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Abstract Wading birds are key components of wetlands,
transporting matter, energy, contaminants and associated or-
ganisms among limnetic, estuarine, terrestrial and coastal eco-
systems. The role of cocoi herons (Ardea cocoi) in connecting
these ecosystems was studied in the only known estuarine and
limnetic colonies in coastal plains of southern Brazil. Food
obtained by parents around colonies when foraging for chicks
and themselves was used to assess diet, by the analysis of 50
pellets, gastrointestinal contents and spontaneous regurgitated
samples, as well as the analysis of stable isotopes (δ13C and
δ15N) in the whole blood of 25 chicks. Cocoi herons were
predominantly piscivorous in both environments, relying
mainly on whitemouth croaker (Micropogonias furnieri) in
the estuarine colony (47 % of samples and 36–56 % in the
isotope mixing model), followed by Callinectes blue crabs
and on trahira (Hoplias aff. malabaricus), in the limnetic col-
ony (60 % of the dietary samples). However, for the limnetic
colony, terrestrial and aquatic potential food sources contrib-
uted evenly to the isotopic mixing model. Furthermore, stable
isotopes suggested that marine food sources, available on the
coast 15 km away, were part of the diet of chicks in the lim-
netic colony. Complementary approaches used in the current
study demonstrate that widely distributed, large-sized Ardea

herons and other waterbirds are important for the connectivity
of terrestrial and a range of aquatic environments. These birds
contribute to the flow of matter and energy between wetlands
and adjacent habitats and are key species for linking different
food webs through complex and still poorly understood lateral
subsides.
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Introduction

Most wading birds breed in large, multi-specific colonies.
Chicks of colonial waterbirds are fed by prey obtained by
parents around colonies, and thus, the ecological conditions
of the surrounding environments are reflected in their tissues
(Burger and Gochfeld 1993; Fasola et al. 1998; Green and
Elmberg 2014). Even during the breeding period when adults
are central place foragers (i.e. their foraging ranges are limited
to areas around the nest), they are able to obtain and transport
materials from a range of heterogeneous environments nearby
(Green and Elmberg 2014; Britto and Bugoni 2015;
Kloskowski and Trembaczowski 2015). For instance, chicks
of Ardea herons are fed by prey captured in areas as far as
35 km from the colonies (Custer and Osborn 1978, Frederick
2002). The cocoi heron (Ardea cocoi Linnaeus, 1766) is the
largest South American heron (Sick 1997). It inhabits wet-
lands, such as lakes, marshes, rivers and beaches, from the
marine coast to inland waterbodies. Cocoi herons have a wide
distribution across South America and are regarded as gener-
alists and top predators in shallow water ecosystems. Data on
its feeding and foraging ecology are essential for a compre-
hensive understanding of matter, energy and contaminant
transport within and between these ecosystems. However,
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despite that this species is large, conspicuous and widespread,
surprisingly little information is available of its basic biology
(Kushlan and Hancock 2005).

Studies on cocoi herons are usually restricted to breeding
and chick feeding observations (e.g. Borrero and Cruz-Millán
1982; Kushlan and Hancock 2005; González-Acuña et al.
2008; Ducommun and Beltzer 2010; Pretelli et al. 2012).
Dietary studies suggest that the species is predominantly pi-
scivorous, but their diet can also include insects, crustaceans,
reptiles, amphibians and rodents as secondary food items
(Borrero and Cruz-Millán 1982; Ducommun and Beltzer
2010; Pretelli et al. 2012). Herons, similar to storks, cormo-
rants and several other waterbirds, regurgitate the food to feed
chicks (Weller 1999) and can also regurgitate spontaneously
when disturbed (Gianuca et al. 2012). Regurgitates represent
partially digested prey, allowing species identification and
quantification. On the contrary, pellets are hard, undigested
remains combined with mucous that are regularly egested to
avoid passing them through the digestive tract. Regurgitates
and pellets have both beenwidely used for the study of the diet
of Pelecaniformes (e.g. Hewson and Hancox 1979; Jakubas
and Mioduszewska 2005; Rodríguez et al. 2007; Gianuca
et al. 2012; Pretelli et al. 2012). For pellet analysis, hard re-
mains, such as fish otoliths and bones, are used for species
identifications and to assess individual fish size ingested
(Barrett et al. 2007). However, these conventional approaches
only reflect recently ingested food and could be biased to-
wards prey with hard parts to the detriment of soft body food
items (Barrett et al. 2007; Britto and Bugoni 2015).

Stable isotope analysis (SIA) is a complementary technique
to traditional methods for the study of a consumers’ diet
(Karnovsky et al. 2012) and is increasingly being used in stud-
ies of the feeding ecology of waterbirds (Hobson 2011). While
traditional methods provide detailed information of recently
ingested prey species and sizes, SIA provides clues on the
proportions of assimilated food items at different timescales,
as different tissues have variable turnover rates. In addition,
SIA allows inferring trophic levels and the origins of carbon
and nitrogen in the ecosystem (Peterson and Fry 1987).

