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Abstract The Flix reservoir, in the low course of the
Ebro River, contains thousands of tons of polluted sedi-
ments, accumulated from the activities of a chemical fac-
tory. An ongoing project is working toward removing these
pollutants. Piscivore birds like the purple heron (Ardea
purpurea) may be useful bioindicators, so eggs and nest-
ling feathers were sampled during the 2006-2008 breeding
seasons at three localities: a reference site situated
upstream and two potentially affected by the toxic muds;
one at the focal area and one at a distal area, the Ebro
Delta. The samples were analyzed for isotopic signatures of
>N and '*C and concentrations of heavy metals and sele-
nium. Baseline nitrogen signatures were higher in riverine
sites than in the delta. Nitrogen together with carbon sig-
natures adequately discriminated riverine and deltaic eco-
systems. Mercury levels are highly influenced by the
polluted sediments at Flix and pose potential risks for the
birds, as they are among the highest ever recorded in heron
species. Selenium and copper concentrations probably
derive from other sources. Except for mercury, heavy
metals and selenium levels were below toxic levels. Purple
heron eggs and nestling feathers have demonstrated their
usefulness as bioindicators for pollution in the river biota;
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feathers in particular show pollutant impacts on a strict
local basis. A long series of study years is necessary in
dynamic ecosystems such as this, so continued monitoring
of the heron population at Flix is advisable to trace the
effects of the toxic muds, particularly during their removal,
because of the high levels of mercury detected.
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Introduction

Birds have been widely used as bioindicators of environ-
mental pollution, especially when potential hazards may
affect human populations or wildlife. Some of these haz-
ards have occurred on the Iberian Peninsula, including the
oil spill in 2002 at the Atlantic north-west after the tanker
Prestige wrecked (Moreno et al. 2011; Sanpera et al. 2008),
the Aznalcollar mine spill into the wetlands of Dofiana
National Park in 1998 (Baos et al. 2006; Benito et al. 1999;
Gomez et al. 2004; Taggart et al. 2006), and the case that is
addressed in this study, in the Flix Reservoir, northeastern
Spain.

The Ebro River (Catalonia, NE Spain) discharges into
the Mediterranean Sea creating a delta of more than
30,000 ha. The Ebro catchment is the largest river basin in
Spain; it covers an area of 85,362 km? (http://www.che
bro.es), potentially supplies 3 million people, and it con-
tains some heavily industrialized areas. One of these areas
is the Flix site, where a chemical industry has been in
operation since the early 20th century. This long opera-
tional period, along with the construction of a dam next to
the plant around 1960, resulted in the accumulation of
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200,000-360,000 tons of industrial wastes in the riverbed,
occupying an area 700 m in length and 60 m wide. The
mixture of heavily polluted sediments is composed of high
concentrations of heavy metals (cadmium, arsenic, copper,
chromium, selenium, lead and especially mercury),
organochlorines (hexachlorobenzene (HCB), pentachloro-
benzene, DDTs, polychlorobiphenyls (PCBs), polychloro-
naphthalenes and polychlorostyrenes) and radioactive *'°Pb
(Bosch et al. 2009; Fernandez et al. 1999). In addition, the
Ebro River is currently affected by different agricultural and
industrial activities, with significant impact on the existing
biota (Mafosa et al. 2001; Navarro et al. 2010). The pollu-
tants originated at the Flix site are carried downstream by the
Ebro River to its delta 90 km away (Llorente et al. 1987;
Navarro et al. 2009; Pastor et al. 2004), especially during
floods (Vericat and Batalla 2006).

As a consequence, a whole-ecosystem study on the
environmental impact of such toxic muds was undertaken
to evaluate their effects prior to an ongoing project aimed
at removing the polluted sediments; this last initiative may
imply a high risk of pollutant dispersal.

Other studies in the Flix reservoir have reported high
levels of PCBs in sediments (Fernandez et al. 1999) and
effects of pollutants on different sentinel species. Earth-
worms reached high levels of mercury (Ramos et al. 1999).
Zebra mussels (Dreissena polymorpha) at this site had the
highest levels of Hg and methylmercury ever reported, with
mean values 20 times greater than the local background
levels (Carrasco et al. 2008). Crayfish (Procambarus
clarkii) and zebra mussels exhibited high toxic stress levels
(high activities and levels of antioxidant enzymes, metal-
lothioneins, lipid peroxidation and DNA strand breaks and
decreased levels of glutathione) close to the waste dumps
(Faria et al. 2010), even crayfish presented levels of mer-
cury exceeding legal values established by European Union
legislation (Suarez-Serrano et al. 2010). Mercury concen-
trations in tissues of carp (Cyprinus carpio) sampled
downstream from Flix were one to two orders of magnitude
higher than those from carp sampled upstream from Flix
(Navarro et al. 2009) and catfish (Silurus ganis) exceeded
the maximum mercury level recommended for human
consumption (Carrasco et al. 2011). Deformities, eroded
fins, lesion and tumor anomalies and ectoparasites were
clearly more frequent at the impacted area for several fish
species (carp, roach: Rutilus rutilus and pumpkinseed
sunfish: Lepomis gibbosus); also a significant lower body
condition was detected for these species and bleak (Al-
burnus alburnus), while there was a negative impact on
reproductive traits for carp and pumpkinseed (Benejam
et al. 2010). The responses to the pollutants were species-
specific, and carp had the clearest effects on fitness-related
traits at the impacted area, despite also being among the
most tolerant to pollution.
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Piscivorous birds such as herons (family Ardeidae) are
suitable bioindicators of environmental pollution in aquatic
systems (Champoux et al. 2006; Connell et al. 2003; De Luca-
Abbott et al. 2001; Sakellarides et al. 2006). They are in the
upper trophic level of these ecosystems, and consequently
they biomagnify and bioaccumulate persistent organic
pollutants and some metals (Baker and Sepulveda 2009).

In a previous study we showed that purple heron (Ardea
purpurea) nestlings at Flix showed the highest frequencies
of micronuclei in peripheral erythrocytes and reduced
blood antioxidant defenses when compared with two other
sampling sites, one upstream and another downstream
(Quiros et al. 2008). Purple heron eggs showed elevated
levels of HCB and PCBs (Barata et al. 2010). Additionally,
other bird populations such as terns (family Sternidae)
foraging at the Ebro Delta showed the indirect effects of
pollutants derived from the Flix reservoir as well as from
the intensive agricultural activities taking place in the area
(Cotin et al. 2011).

In order to achieve a comprehensive evaluation of the
toxic impact at the Ebro River lower course, purple heron
eggs and nestlings were used as bioindicators; three sam-
pling sites were chosen according to the breeding colonies of
this species in the area of the Ebro River. One of the sites,
situated 25 km upstream of the polluted sediments, was
designated as reference (I’Aiguabarreig), while the other
two, which are potentially affected by the toxic muds, were
designated as focal area (Flix) and distal area (the Ebro
Delta), situated 90 km downstream. Purple heron colonies
were followed and sampled during consecutive years
(2006-2008), in order to obtain a comprehensive vision of
the highly dynamic ecosystem of the Ebro River, taking into
account both trophic ecology and heavy metal exposure.

