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Introduction

iological indicators are species used to monitor the health of an environment or
Becosystem. They are any biological species or group of species whose function,

population, or status can be used to determine ecosystem or environmental integrity.
When talking about bioindicators of contamination, the potentially used species should
reflect the pollution levels of the environment and vary accordingly with them.

Birds (class Aves) are feathered, winged, bipedal, endothermic, egg-laying, vertebrate
animals. There are around 10,000 living species, inhabiting ecosystems across the globe,
from the Arctic to the Antarctic. Birds can be found in your backyard, in the hottest desert,
in the depths of a rainforest or even in the middle of a storm in the open ocean. According
to their movement patterns, birds can spend their entire life in the same area (resident
species) or cross the globe twice a year (long distance migrants like the Arctic tern, Sterna
paradisaea), with many options in between. They even can just “wander” through the
oceans, as is the practice of several pelagic seabird species. Their feeding spectrum is also
wide, including examples such as grass, seeds, honey, nectar, insects, fish, mammals, other
birds, carrion...

So, whenever trying to monitor an environmental hazard using a bioindicator, there is a
great chance of finding a bird species that may satisfy the requirements. Indeed, birds have
been used as bioindicators in several pollution events, such as the decline of the raptor
populations produced by the use of DDT that took place some decades ago (Helander et
al., 2008, Henny et al., 2010, Sonne et al,, 2010), the oil spills produced by the tankers
Exxon Valdez and Prestige (Golet et al,, 2002, Sanpera et al,, 2008, Moreno et al., 2011),
spillages of contaminants like the one that occurred at Dofiana National Park, Spain (Benito
etal, 1999, Gomez et al., 2004, Baos et al.,, 2006), pollution derived from mining activities
(Wayland et al., 2006) or even radioactivity events as the one case in Chernobyl (Ruiz et al,,
1988, Moller et al.,, 2011). Birds have also been used to study contamination in ecosystems
such as the Antarctic (Corsolini et al, 2011, Jerez et al., 2011, Metcheva et al., 2011) or
to evaluate the health of wetlands (Heath and Frederick, 2005, Abdennadher et al., 2011,
Aliakbari et al., 2011).

Using birds as bioindicators of pollution has several advantages, but also some constraints.
Birds are easy to identify and their classification and systematic are well established. They are
particularly well known organisms, with much research carried out into their ecology and
behaviour, and this background knowledge of biology enhances their usefulness as biomonitors.
Birds are often high in the food chain; thus they may be particularly suitable as monitors of
any signal that accumulates through the chain. Their long life-span means that birds integrate
the effects of environmental stresses over time, providing the possibility of measuring, for
example, pollution over a year or more, but show a low sensibility for short-term, low intensity
perturbations. Similarly, the mobility of birds can allow monitoring over a broad spatial scale,
the breadth depending on the species chosen, but migratory habits can render birds much
less suitable as biomonitors because individuals may differ in their migrations to an uncertain
extent and make it difficult to determine the spatial scale they represent.
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Normally the key point consists of using the adequate species and samples, for instance, as
each of the tissue reflects the contaminants in a different way. Organochlorides distribute
among body tissues in relation to their lipid content. Heavy metals tend to be held in one
particular tissue at much higher levels than others. Feathers are metabolically inert after
formation, so for those avian species with well-known moult schedules, the analyses of
specific individual feathers provide unique chemical information of a very discrete time,
and potentially place, regardless of the sampling date (Cherel et al, 2005, Inger and
Bearhop, 2008). Feathers do not only present mercury, but many other heavy metals, as they
incorporate to the keratin structure. Eggs have also been used in many studies to monitor
contaminants, and they have several advantages over internal tissues (Barrett et al., 1985,
Becker, 1989, Burger and Gochfeld, 1989). Although females can excrete mercury into
egges, the amount that they shed in this way is usually small compared to the amount put
into feathers during moult (Honda et al., 1986). About internal tissues, metals distribute
differently from tissue to tissue: cadmium is concentrated in kidney, lead in bone, mercury
in liver and kidney, zinc, copper and iron in liver. It is interesting to remark that blood
samples provide a picture of metal levels that reflect short-term exposure (immediate
dietary intake).

So, when facing the problem of monitoring or evaluating the pollution of an ecosystem,
wetland or area, choosing the adequate species and sample type is of crucial importance,
and should be based on knowledge of the species.

In this study we face the use of birds as bioindicators of metal pollution in two different
scenarios of contamination. one that takes place in an aquatic environment, the Ebro river
basin, and a second that occurs in a terrestrial environment, the Bolivian Andes. Background,
pollution threats and sources are completely different, as has been the approach in each
study case.
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S%’m/y metals, environment and 61‘0@1‘0%/ mmp/e

%m/y metals are member of the /ooye@w/eﬁneﬁ/ subset of elements that exhibit metallic [rrofeerties.
9t mm’n@ includes the transition metals, some metalloids, lanthanides and actiides, ?ﬂfﬁcu[ﬂ@
mercury, cadmium and lead have frrom ted many inuexf{gaﬁom’, mainly because they are exfreme@
foxic (; B;fyﬁn, 1979], WMost have no known biological ﬁmcﬁan and inpufy into the environment,
/Jmﬂﬁcu/&w@ 0][ lead and mercury, /a@e@ resulf /Zfom human activiies (. L’anfzy and Mackenzie,

1979).

ﬁepemﬁn; on the ecosystem, cither tervestrial o aquatic, ollutant @meicx are vather different. In
terrestrial ecosystems, the ambient environment is usually the soil, while in an m/mﬁc one is m’uﬂ@
the water or the sediment, Once metals ' get info soils or J'e/gmenfy, fﬁey have long residence fimes before
fﬁey are eluted to other compartments, F(cipﬁfy has a marked effect on the so Méiﬁ@ of metals in soils
and water. The mobilit 0//7 metals in soils is dictated /atfqe‘/y @ the c/ay content, amount of organic
matter and /;?/ In general, the ﬁyﬁer the c/ay and/or organic matter content and ﬂ?—/, the more
ﬁrm@ bound are the metals and the /onﬂer is their residence time in soil. In water, the w//,téiﬁ'@
of metals is yz‘mry/ /J?/;é/ﬁen/em‘, In aquatic systems, metals may become 'locked Mﬁ' in bottom
sediments, where %Zy may remain for many years, However, ifthe /97—/}%/5’, mez‘a/m/uéiﬂ'fy increases
and they lecome more mobile and hence more bioavailable, As the ﬂcipﬁ'@ cﬁmyey, the oxidntion
state cﬁgnﬂey ﬂccomﬁnj@, and as a vesull, ﬁem/y metals can jenemfe or break bounds with myﬂm'c
comﬁoumﬁyenemﬁrg specific comﬁoumﬁ' such as mez‘@/ mercury. Mef@/afe&/ compoumé' are taken
up more rem/i[y than the unmef@/az‘e&/ form, due to its ﬁ{gﬁ ﬁpo&tﬁ[m@,

Unlike O;yanocﬁfom'a@y (another known fami@ of po//ufﬂmﬁ'}, which are distributed wi;/e@ amon
60@ fissues, /ﬂ?ﬂ% in relation to their ﬁ'pip/ content, ﬁem/y metals tend fo be held in one pmﬂﬁcuéz
g

tissue af much higher levels than others. The ﬂ'feﬂpeciﬁc@ of metals has an important influence on
the choice of tissue for monitoring studlies. For examp/e, aﬁ‘ﬁoogﬁ females can excrete mercury into
jﬂ/y, the amount that fﬁ(ﬁy shed in this waiy is m’uﬂ@ small cgm/mtﬂep/ to the amount /mf into ﬁ’ﬁll%ﬂl")’

uring moult (Honda ef al,, 1986). Feathers do not on@ /weyenf mercury, but many other ﬁem/y
metals, as fﬁey incorpomfe to the keratin structure, About internal tissues, cadmium is concentrated

in the Ki&ﬁfl@, lead in éone, mercury in liver and @'pﬁ'}ey, zine, cop/mﬂ and iron in lver, B/oa/mm/}/ex
ﬂmw'ﬁ@ a ﬁ;’cz‘mﬂe 0}[ metal levels that ref/ecfyﬁorﬂfer'm exposure (immediate pﬂ'ez‘a@ intake).
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Sfu@ case A: Toxic muds af Flix
¢Do z‘ﬁey affect the Elbro River and its Delta?