Nitrogen isotope ratios (15N/14N or δ15N) are frequently
used to represent the vertical trophic structure in aquatic eco-
systems (Vander-Zanden et al. 1997; Hussey et al. 2014),
whereas carbon isotope ratios (13C/12C or δ13C) are useful
for the identification of food sources, such as coastal vs. oce-
anic, marine vs. limnetic or environments dominated by C3 or
C4 photosynthetic plants (Peterson and Fry 1987; Wassenaar
and Hobson 2000; Fry 2006; Barrett et al. 2007). The rationale
of the technique is based on the assumption that stable isotope
(SI) values of elements in animal tissues reflect the proportion
of such elements in their food during the synthesis of tissues
(Peterson and Fry 1987; Hobson 2009). As a consequence,
inert tissues, such as feathers, fur or other keratin rich tissues,
are used to infer the diet during the period of their formation,

whereas tissue synthetized intermittently, such as blood and
muscle, reflects the diet from sampling to a variable previous
time window (Peterson and Fry 1987).

Despite several SIA-based studies that have investigated
the diet of waterbirds, the technique has not been used to
elucidate the feeding ecology of cocoi herons and their role
in connecting environments. Furthermore, the diet of the spe-
cies based on conventional methods is time- and place-re-
stricted, usually limited to a list of ingested food items (e.g.
Borrero and Cruz-Millán 1982), with limited sample sizes
when quantification was attempted (Pretelli et al. 2012), or
based on lethal methods applied to adults (Ducommun and
Beltzer 2010). Furthermore, studies on the feeding ecology
of the species in Brazil have not been conducted; thus, its role
in aquatic ecosystems remains elusive.

In the current study, we determined the diet of cocoi heron
chicks in limnetic and estuarine colonies in southern Brazil,
using conventional and SIA methods, to infer the major food
items of the species and their role in connecting coastal lowland
environments. We hypothesize that chicks from the estuarine
colony rely heavily on adjacent estuarine food sources, with a
minor proportion of limnetic prey; on their turn, chicks from
the limnetic colony only utilize limnetic prey. Furthermore, we
expect that δ13C values will be higher in chick blood from the
estuarine colony, reflecting higher baseline values in compari-
sonwith limnetic or terrestrial food sources; δ15N is expected to
be similarly high, reflecting consumption of large prey at sim-
ilar trophic levels in both environments.

Materials and Methods

Study Area

The study was conducted in two mixed colonies, one in a
limnetic environment and one in an estuarine environment,
both at Rio Grande Municipality, Rio Grande do Sul State,
the southernmost in Brazil (Fig. 1). This region is regarded as
an important area for heron conservation in the Americas
(Kushlan and Hancock 2005). In both colonies, cocoi heron
nests in mixed colonies with great egret Ardea alba Linnaeus,
1753, snowy egret Egretta thula (Molina, 1782), cattle egret
Bubulcus ibis (Linnaeus, 1758), roseate spoonbill Platalea
ajaja Linnaeus, 1758, and other large waterbird species. The
limnetic colony was at AguirreMarsh (32° 30′ S, 052° 32′W),
where the predominant vegetation was Schoenoplectus
californicus C.A. Mey (Cyperaceae), with bushes of
Cephalanthus glabratus Martius (Rubiaceae) over which the
cocoi heron built nests. This colony was approximately 15 km
from the Atlantic Ocean and 5 km fromMirim Lagoon, a large
freshwater body between Brazil and Uruguay and a major
waterbody in South America (Kotzian and Marques 2004).
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It was also nearby Taim Ecological Reserve, a fully protected
33,000-ha protected area, with vast wetlands.

The estuarine colony was located at Marinheiros Island
(31° 58′ S, 052° 05′Wand 32° 02′ S, 052° 12′W), the largest
island of the Lagoa dos Patos Estuary. This island has an area
of 40 km2, and the colony was located in its SW margin (32°
04′ S, 052° 09′ W) in a swamp composed mainly by
Sebastiana brasiliensis L. and Sapium glandulosum L. (both
Euphorbiaceae) trees, which covered approximately 70 % of
the colony area (Gianuca 2010). The colonies were approxi-
mately 55 km apart from each other and likely spatially away
from the foraging radius of herons during the breeding season
(Custer and Osborn 1978; Frederick 2002) (Fig. 1).

Diet Sampling and Analysis

Spontaneous regurgitates of cocoi heron chicks were obtained
during handling, as well as food remains and pellets found
over or just below nests. Material was stored in plastic bags
and frozen at −4 ° C until analysis. In the estuarine colony, a
total of 30 samples (regurgitates, pellets and gastrointestinal
contents of one dead chick) were obtained during the breeding
seasons of 2008/2009, 2011/2012 and 2012/2013. In the lim-
netic heronry, 20 samples (regurgitates, pellets and stomach
content of one chick found dead) were obtained during the
2011/2012 and 2012/2013 breeding seasons. Remains found
in pellets, regurgitates and stomach contents were separated
according to taxa, identified to the lowest taxonomic level
possible and quantified (counted and weighted).