Heavy metals, when present at high concentrations, are of
special concern, as they mainly enter organisms through diet
(Burger et al. 1992). However, the exposure of individuals
varies according to their trophic habits. Therefore, besides
the analysis of contaminants, stable isotopes analysis (SIA)
were used to get a better understanding of purple heron tro-
phic ecology (Abdennadher et al. 2011; Nisbet et al. 2002;
Ramirezetal. 2011; Sanpera et al. 2007; Tavares et al. 2007).
Stable isotope signatures of nitrogen (3'°N) and carbon
(6'3C) have been extensively used in studies of bird com-
munities, focusing on their trophic ecology and relationships
(Cherel et al. 2008; Cotin et al. 2011; Forero and Hobson
2003; Hobson et al. 1994; Koiadinovic et al. 2008; Moreno
et al. 2010). SN of tissues reflects the trophic level, with
consumer signatures being higher than in their prey (Forero
et al. 2005). Information about the source of carbon entering
a food web can be obtained from 6'>C (Hobson 1999), pro-
viding insight about the foraging habitat.

Data obtained from egg samples integrate the adult diet
prior to egg laying because herons, as income breeders,
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obtain most of the materials used in clutch formation from
diet (Hobson et al. 2000; Ruiz et al. 1998), while nestling
feathers integrate the diet obtained by the adults and con-
sumed by the nestlings during growth. The use of nestlings
has two advantages. First, the effect of age-related bioac-
cumulation is avoided, because the time of exposure has
been low and similar for all individuals. Second, because
all the chicks are provisioned with prey caught by parents
in the surroundings of the colony, the results should reflect
only the impact of local pollution.

Here we aim to assess the relevance of the toxic mud in
the river contamination processes through a comparative
study of purple heron populations breeding at the focal area
and two other sites subjected to different contamination
pressures. For this purpose, purple heron nestlings and eggs
were used as bioindicators and the relationship between
trophic level and pollutant concentrations was examined.
The first objective was to measure pollutant levels in eggs
and nestling feathers in order to establish whether values
merit conservational concern, while determining the tro-
phic ecology of these populations, in order to appropriately
assess the pollutant exposure. The second objective was to
determine which sample type, either eggs or feathers, more
accurately reflects such impact or exposure in order to
suggest its use as a bioindicator once the toxic muds have
been removed. We tested the following main hypothesis:
pollutant concentrations and exposure will be higher in
herons breeding at Flix and the Ebro Delta than in I’ Ai-
guabarreig after adjusting the pollutant level input by their
trophic level. The results may be useful to define conser-
vation policies to be applied in this area, and as both herons
and heavy metal pollution are distributed worldwide,
results obtained in this study may be used to assess the
effects of pollution in other areas of concern.

Materials and methods
Study sites

Purple heron eggs and mantle feathers of nestlings were
collected at three selected sites along the Ebro River, NE
Spain (see Fig. 1). L’ Aiguabarreig site (41°23'N, 00°19’E)
is a riverine island called “Illa de los Martinets”, located at
the confluence of two Ebro tributaries, the Cinca and Segre
Rivers. This highly valuable ecological spot and sanctuary
for aquatic birds is located upstream from the Flix site
(41°14/'N, 00°31'E) and therefore unaffected by the Flix
factory and its toxic sediments. Despite the industrial
activity, Flix dam surroundings have surprisingly become a
valuable wetland with a profusion of nesting birds,
including herons, storks and marsh harriers. The Ebro Delta
(40°42'N, 00°50'E) is one of the largest wetlands in the

western Mediterranean region and is home to extensive
bird colonies. Occupying an area of 320 km?, this wetland
presents a wide variety of habitats, such as rice fields,
farmland, abandoned fields, lagoons, salt marshes and
beaches. The coastal lagoons, although connected to the
sea and thus expected to hold brackish water, receive
considerable freshwater input from the rice fields from
spring to autumn, thereby lowering their salinity, which
almost reaches that of freshwater during those seasons.

Sampling

Egg sampling was conducted for the breeding seasons of
2006 and 2007 during the laying period, and feather sam-
pling during the breeding seasons of 2006, 2007 and 2008,
just 1 week before the estimated peak fledging period.
Number of samples was: 1’ Aiguabarreig (12 eggs collected
in 2007; 7 feather samples in 2006, 7 in 2007 and 4 in
2008), Flix (12 eggs collected in 2006, 16 in 2007; 10, 11
and 9 feather samples, respectively) and the Ebro Delta (14
eggs in 2006, 25 in 2007; 4, 16 and 12, feather samples,
respectively). Eggs were not collected during 2006 at
I’ Aiguabarreig due to unusual adverse climatic and river
flow conditions which limited the access to the area and
nest localization. To avoid pseudo-replication, only one
egg or nestling was sampled per nest. Eggs and nestlings
were sampled with the permission of the Serveis de Fauna i
Pesca, Generalitat de Catalunya (Spain).
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Fig. 1 Map showing the sampling sites
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Eggs were labeled and kept refrigerated until reaching
the laboratory. Once there, they were kept frozen (—20 °C)
until analysis. Egg content was then separated from the egg
shell, weighed, and placed into a glass container for freeze-
drying. Freeze-dried samples were homogenized and an
aliquote was used for trace element determination. A sub-
sample was lipid-extracted for stable isotope analysis using
methanol and chloroform, following Folch’s method
(Folch et al. 1957).

Feather samples were kept in polyethylene bags and
frozen until the cleaning process. Once in the laboratory,
feathers were cleaned with a 0.1 M NaOH solution and
dried for 24 h at 50 °C prior to trace element determination
and SIA. Once they were cleaned and dry, in order to
homogenize them for SIA, all feathers were ground to an
extremely fine powder using an impactor mill (Freezer Mill
6750, Spex CertiPrepH Inc., Metuchen, NJ, USA) operat-
ing at liquid nitrogen temperature. Additionally, for a better
understanding of the trophic ecology of the herons, crayfish
and carp from regurgitates obtained during the nestling
sampling were also prepared for SIA analysis following the
procedure described for egg samples.

Stable isotopes analysis

Sub-samples (ca. 0.36 mg for 6'°C and 0'°N) of the
homogenized eggs and the ground feathers were placed
into tin buckets and crimped for combustion. Isotopic
analyses were carried out by EA-IRMS (elemental analy-
sis-isotope ratio mass spectrometry) by means of a Thermo
Finnigan Flash 1112 elemental analyzer coupled to a Delta
isotope ratio mass spectrometer via a CONFLO III
interface.

Stable isotope ratios were expressed in conventional
notation as parts per thousand (%o) following the equation:
0X = [(R sample/R standard)—1] x 1,000, where X is BN
or '°C and R is the corresponding "’N/*N or '>C/'*C. The
standards for '°N and '*C are atmospheric nitrogen and Pee
Dee Belemnite, respectively. Precision and accuracy for
8'3C measurements was <0.1 and <0.3 %o for 6'°N. The
laboratory applies international standards, which are run
for every 12 samples: IAEA CH; (87 % of C), IAEA CHg
(42 % of C) and USGS 24 (100 % of C) for '*C and IAEA
N1 and IAEA N2 (with 21 % of N) and IAEA NOj;
(13.8 % of N) for 'N.