The Ebro catchment (NE Spain) is the largest river basin in Spain and discharges into the
Mediterranean Sea creating a delta of more than 30,000 ha. This river basin covers an area
of 85,362 km?* (http.//www.chebro.es), potentially supplies 3 million people and it contains
some heavily industrialized areas. One of these areas is the Flix site (41°14’N, 00°31’E),
where a chemical industry has been in operation since the early 20th century. During
all those decades, the company Ercros has developed several activities, such as producing
DDT from 1945 to 1971 or PCBs from 1959 to 1987. Furthermore, HCB is a well known
product resulting from the manufacture of organochlorine solvents. Mercury discharges
are related to the production of Sodium hypochlorite, commonly named as bleach. Bleach
hypochlorite is produced from the electrolysis of a saline solution, using a mercury cathode
(Cl,Hg formation) and a graphite anode (obtaining Na*). Bicalcic phosphate was produced
from 1973 onwards from rock phosphate, being their residues rich in #*8U, and thus, in the
radionuclides derived from it, among them #**Ra and #'°Pb.

These various activities and long operational period, along with the construction of a dam
next to the plant around 1960, resulted in the accumulation of 200,000-360,000 tons of
industrial wastes in the riverbed, occupying an area of 700 m of length and 60 m of width.
The mixture of heavily polluted sediments is composed of high concentrations of heavy
metals (cadmium, arsenic, copper, chromium, lead and especially mercury), selenium,
organochlorines (hexachlorobenzene, pentachlorobenzene, DDTs, polychlorobiphenyls,
polychloronaphthalenes and polychlorostyrenes) and radioactive *'°Pb (Fernandez et al,,
1999, Bosch et al, 2009). In addition, the Ebro River is currently affected by different
agricultural and industrial activities, with significant impact on the existing biota (Matiosa
et al,, 2001, Navarro et al, 2010a). The pollutants originated at the Flix site are carried

Figure 1. Two views of the Ebro Delta the Sandwich Tern colony at ‘Punta del Fangar”
and a heron colony at Clot.
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Figure 2. Views of the two riverine sampling sites: ’Aiguabarreig and Flix.

downstream by the Ebro River to its delta 90 km away (Llorente et al., 1987, Pastor et al.,
2004, Navarro et al., 2009), especially during floods (Vericat and Batalla, 2006).

As a consequence, a global 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 implies a high risk of pollutant dispersal.

Some of the data obtained by this and other previous studies on the Flix reservoir and
the Ebro River have shown high levels of PCBs in sediments (Fernandez et al., 1999) and
the effects of pollutants on different sentinel species. Earthworms presented high levels
of mercury (Ramos et al., 1999). Zebra mussels (Dreissena polymorpha) with the highest
levels of Hg (THg) and methylmercury (MeHg) ever reported were found at this site, 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, metallothioneins, 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 mercury exceeding legal values established by
European Union legislation (Suarez-Serrano et al., 2010). Mercury concentrations in tissues
of Feral 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 tumour (DELT)
anomalies and ectoparasites were clearly more frequent at the impacted area for several
fish species (Feral Carp, Roach -Rufilus rutilus- and Pumpkinseed Sunfish -Lepornis
&ibbosus-); also a significant lower body condition was detected for these species and Bleak
(Alburnus 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 feral carp had the clearest effects on fitness-related traits at the impacted area, despite
also being among the most tolerant to pollution (Benejam et al., 2010).

All those described adverse effects of pollution in these diverse sentinel species, together
with the movement of sediments from Flix into the deltaic ecosystem, pose a threat to the
Ebro Delta ecosystem and biodiversity.
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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 (c.a. 12000 pairs of Audouin’s Gull, 3000 of
Flamingo, 400 of Purple Heron, 350 of Little Tern, 5000 of Common Tern, 500 of Gull-
billed Tern, 2000 of Sandwich Tern and 1200 of Whiskered Tern among others). Occupies
an area of 320 km?* 75% of this surface corresponds to ricefields (c.a. 20.000 ha) and
farmland, 20% are natural preserved areas and the last 5% urban areas (see fig. 1 and 3).
This wetland presents a wide variety of habitats. at the inner part of the delta and at both
river beds, the ricefields and farmland, connected to the river through channels; at the
coastline, abandoned fields, lagoons, salt marshes and beaches; on each side of the Ebro
Delta, surrounded by sea, there are two arrow-shaped sandy areas, known as the ‘Punta del
Fangar’ and ‘Punta de la Banya’ (with an extension of 500 and 2500 ha respectively), the
latter hosting a saltpan industry. Finally, the open sea and the northern and southern bays,
molded by the two ‘Puntas’, create the patchwork of habitats. 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.

To assess the environmental exposure of the toxic muds deposited at the Flix reservoir, not
only the river has to be taken into account, but also the whole patchwork of habitats of the
Ebro Delta, and even the sea, as sediments are washed away by the river. Preserving the
biota of this ecosystem, especially the birdlife of the Ebro Delta, is a main concern. Thus,
we focused in top predatory species that when feeding rely directly on the aquatic habitats
associated to the river. Among bird species assumed to be most adequate bioindicators are
piscivorous species, such as the ones belonging to the family Ardeidae (herons) and the
family Sternidae (terns).

Herons and terns show a predictable breeding phenology and strong nest site fidelity,
allowing intensive monitoring of a variety of breeding or population parameters, and have
been previously and successfully used as bioindicators of environmental pollution in aquatic
systems (Becker et al., 1993, De Luca-Abbott et al.,, 2001, Nisbet et al., 2002, Connell et al,,
2003, Guitart et al.,, 2003, Champoux et al., 2006, Sakellarides et al., 2006, Paiva et al.,
2008Db). Since they feed in the upper trophic levels of these ecosystems they biomagnify and
bioaccumulate some of the pollutants presents there (Baker and Sepulveda, 2009).

