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• Heronry and WWTP pond sediments
showed the highest levels of N, P and
organic C.

• Heronry sediment showed the highest
levels of Al, Co, Cu, Cr, Fe, Ni and Zn
in TDNP.

• The highest δ15N was found in a non-
bird-affected site, but by human inputs.

• Se levels in heronry sediment exceeded
baseline soil concentration for the re-
gion.

• N and P inputs from faeceswere negligi-
ble compared to river and runoff inputs.
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Waterfowl are vectors of nutrients, metals, and other pollutants (i.e. PCBs and microorganisms) on wetlands and
other water bodies, especially when bird population density is high, e.g., in nesting, roosting or breeding periods.
Thiswork reports the effects caused by the increase in breeding pairs of herons and cormorants between 2010 and
2014 on sediments in an eutrophic Mediterranean wetland belonging to La Mancha Húmeda Biosphere Reserve.
Nutrients, metals, metalloids, and isotopic composition (δ15N and δ13C) were analysed in sediments and faeces
at several points in the Tablas de Daimiel National Park (TDNP), as well as in the nearby Navaseca wetland,
which receives inputs from a wastewater treatment plant (WWTP). Sediments from Navaseca and from one site
that is affected by heron colonies (Garcera) in the TDNP showed higher concentrations of organic matter, total or-
ganic carbon, total nitrogen, total phosphorus, Al, Co, Cu, Cr, Fe, Ni and Zn than the rest of the sampling sites. Sig-
nificant correlations between these variables were found, probably suggesting that they have a common organic
source. The highest δ15N values in sediments of the TDNPwere registered in Guadiana, a sitewhere there is no im-
pact from colonies; these valuesmight therefore be due to anthropogenic activities.Metal andmetalloid content in
sediments was lower than the regional reference values in soils, except for Se in the TDNP, and Zn and Cu in
Navaseca. High Se level in TDNP sediment may be caused by seleniferous soils located upstream. Results showed
a low impact of bird droppings compared to other sources of nutrients in the annual input in the TDNP.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Waterbirds can deposit great amounts of nutrients, metals, and
metalloids in aquatic ecosystems through faecal and renal excreta
(Blais et al., 2005; Payne and Moore, 2006; Vanni, 2002; Young
et al., 2011). This input of nutrients can stimulate primary and sec-
ondary productions, but can also favour wetland eutrophication.
Similarly, waterbirds can be vectors of toxic trace elements from
the surrounding habitats, bringing these into wetlands (Michelutti
et al., 2010). This is especially true when these birds are gathered
in high densities, during communal roosting or over-wintering flock-
ing (Post et al., 1998), and in breeding colonies (Boros et al., 2008;
Hahn et al., 2007; Klimaszyk et al., 2014; McFadden et al., 2016;
Mun, 1997). Waterbird colonies may then become pollution
hotspots, since their faeces enter water bodies through four path-
ways (Young et al., 2011), i.e., i) direct deposition in water, ii) depo-
sition on the ground andwashing intowater by runoff, iii) deposition
on the ground, leaching into the soil and seeping into the water, and
iv) volatilization from any kind of deposition, and washing from the
atmosphere back into the water. Finally, bird droppings end up on
the bottom of waterbodies and become incorporated into the sedi-
ments (Torres et al., 2012).

Study of stable isotopes (δ13C and δ15N) in sediments can be used
to trace environmental conditions that had an effect on aquatic eco-
systems at different times in the past (Meyers, 1997). For example,
δ13C can be used to trace the source of organic matter (Post, 2002),
as more negative δ13C values correspond to allochthonous rather
than to autochthonous organic matter (Torres et al., 2012). δ15N
can be used to track nutrients and characterize trophic structure, as
isotopic N composition becomes slightly more enriched as the tro-
phic level rises (Post, 2002). Sediments receiving gull droppings
are expected to have high δ15N values (García et al., 2002) because
birds, especially piscivorous ones, occupy upper trophic levels. Fur-
thermore, an isotopic fractionation of 15N from guano occurs during
mineralization of uric acid to NH4 and its volatilization as NH3, in-
creasing the inorganic nitrogen pool with 15N (Mizutani and Wada,
1988). In order to refine the information given by stable isotopes, or-
ganic carbon to nitrogen ratio (OC:N) can be used to elucidate the
source of sediment organic matter (Hu et al., 2006), especially in
highly variable biogeochemical environments.

Trace elements, metals and metalloids are known to accumulate
in sites affected by nesting bird colonies, and certain mixtures of
metals tend to bioaccumulate in birds species (Michelutti et al.,
2010), so they can also be used as tracers of waterbird populations.
Metals and metalloids can accumulate and persist in sediments for
a long time; they can be released back into the ecosystem and
enter food chains.