Fish were identified after consulting taxonomists of the
Ichthyology Laboratory at Universidade Federal do Rio
Grande (FURG), according to the identification guide by
Corrêa et al. (2010). Estimation of the number of fish speci-
mens ingested was based on the number of sagitta otoliths in
severely digested samples or counting the individual partially
digested fish. Insects were identified by experts from the
Limnology Laboratory at FURG and quantified by counting
the number of elytra or hemelytra. Crustaceans and reptiles
were identified by experts at the Zoology Laboratory at
FURG.

Blood Sampling for Stable Isotope Analysis

Chicks were captured in the nest by hand or with a dip net
during the breeding seasons 2011/2012 and 2012/2013 in the
estuary and in 2011/2012 in the limnetic colony. Isotopic
values were pooled for analysis to increase sample sizes and
because no marked inter-annual variation was detected for
herons, as well as in other previous studies carried in our study
area with similar or the same prey species (e.g. Silva-Costa
and Bugoni 2013; Rodrigues et al. 2014). The nesting period
and egg hatching were monitored aiming to sample chicks at
least 3 weeks old to obtain blood that reflected the food
ingested, instead of nutrients from egg yolk. The turnover rate
of whole blood (half-life) in birds is ∼3–4 weeks (Bearhop
et al. 2002). All birds were banded with metal rings to avoid
resampling. Approximately 0.5 ml of blood was obtained with
a syringe and needle from the brachial or tarsal vessel. A few

Fig. 1 Map of the study area and
the southern Brazilian coastal
plain in the Rio Grande do Sul
State. Colonies in the limnetic (A)
and estuarine (B) areas are
highlighted
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whole blood drops were placed on glass slides and sun dried in
the field. After drying, the blood was scraped with a spatula
and placed inside plastic vials.

Muscle (fish, rodent) or whole body (insects, molluscs) of
prey found in colonies or regurgitated by chicks was sampled
for SIA. In addition, potential aquatic prey found in nearby
colony areas was captured by dip nets, identified and stored in
plastic bags. Muscle samples of recently dead road-killed ro-
dents found near the limnetic colony were also collected.Most
prey used in SI mixing models was obtained during the same
breeding season, but some are from the bibliographic sources,
previous to the current study (Table 1). In the laboratory, prey
was measured and weighed. Lipids were extracted from these
samples with petroleum ether for 4 h in a Soxhlet apparatus
(Bugoni et al. 2010).

Chick blood and prey samples were freeze-dried, ground
and homogenized. Approximately 1 mg of the biological sam-
ple was placed in sterile tin capsules and sent to the Analytic
Chemistry Laboratory at the University of Georgia, USA. An
isotope ratio mass spectrometer coupled to an elemental ana-
lyzer was used for the SIA of carbon and nitrogen. Values are
provided in delta notation (δ), by Eq. 1 from Bond and
Hobson (2012), as follows:

δ13C or δ15N ¼ Rsample=Rstandard

� �
– 1

� � ð1Þ

where R= 13C/12C or 15N/14N. The international standard for
carbon was Pee Dee Belemnite and for nitrogen was atmo-
spheric air. Samples were shuffled to minimize drift. Internal
laboratory standards were bovine (7.51‰±0.10 for δ15N and
−21.25‰±0.07 for δ13C) and poplar (−2.4‰±0.21 for δ15N
and −27.45‰±0.04 for δ13C). Standards were run every 12
unknown samples. The precision calculated from internal
standards was ±0.1‰ for both δ15N and δ13C.

Data Analysis

The samples of regurgitates, pellets and gastrointestinal tracts
from different breeding seasons were pooled for data analysis
and compared between colonies. For each food item found,
defined as a species or other taxonomic category, the follow-
ing were calculated: the frequency of occurrence (FO), as the
number of samples containing a given food item; the relative
frequency of occurrence (FO%), as a percentage of the total
number of samples examined; the number of individual prey
(N) counted in samples, as well as its relative prey-specific
numeric contribution (PN%); the mass of each food item
(M) and its relative prey-specific contribution in all samples
(PM%); and the prey-specific index of relative importance
(PSIRI%), calculated as in Brown et al. (2012), an index that
integrates all other parameters, as follows:

PSIRI% ¼ PN% þ PM%ð Þ*FO%½ �=2� ð2Þ

For reconstruction of the mass of each individual prey
ingested by herons, the body mass of whitemouth croaker
Micropogonias furnieri (Desmarest, 1823) was determined
after the identification and measurement of sagitta otoliths
of 34 individuals with a stereomicroscope with a millimetric
scale and the application of otolith × body length/body mass
allometric equations (Naves 1999), which resulted in body
mass of 174±216.7 g (mean±1 SD). Atherinidae fish found
in the samples were weighed in scale, as there was minimum
digestion sign, and resulted in a mass of 2.2 g. The body mass
of trahiras Hoplias aff. malabaricus (Bloch, 1794) and pale
catfish Rhamdia quelen (Quoy & Gaimard, 1824) under an
advanced stage of digestion had their mass estimated as 169.6
±135.2 g and 208.2 g±235.2 g, respectively, corresponding
to the body mass of 33 individuals (trahiras) and 3 individuals
(pale catfish) of similar sizes found in the diet of herons or
obtained in fish sampling, for which mass could be deter-
mined. Unidentified fish, as well as La Plata croaker
Pachyurus bonariensis Steindachner, 1879, and marbled
swamp eel Synbranchus marmoratus Bloch, 1795, had body
masses estimated as 175.1 g based on the mean body mass of
all the other fish identified in the sample.

For beetles (Coleoptera), the reconstructed body mass was
obtained by measuring 30 individuals, with sizes similar to
those found in heron diet, collected near the study sites and
weighed in the laboratory, resulting in a mean of 0.3±0.2 g.
The mass of Callinectes blue crabs was inferred in the same
way as described for beetles, based on ten individuals and
resulting in a mass of 68.5 g. For rodents, we used the mass
of 35.3±31.7 g, based on 203 individuals of nine species of
rodents associated with wetlands (Sponchiado et al. 2012) and
with size similar to those found in heron diet samples. The
nine species were as follows: Akodon azarae (Fischer, 1829),
Akodon reigi González et al. 1998, Calomys laucha (Fischer,
1814), Deltamys kempi (Thomas, 1917), Oligoryzomys
flavescens (Waterhouse, 1837), Oligoryzomys nigripes
(Olfers, 1818), Oxymycterus nasutus (Waterhouse, 1837),
Scapteromys tumidus (Waterhouse, 1837) and Wilfredomys
oenax (Thomas, 1928). For the yellow-bellied liophis
Erythrolamprus poecilogyrus (Wied-Neuwied, 1825), the
mass was estimated as 23.7±10.3 g, based on the mean body
mass of 20 individuals of similar sizes sampled in the region
and available at the Herpetological Collection at FURG.

Statistical Analysis

The δ15N values of chicks were compared between the estua-
rine colony and the limnetic colony by Student’s t test. The
residuals of δ13C values were not normally distributed and
homoscedastic; therefore, we used the non-parametric
Mann–Whitney U test for comparisons. Both tests were con-
ducted in BioEstat 5.0 software (Ayres et al. 2007).

1274 Estuaries and Coasts (2016) 39:1271–1281



Based on δ15N and δ13C, the contribution of each prey group
in the diet of cocoi heron chicks from each colony was estimat-
ed by Bayesian mixing models in R software, using the Stable
IsotopeAnalysis in R (SIAR) package (Parnell et al. 2010). The
isotopic values of 12 potential food items were used for model-
ling, of which four were collected in the estuarine colony, seven
were collected around the limnetic colony, and one was collect-
ed in the marine beach adjacent to the limnetic colony
(Table 1). Taxa were selected based on the data obtained from
traditional methods used to assess the diet of cocoi heron at the
study areas, as well as potential food items (e.g. lambari
Bryconamericus iheringii [Boulenger, 1887]; one-sided
livebearer Jenynsia multidentata [Jenyns, 1842] or habitat
markers, such as the banded croaker Paralonchurus
brasiliensis [Steindachner, 1875]) that were used as markers
for the marine SI signature. Selection of potential food sources
or habitat markers was based on availability of such informa-
tion based on our sampling or the bibliography, as well as on
cocoi heron habitats (e.g. predominant piscivorous). Selected
sources and markers were also those abundant in the region,
thus with high potential of being ingested by herons. Taxa with
similar SI values or that were ecologically similar were pooled,
as recommended by Phillips et al. (2005), and shown in Fig. 2.
For limnetic heron chicks, the selected model had six potential
food sources: insects (INS)—Belostomatidae water bugs; large
limnetic fishes (LLG)—trahira and pale catfish; small limnetic
fishes (SLF)—lambari; rodents (ROD)—Sigmodontinea and
Cavia sp.; marine fishes (MAF)—banded croaker; and am-
phibians (ANP)—paradoxical frog Pseudis minuta Günther,
1858. The second model was based on SI values in the blood
of chicks sampled at the estuarine colony, and the six sources