Herons are freshwater and coastal birds in the family Ardeidae. There are 64 recognised
species in this family. The herons are medium to large sized birds with long legs and necks.
The necks are able to kink in an s-shape, due to the modified shape of the sixth vertebrae. As
such, the neck is able to retract and extend, and is retracted during flight, unlike most other
long-necked birds. The herons are a widespread family with a cosmopolitan distribution,
existing on all continents except Antarctica. Included among the main breeding heron
populations at the Ebro River and Delta are Purple Heron (Ardea purpurea), Squacco Heron
(Ardeola ralloides), Night Heron (Nycticorax nycticorax), Little Egret (Egrefta garzetta)
and Little Bittern (Ixobrychus minutus). These species are mainly fish predatory species,
although can feed on other prey, such as crayfish in the case of the Little Bittern (Pardo-
Cervera et al,, 2010) or insects in the case of the Squacco Heron (Delord et al., 2004). They
are mainly associated with freshwater habitats, but can also feed in different habitats such
as brackish waters or even saltpans, as does the Little Egret (Abdennadher et al,, 2011).
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Figure 3. Maps of the localization of the three sampling sites and, in detail, the sampled bird colonies
at the Ebro Delta

Terns are gull-related seabirds, which comprise 45 species (most of them migratory)
grouped in 12 genera (Bridge et al, 2005) found worldwide. Five tern species breed in
the Ebro Delta. Common Tern (Sterna hirundo), Sandwich Tern (Sterna sandvicensis),
Little Tern (Sternula albifrons), Gull-billed Tern (Gelochelidon nilotica) and Whiskered
Tern (Chlydonias hybrida). A wide variety of foraging habitats has been reported for these
species: Freshwater habitats for the Whiskered Tern (Latraube et al., 2005, Paillisson et al.,
2007); marine for the Sandwich Tern (Stienen et al., 2000) and both marine and freshwater
for the Common Tern (Becker et al., 1997, Neubauer, 1998). The last two species have been
described as generalist foragers. The Little Tern uses several foraging habitats in Portugal
(Paiva et al, 2008a), and in the Ebro Delta it has been observed foraging in channels,
lagoons and lagoon mouths (Bertolero et al., 2005). The Gull-billed Tern feeds in terrestrial
(Cabo and Sanchez, 1986), freshwater (Dies et al,, 2005), and even marine habitats (Stienen
et al,, 2008).

Additionally we sampled four additional species to complete the spectrum of bird families
and habitats. two species from the family Laridae (Gulls) and two from the Rallidae (Rails,
Moorhens...). There are several species of gulls breeding at the Ebro Delta, being the
most common species the Yellow-legged Gull (Larus michahellis), Audouin’s Gull (Larus
audouinii), Black-headed Gull (Larus ridibundus), Slender-billed Gull (Larus genei) and
the Lesser Black-backed Gull (Larus fuscus), among others. For this study we selected the
Audouin’s and Black-headed Gull, while the Yellow-legged Gull was not considered due
to its use of crops and refuse tips (Ramos et al.,, 2009). The Audouin’s Gull is a nocturnal
predator on epipelagic fish, but can take advantage of fishery activities; especially trawler
discards (Oro and Ruiz, 1997, Sanpera et al., 2007a). Black-headed Gull is a species that
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can exploit marine, freshwater and terrestrial habitats (Schwemmer et al., 2011), being an
opportunistic forager. The two rallidae species included in this study are the Moorhen and
the Purple Swamphen. These two species are, although omnivorous, mainly herbivorous,
with the Purple Swamphen feeding on seeds, bulbs, stem and leaves from reeds (Phragmites
australis), cattail (Thypa latifolia) and rice (Oryza sativa) (Cramp, 1980). Moorhen also
feed mainly on plant material (Amat and Soriguer, 1984).

Given their diverse feeding strategies, these heron and tern species, together with gulls and
rallids, have the capacity to provide a picture over the whole habitats of the Ebro River and
Delta. Thus, they were considered suitable candidates as bioindicators of environmental
pollution for the whole area.

Three sampling sites were chosen according to the breeding colonies of these species: one
reference and two potentially affected by the toxic muds, which have been previously
described. The focal area, Flix, despite industrial activity, has surprisingly become a valuable
wetland with a profusion of nesting birds, including herons, storks and marsh harriers. The
distal area, the Ebro Delta, is situated 90 km downstream. The reference area, situated 25
kilometres upstream of the polluted sediments is I’Aiguabarreig site (41°23’N, 00°19’E), 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 and therefore unaffected by the Flix factory and
its toxic sediments.

Several bird samples have been proposed for the development of effective long-term
monitoring programs (Pol and Becker, 2007), including samples as eggs or tissues as
feathers or blood. This study was performed on eggs and nestling feathers and their blood.
Data obtained from egg samples integrate the adult diet prior to egg laying because herons
and terns, as income breeders, obtain most of the materials used in clutch formation from
diet (Ruiz et al., 1998, Hobson et al.,, 2000). Moreover, tern eggs also reflect male foraging
habitat as males provide females with prey during clutch formation (Nisbet, 1973, Wiggins
and Morris, 1986, Gonzalez-Solis et al., 2001). On the other hand, nestling feathers and
blood integrate the diet obtained by the adults and consumed by the nestlings during growth.
The use of nestlings has two advantages. First, the effect of pollutant bioaccumulation is
avoided, because the time of exposure has been low and similar for all individuals. Second,
since 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.

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, simultaneous to the assessment of
pollution levels, Stable Isotopes Analysis (SIA) was used to get a proper understanding of
the species trophic ecology their relationships and habitat use (Nisbet et al., 2002, Sanpera
et al,, 2007b, Tavares et al., 2007, Abdennadher et al., 2011, Ramirez et al,, 2011).

During the last two decades, biogeochemical markers such as stable isotopes have been
used increasingly besides conventional methods in diet studies, in order to provide new
perspectives on the feeding ecology of birds. Although traditional methods of diet analysis
such as stomach sampling and pellet analysis can yield valuable data on general composition
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(e-g. identification of specific prey taxa), sampling is often heavily biased because of
differential digestion rates of prey and the accumulation in the gizzard of hard items
such as fish otoliths (Barrett et al., 2007). Stable isotopes have been successfully applied
to yield valuable insights into feeding ecology, particularly as they provide a potential
means to quantify assimilated, rather than simply ingested, diet. Stable isotope signatures
of nitrogen (6'°N), carbon (6'°C) and sulphur (§°*S) have been extensively used in studies
of bird communities, focusing on their trophic ecology and relationships (Hobson et al.,
1994, Forero and Hobson, 2003, Cherel et al., 2008, Koiadinovic et al., 2008, Moreno et
al., 2010). §"N 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 §'°C (Hobson, 1999), providing insight about the foraging
habitat. Isotopic sulphur signature (§*S) is useful for determining the food sources of
consumers (marine vs. terrestrial), because the essential sulphur-bearing compounds are
incorporated into tissues without significant fractionation (Connolly et al., 2004) and this
isotope is particularly useful for detecting or distinguishing heterogeneity among habitat
uses (Peterson et al., 1985).

In addition to this, stable isotopes ratios can be used to define an ‘isotopic niche’. The
ecological niche concept has undergone a renaissance in recent years (Newsome et al,
2007). Although trophic niche and isotopic niche differ, both are tightly related, and
data presented as bi-plots, where the isotopic values of animal tissues are represented
in a §-space, delineate a species isotopic niche. Jackson et al. (2011) proposed recently a
novel multivariate ellipse-based niche (or community) metric, reformulating the previous
Convex Hull Total Area (TA) defined by Layman et al. (2007) in a Bayesian framework. This
new metric, the corrected area of the standard ellipse (SEA ), gives an indication of niche
width using summary information of the spread and extent of the isotopic data points and
is the one used in this present work. Also, the use of biomarkers combined with chemical
analyses has allowed in recent years the assessment and identification of adverse health
effects of different pollutants on several waterbirds species (Fossi et al., 1996, Cordi et al.,
1997, Muir et al,, 1999, Vos et al., 2000, Strum et al.,, 2008). More recently the use of non-
lethal biological techniques such as the analyses of biomarkers in blood, and contaminants
in feathers and eggs have been applied when studying endangered species (Muir et al,
1999, Vos et al., 2000, Champoux et al., 2002, Franson et al., 2002, Champoux et al., 2006,
Murvoll et al., 2006, Quiros et al., 2008) and their use may provide valuable data on the
health status of the Ebro River waterbird populations.