The Tablas de Daimiel National Park (TDNP) is a threatened Med-
iterranean wetland affected by eutrophication (Sánchez-Carrillo
et al., 2011) but also by the overexploitation of the freshwater re-
sources (de la Hera and Coleto, 1994), possibly worsened by climate
change, i.e., long drought periods and a rise in temperature
(Santisteban and Mediavilla, 2013). Once the wetland is flooded,
there is a bloom of biodiversity, but also of alien fish species, such
as Cyprinus carpo and Lepomis gibbosus, which alter the sediment
and destroy the cover of macrophyte beds (Laguna et al., 2016).
Five years of severe drought in the region from 2005 to 2010 caused
the least level of flooding never registered before, even mob fires in
some places of the Park in 2009. But extensive winter rainfalls in
2009–2010 let a rapid recovery of the wetland, which increased its
flooded area from 90 ha (January 2010) to 1750 ha (April 2010). A
four years-period flooding started and large colonies of piscivorous
birds, i.e. herons and cormorants, were established in some sites of
the Park; their population tripled from 2010 to 2014 (Laguna et al.,
2016; Fig. S1). Here, we explore whether the increase in heron and
cormorant populations during this four-year period may have
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contributed to the increase in nutrient and trace element loadings
in sediments of TDNP. We also compared these loadings with the
values in the Navaseca Pond, which is a wetland located close to
the TDNP, and which receives the effluent of a wastewater treatment
plant (WWTP); it also has a dense bird population.

To fulfil the objective of our study, we determined nutrient con-
centrations, isotopic composition (δ13C and δ15N), and metal and
metalloid concentrations in faeces collected in bird colonies, as
well as in sediments located in i) nesting colonies, ii) three sites
non-affected by bird colonies, and iii) in the Navaseca wetland. We
tested the hypothesis that sediments of waterbird colonies would
have higher contents of nutrients and trace elements than other
sites in the wetland. Finally, we estimated the inputs of nutrients
through waterbird droppings, and compared these estimates with
the input into the wetland from other relevant sources (i.e., rivers
and cropland runoff), as well as with the levels detected in Navaseca
Pond, which is clearly affected by the anthropic input of nutrients.

2. Material and methods

2.1. Study area

Tablas de Daimiel National Park (3030 ha; max. flooded 1675 ha.),
an eutrophic Mediterranean floodplain, is located in the semiarid
south-central region of Spain (Laguna et al., 2016; Fig. 1a) and is a
core area of La Mancha Húmeda Biosphere Reserve (MAB program,
UNESCO). It is a Wetland Site of International Importance, included
in the Ramsar Convention, and belongs to the European Natura
2000 Network. It lies on the alluvial plains of the River Guadiana, at
the western end of La Mancha Plateau, within the province of Ciudad
Real (Fig. 1b). Runoff and rainfall during winter, and intermittent
streams of the Cigüela and Guadiana rivers are the main water in-
puts. During flooding periods, pollutants arrive to the Park by
(a) non-point source pollution from surrounding agriculture lands
(Laguna et al., unpublished data) and (b) point-source pollution
from WWTPs towns located upstream through the River Cigüela
(North) and the River Azuer (East), which is tributary of the River
Guadiana, (Sanchez-Ramos et al., 2016; Fig. 1c). Physicochemical
characteristics of surface water in 2010 can be found in Anza et al.
(2014) and limnological information in August 2014 is shown in
Table S1. Under natural conditions, the West Mancha aquifer,
whichwas declared overexploited in 1987, contributed groundwater
inflows, but nowadays those inflows are almost insignificant. Sedi-
ments in the TDNP basically consist of fluvial and marshy-
lacustrine deposits (Aguilera et al., 2011; De La Horra, 1996). They
are formed by i) calcareous crusts with silt, sand and gravels, defined
as Petric Calcisols, closely associated with Calcareous-Chromic
Cambisols, and ii) recent alluvial and alluvial-colluvial deposits cor-
responding to the sediments deposited by the Rivers Cigüela, Guadi-
ana and Azuer, rich in silt, clay and dissolved salts (sulphate, calcium
and, in lesser proportion, magnesium and chloride).

Navaseca, a hypereutrophic wetland (24.3 ha) also belonging to the
Biosphere Reserve, is located at 6.5 km from the TDNP (Fig. 1c). This
wetland was seasonal in the past, but now it is permanently flooded,
due to the inputs of treated effluents coming from the WWTP of the
town of Daimiel. Hydrochemical characteristics of surface water in
2010 were published by Anza et al. (2014). Moreover, high densities
of waterbirds and other birds roost and feed there; several avian botu-
lismoutbreaks have occurred in the last 20 years, favoured by these eco-
logical conditions (Anza et al., 2014).

The semi-arid continental Mediterranean climate promotes intense
periods of drought followed by few years of flooding. The region is char-
acterized by annual mean precipitations of 406.8 mm, which occur ir-
regularly during the year, mostly between October and April
(Santisteban and Mediavilla, 2013). The annual mean temperature
ranges from 15 °C to 17 °C.



