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• Waterbird community under flooding
shifted from herbivorous to piscivorous.

• Submerged macrophytes developed
much better in fish exclusion areas.

• Some sites did not develop macro-
phytes despite of fish exclusion.

• Chara spp. growth was associated with
low values of phosphorus in sediment.

• Conservation efforts must focus on fish
control and phosphorus inflow reduc-
tion.
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Floodplains are among the most threatened ecosystems world-wide because of multiple stressors, i.e., invasive
species, pollution and aquifer overexploitation; the Tablas de Daimiel National Park (Spain) is a clear example
of these kinds of impact. This work aims to test whether invasive fish and/or the water and sediment quality
are significant drivers of the decline of stonewort (Chara spp.) meadows in the Tablas de Daimiel, investigating
how this could explain changes observed in thewaterbird community. Bird surveys performedmonthly between
June 2010 and April 2014 have shown that herbivorous species like the red-crested pochard (Netta rufina)
reached historical records between September 2010 and June 2011, but have decreased since then. Piscivorous
waterbirds like the great cormorant (Phalacrocorax carbo) and herons increased in population after 2011, how-
ever. These changes may be due to the decline of Chara spp. meadows, connected to overexploitation by herbi-
vores, or to changes in water and sediment quality. To test this hypothesis, we studied the growth of Chara
spp. biomass in ten sites of the Tablas de Daimiel, where experimental exclosures were set up to exclude herbiv-
ory by birds, and bioturbation and herbivory by fish. Our results have shown that the absence of Chara spp. in the
Tablas de Daimiel is mostly explained by presence of invasive fish (i.e. common carp). Moreover, the
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physicochemical characteristics of the water (lower values of conductivity and higher values of inorganic carbon
and organic nitrogen), as well as of the sediment (lower values of inorganic and organic phosphorus), favour the
increase of Chara spp., in the absence of the fish effect. These results led the National Park managers to begin the
control of invasivefish as anurgentmeasure to assure the ecological conservation of thisMediterraneanwetland.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

River floodplains have been shaped for centuries by interactions be-
tween fluvial dynamics, groundwater and man-made processes
(Maltby et al., 1994; Álvarez-Cobelas et al., 2001). Nowadays they are
severely altered bymultiple stressors of a very broad nature, such as in-
tensive agriculture, groundwater extraction for irrigation, an overall de-
crease in surface and groundwater quality and invasive engineer
species, all of which have worked together to generate effects on wet-
land biodiversity (Mitsch and Gosselink, 1993; Tockner and Stanford,
2002).

Globally, riverine floodplains cover more than 2 × 106 km2 (Tockner
and Stanford, 2002). Floodplains provide human society withmany im-
portant ecosystem services; it is no coincidence that early human civili-
zations sprang from river valleys and floodplains (Postel and Carpenter,
1997). In Europe and North America, up to 90% of floodplains are func-
tionally extinct (Tockner and Stanford, 2002). The situation of Mediter-
ranean floodplains is similar, or perhaps worse (Brinson and Malvárez,
2002). In Spain, floodplains present the worst conservation situation
among all wetlands, with more than 79% of the surface they possessed
in the 19th century lost by draining for cultivation (Casado et al., 1992).

Herbivorouswaterfowl such as the red-crested pochard (Netta rufina)
may have been severely affected by the degradation of these floodplains
because of the decline of charophytes, which make up an important
part of their diet. Submerged vegetation is essential in supporting water-
bird communities, and this is true not only for herbivorous species
(Hansson et al., 2010; Milberg et al., 2002). Few studies have been con-
ducted, however, to test the relationshipbetweenmacrophyte abundance
and waterbird communities in Mediterranean wetlands (Sandsten et al.,
2002; Rodríguez-Pérez and Green, 2006; Rodriguez-Villafañe et al.,
2007; Rodrigo et al., 2013). These macrophyte stands also stabilize the
sediment, reduce wind-driven sediment resuspension, and compete
with phytoplankton for nutrients, so the impact of their conservation
goes beyond the support of herbivorous species (Scheffer et al., 1993;
Weber and Brown, 2009; Álvarez-Cobelas et al., 2005).