Antioxidant defences represent the detoxification pathway of reactive oxygen species
(ROS) in aerobic organisms (Livingstone, 2001). When ROS exceed antioxidant defences,
oxidative damage to lipids within cell membranes, DNA molecules and proteins may occur,
leading to a pathological condition, generally termed oxidative stress (Livingstone, 2001).
In this way, knowledge about the responses of organisms to oxidative stress may provide
valuable information about their health status. Recently, some authors (Winston et al., 1993,
Regoli, 2000), developed an analytical method to evaluate the total oxyradical scavenging
capacity (TOSC) of any given tissue, defined as the capacity of the biological sample to
neutralize ROS. For a given tissue lower TOSC values are likely to be related to a lower
capacity to detoxify ROS and hence a greater susceptibility to oxidative stress. The method
was originally developed for rat liver (Winston et al., 1998), but in recent times it has
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been applied to the blood of birds in environmental surveillance programs (Corsolini et al,,
2001). Plasmatic enzymes, such as the activity of lactate deshydrogenase and of B esterases
such as butyrylcholinesterase and carboxylesterases may also provide valuable information
on liver damage and the neurotoxic effects of pesticides in birds, respectively (Fossi et al.,
1996, Cordi et al., 1997, Champoux et al., 2006, Strum et al., 2008).
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Stable 9}01‘0@5’ as an eco/oyim/ tool

Elements in nature occur in more than one stable form due to Wﬂ’yly numbers of neutrons in the
nucleus, These various forms are known as stable isofopes (as fﬁfy o not o/ec@ over time) of an
element and have identical chemical hut um"yinﬂ kinetic pro/)erﬁey due to their mass ;ﬁ'ﬁ{emncejﬁ
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notation:
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Where X (%) is 5C, ON, 8 and R are the cormﬁomﬁnj ratio 5C/%C, *N/4N or 34872 8. R,
standard for C is Pee Dee Belemmite (POB), for N is m‘mwﬁﬁeﬂc nitrogen (AIR) and for 8 is
troilite from the Canyon Diablo Meteorite (COT).

?{/L‘ﬁmgﬁ the [properties of Isofopic forms do not cﬁarge oﬁwmaﬁm@ amongst themselves, fﬁey
hehave pﬁﬁ[erem‘@ in various hiogeochemical J that M/ﬁmp:fe@ vesults in changes in the relative
abundance of the heavier to fﬁe?fy hter isotope [ij'ofofﬂic fractionation). Envichment ha pens when the
heavier stable isotope is ﬂccumufjfe/ in the /mw/ucf (relntive to the substrate), while the /iﬂﬁfer isotofe
is /mefemé@ eliminated. On the other hand, &/ep/eﬁan oceurs when the @ﬁfer isotofe is favoured.
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are known in ﬂenem/ as isolopic fractionation, Discrimination refers to the difference in isotopic
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comﬁonenfy to pﬁﬁ[e;ﬁenf tissues is called '13'0f0/)ic muﬁry'. Hobson and Clark (1 1992] described the
ﬁ//owinﬂ function:

Dt = Dd + Adf

Where Dt is the isotopic ngfum of consumer tissue, Ddis the isotopic signature of the diet, and Adtis
e

the discrimination factor hetween diet and consumer tissue, From the eco/o‘gimi/minf of view, as enery
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consumer’s stable ij'oz‘ofﬁe signatures relative to its diet. That is, this isotopic ﬂﬂcﬁomﬁon oceurs in each
fm/;ﬁic level and it sums throughout fmﬁﬁig chains, Therefore, once the approfrriate assumptions are
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fﬁmoﬂﬁom‘ foo&/ wehs, wﬁicﬁycan ﬁe/ﬂ answer relevant 7uexﬁam’ n fmpﬁic eco/oyy (Gannes ef al,
1997, Bearhop et al,, 2004).
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Sfu@ case B: M'm'nﬂ at the Bolivian Andes

Anthropogenic mining has taken place in the Bolivian Andes since at least the fifteenth
century (Sanabria, 2000). Particularly in the East of Oruro Department in the Eastern Andean
Cordillera, there are extensive polymetallic deposits (SERGEOMIN, 1999). In the past,
extraction of gold and silver (associated with sulphurs of iron, copper, zinc, lead, arsenic,
antimony, etc.) was the main activity, while at present, extraction of tin and the zinc-silver-
lead complex predominates (Rios, 2002). These mining activities were characterized by the
deposition of large tailing piles, which accumulated in abandoned and active mines, where
trace metals such as lead, arsenic, cadmium, and antimony could reach surface waters and
soils, and so the biota. One example are the high cadmium levels that were found in potato
tubers cultivated in agrosystems irrigated by the Chayanta River, which receives mineral
residuals from the principal tin Bolivian mines, situated 60 Km away (Oporto et al., 2007,
Rojas and Vandecasteele, 2007).

Pollution of this region through the centuries has affected the principal water body, Poopo
Lake. Not only does its water have higher metal concentrations than the permissible values
for human consumption, but the fish that live in the lake do too (Beveridge et al., 1985).

For studying the pollution spread at this area, we focused mainly on two sites, located in the
Eastern Andean Cordillera, Southeast of Oruro city and East of the Poopo Lake. These sites
present trace metal contamination reported in soils and water. They are called Antequera
(4,000 m, 18°28’S, 66°52’W), and Poopo (3,800 m, 18°23’S, 66°58’W), with 13 kilometres
between them, whose waters drain in two distinct hydrographic sub-basins, which finally
drain into Lake Poopo (see fig. 4).

At Antequera, the mining is limited to the zinc—silver—lead complex and all the residuals
are deposited in a storage pond that closes a little valley near the Antequera river course
(Rios, 2002), where there are several old tailing piles scattered. All this industrial activity
has polluted the river soils, with concentrations several times above permissible values
for arsenic, antimony, cadmium, copper, chromium, tin, iron, mercury, lead and zinc
(MEDMIN, 2001). On the other hand, the tin and secondarily the zinc—silver-lead complex
are exploited at Poopd, where numerous tailing piles are scattered across the landscape
(Rios, 2002). Metals and other elements at this site are easily dispersed by water and wind
to soils and water bodies, especially to the Poopd River that drains into Lake Poopo. The
soils at bends on the Poopo River have high concentrations of Fe, Zn, Cd, Cu, Pb, and Hg
(MEDMIN, 2001).

For comparison purposes, another two sites without any mining activity were selected
(reference sites). They are called San Pedro de Ulloma (3,850 m, 17°30’S, 68°32W), located
to the West of the Desaguadero River, and Chufiavi (4,100 m, 16°17S; 68°20W), to the
northwest of the city of La Paz and East of Lake Titicaca (see fig. 4). The former is 200
kilometres from the mining localities; and the latter, 280 kilometres.
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The sampling sites are dominated by vegetation formed basically by spiny and resinous
bushes (i.e., Baccharis spp., Parastrephia spp., and Adesmia spp.) and bunch grasses (i.e.,
Festuca spp. and Stipa spp.). Agricultural and livestock activities take place at the four sites,
with the principal crops being potato tubers and barley, and extensive sheep, cattle, and
llama breeding.

With the aim to assess the environmental exposure of these mining activities and the
pollutants originated by them, we selected Tinamou species to evaluate their usefulness as
bioindicators.

Tinamous are birds that have been studied little when compared to other bird species
(Cabot, 1992, Davies, 2002). The family Tinamidae consists of about 47 species in 9 genus.
Although they look similar to other ground-dwelling birds like quail and grouse, the
characters they share are the result of convergence and plesiomorphy rather than shared
evolutionary innovations. Tinamous have no closer living relatives than the flightless ratites,
and thus are placed in their own order, Tinamiformes. All 47 species of tinamous live in
South and Central America. Tinamous prefer to walk or run but will fly to avoid predation
and other danger. When they have exhausted all other evasion techniques, including hiding
in burrows, they may fly. Their technique is a flutter of wing-beats followed by a long glide,
followed by another burst of wing-beats. Tinamous are rarely seen but often heard within
their range. Although some species are quite common, they are shy and secretive. A small
number of species live in more open, grassy country, but even these are wary of humans.
Tinamous mainly eat small fruits and seeds off the ground or off of plants that are near the
ground.