Trace elements analysis

Trace metal determination of mercury, selenium, copper,
lead, chromium and arsenic (chromium and arsenic only
2007-2008) was carried out by means of ICP-MS Perkin
Elmer ELAN 6000.
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Before the trace metal determination, homogenized
subsamples of freeze-dried eggs and ground feathers (ca.
100 mg) were digested in H,NO; and H,O, in Savilles Teflon
digestion vessels for 12 h at 100 °C. Accuracy of analysis
was checked by measuring certified reference material
(Lobster hepatopancreas Tort-2 and Dogfish liver Dolt-3;
National Research Council Canada for eggs and human hair
CRM 397, Community Bureau of Reference, Commission of
the European Communities in the case of feather samples).

Mean recoveries ranged 96-100 % for total mercury,
selenium, copper, lead, chromium and arsenic; and no cor-
rections were done. Values of limit of detection were: 0.1 ng/
g forPband As, 0.2 for Hg and Cu, 0.5 ng/g for Crand 1 ng/g
for Se. Determinations below such values were set to ‘not
detected’. All trace elements concentrations were expressed
on a dry weight basis (ng/g, i.e., parts per billion).

Trace elements and SIAs were performed at the Serveis
Cientifico-Técnics (Universitat de Barcelona).

Statistical methods

Values of trace elements concentrations and stable isotope
ratios were routinely checked for normal distributions
using Kolmogorov—Smirnov and Shapiro-Wilk tests,
together with Q—Q plots. Trace elements concentrations
showed clear skewed distributions which were normalized
by applying a logarithmic transformation. Samples with
values under detection limit were assigned with 1/2 of the
detection limit value of a trace element when the per-
centage of detection of that trace element ranged between
50 and 100 %.

When the high number of values below detection limit
precludes carrying out comparisons, we looked for differ-
ences among localities in the percentage of samples with
detected values using Fisher exact test for 2 x 3 tables.

Comparisons among localities and years were carried
out using one way analysis of variance and applying the
Levene test to check for homoscedasticity. Welch Cor-
rection was used accordingly. To test for “a posteriori”
pairwise differences we used Tamhane’s or SNK tests.
Descriptive statistics and mean differences between groups
and their 95 % confidence intervals were used to show the
results. Statistical analysis was carried out using PASW
Statistics 18.0.

Results

Descriptive statistics (mean, standard deviation, minimum
and maximum) for stable isotopes are presented in Table 1.
Trace element descriptive statistics (geometric mean and
95 % CI) are presented in Table 2 for feathers and in
Table 3 for eggs. One of the eggs sampled during 2007 at
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Table 1 Descriptive statistics of stable isotopes signatures in feathers and eggs of purple heron nestlings (Ardea purpurea) from the three sites

and years
Site Year Sample
Feather Egg
N Mean SD Min Max N Mean SD Min Max
PN (%) Aiguabarreig 2006 7 18.5 0.9 16.7 19.6
2007 18.9 1.6 15.8 20.5 12 19.0 2.3 14.7 21.5
2008 4 19.2 1.9 16.4 20.3
Flix 2006 10 22.3 0.7 20.8 232 12 20.5 1.3 18.1 22.7
2007 11 21.6 1.2 19.0 22.8 15 19.8 2.1 16.1 22.3
2008 9 21.6 0.5 20.6 222
Ebro Delta 2006 4 13.9 1.4 12.3 15.5 14 13.9 1.5 11.8 17.1
2007 16 13.9 0.7 12.8 15.6 25 13.3 1.0 11.6 15.7
2008 12 14.4 1.0 13.0 15.7
613C (%) Aiguabarreig 2006 7 —25.6 0.9 -27.0 —24.3
2007 7 -27.5 0.5 —28.3 -27.0 12 -27.2 1.5 -29.9 —-252
2008 4 274 0.9 —28.7 —26.8
Flix 2006 10 —25.8 0.8 —27.1 —24.4 12 —27.5 0.9 —28.9 —25.9
2007 11 —27.0 0.7 —28.1 —-25.9 16 —28.3 0.9 —29.2 —25.8
2008 9 —28.6 0.4 —29.3 —28.1
Ebro Delta 2006 4 —24.0 1.8 —26.2 —22.2 14 —24.9 1.0 —-26.3 —23.2
2007 16 —24.1 0.9 —25.0 —22.1 25 —26.3 1.5 —-304 —23.1
2008 12 —22.6 32 —25.6 —-16.9

Flix site presented a nitrogen value out of range and was
excluded from those analyses involving &'°N.

Stable isotopes of prey (crayfish and carp samples) are
shown in the scatterplot of 6'°N and ¢'°C in Fig. 2.

Feather and eggs samples

With regard to 6'°N no significant interaction between
locality and year was detected. Significant differences were
found among localities for both feathers (F,77 = 445,
p < 0.001) and eggs (F,75s = 146, p < 0.001), but not
among years. In feather samples, Flix presented the higher
values, followed by I’Aiguabarreig, and with the lowest
values, the Ebro Delta, while for eggs I’ Aiguabarreig and
Flix had the highest values (with no significant differences
between 1’ Aiguabarreig and Flix) and the Ebro Delta the
lowest (Fig. 3).

A significant interaction between locality and year was
found in carbon signatures of feathers (see Fig. 3);
although localities always ranked in the same order, mag-
nitude of differences among them varies with year. Sig-
nificant differences were found among localities in all
years (Fp13 =3.9, p=0.038; Fp3 =694, p <0.001;
Fr2, = 19.5, p < 0.001, for 2006, 2007 and 2008 respec-
tively). No interaction was found in egg samples, but
significant differences were found among localities

(F275 = 28, p < 0.001) and between years (F 75 = 14.3,
p <0.001). The Ebro Delta was the locality with
the highest values for both eggs and feathers, while
I’ Aiguabarreig and Flix showed the lowest (with no sig-
nificant differences between 1’Aiguabarreig and Flix).
Signatures were higher in 2006 than 2007 for egg samples.

Mercury showed a significant interaction between
locality and year in feathers and significant differences
were found among localities in all years (F5 ;3 = 33.7,
p < 0001, F2’31 = 541, p < 0001, F2,22 = 155, p <
0.001, for 2006, 2007 and 2008 respectively). Post hoc
comparisons showed that Flix was the locality with the
highest levels and 1’ Aiguabarreig and the Ebro Delta did
not differed significantly. Egg samples did not show an
interaction, but significant differences among localities
(F275 = 14.8, p < 0.001) and between years (F; 75 = 20,
p < 0.001) (Fig. 4). In eggs, Flix again showed the highest
values, followed by the Ebro Delta, with the lowest values
in I’ Aiguabarreig. Levels were higher in 2006 than in 2007.