Multiple stressors can affect submerged macrophyte stands, espe-
cially in semiarid Mediterranean regions (Britton and Crivelli, 1993;
Rea and Ganf, 1994). A decrease in water quality because of high phos-
phorus concentrations, eutrophication and turbidity, all of which are
sometimes associated with water scarcity, have, moreover, been
shown to affect the development of charophyte meadows (Skubinna
et al., 1995; Cirujano and Medina, 2002); this is one of the groups that
are most sensitive to nutrient enrichment (Blindow, 1992). Some au-
thors have studied the thresholds that may affect the growth of sub-
merged vegetation in shallow temperate lakes (Gonzalez-Sagrario
et al., 2005; Beklioglu and Tan, 2008). In addition to the stressors men-
tioned above, invasive freshwater fish, such as the common carp
(Cyprinus carpio), may affect aquatic vegetation directly, by consuming
macrophytes. Indirectly, they may do so by changing water quality
(Dorenbosch and Bakker, 2012). The C. carpio dislodges aquatic macro-
phyte roots from the sediment (Crivelli, 1983; Parkos et al., 2003), sus-
pends solids (Lammens, 1991) and increases sediment turbidity
(Parkos et al., 2003; Chumchal et al., 2005), nutrient release, and algal
biomass, attenuating light needed for aquatic macrophyte growth
(Sidorkewicj et al., 1999). According to Weber and Brown (2009), 96%
of the literature surveyed showed that aquatic macrophytes are gener-
ally reduced in the presence of C. carpio. Apart from the damage caused
byfish, it has been shown by several studies that large concentrations of
herbivorous waterfowl may have an effect on submergedmacrophytes,
although these have been restricted to wildfowl (ducks, swans
and coots) and have concentrated largely on temperate areas of
North America, Europe and New Zealand (Marklund et al., 2002;
Rodríguez-Pérez and Green, 2006; Hansson et al., 2010).

Many studies on north temperate shallow lakes have contributed
greatly to a general understanding of the impact of different stressors
on aquatic ecosystems (Scheffer et al., 1993; Moss et al., 1996; Moss,
1998; Jeppesen et al., 1998), but comparable information on semiarid
Mediterranean lakes is limited (Beklioglu et al., 2003, 2006; Romo
et al., 2004, 2005). In this work, we have studied the different drivers
that can affect submerged macrophytes in a representative Mediterra-
nean floodplain in Central Spain, investigating their consequences for
waterbird communities. Our study was conducted in the Tablas de
Daimiel National Park (TDNP), which has been severely affected by
many of the stressors mentioned above. After a long period of drought,
TDNP has recovered its hydrological regime, due to the increase in the
groundwater level. However, this has not been translated into a recov-
ery of the herbivorous waterbird population, probably because of the
scarce development of macrophyte stands. In this study, we aim to pro-
vide insight into the main causes of the degradation of Chara spp.
meadows, insight which could help when deciding on implementation
of management measures. To that end, the specific objectives are:
(i) to determine the contribution of water and sediment quality on sub-
merged aquatic macrophyte growth, (ii) to test the effects of freshwater
fish (and birds) on macrophyte stands by means of exclosures and (iii)
to discuss the consequences that invasive fish and macrophyte decline
may have on the waterbird community of a Mediterranean floodplain.

2. Material and methods

2.1. Study area

TDNP is situated in the SW corner of theMancha Húmeda Biosphere
Reserve (MAB program, UNESCO), within the province of Ciudad Real
(Fig. 1a). It is a Wetland Site of International Importance included in
the Ramsar Convention, and a Special Protection Area for Birds under
the European Union Directive 79/409/CEE. The Park covers an area of
3030 ha, of which almost 2000 ha consists of a fluctuating Mediterra-
nean floodplain, which is fed by water from the Guadiana and Gigüela
rivers and the underlying aquifer. This region has a semiarid continental
Mediterranean climate, with an extremely irregular rainfall regime, the
average annual rainfall being between 400 and 500 mm, and having an
average temperature of 14 °C (Álvarez-Cobelas and Cirujano, 1996;
Cirujano et al., 1996). Its many valuable features come from a structure
of submerged vegetation communities, i.e. a mosaic of Cladiummariscus
sawgrass-dominated emergent stands and open water habitats (“ta-
blas”), which are dominated by several species of genus Chara, i.e.
Chara hispida var. major and Chara vulgaris, accompanied by Chara
aspera, Chara connivens, Chara canescens and Chara fragilis (Cirujano
et al., 1996; Cirujano and Medina, 2002). Their presence relies on the
quality and stability of calcium carbonate in fresh groundwater dis-
charges coming from a series of sinkholes in the Guadiana River. At
the same time, floodplain dynamics are controlled by fluctuating river
pulses of hyposaline water coming from the Gigüela River. Both types
of water promote huge biological diversity (Cirujano et al., 1996). In
1987, the aquifer was declared overexploited and the flow of the Guadi-
ana River completely disappeared; this altered the hydrological and
ecological functioning of TDNP, due to the decrease in groundwater
input that had maintained the area's characteristics and its extensive



Fig. 1. a) Situation of Tablas de Daimiel National Park (TDNP) and Mancha Húmeda
Biosphere Reserve and b) detailed plan view of TDNP and location of the experimental
stations. Each station had three different types of treatment consisted of C plot, B and
F + B exclosures. (N = 30).
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stonewort communities. These latter are extremely important for the
survival of many migratory and resident waterbirds (Cirujano et al.,
1996).