Fig. 1. a) Map of location of the Tablas de Daimiel National Park (TDNP) in Spain and b) in the province of Ciudad Real. c) Study area with the limits of the TDNP and the
Navaseca Pond, the sediment sampling sites (dot) in all locations, and the faecal sampling sites (triangle) in the nesting colonies (Garcera and Gambetas) within the National
Park.
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2.2. Sampling of sediment and faeces

Samplingwas performed in August 2014, at the end of the reproduc-
tive period. Sediment samples were collected in five flooded sites in the
TDNP (Fig. 1c). Garcera is a heronry established in 2010 on a flooded
tamarisk (Tamarix canariensis)woodland in the confluence of the Rivers
Cigüela and Guadiana, with 1190 breeding pairs in 2014 (Fig. S1). The
most common species was the cattle egret (Bubulcus ibis), comprising
at least 81% of the birds in the colony, and the remaining species were
the black-crowned night heron (Nycticorax nycticorax), the little egret
(Egretta garzetta), the grey heron (Ardea cinerea), the squacco heron
(Ardeola ralloides), the Eurasian spoonbill (Platalea leucorodia), and the
glossy ibis (Plegadis falcinellus). Gambetas is a small island located
3

500 m downstream from the heronry; it holds a small breeding colony
of great cormorants (Phalacrocorax carbo, 24 breeding pairs in 2014;
Fig. S1). The Tablazo, Guadiana and Cigüela sites are located more
than 1 km upstream from the heronry, so they are not affected by
nesting colony inputs. Sediments were also collected in the nearby
Navaseca wetland. Sediment samples (up to 20 cm of depth) were col-
lected with a core sampler (Ø= 33.5mm), in six points per site, placed
more than 10 m from each other (see Fig. 1c). Once collected, sediment
coreswere sliced at 5-cm intervals and stored in labelled polypropylene
flasks at −20 °C until lab analyses. Six faecal samples were randomly
collected in each of the two bird nesting colonies from faecal remains
on Tamarix tree branches in Garcera and from soil in Gambetas
(Fig. 1c) and stored in plastic zip bags at −20 °C until lab analyses.



Fig. 2. δ15N versus δ13C plot of stable isotopic composition in sediments (n=12) from the
TDNP and the Navaseca Pond, and in faeces (n = 6) from the nesting sites in the TDNP.
Error bars: standard deviations.
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Faecal sampling was limited by the impossibility to access to the colony
during the breeding period.

2.3. Analysis of biogeochemical variables

Sediment and faecal samples were air-dried, crushed manually in a
mortar, and sieved through a 2mm stainlessmesh. Fresh sediment sam-
ples were used to determine moisture content (MC) and organic matter
content (OM) by loss on ignitionmethod at 550 °C. Electrical conductiv-
ity (EC), pH, extractable nitrogen and phosphorus in sediment (P-PO4

2−,
N-NO3

− and N-NH4
+) were determined following the procedures de-

scribed by De Caluwe and Van Logtestijn (1998). Total organic carbon
(TOC), inorganic carbon (IC) and total carbon (TC) in sediment and fae-
ces were determined using the methodology described in Laguna et al.
(2016). Total phosphorus (TP) and total nitrogen (TN) in sediment and
faeces were analysed following the procedures described by Golterman
et al. (1978) andNydahl (1978), respectively. Precision values of biogeo-
chemical techniques that were used for faecal analyses were±2% for TN
and ±3.75% for TP. The organic carbon to nitrogen mass ratio (OC:N)
was calculated as the ratio between TOC and TN (SSS, 2011). All these
analyses were performed with 2–3 replicate measurements per sample.

2.4. Analysis of C and N stable isotopes

Stable isotopes (δ13C and δ15N) in the first 10 cm of sediment and in
faeces were analysed at the Stable Isotope Laboratory of the Doñana Bi-
ological Station (Spain). The samples were dried at 60 °C, decarbonated
with 1 M HCl, rinsed with deionized water, and dried again. The carbon
and nitrogen contents and their isotope ratios in the sedimentary or-
ganicmatter and suspended particulate organicmatter (POM)were de-
termined using a stable isotope ratio mass spectrometer equipped with
an elemental analyser (Fisons NA1500-FinniganMAT 252). Only two of
the six sediment samples collected in Gambetas had enough nitrogen
signal for δ15N analysis. All stable isotope values were reported using
the δ notation, i.e. δ13C and δ15N= ([Rsample / Rstandard]− 1) × 1000,
where R is 13C/12C and 15N/14N, respectively. International standards
established for δ13C and δ15N work were PeeDee Belemnite and atmo-
spheric nitrogen, respectively. All the analyses were performed with
2–3 replicate measurements per sample.

2.5. Analysis of metals and metalloids

Sediment and faecal samples were subjected to acid digestion, using
the methodology described by Rodríguez-Estival et al. (2012). The de-
termination of metals and metalloids in the digested samples was per-
formed as described by López-Perea et al. (2019) with an inductively
coupled plasma mass spectrometer (ICP-MS) equipped with a collision
cell (CCT; Thermo Electron Model XSeries II). Concentrations of ele-
ments in sediment and faeces were expressed in dry weight (dw) of
sample (mg/kg or g/kg). These analyses were performed with 3 repli-
cate measurements per sample.