Birds as bioindicators of, po//uﬁon Introduction

The two species that were selected are the Ornate Tinamou (Nothoprocta ornata) and the
Darwin’s Nothura (V. darwinii). Both species live in the Bolivian highlands between 3,700
and 4,200 m asl (Cabot, 1992, Davies, 2002, Garitano-Zavala et al,, 2003) and are relatively
common and major hunting targets. Highland tinamou species present a sedentary lifestyle,
with small home ranges, as Pearson and Pearson (1955) determined for the Ornate Tinamou,
indicating individual home ranges of on average 2.43 ha. Moreover, the feeding habits of
the Ornate Tinamou and Darwin’s Nothura are generalist and opportunist, consisting of
a wide variety of seeds, leaves, and fruits from crops and weeds as well as invertebrates
(Garitano-Zavala et al., 2003). These characteristics indicate that they could be appropriate
bioindicators of the contamination derived from the mining activities.

Concerning their movements, we consider radio tracking some tinamous in order to check
their home ranges, as in the field these species have very reserved behavior, with the aim to
test, among others, if they are sedentary and their potential as bioindicator species of local
exposure of contamination. Tracking an animal by radio involves two devices. A transmitter
attached to the animal sends out a signal in the form of radio waves, just as a radio station
does. A scientist might place the transmitter around an animal’s ankle, wing, carapace,
dorsal fin, or as in our case, the neck. A VHF receiver picks up the signal, just like a home
radio picks up a station’s signal. The receiver is usually in a truck, an ATV or an airplane.
To keep track of the signal, animal is followed using the receiver. This approach of using
radio tracking can be used to track the animal manually but is also used when animals
are equipped with other payloads. The receiver is used to home in on the animal to get the
payload back.

Also, as these species are one of the major hunting targets and the access to full specimens
is relatively easy, we decided not only to monitor pollutants on samples of feathers, but also
in internal organs, such as the liver and kidney. The histopathological status of liver and
kidney was also studied, to check for adverse reactions to pollution exposure.

Pollutants analysed in feathers (which are exposed to the elements and so to exogenous
contamination) have, besides the endogenous route of accumulation (diet), an exogenous
route. In feathers, just after their formation, the blood supply atrophies and the feather
becomes metabolically isolated from the rest of the body (Burger, 1993). Consequently,
further heavy metals cannot accumulate from the bloodstream into the feathers. Thus,
feathers contain information about circulating heavy metal concentrations in the blood
at the time of their development. But once the feather is completed, the feather-metal
levels may remain stable with time, as is the case with mercury (Appelquist et al.,, 1984,
Veerle et al,, 2004), or they may increase, since feathers are highly prone to exogenous
surface contamination. Such contamination from atmospheric deposition, preening and
environmental contact (with soil, dust or water) may then give a misleading indication of
biologically incorporated contamination at the time of feather growth (Pilastro et al., 1993,
Dauwe et al.,, 2002, Jaspers et al., 2004).

The measurement of lead is a good example of this circumstance, as it has been demonstrated
that its concentrations increase after the feather has fully grown, so feathers reflect
endogenous lead levels as well as exogenous contamination and, commonly, atmospheric
pollution levels. Thus, only newly grown or nestling feathers accurately reflect the
endogenous deposition, as exogenous accumulation of pollutants onto the feather surface is
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an important route of contamination (Veerle et al., 2004), mainly affecting the vane, which
becomes more contaminated over time due to its large, structurally complex surface area
(Goede and Debruin, 1984, Cardiel et al,, 2011).

So, a study was also designed to test this matter, in order to assess which feather section
provides the most accurate data on the original endogenous lead levels, using feathers of
one of the species sampled, the Ornate Tinamou.
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Taking advantage of the widespread use of birds as bioindicators, the major objective of this

thesis was to assess the usefulness of selected bird species as bioindicators of contamination
in areas which have suffered episodes of intense contamination, leading to pollution
hazards, in order to get a better knowledge that aids environmental restoration, monitoring
and conservation.

So, to develop this major aim, we took into account two study cases, being the main objectives
of this thesis:

Part Z: Toxic muds at Flix
Do fﬁey affect the ornithofauna af the Ebro
River and its Delta?

In the case of aquatic environments like the Ebro River, affected by the toxic muds deposited
at Flix reservoir, the main objectives were.

» To evaluate whether aquatic birds such as the Purple Heron reflect the potential
pollutant exposure from Flix Reservoir among different riverine and deltaic areas,
and assess their usefulness as bioindicators.

« To examine if the polluted wastes of Flix reservoir affect the levels of pollution
of the habitats where waterbird populations of the Ebro Delta (situated 90 km
downstream) forage and feed.

In order to achieve these two main objectives, the specific aims were:

* To determine the trophic ecology and habitat partitioning of the waterbird
populations, in order to appropriately assess the pollutant exposure.

« To determine if pollutant levels in eggs and nestling feathers merit conservational
concern.

» To evaluate which sample type, either eggs or feathers, more accurately reflects
impacts of, or exposure to, pollution.

* To determine a set of non-destructive blood markers to monitor environmental
hazards of pollution.
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Part B: M’m’nﬂ at the Bolivian Andes

In the case of the Bolivian Andes, affected by a long term history of mining, the main
objectives were:

To evaluate the potential of Tinamou species as sentinels of exposure to local trace
metal pollution

To study different routes of lead accumulation into the sentinel species, in order
to assess the usefulness of feather levels as a measure of the exposure to this
pollutant.

In order to achieve these two main objectives, the specific aims were:.

To study the movement habits of the tinamou species in order to evaluate their
potential as bioindicators of local contamination sources.

To compare the use of different samples types (feather, kidney, liver) when
evaluating the impact of, or exposure to, local pollution.

To evaluate the histopathological status of liver and kidneys in relation to pollution
levels.

To determine if concentrations of trace elements (arsenic, cadmium, lead and
antimony) of Tinamou species warrant special conservational concern.

To examine the importance of endogenous vs. exogenous sources of pollution in
relation to feather lead levels.









Informe del Director
Supem/ﬁw s Repo:ﬂf

El doctorando Javier Cotin Martinez presenta en su tesis doctoral titulada “Birds as
bioindicators of pollution in aquatic and terrestrial environments” una serie de trabajos
publicados o en revision en revistas cientificas internacionales incluidas en el Science
Citation Index. Paso a detallar a continuacion la contribucion cientifica que ha realizado el
doctorando en cada uno de los articulos, asi como su factor de impacto (Thompson Instifute
for Scientitic Information):

Are the toxic sediments deposited at Flix reservoir affecting the Ebro river biota?
Purple Heron eggs and nestlings as indicators

Javier Cotin, Manuel Garcia-Tarrason, Lluis Jover, Carolina Sanpera.
Ecotoxicology (2012) 21, 1391-1402

Factor de impacto (2012): 3.051

Disefio del trabajo: J.C., C.S., L.

Muestreo y analisis de muestras. J.C., M.GT.

Analisis de resultados y redaccion cientifica. J.C., C.S., LJ.

Blood biomarkers and contaminant levels in feathers and eggs to assess
environmental hazards in heron nestlings from impacted sites in Ebro basin (NE
Spain)

Carlos Barata, Maria del Carme Fabregat, Javier Cotin, David Huertas, Montserrat
Sol¢, Laia Quirds, Carolina Sanpera, Lluis Jover, Xavier Ruiz, Joan O Grimalt,
Benjamin Pifa.