The waterbird community in the Tablas de Daimiel has been famous
since at least the times of the hunting literature of the Middle Ages
(Coronado et al., 1974). Almost 200 bird species have been recorded
in this wetland and its surrounding terrestrial habitats; those seen
have included practically all inland waterbird species known in south-
ern Europe.

Registers of ichthyofaunal diversity in TDNP from the 16th Century
onwards reflected a richness of species that remained so at the turn of
the 20th Century. During that century, exotic species, such as C. carpio
or the eastern mosquito fish (Gambusia holbrooki) appeared in TDNP,
and these present stable breeding populations at the moment (Elvira
and Barrachina, 1996). C. carpio is currently themost abundant fish spe-
cies, which inhabits with species like the tench (Tinca tinca), the barbell
(Luciobarbus microcephalus) and the pike (Esox lucius). Recent estima-
tions of C. carpio density at TDND give values of approximately
150 kg/ha (Jimenez, 2015).

2.2. Waterbird surveys

At the beginning of the last flooding period, a monthly monitoring
survey of waterbird populations was performed at TDNP, between
June 2010 and April 2014. Censuses were done in early morning by
boat, following the same transects that cover the 2000 ha of potential
floodplain area. These censuses were supported in some cases by
other observations done from the shore of the floodplain. The prelimi-
nary observations suggested a shift in the waterbird community from
herbivorous to piscivorous species as the flooding period progressed.
We have thus selected survey data for N. rufina as a species that should
be particularly associated with the development of Chara spp.
meadows, and the great cormorant (Phalacrocorax carbo) as a species
that should be associated with abundance of fish. The number of
breeding pairs in the colonies of herons (Ardeidae) and P. carbo was
also recorded each year as an additional indicator of waterbird commu-
nity response to freshwater fish abundance in TDNP.

2.3. Experimental design to study macrophyte biomass

In order to find out the effect of herbivorous birds and fish on the
Chara spp. biomass, together with the parameters of sediment and
water quality, we performed an experimental design similar to that de-
scribed in Rodríguez-Pérez and Green (2006). Ten experimental sta-
tions were monitored throughout TDNP (Fig. 1b), representing
different hydrogeological areas and degrees of disturbance in sub-
merged macrophyte communities. Each station consisted of three
plots of 3 × 3 m placed at 6 m distance from each other (one replicate
per treatment); namely a control (C) plot with no exclusion, a second
one where only birds (B) were excluded, and a third one where both
fish and birds (F+ B) were excluded (Fig. S1 in Supplementary Materi-
al). Treatmentswere carried out by covering the exclosureswith a green
plastic net on top to exclude birds, and by fencing the perimeter of the
third exclosure with 12 mm metal mesh to exclude fish; the height of
this latter one was 50 cm above water level. C plots were completely
open to allow fish and birds to enter; they had only the steel poles on
the corners. The centre steel pole of the exclosures was used to hold
nets or fences in the other plots. Experimental plots were installed in
April 2013 and were maintained until July 2014. None of the experi-
mental stations showed Chara spp. development when the exclosures
were set up.

2.4. Macrophyte sampling

Biomass sampling was performed in July 2013 and April 2014.
Charophyte biomass was harvested when it was present, with 0.25 m2

square samples taken randomly in quadruplicate from within each
exclosure, placed in a zip-lock plastic bag and kept separate. Once in
the laboratory, samples of Chara spp. were washed out as much as nec-
essary to fully eliminate sediment and epiphytic algae. They were then
dried at 65 °C until a constant weight was reached. The dry weight
was recorded and the average per exclosure type in each station was
calculated.

