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ARTICLE INFO ABSTRACT

Keywords: Mercury (Hg) contamination in estuarine and coastal ecosystems represents a significant threat to wildlife due to
POH“ta_ﬂtS its bioaccumulation and biomagnification across food webs. Particularly, Hg contamination of non-breeding
Stable isotopes migratory seabirds that inhabit these environments remains poorly documented, particularly at Neotropical
Seabirds . . e . . . . :

Non-breeding season latitudes. This study evaluated Hg contamination in relation to trophic ecology and physiology in Common terns
Physiology 8 (Sterna hirundo) at Punta Rasa, Bahia Samborombdn, Buenos Aires, Argentina. Blood total Hg (THg), stable

isotopes of carbon (6*3C) and sulfur (534S) as proxies of feeding habitat, and of nitrogen 6'°N) as a proxy of
trophic position, biochemical markers of energy metabolism and body mass were assessed in individual sampled
during three stages of the non-breeding season: i-early season (December), ii-mid-season (February), and iii-pre-
migration period (April). Blood THg concentrations were quantified in all individuals (0.32-0.80 pg g~! dry
weight), increasing through the season. Stable isotope values varied seasonally and isotopic niches were wider in
December than in February and April. Considering the month of the season, THg was positively associated with
534S and negatively associated with 6'°N, whereas a positive trend with §'C was observed. These observations
suggest that seasonal variation in feeding ecology and isotopic baselines may contribute to differences in Hg
contamination. Body mass, triacylglycerol and cholesterol exhibited seasonal variations, nevertheless, under
these blood THg concentrations no significant associations with the physiological markers were detected.
Overall, our findings highlight the relevance of considering seasonal variation in feeding ecology and non-
breeding habitats when assessing Hg contamination in migratory seabirds.

1. Introduction

Mercury (Hg) is a globally distributed environmental pollutant with
well-documented adverse effects on human and wildlife health
(Corsolini, 2009; Tan et al., 2009; Driscoll et al., 2013). Anthropogenic
activities have increased Hg emissions and environmental concentra-
tions, with atmospheric transport contributing to its widespread distri-
bution across terrestrial and aquatic systems (Driscoll et al., 2013;
Lamborg et al., 2014; Streets et al., 2019). Despite a decline observed in
the Global North since the 1990s, including in China since the 2010s,

anthropogenic emissions continue to rise, mainly due to emissions from
the Global South, where those linked to artisanal and small-scale gold
mining predominate (Qiu et al., 2025).

Estuaries are dynamic and highly productive transitional zones that
link freshwater and marine environments (Kennish, 2002). Hg
contamination in estuaries is of particular concern because these sys-
tems act as sinks for inorganic Hg (iHg) transported from large upstream
watersheds (Gehrke et al., 2011; Singer et al., 2016) and provide
physicochemical conditions that favour the microbial conversion of iHg
into methylmercury (MeHg), its most bioavailable and toxic form

* Corresponding author at: Seccién Ornitologia, Div. Zool. Vert., Museo de La Plata (FCNyM-UNLP), Paseo del Bosque s/n, BI9OOFWA, La Plata, Buenos Aires,

Argentina.
E-mail address: aeibanez@fcnym.unlp.edu.ar (A.E. Ibanez).

https://doi.org/10.1016/j.marpolbul.2026.120572

Received 10 September 2026; Received in revised form 25 October 2026; Accepted 8 November 2026
0025-326X/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:aeibanez@fcnym.unlp.edu.ar
www.sciencedirect.com/science/journal/0025326X
https://www.elsevier.com/locate/marpolbul
https://doi.org/10.1016/j.marpolbul.2026.120572
https://doi.org/10.1016/j.marpolbul.2026.120572

M.S. Carrillo et al.

(Lambertsson and Nilsson, 2006; Hall et al., 2008). Spatial and temporal
variability in Hg concentrations within estuarine and coastal habitats is
driven by freshwater currents, wind, rainfall, and inputs from rivers and
wastewater (Ceyca et al., 2016; Cossa and Tabard, 2020; Liu et al.,
2021), contributing to variation in Hg distribution and exposure
among aquatic organisms.

MeHg bioaccumulates in organisms and biomagnifies through food
webs (Lavoie et al., 2013; Tansel, 2026). Hence, organisms occupying
high trophic positions, such as seabirds, are particularly useful as bio-
indicators of contaminant exposure due to their potential for contami-
nant bioaccumulation and biomagnification, as well as their wide spatial
distribution (Kesic et al., 2023; Matos et al., 2023; Carrillo et al., 2023,
2025). Seabirds diet represents the primary route of Hg exposure
(Bearhop et al., 2000; Bargagli, 2008; Mills et al., 2020, 2022; Ibanez
et al., 2022). Particularly, piscivorous seabirds may exhibit spatially
heterogeneous Hg exposure due to differences in their foraging habitats
and prey, which can vary across coastal and offshore environments (Fort
et al., 2014; Chételat et al., 2020; Bracey, 2021).