Environmental Pollution (2011) 158, 704-710

Factor de impacto (2012): 3.746

Disefio del trabajo: JO.G., C.B., XR. J.C, L]J., B.P, CS.

Muestreo y analisis de muestras. J.C., M.GT., MC.F,, D.H., M.S., L.Q.

Analisis de resultados y redaccion cientifica: C.B., B.P., J.C.

Sea, freshwater or saltpans? Foraging ecology of terns to assess mercury inputs in
a wetland landscape. The Ebro Delta

Javier Cotin, Manuel Garcia-Tarrason, Carolina Sanpera, Lluis Jover, Xavier Ruiz
Estuarine, Coastal and Shelf Science (2011) 92, 188-194

Factor de impacto (2012). 2.247

Disefio del trabajo. J.C., C.S., LJ., X.R.

Muestreo y analisis de muestras. J.C., M.GT.

Analisis de resultados y redaccion cientifica. J.C., C.S., LJ.




Who eats where? Insights into freshwater and marine bird communities of the
Ebro Delta (Spain) through Stable Isotopes and Trace Elements

Javier Cotin, Manuel Garcia-Tarrason, Lluis Jover, Carolina Sanpera.

En revision en The Auk

Factor de impacto (2012). 2.156

Disefio del trabajo: J.C., C.S., LJ.

Muestreo y analisis de muestras: J.C., M.GT.

Analisis de resultados y redaccion cientifica. J.C., C.S., LJ.

Home range extension and overlapping of the Ornated Tinamou (Nothoprocta
Ornata) in an Andean Agro-ecosystem

Alvaro Garitano-Zavala, Zulma Chura, Javier Cotin, Jacint Nadal, Xavier Ferrer
En revision en Journal of Field Ornithology

Factor de impacto (2012): 1.196

Disefio del trabajo. A.GZ., J.N., J.C.

Muestreo y analisis de muestras: A.GZ., Z.C.

Analisis de resultados y redaccion cientifica: A.GZ., J.C.

Trace metal concentrations in tissues of two tinamou species in mining areas of
Bolivia and their potential as environmental sentinels

Alvaro Garitano-Zavala, Javier Cotin, Miquel Borras, Jacint Nadal.

Environmental Monitoring and Assessment (2010) 168, 629-644

Factor de impacto (2012). 1.436

Disefio del trabajo: A.GZ., J.C., ].N., M.B.

Muestreo y analisis de muestras. J.C., A.GZ.

Analisis de resultados y redaccion cientifica: A.GZ., J.C.

Calamus as an appropriate feather section for the assessment of endogenous lead
pollution

Javier Cotin, Alvaro Garitano-Zavala, Carolina Sanpera, Lluis Jover, Jacint Nadal.
En revision en Environmental Moniforing and Assessment

Factor de impacto (2012): 1.436

Disefio del trabajo. J.C., C.S., LJ., J.N., A.GZ.

Muestreo y analisis de muestras: J.C., A.GZ.

Analisis de resultados y redaccion cientifica. J.C., C.S., LJ.



Del mismo modo, informo que ninguno

de los coautores participantes en los articulos que

componen esta tesis han utilizado, implicita o explicitamente ninguno de estos trabajos
para la elaboracion de su propia tesis doctoral.

Barcelona, a 28 de Septiembre del 2012

Firmas.

Dra. Carolina Sanpera Trigueros
Departamento de Biologia Animal
Facultad de Biologia

Universidad de Barcelona

Directores

Dr. Lluis de Jover Armengol
Departamento de Salud Publica
Facultad de Medicina

Universidad de Barcelona







Discussion

Part Z: Toxic muds at Flix

Within this first part of the discussion, we will focus on the potential of aquatic birds such as
the Purple Heron as sentinels of the pollutants from Flix Reservoir among different riverine
and deltaic areas, assessing their usefulness as bioindicators.

Additionally other species of the family Ardeidae and species from the family Sternidae
(among others) will be used to examine if the pollution derived from Flix reservoir affects
the waterbird populations inhabiting the Ebro Delta.

So, the main issues are the following:

A1, Wapﬁic ew/ajy and habitat parﬁﬁam’n
of the aquatic bird ﬁOp%/ﬂﬁOﬂ of the Ebro River and its Delta

In order to study the trophic ecology and habitat partitioning of the rich bird community of
the Ebro River and its Delta, we first focused on the aquatic habitats of the river itself, using
the Purple Heron as target species, and secondly we looked at the whole community of the
Ebro Delta (which includes terrestrial and marine habitats), selecting certain bird families.

For the first case, eggs and nestling of Purple Heron were used from both riverine sites
("Aiguabarreig and Flix) and the deltaic site, the Ebro Delta (descriptive in Table 1). 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 environmental differences
in the baseline (Cabana and Rasmussen, 1994). The latter seems to be the case of the river
Ebro, as the outstanding differences found between the riverine localities and the Ebro Delta
apparently rely on baseline differences (see fig.5), likely caused by the eutrophication of the
river. Both riverine sites are located at reservoirs, with marked eutrophication indicated
also by the higher §'°N of the main Purple Heron prey (see fig. 6). 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
waterflow into ricefields and lakes probably prevents excesive eutrophication. The
possibility that the 6'°N differences are caused by changes in diet is ruled out as Purple
Heron regurgitates from all localities presented the same prey species, mainly Crayfish
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Site Year Sample
Feather Egg

N Mean SD Min Max N Mean SD Min Max

81N (%o)  Aiguabarreiz 2006 7 18.5 9 167 196
2007 7 189 16 158 205 12 190 23 147 215

2008 4 192 19 164 203
Flix 2006 10 223 07 208 232 12 205 1.3 18.1 22.7
2007 11 216 12 190 228 15 198 21 16.1 223

2008 9 216 05 206 222
Ebro Delta 2006 4 139 14 12.3 155 14 139 15 11.8 17.1
2007 16 139 07 12.8 156 25 133 1.0 11.6 15.7

2008 12 144 10 13.0 15.7

8C (%0)  Aiguabarreiz 2006 7 2256 09 -270 243
2007 7 275 05 283 270 12 272 1.5 2009 252

2008 4 274 09 287 -268
Flix 2006 10 258 08 271 244 12 275 0.9 289 250
2007 11 270 07 281 259 16 283 09 292 258

2008 9 286 04 203 281
Ebro Delta 2006 4 240 18 262 222 14 249 1.0 -263 -232
2007 16 241 09 250 =221 25 263 15 -304 -23.1

2008 12 226 32 -256 -169

Birds as bioindieators of pollution

Table 1. Descriptive statistics of stable isotopes signatures in feathers and eggs of Purple Heron nestlings (Ardea purpurea)
from the three sites and sampling years.
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Figure 5. Plots of §'°N and §'°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.
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and Carp (J. Cotin, pers. obs.). Therefore, although 6'°N 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 (see fig. 5). 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 carbon isotopic ratio than freshwater habitats
(Michener and Schell, 1994). This fact is reflected in the higher variability of carbon
signatures found in the Ebro Delta. The combined use of nitrogen and carbon signatures
helps to discriminate well enough riverine and deltaic ecosystems (high nitrification and
lower carbon signatures in the river).

When studying the second case, the Ebro Delta, eggs of the selected species were sampled
and analyzed (see table 2). At this site carbon and sulphur stable isotopes (sulphur only
analyzed in tern species) showed three distinct patterns (see table 3 and 4 for descriptives),
allowing us to divide the foraging habitat structure of this area in three main scenarios:
freshwater habitats (ricefields and lagoons) with low isotopic values (6'°C around -24.5%o,
8%8 around 2-3%o), marine habitats (the sea and the bays) with §'°C values around -18%o
and &*8 around 18%o and finally the saltpans (§'°C around -14.5%o, 6**S around 9.5%o).
See figures 7 and 8.

