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Abstract
Birds are important sentinels of environmental contamination due to their well-known response to fluctuations in the
concentration of trace elements and foraging preferences. Lead (Pb) and cadmium (Cd) are environmental contaminants that
can cause lethal or sublethal effects, such as neurological, physiological, and reproductive dysfunction in a range of bird
species. Here, we examined Pb and Cd concentrations in eggshells and egg contents of great egrets (Ardea alba) and roseate
spoonbills (Platalea ajaja), waterbirds with contrasting foraging strategies, from two habitats, estuarine and limnetic, in
southern Brazil. We found that colony habitat had an important influence on Pb and Cd concentrations in eggshells,
confirming that environmental abiotic factors play a role in the uptake and bioavailability of these elements. Great egrets had
higher Pb concentrations in eggshells and egg contents in the estuary habitat, as well as higher Cd in egg contents at the
limnetic colony compared to roseate spoonbills. Contrastingly, spoonbills from the limnetic habitat had the highest Pb
concentrations. Differences in concentrations of Pb and Cd among breeding sites and egg components may be related to the
distinct foraging sites by females of egrets and spoonbills before the egg laying. Our results indicate ongoing estuarine and
freshwater contamination by Pb and Cd in southern Brazilian coastal areas. Indeed, Cd concentrations in waterbirds were
higher than the environmental standards, which is a concern for wildlife health and environmental quality. Finally, eggshells
proved to be a sensitive, efficient, and low-impact sampling method to monitor low levels of contamination in waterbirds.
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Introduction

Waterbirds are a diverse group of species that can act as
sentinels of environmental pollution. They allow for long-
term monitoring and assessment of biomagnification and
bioaccumulation of multiple compounds by sampling both
resident and migratory species, across many individuals and
species (Burger and Gochfeld, 2004). Pelecaniformes, i.e.
egrets, herons, spoonbills, storks, ibises, and allies, are
wading birds, long-legged and long-billed waterbirds (Gill
and Prum, 2019), that occur in aquatic habitats that may
drain urban or agricultural areas, environments often
severely modified by human activities, and in more natural
areas (Burger and Gochfeld, 1997; Kushlan and Hancock,
2005; Corriveau et al. 2022). Wading birds are central-place
foragers during the breeding period, which means they
forage in areas near their nest sites, bringing food back to
the nest to feed their chicks (Bell, 1990; Craig et al. 2015;
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Winkler et al. 2020a, 2020b). As a result, eggs and chicks
have often been studied for various contaminants in
breeding sites worldwide (e.g. Burger and Gochfeld,
1995, 2005; Abdullah et al. 2015; Burger and Elbin, 2015;
Janaydeh et al. 2018; Silva et al. 2018).

Great egrets (Ardea alba) and roseate spoonbills (Pla-
talea ajaja) are wading birds with a wide distribution in the
Americas (Kushlan and Hancock, 2005; McCrimmon-Jr
et al. 2011). In southern Brazil, great egrets occur year-
round (Belton, 1994), roosting in urban areas during the
non-breeding season. Roseate spoonbills are partially resi-
dent, while part of the population migrates from Pantanal
and lower Paraná River at Entre Ríos, Santa Fé, and Cor-
rientes Provinces in Argentina (Antas, 1994; Belton, 1994;
Santos et al. 2008). The great egret is a visual predator,
relying on larger prey, while the roseate spoonbill is a tactile
forager, filtering small prey and vegetation through lateral
movements of the bill (Dumas, 2000; McCrimmon-Jr et al.
2011; Britto and Bugoni, 2015). Both species nest in
estuarine and freshwater habitats in mixed-species colonies
with other waterbirds, but spoonbills from southern Brazil
feed their chicks at early stages with a diet exclusively from
freshwater sources while egrets, even those nesting in the
brackish estuary, feed them with both estuarine and limnetic
food items (Britto and Bugoni, 2015). Egrets and spoonbills
frequently nest near urban areas and forage in rice fields
(Weller, 1999; Craig et al. 2015; Wolfe et al. 2020), being
exposed to a range of contaminants, including non-essential
trace elements such as lead (Pb) and cadmium (Cd), which
are often elevated in the environment due to anthropogenic
activities (Baird and Cann, 2011; Williamson et al. 2013).

Lead is a toxic element present in ecosystems both
naturally, through processes such as erosion and volcanic
activity, and anthropogenically, from sources including fuel
spills, corrosion of aging pipelines, improper disposal of
urban and industrial effluents, waste from ceramic and dye
production, and hunting and fishing activities (Russel, 1994;
Corseuil and Marins, 1997; Duarte and Pascal, 2000; Spiro
and Stigliani, 2008; Baird and Cann, 2011). In southern
Brazilian wetlands, sources of Pb can be related to anthro-
pogenic activities, including the disposal of lead shot from
hunting (Guadagnin et al. 2007), as hunting was allowed
until 2006 and banned only in 2008 (TRF4, 2008), but it
still occurs illegally. Increases in Pb concentration from
ammunition or direct ingestion of shot pellets were also
reported for other wetlands in South America (Ferreyra
et al. 2015; Plaza et al. 2018), the USA (Zwank et al. 1985),
and Europe (Newth et al. 2013). The bioavailability of Pb in
aquatic environments depends on water pH and hardness.
High concentrations of calcium carbonate (CaCO3) can
decrease Pb bioavailability, while low water pH increases it
(Baird and Cann, 2011). Negative effects of Pb on avian
health have been reported and include tumors and genetic,

embryological, reproductive, neurological, and behavioral
disorders (Burger and Gochfeld, 1995, 2005; Moreira and
Moreira, 2004).