Hg contamination can cause both short- and long-term consequences
for seabird health, fitness and population dynamics (Bustnes et al., 2007;
Roos and Dencker, 2012; Chételat et al., 2020; Mills et al., 2020; Goutte
et al., 2014a, 2014b), even at sublethal concentrations (Carravieri et al.,
2022; Ibanez et al., 2024). As a neurological, immune, hepatic, and
endocrine disruptor, Hg can also impair body condition and physio-
logical performance (Tartu et al., 2013; Whitney and Cristol, 2017).
However, most research on Hg contamination in seabirds has focused on
the breeding season, when individuals are on their colonies, being much
more easily accessible for sampling (Burger and Gochfeld, 2004;
Ackerman et al.,, 2016), whereas the non-breeding period remains
comparatively understudied, especially on blood-based assessments
(Bracey, 2021; Bertram et al., 2022, 2024). Migratory seabirds exploit
geographically distinct areas throughout their annual cycle, potentially
encountering contrasting environmental conditions and food-web
pathways of Hg exposure during the breeding and non-breeding pe-
riods (Fort et al., 2014; Fleishman et al., 2019; Carravieri et al., 2023).
Consequently, assessments restricted to breeding populations may pro-
vide an incomplete representation of exposure across the annual cycle,
particularly when the contribution of non-breeding areas to Hg accu-
mulation and its potential carry-over effects remains poorly understood.
Hg bioaccumulated during either the breeding or non-breeding period
may generate carry-over effects influencing fitness in subsequent life-
history stages (Quillfeldt et al., 2022; Carravieri et al., 2023). There-
fore, assessing Hg contamination during different annual periods is
critical to understand seasonal variation in exposure and its potential
consequences in seabird health.

Ecotoxicological studies require an integrative understanding of
trophic ecology, foraging ecology, and seasonal variation in Hg
contamination. Stable isotope analysis provides a useful framework for
investigating ecological drivers of Hg contamination in seabirds
(Bearhop et al., 2000; Petalas et al., 2025). Carbon (6*3C) and sulfur
(634S) stable isotopes provide complementary information on feeding
habitat and resource origin, and their combined use can help distinguish
among estuarine, coastal, and more marine food sources (Hobson et al.,
1996; Cathalot et al., 2013; Phillips and Lewis, 2014; Ponton and Hare,
2015; Carr et al., 2017; Linhares et al., 2026). Particularly, sulfur stable
isotopes (534s) distinguish freshwater, estuarine, and marine food
sources based on differences in sulfate sources and sedimentary sulfur
cycling (Carr et al., 2017). Nitrogen stable isotopes (5'°N) are commonly
used as an indicator of trophic position (Peterson and Fry, 1987; Atwell
et al., 1998; Lavoie et al., 2013), although spatial variation in isotopic
baselines can complicate their interpretation along estuarine-coastal
gradients (Fry, 2006; Popp et al., 2007). Therefore, seasonal variation
in stable isotope composition can provide evidence of differences in
feeding ecology but should not be interpreted as direct evidence of in-
dividual changes in foraging habitat. Because dietary Hg contamination
is influenced by both trophic position and feeding habitat, combining
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stable isotope measurements with Hg concentrations can help identify
ecological factors associated with Hg contamination (Bond, 2010; Albert
etal., 2019; Mills et al., 2025). Moreover, both stable isotope values and
blood THg integrate dietary information over time, such that measure-
ments obtained early in the non-breeding season may retain signals from
previous feeding areas in migratory birds (Hobson and Clark, 1992;
Bearhop et al., 2002; Bond and Diamond, 2011).

Common terns (Sterna hirundo) are long-distance migratory seabirds
that breed in the Northern Hemisphere and spend their non-breeding
period in the Southern Hemisphere, where they primarily occupy estu-
arine and coastal habitats (Ludwig and Becker, 2006; Neves et al., 2015;
Caldwell et al., 2025; Kiat et al., 2026). During this period, they feed
mainly on small fish captured by plunge-diving. Studies at Punta Rasa
described seasonal variation in diet and foraging strategies (Mauco and
Favero, 2005; Lamacchia et al., 2019). The high reliance of this species
on aquatic prey and the use of coastal and estuarine environments makes
it a useful bioindicator for assessing contaminant exposure. At Punta
Rasa, Argentine anchovy (Engraulis anchoita) is an important prey spe-
cies that undergoes seasonal and ontogenetic changes in distribution
across coastal and shelf waters Sanchez and de Ciechomski, 1995;
Hansen and Madirolas, 1996). These changes may influence prey
availability and feeding conditions for Common terns and potentially
contribute to seasonal variation in Hg load. In Buenos Aires Province
(Argentina), approximately 20,000-30,000 individuals congregate at
Punta Rasa, Bahia Samborombon, a coastal site located at the confluence
of the Rio de La Plata estuary and the Atlantic Ocean. This area is
recognized as a wetland of international importance under the RAMSAR
convention and as an important site for seabirds and shorebirds within
the Western Hemisphere Shorebird Reserve Network (WHSRN), high-
lighting its ecological relevance for migratory birds. Its environmental
heterogeneity and seasonal variation in the resources (Sapoznikow
et al., 2002; Neves et al., 2015) provide an appropriate site to investi-
gate seasonal variation in feeding ecology and contaminant exposure,
thereby enabling a better understanding of the impact of such exposure
on this important wetland.

This study aimed to evaluate seasonal variation in Hg contamination
in non-breeding Common terns at Punta Rasa and its relationship with
feeding ecology and physiological condition. Specifically, we (i) quan-
tified blood THg concentrations across the non-breeding season, (ii)
characterized seasonal variation in feeding ecology using §'3C, 5*S and
5'°N and evaluated their relationships with THg, and (iii) examined
whether THg concentrations were associated with body condition and
physiological markers of energy metabolism. We hypothesized that: (i)
blood THg concentrations vary among months of the non-breeding
season; (ii) seasonal variation in blood THg concentrations is associ-
ated with variation in §'°C, 5°*S, and 5'°N values, consistent with sea-
sonal changes in feeding ecology; and (iii) higher THg concentrations
are associated with changes in body mass and physiological markers
related to energy metabolism.