2.6. Import of nitrogen and phosphorus by birds, rivers and runoff

In the TDNP, pairs of herons and cormorants occupied the colonies
from April to July. The loads of TN and TP excreted during the breeding
season (16 weeks) were calculated by multiplying faeces deposition
rates (Marion et al., 1994) with TN and TP mean values from faecal sam-
ples studied here and with mean values calculated from other works
(Gwiazda et al., 2010; Marion et al., 1994; Telesford-Checkley et al.,
2017) for these species. For herons, the amount of dropping per bird esti-
mated byMarion et al. (1994) was 2.93 kg (dw) during the breeding sea-
son (9weeks), and for cormorants itwas27g (dw)per individual andday.

Fluxes of N and P through rivers were obtained by multiplying the
monthly concentration of TN and TP in the water by the total monthly
flow. These data were registered in the gauge stations of the River
4

Cigüela (30S 449408 4339220) and the River Azuer (30S 448198
4325541). This informationwasprovided by theGuadiana Basin Author-
ity. In 2014, therewere nowater inputs registered on theAzuer gauge, so
only water inputs entering through the River Cigüela were considered.

Fluxes of N and P from the watershed that drain directly into the
TDNP were obtained from Laguna et al. (unpublished results), based
on the export coefficient model (ECM; Reckhow et al., 1980).

2.7. Statistical analysis

The normal distribution of the biogeochemical (BGCh) variables
and element concentrations in sediment and faeces was tested by
Kolmogorov–Smirnov and Shapiro–Wilk tests. Attempts to normalize
data prior to analysis were not successful, and as a result, nonparametric
analyses were performed. Differences in BGCh variables and element
concentrations in sediment between sites and depths were tested by
KruskalWallis andMann–Whitney U tests. Differences in BGCh variables
and element concentrations in faeces between bird colonies (herons vs.
cormorants) were tested by the Mann–Whitney U test. Correlations be-
tween BGCh variables and the element concentrations, both in sediment
and faeces, were testedwith Spearman's correlation test. To reduce BGCh
andmetal variability in wetland sediments, two separate Principal Com-
ponent Analyses (PCA) were performed on each set of variables. Some of
the variables were removed from the analysis because of their collinear-
ity. Correlations between stable isotopes andPrincipal Components (PCs)
of BGCh and trace elementswere testedwith Spearman's correlation test.
Generalized linear models (GzLM) were run to analyse the influence of
factors (i.e., sampling site, sediment depth and their interaction), on re-
sponse variables, which were the three main PC of both BGCh and
metal variables of sediment. In addition, δ13C and δ15N were used as de-
pendent variables to explore relationships between N and C origin, with
the PC factor loadings of BGChvariables as covariates. Furthermore, GzLM
were run again to analyse trace elements as a dependent variable, with
PC factor loadings of BGCh and δ13C and δ15N as covariates. Saturated
models with all variables and two-way interactions were constructed
by a backward procedure according to the correctedAkaike's information
criterion (AICc). Thosemodelswith the lowest AICcwere selected. Statis-
tical analyses were performed with IBM SPSS Statistics v. 24 with a level
of significance p < 0.05, unless otherwise specified.

3. Results

3.1. Biogeochemical variables and trace elements in sediments

Biogeochemical (BGCh) variables and trace element concentrations
showed significant differences between all the sites (Tables S2 and
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S3). Average concentrations of OM, P-PO4, N-NH4, TOC, TN, TP andOC:N
were higher in Navaseca and Garcera than in the rest of the sites. δ13C
and δ15Nwere the lowest in Tablazo (Fig. 2), and the highest δ15N values
were found in Guadiana (Table S2). Significant effects of depth were
found for all BGCh variables, except OC:N and δ15N, with differences be-
tween sites (Fig. 3; Table S4). High correlations were found between
*

***
**

** **

Fig. 3. Mean values of depth (cm) of some BGCh variables in sediments from the TDNP and
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OM, P-PO4, N-NH3, TOC, TN and TP (Fig. S2a), the highest one being
that between OM and TN (rs = 0.824, p < 0.01).

Average concentrations of Al, Cd, Co, Cr, Cu, Fe, Ni and Zn were
higher in Navaseca, Garcera and Guadiana than in the rest of the sites
(Table S3). Significant effects of depth on metal and metalloid concen-
trations were found in Tablazo, Garcera, Cigüela and Navaseca (Fig. 4;
* *

*
*

*

*
*

*

the Navaseca Pond. Error bars: ±1 SE. * Statistically significant differences with depth.
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Table S5). In most cases, the concentrations of these elements tend to
decrease with depth. Most of these elements were positively correlated
between them, except Mo, Hg and Se (Fig. S2c). A set of elements
formed by Al, Cr,Mn, Fe, Co, Ni, Cu, Zn, As, Cd and Pbwere positively cor-
related with OM, P-PO4, N-NH4, TOC, TP, and OC:N, and negatively cor-
related with pH, TC, IC and δ13C (Fig. S2b).
*

* *

Fig. 4.Mean values of depth (cm) of somemetal andmetalloid concentrations in sediments fro
with depth.