2.5. Water and sediment sampling and in situ measurements

Samples of water and sediment were collected on May 2013, one
month after the installation of the exclosures and before there was
Chara spp. development, and in July 2013, coincidingwith the firstmac-
rophyte sampling during the macrophyte growing season. Sampling of
water and sediment was performed randomly at points located at the
middle point between each set of exclosures in the ten experimental
stations. Sediment samples per station were collected in triplicate
with a 7 cm Ø metal core from the top 5 cm layer of substratum. The
three sub-samples were then all mixed together and kept in a zip-lock
plastic bag. Approximately 4 L of water was collected per site, and
150 mL of it was filtered in the field with Whatman GF/C filters (GE
Healthcare Ltd.). Water and sediment samples were preserved in dark-
ness at−4 °C until lab processing. Some physical-chemical parameters
of water were measured in situ with a multiparameter water quality
probe (DS5X, OTT Hydromet Hydrolab, Kempten, Germany), i.e. tem-
perature, redox potential (Eh), pH, dissolved oxygen (DO), electric con-
ductivity, salinity and chlorophyll a. Water depth (Z) was measured
with a folding rule, and turbidity with a portable turbidity meter
(HANNA Instruments, Ltd, Bedfordshire, UK). In July 2013, station 8
was dry, so data and samples could not be collected there.



Fig. 2. Trends inmonthly numbers of red-crested pochard (N. rufina) and great cormorant
(P. carbo) in TDNP. Dotted line shows the evolution of breeding pairs of herons and
cormorants in the same period.
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2.6. Chemical analysis of sediment and water samples

Filteredwaterwas used to determine the nutrient concentration (N-
NOx

−, P-PO4
3− andN-NH4

+), total organic carbon (TOC), inorganic carbon
(IC), total carbon (TC) and sulphate (SO4

2−). Total phosphorus (TP), total
nitrogen (TN), hardness (CaCO3)-Ca2+ and Mg2+ were analysed in un-
filtered water. Analysis of N-NOx

−, P-PO4
3−, N-NH4

+, TP, TN and S-SO4
2−

were performed following colorimetric methods (Golterman and de
Graaf, 1992; American Public Health Association, A.P.H.A., 1998).
Water hardness-Ca2+ and Mg2+were determined by EDTA Titration
(American Public Health Association, A.P.H.A., 1998). TOC, IC and TC
were measured with a TOC analyser (TOC-VCS/CP Shimadzu, Kyoto,
Japan).

Sediment samples were analysed for pH and electrical conductivity,
moisture and nutrients (N-NOx

−, N-NH4
+) following the procedures de-

scribed by de Caluwe and van Logtestijn (1998). TOC, IC and TCwere de-
termined by a solid sample combustion unit (SSM-5000A, Shimadzu,
Kyoto, Japan) combined with a TOC analyser (TOC-VCS/CP Shimadzu,
Kyoto, Japan). Phosphorus fractions, grouped as inorganic phosphorus
(IP) and organic phosphorus (OP), in the sediment were analysed by
the sequential procedure described by Golterman (1996, 2006) and
Reina et al. (2011).

2.7. Statistical analysis

Temporal trends in N. rufina and P. carbo numbers were tested with
Spearman's Correlation tests (rS) between the ordinal number of each
census (n = 48) and the number of birds counted from each species.
The normality of the distributions of the physical-chemical variables
of water, sediment, and Chara spp. biomass was tested by the
Kolmogorov–Smirnov and the Shapiro–Wilk test. Non-normally distrib-
uted variables were transformed to the natural logarithm (ln) values to
fulfil the requirements of normality of parametric tests. Differences of
Chara spp. biomass between treatments (C plot, B and F+ B exclosures)
were tested by One-way Analysis of Variance (ANOVA) and the Tukey
test was performed twice, once in July 2013 and once in May 2014, re-
spectively. Correlations between Chara spp. biomass on F + B
exclosures and variables of water and sediment in July 2013 were stud-
ied using Spearman's Correlation test. In addition, we used generalized
mixed linear models to analyze the effects of treatment (C plot, B and
F + B exclosure), together with physical-chemical variables of water
and sediment on Chara spp. biomass. In order to reduce the number of
physical-chemical variables, a Principal Component Analysis was per-
formed with water and sediment parameters in May 2013, and again
in July of that year, applying Varimax rotation so as to make the pattern
of loadings clearer or more pronounced. Chara spp. biomass in each
treatmentwas thus considered to be the dependent variable in General-
ized Linear Models (GLM) with normal distribution and identity link.
The three types of exclosures and principal component scores (PCs) of
sediment andwater inMay and July 2013were included as fixed factors
and covariates, respectively. Saturated models with all variables and
their two-way interaction were reduced by a backward procedure to
the simplest models containing just statistically significant variables.
We considered principal component scores (PCs) of sediment and
water in May 2013 as a predictor of Chara spp. development in our
GLM model. The level of significance was established at P b 0.05. The
analyses were conducted with IBM SPSS Statistics (SPSS, 2010).