About marine habitats, two tern and one gull species forage in these areas, the Sandwhich
Tern, both colonies of Common Tern and the Audouin’s Gull. The Sandwich Tern is a marine
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Figure 6. Plots of §'°N and §'*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.
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Northern Hemidelta Canal Vell Ardea purpurea 3
Egretta garzetta 55

Ardeola ralloides 20

Larus ridibundus 20

Illa de Buda Nycticorax nycticorax 21

Ardeola ralloides 20

Punta del Fangar Sterna hirundo 18

Gelochelidon nilotica 20

Southern Hemidelta I'Encanyissada Ardea purpurea 28
La Tancada Chlidonias hybrida 11

Platjola Ardea purpurea 8

Riet Vell Ixobrychus minutus 20

Gallinula chloropus 20

Porphyrio porphyrio 10

Punta de la Banya Sterna hirundo 10

Sternula albifrons 24

Sterna sandvicensis 20

Larus audouinii 15

Table 2. Number of eggs sampled by colony at the Ebro Delta.

feeder (Stienen et al., 2000) and no other foraging habitat has ever been reported for this
species. Although the Common Tern also feeds over freshwater in some areas (Becker et
al., 1997, Neubauer, 1998), it is reported mainly as a marine forager (Becker et al., 1993,
Granadeiro et al,, 2002) and isotopic signatures indicate this is the feeding strategy that this
species follows at the Ebro Delta. This observation is consistent with the findings of other
studies (Arcos et al., 2002, Guitart et al., 2003). However, although the slight differences in
the isotopic values of §'*C and §*S between the two Common Tern colonies pointed to local
differences, the huge differences in §'°N indicate that the colonies used different resources.
In fact, while Arcos et al. (2002) reported that the Common Tern in the Ebro Delta fed
mainly on epipelagic fish (Clupeiformes), Oro and Ruiz (1997) found that this species also
fed on discarded fish. Both observations are consistent with the feeding strategies described
by Guitart et al. (2003) and Mateo et al. (2004) for the colonies at “Punta del Fangar”
(which rely mainly on epipelagic fish) and “Punta de la Banya” (where demersal resources
were obtained from fish discards). The Audouin’s Gull is considered a nocturnal predator
on epipelagic fish (mainly clupeiformes), but feeding is also opportunistic, using the fishery
activities in neighbouring waters, especially trawler discards (Oro and Ruiz, 1997, Sanpera
etal., 2007a). So, although 6'°C signatures of this species should point only marine habitats,
the recently reported use of freshwater resources by this species, in particular Crayfish
(Navarro et al., 2010b), probably lowers the carbon signature values (fig. 8).

The Little Tern showed high §'*C and intermediate §*S signatures, being the only species
of the study that presumably mainly feeds on the saltpans (see fig. 7 and 8). Previous
studies carried out at Ria Formosa (Portugal) report on some of the factors that influence
the selection of foraging habitats by this species, such as prey abundance, channels with
strong currents, proximity to saltpans and conspecific information (Paiva et al., 2008a).
Many studies have identified saltpans as a breeding habitat (Catry et al., 2004, Oro et al,
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Species N Mean SD Min Max
55N (%) Little Tern 24 14.6 0.9 12.6 164 ©
Night Heron 21 139 1.1 12.0 154 @ C
Little Egret 35 13.6 12 112 174 @O
Purple Heron 39 135 1.2 11.6 17.1 L el
Gull-billed Tern 20 13.4 0.7 12.6 143 e e e O
Squacco Heron 40 13.3 0.8 12.1 149 e o 9 8O
Common Tern 'Banya' 10 13.3 0.5 12.6 40 e e e e @O
Little Bittern 20 12.8 1.1 10.6 143 e ® 89000
Black-headed Gull 20 12.7 0.7 11.7 13.8 T N N N
Whiskered Tern 11 12.6 0.9 11.5 149 e s o s 00000
Audouin's Gull 15 122 0.5 11.5 133 LN W
Sandwich Tern 20 12.1 0.3 11.3 12.7 L Ie)
Common Tern 'Fangar' 18 10.9 0.3 10.2 11.4 o]
Moorhen 20 104 1.7 6.9 13.9 [ Ne]
Purple Swamphen 10 10.0 1.2 7.8 11.8 L]
52C (%) Little Tern 24 -14.6 21 -18.3 -118 ©
Common Tern 'Fangar' 18 -17.5 02 -17.9 -17.1 o]
Common Tern 'Banya' 10 -17.9 0.2 -182 -17.6 o
Sandwich Tern 20 -18.0 0.2 -183 -17.7 L e
Andouin's Gull 15 -20.1 1.8 -23.8 -18.3 [e]
Squacco Heron 40 -234 08 -248 -20.6 o]
Moothen 20 244 1.1 -26.4 2217 L]
Whiskered Tern 11 -246 0.7 -26.2 -236 L e
Little Egret 35 =247 21 -28.7 -16.7 LA el
Little Bittern 20 -24.8 0.9 -26.4 -22.8 ee e
Gull-billed Tern 20 -24.8 0.5 -255 -23.4 ee e e
Night Heron 21 -24.9 L5 -272 222 LU LB ]
Purple Swamphen 10 -249 0.8 -26.1 -236 s e e e e e
Black-headed Gull 20 -25.0 0.5 -259 -239 LI I B Wl
Purple Heron 39 -25.8 15 -30.4 -23.1 [N N N N

Table 3. Descriptive statistics of stable isotope signatures in eggs from the species included in the study, sorted from higher to lower values. Post hoc
paired comparisons were denoted by a dot matrix. Filled circles indicate that there is not significant difference between row and columns species.
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2004, Peste et al., 2004, Paiva et al., 2006a) and remark that this species is an opportunistic
feeder and thus may use a wide variety of foraging grounds. The only limitation would be
its small foraging range of 4-6 km when breeding (Fasola and Bogliani, 1990, Perrow et
al., 2006). Observational data from transects in the Ebro Delta show that these birds forage
in channels, lagoons and lagoon mouths, while salt marshes are avoided and rice fields are
rarely visited (Bertolero et al., 2005); however, that study did not include transects in the
saltpans (located at “Punta de la Banya” and where our samples were taken). §'°C isotopic
values for this species reflect a foraging habitat that differs to that of sea/freshwater/
terrestrial habitats and that is very similar to those reported by Tavares et al. (2007) in Little
Terns feeding in Portuguese saltpans. In coastal hypersaline habitats, changes in primary
producers raise the §'°C signature (Michener and Schell, 1994). This finding indicates that
Little Terns at “Punta de la Banya” feed mainly in the saltpans, which is the main habitat
around the colony. Moreover, the high variance in their isotopic values also indicates the
use of other habitats to a lesser extent and thus pointing to individual foraging strategies.
Furthermore, the §'°N values of this species were the highest of the tern species examined.
These high §'°N signatures would be related to the higher basal signature in the saltpans
rather than true differences in the trophic levels occupied, as the diet of the Little Tern is
based mainly on small fish and prawns (Norman, 1992, Bogliani et al., 1994, Paiva et al,
2006)