used were as follows: INS, LLF and ROD as above, plus crus-
taceans (CRU)—blue crab Callinectes sp.; large estuarine fish-
es (LEF)—white croaker and themarine silversideOdontesthes
argentinensis (Valenciennes, 1835); and small estuarine fishes
(SEF)—one-sided livebearer (Fig. 3). Consumer–diet discrim-
ination values used in the model were −0.3±0.5 and 2.61
±0.5‰, for δ15N and δ13C, respectively, as mean±1 SD values
of discrimination factors for penguins fed with whole fish in
Cherel et al. (2005) (δ13C =−0.81‰, δ15N = 2.07‰ and
δ13C=0.20‰, δ15N=2.72‰, for king penguin Aptenodytes
patagonicus Miller, 1778, and rockhopper penguin Eudyptes
chrysocome [Forster, 1781], respectively) and Williams et al.
(2007) for tufted puffin Fratercula cirrhata (Pallas, 1769)
(δ13C=−0.30 and δ15N=3.05‰). These discrimination values
were previously used for other waterbirds, predominantly pi-
scivorous with generalist diet, the kelp gull Larus dominicanus
Lichtenstein, 1823 (Silva-Costa and Bugoni 2013), great egrets
and roseate spoonbills (Britto and Bugoni 2015).

Results

Diet

A total of 36 prey was found in 20 samples obtained in the
limnetic colony, with fish dominating (29 individuals of two
species), followed by rodents (five individuals). In the estua-
rine colony, the diet analysis of heron chicks resulted in 66
prey in 30 analyzed samples, similarly dominated by fish (53
individuals of 4 species), followed by crustaceans (ten indi-
viduals) (Table 2). Crustaceans and reptiles were found only in

Table 1 Mean ± 1 standard deviation of δ13C and δ15N values in whole blood of cocoi heron (Ardea cocoi) chicks and their main food sources in
southern Brazil used for stable isotope mixing models

Chicks and potential sources Species/taxon δ13C (‰) δ15N (‰) n Reference

Chick blood (limnetic colony) Ardea cocoi −22.3 ± 1.4 11.6 ± 0.5 11 This study

Chick blood (estuarine colony) Ardea cocoi −15.1 ± 0.6 13.5 ± 0.6 14 This study

Marine fish (MAF) Paralonchurus brasiliensis −14.2 ± 0.5 15.9 ± 0.5 5 Silva-Costa and Bugoni (2013)

Large estuarine fishes (LEF) −14.8 ± 0.5 14.2 ± 1.1 7 This study

Micropogonias furnieri −14.7 ± 0.8 15.1 ± 0.8 3 This study

Odontesthes argentinensis −15.0 ± 0.2 13.2 ± 0.5 4 Britto and Bugoni (2015)

Small estuarine fishes (SEF) Jenynsia multidentata −10.9 ± 4.8 13.5 ± 3.9 2 Britto and Bugoni (2015)

Large limnetic fishes (LLF) −24.5 ± 4.2 10.1 ± 1.7 22 This study

Hoplias aff. malabaricus −24.5 ± 3.0 10.4 ± 1.3 11 This study

Rhamdia quelen −26.5 ± 3.2 10.1 ± 1.1 11 This study

Small limnetic fishes (SLF) Bryconamericus iheringii −19.4 8.7 1 Britto and Bugoni (2015)

Crustaceans (CRU) Callinectes sp. −13.3 ± 3.0 8.4 ± 2.2 5 This study

Insects (INS) Belostomatidae −28.3 5.7 1 Britto and Bugoni (2015)

Rodents (ROD) Cavia sp. −25.3 9.8 1 This study

Sigmodontinea −24.0 8.1 1 This study

Amphibians (AMP) Pseudis minuta −23.8 6.2 1 Britto and Bugoni (2015)
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samples from the estuary and insects exclusively in samples
from the limnetic colony. The most frequent prey in the lim-
netic environment was trahira (FO%=60), followed by pale
catfish (FO%=40), which were also the most common in
number, together accounting for 80.6 % of individual prey
ingested. The whitemouth croaker and Callinectes blue crabs
were the dominant food items in the estuarine samples, ac-
counting for 66.7 % of all individual prey.

The prey-specific index of relative importance (PSIRI%) also
indicated fish (80.3 %), whitemouth croaker (PSIRI=40.2 %),
crabs (PSIRI 13.1 %), rodents (PSIRI=6.0 %) and the yellow-
bellied liophis (PSIRI=0.6 %) as the main food items in the
estuarine colony. Chick herons in the limnetic colony also had
fish (PSIRI=71.6 %) and trahira (PSIRI=40.6 %) as the major
food items. Second in the ranking were rodents
(PSIRI = 18.4 %), followed by insects (PSIRI = 10.0 %)
(Table 2). Coleoptera beetles had the minimum size and body
mass of 0.8 cm and 0.3 g, respectively, while the maximumwas
a trahira with 35-cm total length and 435 g. The most common
estuarine fish, the whitemouth croaker, for which body sizes
were possible to calculate through regression equation, was
201.4±82.2mm, n=34. No taxon identified to species or genus
level was found in both colonies, indicating no overlap in diet at
this level.

