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The Ebro catchment, the largest river basin in Spain, includes various heavily industrialized areas. Among
these is the Flix site, where a chemical plant has been operating since the beginning of the 20th century.
This extended operational period, together with the construction of a dam next to the factory around
1960, resulted in the accumulation of large amounts of heavily polluted sediments in the adjacent
riverbed, many of which are contaminated by mercury. Pollutants from Flix are carried downstream by
the Ebro River to its delta. In order to assess the transfer of mercury to the complex river estuary
ecosystem, we studied the ecology of the tern community living there as these birds segregate into
a range of habitats. For this purpose, ﬁrst we used stable isotope analysis (SIA) (d34S, d13C, d15N) of eggs to
determine the trophic ecology and habitat partitioning of several tern species (Common, Sandwich,
Little, Gull-Billed and Whiskered Tern) breeding sympatrically, in order to link their foraging ecology
with habitat types. Next we measured mercury concentrations in eggs to monitor the input of this metal
into the diverse habitats. With the exception of the Little Tern, the other terns used a restricted habitat
range in the Ebro Delta, as shown by C and S isotopes; the Gull-Billed and Whiskered Tern foraged in
freshwater habitats, while the Common and Sandwich Tern used marine habitats. This restricted feeding
behavior of the Gull-Billed and Common Tern contrasts with previous reports in other breeding sites. The
Little Tern, which showed a wide range of isotopic values, was found to be an opportunistic forager but
fed mainly in saltpans, a feeding habitat not reported previously for this species in this area. We found
that mercury concentrations are related to foraging habitat and diet, and are unexpectedly higher in
species feeding on demersal prey in marine habitats and also higher in birds feeding in saltpans than
in those feeding in freshwater habitats. The mercury concentrations found in the Little and Common Tern
eggs sampled in “Punta de la Banya” may be sufﬁciently high to endanger breeding success.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
The Ebro catchment is the largest river basin in Spain. Covering
an area of 85,362 km2, this catchment receives the potential
inﬂuence of 3 million people and also contains some heavily
industrialized areas. One of these areas is the Flix site, where
a chemical industry has been in operation since the beginning of
the 20th century. This long operational period, together with the
construction of a dam next to the plant around 1960, resulted in
the accumulation of high amounts of heavily polluted sediments in
the adjacent riverbed (Fernandez et al., 1999). Recently, a project to
remove the polluted sediments has started; however, this initiative
implies a high risk of dispersal. Pollutants originated at the Flix site
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are carried downstream by the Ebro River to its delta 90 km away
(Llorente et al., 1987; Pastor et al., 2004), especially during ﬂoods.
Previous studies in the Flix reservoir have reported the effects of
pollutants on birds at this site and also in the Ebro Delta (Quiros
et al., 2008; Barata et al., 2010) an area also affected by intensive
agricultural activity, which has a signiﬁcant impact on wildlife
(Mañosa et al., 2001). Mercury is a special source of concern, as it
mainly enters organisms through diet (Burger et al., 1992). The Ebro
Delta (NE Spain: 40 370 N, 00 350 E) is one of the largest wetlands in
the Western Mediterranean region and is home to extensive bird
colonies. Occupying an area of 320 km2, 75% of the delta surface is
devoted to rice ﬁelds (c.a. 20,000 ha) and farmland, 20% to natural
preserved areas and the remaining 5% to urban uses. This wetland
presents a wide variety of habitats. The inner part of the delta is
dominated by rice ﬁelds and farmland, which are connected to the
river through channels, while the coastline is characterized by
abandoned ﬁelds, lagoons, salt marshes and beaches. On each side
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of the Ebro Delta and surrounded by sea there are two arrowshaped 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, which occupies over 1000 ha.
Finally, the open sea and the northern and southern bays, molded
by the two ‘Puntas’, conform 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.
In order to study input of mercury from the Flix reservoir into
the diverse habitats of the Ebro Delta, it is necessary to examine
suitable target bioindicator species that forage in all the habitats
present, as species used by Quiros et al. (2008) and Barata et al.
(2010) (family Ardeidae) have a narrower range of foraging
habitats.
Terns are gull-related seabirds. They comprise 45 species
grouped in 12 genera (Bridge et al., 2005) which are found
worldwide; most of these are migratory birds and they have been
widely used as bioindicators of pollution (Becker et al., 1993b;
Nisbet et al., 2002; Guitart et al., 2003; Tavares et al., 2009). The
following ﬁve tern species breed in the Ebro Delta: Common Tern
(Sterna hirundo, Linnaeus, 1758), Sandwich Tern (Sterna sandvicensis, Latham, 1787), Little Tern (Sternula albifrons, Pallas, 1764),
Gull-Billed Tern (Gelochelidon nilotica, Gmelin, 1789) and Whiskered Tern (Chlydonias hybrida, Pallas, 1811). 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). Given their feeding
strategies, these ﬁve tern species have the capacity to forage over
the whole of the Ebro Delta. This trait thus makes them suitable
candidates as bioindicators of mercury for the whole area.
These ﬁve Tern species have large colonies in the Ebro Delta (c.a.
350 pairs of Little Tern, 5000 of Common Tern, 500 of Gull-Billed
Tern, 2000 of Sandwich Tern and 1200 of Whiskered Tern), thus