2. Materials and methods
2.1. Study site

Fieldwork was conducted at Punta Rasa, Bahia Samboromboén,
Buenos Aires Province, Argentina (36°17' S; 56°46'W), an intertidal area
within the Rio de La Plata estuary where marine and freshwater eco-
systems converge. Such estuarine—coastal gradients are known to in-
fluence Hg cycling and methylation processes, potentially affecting
contaminant bioavailability across habitats (Fitzgerald et al., 2007;
Mason et al., 2012). This region hosts the largest coastal marine wetland
in Argentina. Due to its high biodiversity, Punta Rasa constitutes a key
habitat for migratory seabirds and has been designated as RAMSAR site,
reflecting national and international conservation efforts aimed at pro-
tecting these wetlands and their resources. Additionally, is recognized as
an Important Bird Area (IBA) by Aves Argentinas/BirdLife International
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and has been declared a provincial protected area (Reserva Natural de
Objetivo Definido Rincén de Ajo) by the Buenos Aires environmental
authority (Law N° 12,016/97, Ministerio de Ambiente de la Provincia de
Buenos Aires, MAPBA).

2.2. Sample collection

During the non-breeding season 2021-2022 (November to April),
Common terns (Sterna hirundo) migrate from the Northern Hemisphere
and establish at Punta Rasa. For this study, the sampling period was
divided into three stages: early non-breeding season (December), mid-
season (February), and pre-migration period (April). Birds were
captured using cannon nets and handling time did not exceed 8 min to
minimize stress responses. Morphometric measurements (weight, tarsus
and culmen length) were recorded to estimate body condition. Blood
samples (n = 15 per stage) were collected from the brachial vein
(0.7 mL) using 25-G needles and stored at 4 °C for up to 6 h. Once in the
laboratory, blood samples were centrifuged at 2000 rpm for 10 min, and
serum and red blood cells (RBCs) were separated into sterile micro-
centrifuge tubes and stored at —20 °C until analysis. Blood samples were
selected as the target tissue because they reflect recent dietary exposure
over a period of weeks and provides an indicator of short-term mercury
uptake and trophic dynamics. All sampled birds were adults and rep-
resented unique individuals, with no recaptures included in our study.
Because all birds were captured and banded for the first time, no pre-
vious information regarding the age or the sex was available. All pro-
cedures involving animal handling and sample collection were
evaluated and approved by were evaluated and approved by the Envi-
ronmental Impact Office of the Ministerio de Ambiente de la Provincia
de Buenos Aires (MAPBA) (EX-2021-18,115,505-GDEBA-DGAOPDS and
RESO-2022-18,115,505-GDEBA-SSTAYLMAMGP) and by the Institu-
tional Committee for the Care and Use of Experimental Animals
(CICUAE), Facultad de Ciencias Naturales y Museo, Universidad
Nacional de La Plata (FCNyM-UNLP; Protocol No. 003.03.2022).

2.3. Mercury analysis

In avian blood, Hg is primarily associated with the cellular fraction
(RBCs) rather than serum (Bond and Robertson, 2015; Renedo et al.,
2018). Previous studies have reported that MeHg accounts for more
than 90% of Hg in blood (hereafter referred to as blood THg) in seabirds
(Renedo et al., 2018; Albert et al., 2019). However, MeHg was not
quantified directly in the present study, and this proportion could not be
assessed. Prior to analysis, RBCs were freeze-dried and homogenized.
THg concentrations were measured using an Advanced Mercury
Analyzer spectrophotometer (AMA 254, Altec) at the LIENSs laboratory
(France). For each sample, a minimum of two aliquots (range:
1.02-1.86 mg dry weight [dw]) were analysed. Quality control pro-
cedures included the analysis of certified reference materials, procedural
blanks, and replicate samples to ensure analytical accuracy and preci-
sion. Analytical accuracy was verified every 10 samples using certified
reference material (lobster hepatopancreas TORT-3, NRC, Canada;
certified Hg concentration: 0.292 + 0.022 pg g~ ' dw), yielding a re-
covery of 98.1 + 3.9%. Procedural blanks were included at the begin-
ning of each analytical batch. The limit of quantification (LOQ) of the
AMA was 0.1 ng Hg. Analytical precision was assessed by calculating the
Coefficient of Variation (CV) for replicate measurements of each sample.
The mean CV across the 45 samples analysed in duplicate was 1.61%.
Results are further expressed as pg g~* dw.

2.4. Carbon, nitrogen and sulfur stable isotope analysis

Stable isotope values of carbon, nitrogen and sulfur were determined
in RBCs using a continuous-flow elemental analyzer (Delta V Plus with a
Conflo IV Interface, Thermo Scientific, Bremen, Germany) coupled to an
elemental analyzer (Flash 2000 or Flash IRMS EA Isolink CN, Thermo
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Scientific, Milan, Italy). Isotopic values were normalized using inter-
national reference standards to ensure analytical consistency and
comparability across samples. Analyses were conducted at the LIENSs
laboratory (France). Isotopic ratios are reported in delta () notation in
parts per thousand (%o) relative to international standards: Vienna Pee
Dee Belemnite (VPDB) for 613C, atmospheric nitrogen (AIR) for 515N and
Vienna Canyon Diablo Troilite (VCDT) for 534 (Coplen, 2011). Cali-
bration was performed using a two-point normalization. Analytical ac-
curacy and precision were assessed using certified reference materials
USGS61 (5'3C = —35.05 + 0.04 %o; 5N = —2.87 + 0.04 %o), USGS63
(6"3C = —1.17 + 0.04 %o; 5"°N = +37.83 + 0.06 %) and USGS42 and
IAEA-S2 (5°%S = 7.84 + 0.25 %o and 22.62 + 0.09 %o, respectively)
provided by the U.S. Geological Survey (Reston, VA, USA). Measure-
ment error was <0.10 %o for 5'°C and 5*°N and < 0.25 % for 5°S.