Cadmium, another toxic and non-essential element, was
widely used as paint pigmentation (Fiedler and Bayard,
1986; Baird and Cann, 2011) and is still present in plastic
products (Angelin et al. 2020). It is naturally available in
association with zinc (Zn), as well as anthropogenically
deposited in aquatic ecosystems due to industrial waste and
the use of fertilizers (Russel, 1994; Spiro and Stigliani,
2008; Baird and Cann, 2011). As observed for Pb, Cd can
also alter avian development and metabolism (Burger and
Gochfeld, 1997), forming stable halides and replacing cal-
cium (Ca) in bones, eggshells, and other Ca-rich tissues,
which weakens their structure (Spiro and Stigliani, 2008).
The toxic effects of Cd in wading birds are similar to those
reported for Pb. Cd can affect linkages in cell membranes,
interfering with the normal functioning of the brain and
causing impairments in breeding success and embryo
development and survival, usually resulting in tumors and
embryonic malformations (Kim and Koo, 2007; Malik and
Zeb, 2009). The toxicity of Pb and Cd contaminants
depends on absorbed concentrations, which are proportional
to those present in the ingested prey (Carvalho et al. 2013;
Abdullah et al. 2015). Depending on the timing, duration,
and magnitude of exposure, these elements can lead to
mortality or, in most cases, to sublethal toxicity (Richardson
et al. 1974; Hoffman et al. 1985; Scheuhammer, 1987;
Burger and Gochfeld, 2005).

Despite the ecological importance of southern Brazilian
wetlands for waterbirds, as well as the potential risk of
pollution and disturbance to these wetlands from activities
such as hunting, industry emissions, irrigated rice fields, and
urbanization, there is a paucity of studies on exposure of
Brazilian waterbirds to toxic trace elements (Plaza et al.
2018; Silva et al. 2018). Similarly, high levels of metals
(particularly Pb and Cd) have been reported in other eco-
system components, such as water, sediments, fish, and
mammals (Waldemarin, 1999; Santos et al. 2003; Barbosa,
2007; Caldas and Sanches-Filho, 2013; Sanches-Filho et al.
2013), which suggests that southern Brazilian coastal
environments are potential hotspots of trace element
contamination.

In order to assess contaminants in avian wildlife, the use
of non-destructive or minimally invasive sampling techni-
ques is of increasing interest (Sánchez-Virosta et al. 2015).
Egg sampling is a method with a minor short-term impact
on individual birds. The analysis of eggshells, albumin, and
yolk is a useful tool for the determination of organic and
inorganic contaminants and their potential risk factors for
waterbirds. In this study, we compared Pb and Cd levels in
eggshells and egg contents of great egrets and roseate
spoonbills breeding in estuarine and limnetic habitats. We
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hypothesized that egrets would have higher exposure to
contaminants than spoonbills, reflecting it in concentrations
in eggs, as egrets forage in estuarine and limnetic habitats
and upward along the trophic chain during early chick-
rearing while spoonbills forage exclusively in limnetic
environments (Britto and Bugoni, 2015). We further
hypothesized that eggshells would have higher concentra-
tions of Pb (e.g. Mora, 2003) and Cd (e.g. Ashkoo et al.
2020) than egg contents, due to competitive binding and
replacement of Ca during eggshell formation and early
stages of embryogenesis (e.g. Orłowski et al. 2019). We
also compared Pb and Cd concentrations between two
colony habitats, one estuarine and one limnetic, to investi-
gate the range of wading birds’ metal exposures in the
region. We expected to find higher Pb and Cd concentra-
tions in the estuarine habitat compared to the limnetic one,
as the estuarine colony is located near an industrial and
urban zone. In addition, as the limnetic habitat is near an
ecological reserve, but with historical hunting activities, we
expected to find higher Pb concentrations in spoonbills
compared to egrets, even those showing lower values
compared to the estuarine colony, due to spoonbills’ tactile
foraging technique, which may increase their exposure to
accumulated lead pellets in the sediment.

Materials and methods

Study area

The coastal plain in Rio Grande do Sul state, the south-
ernmost state in Brazil, stretches for 600 km in NE-SW
directions and is composed of siliceous sand (Farion, 2007).
The terrain is flat, resulting in lakes and lagoons with few or
no tributaries (Mirlean et al. 2005). One of the most
important barrier systems in the region is the limnetic-
estuarine Patos-Mirim hydrological system, which spreads
along most of the plain.