making this wetland one of the tern hotspots in Spain. These
species have recently increased their breeding populations in the
delta, except the Little Tern, which has decreased about 50% (Oro
et al., 2004). Although all these species are classiﬁed as of “Least
Concern” by Birdlife, terns face several threats, such as habitat loss,
human disturbance, contamination, and predation by introduced
species (feral cats, rats). Furthermore, in the Ebro Delta, tern populations have suffered ﬂuctuations (Ferrer and Martinez-Vilalta,
1986), these normally related to human disturbance of their
breeding sites and foraging areas.
Mercury biomagniﬁes along trophic webs, but its bioavailability
can vary among habitats. Therefore to assess mercury input to
terns, a full understanding of their foraging ecology in the area is
needed (Nisbet et al., 2002; Sanpera et al., 2007b; Tavares et al.,
2007; Catry et al., 2008). Stable isotope signatures of nitrogen
(d15N) and carbon (d13C) have been extensively used in studies of
seabird communities, focusing on their trophic ecology and relationships, to evaluate the relative importance of dietary sources to
consumers (Hobson et al., 1994; Forero and Hobson, 2003; Catry
et al., 2008; Cherel et al., 2008; Koiadinovic et al., 2008). d15N
reﬂects the trophic level, with consumer signatures being higher
than in their prey (Forero et al., 2005). This parameter therefore
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allows interpretation of trophic positions and food webs. Information about the source of carbon entering a food web can be
obtained from d13C (Hobson, 1999), as there is a negative gradient
between terrestrial e freshwater e marine habitats, and inshore/
benthic-linked food webs are more enriched in 13C than pelagic/
offshore ones (Michener and Schell, 1994). Isotopic sulphur signature (d34S) 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).
The present study was performed on eggs. Terns are income
breeders (Hobson, 2006); under this assumption most materials
used in clutch formation are obtained directly from diet (Ruiz et al.,
1998; Hobson et al., 2000), thus egg signatures reﬂect mainly the
diet obtained in the neighboring area during this period of time.
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).
Here we assessed the potential exposure of an aquatic bird
community that inhabits the Ebro Delta to mercury from the Flix
reservoir. For this purpose, ﬁve tern species were used as bioindicators and the relationship between habitat use and mercury
concentrations in clutches was examined. The ﬁrst objective was to
determine the trophic ecology and habitat partitioning of these
species, in order to link their foraging ecology with certain habitats
and compare them with the literature. The second objective was to
measure mercury concentrations in tern eggs in order to establish
whether values merit conservational concern. We tested the
following main hypotheses; mercury concentrations are higher in
terns feeding in freshwater habitats (which receive input from the
Flix reservoir) than those feeding in marine and especially terrestrial
habitats (as mercury bioavailability is higher in marine than
terrestrial habitats). The results may be useful to deﬁne conservation
policies to be applied in this area or other wetlands with similar tern
communities (Fasola and Bogliani, 1990; Goutner, 1990; Peste et al.,
2004; Paiva et al., 2008a). This is of particular relevance in the Ebro
Delta as the project that is being undertaken to remove polluted
sediments may alter the rate of sediments carried downstream.
2. Material and methods
2.1. Sampling
Egg sampling was conducted during the breeding seasons of
2006 and 2008 at several tern colonies located in the Ebro Delta
(see Fig. 1). The Whiskered Tern (n ¼ 11) colony sampled was
located in ‘La Tancada’ lagoon. Little Terns (n ¼ 24), Sandwich Terns
(n ¼ 20) and Common Terns (n ¼ 10) samples were collected at
‘Punta de la Banya’ while Gull-Billed Terns (n ¼ 20) and the other
Common Tern colonies (n ¼ 19) were sampled at ‘Punta del Fangar’.
The two Common Tern colonies were 23 km apart (36 km following
the coastal line) (Fig. 1). To avoid pseudo-replication, only one egg
was collected per nest. To avoid population impacts, only nests with
3 eggs were sampled for the Gull-Billed, Common, Whiskered and
Little Tern, and with 2 eggs in the case of the Sandwich Tern. Eggs
were collected following the protocol approved by the Ebro Delta
Natural Park and with the permission of the Serveis de Fauna i Pesca,
Generalitat de Catalunya (Spain).
Eggs were labeled and kept refrigerated until reaching the
laboratory where 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 a sub-sample was lipid-extracted for stable
isotope analysis using methanol and chloroform, following Folch’s
method (Folch et al., 1957).
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2.4. Statistical methods
Mercury concentration and stable isotope ratio data were
routinely checked for normal distribution. The former showed clear
skewed distributions, which were normalized by applying a logarithmic transformation. The isotopic values of one Common Tern
egg from ‘Punta del Fangar’ were considered extreme (d15N ¼ 13.8,
d13C ¼ 23.54 and d34S ¼ 4.38) and were excluded from further
statistical analyses and tables.
Species were compared using a one-way analysis of variance
and applying the Levene test to check for homoscedasticity. The
Welch correction was used accordingly. To test for “a posteriori”
pairwise differences, we used SNK or Tamhane tests. Descriptive
statistics and mean difference between groups and their 95%
conﬁdence intervals were used to show the results. Pearson’s
correlation coefﬁcient was used to explore relationships between
stable isotopes and mercury, applying the Bonferroni correction
only for the whole group of species in order to maintain overall
a ¼ 0.05. Statistical analysis was carried out using SPSS 15.0.
3. Results

