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Nicholas Carlile d , Annabelle Cupidon e, Nina da Rocha f, Antonio Garcia-Quintas g,h ,  
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• Sooty terns were used to monitor Hg 
contamination across tropical oceans 
worldwide.

• Higher concentrations were found in the 
Northern Hemisphere and the Atlantic 
Ocean.

• CSIA-AA-derived trophic position for 
adults were similar among colonies.

• Drivers included environmental 
contamination rather than diet.

• Feather Hg levels were higher in the 
2020 s than previously documented.
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A B S T R A C T

Mercury (Hg) is a toxic contaminant, which poses serious threats to both wildlife and humans worldwide. 
Although tropical oceans receive half of the world’s atmospheric Hg depositions, its biomonitoring is largely 
overlooked in these ecosystems. This study provides a comprehensive, pantropical assessment of Hg contami
nation of marine ecosystems, using the sooty tern (Onychoprion fuscatus) as bioindicator. Total Hg concentrations 
were measured from feathers collected in 28 colonies across all tropical oceans (2003–2022), from adults 
(n = 564) and chicks (n = 407), to evaluate longer- and shorter-term contamination. To investigate the role of 
bird trophic ecology on Hg contamination, bulk stable isotopes of carbon (δ13C) and nitrogen (δ15N) were also 
analysed, as respective proxies for feeding habitat and diet. Because baselines of stable isotopes may vary at large 
spatial scales, compound-specific nitrogen stable isotope analyses of amino-acids were performed on a subset of 
adults (n = 91, 19 colonies), to calculate their trophic position (TP), accounting for both baseline and trophic 
effects. As expected, Hg concentrations were higher in adults than chicks, because of their shorter bio
accumulation period. Overall, colonies from the Northern Hemisphere exhibited the highest Hg concentrations, 
consistently with higher historical anthropogenic emissions of Hg in the North. Models revealed that Hg 
contamination was driven by environmental contamination (colony location, feeding habitat) rather than diet 
(TP), which remained similar across the pantropical range. Our findings provide important baseline data for 
tropical marine ecosystems and underscore the need for enhanced monitoring in regions, where gold-mining and 
changing oceanographic conditions will likely modify future Hg exposure.

1. Introduction

From both natural and anthropogenic origin, mercury (Hg) is 
recognized as a major contaminant of public health concern (WHO, 
2020), due to its adverse effects on human and environmental health 
when above natural concentrations. To address this threat, the United 
Nations Environment Programme (UNEP) has produced successive 
Global Mercury Assessments, providing a comprehensive overview of 
the current knowledge on Hg at the global scale. In its latest 2018 
assessment, oceans were identified as «locations of greatest concern». 
Indeed, oceans are primary reservoirs of Hg, allowing its storage over 
long periods and its subsequent re-emissions over time [1,2]. After its 
release and large-scale transport in the atmosphere, Hg deposits in 
oceans all over the globe [3]. There, Hg is efficiently transformed to its 
most toxic and bioavailable form, methyl-Hg (MeHg), by 
naturally-occurring microorganisms [4]. Methyl-Hg accumulates in 
marine biota (i.e., concentrations increase in tissues over time), thus 
causing numerous negative health effects (e.g., neurological, develop
mental, reproductive or immunological) on affected organisms [5–9], as 
well as soil contamination in islands hosting seabird colonies [10]. Once 
assimilated by phytoplankton, MeHg is transferred along marine food 
chains [11], where it readily biomagnifies (i.e., concentrations increase 
from primary producers to top predators). Due to both marine methyl
ation and the huge surface and volume of seawater, the world’s oceans 
promote the bioavailability and toxicity of MeHg, thus posing serious 
threats to both wildlife and humans that heavily rely on marine re
sources [12].

Overall, oceans receive about 80 % of total atmospheric Hg de
positions, 49 % of which are restricted to the tropics [13]. Yet, Hg 
monitoring remains largely overlooked in tropical waters [14], espe
cially in the Southern Hemisphere (SH), and were recently identified as 
regions where Hg data and scientific understanding are most lacking 
([15–17]). Still, the intertropical region includes most countries where 
artisanal and small-scale gold mining occurs [18]. This growing activity 
represents the largest user and emitter of Hg globally, producing more 
than 35 % of total atmospheric Hg emissions of anthropogenic origin 
[19]. In addition, due to anthropogenic warming and nutrient releases, 
tropical waters have experienced increased oxygen-depletion events 
[20], conditions that promote the formation of MeHg, and hence the 
contamination of marine organisms [21–24]. Tropical waters may 
therefore represent hotspot regions of Hg contamination in biota. 
Therefore, there is an urgent need to assess Hg contamination and its 
spatial variations in tropical biota, to better understand the threat posed 
by environmental Hg loads in these key marine ecosystems.