3. Results

3.1. Shift in waterbird numbers

N. rufinawas present in high numbers between September 2010 and
June 2011, with a count of almost 1300 individuals (0.65 birds/ha;
Fig. 2), but the numbers decreased afterwards, with just some seasonal
peaks in spring or early summer (rs=−0.428, P=0.002; Fig. 2). On the
other hand, P. carbo colonized TDNP as a breeder in 2011, and increasing
numbers were recorded during the wintering seasons 2011–12 and
2012–13 (rs = 0.397, P = 0.005; Fig. 2). The number of breeding pairs
of herons tripled from 2010 to 2014 (rs = 1, P b 0.001; Fig. 2).
N. rufina numbers correlated negatively with those of P. carbo
(rs = −0.454, P = 0.001). Similar negative trends were found in the
numbers of other herbivorous waterbirds counted in the area (Eurasian
coot Fulica atra and gadwalls Anas strepera, Fig. S2).

3.2. Experimental study of macrophyte production and interactions with
waterbirds and fish

The average biomass of Chara spp. was markedly higher in F + B
exclosures than in B exclosures or C plots in both July 2013 (F2, 27 =
4.51, P = 0.020; Fig. 3a) and April 2014 (F2, 27 = 6.07, P = 0.007;
Fig. 3b, Fig. S3). No differences were found between B exclosures and
C plots in any year. In addition, differences between stations as regards
Chara spp. biomass in F+ B exclosures could indicate a spatial heteroge-
neity that may result from differences in water and sediment parame-
ters (Fig. 4) throughout the NPTD.

3.3. Water and sediment characteristics and relationships with Chara spp.
biomass

Changes observed in water and sediment characteristics between
May and July 2013 are explained by the reduction of water input in
the floodplain, as well as by evaporative concentration (see Table S1
and S2 in Supplementary Material). Water level fluctuations in the ex-
perimental stationswere not so significantly different among samplings
as to affect submerged vegetation negatively (Table S1). Analyses of the
association between Chara spp. biomass on F + B exclosures and vari-
ables of water and sediment in July 2013 have shown negative relation-
ships with N-NH4

+ and TP, and positive associations with TC and IC in
water (Fig. S4; Table S3), so apart from the fish effect described above,
some additional effect of variables of water on macrophyte growth
may exist. The integrated analysis of biotic and abiotic factors therefore
seems to be appropriate in this case.

The first three axes of PCA of hydrochemical variables in May and
July 2013 account for 76.3% and 69.1%, respectively, of the total variance
(Fig. 5; Table S4). In sediment, the first three axes of PC from May and
July accounted for 87.4% and 83.1%, respectively, of the total variance
(Fig. 6; Table S5). A detailed description of the PCA and its ecological in-
terpretations appears in Appendix S1 in Supplementary material. In a
predictive manner, the GLM analysis performed with PC scores of
water and sediment from May 2013 (obtained before Chara spp.



Fig. 3.Average standing crop of Chara spp. (g/m2 dry wt) in the three different treatments
(n= 10 per treatment) in a) July 2013 and b) April 2014. Average values sharing a letter
do not differ significantly (one-way ANOVA, Tukey's post hoc test, P b 0.05).
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development) revealed a negative relationship of PC1 and PC3 of sedi-
ment with the subsequent growth of Chara spp. biomass in July 2013
(P= 0.004 and P= 0.012, respectively; Table 1). These results indicate
a positive association of Chara biomass with IC, N-NH4

+ and pH in sedi-
ment, and negative associationwith conductivity, IP and OP in sediment
(Table S5). The GLMmodel with PC scores of water and sediment from
July 2013 revealed that Chara spp. biomass was positively associated
with PC1 of water (P= 0.026; Table 1), but negatively with PC1 of sed-
iment (P = 0.053; Table 1). This means that maximum values of Chara
spp. biomass in July 2013were found in pointswith lower values of con-
ductivity and Ca2+ and higher values of pH, OD, IC and ON in water
(Table S4). This association can be appreciated in Fig. 5c and d for
Chara spp. biomass harvested within F + B exclosures in July 2013 be-
tween stations and the projections in the space defined by PCs of
water that samemonth. Regarding sediment, the highestChara spp. bio-
masswas associatedwith higher levels of N-NH4

+ andwith lower values
of OP and IP (Table S5). As with the PCs in water, this association can be
observed in Fig. 6c and d with sediment. Finally, GLM analysis indicates
that the effect of the exclosure type (C plot, B and F+ B exclosure) was
Fig. 4.Map of distribution of Chara spp. harvested three and twelvemonths later of set up
the experiment in F + B exclosures throughout experimental stations.
more significant than hydrochemical and sediment variables (P b 0.002;
Table 1).