Fig. 1. Map showing the sampling sites.

2.2. Stable isotope analysis (SIA)
Lean sub-samples (ca. 0.36 mg for d13C and d15N; 3.6 mg for
d S) of the homogenized eggs were placed in tin buckets and
crimped for combustion. Isotopic analyses were carried out by EAIRMS (elemental analysis-isotope ratio mass spectrometry) by
means of a Thermo Finnigan Flash 1112 (for C and N)/1108 (for S)
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 (&) following the equation:
34

Little and Whiskered Terns presented the highest variability in
stable isotopes and mercury concentrations (Table 1). The
comparison of the six tern colonies showed signiﬁcant differences
in all the stable isotopes (d13C: FWelch 5,37.2 ¼ 793, p < 0.001; d34S:
FWelch 5,36.7 ¼ 2613, p < 0.001; d15N: FWelch 5,37.2 ¼ 117, p < 0.001).
With regard to carbon signatures, the pairwise test showed four
groups. Higher d13C values corresponded to the Little Tern, followed by the Common Tern “Fangar”. The Common Tern “Banya”
and the Sandwich Tern formed a third group, with signiﬁcantly
Table 1
Descriptive statistics of stable isotope signatures and mercury in eggs from the ﬁve
tern species included in the study (Sternula albifrons, Gelochelidon nilotica, Chlidonias
niger, Sterna sandvicensis and Sterna hirundo).
N

d15N (&)