When monitoring Hg distribution at large spatial scale, the use of 
bioindicator species is critical [14,25]. Bioindicator organisms reflect 
the bioavailability of MeHg, which is generated and made available to 
marine food webs [26]. The Article 19 of the Minamata Convention on 
Mercury has defined ecological health bioindicators, which includes 
fish, sea turtles, marine mammals and seabirds. Seabirds are meso- to 
top predators that integrate and reflect potential Hg contamination of 
the marine food webs on which they rely [27–29]. As they exhibit large 
geographical distributions, they permit Hg monitoring across large 
geographical (both latitudinal and longitudinal) scales (e.g., [30–32]). 
Considering their significant biomass in all oceans [33,34], their usual 
colonial nesting and high-site fidelity, numerous individuals can be 
sampled simultaneously and repeatedly over time [35]. In seabirds, 
feathers represent a reliable and non-destructive tissue to investigate 
potential Hg contamination at large spatial scales [36]. Indeed, dietary 
MeHg accumulates in the body between two moulting episodes [37], 
70–90 % of which is then transferred into growing feathers during each 
moult [38,39]. Furthermore, MeHg has a strong affinity for keratin 
proteins, the dominant component of feathers, making their bond very 
stable and withstanding any treatment [40,41]. Although Hg concen
trations may vary among different feather types [42,43], they represent 
a valuable tool for Hg biomonitoring across ocean basins.

In this context, the present study aims to document the spatio- 
temporal variation in Hg contamination in oceanic ecosystems at the 
pantropical scale. We selected the sooty tern (Onychoprion fuscatus), the 
most abundant pantropical seabird (18–23 millions of breeding pairs; 
[44]), as a bioindicator species. First, we investigated large spatial 
variation by quantifying Hg concentrations in the ventral feathers of 
sooty terns across 28 colonies, distributed in three ocean basins (i.e., the 
Pacific, Atlantic and Indian Oceans). Secondly, we compared annual and 
short-term (i.e., during chick-rearing) Hg contamination by analysing 
adult and chick feathers, respectively. Considering their shorter expo
sure period, we expected lower Hg concentrations in chick feathers 
compared to adults [45]. Thirdly, we investigated temporal variation by 
comparing Hg concentrations measured here to published literature (i. 
e., concentrations from one or two decades ago). Finally, we investigated 
the influence of tern feeding ecology by analysing carbon (δ13C) and 
nitrogen (δ15N) stable isotopes (bulk), which are well-known proxies of 
the feeding habitat (i.e., carbon source) and diet (i.e., trophic position), 
respectively [46]. Indeed, the diet is the major route of Hg exposure for 
seabirds [47,48], and accounting for their feeding ecology is crucial 
when monitoring Hg contamination in biota [49–52]. However, sources 
of uncertainty are multiple when interpreting isotopic values from bulk 
tissues [53], and classical isotopic approaches have thus limitations 
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when considered at such large spatial scale.
One major limitation lies in baseline isotopic values, which can differ 

substantially within and between ocean basins, due to differences in (i) 
environmental conditions that shape them (both spatially and tempo
rally) and (ii) the composition and structure of the phytoplankton 
communities at the base of marine food webs [54,55]. Therefore, the 
isotopic signature of the same consumer (e.g., a seabird species) feeding 
in two isotopically contrasted environments (e.g., two ocean basins with 
different phytoplankton communities) would incorporate two distinct 
baseline isotopic values. These baseline effects would thus bias the 
comparison of these values, and hence their ecological interpretation for 
the consumer. Compound-Specific Stable Isotope Analyses of 
Amino-Acids (CSIA-AA) cope with these limitations and reduce uncer
tainty, as they enable the distinction to be made between baseline and 
trophic effects, which are characterized by different types of AAs [56, 
57]. «Source» AAs are AAs that barely enrich from one trophic level to 
the next (i.e., they do not fractionate) and hence, reflect the δ15N 
signature of primary producers at the base of the food web (e.g., 
phenylalanine; [53,58]). In contrast, AAs that undergo substantial iso
topic enrichment from diet to consumer are called «trophic» AAs (e.g., 
glutamic acid; [53,58]). Together, they enable the trophic position of 
consumers to be calculated, accounting for both baseline and trophic 
effects [59]. In this study, CSIA-AA were performed on a subset of adult 
individuals, to allow large-scale comparisons of trophic proxies in sooty 
terns and investigate their interactions with Hg contamination. Through 
this coordinated effort, we aim to gain critical baseline data for evalu
ating Hg contamination in poorly researched tropical marine environ
ments and aid the global effort for monitoring and managing this 
international pollutant.