2.5. Hematological determinations

Serum concentrations of energy metabolism markers including total
proteins, uric acid, triacylglycerol, cholesterol, glucose and albumin
were determined for each bird using colorimetric commercial kits
(Wiener Lab). All determinations were conducted using an automatic
analyzer (Ibanez et al., 2024).

Serum circulating levels of Inmunoglobulin Y (IgY) were determined
using a direct ELISA with peroxidase-conjugated anti-chicken IgY anti-
bodies (Sigma, St. Louis, MO, USA, A-9046) (Martinez et al., 2003;
Ibanez et al., 2024). For this, 96-well microtiter plates (Nunc PolySorp;
Nunc, Roskilde, Denmark) were coated for 1 h at 37 °C with serum
samples diluted (1:30,000) in 0.1 M carbonate-bicarbonate buffer
(pH 9.6). The plates were then washed three times with PBS-0.05%
Tween-20 and incubated with 1% non-fat milk (Nestlé Coffee-Mate) in
PBS-Tween 20 for 1 h at 37 °C to block free binding sites. After addi-
tional washing, the wells were incubated with peroxidase-conjugated
anti-chicken IgY. Finally, the wells were washed again, and ABTS
[2,2-azino-di (3-ethylbenzthiazoline sulfonate)] was added as the sub-
strate. Following a 30 min incubation at room temperature, colour
development was stopped with 2% oxalic acid, and optical density (OD)
was measured at 405 nm.

2.6. Statistical analysis

All statistical analyses were conducted in R (version 4.2.1; R Core
Team, 2023). Seasonal variation in THg concentrations in red blood
cells (RBCs) was evaluated using a linear model (LM), with sampling
month (December, February, and April) as a categorical explanatory
variable. Pairwise differences among months were assessed using post-
hoc comparisons of estimated marginal means with Tukey adjustment
for multiple comparisons, implemented in emmeans package in R.

Relationships between blood THg concentrations and stable isotope
composition were evaluated using separate linear models for 5'3C, 5'°N,
and 5*S. For each isotope, models were fitted with the corresponding
isotope value and sampling month as additive predictors. Model re-
siduals were assessed using graphical diagnostics, the Shapiro-Wilk test
for normality, and the Fligner—Killeen test for homogeneity of variance.

Isotopic niches were quantified using standard ellipse areas (SEA)
with small-sample correction (SEAc), calculated using the SIBER pack-
age (Jackson et al., 2011). Bayesian standard ellipse areas (SEAb) were
also estimated to characterize posterior distributions of isotopic niche
width for each month. Isotopic niche overlap among months was
quantified using SEAc (Syvaranta et al., 2013).

Associations between blood THg concentrations and physiological
variables were evaluated separately for each physiological parameter,
including blood THg concentration and sampling month as explanatory
variables. Body mass, total proteins, triacylglycerols, uric acid, choles-
terol, albumin, glucose, and IgY were analysed separately. Tri-
acylglycerol concentrations were log-transformed prior to analysis.
Linear models were used for variables meeting the assumptions of
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homogeneous residual variance, whereas generalized least-squares
(GLS) models with a heterogeneous variance structure by sampling
month [varldent(~1 | Month)] were used when heteroscedasticity was
detected. Model assumptions were evaluated using the residuals of the
final fitted models. Normality was assessed using diagnostic plots of the
residuals from the final fitted models, the Shapiro-Wilk test and normal
Q-Q plots, and homogeneity of variance was evaluated using the
Fligner—Killeen test. For GLS models, normalized residuals were used to
assess model adequacy. No observations were excluded based solely on
statistical diagnostics (Supplementary Material). Statistical significance
was set at p < 0.05.

3. Results
3.1. Blood THg concentrations

THg was quantified in all blood samples from Common terns (Sterna
hirundo), with concentrations ranging from 0.32 to 0.80 pg g~ dw
(mean =+ SD: 0.51 + 0.10 pg g~ ! dw). Blood THg concentrations differed
significantly among samplings months (Fz,42 = 16.46, p < 0.001). April
showed significantly higher concentrations than both December and
February (December vs. April: ts2 = 5.63, p < 0.001; February vs. April:
te2 = 3.78, p = 0.001), whereas no significant difference was detected
between December and February (ts2 = 1.85, p = 0.166; Fig. 1; Sup-
plementary material, table S1;S3). Raw arithmetic mean THg concen-
trations increased by approximately 34% from December to April
(Table 1).