Selenium levels showed significant differences among
localities (Feather: F, 77 = 22.9, p < 0.001; Egg: F,75 =
10.9, p < 0.001) and in egg samples also between years
(F175 = 6.3, p = 0.014) (Fig. 4). No interaction among
site and year was found in feather or egg samples. For
feather samples, Flix was the site with the highest values,
followed by 1’Aiguabarreig and the Ebro Delta with the
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Table 2 Descriptive statistics of trace elements expressed in ng/g in feathers of purple heron nestlings (Ardea purpurea) from the three sites and

years
Year Site
I’ Aiguabarreig Flix Ebro Delta
% Mean 95 % CI % Mean 95 % CI % Mean 95 % CI
[Hg] 2006 100 1501.0b 1087.4  2072.0 100  7377.9a 5186.1 10496.1 100 2407.0b 1944.1 2980.1
2007 100  1548.4b 1160.5 20659 100 6614.7a 5081.2 8610.8 100 1395.7b 1106.8 1760.0
2008 100 1469.1b 1277.2  1690.0 100 3781.4a 2555.1 5596.3 100 1801.3b 1562.8 2076.3
[Se] 2006 100 1811.9B  1542.8 21279 100 2609.2A  2311.2 2945.7 75 1289.9C 624.6 2663.7
2007 86  1654.6 11229 24379 100 23644 2047.9 2729.7 81 1244.3 1007.7 1536.4
2008 100 2214.6 20654 23746 100  2238.9 1723.6 2908.3 100 1705.8 1479.1 1967.3
[Cu]  2006* 100  8638.4 7658.0 97444 100  8076.5 7373.7 8846.2 100  11282.6 9618.3  13234.9
2007** 100  5698.3 45854  7081.1 100  6070.0 5478.3 6725.6 100 5849.4 5385.7 6353.0
2008** 100  5921.9 5395.0 6500.2 100  5704.8 4698.3 6927.0 100 7766.2 6033.2 9996.9
[Pb] 2006 100 1349.6 1009.7  1804.0 100 1622.0 1383.3 1901.9 100 2038.2 1476.3 2813.9
2007 0 9 0
2008 25 56 54.8 333 90.2 75 76.1 50.1 115.8
[Cr] 2007* 100 1603.8B 15114 17019 100 1736.5A 16199 1861.5 100 1541.2B 1447.0 1641.4
2008** 100  1961.2 1848.5 2080.8 100  2059.0 1961.4 2161.5 100 2055.8 1956.2 2160.5
[As] 2007 29 27 88 157.3 138.5 178.7
2008 100 69.8B 48.1 101.3 100 68.0B 52.2 88.8 100 148.0A 117.7 186.1

Asterisks and capital letters show significant differences among years or among localities respectively, in the case of no interaction between both
factors. Minuscule are used to show significant differences between localities for a particular year when interaction was detected

Table 3 Descriptive statistics of trace elements expressed in ng/g in eggs of purple heron (Ardea purpurea) from the three sites and years

Year Site
I’ Aiguabarreig Flix Ebro Delta
% Mean 95 % CI % Mean 95 % CI % Mean 95 % CI
[Hg] 2006%* 100 1007.9A 703.4 1444.2 100 636.0B 513.2 788.6
2007%** 100 159.5C 100.6 253.0 100 579.8A 366.0 918.3 100 257.6B 195.5 339.5
[Se] 2006* 100  3808.6A 32937  4404.1 100  2937.5B 2495.0  3458.5
2007%** 100  3468.0A 31140 3862.3 100 3398.8A  3123.6  3698.2 100  2690.7 B 2451.5 29534
[Cu] 2006 100 5211.5a 47434 57257 100  4713.3a 4363.0 5091.8
2007 100  3721.5¢ 3261.5 42464 100 4022.1b 3686.8 43879 100  4342.1a 4087.3  4612.8
[Cr] 2007 100 2529.1 24534  2607.1 100 24252 22445  2620.4 100 2599.3 2527.5  2673.1
[As] 2007 83 127.8B 115.1 141.9 69 130.6B 103.3 112.9 100 167.8A 151.6 185.6

Asterisks and capital letters show significant differences among years or among localities respectively, in the case of no interaction between both

factors. Minuscule are used to show significant differences between localities for a particular year when interaction was detected

lowest values. In eggs 1’Aiguabarreig and Flix had the
highest values (with no significant differences between
them), while Ebro Delta the lowest, and levels during 2006
were higher than in 2007.

Concerning copper levels, a significant interaction
between locality and year was found in eggs. Significant
differences were found among localities (F,75 = 4, p =
0.022) and between years (F,75 = 23.3, p < 0.001) in
feathers, while in eggs differences were found only in 2007
(F124 = 3.3, p = 0.082; Fy50 = 3.6, p = 0.034, for 2006
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and 2007 respectively). In feather samples, pairwise tests
failed to find significant differences, and levels during 2006
were higher than those detected in 2007 and 2008. For eggs,
differences found in 2007 showed the Ebro Delta as the site
with the highest levels and I’ Aiguabarreig as the one with the
lowest, while Flix presented intermediate values.
Chromium levels did not show an interaction between
locality and year, but showed significant differences among
localities (F, 55 = 3.27, p = 0.045) and years (F;ss =
87.19, p < 0.001) in feathers. For feather samples, Flix was
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Fig. 2 Plots of '°N and 6'>C signatures indicating the mean position
of the crayfish and carp sampled of the three sampled sites (two for
carp). Circles indicate mean value, lines their corresponding 95 %
confidence intervals

the site with the highest values, while 1’ Aiguabarreig and
the Ebro Delta presented lower ones (with no significant
differences between 1’Aiguabarreig and the Ebro Delta).
Also, levels were higher during 2008 than during 2007.
Significant differences were not found in egg samples
(Fa50 = 2.59, p = 0.085).

Arsenic levels showed significant differences among
localities (Featherygos: F220 = 15.9, p < 0.001; Eggapor:
F, 50 = 11.16, p < 0.001) for both sample types. For both
feather and eggs samples, the Ebro Delta was the site with
the highest values, 1’ Aiguabarreig and Flix had lower ones
(with no significant differences between them). In 2007
percentage of feather samples above detection limit were
compared, resulting in a significant difference among
localities (Fisher exact test, p = 0.0014), showing in the
Ebro Delta higher percentages of detection.

Information on lead levels in feathers is shown in Table 2;
due to the highly variable percentage of detected samples,
running adequate statistical analysis was not possible, so
quantitative differences among sites or years are not given.
Nevertheless, we were able to compare percentage of feather
samples with quantifiable values among localities, and we
found that in 2007 there was not significant differences
(Fisher exact test, p = 0.54) whereas significant difference
arises in 2008 (Fisher exact test, p = 0.031) samples from
I’ Aiguabarreig presenting a lower percentage of detection.
Lead was not detected in eggs samples.

Comparison between feather and egg signatures
and trace element levels

For such comparisons, only data from 2007 are taken into
account, as both feather and eggs samples were collected at
all sites only during that year.
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Fig. 3 Plots of 6'°N and 6'>C signatures indicating the mean position
of the purple heron nestlings and eggs of the three sampled sites in
each year. Circles (feathers F) and triangles (eggs E) indicate mean
value, and lines their corresponding 95 % confidence intervals

With regard to mercury, selenium and copper levels, no
interaction between site and sample type was detected, and
significant differences were found among sample types
(Hg F1’83 = 205.3, p< 0.001; Se: F1’83 = 107.9, p <
0.001; Cu: F;g3 =938, p <0.001). Chromium levels
presented interaction between site and sample type, and
significant differences were found among sample types in
all sites (I’Aiguabarreig: F; 7 = 312.7 p < 0.001; Flix:
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Fig. 4 Plots of mercury and selenium concentrations (given on a
logarithmic scale) indicating the mean position of the purple heron
nestlings and eggs of the three sampled sites in each year. Circles
(feathers F) and triangles (eggs E) indicate mean value, and lines their
corresponding 95 % confidence intervals

F1’25 = 4293, p< 0001, Delta: F|,39 = 32452, p <
0.001). Metal levels followed the same pattern in all sites,
such that mercury and copper levels were higher in feather
than in egg samples, while selenium and chromium levels
presented the opposite pattern. Arsenic levels were equiv-
alent in both sample types. Arsenic levels were not com-
pared due to the small percentage of detected samples in
feather.