2. Material and methods

2.1. Feather sampling and preparation

Feathers were collected from 971 sooty terns at 28 colonies, across 
the Pacific (n = 9), Atlantic (n = 9) and Indian (n = 10) Oceans (Fig. 1, 
Table S1). Body feathers (ventral feathers) were collected from both 
adults (n = 564) and large chicks (i.e., feathered or fledging chicks), 
hereafter referred as chicks (n = 407). Sampled individuals included 
predominantly free-living birds, but carcasses were also opportunisti
cally sampled in Palmyra Atoll (n = 1), Motu Oa (n = 2), Puerto Rico 
(n = 16), Tinhosa Grande (n = 1), Desnoeuf Island (n = 5), African Banks 
(n = 3), Etoile Cay (n = 1) and Rat Island (n = 2).

To eliminate any external contamination, feathers were cleaned with 
a mixture of chloroform:methanol (2:1), sonicated for three minutes, 
rinsed twice in methanol and finally oven-dried for 24–48 h at 45◦C. For 
each tern, four feathers were pooled to derive an individual mean value 
[61,62] and cut with stainless scissors to obtain a homogenous powder 
to be analysed for both Hg and stable isotopes.

2.2. Mercury analyses

In seabird feathers, MeHg accounts for > 90 % of the total Hg (THg; 
[63,64]). Thus, we used THg as a relevant proxy of MeHg burden in 
sooty tern feathers. THg analyses were performed on feather homoge
nates (0.3–1.8 mg) in duplicate, using an Advanced Mercury Analyzer 
(Altec AMA 254). When the relative standard deviation (RSD) was 
< 10%, Hg concentrations were averaged for each sample. When the 
RSD was > 10%, an additional sample of the homogenate was analysed 
and the duplicates guaranteeing the lowest RSD were kept for average 
calculations. Certified reference materials (CRM) were run to validate 
accuracy measurement (DOLT-5, Fish liver and TORT-3, Lobster 

Fig. 1. Spatial distribution of sampled colonies (red dots) of sooty terns (Onychoprion fuscatus) across tropical waters, including the Atlantic (n = 9), Indian (n = 10) 
and Pacific (n = 9) Oceans. The blue gradient indicates bathymetry. Maps were performed with R («ggOceanmaps» package; [60]).
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hepatopancreas; National Research Council, Canada; Table S2). CRM 
recovery values were 96.6 ± 1.4% and 101.3 ± 2.4%, respectively. 
Blanks were run at the beginning of each analytical session (i.e., each 
day). The detection limit of the AMA was 0.1 ng. Mercury concentra
tions are expressed in µg⋅g− 1dry weight (dw).

2.3. Bulk stable isotope analyses

Feather homogenates (0.2–0.8 mg) were loaded into tin cups (8 mm 
× 5 mm; Elemental Microanalysis Ltd, Okehampton, UK) using a mi
crobalance (XPRUD5, Mettler Toledo, Greifensee, Switzerland), to 
perform bulk carbon and nitrogen stable isotope analyses. Values of δ13C 
(13C/12C) and δ15N (15N/14N) were determined with a continuous flow 
isotope ratio mass spectrometer (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 Scientific, Milan, 
Italy). Results are expressed in the usual δ unit notation relative to 
Vienna PeeDee Belemnite (V-PDB) for δ13C and atmospheric N2 for δ15N. 
Replicate measurements of reference materials (USGS–61 and USGS–63, 
US Geological Survey) indicated measurement uncertainties < 0.10 ‰ 
for both δ13C and δ15N values.

2.4. Compound-specific stable isotope analyses of amino acids (CSIA-AA)

Since CSIA-AA are time- and money-consuming, δ15N analyses of 
phenylalanine (Phe) and glutamic acid (Glu) were performed on a subset 
of adult individuals (n = 91), selected across 19 sites in the three ocean 
basins (Table S3), representing 68 % of the entire spatial coverage of the 
study.