3.2. Feeding ecology and hg contamination

From December to April, stable isotope values exhibited an enrich-
ment pattern in RBCs, with increases of approximately 1.3 %o in 5'3C, 2
%o in 8'°N and 1.1 %o in §3*S (Table 1). Isotopic niche analyses showed
monthly differences across all isotope combinations (513C-615N, st3c-
5345, and 6°*S-6'°N). December exhibited the widest isotopic niche
(SEAb = 1.264 for 53C-5'°N; SEAb = 0.602 for 5°C-5°%S; and
SEAb = 2.214 for §°*S-5'5N). In contrast, February and April showed
substantially narrower and comparable niche areas (Table 2 and Fig. 2)
indicating reduced isotopic niche width later in the non-breeding sea-
son. No isotopic niche overlap was detected between December and
either February or April for any isotope combination (SEAc overlap = 0).
A partial niche overlap was observed between February and April across
all isotopic combinations, with the highest overlap in the 5%*s—5!°N

-
®
A

RBCs THg (ug g~ dw)
o
[e)]

o
'S
f

December February April

Fig. 1. Blood THg concentrations (THg, pg g~ dw) in Common terns (Sterna
hirundo) during the different months of the non-breeding season at Punta Rasa,
Bahia Samborombén, Buenos Aires Province. Asterisks indicate significant
pairwise differences (**p < 0.01; ***p < 0.001).
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space (overlap area = 0.126) corresponding to 60.9% of February niche
and 50.2% of April niche, followed by 5*3C-52*S (overlap area = 0.085;
53.9% and 48.7%, respectively) and §'3C-5'°N (overlap area = 0.07;
49.8% and 39.1%, respectively) (Fig. 2).

Blood THg concentrations were positively associated with %S
(est = 0.0496, SE = 0.0208, t+1 = 2.39, p = 0.0216), whereas a negative
association was observed with §'°N (est = —0.0514, SE = 0.0143,
tsr = —3.60, p = 0.0008). The association between THg and 5'3C was
positive but did not reach statistical significance (est = 0.0604,
SE = 0.0325, ts1 = 1.86, p = 0.0706; Fig. 3) Residual diagnostics indi-
cated no evidence of heterogeneity of variance among sampling months
(Fligner—Killeen tests, all p > 0.57) and, the residuals were approxi-
mately normally distributed for the 5'3C and 5°*S models (Shapiro-Wilk
tests, p = 0.077 and 0.114, respectively). Conversely, the 5'N model
showed a deviation from normality (Shapiro-Wilk, W = 0.931,
p = 0.010; Supplementary material, table S1).

3.3. Blood THg concentrations and physiological parameters

Several physiological parameters showed seasonal variation
throughout the non-breeding period (Table 2). Body mass showed a
seasonal pattern, with the lowest values in February and the highest in
April (February-April contrast: est. = —12.28, SE = 3.77, ts1 = —3.26,
Tukey-adjusted p = 0.006). Triacylglycerol concentrations were higher
in April than in December (est = 0.755, SE = 0.128, p < 0.0001) and
February (February—April contrast: est. = —0.556 m SE = 0.120, Tukey-
adjusted p = 0.0001). The difference between December and February
was not significant (Tukey-adjusted p = 0.171). Cholesterol concentra-
tions were higher in April than in December (Tukey-adjusted
p = 0.0288), whereas the December-February and February-April
comparisons were not significant (p = 0.0873 and 0.5431, respectively).
No significant monthly differences were detected for total proteins, al-
bumin, uric acid, glucose, or IgY (Supplementary material, table S2;S3).

Regarding their associations with blood THg, triacylglycerol and
acid uric concentrations showed a marginal negative association with
THg that did not reach statistical significance (est = —1.123, SE = 0.593,
tze = —1.90, p = 0.065; est. = —13.10, SE = 6.69, tso = —1.96, p = 0.058,
respectively). No significant associations with THg were detected for
body mass, cholesterol, albumin, glucose or IgY (all p > 0.05) (Supple-
mentary material, table S2).

4. Discussion
4.1. Seasonal variation in mercury contamination and feeding ecology

In this study, blood THg concentrations in Common terns ranged
from 0.32 to 0.80 pg g~ dw (equivalent to 0.07-0.17 pg g~* wet weight
[ww], assuming a mean moisture content of 79%; Ackerman et al.,
2016). These concentrations were low compared with those reported
for other breeding populations of the same species and other terns. For
instance, adult Common terns breeding in North American freshwater
lakes showed blood THg concentrations of 0.92-1.45 pg g~! ww in
males and 0.67-1.03 pg g~1 ww in females (Bracey, 2021), whereas,
concentrations in a breeding population from Germany ranged from
0.29 to 3.90 pg g’1 ww (Bertram et al., 2024). Foster's terns, a closely
related species breeding in California exhibited blood concentrations of
1.09 + 0.89 pg g~ ! ww (Ackerman et al., 2008). According to published
avian blood-mercury benchmarks (Ackerman et al., 2016), the con-
centrations measured in our study were at or below the boundary be-
tween background and low-risk exposure and well below the 1.0 pg g~ *
ww benchmark for moderate risk. However, the more recent toxicity
reference proposed by Ackerman et al. (2024) suggests that low-level
biological effects remain possible. Although blood THg concentrations
were relatively low compared with other populations, their toxicological
significance should be interpreted cautiously because MeHg was not
measured directly and its proportion of blood THg in our samples
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Table 1

Blood THg concentrations (THg, pg g’1 dw) and stable isotopes values of 5'3C (%o, Vienna Pee Dee Belemnite), 5*°N (%o, air) and §*S (%o, Vienna Canyon Diablo
Troilite) (Mean =+ SD [min-max]) in Common terns (Sterna hirundo) during the different months of the non-breeding season at Punta Rasa, Bahia Samborombén, Buenos
Aires province. Standard ellipse areas corrected for small sample size (SEAc, %02) and the mode and 95% credible intervals for Bayesian standard ellipse areas (SEAD,
%02) are shown.