Regarding nitrogen signatures, differences were found
among sample types (F;g, = 5.3, p = 0.024). Nitrogen
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signatures followed the same pattern as mercury and
copper, being higher in feather than in egg samples. On the
other hand, carbon signatures presented a significant
interaction between locality and sample type. Significant
differences were found between sample type in Flix and
Ebro Delta ("*Cpy: Fios = 18.4, p < 0.001, 6" Cpeya
Fi130 =27.8, p<0.001) but were not found at I’Ai-
guabarreig (0"°C  paiguabarreig: F1.17 = 0.3, p = 0.623).
Signatures were higher in feather samples at Flix and the
Ebro Delta.

Discussion

Nitrogen signatures are used to estimate trophic level,
although the ratios can be affected by several factors, such
as the food-chain length in a given ecosystem or by envi-
ronmental differences in the baseline (Cabana and
Rasmussen 1994). The latter seems to be the case of this
study, as the outstanding differences found between the
riverine localities (Flix and 1’ Aiguabarreig) and the Ebro
Delta apparently relied on baseline differences, likely
caused by the eutrophication of the river. Both riverine
sites are located at reservoirs, with marked eutrophication
indicated also by the higher d'°N of the main purple heron
prey (see Fig. 2). A similar situation was observed in little
egret (Egretta garzetta) from Chikly island (Abdennadher
et al. 2011), exposed to eutrophication and food-web
enrichment in nitrogen rich sewage. On the other hand,
purple heron §'°N signatures from the Ebro Delta resemble
those of the freshwater tern species that inhabit this area
(Cotin et al. 2011), where the continuous water flow into
rice fields and lakes probably prevents eutrophication. The
possibility that the 6'°N differences are caused by changes
in diet is ruled out as regurgitates from all localities pre-
sented the same prey species, mainly crayfish and carp
(J. Cotin, personal observation). Therefore, although SN
signatures reflect trophic level, the changes observed
among the different localities are based on differences in
the baseline. Carbon signatures maintain the same pattern
between sites each year, although slight differences can be
observed between years. The values reflect riverine and
deltaic habitats, being around —24 %o for the Ebro Delta
freshwater habitats (Cotin et al. 2011). Observed changes
between years in riverine localities are probably due to the
highly dynamic nature of the Ebro River. Annual changes
at the Ebro Delta are probably related to a partial shift to
more brackish feeding areas, such as the coastal lagoons, as
habitats influenced by the sea present a higher isotopic ratio
than freshwater habitats (Michener and Schell 1994). This
fact is reflected in the higher variability of carbon signa-
tures found in the Ebro Delta. The combined use of
nitrogen and carbon signatures helps to discriminate well
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enough riverine and deltaic ecosystems (high nitrification
in the river and lower carbon signatures in the delta).

When comparing egg and nestling feather samples,
Burger et al. (2009) found no differences in their usefulness
as bioindicators of contamination in herons, although other
studies found nestling feathers more representative of
regional pollution, as egg samples may be influenced to a
different extent by the female body burden accumulated
during the wintering or migration period (DesGranges et al.
2009; Hughes et al. 1997). Nevertheless, as the purple
heron is considered an income breeder (Hobson et al. 2000;
Ruiz et al. 1998) differences between egg and feather
samples are probably due to routing. Moreover, feathers
reflect the narrower diet offered to the chicks by their
parents and, in a small and unknown percentage, the
transfer of some of the female’s burden into the egg.
Accordingly, both samples would be reliable bioindicators,
although the lower variability shown by the isotopic data
and the higher levels observed in most of the trace elements
analysed (except for chromium, but especially selenium, as
this element is appreciably transferred to eggs (Focardi
et al. 1988; Sell 1977) suggest that feather samples may be
a more accurate bioindicator. Also, from a conservational
perspective, sampling nestling feathers is more respectful
to heron populations, provided that sampling protocols
follow certain conditions while entering heron colonies,
which are highly sensitive to human disturbance.

Although some differences were found in chromium and
arsenic, levels are very similar in all sites. Chromium levels
detected at Flix could be slightly influenced by the toxic
muds and arsenic probably is higher at the Ebro Delta due
to a partial use of foraging habitats influenced by the sea, as
it has been seen in other species inhabiting this area
(unpublished data). Arsenic and chromium levels are below
toxic levels and within those reported for several bird
species, including herons (Burger and Gochfeld 2009;
Padula et al. 2010), and lead levels are below those causing
adverse reproductive effects (around 4,000 ng/g in feathers
reported by (Burger and Gochfeld 2000). Although hunting
activities using lead shot are high at the Ebro Delta, herons
are generally not at risk from this source, as they do not
normally ingest lead pellets.

Regarding copper, shifts in concentrations among years
could reflect the dynamics of the river. This metal seems to
be equally available in all the habitats, and year to year
variations could be explained by the use of copper sulphate
in agriculture. Levels reported are far below toxic levels
(Attia et al. 2011).

Eggs are good bioindicators of selenium (Ohlendorf
et al. 2011) and levels are higher at riverine sites than at
the Ebro Delta. Therefore, the river is probably affected
by other sources of selenium rather than the polluted
sediments. Although feathers are poor indicators of this

pollutant (Ohlendorf and Heinz 2011), the higher levels
found at Flix seems to indicate a slight effect from this site
on herons.

Avian embryos are very sensitive to the toxic effects of
selenium, which is reflected by reduced hatchability of
fertile eggs and teratogenic development of embryos (Janz
et al. 2010.). Although the threshold at which negative
impacts occur in birds is widely disputed, Ohlendorf and
Heinz (2011) recommended levels higher than 12 mg/kg
dry weight as a concentration associated with elevated
probability for reduced egg hatchability in sensitive and
moderately sensitive species and levels lower than 3.0 mg/
kg as a mean concentration for background conditions. Our
values don’t reach that threshold, but are in all cases above
the range of those reported in little egret eggs and feathers
in Pakistan (Boncompagni et al. 2003), feathers of black-
crowned night heron (Nycticorax nycticorax) in USA,
(Golden et al. 2003) breast feathers from several heron
species from Hong Kong and Szechuan (Burger and
Gochfeld 1993) and among the highest ever reported for a
heron species, although a negative impact cannot be
certain, as thresholds levels in feathers are not clear
(Ohlendorf and Heinz 2011).

Concerning mercury, Flix presented the highest con-
centrations among the studied sites, meaning that the
amount of mercury leaching from the toxic muds into the
Ebro River ecosystem is high and continous at Flix Res-
ervoir, as the concentrations are stable through the years
even in a highly dynamic ecosystem as the Ebro River, as
also shown in a study conducted with zebra mussel
(Carrasco et al. 2008). The only change in this pattern was
during 2008, in which some of the individuals from Flix
site may have been feeding upstream, away from the main
mercury input, as reflected by the lower levels in nestling
feathers. Levels detected at I’ Aiguabarreig are much higher
than the ones expected for a ‘reference’ site, so this area
must also be affected by other sources of mercury. Even
the Ebro Delta, situated 90 km from the Flix site, shows
intermediate levels that may be explained by the sediments
being carried downstream. Purple heron show relatively
high concentrations at this site, as other bird species for-
aging at the same area have already shown (Cotin et al.
2011).