6

3.2. Biogeochemical variables and trace elements in faeces

δ15N (1.8 and 2.1-fold), TOC (7.5 and 15.7-fold), TN (7-fold), and
TP (1.5- and 2.4-fold) concentrations were higher in faeces than in
sediments from Garcera and Gambetas, respectively. Isotopic carbon
and nitrogen ratio discriminates well between faecal and sediment
*

* *

*

*

*

*

*

m the TDNP and the Navaseca Pond. Error bars: ±1 SE. *Statistically significant differences
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samples, especially for δ15N (Fig. 2). TN, OC:N and δ13C showed sta-
tistically significant differences between heron (in Garcera) and cor-
morant (in Gambetas) faeces (Table S6). TC showed a strong direct
correlation with TOC (Fig. S3a; rs = 0.883, p < 0.01) and both
displayed a strong negative correlation with δ15N (rs = −0.783
and rs = −717; p < 0.05).

Zn, Cd and Cu were more concentrated in faeces than in sediments,
and only Mn, Se and Hg concentrations showed statistically significant
differences between faeces of herons and cormorants (Table S7). Al,
Cr, Fe, Se and Pb were highly and directly correlated between them
(Fig. S3c). The strongest correlations were found for Fe\\Al (rs =
0.939, p < 0.01), Hg\\Se (rs = 0.915, p < 0.01), Cd\\Cu and Mo\\Zn
(rs = 0.903, p < 0.01). The strongest correlation between BGCh vari-
ables and trace elements (Fig. S3b) was found between Mn and TN
(rs = 0.933; p < 0.01).

3.3. Principal Component Analyses of sediment variables

The first three axes of Principal Component Analyses (PCA) of
BGCh variables and trace element concentrations accounted for
77.6% and 87%, respectively, of the total variance (Tables S8 and
S9). The first PC (35.8%) of BGCh was positively associated with the
presence of OM in sediments (the highest values in Garcera and
Navaseca). The second PC (22.9%) was positively associated with
TC
IC

OMTN

TOC

TP

P-PO4

N-NH4

EC

pH
N-NO3

a

Zn Cd

Hg

Mo

Fe Ni
Al yCo
As

c

Fig. 5. PC plots of the BGCh variables (a, b) and trace elements (c, d) in sediment, showing the p
theoriginal variables in 2D space definedbyPC 1 - PC 2 and by PC1 - PC 3. (For interpretation of
article.)
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the presence of IC in sediments (the highest values in Tablazo, Gua-
diana, Gambetas and Cigüela). The third PC (18.7%) was associated
with higher pH and lower EC (the highest value in Navaseca). PCA
of trace elements revealed that the first axis (47.4%) was explained
by high values of Co, Ni, Al and As (the highest values in Garcera
and Navaseca). The second PC (20.6%) was explained by high values
of Zn and Cd (the highest in Navaseca), and the third PC (18.8%) was
defined by high levels of Hg andMo (the highest in Tablazo). PC plots
show the similar behaviour of BGCh variables in sediments of both
Garcera and Navaseca (Fig. 5a and b), but this clustering was not
found for trace elements (Fig. 5c and d).

3.4. Relationship between stable isotopes and biogeochemical factors

The GzLM analyses, with site and depth as factors, revealed a posi-
tive association only between δ15N and PC 3 of BGCh (p = 0.033),
which means higher δ15N values in sediments are related to higher pH
and lower EC.

3.5. Relationship between element concentrations and biogeochemical
factors

The GzLM analyses of PCs with PC 1 of trace elements as the depen-
dent variable, and including the effect of site and depth (Table 1),
pH

P-PO4

TC
TP

TOC
TN OM

IC N-NH4

N-NO3

EC

b

Hg
Mo

Zn
Cd

As

Ni
Al yCo
Fe

d

rojection of the data (scores: colour dots) and the loadings (vectors) between the PCs and
the references to colour in thisfigure legend, the reader is referred to thewebversion of this



Fig. 6. Scatter plot representing the negative correlation between the factor scores of PC 1
of trace elements (higher values of Co, Ni, Al, and As) and PC 2 of BGCh variables (higher
values of pH and lower EC) from the TDNP and the Navaseca pond.
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revealed a negative associationwith PC 2 of BGCh (p<0.001) and a pos-
itive association with PC 3 of BGCh (p=0.002). This means that higher
Co, Ni, Al, and As levels were found in samples with less IC, higher pH,
and lower EC (Fig. 6). PC 2 of trace elements was associated positively
with PC 1 (p < 0.001) and PC 3 (p = 0.039), and negatively with PC 2
(p < 0.001) of BGCh, which means that higher Zn and Cd levels were
found in sediment with a higher OM and lower IC (Table 1; Table S10).
Finally, PC 3 of trace elements was associated positively with PC 1
(p < 0.001) and negatively with PC 2 (p = 0.001) of BGCh variables,
which means that higher Hg and Mo levels were found in sediments
with a higher content of OM and less IC.