December February April
THg 0.44 + 0.08 [0.32-0.62] 0.49 + 0.05 [0.42-0.56] 0.59 + 0.07 [0.50-0.80]
5'3C %o —19 + 0.51 [-18.08 - -19.59] —17.85 + 0.18 [-17.51 - -18.21] —17.74 + 0.19 [-17.47 - -18.07]
51N %o 14.14 +1.15 [11.11-15.23] 16 + 0.24 [15.63-16.54] 16.14 + 0.26 [15.45-16.57]
5>4S %o 17.53 + 0.80 [16.59-19.18] 18.70 + 0.25 [18.20-19.05] 18.63 + 0.28 [17.89-19.01]

SEAc 8'3C-5°N %0> 1.128 0.140 0.178
SEAc 8'3C-8%*S %0> 0.408 0.157 0.174
SEAc 834S-81N %2 2.018 0.207 0.251

SEAD 8'3C-8'5N %0?
SEAD 8'3C-634S %0>
SEAD 5%S-5'°N %02

1.264 [0.783-2.216]
0.602 [0.377-1.030]
2.069 [1.287-3.600]

0.135 [0.084-0.237]
0.150 [0.094-0.263]
0.196 [0.125-0.344]

0.169 [0.108-0.294]
0.167 [0.106-0.286]
0.241 [0.149-0.422]

Table 2

Serum hematological markers of Common terns (Sterna hirundo) during the non-
breeding season in Punta Rasa, Bahia Samborombén, Buenos Aires province.
Total proteins (g/dl), triacylglycerol (mg/dl), Uric acid (mg/dl), cholesterol
(mg/dl), albumin (g/dl), glucose (mg/dl) and IgY (OD 405 nm) and body mass
(8).

Month / December February April
Parameters , R R
Mean =+ SD [Min — Mean =+ SD [Min — Mean + SD [Min —
Max] Max] Max]
Total proteins 3.28 £ 0.40 3.45 £+ 0.51 3.40 £ 0.27
(g/d) [2.5-4.3] [2.5-4.3] [3.0-3.8]
Triacylglicerols 99.73 + 25.56 116.28 + 37.68 181.28 + 57.99
(mg/dl) [54-146] [66-208] [121-324]
Uric acid (mg/ 9.73 + 3.59 9.83 +3.75 8.33 + 2.19
dh [6.22-19.39] [4.84-17.68] [5.52-13.44]
Cholesterol (mg/  285.47 + 33.49 321.36 + 78.23 326.78 + 48.75
dh [237.36-344.62] [176.07-455.2] [245.31-390.79]
Albumin (g/dl) 1.31 £ 0.17 1.37 £0.31 1.45+0.13
[1.04-1.68] [0.62-1.76] [1.25-1.72]
Glucose (mg/dl) 397 + 41.67 419 £ 72 390 + 30
[326-469] [278-517] [341-427]
1gY (OD 405 nm) 0.21 £ 0.12 0.19 £ 0.05 0.24 £ 0.07
[0.05-0.52] [0,095-0,28] [0.13-0.35]
Body mass (g) 129.41 + 7.47 123.30 + 4.87 136.91 + 12.49
[118.10-142.10] [114.7-130.9] [114-165.3]

remains unknown. Furthermore, differences among populations may
reflect geographical variations in Hg availability, resource use and stage
of the annual cycle (Bracey, 2021; Mills et al., 2022), highlighting the
role of local ecological conditions in shaping Hg exposure. Because
published blood Hg data for Common terns and other seabirds are
largely derived from breeding populations, comparisons with the pre-
sent study should be interpreted in the context of differences in sampling
period and ecological conditions. During the non-breeding period,
migratory seabirds may occupy geographically distinct habitats and
exploit different food resources, potentially leading to variation in Hg
exposure and accumulation. By documenting blood Hg concentrations
in Common terns during the non-breeding period, this study comple-
ments existing information from breeding populations and contributes
to a more comprehensive understanding of Hg exposure across the
annual cycle. Blood Hg concentrations may vary with age and sex in
seabirds. In Common terns blood Hg concentrations have been reported
to increase with age (Bertram et al., 2024), although age-related pat-
terns may also vary among species and may be influenced by differences
in diet, moult, and Hg accumulation and elimination (Tavares et al.,
2013; Tartu et al., 2014; Bustamante et al., 2016). Sex-related differ-
ences may reflect variation in Hg accumulation and elimination pro-
cesses, for instance the transfer of Hg to eggs during laying in females
(Bertram et al., 2024). Because the age and sex of the individuals
sampled in the present study could not be determined, the potential
influence of these factors on blood THg concentrations could not be

assessed.

Blood THg concentrations increased significantly from December,
early in the non-breeding season, to April, the pre-migration period, and
were also significantly higher in April than in February, whereas con-
centrations did not differ significantly between December and February
(Fig. 1). Raw arithmetic mean THg concentrations increased by
approximately 34% from December to April (Table 1). These seasonal
patterns may reflect changes in Hg exposure during the non-breeding
period, although other processes could also contribute to temporal
variation in circulating Hg. The non-breeding period encompasses the
moult of primary and secondary flight feathers in Common terns (Nisbet,
2017), which may contribute to Hg elimination through deposition into
growing feathers (Furness et al., 1986; Albert et al., 2019). Thus, moult
may represent an additional source of temporal variation in circulating
THg during this period. Common terns at Punta Rasa reach their
maximum primary-feather moult index between January and April
(unpublished results), suggesting that the progression of moult may
contribute to seasonal variation in circulating THg. However, moult
stage was not recorded in the individuals sampled in this study, pre-
venting us from assessing its potential influence on blood THg
concentrations.

