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USING A THREE-ISOTOPE BAYESIAN MIXING MODEL
TO ASSESS THE CONTRIBUTION OF REFUSE DUMPS
IN THE DIET OF YELLOW-LEGGED GULL
LARUS MICHAHELLIS

UTILIZACION DE UN MODELO DE MEZCLA BAYESIANO CON TRES
ISOTOPOS PARA EVALUAR LA CONTRIBUCION DE LOS VERTEDEROS
EN LA DIETA DE LA GAVIOTA PATIAMARILLA LARUS MICHAHELLIS

Aida ABDENNADHER!- 2 ¥, Francisco RAMIREZ!" 3, Mohamed Salah ROMDHANEZ,
Lluis Jover* and Carolina SANPERA!

SuMMARY.— The yellow-legged gull Larus michahellis is usually considered as an opportunistic
species that depends on food derived from anthropogenic activity, such as garbage and fishery discards.
However, although it has become a problematic species in many Mediterranean countries, there is still
no information about its status in Tunisia. The aim of this work was to assess the differential use of
marine and terrestrial resources by the yellow-legged gulls breeding in an urban area on Chikly Island.
Dietary reconstructions were performed through the analysis of regurgitates and ¢'*C, 6**S and 6'°N of
fledgling’s feathers. Contrary to most Mediterranean breeding colonies, and to our expectations, the
mixing model showed that yellow-legged gulls from Chikly are above all marine foragers. Whereas the
Lake of Tunis was the principal source of food in 2005 and 2007, chicks from 2006 were fed mainly
with prey from the Gulf of Tunis. Although the Gulf is located further from the breeding colony and has
less fishing activity than the Lake, our study demonstrated that it is used as an alternative foraging
habitat. The Bayesian mixing model approach proved to be a useful tool for evaluating temporal
variations in the feeding ecology of the colony, which is a relevant information for the management of
a wild species. This study also demonstrated the importance of isotopic variability among years for
inferring diet diversity and food availability for the colony, thereby allowing demographic forecasts
when trophic resources vary in abundance or the foraging habitat is disturbed.
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RESUMEN.—La gaviota patiamarilla Larus michahellis se considera una especie oportunista, que
depende de los recursos alimenticios generados por la actividad humana, como son la basura de los
vertederos o los descartes de pesca. A pesar de que la gaviota patiamarilla se ha vuelto problemadtica en
varios paises del Mediterrdneo, no existe informacion sobre su estado en Ttnez. Este trabajo ha tenido
como objetivo estudiar el uso diferencial de las fuentes tréficas por la poblacion de gaviota patiamarilla
que cria en Chikly, una isla sometida a gran presién urbana. Para reconstruir su dieta, se ha llevado a
cabo el andlisis de regurgitados y de 0'"°C, 0*S y 0'°N en plumas de pollos. Al contrario de lo que
esperdbamos, teniendo como referencia lo que sucede en otras colonias del Mediterrdneo, el modelo de
mezcla ha demostrado que la alimentacion de la gaviota patiamarilla de Chikly es principalmente marina.
Mientras el lago de Tunez ha sido la mayor fuente alimentaria durante 2005 y 2007, el golfo de Ttinez
lo fue durante 2006. Aunque el golfo estd mds lejos del sitio de cria y en €l se dé una menor actividad
pesquera, nuestro estudio ha demostrado que sigue siendo una fuente alimentaria alternativa. El modelo
de mezcla bayesiano ha resultado ser una herramienta con un gran potencial para evaluar los cambios
en la ecologia tréfica de esta colonia a lo largo de los afios, un punto clave para la correcta gestion de
fauna salvaje. Por otro lado, cabe destacar la relevancia de la variabilidad temporal de las trazas isotopicas
para inferir la diversidad y disponibilidad de los distintos recursos para la colonia, permitiendo as{

previsiones demogréficas cuando estos varfan en abundancia o debido a la alteracién del hébitat.
Palabras clave: aves marinas, azufre, carbono, isétopos estables, nitrégeno, regurgitados, Ttnez,

vertedero.