4. Discussion

The Mediterranean floodplain of TDNP has shown a recovery of
water levels since 2010, a recovery accompanied by an initial increase
in the waterbird community, and of herbivorous species in particular.
However, after two years of complete flooding, there was an evident
shift towards a community dominated by piscivorous birds. We have
shownhere experimental evidence of the impact of invasive fish species
on submergedmacrophytes, evidence that could explain the change ob-
served in the waterbird community. In addition, water and sediment
quality parameters explained the spatial heterogeneity of the macro-
phyte biomass across the wetland.

Our results indicated that the growth of Chara spp. was strongly and
negatively affected by the herbivory and bioturbation caused by large-
sizedfish,mainly C. carpio, well adapted to lentic environments, and un-
able to cross the fence of the exclusions. The role of freshwater fish in
temperate zones has been widely-studied (Moss et al., 2004;
Søndergaard et al., 2007; Dorenbosch and Bakker, 2012). The impact
of freshwater fish in submerged vegetation in semi-arid Mediterranean
regions had not been studied in depth, however. In warmer regions, i.e.
Mediterranean and subtropics, the dominance of herbivorous and om-
nivorous (if we refer to carp) fish is greater than in temperate regions
(Jeppesen et al., 2010), so the impact of top-down control mechanism
of fish on macrophytes should be higher in Mediterranean wetlands
(Meerhoff et al., 2007), just as we have observed here. In the case of
TDNP, the sudden flooding of the wetland after a period of drought
may have allowed a rapid colonization of C. carpio. Woodford et al.
(2013) found that the number of fish propagules determines the suc-
cess of invasive fish establishment in wetlands. In our study area, the
distribution of size classes shows that older carp were born in 2011
(TDNP data), so the colonization was probably originated by adults
that used TDNP as a spawning area.

Freshwater fish can affect aquatic vegetation directly by grazing on
macrophytes (Matsuzaki et al., 2009) or indirectly by changing water
quality (Dorenbosch and Bakker, 2012); they increase the suspension
of sediment in the water column while feeding. Moreover, fish can re-
duce zooplankton biomass by predation, which in turn produces an in-
crease of phytoplankton that can affect the growth of submerged
macrophytes through light attenuation (Parkos et al., 2003; Van de
Bund and Van Donk, 2004). We have observed the direct effect of fish
feeding on Chara spp., because macrophytes were able to grow and oc-
cupy the whole water column right up to the exclosure limit, as can be
seen in Fig. S3.

Several major factors may have interacted to favour the recent high
abundance of invasive fish in this wetland, a phenomenon which has
led to the disappearance ofmacrophyte stands. In addition to the fast re-
covery of flooding area, flow regulation by dams constructed to main-
tain water levels in the National Park in drought periods may have
promoted the increase of the population of lentic invasive fish, particu-
larly large-size individuals, as observed elsewhere (Pringle et al., 2000).
Studies conducted in recent times have shown that fish richness in
TDNP decreased from 16 species in 1973 to three species in 2007;
C. carpio is currently the most abundant fish species (Elvira and
Barrachina, 1996). Moreover, some high water inputs have facilitated
the invasion or recolonization of TDNP by species such as Cobitis
maroccana, Tropidophoxinellus alburnoides and Lepomis gibbosus
(Álvarez-Cobelas, 2010). In 2010, a new exotic fish arrived in TDNP,
the channel catfish (Ictalurus punctatus), probably through the Azuer
River (an affluent of the Guadiana River) and from illegal releases for
sport fishing.

In addition to fish, other species had been able to provoke a decline
in stonewort stands, i.e. the swamp red crayfish (Procambarus clarkii),
which feeds selectively on charophytes (Cirujano et al., 2004), or the



Fig. 5. Sampling sites (dots and numbers) and hydrological variables (arrows and names) projections in the space defined by a) PC1–PC2 and b) PC1–PC3 ofMay 2013 and c) PC1–PC2 and
d) PC1–PC3 of July 2013 of the Principal Component Analysis (PCA). Chara spp. biomass (g/m2 dry wt) in F + B exclosures harvested in July 2013 throughout stations is represented in
c) and d). Natural logarithm character of transformed variables, ln, has been omitted.