The temporal variation in THg concentrations was accompanied by
changes in stable isotope values, with §'3C, 5°*S and 5'°N increasing by
approximately 7.5, 6.0 and 14.2%, respectively. However, the seasonal
trajectories differed: §'3C and §'°N showed relatively consistent
enrichment across the sampling period, whereas 5%4S increased mark-
edly between December and February and remained at similarly
enriched values in April. The coinciding variation in THg and stable
isotopes suggests that seasonal changes in feeding ecology may
contribute to the observed variation in Hg contamination. Nevertheless,
these population-level patterns should not necessarily be interpreted as
within-individual shifts in foraging habitat, because each bird was
sampled only once and therefore seasonal variation may also reflect
differences among individuals in migratory history, arrival timing,
previous feeding areas, or other ecological characteristics.

Common terns migrating to South America during the non-breeding
season originate from breeding colonies in North America and use
multiple stopover sites along the Atlantic coast (Neves et al., 2015;
Nisbet, 2017). Thus, blood THg concentrations and isotopic values
measured early in the non-breeding season (December) may partly
reflect contamination and dietary inputs acquired prior to arrival,
whereas later samples may increasingly reflect local feeding conditions
as tissue turnover occurs. The overall enrichment of 5'3C and 5°*S from
December to April (Table 1) suggests seasonal changes in the isotopic
composition of assimilated resources. However, these changes may
reflect shifts in dietary sources, temporal variation in isotopic baselines,
or a combination of both. December also showed greater variability in
534S and the widest isotopic niche, whereas February and April exhibited
narrower and more comparable niche areas, with partial overlap
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Fig. 2. Trophic ecology of Common Terns (Sterna hirundo) during the non-breeding season at Punta Rasa, Bahfa Samborombén, Buenos Aires province. (A) Biplot of
stable isotope values of carbon (513C; %o, Vienna Pee Dee Belemnite) and nitrogen (515N; %o, air) in red blood cells of individuals sampled in December (green),
February (pink), and April (purple). (B) Biplot of stable isotopes of carbon (5130; %o, Vienna Pee Dee Belemnite) and sulfur (5343; %o, Vienna Canyon Diablo Troilite)
in red blood cells. (C) Biplot of stable isotopes of sulfur (5348; %o, Vienna Canyon Diablo Troilite) and nitrogen (515N; %o, air) in red blood cells. Standard Ellipse Areas
corrected for small sample size (SEAc) for each month (December: solid line; February: red dotted line and April: black dotted line). (For interpretation of the
r‘eferences to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Relationships between blood THg (ug g~ dw) and stable isotope values
of 6'°N, §'3C and 6**S (%o) in Common terns during the non-breeding season at
Punta Rasa, Bahia Samboromboén, Buenos Aires province. Points represent birds
sampled in December (green circles), February (pink triangles), and April
(purple squares). Lines represent model-predicted relationships from separate
additive linear models for each isotope, including isotope values and sampling
month as predictors. Shaded areas indicate 95% confidence intervals. The
models account for seasonal variation in blood THg concentrations while esti-
mating the association between THg and each isotope. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

between these two periods. The broader isotopic niche observed in
December suggests greater heterogeneity in feeding ecology at the
beginning of the non-breeding season (Fig. 2), whereas the narrower
niches observed later in the season are consistent with greater similarity
among individuals in their isotopic composition.

Another plausible explanation for the temporal variation in feeding
ecology and blood THg concentrations is related to the seasonal move-
ments and ontogenetic habitat shifts of the Argentine anchovy (Engraulis
anchoita), the main prey for Common terns at Punta Rasa (Mauco and
Favero, 2005; Carrillo et al., 2025). Argentine anchovy occurs in

estuarine and shallow coastal nursery areas during its early life stages
and progressively occupies coastal and neritic waters as individuals
grow (Angelescu, 1982; Sanchez and de Ciechomski, 1995; Hansen and
Madirolas, 1996). These ontogenetic shifts, together with changes in
prey size and distribution, could influence the resource available to
Common terns and, consequently, their Hg exposure. Larger and older
fish may accumulate higher Hg concentrations (Carr et al., 2017), and
changes in the availability or consumption of prey of different sizes
could therefore contribute to seasonal variation in Hg contamination
(Choy et al., 2009). However, prey size, Hg concentrations in anchovy,
and seasonal changes in prey availability were not directly assessed in
the present study, and this mechanism should therefore be considered a
plausible ecological hypothesis rather than a demonstrated pathway.

The positive association between blood THg concentrations and 5>4S
values, together with the positive but weaker associations with 5'3C,
suggest that variation in isotopic composition may be related to differ-
ences in Hg exposure (Fig. 3). After accounting for month, individuals
with more enriched 53*S values tended to have higher blood THg con-
centrations, whereas the positive association with 5'3C did not reach
statistical significance. The broader isotopic niche observed in
December, together with the narrower niches observed in February and
April, suggests greater among-individual heterogeneity in feeding
ecology early in the non-breeding season and greater similarity among
individuals later in the season (Fig. 2). This pattern may indicate a
reduction in among-individual heterogeneity in feeding ecology over the
non-breeding period, although the mechanisms underlying this pattern
cannot be determined from the present data. Because each bird was
sampled only once, these seasonal patterns cannot be interpreted as
evidence of within-individual changes in foraging ecology.