And finally, the freshwater habitats, with low §'°C and §**S signatures, where all the heron,
two tern, one gull and the two rallidae species gather together. Moorhen and the Purple
Swamphen are described as mainly herbivorous, with the Purple Swamphen feeding on
seeds, bulbs, stem and leaves from reeds (Phragmites australis), cattail (Thypa latifolia) and
rice (Oryza sativa) (Cramp, 1980). Moorhen also feeds mainly on plant material (Amat and
Soriguer, 1984) but during the chick rearing period may increase the percentage of insects.
Their low §"°N signatures are in agreement with the described diet and clearly differentiate
these species from others. Black-headed Gull is a species that can exploit marine, freshwater
and terrestrial habitats (Schwemmer et al., 2011), being an opportunistic forager. However,
at the Ebro Delta, §'°C signatures indicate that they rely mostly on freshwater habitats, and
their relatively low 6'°N indicate that they feed probably insects and earthworms, which are
avery common prey (Schwemmer et al., 2011). The two freshwater terns are the Whiskered

N Mean SD Min Max

8*S (%0) Little Tern 24 94 33 43 15.9
Gull-billed Tem 20 1.6 0.6 0.5 2.5
Whiskered Tem 11 34 L5 1.2 5.5
Sandwhich Tern 20 18.5 03 17.8 18.8

Common Tem 'Fangar' 18 17.0 0.6 16.0 17.8

Common Temn'Banya' 10 9.0 04 18.4 19.6

Table 4. Descriptive statistics of sulphur stable isotope signatures (6*S) in eggs from the five tern
species analyzed (Little, Gull-billed, Whiskered, Sandwich and Common Tern).
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20 M

Figure 7. 3D-scatterplot showing the distribution of §'°N, §*S and 6'°C signatures of the five tern
species: Little Tern (pentagons), Sandwich Tern (circles), Common Tern “Banya” (upwards triangles),
Common Tern “Fangar” (downwards triangles), Gull-billed Tern (squares) and Whiskered Tern
(rhombus).

and the Gull-billed Tern. The former feeds mainly on aquatic prey in wetlands (Latraube
et al, 2005, Paillisson et al., 2007), rice fields, marshes and lagoons of the Ebro Delta are
suitable foraging habitats for this species. Gull-billed tern is known to be a generalist forager
on a range of prey (Goutner, 1991), such as grasshoppers and caterpillars (Mathew et al.,
1998), amphibians and beetles (Cabo and Sanchez, 1986) or otherwise crayfish, insects and
fish (Dies et al., 2005), but at the Ebro Delta, this species feeds mainly in the freshwater, as
shown by its low §'°C range. The slight differences found in the §*S signatures between
the two freshwater terns would indicate that while the Gull-billed Tern also exploits
terrestrial habitats (with lower &S values), in agreement with previous studies (Andersen,
1945, Bogliani et al,, 1990, Sanchez et al., 1991), the Whiskered Tern may use brackish
waters (increasing its S isotopic values). It’s interesting to notice that the Gull-billed Tern
presents higher nitrogen signatures than the Whiskered Tern and the Black-headed Gull,
maybe as a result of preying over bigger prey. It is of interest to note that the Common
Tern egg collected on “Punta del Fangar” that was excluded from the analysis presented
isotopic values very similar to the freshwater foragers. This observation indicates individual
foraging strategies, even when this foraging behaviour has not been described previously
for this tern population (Arcos et al,, 2002, Mateo et al., 2004).
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Figure 8. Plots of §'°N and §'*°C signatures indicating the mean position of the species included in the study. Purple Heron (PH), Little Egret (LE), Night
Heron (NH), Squacco Heron (SH), Little Bittern (LB), Sandwich Tern (ST), Common Tern ‘Banya’ (CT’B’), Common Tern ‘Fangar’ (CT’F), Little Tern
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The five heron species all feed on freshwater habitats. Purple Heron, Little Egret, Night
Heron and Little Bittern are mainly aquatic predatory species. Differences in §'°N indicate
that Little Bittern feeds on lower trophic level prey, such as the crayfish (Pardo-Cervera
et al,, 2010). The greater variability in §'°C signatures shown by the Little Egret indicate
that they also might be feeding at some extent in other habitats at a lower extent, such
as brackish waters or even saltpans (Abdennadher et al., 2011), thus pointing to some
degree of individual heterogeneity in diet. Squacco Heron, although having the relative
size of a Little Bittern, feeds mainly on insects (Orthotopera and Coleoptera) (Delord et al.,
2004). It is interesting to remark the high percentage of European mole cricket (Gryllotalpa
gryllotalpa) found in the pellets of this species at the Ebro Delta (unpublished data). This
waterbird forages normally in the edge of ricefields and the contribution of terrestrial prey
raises its §'°C signatures.

According to the niche width metrics (fig. 9), which are based on the isotopic data, we can
conclude that species such as the Common and Sandwich Tern are strict specialists at the
Ebro Delta, with a narrow niche width. On the other hand, we have the Little Tern, some
heron species (Little Egret, Purple Heron and Night Heron) and the moorhen, for which
opportunistic feeding together with higher variability of §'*C signatures in feeding habitats
expands their trophic niche. This is especially true in the case of the freshwater species,
as their, on average, higher niche width when compared to the marine species probably
indicates a higher isotopic heterogeneity in those habitats.

95% Credible Interval SEAc

“%%%% -
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LE PH MNH LB SH Mh o PsH  BhG  AG 5T CTh  CTFf LT  GbT  WT

Species

Figure 9. Corrected standard ellipse area (SEAc) of the study species sorted by family. Ardeidae. Purple
Heron (PH), Little Egret (LE), Night Heron (NH), Squacco Heron (SH), Little Bittern (LB). Rallidae:
Moorhen (Mh) and Purple Swamphen (PsH). Laridae: Black-headed Gull (BhG), Audouin’s Gull (AG).
Sternidae: Sandwich Tern (ST), Common Tern ‘Banya’ (CTb), Common Tern ‘Fangar’ (CTf), Little Tern
(LT), Gull-billed Tern (GbT), Whiskered Tern (WT).
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So to sum up both the river and the Ebro Delta aquatic bird communities, we could
conclude that 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 adequately distinguish riverine and deltaic
ecosystems (high nitrification and lower carbon signatures in the river). Also, we would like
to highlight that the use of stable isotopes and ellipse-based niche metrics (SEA ), applied on
eggs samples, have helped unravelling the trophic ecology, niche and habitat partitioning
of the aquatic bird community of the Ebro Delta. Common and Sandwich Tern behave as
strict specialists at the Ebro Delta, with narrow niche widths, while in the opposite way,
Little Tern, Little Egret, Purple Heron, Night Heron and the Moorhen behave like generalists
foragers, with broad niche widths.

A2, Pollutant levels in e44s and neyz‘/inﬂ feathers,

Conservational concern?

As with the previous section, to gain a better understanding of the pollutant levels in birds
at the Ebro River, first we will compare among the selected sites (the two riverine and the
deltaic one) using Purple heron eggs and nestlings and, secondly, we will focus on the
Ebro Delta, using the eggs of the families Sternidae, Ardeidae, Laridae and Rallidae. In all
samples we analyzed mercury, selenium, copper, lead, chromium and arsenic (chromium
and arsenic only 2007-2008).

With regard to chromium and arsenic, although levels at the Ebro River showed some
differences for arsenic (see table 5 and 6), 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. 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 4000 ng/g in feathers reported by Burger and Gochfeld
(2000a)).

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 levels could be
explained by the use of copper sulphate (Cu,SO,) in agriculture. Levels reported are far
below toxic levels, which are considered around 60 ppm (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 (see fig. 10). 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.
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Sites
I'Aiguabarreig Flix Ebro Delta

Year N  Median IQR Min Max N Median IQR Min Max N Median IQR Min Max
[Hg] 2006 7/7 1580.7 637.4 902.7 2684.3 10/10 7819.5 2995.3 2980.8 13616.7 4/4  2390.8 427.1 2057.5 28544

2007 7/7 1638.4 543.0 863.9 23452 11/11 6911.5 4447.9 2718.5 10313.2 16/16 1381.6 7