Stable Isotope Analysis

The means±1 SD of SI values in the whole blood of cocoi
heron chicks from the estuarine colony were δ15N= 13.5
±0.6‰ and δ13C=−15.1±0.6‰ (n=14), whereas in the lim-
netic environment, they were δ15N = 11.6 ± 0.5‰ and

δ13C=−22.3±1.4‰ (n=11). Values differed between colo-
nies for both δ15N (t= 8.2, df= 23, P< 0.0001) and δ13C
(U=0, P<0.0001) (Fig. 2). The mixing model in SIAR indi-
cated that chicks from the limnetic colony had small limnetic
fishes as the main food source, with the 95 % credibility in-
terval (CI)=5–45 %, followed by amphibians (CI=3–40 %),
rodents (CI=1–34 %), insects (CI=1–31 %) and large lim-
netic fishes (CI=1–29 %). Marine fishes, despite not being
recorded in the diet through conventional methods, had a CI
similar to other food sources (CI=4–25 %). In the estuary,

Fig. 2 Individual raw stable isotope values (δ15N and δ13C, in ‰) from
prey groups and cocoi herons from both estuarine and limnetic colonies in
southern Brazil

Fig. 3 δ15N and (δ13C) values of potential food items (filled symbols;
mean ± 1 standard deviation) and values in the whole blood of cocoi
heron chicks (empty symbols) in limnetic (a) and estuarine (b). Source
values were corrected for a consumer–diet discrimination factor (−0.3
± 0.5‰ for δ15N and 2.61 ± 0.5‰ for δ13C). Graphs are shown in
different scales for clarity
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large estuarine fishes (LEF) were the main source of prey in
mixing models with CI = 35–55 %, similar to crustaceans
(CI=35–52 %). Other sources included in the model had es-
timated contributions <10 % (Figs. 3 and 4).

Discussion

Our results based on conventional dietary methods coupled
with SIA confirmed that the cocoi heron is a generalist, but
predominantly piscivorous forager in both estuarine and lim-
netic areas. The analysis of pellets and regurgitates pooled
provided a moderately accurate estimate of diet. Because pel-
lets may overemphasize prey with hard parts, soft prey was
only detectable in spontaneous regurgitates. Notwithstanding,
SIA provided information about the food sources effectively
assimilated by consumers, complementing the dietary infor-
mation provided by both conventional methods.

Cocoi heron seems to occupy a top predator position not
only in aquatic ecosystems, by preying on large carnivorous
fish such as trahira, pale catfish and whitemouth croaker, but
also in terrestrial adjacent habitats, preying on snakes and
rodents. In both estuarine and limnetic colonies, cocoi heron

reliedmainly on abundant food resources close to the breeding
grounds. This is supported by the fact that the main prey in the
estuary, the whitemouth croaker and blue crab, is abundant in
estuarine shallow waters and largely exploited by artisanal
fisheries in both the estuary and adjacent coast (Garcia et al.
2001; Vianna and D’Incao 2006; Costa et al. 2014; Rodrigues
and D’Incao 2014). Similar situation was observed in the lim-
netic area, where cocoi heron relied on trahira and pale catfish,
which are commonly found in wetlands around the colony
(Garcia et al. 2006) and are also important resources for inland
artisanal fisheries—trahira accounts for 67 % of the fish land-
ings from Mirim Lagoon, followed by pale catfish with
14.3 % (Piedras et al. 2012). Taking into account that artisanal
fisheries targeting pink shrimp Farfantepenaeus paulensis
(Perez-Farfante, 1967) in the Patos Lagoon Estuary discards
around 200 t of whitemouth croaker (<25-cm total length) per
summer/autumn (Vieira et al. 1996) and that cocoi heron can
feed on dead floating fish (Borrero and Cruz-Millán 1982), the
possibility of herons feeding on discards cannot be ignored.
Two other similar-sized and ecologically equivalent
herons, the great blue heron Ardea herodias (Linnaeus,
1758) and the grey heron Ardea cinerea (Linnaeus,
1758), from North America and Old World, respectively

Table 2 Diet composition of cocoi heron (Ardea cocoi) in limnetic and estuarine colonies in southern Brazil, determined through spontaneous
regurgitates, pellets and gastrointestinal contents during 2008/2009, 2011/2012 and 2012/2013 breeding seasons

Food items Frequency of
occurrence

Contribution
by number

Contribution
by mass

Prey-specific index
of relative importance

FO FO% N PN% M (g) PM% PSIRI%

Estuarine colony (n= 30 samples)