Fig. 6. Sampling site (dots and numbers) and variables of sediment (arrows and names) projections in the space defined by a) PC1–PC2 and b) PC1–PC3 of May 2013 and c) PC1–PC2 and
d) PC1–PC3 of July 2013 of the Principal Component Analysis (PCA). Chara spp. biomass (g/m2 dry wt) in F + B exclosures harvested in July 2013 throughout stations is represented in
c) and d). Natural logarithm character of transformed variables, ln, has been omitted.

518 C. Laguna et al. / Science of the Total Environment 551–552 (2016) 513–521



Table 1
Results of generalized linear models (GLM) testing the effects of treatment and principal
component scores (PCs) of sediment and water on May and July 2013 on the Chara spp.
biomass. Dependent variable is Chara spp. biomass; fixed factors are the treatments; and
predictors are the PCs of sediment and hydrochemical variables. Only significant predic-
tors are reported for the model and presented in order of decreasing significance.

Parameter Estimate Std. error χ2 df P

May 2013a

(Intercept) 544.7 82.5 43.6 1 b0.001
[Control exclosures] −526.3 116.6 20.4 1 b0.001
[Bird exclosures] −516.3 116.6 19.6 1 b0.001
[Fish + bird exclosures] 0 . . . .
PC1 sediment −146.1 50.2 8.5 1 0.004
PC3 sediment −125.9 50.2 6.3 1 0.012
(Scale) 135,966.8 24824

July 2013b

(Intercept) 425.8 84.8 25.2 1 b0.001
[Control exclosures] −408.6 119.9 11.6 1 0.001
[Bird exclosures] −362.7 119.9 9.1 1 0.002
[Fish + bird exclosures] 0 . . . .
PC1 water 141 63.2 5 1 0.026
PC1 sediment −122.8 63.3 3.8 1 0.053
(Scale) 64,709.1 17611.6

a R2 = 0.492.
b R2 = 0.430.
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greater flamingo (Phoenicopterus roseus), which alters the sediment ex-
tremely, ruining the optimal conditions for the growth of macrophytes
(Rodríguez-Pérez and Green, 2006). In our work, small and mid-size
P. clarkii was found within vegetation samples, so the crayfish was not
really excluded; its negative effect on Chara spp. was probably very lim-
ited. P. roseus was scarce at TDNP during the study period and, in any
case, bird exclusion could have limited its access. In fact, we did not
find any apparent effect of birds on development of vegetation, in con-
trastwith previous studies (Rodríguez-Pérez and Green, 2006). Howev-
er, during the experimental study of Chara spp. growth, the number of
herbivorous waterbirds was relatively low, in contrast to 2010–2011
when maximum records for N. rufina were found. Similar experiments
should be repeated under conditions of higher presence of herbivorous
species before rejecting their potential impact.

Once evidence was found for the important role of fish, the experi-
mental plots revealed that Chara spp. did not growth equally in all the
F+ B plots. Most charophytes require water of relatively high alkalinity
(Hutchinson, 1975) and, species of Chara genus generally prefer waters
rich in bicarbonate anions, themain source of inorganic carbon for mac-
rophytes (Kufel and Kufel, 2002). The highest growth of Chara spp. was
found in stations with higher levels of pH, OD, IC, TC and ON and lower
values of conductivity, Ca2+, TP and N-NH4

+ inwater. This also occurred
in stationswith high values of IC, N-NH4

+ and pHand low values ofOP, IP
and conductivity in sediment. In the case of N-NH4

+, the results seem to
show an opposite effect in water and sediment, being positive in sedi-
ment but negative in water. Looking at Fig. S4, we can also observe
that the effect of N-NH4

+ could be positive for Chara spp. growth at
low levels, but negative at higher levels. According to certain authors,
1.2–2 mg/L of TN and 0.13–0.20 mg/L of TP are the thresholds that
are known to cause the disappearance of submerged vegetation
(Gonzalez-Sagrario et al., 2005; Beklioglu and Tan, 2008). In TDNP,
mean values of TN in May and July exceeded the threshold of 2 mg/L.
The mean value of TP in May is close to the lowest threshold of
0.13 mg/L and in July, it exceeded it.