The Lagoa (lagoon) dos Patos occupies an area of
10,300 km2, with the estuarine portion occupying about
10% of the total area, i.e. ~970 km2 (Garcia and Vieira,
2001). Water level and salinity are variable in the estuary
and are strongly influenced by rainfall and wind, which
determine discharge levels and make waters in the estuarine
portion slightly saline year-round, with salinity higher in the
summer (Fontoura, 2004). The Lagoa dos Patos estuary is a
key area for Pelecaniformes in South America (Kushlan and
Hancock, 2005). Marinheiros Island (32°04′S, 52°10′W,
Fig. 1) is located 18 km from the mouth of Lagoa dos Patos
in the Atlantic Ocean and 6 km northeast of Rio Grande

Fig. 1 Study sites in southern Brazil showing the location of the estuarine colony at Marinheiros Island (circle), Lagoa dos Patos estuary, and the
limnetic colony in Aguirre marsh (triangle), near Taim Ecological Reserve and Mirim lagoon
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city. Every spring-summer, great egrets, roseate spoonbills,
cocoi herons (Ardea cocoi), snowy egrets (Egretta thula),
little blue egrets (Egretta caerulea), yellow-crowned night
herons (Nyctanassa violacea), cattle egrets (Bubulcus ibis),
black-crowned night herons (Nycticorax nycticorax) (Gia-
nuca et al. 2008), and bare-faced ibises (Phimosus infus-
catus) (Barreto, Faria, and Bugoni, unpubl. data), nest in a
large mixed colony, hereafter termed “estuarine habitat”.

South of Rio Grande city is the Aguirre marsh, near
Mirim lagoon, and the Estação Ecológica do Taim (ESEC
Taim), an ecological reserve and Ramsar Site approximately
33,000 ha in size. Irrigated rice cultivation is the pre-
dominant economic activity in the region, interspersed with
pasture cattle ranching (Marques and Villanueva, 2001).
The waterbird colony at Aguirre marsh is in a limnetic
environment (32°29′S, 52°32′W), 66 km south from the
estuarine colony and 60 km south of Rio Grande city
(Fig. 1), hereafter termed “limnetic habitat”. The same
species occur here as in the estuarine colony, except for the
absence of estuarine species such as the little blue egret and
the yellow-crowned night heron, and the presence of nesting
plumbeous ibis (Theristicus caerulescens). Nests are located
5.3 km from Mirim lagoon and 16 km straight line distance
from the ocean. This colony had been previously studied by
Miño et al. (2009), Britto and Bugoni (2015), and Faria
et al. (2016), and breeding occurs there every year, except
when water levels are very low (Barreto, Faria, and Bugoni,
unpubl. data).

Sampling and sample preparation

We obtained 48 eggs (12 from each species and habitat)
from November 2011 to February 2012, during the austral
spring and summer. We randomly sampled a single egg
from each nest with three or more eggs to avoid the removal
of the whole clutch and to maintain independence between
samples. We only collected eggs that were within eight days
of being laid, determined by the water flotation method
(Westerskov, 1950; Liebezeit et al. 2007), representing
early incubation stages (i.e. up to 14 days of development;
White et al. 1982; Kushlan and Hancock, 2005). We kept
the eggs in egg boxes, to avoid breakage, and refrigerated
(up to 4 °C) until analysis. In the laboratory, we opened the
eggs and visually determined the presence/absence of an
embryo, using only the samples with no visible embryo.
Our final sample size was 9 eggs of great egrets and 10 eggs
of roseate spoonbills from the estuarine habitat, and 10 eggs
of great egrets and 12 eggs of roseate spoonbills from the
limnetic habitat.

Egg sample preparation consisted of separating egg
contents (albumin+yolk representing a single sample) from
eggshells. The analysis of separate components allowed us
to interpret the differential metal detoxification patterns, as

well as provided insights on potential exposure to the
embryo. We washed the eggshells in an ultrasonic bath with
hydrogen peroxide for 10 min, followed by deionized water
for another 10 min, to ensure the removal of surficial resi-
duals. We then oven-dried eggshells and contents at 60 °C
for 24 to 36 h, weighed, and acid-digested them for 24 h
with 2 mL of nitric acid per 0.1 g of dry sample.

We diluted the digested eggs to a final volume of 20 mL
with ultra-pure deionized water. We determined Cd con-
centrations with a flame atomic absorption spectro-
photometer (model AAS-932 Plus, GBC, Hampshire,
Illinois, USA) at the Zoophysiology Laboratory, Biological
Sciences Institute, Universidade Federal do Rio Grande -
FURG, Rio Grande, Rio Grande do Sul, Brazil. The con-
centration determinations were based on a standard curve
(R2adj= 0.9651) built with known standard solutions
(NIST, USA, R ≤ 100%). We analyzed the concentrations of
Pb in a graphite furnace atomic absorption spectro-
photometer (model ContrAA 800, Analytik Jena, Ger-
many). The concentration determinations were based on a
standard curve (R2adj= 0.9896) built with a multi-element
standard solution (1000 mg/L, Merck, Germany, R ≤ 88%).
Procedures for quality control and assurance included run-
ning blanks (0.02, 0.05, and 0.10 mg/kg), spiking matrices,
and digesting and measuring concentrations of certified
reference materials of water, fish muscle and liver (DORM-
4, DOLT-5), and lobster hepatopancreas (TORT-3, National
Research Council, Canada), as well as a modified matrix for
each metal in the graphite furnace AAS. The limit of
detection (LOD) was three times the standard deviation
(SD) value of the blank signals (3 × SD; n= 10), corre-
sponding to 0.050 mg/kg for Cd and 0.005 mg/kg for Pb.
The limit of quantification (LOQ) was ten times the SD
value of the blank signals (10 × SD; n= 10), corresponding
to 0.167 mg/kg for Cd and 0.017 mg/kg for Pb. Con-
centrations of Pb and Cd are presented in mg/kg, dry
weight (dw).

