on canopy structure and un-
derstory processes, other remote sensing tools such as LiDAR (Light
Detection And Ranging) and SAR (Synthetic Aperture Radar) have
the ability to produce a quantitative breakthrough in improving
monitoring strategies (Barbosa et al., 2016).

5. Conclusions

Overall, our results suggest that the synergetic effects of inten-
sive land use pressures in the catchment in the last 50 years, the
history of management in the protected area and recent extreme
climatic episodes have modulated the foundation species popula-
tion trends in the La Rocina floodplain forest case study. In partic-
ular, a recent switch in the management practices that address the
control of excessive water extraction at the basin scale seems to
have moderated the previously observed decline in hydroperiod
and, as a result, has promoted conditions for the beginning of the
recovery of wetland species such as Salix atrocinerea (Rodríguez-
Gonz�alez et al., 2010). The hydrologic reconnection of the La
Rocina catchment appears to have promoted the resilience of
floodplain forest populations as observed by White and Stromberg
(2011) on the Salt River in Arizona. However, the natural floodplain
dynamics including the complete range of successional stages are
far from fully recovered, highlighting the need for continuing long-
termmonitoring of management and environmental change effects
in the catchment if we are to secure the sustainability of this
valuable ecosystem. Furthermore, our case study results illustrates
the utility of the DPSIR framework as a conceptual tool for
analyzing the whole environmental system, and the need for
combining the complementary information provided by both field
and remote sensing approaches in a monitoring program to
quantify biological indicator trends. In conclusion, we suggest that
our three-fold approach combining the DPSIR framework at the
catchment scale with long-term in situ and remote sensing moni-
toring of floodplain forests can be applied to other rivers and
catchments in order to inform and improve conservation plans.
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