These results indicate that high levels of nutrients in water (TP and
N-NH4

+) can negatively affect the growth of Chara spp., though some
other studies have shown that the Chara species can tolerate elevated
phosphorus levels (Blindow, 1988). The relevance of the inflow of poor-
ly treated wastewater coming from the Gigüela and Guadiana Rivers or
the runoff of herbicides from the surrounding crop fields should not be
under-estimated. In previous years, the inflow of water of very poor
quality had devastating consequences on the macrophyte prairies of
TDNP (Cirujano, personal observations, Sánchez-Carrillo and Angeler,
2010). Our results also indicate that sediment status is an important fac-
tor for the development of submerged vegetation species in this flood-
plain, probably because this is the main source of nutrients for aquatic
vascular plants and charophytes (reviewed extensively in Hutchinson,
1975). Turbidity in shallow waters has long been regarded as a factor
inhibiting the growth of submerged vegetation; its association with
water pollution might have been the cause for the sharp decrease of
charophyte meadows in this wetland before (Cirujano and Medina,
2002). However, we have not found a significant association between
this parameter and the growth of Chara spp.

We can conclude that invasive fish, i.e. C. carpio, have become a
major driver of ecological changes at ecosystem level, through their
marked effect on the development of aquatic vegetation, supporting
the relevant role that invasive fishmay have onMediterranean semiarid
wetlands. Weber and Brown (2009) summarized the processes by
which common carp can affect aquatic ecosystems. These include
bottom-up processes due to benthic foraging that modify nutrient con-
centrations and turbidity in thewater column, leading to an overgrowth
of phytoplankton and a limitation of the light that is needed for sub-
merged macrophyte growth to occur. On the other hand, macrophytes,
zooplankton and benthic invertebrates can be affected by top-down
processes through herbivory or predation. During our study period,
the top-down process driven by invasive fish on macrophytes seemed
to be more relevant than the bottom-up process, because Chara spp.
growth occurred in F+ B exclusion plots beside surrounding areas of to-
tally grazed land or areas which were not covered with vegetation.

5. Management applications

Maintenance of flooding levels has been the main management ob-
jective in the last decades in TDNP, due to serious hydrological alter-
ation of the system. However, now that the flow regime of the
Guadiana River has been recovered, it is clear that our results demon-
strate that hydrological conditions were not the only factor that would
guarantee a complete ecological restoration. Our findings have shown
that limiting the access of large-size invasive fish to the fenced areas
allowed the growth of Chara spp. This measure could be developed
over large extensions of the National Park, and especially in the poten-
tial entry points of invasive fish species. Here, physical barriers could
be a feasible measure for controlling the passage of invasive fish, espe-
cially for some species like the common carp (Stuart et al., 2006).

Several solutions could be proposed in the long term to reduce inva-
sive fish populations to a level that is compatible with sustainable
growth of macrophytes, but the Spanish National Park regulations
tend to keep human intervention at minimal levels of only indispens-
able action. In this case, top-down regulation of invasive fish by their
natural predators (birds and others) does not seem to be enough to con-
trol them, because they have become so large that predators could not
hunt them. Alternatively, fish movement through water entrance
flows could bemanaged, but thismight affect other organisms and pres-
ent important management difficulties. Finally, the most obvious man-
agement action could be that of fishing, especially the capture of large
individuals that cannot easily be consumed by natural predators. Inter-
estingly, before this areawas declared as protected, the local population
maintained an important fishing pressure on the carp population that
was probably essential to the wetland ecosystem. As many as 75 fami-
lies made a living from fishing (Álvarez-Cobelas and Cirujano, 1996).
Recovering professional fishing that used to be a traditional activity in
the area could help to mitigate the ecological pressure of invasive lentic
fish, while favouring rural development in times of economic crisis.
However, in accord with Spanish National Parks regulations, traditional
exploitation activities are highly restricted, so this should be done only
for population control purposes and by TDNP staff (e.g. wardens). In
fact, having been notified of our results, TDNP authorities started an ex-
perimental program in summer 2014, to control populations of invasive
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fish species by means of net fishing. Total captures with nine trammel
nets (50 m × 4 m) over 12 days (3 areas, 3 days in each area) were of
5373 carps with an average mass of 2.45 kg (sd = 0.6), corresponding
to a size range of 40–74.5 cm. The density of C. carpio captures was
153.08 kg/ha (Jimenez, 2015). Literature reviewed by Weber and
Brown (2009) said, in summary, that C. carpio biomass from 5 kg/ha
to 750 kg/ha can have an influence on biotic and abiotic ecosystem
properties, depending upon the particular ecosystem. Conservation ef-
forts must therefore be focused on the control of invasive fish species,
but also on the reduction of nutrient inflow into TDNP by means of im-
provements in the wastewater treatment of the upper Guadiana basin.
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