Following previously described protocols [65,66], feather homoge
nates (1.0–1.5 mg) were hydrolysed under nitrogen (200 µL 6 M HCl, 
110◦C, 22 h). They were then dried under a stream of N2 at 70◦C and 
finally re-dissolved in 2 mL HCl 0.5 M. Because glutamine (Gln) is 
converted to Glu during hydrolysis, data for Glu thus represent the total 
Glu + Gln, noted Glx thereafter. The resultant AAs were purified and 
derivatized to N-acetyl-isopropyl esters [65]. Norleucine (Alfa Aesar) 
and alpha-aminoadipic acid (AAA, Sigma-Aldrich) were added as in
ternal standards after AA purification. Caffeine (USGS–61) was added as 
an internal standard to the derivatized AA before dilution in ethyl ace
tate for analyses by continuous-flow gas chromatography 
combustion-isotope ratio mass spectrometry (GC-C-IRMS). δ15N values 
were measured using a Thermo Trace Ultra GC coupled to a Delta Plus 
isotope-ratio mass spectrometer through a GC Isolink combustion 
interface (Thermo Scientific, Bremen, Germany). The combustion 
furnace was maintained at 1000◦C, and CO2 generated during com
bustion was removed from the carrier gas using a cryogenic trap and 
released after the end of each analysis. AAs were separated on a TG-624 
SilMS column (60 m × 0.25 mm i.d., 1.4 µm film thickness, Thermo 
Scientific). Injections were performed in splitless mode (1 min) at 
255◦C, with a constant helium carrier gas flow (1.2 mL/min). The GC 
temperature program was set as follows: 70◦C (hold 1 min), 165◦C at 
16 ◦C/min, 274◦C at 4.5 ◦C/min (hold 22 min), 285◦C at 10 ◦C/min 
(hold 4 min). Samples were analyzed in duplicates or triplicates. To 
evaluate drift and accuracy, a standard mixture, thoroughly calibrated 
by EA-IRMS and derivatized along with the samples, was analysed at the 
beginning, every three or four samples, and at the end of each batch of 
analyses. Similar to bulk analyses, data are expressed in delta notation 
relative to atmospheric N2. Raw data were corrected for instrumental 
variations and deviations in the isotopic compositions of the products 
occurring during sample derivatization. AA values in the standard 
mixture were used for correction of any instrumental drift during the run 
[67] and compound-specific calibration [68]. Precision for AAs δ15N 
values ranged from 0 to 1.5 ‰ (mean 0.3 ‰). Finally, AA derivatives 
were stored at –20◦C until analysis (up to one month).

2.5. Combining feather Hg and stable isotopes

Adult sooty terns start to moult (i.e., basic, post-nuptial moult) while 
still breeding and replace all of their feathers (flight and body feathers) 
during the following weeks/months [69]. Body feathers thus reflect Hg 
exposure since the previous moult, including the breeding and 
non-breeding periods (i.e., for the past 9–12 months depending on the 
breeding cycle: sub-annual or annual; [70]). This temporal window also 
includes a large spatial scale, as adult sooty terns forage primarily in the 
relative vicinity of their colony during the breeding period (50 to several 
hundreds of km; [71–74] and can travel thousands of kilometres away 
from their nesting sites during the non-breeding period. On Ascension 
Island (South Atlantic Ocean), the non-breeding range of sooty terns 
averages 2900 km from the colony [75], compared to 4500 km for Bird 
Island (the Seychelles; [76]). On the other hand, feathers retain the di
etary values from the time of their synthesis, as stable isotopes (δ13C and 
δ15N) are incorporated into feathers as they grow [77]. While Hg and 
stable isotopes are both incorporated during feather growth, their 
integration is temporally decoupled [36,78]. Nonetheless, stable iso
topes provide essential information about tern feeding ecology and are 
still relevant to understand the ecological drivers of Hg contamination in 
adult sooty terns when no other ecological information is available.

In contrast, the temporal mismatch between feather Hg concentra
tions and stable isotopes is minimal in chicks, as the integration time is 
almost identical between Hg and stable isotopes in body feathers [79]. 
Chick feathers thus reflect local Hg exposure (resulting from parents’ 
foraging trips in the vicinity of the colony) during the chick-rearing 
period [61,80].