Data analysis

We calculated the concentrations of Pb and Cd for each egg
component and presented the results as minimum, max-
imum, and geometric mean ± 1 standard deviation (SD). We
compared Pb and Cd concentrations in eggshells and egg
contents between species (2 levels; egret and spoonbill),
habitat (2 levels; estuary and limnetic), and their interac-
tions. We used a full Generalized Linear Model (GLM) for
each element and tissue, using gamma distribution (chosen
by the data distribution, which had right-skewed data
values) and inverse linking function (McCullagh and
Nelder, 1989). We used ANOVA (F test) as a post-test to
identify the explicability of the variables in each model. To
test the normality of the residuals, we performed a Shapiro-
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Wilks test for both elements, also considering the graphical
representations (Knief and Forstmeier, 2021). For homo-
scedasticity verification, we analyzed the graphs (Residuals
vs. Fitted and Scale-location) of each model’s residuals.
Finally, we performed a Durbin-Watson test for indepen-
dence of the residuals. We then investigated correlations in
concentrations between tissues (eggshell and egg content of
the same egg), using a non-parametric Spearman rank cor-
relation coefficient (Zar, 2010), as the data did not meet
parametric presumptions. All analyses were carried out in R
software version 4.2.1 (R Core Team, 2022), using the
packages car version 3.1-0 (Fox and Weisberg, 2019) and
FSA version 0.9.3 (Ogle et al. 2022). The p-values were
regarded as significant if <0.05. For graphical representa-
tion, we used the packages ggplot version 3.3.6 (Wickham,
2016) and ggpubr (Kassambara, 2020) in R software.

Results

Lead and cadmium concentrations in great egrets and roseate
spoonbills were above the detection limit for all eggshell and
egg content samples in both estuarine and limnetic habitats
(Fig. 2). Geomean concentrations of Pb were higher in great

egrets from the estuary for both eggshell (0.25 ± 0.09mg/kg
dw) and egg content (0.22 ± 0.09mg/kg dw) compared to
egrets from the limnetic habitat (eggshell 0.17 ± 0.03mg/kg
dw, egg content 0.19 ± 0.05mg/kg dw) and roseate spoonbills
from both habitats (eggshell: estuary 0.24 ± 0.07mg/kg dw,
limnetic 0.21 ± 0.05mg/kg dw, egg content: estuary
0.19 ± 0.05mg/kg dw, limnetic 0.19 ± 0.08mg/kg dw). Great
egrets from the estuary also had the highest measured values
for eggshell concentrations (min.= 0.18mg/kg dw,
max.= 0.46mg/kg dw, Fig. 2) in comparison to egrets from
the limnetic habitat (min.= 0.12mg/kg dw, max.= 0.22mg/
kg dw) and spoonbills from both habitats (estuary:
min.= 0.17mg/kg dw, max.= 0.42mg/kg dw; limnetic:
min.= 0.14mg/kg dw, max.= 0.35mg/kg dw). On the other
hand, roseate spoonbills had the highest egg content con-
centrations, with the highest measured Pb concentration at the
limnetic habitat (min.= 0.09mg/kg dw, max.= 0.40mg/kg
dw) and at the estuary (min.= 0.13mg/kg dw,
max.= 0.38mg/kg dw) compared to great egrets from both
habitats (estuary: min.= 0.12mg/kg dw, max.= 0.35mg/kg
dw; limnetic: min.= 0.11mg/kg dw, max.= 0.28mg/kg dw).

Habitat was a significant factor in predicting Pb levels in
eggshells (p < 0.01; Table 1). The model explained 33.3%
of the variability in the concentrations (Table 2), with

Fig. 2 Mean Pb (a) and Cd (b) concentrations (mg/kg dry weight) in
eggshells and mean Pb (c) and Cd (d) concentrations (mg/kg dry
weight) in egg content (albumen+yolk) of great egrets Ardea alba

(egret) and roseate spoonbills Platalea ajaja (spoonbill) sampled at the
estuary and limnetic colonies in southern Brazil. Differences among
habitats are seen only for Pb and Cd concentrations in eggshells

The influence of colony habitat and egg components on lead and cadmium concentrations of great egrets. . . 581



colony habitat explaining the bulk of the variance (22.9%).
Unlike the eggshells, neither species, colony habitat, nor
their interaction were significant factors in predicting Pb
concentrations in egg contents (Table 1). The model
explained only 3.4% of the variability for Pb concentrations
(Table 2).