Crustaceans 7 23.3 10 15.2 648.8 7.8 13.1

Callinectes sp. (blue crab) 7 23.3 10 15.2 648.8 7.8 13.1

Fishes 22 86.7 53 80.3 7531.8 91.0 80.3

Unidentified fish 8 26.7 7 10.6 1225.7 14.8 20.4

Atherinidae 1 3.3 9 13.6 19.8 0.2 13.0

Pachiurus bonariensis (La Plata croaker) 1 3.3 1 1.5 212.7 2.6 0.7

Micropogonias furnieri (whitemouth croaker) 14 46.7 34 51.5 5723.4 69.2 40.2

Synbranchus marmoratus (marbled swamp eel) 2 6.7 2 3.0 350.2 4.2 6.0

Reptiles 1 3.3 1 1.5 23.7 0.4 0.6

Erythrolamprus poecilogyrus (yellow-bellied liophis) 1 3.3 1 1.5 23.7 0.4 0.6

Mammals 2 6.7 2 3.0 70.5 0.8 6.0

Unidentified Rodentia 2 6.7 2 3.0 70.5 0.8 6

Limnetic colony (n = 20 samples)

Insects 2 10.0 2 5.6 0.6 <0.1 10.0

Coleoptera (beetles) 2 10.0 2 5.6 0.6 <0.1 10.0

Fishes 15 75.0 29 80.6 5497.4 96.9 71.6

Hoplias aff. malabaricus (trahira) 12 60.0 14 38.9 2374.4 55.0 40.6

Rhamdia quelen (pale catfish) 8 40.0 15 41.7 3123.0 41.8 31.0

Mammals 5 25.0 5 13.9 176.3 3.1 18.4

Unidentified Rodentia 5 25.0 5 13.9 176.3 3.1 18.4
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(Kushlan and Hancock 2005), were reported following
fishing vessels for feeding on discarded fish (Ewins and
Hennessey 1992; Dies 1999a), as well as feeding on dead
floating fish on shallow waters (Dies 1999b). Overall,
results on the diet and feeding ecology based on SIA of
cocoi herons studied in southern Brazil contribute to a
better understanding of the role of ecologically similar
species in other ecosystems and continents.

In addition to the large fish commonly available around
colonies, herons also ingested terrestrial prey, such as rodents
and reptiles, and relied onmarine food items obtained far from
breeding sites, evidencing their capacity exploring both alter-
native prey and relative distant foraging areas. The few avail-
able studies on the feeding ecology of the cocoi heron found
similar results. Borrero and Cruz-Millán (1982), through di-
rect visual observations, reported that chicks were fed fish and
less frequently amphibians and crustaceans in a Colombian
estuary. Ducommun and Beltzer (2010) analyzed the gastro-
intestinal tracts of adults shot during the non-breeding season
and reported fish as the main food item, including trahira,
while Pretelli et al. (2012) examined chick pellets, both in
limnetic areas of Argentina, and reported fish as the main food
item (including trahira), in addition to less frequently alterna-
tive prey such as rodents, frogs, freshwater crabs and insects.
The two similar herons mentioned before, the great blue heron
and the grey heron, also have a predominantly piscivorous
diet, but prey items also include a wide range of mammals,
birds, reptiles, amphibians, crustaceans and insects (Hewson
and Hancox 1979; Collazo 1985; Jakubas and Mioduszewska
2005; Gwiazda and Amirowicz 2006). The flexibility in diet
observed in cocoi heron and closely related species elsewhere
allows herons to successfully respond to inter-annual and sea-
sonal changes in prey availability. During the non-breeding
season, when energy demands are lessened, herons can be
more flexible in their diet and explore alternative prey more
often (Kushlan and Hancock 2005). In our study system, at
least in the estuarine colony, herons utilize the breeding area as
roosting site during the non-breeding period (Gianuca 2010).
Thus, they are expected to forage in the same areas, exploring
different food items according to seasonal changes in prey
availability (Frederick 2002; Kushlan and Hancock 2005).
Britto and Bugoni (2015) studied the diet of the great egret
in the same colonies of the present study and mainly found
fish in the diet of estuarine great egrets, while insects domi-
nated in the limnetic colony. This result differed from cocoi
herons, for which the chick diet was mainly composed of fish
in both locations. For both species, the importance of marine
items in the limnetic colony was found, despite unexpectedly.
This is in line with frequent records of cocoi herons foraging
in marine beaches in the region (Vooren and Chiaradia 1990;
Belton 1994) and with studies demonstrating that Ardea
herons forage in areas as far as 38 km from the colonies
(Custer and Osborn 1978; Frederick 2002), much farther than
the 15 km between the studied site and the Atlantic Ocean
beaches. In our study, the connectivity, and thus the transport
of marine-derived nutrients and energy, was limited to a few
individuals, but it is probably much stronger in colonies near
the coast or located in estuaries. Notwithstanding, the lack of
overlap in food items identified at the species level between
colonies, added to the predominance of locally abundant prey
in the diet analyses of both sites, indicates that cocoi herons