INTRODUCTION

Several species of Laridae have shown high
population growth in the Mediterranean Sea
during recent decades. This increase is mainly
explained by (1) their trophic plasticity and
ability to use resources generated by human
activity, and (2) the increasing availability of
these anthropogenic resources over recent
years (Bosch er al., 1994; Oro et al., 1995).
The yellow-legged gull Larus michahellis has
become regular in many coastal cities, where
the abundance of open rubbish dumps and
discards from the fishing activity provides
significant food sources for this species
(Duhem et al., 2007; Duhem et al., 2008;
Sorace and Gustin, 2009). The yellow-legged
gull population of the western Mediterranean
has increased by 10% annually (Duhem et al.,
2007; Thibault et al., 1996; Vidal et al.,
1998). The Yellow-legged gull is becoming
problematic in some localities because of its
interaction with human activities such as
aviation and agriculture, as well as its role in
the transport of pathogens, and its predation
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on vulnerable and sensitive or protected
species (Finney et al.,2001). The study of the
trophic ecology of such a problematic species
is key to understanding the demographic
expansion of its populations and to defining
adequate environmental management policies
(Einoder, 2009). Conventional methods for
dietary reconstruction, such as analysis of
stomach contents, pellets or regurgitates,
suffer from well-known limitations: notably,
the time period over which dietary information
can be inferred is short (< 1day) and dietary
estimation is biased towards bigger prey
that are more resistant to digestion (Duffy and
Jackson, 1986; Gonzalez-Solis et al., 1997,
Votier et al., 2003). Nevertheless, such con-
ventional tools are still necessary for
obtaining data about taxonomic dietary
composition. Analysis of regurgitates yields
more information than that of stomach contents
because regurgitated food has been more
recently consumed and is therefore less digested.

The analysis of naturally occurring stable
isotopes of carbon (*C/2C, expressed as §'*C),
sulphur (**S/2S, expressed as 0**S) and
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nitrogen (N/MN, expressed as 0'°N) has
become increasingly common in the study of
the trophic ecology of particular populations
(Bearhop et al., 2004; Cherel et al., 2005;
Hobson et al., 1994; Hobson and Cherel,
2006) because it constitutes a relatively non-
invasive way of obtaining time-integrated
information on assimilated diets. Whereas
O0BC and 0*S provide information on the
exploited foraging habitats, such as ben-
thic/pelagic or marine/continental (Dufour
and Gerdeaux, 2001), 0N has been widely
used as a proxy for trophic level (Peterson
and Fry, 1987). In addition, transforming
isotopic information into dietary proportions
of isotopically distinct dietary sources is now
feasible through the use of multi-source
isotope mixing models (Moreno et al., 2010;
Phillips, 2001; Phillips and Koch, 2002;
Phillips et al., 2009; Ramos et al., 2009b,
2011), which can provide more reliable
information on trophic interaction.

The aim of this work was to evaluate the
differential use of two marine habitats and
landfill by a colony of YLGs breeding on
Chikly Island: the Lake of Tunis, the Gulf of
Tunis and landfill sites. Defining the
importance of each habitat being exploited by
a population is fundamental for wildlife
management and conservation, since
accessibility to trophic resources and their use
plays a key role in survival and reproductive
success. We therefore reconstructed the diet
of the yellow-legged gull colony over three
years by combining two complementary
techniques: the analysis of regurgitates of
fledglings and stable isotope analysis of their
growing mantle feathers. To determine the
contribution of each of the three foraging
habitats to the diet of the colony and their
variation over time, we applied a mixing
model for each monitored year.

Although similar studies have been
carried out on this species in the western
Mediterranean (Moreno et al., 2010), this is
the first study on the North African coast.