3.6. Relationship between element concentrations and stable isotopes

The GzLM analyses with δ13C and δ15N instead of the PCs of BGCh as
factors (Table 1) showed a negative association between PC 1 of trace el-
ements (higher Co, Ni, Al andAs levels) and δ13C (p=0.001), and a neg-
ative association between PC 2 of trace elements (higher Zn and Cd
levels) and δ15N values (p = 0.032).

3.7. Relative relevance of N and P inputs through bird droppings in TDNP

The estimated amount of droppingper bird excretedduring thebreed-
ing season in the TDNP was 5.86 kg for herons and 3 kg for cormorants.
The TN and TP content in faeces from the TDNP were much lower than
those registered in other studies (Table S11), so in order not to underesti-
mate the inputs of TN and TP to the TDNP through faeces, we calculated
mean values of TNandTP in faeces fromother authors for these same spe-
cies (Table S11) besides with our samples. Using mean values from other
works, nitrogen content was 72,100 mg/kg for herons, and 77,250 mg/kg
for cormorants, and phosphorus content was 43,700 mg/kg for herons
and 5965 mg/kg for cormorants. The annual load of TN through heron
and cormorant droppings to the TDNP using the faecal data of the present
study was 270 kg in front of 1017 kg calculated using mean values from
other works. The annual load of TP to TDNP calculated according to the
faecal data of the present study was 12 kg in front of 610 kg estimated
with mean values of the other works (Table 2).

Estimations of N and P inputs in the bird colonies were much lower
than the input values from theRiver Cigüela and local runoff from thewa-
tershed (Table 2). Thewater input from theRiver Cigüela occurredmainly
from January toMay in 2014, with a total annual inflowof 31.41Hm3 and
an annual input of TN and TP of 128,457 kg and 3047 kg, respectively. In
addition, the outputs of N and P through the Puente Navarro dam were
Table 1
Results of the Generalized LinearModels (GzLM) obtained to describe the influence of site,
sediment depth, and PCs of BGCh variables or stable isotopes on PCs of trace elements. The
best models were selected according to the Akaike Information Criterion (AICc).

Dependent variable Predictors (p-value, β ± Std. error)

PC1 of trace
elements

Site (↑Guadiana, p < 0.001) + Depth (↑0–5 cm,
p = 0.001) + Site × Depth (↑Garcera × 5–10 cm,
p = 0.003) + PC2 BGCh (p < 0.001, B = −0.561
± 0.061) + PC3 BGCh (p = 0.002, B = 0.168 ± 0.054)
Site (↓Cigüela, p < 0.001) + Depth
(p = 0.379) + Site × Depth (↓Navaseca × 0–5 cm,
p = 0.020) + δ13C (p = 0.001, B = −0.143 ± 0.044)

PC2 of trace
elements

Site (↓Navaseca, p < 0.001) + Depth
(p = 0.096) + Site × Depth (↑Navaseca × 0–5 cm,
p < 0.001) + PC1 BGCh (p < 0.001, B = 0.468
± 0.101) + PC2 BGCh (p < 0.001, B = −0.474
± 0.115) + PC3 BGCh (p = 0.039, B = 0.192 ± 0.093)
Site (↑Navaseca, p < 0.001) + Depth (↑0–5 cm,
p = 0.018) + Site × Depth (↑Navaseca × 0–5 cm,
p = 0.006) + δ15N (p = 0.032, B = −0.183 ± 0.086)

PC3 of trace
elements

Site (↓Navaseca, p < 0.001) + Depth
(p = 0.824) + Site × Depth (↓Garcera × 0–5 cm,
p = 0.020) + PC1 BGCh (p < 0.001, B = 0.327
± 0.047) + PC2 BGCh (p = 0.001, B = −0.173 ± 0.053)
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estimated, to assess the accumulation of nutrients in the wetland
(Table 2). We observed a net accumulation of 119,930 kg of N and
8153 kg of P in the TDNP.

4. Discussion

Sediments of Garcera heronry in the TDNP andNavasecaWWTP Pond
showed the highest values of organic nutrients and trace elements, which
reveals the importance of bird droppings and sewage input, respectively,
in the wetlands. Both inputs can create pollution hotspots that must be
considered in the study of the wetland stressors. The question now is
how these hotspots have an impact on the whole wetland ecosystem.

4.1. Birds as nutrient importers into wetlands

Many studies about nutrient enrichment of soils and sediments me-
diated by birds have focused on N and P concentrations. Mesocosm
Table 2
Annual inputs and outputs of total nitrogen (TN) and total phosphorus (TP) in the TDNP.
The inputs are throughheron and cormorant droppings, through runoff from the local wa-
tershed (Laguna et al., unpublished results) and through the River Cigüela. The output is
registered in the Puente Navarro dam, in the final stretch of the wetland.