2.6. Data analyses

2.6.1. Determining the estimated trophic position of sooty terns
The CSIA-AA method, and more particularly the analysis of δ15N 

values in Glx and Phe, was used to estimate the trophic position (TP) of 
adult sooty terns during the non-breeding period (see Ohkouchi et al. 
[53] for a review). Together, source and trophic AAs enable to calculate 
bird TP from the difference in their δ15N values [81,82], with the 
following formula: 

TP(feathers) = 2+
δ15NGlx − δ15NPhe − 3.5 ‰ − 3.4 ‰

6.2 ‰
(1) 

where 6.2 is the overall mean trophic discrimination factor (TDF) across 
different taxa from McMahon and McCarthy [83], 3.5 is the TDF for 
gentoo penguin feathers [84] and 3.4 the difference in δ15N values be
tween Glx and Phe in primary producers [85].

2.7. Statistical analyses

Statistical analyses and graphical representations were carried out in 
R 4.2.2 ([86]; «ggplot2 » package; [87]), by using two separate datasets: 
(i) the entire dataset (i.e., with all variables (i.e., Hg and bulk stable 
isotopes), all sites, both age classes: 564 adults and 407 chicks; hereafter 
the «global subset» ), and (ii) a partial dataset that only included in
dividuals selected for CSIA-AA (adults, n = 91) and all variables (i.e., 
Hg, bulk and compound specific stable isotopes; hereafter the «CSIA 
subset»). For all statistical analyses, colonies with sample size < 4 were 
removed (i.e., African Bank, Azores, Etoiles Cay, Laysan Island).

Unifactorial analyses were performed to compare feather Hg con
centrations at different spatial scales (between colonies, hemispheres 
and oceans) in adults and chicks, and between age classes. Hemispheric 
differences were not tested in the Indian Ocean, because all colonies are 
located within the Southern Hemisphere. Residual normality and ho
moscedasticity were examined with Shapiro-Wilk and Breusch-Pagan 
tests («lmtest» package; [88]), respectively. When test assumptions 
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were met, a one-way ANOVA and post-hoc Tukey HSD tests were per
formed to locate the detected differences. Otherwise, non-parametric 
tests (Kruskal-Wallis and Wilcoxon rank sum tests for multiple and 
two groups, respectively) were used, followed by a multiple compari
sons (Pairwise-Wilcoxon) test when appropriate. Considering the high 
probability of variation in baseline isotopic values across the three ocean 
basins (both latitudinally and longitudinally), differences in bulk iso
topic values (both δ13C and δ15N values) were not tested, either at 
different spatial scales or between age classes. Instead, differences in 
estimated trophic position (cf. Eq. 1), and δ15N values of Glx and Phe 
were tested on the CSIA subset. Since sooty terns were sampled during 
two consecutive years in Ascension Island, interannual differences in all 
variables were also tested in both adults and chicks from this particular 
site.

Multifactorial analyses were performed to investigate the influence 
of trophic ecology and colony location on Hg contamination. Prior to the 
model definition, relationships between continuous variables (i.e., Hg, 
δ13C, TP) were tested using a correlation matrix to validate the simul
taneous inclusion of non-collinear explanatory variables. Models were 
Generalized Linear Models (GLMs) with a Gaussian distribution and 
identity link-function, built using the «nlme» package [89]. For this 
analysis, we used the CSIA dataset, which included adults only (n = 88; 
colonies with n > 4). The initial model was: Hg ~ δ13C + TP + Colony. 
Although the variation in baseline δ13C values may substantially influ
ence bulk δ13C values of sooty tern feathers, bulk δ13C values were kept 
for model selection, as they showed relatively little variation (− 15.9 
± 0.5 ‰, n = 563). Model selection was based on Akaike’s Information 
Criterion adjusted for small sample sizes (AICc). All potential combina
tions of variables for each dataset are presented in Table 2. Models were 
ranked using the «dredge» function («MuMIn» package; [90]). 
Following Burnham and Anderson [91], the model with the lowest AICc 
value and a difference of AICc (ΔAICc) > 2 when compared with the next 
best model was considered to be the best. Following Johnson and 
Omland [92], model performance was assessed using Akaike weights 

(wi). Model assumptions (residual normality, homogeneity, indepen
dence) were checked with diagnostic functions («plot» and «qqnorm»). 
The degree of model fit was reported by using the McFadden’s 
R-Squared metric. Differences between colonies were then identified 
with Estimated Marginal Means (EMMs; «emmeans» package; [93]) 
following Bond and Diamond [94]. Finally, partial residuals were 
extracted from each best model to obtain predictor effect plots («effects» 
package; [95,96]). This allowed us to control variation in Hg concen
trations due to both δ13C values and TP to quantify and visualise Hg 
spatial variation.