The high mercury levels detected at Flix are of special
concern, with purple heron nestlings having values as high
as 13,600 ng/g in feathers, which is within the alerting
range, as concentrations of mercury between 5,000 and
15,000 ng/g in feathers have been related to adverse effects
on growth and reproduction in birds (Eisler 1987). In fact,
adverse effects have already been pointed out in previous
studies for this breeding population, which in part may be
due to the fact that heron embryos have been reported to be
highly sensitive to mercury (Heinz et al. 2009). The
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elevated levels of micronuclei in peripheral erythrocytes
(Quiros et al. 2008) and the reduced blood antioxidant
defenses (Barata et al. 2010) are some of the physiological
stress responses that these birds have developed to pollu-
tion. Also, other species in this ecosystem, including zebra
mussels, crayfish and several fish species, have shown
effects from this pollutant (Benejam et al. 2010; Faria et al.
2010; Navarro et al. 2009; Suarez-Serrano et al. 2010).

Finally, it should be noted that mercury levels found in
nestling feathers at Flix are far higher than the ones found
for little egret in Pakistan (Boncompagni et al. 2003) and
Hong Kong (Connell et al. 2002) or several heron species
from China (Burger and Gochfeld 1993) and even higher
than those reported for little egret and night heron feathers
in the Axios Delta, Greece (Goutner and Furness 1997) and
northern Italy (Fasola et al. 1998). Higher levels have been
found in heron species in the Everglades, USA (Frederick
et al. 2004), but feathers were taken from adult birds
conserved in museums, which probably reflect bioaccu-
mulation. High values of mercury in blood were found for
some years in the Carson River (Nevada) for two heron
species, snowy egret (Egretta thula) and black-crowned
night heron (Henny et al. 2007), but to our knowledge,
mercury levels detected in purple heron at the Flix site are
the highest ever reported in nestlings feathers of a heron
species.

Conclusions

e Nitrogen signatures reflect trophic level, but differences
among localities are greatly influenced by baseline
values, being higher in the riverine sites than in the
delta. Nitrogen together with carbon signatures ade-
quately distinguish riverine and deltaic ecosystems
(high nitrification in the river and lower carbon signa-
tures in the delta).

e FEggs and nestling feathers of purple herons have
demonstrated their usefulness as bioindicators for trace
element pollution in the river biota. Nestling feathers,
which are grown from dietary items provided by
parents in the surroundings of the colony, show
pollutant impacts on a local basis. Moreover, since
chicks belong to a homogeneous age-class, the effects
of age-related bioaccumulation on pollutant levels are
expected to be negligible.

e FEggs and nestling feathers of purple herons have
demonstrated their usefulness as bioindicators for trace
element pollution in the river biota. Nestling feathers,
which are grown from dietary items provided by
parents in the surroundings of the colony, show
pollutant impacts on a local basis. Moreover, since
chicks belong to a homogeneous age-class, the effects
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of age-related bioaccumulation on pollutant levels are
expected to be negligible.

e Mercury is highly influenced by the polluted sediments
at Flix reservoir, while selenium and especially copper
concentrations probably derive from other sources.

e Although most of the trace element content of purple
heron samples are below alerting values, the high
mercury levels from the Flix site pose potential risks for
these birds and are among the highest ever reported.

e From our study it is apparent that in highly dynamic
ecosystems as the Ebro River and its Delta, a series of
study years is necessary to properly understand pollu-
tant spatio-temporal changes, so a long-term monitor-
ing programme of the purple heron population at Flix is
recommended to advise the effect of the toxic muds,
particularly during and after their removal which could
result in a increased bioavailability of mercury for river
biota.

Acknowledgments We dedicate this work to the memory of Xavier
Ruiz, who passed away on 27th April 2008. The authors wish to
acknowledge the kindly cooperation of the personnel at the Reserva
Natural de Sebes (Flix), Parc Natural del Delta de I’Ebre and Estaci6
Biologica de I’Aiguabarreig for the facilities during fieldwork.
Thanks are given to Sergi Ferrer and the staff at the Serveis Cient-
tficotecnics (UB, Spain) for their help during the sample collection
and laboratory analysis and to Gretchen Wagner for her suggestions
and corrections of the English draft. Javier Cotin was supported by a
BRD grant from the Universitat de Barcelona (Spain). This work was
funded by the project ‘Metalls pesants i organoclorats en el curs
inferior i delta del riu Ebre: La ornitofauna com a bioindicadora.’
(Ministry of the Environment, Spain, the Catalan Water Agency,
Department of the Environment and Housing, Catalan Government)
and by Spanish MEyC grant project CGL2008-05448-C02-01/02/
BOS.

References

Abdennadher A, Ramirez F, Romdhane MS, Ruiz X, Jover L, Sanpera
C (2011) Little egret (Egretta garzetta) as a bioindicator of trace
element pollution in Tunisian aquatic ecosystems. Environ
Monit Assess 1-4:677-684

Attia YA, Abdalah AA, Zeweil HS, Bovera F, EI-Din AAT, Araft MA
(2011) Effect of inorganic or organic copper additions on
reproductive performance, lipid metabolism and morphology
of organs of dual-purpose breeding hens. Arch Geflugelkd 3:
169-178

Baker SD, Sepulveda MS (2009) An evaluation of the effects of
persistent environmental contaminants on the reproductive
success of great blue herons (Ardea herodias) in Indiana.
Ecotoxicology 3:271-280

Baos R, Jovani R, Pastor N, Tella J, Jimenez B, Gomez G (2006)
Evaluation of genotoxic effects of heavy metals and arsenic in
wild nestling white storks (Ciconia ciconia) and black kites
(Milvus migrans) from southwestern Spain after a mining
accident. Environ Toxicol Chem 10:2794-2803

Barata C, Fabregat MC, Cotin J, Huertas D, Sole M, Quiros L,
Sanpera C, Jover L, Ruiz X, Grimalt JO, Pifia B (2010) Blood



Are the toxic sediments deposited at Flix reservoir affecting the Ebro river biota? 1401

biomarkers and contaminant levels in feathers and eggs to assess
environmental hazards in heron nestlings from impacted sites in
Ebro basin (NE Spain). Environ Pollut 3:704-710

Benejam L, Benito J, Garcia-Berthou E (2010) Decreases in condition
and fecundity of freshwater fishes in a highly polluted reservoir.
Water Air Soil Pollut 1-4:231-242

Benito V, Devesa V, Munoz O, Suner M, Montoro R, Baos R,
Hiraldob F, Ferrer M, Fernandez M, Gonzalez MJ (1999) Trace
elements in blood collected from birds feeding in the area around
Donana National Park affected by the toxic spill from the
Aznalcollar mine. Sci Total Environ 1-3:309-323

Boncompagni E, Muhammad A, Jabeen R, Orvini E, Gandini C,
Sanpera C, Ruix X, Fasola M (2003) Egrets as monitors of trace-
metal contamination in wetlands of Pakistan. Arch Environ
Contam Toxicol 3:399-406

Bosch C, Olivares A, Faria M, Navas JM, del Olmo I, Grimalt JO,
Pina B, Barata C (2009) Identification of water soluble and
particle bound compounds causing sublethal toxic effects. A
field study on sediments affected by a chlor-alkali industry.
Aquat Toxicol 1:16-27

Burger J, Gochfeld M (1993) Heavy-metal and selenium levels in
feathers of young egrets and herons from Hong-Kong and
Szechuan, China. Arch Environ Contam Toxicol 3:322-327