A seasonal increase in 5'°N values was also observed, whereas blood
THg concentrations showed a significant negative association with §'°N
values after accounting for month (Fig. 3). This negative relationship
contrasts with the positive association between trophic position and Hg
exposure commonly expected from biomagnification. However, 5'°N is
influenced not only by trophic position but also by baseline isotopic
variation, which can be substantial in estuarine and coastal systems due
to spatial and temporal differences in nitrogen sources and biogeo-
chemical processes (Post, 2002; Mancinelli et al., 2013). This is partic-
ularly relevant at Punta Rasa, where the influence of the Rio de La Plata
estuarine waters and multiple organic matter sources contribute to
spatial variation in food webs isotopic composition (Botto et al., 2011;
Llamazares Vegh et al., 2021). Consequently, the seasonal enrichment in
5'°N observed in Common terns may reflect changes in trophic position,
prey composition, baseline isotopic values, or a combination of these
processes. In the absence of isotopic data for potential prey and baseline
organisms, their relative contributions cannot be determined. Indeed,
the negative association between 8'°N and blood THg should not
necessarily be interpreted as evidence of lower Hg exposure at higher
trophic positions but may instead reflect trophic dilution of Hg
(Trevizani et al., 2021), and variation in isotopic baselines (Linhares
et al., 2026) as reported for estuarine systems. The positive associa-
tion between 6°4S and THg further suggests that differences in feeding
habitat or resource use may also contribute to Hg exposure (Linhares
et al., 2026). Together, these patterns suggest that the relationship be-
tween isotopic composition and Hg exposure in this estuarine system is
complex and cannot be fully explained by trophic position alone.
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4.2. Physiological markers and Hg contamination

Several physiological markers showed variation across the non-
breeding season, although the patterns differed among variables. Tri-
acylglycerol concentrations increased toward April, and body mass was
higher in April than in February. Cholesterol concentrations were also
higher in April than in December, whereas evidence for seasonal vari-
ation in albumin was limited. In contrast, glucose, total proteins, uric
acid or IgY did not show significant seasonal variation. Seasonal varia-
tion in circulating lipid metabolites has been reported in migratory birds
and may reflect changes in energy acquisition, storage, and mobilization
associated with different stages of the annual cycle (Jenni-Eiermann and
Jenni, 1994; McWilliams et al., 2004). In particular, seasonal changes in
circulating triacylglycerols may reflect variation in lipid metabolism and
nutritional state, although their interpretation requires consideration of
recent food intake and other metabolic processes (Bauch et al., 2010;
Jenni-Eiermann and Jenni, 2025).

In this study, blood THg concentrations showed limited associations
with physiological parameters. Triacylglycerol and uric acid concen-
trations showed negative trends with increasing THg concentrations,
whereas did not reach statistical significance. Body mass, albumin,
glucose, total proteins and IgY were not significantly associated with
THg concentrations. The negative association between THg and tri-
acylglycerols is of particular interest because lipid metabolism plays a
central role in energy storage and mobilization in migratory birds, and
experimental studies have shown that methylmercury exposure can
disrupt lipid metabolic pathways in migratory songbirds (Seewagen
et al., 2022). However, the observational design of the present study
does not allow us to determine whether the negative association reflects
a direct effect of Hg on lipid metabolism or variation in other factors
affecting energy balance and recent food intake. Furthermore, the
relatively small sample size, partly reflecting practical constraints of
field sampling, may have limited statistical power to detect associations
between THg and physiological parameters. Therefore, non-significant
results, particularly where trends were observed, should be inter-
preted cautiously and do not necessarily indicate an absence of biolog-
ical effects.

The negative association between THg concentrations and uric acid
was weak and did not reach statistical significance. This relationship
may nevertheless warrant further investigation given the role of uric
acid in antioxidant defence in birds, including the scavenging of reactive
oxygen species and the contribution to erythrocyte antioxidant capacity
(Ames, 1981; Durante et al., 2010; Liu et al., 2019; Renedo et al., 2021;
Ahmad et al., 2022). The observed pattern could be consistent with al-
terations in oxidative balance under Hg exposure, although alternative
mechanisms, including changes in hepatic function and purine meta-
bolism, cannot be excluded (Xu et al., 2022; Ibanez et al., 2024).
However, because oxidative stress and antioxidant capacity were not
directly measured in the present study, this interpretation remains
speculative. Given the limited statistical support for these relationships,
these interpretations should be considered exploratory rather than evi-
dence of direct toxicological effects of Hg.

5. Conclusions

This study provides new insight into the trophic ecology and Hg
exposure of Common terns (Sterna hirundo) during the non-breeding
season. The integration of stable isotope values (53¢, 8%*s, and 5'°N),
blood THg concentrations, and physiological parameters revealed sea-
sonal variation in Hg exposure and isotopic composition, together with
limited evidence of associations between Hg concentrations and physi-
ological status. Blood THg concentrations increased toward the pre-
migratory period, while the negative association with triacylglycerols
suggests a potential relationship between Hg exposure and lipid meta-
bolism. However, these findings should be interpreted cautiously in light
of the observational study design and limited sample size. Moreover, this
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study provides baseline data for long-term biomonitoring at Punta Rasa,
an important site for migratory seabirds and shorebirds, and highlights
the value of an integrated approach to assessing Hg exposure. These
findings provide a basis for future assessments of Hg exposure levels
across other bird species using Punta Rasa throughout their annual cy-
cles, helping to characterize interspecific variation in exposure and
inform broader wetland conservation efforts and the objectives of the
Minamata Convention on Mercury. Further research incorporating prey
and isotopic baseline data, together with selenium measurements across
multiple non-breeding seasons, is needed to better characterize the
ecological drivers of Hg exposure and improve our understanding of its
potential biological consequences.
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