For Cd, geomean values were higher at the limnetic
habitat. Spoonbills had the highest geomean for eggshell
(3.93 ± 0.49 mg/kg dw) compared to egrets from both
habitats (estuary 2.88 ± 1.15 mg/kg dw, limnetic
3.78 ± 0.50 mg/kg dw) and spoonbills from the estuary
(3.31 ± 0.70 mg/kg dw). For egg content, egrets had the

highest geomean (1.90 ± 0.45 mg/kg dw) compared to
egrets from the estuary (1.41 ± 0.40 mg/kg dw) and
spoonbills from both habitats (estuary 1.68 ± 0.41 mg/kg
dw, limnetic 1.67 ± 0.92 mg/kg dw). Similar to the patterns
observed for Pb concentrations, great egrets from the estu-
ary had the highest Cd eggshell concentrations
(min.= 2.10 mg/kg dw, max.= 5.76 mg/kg dw, Fig. 2) in
comparison to egrets from the limnetic habitat
(min.= 3.01 mg/kg dw, max.= 4.44 mg/kg dw) and
spoonbills from both habitats (estuary: min.= 2.40 mg/kg
dw, max.= 4.64 mg/kg dw; limnetic: min.= 3.29 mg/kg
dw, max.= 4.70 mg/kg dw). Conversely, as observed for
Pb, roseate spoonbills had the highest Cd concentrations in
egg content at the limnetic habitat (min.= 1.00 mg/kg dw,
max.= 4.24 mg/kg dw) and at the estuary (min.= 1.16 mg/
kg dw, max.= 2.54 mg/kg dw) compared to great egrets
from both habitats (estuary: min.= 1.02 mg/kg dw,
max.= 2.24 mg/kg dw; limnetic: min.= 1.32 mg/kg dw,
max.= 2.60 mg/kg dw).

Similar to Pb models, habitat was again a significant
factor in predicting Cd concentrations in eggshells
(p= 0.04, Table 3). The model explained 21.1% of the
variability in Cd levels (Table 4) and, as observed for Pb,
colony habitat explained most of the variance (17.8%).
Unlike the eggshells, species, colony habitat, and their
interaction were not significant factors in predicting Cd
concentrations in egg contents (Table 3). The model
explained only 10.4% of Cd concentrations (Table 4).

Lead and cadmium showed a significant positive corre-
lation in egg contents (rs= 0.565; p < 0.01), indicating that
both metals may be ‘excreted’ together during egg forma-
tion (Table 5). On the other hand, concentrations of the
same element between eggshell and egg content, from the
same egg (Table 5), were not correlated for Pb (rs=
−0.133; p= 0.41) nor Cd (rs= 0.025; p= 0.88).

Table 1 Coefficients from the GLMs analysis explaining Pb
concentrations (mg/kg dry weight) in eggshell and egg content
samples

Term Estimate Standard
Error (SE)

t p

Eggshell

Intercept 3.88 0.33 11.61 <0.01

Species (Spoonbill) 0.09 0.47 0.20 0.85

Colony (Limnetic) 2.07 0.59 3.51 <0.01

Species:Colony −1.42 0.76 −1.88 0.07

Egg Content

Intercept 4.28 0.51 8.43 <0.01

Species (Spoonbill) 0.33 0.73 0.46 0.65

Colony (Limnetic) 0.73 0.76 0.96 0.34

Species:Colony −0.37 1.05 −0.35 0.73

Factors in each model included species (spoonbill, Platalea ajaja, and
great egret, Ardea alba), colony habitat (estuary and limnetic), and the
interactions between them. The intercept represents the Pb concentra-
tions in great egret at the estuarine colony, in relation to the other
factors

Significant terms (p < 0.05) are in bold

Table 2 Summary of results of
concentrations of Pb models in
eggshell and egg content
samples of Brazilian egrets
(Ardea alba) and roseate
spoonbills (Platalea ajaja)
obtained for the GLM

Source of variation df Deviance % explained df residuals Residual deviance F p

Eggshell

Null 40 3.28

Species 1 0.10 3.08 39 3.18 1.51 0.23

Colony 1 0.75 22.95 38 2.42 11.26 <0.01

Species:Colony 1 0.24 7.32 37 2.18 3.60 0.07

Total Explained 3 1.09 33.35

Egg Content

Null 40 4.66

Species 1 0.01 0.28 39 4.65 0.10 0.75

Colony 1 0.13 2.87 38 4.51 1.06 0.31

Species:Colony 1 0.02 0.32 37 4.50 0.12 0.73

Total Explained 3 0.16 3.48

The % explained is calculated as deviance/residual deviance of the null model × 100

Significant terms (p < 0.05) are in bold
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Concentrations of Pb and Cd in eggshells were also not
significantly correlated (rs=−0.106; p= 0.51; Table 5).