MATERIAL AND METHODS
Study area

A study of the yellow-legged gull po-
pulation breeding on Chikly Island was carried
out over three years (2005, 2006 and 2007).
The island is in the northern part of the Lake of
Tunis (36° 49° N, 10° 13’ E), a brackish urban
lagoon surrounded by the capital city (fig. 1).
The lake is divided into a northern and a
southern part by a navigation channel. The
Lake of Tunis has a well-known history of
severe eutrophication with resulting anoxia and
massive fish death, especially before the
restoration work that was carried out in the
mid-1980s (Harbridge et al., 1976; Mastouri
and Brahim, 1996). The northern part, which
covers an area of 2,480 ha, continues to suffer
intense human pressure, as it is the subject of a
growing urban development project. It also
receives water inputs from several rainfall-
collecting channels, as well as from the
adjacent Gulf of Tunis. The Gulf of Tunis is
part of the Mediterranean Sea, and extends over
nearly 150 km between Cape Sidi Ali E1 Mekki
and the northeastern tip of the Cap Bon
peninsula (37° 0’ N, 10° 30’ E). The Tunisian
legislation on benthic fishing activities in the
Gulf of Tunis is very strict as this area
represents a nursery for several fish species. It
is opened for only a few months per year
depending on a decision taken yearly following
studies of the status of fish stocks.

Sample collection

During the breeding periods of 2005, 2006
and 2007, we collected growing mantle
feathers of 21, 40 and 25 fledglings, res-
pectively. Spontaneous fledgling regurgitates
(N =16, 44 and 11, in 2005, 2006 and 2007,
respectively) were also collected, individually
placed in sealed plastic bags and stored at
—20°C until laboratory analysis. Only one
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Lake of Tunis

Chikly Island

Gulf of Tunis

Kilometers

FiG. 1.—Study area showing the breeding colony of yellow-legged gulls on Chikly island and both
marine foraging habitats: the Lake and Gulf of Tunis.

[Area del estudio en la que se muestra la colonia de cria de gaviota patiamarilla en la isla de Chikly,
asi como las dreas marinas de forrajeo: el lago y el golfo de Tiinez.]

fledgling was sampled from each brood, to
avoid pseudo-replication arising from parents
feeding the same prey to all their offsprings.

Analysis of regurgitates

Regurgitate prey items were individually
identified to taxonomic order level and weighed
(wet weight). With the aim of estimating the
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contribution of the different foraging habitats to
the chick’s diet, food items were also classified
according to their ecological categories: marine
prey (including all fish and cuttlefish),
landfill (including all kinds of domestic food),
freshwater invertebrates, and terrestrial inver-
tebrates. For each year and, in order to estimate
the relative importance of each category, both
prey biomass percentage (% B) and numeric
percentage (% N) were estimated.
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TABLE 1

Taxonomic analysis of regurgitated prey and their numeric (%N) and biomass percentage (%B) in the

diet of yellow-legged gulls from Chikly colony.

[Andlisis taxonomico de las presas encontradas en los regurgitados, y sus importancias numéricas (%N)
y de biomasa (%B) en la dieta de las gaviotas patiamarillas en la colonia Chikly.]

Year Index Marine prey Landfill ifll\‘letl:l,;t:tl;e i:j::fes:)l:::e
2005 %N 63.2% 26.3% 53% 53%
%B 73.9% 22.8% <0.01% 3.3%
2006 %N 75.9% 18.5% 5.6%
%B 68.0% 25.1% 7.0%
2007 %N 83.3% 16.7%
%B 78.4% 21.6%
Mixing model In order to ascertain the relative con-

With the aim of estimating the relative
importance of the different foraging habitats
for gulls from the studied colony, we used a
three-isotope approach (6'*C, 6**S and 6'°N),
defining three endpoints: the Lake of Tunis,
Gulf of Tunis and a terrestrial ecosystem. The
last category was a source of mainly landfill
items and terrestrial invertebrates. We did not
consider freshwater invertebrates since they
constituted a very small proportion in terms
of both numeric and biomass percentage in
the diet of the colony (< 0.01%).