TN (kg/year) TP (kg/year)

Inputs

Heron and cormorant droppings 279a 12a

1017b 610b

Local runoff from watershedc 91,460 6508
River Cigüela 128,457 3047

Output

Puente Navarro dam 101,004 2012

a Loads obtained bymultiplying dropping rateswithmean values of nutrient content in
faeces from our study.

b Loads obtained bymultiplying dropping rateswithmean values of nutrient content in
faeces from Telesford-Checkley et al. (2017), Gwiazda et al. (2010) and Marion et al.
(1994).

c Laguna et al. (unpublished work).
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experiments about the impact of faeces on water chemistry concluded
that no significant changes in TP and TNoccur in thewater column, sug-
gesting that bird faeces and associated nutrients settle quickly on the
sediment (Unckless and Makarewicz, 2007). The amount of N and P
contributed by waterbirds to water bodies is variable, and fluctuates
temporally across the breeding season (Telesford-Checkley et al.,
2017); it is expected that the amount of N and P should rise with in-
creased population size (Post et al., 1998).

TN and TP content in the faeces studied in thisworkwere lower than
the lowest values registered in heron, cormorant and other waterbird
colonies in other researches (Table S11). Bird guano contains variable
concentrations of P, typically ranging from 0.12 to 16% dry weight
(Otero et al., 2015), which are in consonance with our results of TP in
the cormorant faeces, but not in the heron faeces. These differences
may be explained by the fact that we collected faecal samples after the
end of the breeding season, so ageing may have affected their TN and
TP content. N in guano is largely uric acid, with minor amounts of NH4

and protein, but there is a rapid mineralization of uric acid into NH3,
which is subject to volatilization (Staunton Smith and Johnson, 1995).
Many other studies have reported that high density of waterbirds dur-
ing nesting or breeding is an important factor in thewater and sediment
enrichment ofwetland because contribute large amounts of nutrients to
water bodies (Boros et al., 2008; Gagnon et al., 2013; García et al., 2002;
Gere and Andrikovics, 1992; Gwiazda et al., 2014; Hahn et al., 2007;
Ligeza and Smal, 2003; Manny et al., 1994; Marion et al., 1994; Mun,
1997; Portnoy, 1990; Post et al., 1998; Rönicke et al., 2008; Young
et al., 2011) but in most of the cases, the role that birds play in total N
andP input in aquatic ecosystems is relatively small, due to very high in-
puts from other sources of pollution, e.g. human sewage, non-point
sources or atmospheric depositions (Marion et al., 1994). The amount
of TN and TP imported by the colonies (Table 2), both estimates with
our data and with mean values from other works, was low when com-
pared to our estimated inputs of TN and TP by the River Cigüela and
the runoff from the drainage basin (Laguna et al., unpublished data).
The positive annual balance between the input and the output of TN
and TP in the TDNP in 2014 was explained mainly by the inflow of the
River Cigüela (Table 2), because the input from the River Azuerwasneg-
ligible due to the lack of water inflow.

4.2. Effect of colonies in sediment nutrient content

The observed OM and TN values in sediment are similar to those de-
scribed by Aguilera (2014) for the TDNP (0.9% to 14% for OM content
with a median of 5.7%; 0.1% to 1.2% for TN with a median of 0.5%). Sed-
iments of Garcera and Navaseca can be characterized as organic sedi-
ments, as they were clearly defined in the first axis of the PC analysis
of the biogeochemical variables. Although Gambetas hosts a colony of
cormorants, its sediments were less affected by bird droppings than
Garcera. This difference can be explained by i) differences in the colony
size (i.e. 24 vs. 1190 breeding pairs) and ii) the physical location of the
nests (droppings in Gambetas were deposited on dry soil). Both factors
are reported as important for determining the impact of bird droppings
on wetland ecology (Telesford-Checkley et al., 2017). It should also be
highlighted that cormorants barely feed outside the wetland and ex-
crete within the same ecosystem, which means that they are not truly
nutrient importers (Marion et al., 1994). In contrast, the cattle egret,
which is the most common species in the Garcera colony, feeds mostly
outside the wetland, so this species can be clear nutrient importers
from terrestrial to aquatic systems (Telesford-Checkley et al., 2017).
The amount of TN and TP registered in the sediments of the nesting col-
onies was similar to those observed in other studies (Table S12).

The highest δ15N values in sediments of the TDNP were recorded in
Guadiana, which may indicate that it receives the load of nutrients and
pollution coming from urban sewage or animal waste located upstream
(Kendall et al., 2001), or fromagricultural sources bymeans of fertilizers
and/or pesticides coming from cropland runoff (Hoefs, 2009; Torres
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et al., 2012). The higher δ15N values in sediments and faeces in
Gambetas than in Garcera are consistent with the fact that cormorants
occupy a higher trophic position than herons, although there were no
significant differences in δ15N between the Gambetas and Garcera
faeces.

Tablazo showed the lowest average OC:TN ratio, and the highest
δ13C value among all the sites; this may indicate the influence of aquatic
plants and phytoplankton and the minimal contribution from alloch-
thonous OM and low input from terrestrial plants, in agreement with
the findings of Kendall et al. (2001) and Torres et al. (2012). Since
Tablazo site is located in the central zone of the floodplain, allochtho-
nous inputs coming from the River Cigüela or through the shore are
negligible. Instead, sediment organic matter is likely to come primarily
from in situ production in this site, e. g. phytoplankton and macro-
phytes, which take dissolved IC as bicarbonate (HCO3

−), which is the
prevalent form. The δ13C of bicarbonates is ~8‰ higher than that of dis-
solved CO2 (Fogel and Cifuentes, 1993), resulting in higher δ13C values
of fixed OM. The combined information obtained by OC:TN ratio and
δ13C value allow to consider Tablazo as the site less affected by nutrient
inputs from bird droppings or urban effluents.