Discussion

Waterbird nesting habitat was the main predictor of con-
centrations of Pb and Cd in eggshells of egrets and
spoonbills. Our results showed higher Pb concentrations in
eggshells and egg contents from the estuarine habitat, par-
tially matching our hypothesis of higher contamination at
the estuary due to its proximity to an industrial and

urbanized area. However, Cd concentrations in eggs were
lower at the estuary compared to the limnetic habitat, which
is the opposite of what we expected. An increased con-
centration of pollutants in the limnetic habitat compared to
the estuary is possibly explained by wind dispersion. In a
previous study, elevated Pb concentrations in the air were
found south of Rio Grande city during the spring and
summer (Vanz et al. 2003), influenced by the predominant
northeast winds (Braga and Krusche, 2000), which explains
higher concentrations of Cd at the limnetic habitat. Egg-
shells had higher concentrations compared to egg contents,
as predicted, likely due to metals’ ability to interact with
calcium-binding sites (Spiro and Stigliani, 2008) thereby
depositing these non-essential elements preferentially in
eggshells. Great egrets had the highest Pb concentrations in
both tissues at the estuary, while spoonbills had the higher
values at the limnetic colony, corroborating our expecta-
tions. Great egrets only showed higher Cd values for egg
content at the limnetic colony, partially corroborating our

Table 4 Summary of results of
concentrations of Cd models in
eggshell and egg content
samples of Brazilian egrets
(Ardea alba) and roseate
spoonbills (Platalea ajaja)
obtained for the GLM

Source of variation df Deviance % explained df residuals Residual deviance F p

Eggshell

Null 40 2.07

Species 1 0.05 2.46 39 2.02 1.02 0.32

Colony 1 0.37 17.82 38 1.65 7.37 0.01

Species:Colony 1 0.02 0.82 37 1.63 0.33 0.57

Total Explained 3 0.44 21.10

Egg Content

Null 40 4.19

Species 1 0.02 0.36 39 4.17 0.13 0.72

Colony 1 0.28 6.66 38 3.90 2.35 0.13

Species:Colony 1 0.14 3.39 37 3.75 1.20 0.28

Total Explained 3 0.44 10.41

The % explained is calculated as deviance/residual deviance of the null model × 100

Significant terms (p < 0.05) are in bold

Table 3 Coefficients from the GLMs analysis explaining Cd
concentrations (mg/kg dry weight) in eggshell and egg content
samples

Term Estimate Standard
Error (SE)

t p

Eggshell

(Intercept) 0.33 0.03 13.40 <0.01

Species (Spoonbill) −0.03 0.03 −1.04 0.31

Colony (Limnetic) −0.07 0.03 −2.19 0.04

Species:Colony 0.02 0.04 0.58 0.57

Egg Content

(Intercept) 0.69 0.08 8.71 <0.01

Species (Spoonbill) −0.11 0.10 −1.06 0.30

Colony (Limnetic) −0.18 0.10 −1.80 0.08

Species:Colony 0.14 0.13 1.09 0.28

Factors in each model included species (spoonbill, Platalea ajaja, and
great egret, Ardea alba), colony habitat (estuary and limnetic), and the
interactions between them. The intercept represents the Cd concentra-
tions in great egret at the estuarine colony, in relation to the other
factors

Significant terms (p < 0.05) are in bold

Table 5 Spearman correlations (rs) of Pb and Cd concentrations
(mg/kg dry weight) between eggshells and egg contents (from the
same egg), and Cd versus Pb in eggshells and egg contents, of great
egret (Ardea alba) and roseate spoonbill (Platalea ajaja) sampled in
estuarine and limnetic environments in southern Brazil

Trace element Eggshell vs.
Egg content

Eggshell Egg content

rs p rs p rs p

Pb −0.13 0.41 – – – –

Cd 0.03 0.88 – – – –

Pb vs. Cd – – −0.12 0.45 0.55 <0.01

Values from both colony habitats and species were pooled for analysis

Significant correlations after Bonferroni correction (p < 0.05) are in
bold
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predictions that egrets would have higher Cd and Pb con-
centrations than spoonbills due to their distinct feeding
habits.

The concentrations of Pb in eggshells analyzed in our
study sites were, in general, lower than those recorded in
other colonies of waterbirds worldwide. Mean concentra-
tions of Pb in eggshells of great egrets from the estuary in
our study were 27 times lower than recorded for grey herons
(Ardea cinerea; 6.827 mg/kg dw) and 4 times lower than
eggshells of black-crowned night heron (3.81 mg/kg dw)
from a heronry close to a thermal power plant in Turkey
(Ayas, 2007). Mean Pb concentrations of great egrets from
the limnetic habitat were twice as low as eggshell con-
centrations of grey herons from a heronry with reports of
active hunting in Poland (0.39 mg/kg dw; Kitowski et al.
2013; 0.47 mg/kg dw; Kitowski et al. 2014).