The stable isotope signatures of the three
foraging habitats (Gulf, Lake and terrestrial
ecosystem) were estimated using the stable
isotope signatures of all prey found in
regurgitates collected in the three years of
monitoring. As marine prey found in fledgling
regurgitates could have come from either the
Lake of Tunis or the Gulf of Tunis, we used our
results from a previous study that allowed us to
assign each prey item to its source based on its
0*S (Abdennadher et al., 2011).

tribution of the different types of prey to the
endpoint signature, we weighted prey isotope
signatures and elemental concentrations by
prey fresh biomass.

We used a Bayesian stable-isotope
mixing model (SIAR), which allowed the
inclusion of the isotopic signatures of the
consumers, potential dietary resources, ele-
mental concentrations and diet-tissue isotopic
discrimination factors, along with the un-
certainty of these values. We used means and
standard deviations for all diet-tissue isotopic
discrimination factors except for S. S is less
commonly used than C and N, and thus the
literature did not provide an SD, so we took
SD =0 for the sulphur discrimination factor.
The isotopic discrimination factors (mean +
SD) used in the model were obtained from the
literature: A*C = 1.15 + 0.18 (Caut et al.,
2009), A4*S=1.3 (Ramos et al., 2009b;
Peterson et al., 1987) and AN =291 +0.16
(Caut et al.,2009). Estimations were obtained
using the SIAR package (Parnell et al., 2008)
for R (http://r-project.org).
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Stable isotope analysis

Measurements of 0*C, 9**S and 6'°N of
fledgling feathers were carried out during the
three years. Feathers were initially washed in a
0.25M sodium hydroxide solution and rinsed
thoroughly in distilled water to remove any
surface contamination. Both feathers and prey
were oven-dried at 60°C to constant weight and
ground to a fine and homogeneous powder
using an impactor mill (Freezer/mill6750 —
Spex Certiprep) that operates at liquid nitrogen
temperature. In order to reduce variability due
to differences in lipid content, individualised
prey from regurgitates were treated wholly and
subjected to lipid extraction by successive
rinsing in a chloroform and methanol solution
(2:1) (Folch et al., 1957; Logan et al., 2008).
Sub-samples of the powdered feathers (0.36 mg
for 6N and 0°C; 3.6 mg for §*S analyses)
and prey (0.5 mg for 0°N and 6'*C; 8 mg for
0*S analyses) were packed in Sn capsules and
combusted for isotopic determination by EA-
IRMS (Elemental Analysis-Isotope Ratio Mass
Spectrometry) using a ThermoFinnigan Flash
1112 (for N and C)/1108 (for S) elemental
analyser coupled to a Delta isotope ratio mass
spectrometer via CONFLOIII interface (Servei
Cientifico-Tecnics of the University of
Barcelona). Stable isotope ratios were expre-
ssed in parts per thousand according to the
conventional equation: 0X (%0) = [(Rgumple /
Rguandara) - 11 * 1000, where 0X (%o) is 0"°C,
0N or 0*S, Ry, is the corresponding ratio
of 13C/2C, SN/*N or 3*S/**S in the analysed
tissue, and Ry, nq.rq 15 the corresponding ratio of
BC/™2C, BN/™N or *S/3%S related to the standard
values. Rg,naarg Values for 6*C, 0'°N and 6*S
were those of Pee Dee Belemnite (PDB),
atmospheric nitrogen (AIR) and Canyon
Diablo Troilite (CDT), respectively. We used
international standards (IAEA) in each batch of
12 samples to calibrate the system. Replicate
assays of standard materials indicated standard
deviations of + 0.1%o, = 0.2%o and + 0.2%o, for
carbon, sulphur and nitrogen, respectively.
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Statistical analysis

Normality of the stable isotope signatures
was visually checked using quantile plots.
Comparison among years was done by means
of one-way analysis of variance (ANOVA),
with Welch correction when appropriate to
account for variance heterogeneity. Post-hoc
pairwise comparisons were performed by
Tukey’s or Tamhane’s procedure, depending
on whether or not the variances were
homogeneous. Statistical analysis was carried
out using SPSS 15.0.