dX ¼ [(R sample/R standard)  1]  1000,
where X is 15N or 13C or 34S and R is the corresponding 15N/14N,
C/12C or 34S/32S ratio. The standards for 15N, 13C and 34S were
atmospheric nitrogen (AIR), Pee Dee Belemnite (PBD) and Canyon
Diablo Troilite (CDT), respectively. Precision and accuracy for d13C
measurements was 0.1&, 0e0.3& for d15N and 0.4 for d34S.
The laboratory applies international standards, which are generally
run for every 12 samples: IAEA CH7 (87% of C), IAEA CH6 (42% of C)
and USGS 24 (100% of C) for 13C; IAEA N1 and IAEA N2 (with 21% of
N) and IAEA NO3 (13.8% of N) for 15N; and IAEA-S1, IAEA-S2 and
IAEA-S3 for 34S.
13

d13C (&)

d34S (&)

2.3. Mercury
Mercury concentrations were measured on an ICP-MS Perkin
Elmer ELAN 6000. Before the measurement, freeze-dried samples
were digested in H2NO3 (3 ml) and H2O2 (2 ml) 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). Mean recoveries ranged 98e100% for total
mercury and no corrections were made. Mercury concentrations
were expressed on a dry weight basis (ng g1 dw).
Mercury and SIAs were performed at the Serveis Cientíﬁco-Tècnics (Universitat de Barcelona)

[Hg] ppb

Mean

SD

Min

Max

Little Tern
Gull-billed Tern
Whiskered Tern
Sandwhich Tern
Common Tern
‘Fangar’
Common Tern
‘Banya’

24
20
11
20
18

14.6
13.4
12.6
12.1
10.9

0.9
0.7
0.9
0.3
0.3

12.6
12.6
11.5
11.3
10.2

16.4
14.8
14.9
12.7
11.4

10

13.3

0.5

12.6

14.0

Little Tern
Gull-billed Tern
Whiskered Tern
Sandwhich Tern
Common Tern
‘Fangar’
Common Tern
‘Banya’

24
20
11
20
18

14.6
24.8
24.6
18.0
17.5

2.1
0.5
0.7
0.2
0.2

18.3
25.5
26.2
18.3
17.9

11.8
23.4
23.6
17.7
17.1

10

17.9

0.2

18.2

17.6

Little Tern
Gull-billed Tern
Whiskered Tern
Sandwhich Tern
Common Tern
‘Fangar’
Common Tern
‘Banya’

24
20
11
20
18

9.4
1.6
3.4
18.5
17.0

3.3
0.6
1.5
0.3
0.6

4.3
0.5
1.2
17.8
16.0

15.9
2.5
5.5
18.8
17.8

10

19.0

0.4

18.4

19.6

Little Tern
Gull-billed Tern
Whiskered Tern
Sandwhich Tern
Common Tern
‘Fangar’
Common Tern
‘Banya’

24
20
11
20
18

4150.1
1770.1
2576.6
2727.2
1139.6

1973.7
699.9
1319.9
1264.3
264.3

1375.7
879.2
1119.6
1030.7
588.1

8621.9
3686.6
5591.5
4999.8
1663.8

10

4148.9

1940.9

1138.5

7631.7
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lower values, although these were very close to those reported for
the Common Tern “Fangar”. The Whiskered and Gull-Billed Terns
showed lower d13C values. The mean difference between the two
Common Tern colonies was quite small (0.42&) (Fig. 2). Sulphur
signatures showed almost the same groups outlined with carbon
signatures but in a different sorting order. The Common Tern
“Banya” and the Sandwich Tern showed the highest. The Common
Tern “Fangar” showed a mean value close to that of the ﬁrst group
but signiﬁcantly lower. The Little Tern showed intermediate values
while the lowest d34S signatures corresponded to Whiskered and
Gull-Billed Terns, which were similar but signiﬁcantly different
(Fig. 2). With reference to nitrogen, pairwise tests showed significant differences, again delineating four groups. The highest d15N
values corresponded to the Little Tern, followed by the Gull-Billed
Tern and the Common Tern “Banya” with values around 13.3&.
Signiﬁcantly lower signatures were observed for the Sandwich
Tern and the lowest d15N corresponded to the Common Tern
“Fangar”. The Whiskered Tern showed intermediate values with
a relative high variability, and its mean value did not differ from
those of the Sandwich Tern, Gull-Billed Tern or Common Tern
“Banya” (Fig. 2).
Mean mercury concentrations were higher for the Little and
Common Tern “Banya” (Table 1). Signiﬁcant differences were found
in mercury concentrations between the six tern colonies
(F5,97 ¼ 19.841, p < 0.001). We grouped terns in four categories
(from higher to lower Hg concentrations): the Little Tern and
Common Tern “Banya”, the Sandwich Tern and Whiskered Tern, the
Gull-Billed Tern, and ﬁnally the Common Tern “Fangar” (Fig. 3).
No signiﬁcant linear relationships were found among the three
stable isotopes analyzed when the Bonferroni correction was
applied. d15N signatures and mercury concentrations showed
a linear relationship when considering all species simultaneously.
This relationship was mainly due to a species-cluster effect. From
an intra-species view, only the Little Tern presented a positive
correlation between nitrogen and mercury (r ¼ 0.63, P ¼ 0.001)
(Fig. 4).