Contrastingly, Cd concentrations in eggshells analyzed
in our study sites were much higher than documented for
other waterbird colonies across the globe. Mean con-
centrations of Cd in eggshells of great egrets from the
estuary in our study are up to four times higher than in
eggshells of grey herons (0.931 mg/kg dw), and 16 times
higher than eggshells of black-crowned night heron from
Turkey (3.81 mg/kg dw; Ayas, 2007). Cd concentrations of
eggshells of great egrets from the limnetic habitat in our
study were 63 times higher than grey herons from Poland
(0.06 mg/kg dw; Kitowski et al. 2013, 2014). The Pb mean
concentrations in egg contents of great egrets from the
estuary in our study were up to 45 times higher than the
means reported in great egrets in the New York City harbor
in the USA (5.1 ng/g dw; Burger and Elbin, 2015), but up to
four times lower than in the little egret (Egretta garzetta) in
an environment close to urban and industrial activities in
Pakistan (0.89 μg/g dw; Shabahz et al. 2013). Concentra-
tions of Cd in egg contents of great egrets from the estuary
in our study were more than 400 times higher than in great
egrets in the USA (3.5 ng/g dw; Burger and Elbin, 2015),
and 6 times higher than in little egrets from Pakistan
(0.25 μg/g dw; Shabahz et al. 2013).

Different environmental characteristics and their inter-
actions influence the bioavailability of trace elements in
different geographical locations (Riba et al. 2003; Dutton
and Fisher, 2011) and, consequently, the chances for
absorption of metals through diet (Carvalho et al. 2013;
Abdullah et al. 2015). While egrets are known to feed in
both limnetic and estuarine environments when breeding in
the estuarine colony, spoonbills obtain food only in limnetic
environments when foraging and feeding chicks in southern
Brazil (Britto and Bugoni, 2015). This spatial difference in
dietary prey sources was confirmed in another study at our
same sampling sites using isotope values of carbon (δ13C)
of great egrets and roseate spoonbills, which is used as a
proxy for identification of foraging sites (see Britto and

Bugoni, 2015 for detailed information). Regardless, both
species had similar nitrogen isotopic signatures (δ15N), used
as a proxy for trophic level (Britto and Bugoni, 2015).
Consequently, considering that egrets and spoonbills are
central-place foragers (Craig et al. 2015; Winkler et al.
2020a, 2020b), arriving at the colony several weeks before
reproduction for the defense of territories, courtship, and
nest construction, and eggshell production occurs a few
hours after copulation (Nys et al. 2004), we suggest the
potential foraging site as a strong driver of trace elements
concentrations in eggshells and egg contents. As spoonbills
forage only at limnetic environments, they have higher
exposure to Cd in both habitats and higher exposure to Pb at
the limnetic site.

The absorption of contaminants by egrets in southern
Brazil seems related directly to trace element bioavailability
in their foraging areas and consumption of contaminated
prey. There is evidence of Pb and Cd contamination in fish
species usually consumed by egrets (Sanches-Filho et al.
2013), as well as in the sediment of the Lagoa dos Patos
estuary (Santos et al. 2003; Barbosa, 2007; Caldas and
Sanches-Filho, 2013). Although we are unaware of studies
of Cd concentrations in prey or sediment at the limnetic
habitat, our results showed higher concentrations of this
element in eggs of great egrets and spoonbills from the
Aguirre marsh colony, with values even higher for spoon-
bills. Studies of Cd concentrations are needed to provide
information on contamination sources and the effects of
non-essential elements on fish and waterbirds in the limnetic
habitat. The area is important not only from an ecological
perspective but also economically, especially for rice pro-
duction and cattle ranching activities (Marques and Villa-
nueva, 2001). Consequently, the bioavailability of non-
essential elements exposes other animals, and even humans,
to contamination.

Another potential source of contamination is the
deposition of Pb through spent ammunition from hunting,
especially near the limnetic habitat (Guadagnin et al. 2007).
As Pb and Cd levels in egg contents were highly correlated,
females of great egrets and spoonbills may be absorbing
these elements. As the non-essential elements are bioa-
vailable at their prey and foraging sites, females may then
be ingesting shot pellets and bioavailable elements and then
excreting both metals through egg laying. Females are
known to increase their calcium (Ca) ingestion pre-laying
(Perrins, 2008), which may increase the uptake and assim-
ilation of Pb and Cd due to competition for Ca binding sites
(Spiro and Stigliani, 2008). Females may then excrete
metals into the egg using the same detoxification pathways
for both elements (Koster et al. 1996). Toxic elements can
still become available to the embryos due to binding com-
petition with essential elements such as Ca, Zn, and copper
(Cu) (Spiro and Stigliani, 2008), leading to an increase of
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non-essential and a decrease of essential elements in bird
tissues (Nunes et al. 2021). Metal uptake by embryos can be
gradually absorbed from the egg (Orłowski et al. 2016,
Orłowski et al. 2019) and affect developing organs
(Yamamoto et al. 2012; Ali et al. 2024), leading to
embryonic toxicity and reduced survival (Orłowski et al.
2016; Vallverdú-Coll et al. 2016).