3. Results

Feather Hg concentrations (Fig. 2) and bulk stable isotope values 
(Fig. 3) for the two age classes and all colonies are detailed in Tables 1
and S3, respectively. The AA-δ15N values (i.e., Glx and Phe), as well as 
estimated TP of sooty terns (CSIA subset), are provided in Table S4.

3.1. Age and spatial differences in Hg contamination

Chick terns had lower Hg concentrations than adults (Wilcoxon, 
W=189525, p < 0.0001, n = 965). In adults (global subset), feather Hg 
concentrations differed between colonies (Kruskal-Wallis, χ2(23) 
= 302.1, p < 0.0001, n = 556; Fig. 2). When comparing hemispheres 
within each ocean basin, feather Hg concentrations were higher in the 
Northern compared to the Southern Hemispheres, both in the Pacific 
(Wilcoxon,W=7979, p < 0.0001, n = 222) and the Atlantic (Wilcoxon, 
W=3833, p < 0.001, n = 171) Oceans (Fig. S1). In addition, differences 
between ocean basins were also found (Kruskal-Wallis, χ2(2) = 47.3, 
p < 0.0001, n = 556), with the highest Hg concentrations in the Atlantic 
Ocean (1.36 ± 0.66 µg⋅g− 1, n = 171), followed by the Indian (1.22 
± 0.29 µg⋅g− 1, n = 195) and the Pacific (1.02 ± 0.48 µg⋅g− 1, n = 197) 
Oceans (Fig. S2). Using the CSIA subset, the estimated TP of adult sooty 
terns was similar between the 18 colonies (ANOVA, F17,70=1.6, 

Fig. 2. Feather total Hg concentrations (µg⋅g− 1 dw) in adults (left) and chicks (right) of sooty terns (Onychoprion fuscatus), sampled in 28 colonies over three ocean 
basins. Colonies are ordered from north (N) to south (S) for each ocean basin. Sample sizes are indicated in Table 1. Two consecutive years were sampled in Ascension 
Island (indicated in brackets). Cuba refers to Felipe de Barlovento and Paredón de Lado cays. Boxplots indicate median values (midlines), errors bars (whiskers) and 
outliers (black dots).
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p = 0.09; Fig. S3.F), but differed across ocean basins (ANOVA, 
F2,85=6.7, p = 0.002; Fig. S4). Indeed, TP was significantly lower in the 
Atlantic Ocean (3.5 ± 0.2 ‰, n = 35) compared to the Indian (3.8 
± 0.3 ‰, n = 20) and Pacific (3.7 ± 0.3 ‰, n = 36) Oceans (Fig. S4.B).

In chicks (global subset), feather Hg concentrations varied among 
colonies (Kruskal-Wallis, χ2(16)= 338.7, p < 0.0001, n = 402; Fig. 2). 
They also differed between ocean basins (Kruskal-Wallis, χ2(2) = 16.6, 

p = 0.0003, n = 401), with the Atlantic Ocean (0.57 ± 0.33 µg⋅g− 1, 
n = 93; lowest concentrations) differing from the Indian Ocean (0.64 
± 0.20 µg⋅g− 1, n = 159; highest concentrations), and the Pacific Ocean 
(0.61 ± 0.28 µg⋅g− 1, n = 149; Fig. S2). When comparing hemispheres, 
chick feather Hg concentrations were significantly higher in the South- 
than in the North-Pacific Ocean (Wilcoxon, W=1604p=0.0001, 
n = 124; Fig. S1). In contrast, no difference was detected between 

Fig. 3. Feather δ13C (top) and δ15N (bottom) values (‰) in adults (left) and chicks (right) of sooty terns (Onychoprion fuscatus), sampled in 28 colonies over three 
ocean basins. Colonies are ordered from north (N) to south (S) for each ocean basin. Sample sizes are indicated in Table 1. Two consecutive years were sampled in 
Ascension Island (indicated in brackets). Cuba refers to Felipe de Barlovento and Paredón de Lado cays. Boxplots indicate median values (midlines), errors bars 
(whiskers) and outliers (black dots).
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hemispheres in the Atlantic Ocean (Wilcoxon, W=758, p = 0.68, 
n = 94; Fig. S1).