Fig. 2. 3D-scatterplot showing the distribution of d15N, d34S and d13C 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).
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Fig. 3. Plot showing the mean position of the ﬁve tern species, according to log[Hg]
ppb and d15N signatures. Dot indicates mean value, and lines their corresponding 95%
conﬁdence intervals.

4. Discussion
The isotopic values of d13C and d34S of the six tern colonies
showed three distinct patterns. These were related mainly to
differences in the foraging habitats exploited. The ﬁrst group
comprised the Sandwich and Common Tern. This isotopic pattern,
characterized by high d34S and intermediate d13C signatures, was
close to values reported for marine feeders in the Ebro Delta, such
as those of the Audouin’s Gull, a species that relies mainly on discarded ﬁsh (Sanpera et al., 2007a) and the Yellow-legged gull,
which also uses mainly marine resources at this site (Ramos et al.,
2009). The Sandwich Tern has typically been described as a marine
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

Fig. 4. Scatterplot of the dispersion between d15N signatures and mercury of the Little
Tern. Relation between Hg and d15N is shown by the continuous line.
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feeding strategy that this species follows in 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 d13C and d34S between the two
Common Tern colonies pointed to local differences, the huge
differences in d15N 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
(Clupeiforms), 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 Whiskered and Gull-Billed Terns showed low d13C and d34S
signatures. The former feeds mainly on aquatic preys in wetlands
(Latraube et al., 2005; Paillisson et al., 2007), and the rice ﬁelds,
marshes and lagoons in the Ebro Delta are suitable foraging habitats for this species. Carbon isotopic data from heron species
feeding in these habitats in the delta show very similar values
(Purple heron Ardea purpurea d13C ¼ 24.1 n ¼ 16 SD ¼ 0.87;
Squacco Heron Ardeola ralloides d13C ¼ 22.9 n ¼ 15 SD ¼ 0.47,
unpublished data). Although reported to be a generalist feeder on
a range of prey (Goutner, 1991), such as grasshoppers and caterpillars (Mathew et al., 1998), amphibians and beetles (Cabo and
Sanchez, 1986), crayﬁsh, insects and ﬁsh (Dies et al., 2005) or
even ﬁddle crabs (Uca tangeri) (Stienen et al., 2008), the Gull-Billed
Tern behaves like a freshwater forager in this locality, as shown by
its low d13C range. The slight differences found in the d34S signatures between the two species would indicate that while the GullBilled Tern also exploits terrestrial habitats (with lower d34S
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 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
behavior has not been described previously for this tern population
(Arcos et al., 2002; Mateo et al., 2004).
The Little Tern showed high d13C and intermediate d34S signatures. 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., 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
4e6 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). d13C 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 d13C
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, thus pointing to individual foraging
strategies. Furthermore, the d15N values of this species were the
highest of the tern species examined. As the diet of the Little Tern is
based mainly on ﬁsh and prawns (Norman, 1992; Bogliani et al.,
1994; Paiva et al., 2006b), the high d15N signatures are probably
the result of an increased basal signature in this habitat rather than
differences in the trophic levels occupied.
Regarding mercury concentrations, our results indicate that the
inﬂuence from riverine inputs from the Flix reservoir into the
freshwater habitats of the Ebro Delta is lower than the mercury
input to the marine foodwebs. Nevertheless, mercury derived from
intensive agricultural activities in the wetland system (Mañosa
et al., 2001) and from the industry located along the riverside,
specially in the Flix Reservoir (Barata et al., 2010), may have
accumulated in the sand banks of the Ebro Delta over the years,