Burger J, Gochfeld M (2000) Effects of lead on birds (Laridae): a
review of laboratory and field studies. J Toxicol Environ Health
2:59-78

Burger J, Gochfeld M (2009) Comparison of arsenic, cadmium,
chromium, lead, manganese, mercury and selenium in feathers in
bald eagle (Haliaeetus leucocephalus), and comparison with
common eider (Somateria mollissima), glaucous-winged gull
(Larus glaucescens), pigeon guillemot (Cepphus columba), and
tufted puffin (Fratercula cirrhata) from the Aleutian Chain of
Alaska. Environ Monit Assess 1-4:357-367

Burger J, Nisbet ICT, Gochfeld M (1992) Metal levels in regrown
feathers—assessment of contamination on the wintering and
breeding grounds in the same individuals. J Toxicol Environ
Health 3:363-374

Burger J, Gochfeld M, Jeitner C, Burke S, Volz CD, Snigaroff R,
Snigaroff D, Shukla T, Shukla S (2009) Mercury and other
metals in eggs and feathers of glaucous-winged gulls (Larus
glaucescens) in the Aleutians. Environ Monit Assess 1-4:
179-194

Cabana G, Rasmussen J (1994) Modeling food-chain structure and
contaminant bioaccumulation using stable nitrogen isotopes.
Nature 6503:255-257

Carrasco L, Diez S, Soto D, Catalan J, Bayona J (2008) Assessment of
mercury and methylmercury pollution with zebra mussel (Dre-
issena polymorpha) in the Ebro River (NE Spain) impacted by
industrial hazardous dumps. Sci Total Environ 1:178-184

Carrasco L, Benejam L, Benito J, Bayona JM, Diez S (2011)
Methylmercury levels and bioaccumulation in the aquatic food
web of a highly mercury-contaminated reservoir. Environ Int
7:1213-1218

Champoux L, Rodrigue J, Trudeau S, Boily MH, Spear PA, Hontela
A (2006) Contamination and biomarkers in the great blue heron,
an indicator of the state of the St. Lawrence River. Ecotoxico-
logy 1:83-96

Cherel Y, Le Corre M, Jaquemet S, Menard F, Richard P,
Weimerskirch H (2008) Resource partitioning within a tropical
seabird community: new information from stable isotopes. Mar
Ecol Prog Ser 366:281-291

Connell D, Wong B, Lam P, Poon K, Lam M, Wu R (2002) Risk to
breeding success of Ardeids by contaminants in Hong Kong:
evidence from trace metals in feathers. Ecotoxicology 1:49-59

Connell D, Fung C, Minh T, Tanabe S, Lam P, Wong B (2003) Risk
to breeding success of fish-eating Ardeids due to persistent

organic contaminants in Hong Kong: evidence from organo-
chlorine compounds in eggs. Water Res 2:459-467

Cotin J, Garcia-Tarrason M, Sanpera C, Jover L, Ruiz X (2011) Sea,
freshwater or saltpans? Foraging ecology of terns to assess
mercury inputs in a wetland landscape: the Ebro Delta. Estuar
Coast Shelf Sci 1:188-194

De Luca-Abbott S, Wong B, Peakall D, Lam P, Young L, Lam M
(2001) Review of effects of water pollution on the breeding
success of waterbirds, with particular reference to Ardeids in
Hong Kong. Ecotoxicology 6:327-349

DesGranges J, Rodrigue J, Champoux L (2009) Geographic distribu-
tion of selected contaminants in great blue herons from the St.
Lawrence River system, Quebec (1989-1994). Can Wildl Serv
Occas Paper 116:1-18

Eisler R (1987) Mercury hazards to fish, wildlife, and invertebrates: a
synoptic review. U.S. Fish and Wildlife Service Biological
Report 85(1.10)

Faria M, Huertas D, Soto D, Grimalt J, Catalan J, Riva M (2010)
Contaminant accumulation and multi-biomarker responses in
field collected zebra mussels (Dreissena polymorpha) and
crayfish (Procambarus clarkii), to evaluate toxicological effects
of industrial hazardous dumps in the Ebro river (NE Spain).
Chemosphere 3:232-240

Fasola M, Movalli PA, Gandini C (1998) Heavy metal, organochlorine
pesticide, and PCB residues in eggs and feathers of herons
breeding in northern Italy. Arch Environ Contam Toxicol 1:87-93

Fernandez M, Alonso C, Gonzalez M, Hernandez L (1999) Occur-
rence of organochlorine insecticides, PCBs and PCB congeners
in waters and sediments of the Ebro River (Spain). Chemosphere
1:33-43

Focardi S, Fossi C, Lambertini M, Leonzio C, Massi A (1988) Long-
term monitoring of pollutants in eggs of yellow-legged herring
gull from Capraia Island (Tuscan Archipelago). Environ Monit
Assess 1:43-50

Folch J, Lees M, Stanley GHS (1957) A simple method for the
isolation and purification of total lipides from animal tissues.
J Biol Chem 1:497-509

Forero MG, Hobson KA (2003) Using stable isotopes of nitrogen and
carbon to study seabird ecology: applications in the Mediterra-
nean seabird community. Scientia Marina 67:23-32

Forero MG, Gonzalez-Solis J, Hobson KA, Doncazar JA, Bertellotti
M, Blanco G, Bortolotti GR (2005) Stable isotopes reveal trophic
segregation by sex and age in the southern giant petrel in two
different food webs. Mar Ecol Prog Ser 296:107-113

Frederick PC, Hylton B, Heath JA, Spalding MG (2004) A historical
record of mercury contamination in southern Florida (USA) as
inferred from avian feather tissue. Environ Toxicol Chem
6:1474-1478

Golden NH, Rattner BA, McGowan PC, Parsons KC, Ottinger MA
(2003) Concentrations of metals in feathers and blood of nestling
black-crowned night-herons (Nycticorax nycticorax) in Chesa-
peake and Delaware Bays. Bull Environ Contam Toxicol
2:385-393

Gomez G, Baos R, Gomara B, Jimenez B, Benito V, Montoro R
(2004) Influence of a mine tailing accident near Donana National
Park (Spain) on heavy metals and arsenic accumulation in 14
species of waterfowl (1998 to 2000). Arch Environ Contam
Toxicol 4:521-529

Goutner V, Furness RW (1997) Mercury in feathers of little egret
Egretta garzetta and night heron Nycticorax nycticorax chicks
and in their prey in the Axios Delta, Greece. Arch Environ
Contam Toxicol 2:211-216

Heinz GH, Hoffman DJ, Klimstra JD, Stebbins KR, Kondrad SL,
Erwin CA (2009) Species differences in the sensitivity of avian
embryos to methylmercury. Arch Environ Contam Toxicol
1:129-138

@ Springer



1402

J. Cotin et al.

Henny CJ, Hill EF, Grove RA, Kaiser JL (2007) Mercury and drought
along the lower Carson River, Nevada: I. Snowy egret and black-
crowned night-heron annual exposure to mercury, 1997-2006.
Arch Environ Contam Toxicol 2:269-280

Hobson KA (1999) Tracing origins and migration of wildlife using
stable isotopes: a review. Oecologia 3:314-326

Hobson KA, Piatt JF, Pitocchelli J (1994) Using stable isotopes to
determine seabird trophic relationships. J Anim Ecol 4:786-798