Fig. 4 Output of Bayesian stable isotope mixing models in SIAR
package with intervals of credibility of 95, 75 and 25 % (grey shades in
the centre, adjacent and borders, respectively). Insects (INS), large
limnetic fish (LLF), small limnetic fish (SLF), rodents (ROD), marine
fish (MAF), amphibians (ANP), crustaceans (CRU), large estuarine fish
(LEF) and small estuarine fish (SEF). The graph shows the estimated
contribution of different potential food sources for the isotopic values
measured in the whole blood of cocoi heron (Ardea cocoi) chicks in
limnetic (a) and estuarine (b) colonies, respectively
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primarily exploited food resources near to breeding grounds.
This pattern was expected, because despite herons, in general,
can perform long foraging flights, colony site choice is strong-
ly linked to the proximity of high-quality foraging habitats;
hence, they commonly forage near colonies (0–5 km) (Custer
and Osborn 1978; Smith 1995; Frederick 2002; Kelly et al.
2008). Such pattern was also found in great egrets in both
locations, but not in roseate spoonbills, whose diet was com-
posed of limnetic food items even when nesting in the estuary
(Britto and Bugoni 2015). This was likely due to osmoregu-
latory constraints in the early life of spoonbills (Johnston and
Bildstein 1990), while heron and egret nestlings seem to better
tolerate salt in their diets much earlier in the growth phase.

SIA suggested that cocoi herons in the limnetic colony
used all of the sources included in the model evenly. This
confirmed that adults foraged in all environments around the
colony, including limnetic, terrestrial and marine beaches,
which explained why the SI values were in between limnetic
and marine values. The importance of limnetic food items,
such as small fish, in the SI mixing model and its absence in
regurgitates and pellets could be explained by an early chick
diet based mainly on small fish, as described for grey herons
(Moser 1985) and white-tailed tropicbird Phaethon lepturus
(Daudin, 1802) (Ramos and Pacheco 2003). For both species,
adults select small prey for younger chicks, increasing the size
of the food items as nestlings mature and are able to ingest
larger prey due to increased gape size (Moser 1985; Ramos
and Pacheco 2003). Because SIA reflected the diet over a
larger time window than regurgitates, the SIA results indicate
the chick diet just after hatching. On the contrary, the limited
importance of large limnetic fish in SIA, but its predominance
in conventional methods, was also consistent with the diet
switch of chicks and the different windows of time of both
methods.

The δ15N and δ13C values in the whole blood of chicks
sampled in the estuarine colony closely agreed with the results
from conventional dietary methods. Both techniques indicated
the predominance of whitemouth croakers and blue crabs as
major prey/food sources. Despite the limited importance of
small estuarine fish in the SI mixing model, consumption of
these food sources by chicks during early development stages
is plausible, as its isotopic signature is probably similar to that
of blue crabs, although it was not measured in the current
study. Rapid digestion of small fish and their identifiable re-
mains also contributed to its absence in regurgitates and
pellets.

The SIA indicated that chicks from the limnetic colony rely
on more variable food items, with relatively important contri-
butions of limnetic and marine fish, amphibians, rodents and
insects. However, in the estuary, large estuarine fish and crus-
taceans were by far the most important food sources. This
pattern is likely reflecting a primary difference between these
two environments. Estuaries offer predictable foraging areas

for herons through the season, like extensive shallow waters
and tidal creeks, with high biomass of relatively few dominant
euryhaline species (Day-Jr. et al. 2013). By contrast, inland
wetlands offer a wider range of prey items (higher biodiversi-
ty) and foraging conditions and prey abundance are largely
influenced by rainfall, thus less predictable than in estuaries
(Powell 1987; Frederick et al. 1992, Frederick 2002;
Maccarone and Brzorad 2005; Day-Jr. et al. 2013).

The current study clearly demonstrated the efficacy and
robustness of the simultaneous use of SIA and traditional
methods for the study of the foraging ecology of cocoi herons
in a suite of environments, presumably with distinct SI signa-
tures. Both techniques agreed that cocoi heron had a predom-
inantly piscivorous diet, based on large and carnivorous fish,
but also rodents and snakes, confirming our hypothesis of
cocoi heron occupying higher food web positions.
Furthermore, the main fish species in the diet were commer-
cially important, widely fished and marketable species in the
region. The use of food resources around colonies has been
demonstrated by both methodological approaches, supporting
our prediction of higher δ13C values in blood of chicks from
the estuarine colony. However, herons in the limnetic colony
use a muchwider range of foraging habitats than only limnetic
ones, as had been hypothesized. Overall, cocoi herons play an
important role in connecting marine, terrestrial, estuarine and
limnetic environments during their breeding period. This fur-
ther clarifies the role played by widely distributed, large-sized,
Ardea herons and other waterbirds, on the connectivity be-
tween terrestrial and a range of aquatic environments, thus
contributing to the flow of matter and energy between ecosys-
tems around the world. The current study demonstrates that
wading birds are key species in connecting different food
webs (e.g. terrestrial, aquatic–limnetic, estuarine and coastal)
through complex and still poorly understood lateral subsides.
This theme deserves further studies using complementary ap-
proaches as those used here, in addition to remote tracking,
genetic and trace element analysis, among others.
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