RESULTS
Analysis of regurgitates

Identification of prey found in regurgitates
showed that terrestrial invertebrates were only
present in 2005. Freshwater invertebrates made
a minor contribution to the colony diet,
especially during 2005, when their percentage
of the biomass was very low (%B < 0.01%).

Marine prey and landfill categories were
the most recurrent and important in terms of
both numeric and biomass indices (table 1).
According to these indices, marine prey was
the most important resource during the three
years of the study.

Mixing model

Stable isotopes of prey, pooled together to
calculate endpoint means, are presented in table
2.In order to disentangle the contribution of the
two marine habitats together with the terrestrial
ecosystem to the diet of the colony, we applied
a three-isotope Bayesian Mixing Model. The
mixing model showed, in accordance with the
analysis of regurgitates, that regardless of the
year considered, use of the terrestrial ecosystem
was minor. The diet of the studied colony
consisted mainly of marine prey from both the
Lake of Tunis and the Gulf. In 2005, Gulf use
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was at its minimum, and use of the terrestrial
resource peaked, in comparison with 2006 and
2007. The contribution of the terrestrial
resource varied between 29.5% (in 2006) and
49.3% (in 2005). In 2006, the most exploited
feeding habitat was the Lake of Tunis and the
less used was the Gulf. The Lake of Tunis
was the most important foraging habitat used
by the yellow-legged gull colony during the
three years of the study. The contributions of
the various sources and their 95% credibility
intervals are shown in figure 2.

305

Stable isotope analysis of fledgling feathers

The isotopic composition of fledgling
feathers showed a normal distribution in each
of the three years of the study. 6'°N showed
no significant difference among years (6'°N:
Fy ¢3=3.24, P=0.72). On the contrary, 6°C
and 0*S showed a slight increase between
2005 and 2006 (6°°C: F, g3 = 5.4, P = 0.006;
0*S : F, 4 = 45, P = 0.014), whereas
homogeneous mean values were found in the
2006 and 2007 breeding seasons (fig. 3).
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FiG. 2.—Contributions of the different foraging habitats to yellow-legged gull diet provided by the
Bayesian mixing model with 95%, 75% and 50% credibility intervals.

[Diagrama de cajas generado por el SIAR revelando las contribuciones (%) de las diferentes fuentes
de alimentacion en la dieta de la gaviota patiamarilla proporcionadas por el modelo de mezcla
bayesiano, con intervalos de credibilidad al 95%, 75% y 50%.]
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Fi1G. 3.—Isotopic signatures of fledgling feathers (6'*C, 6**S, 0°N) from the colony of yellow-legged

gulls breeding on Chikly in 2005, 2006 and 2007.

[Signaturas isotdpicas (medias y desviaciones estdndares, con intervalos de confianza al 95%) de las
plumas de pollos (8°C, 8**S, 8°N) de la colonia de cria de gaviota patiamarilla en Chikly durante

2005, 2006 y 2007.]
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DiscussioN

During the three years of the study,
fledgling feathers showed a slight but
significant increase in isotopic signatures of
carbon and sulphur between 2005 and 2006,
pointing to an increased consumption of
marine resources (6**S) and a greater use of
benthic resources (6'3C) in 2006 (Newsome
et al., 2007). This change from one year to
another could be explained by a change in
prey availability, probably related to fishery
activity. The yellow-legged gull is well
known for its opportunistic behaviour and
ability to adapt its diet to the most readily
available resource (Duhem et al., 2007,
Gonzalez-Solis et al., 1997; Moulai, 2008;
Oro et al., 1995). Even if yellow-legged gulls
used the available resources differently
during the three years of monitoring, no
variation was detected in 0"°N.