Chicks are potentially exposed to chronic effects in cases
where the concentration of toxic elements is not high
enough to replace Zn and, consequently, decrease egg
viability, as Zn is directly related to egg quality (Sahin et al.
2002). Neurological effects, such as the decreased ability to
thermoregulate, difficulty in locomotion, and decreased
learning and recognition were reported in gull chicks
exposed to a dose of 100 mg/kg of Pb (Burger and Goch-
feld, 2005). Moreover, as Cu and Zn have a role in gene
activation and homeostasis in eukaryotic cells (Rutherford
and Bird, 2004), and both Pb and Cd can disrupt the optimal
concentrations of both essential elements in the organism
(Spiro and Stigliani, 2008; Nunes et al. 2021), effects such
as homeostatic dysregulation and a decrease in immune
responses may be observed if the chicks absorb and accu-
mulate Pb and Cd in concentrations high enough to replace
Cu and Zn in their bloodstream. The detoxification path-
ways (feathers, eggshells, and excreta) also contribute to the
transport of matter from the aquatic to the terrestrial
environments (Shoji et al. 2019), which was observed in our
estuarine habitat (Caseiro-Silva et al. 2023). Consequently,
high concentrations of Pb and Cd absorbed by egrets and
spoonbills through diet can lead to an increase of non-
essential elements in terrestrial environments, as eggshells
and carcasses may increase the concentrations of trace
elements in the terrestrial environment where colonies are
located, leading to a biochemical disequilibrium in these
environments and their trophic chain.

Even lacking a long-term measurement of the avian
exposure to non-essential elements, our findings provide
some of the first evidence that egrets and spoonbills are
exposed to toxic trace elements, especially Cd, representing
chronic intoxication risk. Pb levels in eggshells and egg
contents exceeded environmental regulations in Brazil (up
to 0.033 mg/L in freshwater ecosystems; Brasil, 2012), and
in the USA (up to 0.015 mg/L in drinking water; EPA,
1984), for example, which also happened with Cd thresh-
olds in both Brazil (0.01 mg/L in freshwater ecosystems;
Brasil, 2012) and the USA (up to 0.002 mg/L in freshwater
ecosystems; EPA, 2016). Since the aquatic environments
studied and where wading birds forage and breed have been
historically used for agricultural or hunting purposes,
receive drainage from urban areas, and have abiotic prop-
erties that favor trace elements uptake, such as pH and
dissolved organic matter, there is a concern for avian health,
as well as other species. Therefore, studies involving the

determination of trace elements in other ecosystemic com-
ponents (e.g. water and soil), as well as considering dif-
ferent sampling approaches (e.g. account for egg laying
order [Orłowski et al. 2016] and in different embryo stages
[Orłowski et al. 2019]), which are lacking in our study, can
provide important information regarding the direct effects of
contaminants on the region. Besides, higher eggshell con-
centrations compared to egg content and body tissues also
suggest that eggshells are an ideal indicator of avian con-
tamination by metals (Ayas, 2007; Burger and Elbin, 2015)
as they can be obtained non-lethally, particularly if using
eggshells left behind after chick hatching. We recommend
the use of eggs, notably eggshells, for monitoring the
contamination of birds, as concentrations in eggs can pro-
vide sensitive measures to indicate environmental health.

Conclusion

Great egrets and roseate spoonbills from two habitats, an
estuarine and a limnetic colony, studied in southern Brazil
are exposed to toxic trace elements, likely from anthro-
pogenic sources. The eggshells and egg contents analyzed
in our study show elevated concentrations of the non-
essential elements Pb and Cd when compared to similar
waterbird species and environments worldwide. Our results
suggest ongoing contamination in the region, especially by
Cd, as the concentrations in eggs are higher than the pub-
lished environmental standards (Pb: 0.033 mg/L in Brazil
and 0.015 mg/L in the USA, Cd: 0.01 mg/L in Brazil and
0.002 mg/L in the USA; Brasil, 2012; EPA, 1984; EPA,
2016). Colony habitat is an important predictor for Pb and
Cd concentrations, especially in eggshells. Moreover, the
use of distinct environments and different feeding strategies
by waterbirds suggests that abiotic environmental condi-
tions, foraging techniques, and consumed prey can influ-
ence the bioavailability and absorption of trace elements
during egg laying. Therefore, Pb and Cd contamination in
waterbirds breeding in estuarine and limnetic areas can be
considered ubiquitous. Long-term monitoring using inte-
grative methods, such as trace elements analysis in different
embryo stages and considering the egg laying order, com-
bined with stable isotopes of eggs, consumed prey, and
sediment, coupled with stronger environmental regulations,
would provide information about the health and conserva-
tion of wildlife, trends in contamination sources, and
hopefully improvements in ecosystem quality in the region.
Moreover, eggshells seem to be sensitive bioindicators,
even at low concentrations of inorganic contaminants, as
they represent a short period of ingestion, detect con-
tamination close to the colony, are easy to collect, and avoid
handling and disturbing birds. Eggs reliably indicate
environmental conditions, especially for species with
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distinct diets, allowing for inferences about trace element
contamination in species of conservation concern.
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