3.2. Interannual differences in Ascension Island

When comparing 2020 and 2021 samples in adults (i.e., global 

subset), statistical differences were found for feather Hg concentrations 
(ANOVA, F1,33=20.7, p = 0.001; Fig. 4.A), bulk δ13C (ANOVA, 
F1,33=59.7, p < 0.001; Fig. 4.B) and δ15N values (ANOVA, F1,33=30.7, 
p < 0.001; Fig. 4.C). For the CSIA subset, there was no significant dif
ference in TP (ANOVA, F1,8=0.2, p = 0.7; Fig. 4.D) nor in δ15N values of 
Glx (ANOVA, F1,8=1.2, p = 0.3; Fig. 4.E) across the two sampling years. 

Table 1 
Literature review of feather Hg concentrations of sooty terns (Onychoprion fuscatus) sampled across three ocean basins. See Fig. 1 for the spatial distribution of the 
sampled colonies, and Table S1 for geographical coordinates. Values are mean ± SD (min–max).

Sites Year Stage n Feather Hg (µg⋅g dw) References

Pacific Ocean ​ ​ ​ ​
Midway Atoll 1990s Adult 28 1.04 ± 0.09 [97,98]
​ 2021 Adult 30 1.30 ± 0.38 (0.76–2.03) This study
​ 2021 Chick 30 0.70 ± 0.08 (0.53–0.87) This study
Lisianski Island 2021 Adult 6 1.67 ± 0.95 (0.66–3.37) This study
Laysan Island 2021 Adult 2 2.10 ± 0.45 (1.78–2.42) This study
Hawaii 1990s Adult 26 1.26 ± 0.34 [97]
​ 1990 Adult 20 0.77 ± 0.07 [99]
Johnston Atoll 1990 Adult 12 0.98 ± 0.15 [99]
​ 2021 Adult 30 1.44 ± 0.35 (0.96–2.08) This study
Palmyra Atoll 2021 Adult 31 0.97 ± 0.05 (0.52–1.32) This study
​ 2021 Chick 30 0.33 ± 0.05 (0.25–0.54) This study
Rose Atoll 2021 Adult 34 0.57 ± 0.19 (0.33–1.33) This study
​ 2021 Chick 34 0.33 ± 0.03 (0.25–0.41) This study
Motu Oa, Ua Pou 2021/2022 Adult 4 0.82 ± 0.32 (0.47–1.14) This study
Great Barrier Rief, Michaelmas Cay 1984 Adult 15 0.44 ± 0.18 [100]
Phillip Island, Norfolk Islands 2020 Adult 30 0.63 ± 0.19 (0.32–1.04) This study
​ 2021 Chick 30 0.78 ± 0.11 (0.58–1.02) This study
Lord Howe Island 2020 Adult 30 1.11 ± 0.39 (0.62–1.97) This study
​ 2020 Chick 30 0.98 ± 0.12 (0.82–1.22) This study
Atlantic Ocean ​ ​ ​ ​
Azores 2021 Adult 1 1.69 This study
​ 2020 Chick 1 3.61 This study
Dry Tortugas, Florida 2021 Adult 24 1.56 ± 0.61 (0.93–3.70) This study
Felipe de Barlovento and Paredón de Lado cays, Cuba 2021 Chick 6 1.72 ± 0.20 (1.48–1.96) This study
Culebra, Puerto Rico 1980s Adult 15 2.64 ± 0.31 [100]
​ 2021 Adult 12 1.87 ± 0.40 (1.12–2.68) This study
​ 2021 Chick 4 0.59 ± 0.12 (0.46–0.73) This study
Dog Island, Anguilla 2021 Adult 11 1.63 ± 0.76 (0.34–2.82) This study
​ 2021 Chick 13 0.37 ± 0.04 (0.30–0.46) This study
Tinhosa Grande 2021 Adult 27 1.27 ± 0.19 (0.87–1.86) This study
​ 2021 Chick 25 0.58 ± 0.08 (0.45–0.82) This study
Fernando de Noronha 2011 Adult 18 0.54 ± 0.18 (0.23–0.89) This study
Rocas Atoll 2010 Adult 44 0.95 ± 0.53 (0.17–1.84) This study
Ascension Island 2020 Adult 5 1.24 ± 0.25 (0.91–1.51) This study
​ 2020 Chick 30 0.40 ± 0.05 (0.31–0.51) This study
​ 2021 Adult 30 2.09 ± 0.40 (1.25–2.90) This study
​ 2021 Chick 15 0.63 ± 0.05 (0.54–0.72) This study
Indian Ocean ​ ​ ​ ​
Bird Island 2004 Adult 37 0.18 ± 0.07 (0.10–0.33) [101]
​ 2021 Adult 31 1.31 ± 0.23 (0.82–1.96) This study
​ 2021 Chick 33 0.67 ± 0.06 (0.54–0.84) This study
Aride Island 1997 Adult 15 1.16 ± 0.19 [102]
​ 2003 Adult 14 1.40 ± 0.49 [102]
​ 2005 Adult 10 0.59 ± 0.04 [102]
​ 2005 Adult 10 0.59 ± 0.60 [103]
​ 2021 Adult 30 1.16 ± 0.19 (0.81–1.54) This study
​ 2021 Chick 25 0.52 ± 0.06 (0.43–0.64) This study
Etoile Cay 2021 Adult 1 0.94 This study
African Banks 2021 Adult 3 1.20 ± 0.11 (1.09–1.31) This study
Desnoeuf Island 2021 Adult 10 1.31 ± 0.37 (0.91–2.02) This study
Cosmoledo Grande 2021 Adult 30 1.24 ± 0.26 (0.89–1.75) This study
Goëlettes Island 2021 Adult 30 1.28 ± 0.19 (0.88–1.80) This study
​ 2021 Chick 30 0.69 ± 0.07 (0.55–0.86) This study
Lys Island, Glorieuses 2004 Adult 14 0.23 ± 0.10 (0.09–0.39) [101,103]
​ 2004 Chick 22 0.05 ± 0.03 (0.02–0.17) [101,103]
Europa Island 2003 Adult 18 1.02 ± 0.15 (0.77–1.25) This study
​ 2004 Adult 32 0.21 ± 0.08 (0.05–0.47) [101,103]
​ 2003 Chick 15 0.77 ± 0.14 (0.63–1.01) This study
​ 2021 Chick 16 1.03 ± 0.24 (0.76–1.69) This study
Juan de Nova 2003 Adult 10 0.68 ± 0.22 (0.41–0.94) This study
​ 2004 Adult 14 0.39 ± 0.15 (0.16–0.67) [101,103]
​ 2003 Chick 10 0.39 ± 0.10 (0.27–0.57) This study
Rat Island, Houtman Abrolhos 2020 Adult 32 1.38 ± 0.33 (0.61–1.90) This study
​ 2020 Chick 30 0.49 ± 0.06 (0.39–0.62) This study
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In contrast, δ15N values of Phe differed significantly between 2020 and 
2021 (ANOVA, F1,8=25.4, p = 0.001; Fig. 4.F).