The analysis of prey from regurgitates
showed that marine prey consumed by the gulls
from the studied colony could have come from
the Gulf or the Lake of Tunis. In addition, the
analysis of regurgitates showed that these two
food sources were used fairly constantly over
the three years, whereas terrestrial and
freshwater invertebrates were accessory
resources, consumed only occasionally. The
importance of this prey appeared when looking
at numeric (%N) or biomass percentages (%B)
of invertebrates: whereas %B indicated a small
contribution of invertebrates to the colony diet,
the %N was higher.

Knowing the isotopic signatures asso-
ciated with the main foraging habitats used
by this generalist consumer, a three-isotope
Bayesian mixing model allowed us to
ascertain the quantitative importance of the
different food sources available to the colony
(Caut et al., 2009; Ramos et al., 2009b). In
agreement with the conventional approach
(analysis of regurgitates), the isotopic
analysis suggested that marine prey was the
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most important food resource of the colony.
The mixing model also allowed us to know
that marine prey consumed by the colony
during the monitoring period came mostly
from the nearest aquatic habitat, the Lake of
Tunis. Despite the availability of several open
air dumps, yellow-legged gulls from the
Chikly colony seem to be mainly marine
foragers, in contrast with other studies
(Arizaga et al., 2013; Bosch et al., 1994;
Moreno et al., 2010). In other Mediterranean
areas chicks are described as extremely
dependent on open-air rubbish dumps
(Duhem et al., 2007, 2008; Ramos et al.,
2009a). The dietary contribution of marine
prey (Lake and Gulf together) was major
throughout the three years of the study, while
the contribution of food of terrestrial origin
was far less.

Combining conventional methods with
stable isotope analysis provided an integrated
view of the diet of the studied colony. While
isotopic signatures yield data about
assimilated food, analysis of regurgitates only
gives information about ingested food. In
addition, stable isotope analysis provided
information about the foraging habitat
exploited which, when integrated into a
mixing model, allowed us to define the
importance of each of the available food
sources. Mixing models are widely used to
provide quantitative indices of food source
contributions to a diet (Moreno et al., 2010;
Phillips and Koch, 2002). They require prior
conventional diet analysis for a more
informed selection of data for input into the
mixing model. As the colony has two marine
foraging habitats available, the isotopic
discrimination between prey from the Lake or
the Gulf (Abdennadher et al.,2011) was very
helpful in estimating the importance of each
one, which would have been impossible
based on taxonomic data alone. The
simultaneous use of three isotopes in a
Bayesian SIAR mixing model showed a high
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discriminatory power for the study of a
generalist forager like the yellow-legged gull.
Another study has compared results from a
Bayesian mixing model and an isosource
mixing model and has shown that the former
is more appropriate for the study of a
generalist diet (Moreno et al., 2010). From
a conservation perspective, knowing the
main food source of the colony is essential
for decision-making and environmental
management. An isotopic approach has
proven to be a useful tool for evaluating
temporal variation in the feeding ecology of
populations, and may become extremely
useful for the management and conservation
of wild species.

In summary, the analysis of regurgitates
was the most effective for taxonomic
identification but did not yield information
about which foraging habitat was more
exploited. In contrast, the isotopic approach
enabled us to identify changes in the
colony’s use of feeding resources over time.
The mixing model showed that the Lake of
Tunis was the most important source of
marine prey for the studied colony, whose
trophic ecology could therefore be
negatively affected by any environmental
disturbance of this habitat. The coupling of
the two techniques has resulted in a valuable
contribution to understanding the trophic
ecology of the yellow-legged gull. The data
obtained may be useful in preven-ting any
human disturbance or modification of the
feeding habitats exploited by the colony,
particularly since its breeding area on
Chikly Island is submitted to such intense
anthropogenic pressure.
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