Hobson KA, Sirois J, Gloutney ML (2000) Tracing nutrient allocation
to reproduction with stable isotopes: a preliminary investigation
using colonial waterbirds of Great Slave Lake. Auk 3:760-774

Hughes K, Ewins P, Clark K (1997) A comparison of mercury levels
in feathers and eggs of osprey (Pandion haliaetus) in the North
American Great Lakes. Arch Environ Contam Toxicol 4:
441-452

Janz D, DeForest D, Brooks M, Chapman P, Gilron G, Hoff D,
Hopkins W, Mclntyre D, Mebane C, Palace V, Skorupa J,
Wayland M (2010) Selenium toxicity to aquatic organisms. In:
Chapman PM, Adams WJ, Brooks ML, Delos CG, Luoma SN,
Maher WA, Ohlendorf HM, Presser TS, Shaw DP (eds)
Ecological assessment of selenium in the aquatic environment.
SETAC, Pensacola, pp 141-231

Koiadinovic J, Menard F, Bustamante P, Cosscon RP, Le Corre M
(2008) Trophic ecology of marine birds and pelagic fishes from
Reunion Island as determined by stable isotope analysis. Mar
Ecol Prog Ser 361:239-251

Llorente G, Farran A, Ruiz X, Albaiges J (1987) Accumulation and
distribution of hydrocarbons, polychlorobyphenyls, and DDT in
tissues of 3 species of Anatidae from the Ebro Delta (Spain).
Arch Environ Contam Toxicol 5:563-572

Maifiosa S, Mateo R, Guitart R (2001) A review of the effects of
agricultural and industrial contamination on the Ebro delta biota
and wildlife. Environ Monit Assess 2:187-205

Michener RH, Schell DM (1994) Stable isotope ratios as tracers in
marine aquatic food webs. In: Lajtha K, Michener RH (eds)
Stable isotopes in ecology and environmental science. Blackwell
Scientific Publications, London, pp 138-157

Moreno R, Jover L, Munilla I, Velando A, Sanpera C (2010) A three-
isotope approach to disentangling the diet of a generalist
consumer: the yellow-legged gull in northwest Spain. Mar Biol
3:545-553

Moreno R, Jover L, Diez C, Sanpera C (2011) Seabird feathers as
monitors of the levels and persistence of heavy metal pollution
after the Prestige oil spill. Environ Pollut 10:2454-2460

Navarro A, Quiros L, Casado M, Faria M, Carrasco L, Benejam L
(2009) Physiological responses to mercury in feral carp popu-
lations inhabiting the low Ebro River (NE Spain), a historically
contaminated site. Aquat Toxicol 2-3:150-157

Navarro A, Tauler R, Lacorte S, Barcelo D (2010) Occurrence and
transport of pesticides and alkylphenols in water samples along
the Ebro River Basin. J Hydrol 1-2:18-29

Nisbet ICT, Montoya JP, Burger J, Hatch JJ (2002) Use of stable
isotopes to investigate individual differences in diets and mercury
exposures among common terns Sterna hirundo in breeding and
wintering grounds. Mar Ecol Prog Ser 242:267-274

Ohlendorf HM, Heinz GH (2011) Selenium in birds. In: Beyer WN,
Meador JP (eds) Environmental contaminants in biota: inter-
preting tissue concentrations, 2nd edn. CRC Press/Taylor and
Francis Group, Boca Raton, pp 669-701

@ Springer

Ohlendorf HM, Covington SM, Byron ER, Arenal CA (2011)
Conducting site-specific assessments of selenium bioaccumula-
tion in aquatic systems. Integr Environ Assess Manag
7(3):314-324

Padula V, Burger J, Newman S, Elbin S, Jeitner C (2010) Metals in
feathers of black-crowned night-heron (Nycticorax nycticorax)
chicks from the New York Harbor Estuary. Arch Environ
Contam Toxicol 1:157-165

Pastor D, Sanpera C, Gonzalez-Solis J, Ruiz X, Albaiges J (2004)
Factors affecting the organochlorine pollutant load in biota of a
rice field ecosystem (Ebro Delta, NE Spain). Chemosphere
4:567-576

Quiros L, Ruiz X, Sanpera C, Jover L, Pina B (2008) Analysis of
micronucleated erythrocytes in heron nestlings from reference
and impacted sites in the Ebro basin (NE Spain). Environ Pollut
1:81-87

Ramirez F, Abdennadher A, Sanpera C, Jover L, Hobson KA,
Wassenaar LI (2011) Tracing waterbird exposure to total
mercury and selenium: a case study at the solar saltworks of
Thyna (Sfax, Tunisia). Environ Sci Technol 12:5118-5124

Ramos L, Fernandez M, Gonzalez M, Hernandez L (1999) Heavy
metal pollution in water, sediments, and earthworms from the
Ebro River, Spain. Bull Environ Contam Toxicol 3:305-311

Ruiz X, Jover L, Pedrocchi V (1998) Audouin’s gull intraspecific
variability in yolk and albumen egg contents: why is yolk size so
constant? Biologia e Conservazione della Fauna 102:327-334

Sakellarides T, Konstantinou I, Hela D, Lambropoulou D, Dimou A,
Albanis T (2006) Accumulation profiles of persistent organochl-
orines in liver and fat tissues of various waterbird species from
Greece. Chemosphere 8:1392-1409

Sanpera C, Ruiz X, Moreno R, Jover L, Waldron S (2007) Mercury
and stable isotopes in feathers of Audouin’s gulls as indicators of
feeding habits and migratory connectivity. Condor 2:268-275

Sanpera C, Valladares S, Moreno R, Ruiz X, Jover L (2008)
Assessing the effects of the Prestige oil spill on the European
shag (Phalacrocorax aristotelis): trace elements and stable
isotopes. Sci Total Environ 1:242-249

Sell JL (1977) Comparative effects of selenium on metabolism of
methylmercury by chickens and quail—tissue distribution and
transfer into eggs. Poult Sci 3:939-948

Suarez-Serrano A, Alcaraz C, Ibanez C, Trobajo R, Barata C (2010)
Procambarus clarkii as a bioindicator of heavy metal pollution
sources in the lower Ebro River and Delta. Ecotoxicol Environ
Saf 3:280-286

Taggart M, Figuerola J, Green A, Mateo R, Deacon C, Osborn D
(2006) After the Aznalcollar mine spill: arsenic, zinc, selenium,
lead and copper levels in the livers and bones of five waterfowl
species. Environ Res 3:349-361

Tavares PC, Kelly A, Lopes RJ, Pereira ME, Duarte AC, Furness RW
(2007) The influence of dietary specialization and trophic status
on mercury levels in two species using common coastal
wetlands, Himantopus himantopus and Sterna albifrons. Ardeola
2:275-288

Vericat D, Batalla RJ (2006) Sediment transport in a large impounded
river: the lower Ebro, NE Iberian Peninsula. Geomorphology
1-2:72-92



	Are the toxic sediments deposited at Flix reservoir affecting the Ebro river biota? Purple heron eggs and nestlings as indicators
	Abstract
	Introduction
	Materials and methods
	Study sites
	Sampling
	Stable isotopes analysis
	Trace elements analysis
	Statistical methods

	Results
	Feather and eggs samples
	Comparison between feather and egg signatures and trace element levels

	Discussion
	Conclusions
	Acknowledgments
	References