4.3. Birds as importers of metal and metalloids into wetlands

Faeces of birds can be a primary input of trace metals into the soils
(Headley, 1996). In the present study, Cd, Cu and Znweremore concen-
trated in faeces than in sediments at all sampling sites, as was also ob-
served by García et al. (2007). Furthermore, we found a significant
positive correlation between Cu and Cd with TOC in bird faeces, which
can be explained by the capacity ofmetals to bind undigested food com-
ponents (Caetano-Silva et al., 2020; Martinez-Haro et al., 2009). Se and
Hg concentrations in faeces from Gambetas were significantly higher
than in Garcera; this could be explained by the fact that the piscivorous
diet places the cormorants in top positions in the trophic web and they
are therefore expected to express Hg biomagnification (Bull et al.,
1981). In the heronry, the cattle egret was the most abundant species;
its diet is based mostly on terrestrial insects, so a lower effect of Hg
biomagnification is to be expected compared to colonies dominated
by piscivorous species.

4.4. Effect of colonies in metal and metalloid content of sediment

Wetlands are generally considered to be a sink of heavy metals and
metalloids, which are immobilised in sediments but, if hydrogeochem-
ical conditions change, they may become bioavailable (Ernst, 1996). In
order to determine whether the sediments studied were contaminated
or not, we compared our resultswith reference values for the Castilla-La
Mancha region (Jimenez Ballesta et al., 2010). In the TDNP, only average
Se concentrations in Garcera exceeded (by a factor of 5.4) the reference
value of the region (1.4 mg/kg), and this average Se concentration was
higher than the average values reported by Jiménez Ballesta et al.
(2016) and López-Perea et al. (2019), who related high Se concentra-
tions to the presence of seleniferous soils and tohydrogeological charac-
teristics of the soils in the TDNP, i.e. lacustrine carbonates and peat,
favouring Se mobilisation. Average Cu and Zn concentrations in sedi-
ments of Navaseca exceeded the reference values by a factor of 1.2
and 1.5, respectively. These elements are associated with the addition
of fertilizers or sludge to soils (Jiménez Ballesta et al., 2016) but also
with the influence of bird droppings.

The levels of Al, Co, Cr, Cu, Fe, Ni, and Zn in sediment samples of
Garcera and Navaseca that are affected by bird droppings are signifi-
cantly higher than those in non-affected sites; in addition, they are sig-
nificantly correlated with each other, as well as with P-PO4

2−, N-NH4
+,

TOC, TP, and δ15N. These metals are thus very likely to have a common
organic source. The high values of Pb and Hg recorded in some samples
in Tablazo could be associated with the intensive hunting of waterbirds
that was carried out in this wetland for decades (Mateo et al., 1998)
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until the mid-20th century, rather than with the influence of avian
droppings, as was shown in the negative correlation found between
δ15N and the PC 3 of trace elements (higher content of Hg; rs =
−0.365; p < 0.001). This wetland was a hunting estate of the Spanish
kings (Fig. S4) in the late 19th and early 20th century, and a hunting
lodge was situated on the nearby Asnos Island (Celis, 2014). Lead shot
pellets still appear at densities of around 100 pellets/m2 in the first
20 cm of sediments in the TDNP (Mateo et al., 1998), although hunting
has been banned in thiswetland since 1965. But it is not only lead-based
projectiles that can be a source of metal contamination associated with
past hunting. Mercury fulminate was a primary explosive found in guns
andweapons from the 1820s until the mid-20th century, because it can
be easily detonated. It was used mainly as a trigger for other explosives
and, according to Wallace (1998), 86% of it would be released into the
environment during the discharge process. The highest Hg levels ob-
served in Tablazo may also be related to the intensive hunting per-
formed in the past.

5. Conclusions

We have detected the effect of the Garcera heronry on BGCh and
trace element levels in sediment after the steep increase in breeding
pairs from 2010 to 2014, but this impact seems to be rather local, in
comparison to other inputs in the TDNP, because the annual inputs es-
timated for TN and TP through bird droppings in the colonieswere neg-
ligible when compared with the inputs through the River Cigüela and
the runoff from the watershed in the same year (2014). Organic matter
and some trace elementswere in the heronry sediment at levels compa-
rable to those in the Navaseca Pond, which is affected to a much greater
extent by the input of treated and untreated urban sewage (Anza et al.,
2014; Vidal et al., 2013). The impact of the otherwaterbird colonies (i.e.
cormorants) seems to be of less importance, due to the much lower
number of breeding pairs. Moreover, cattle egrets can be true importers
of nutrients and pollutants into thewetland because they feed in terres-
trial environments, whereas cormorants feed almost exclusively on fish.
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