especially in the southern hemidelta, as materials carried by the
Ebro river are mainly deposited there by the Liguro-ProvençalCatalan oceanic current (Guitart et al., 2003). However, riverine
inputs have probably increased the mercury baseline of neighboring marine foodwebs, as has been reported for Audouin’s Gull
chicks in the Ebro Delta when compared with other colonies
elsewhere in the Mediterranean (Sanpera et al., 2007a). Mercury
concentrations in freshwater foragers (Whiskered Tern) are related
mainly to the river contaminant input and are in the same range as
those reported for the Purple Heron and the Little Egret at this site
(Barata et al., 2010). In contrast, the Gull-Billed Tern, which shows
partial terrestrial habitat use, showed lower mercury concentrations. Differences in mercury concentrations between the marine
species may be related to their differential bioavailability in marine
ecosystems, as demersal ﬁsh reach higher mercury loads than
epipelagic ones (Arcos et al., 2002); thus, Common Terns sampled
in “Punta de la Banya”, which have access to ﬁsh discards, had the
highest mercury concentrations of all the marine feeders. These
concentrations were close to those reported for Audouin’s Gull
eggs at the same locality, a species that also feeds on ﬁsh discards
(Morera et al., 1997). Higher mercury concentrations have been
reported only for the Common Tern in the Elbe estuary (Becker
et al., 1993a), a heavily polluted area. Other studies on mercury
content of the Common Tern feeding mainly on epipelagic ﬁsh in
several sites in Europe and North America ranged from 800 to
almost 2000 ppb (Monteiro et al., 1999; Guitart et al., 2003; Becker
and Munoz Cifuentes, 2004; Burger and Gochfeld, 2006; Bond and
Diamond, 2009), with most values around 1000 ppb. Although the
Sandwich Tern feeds on epipelagic ﬁsh, its larger size may allow
capture of bigger prey with higher pollutant loads. Finally, the
Little Tern presented the highest mercury concentrations. This
observation is attributed to a different mercury baseline in the
saltpan food webs. Relatively high concentrations of this pollutant
have also been found in Little Terns feeding in saltpans in Portugal
(Tavares et al., 2007; Paiva et al., 2008b). The concentrations
in those birds were found to be higher than those of Little Terns
in the Baltic Sea feeding mainly in marine ecosystems (Thyen et al.,
2000).
Finally, the relatively high mercury concentrations in the Little
Tern and Common Tern colonies in “Punta de la Banya” may be
reaching critical values that endanger breeding success. However,
embryos of Charadriformes species show an intermediate range
sensitivity to mercury compared with other bird families such as
Anseriformes (higher sensitivity) or Falconiformes (lower sensitivity) (Heinz et al., 2009). Thus studies to evaluate these effects are
required. The striking variability observed in d15N signatures for
Little Tern allowed us to detect a clear relationship between
mercury and nitrogen signatures (i.e. trophic level), a predictable
observation given the known underlying biomagniﬁcation process
that occurs for mercury.
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In summary, the tern community in the Ebro Delta reveals
outstanding differences in habitat use as a result of niche segregation. These differences allowed us to interpret their mercury
concentrations. In this regard, mercury load was found to be
unexpectedly higher in terns feeding in marine habitats than in
freshwater ones. We propose that this ﬁnding is associated with
decades of accumulation of polluted sediments from the river in the
sand banks of the Ebro Delta. Potential alterations induced by
changes in the ﬁsheries, saltpan and/or crop management should
be adequately evaluated to preserve the diverse tern community
inhabiting this area. Moreover, further research into mercury
concentrations in seabirds feeding in marine habitats and saltpans
is recommended. Given the mercury concentrations we found in
eggs of Little and Common Terns, further studies are of particular
relevance in order to monitor whether the mercury load of these
species has become a conservation concern.
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