In chicks (i.e., global subset), statistical differences were detected 
between both years for feather Hg concentrations (ANOVA, 
F1,43=1.87.1, p < 0.001; Fig. 4.A), bulk δ13C (ANOVA, F1,43=155.9, 
p < 0.001; Fig. 4.B) and δ 15N values (ANOVA, F1,43=107.2, p < 0.001; 
Fig. 4.C).

3.3. Influence of trophic ecology on Hg concentrations

Results from model selections performed on the CSIA subset are 
presented in Table 2. The best model included bulk δ13C values and the 
colony as significant predictors, and explained 68% of the observed 
variation in feather Hg concentrations (Table 3). Feather Hg concen
trations decreased with increasing δ13C values (Table 3; Fig. S5). When 

Fig. 4. Interannual differences in feather (A) Hg concentrations (µg⋅g− 1 dw), (B) bulk δ13C and (C) δ15N values (‰) of adults (n = 5 and n = 30 in 2020 and 2021, 
respectively) and chicks (n = 30 and n = 15 in 2020 and 2021, respectively) of sooty terns (Onychoprion fuscatus), sampled on Ascension Island (South Atlantic 
Ocean). For a subset of adults (n = 5 per year), the (D) trophic position (TP) was estimated with the δ15N values of (E) glutamic acid (trophic amino acid) and (F) 
phenylalanine (source amino acid). Statistical differences between years are indicated when existing, for adults (*) and chicks (**). ns is indicated when no significant 
difference was detected. Boxplots indicate median values (midlines), errors bars (whiskers) and outliers (black dots).

Table 2 
AICc model ranking from statistical analyses of feather Hg concentrations from 
sooty terns (n = 88). Models are Generalized Linear Models (GLMs) with 
Gamma distribution, and identity link-function. Abbreviations: k, number of 
parameters; AICc, Aikaike’s Information Criterion adjusted for small sample 
size; wi AICc weights. A model with ΔAICc = 0 is interpreted as the best model 
among all the selected ones (in bold). Weights are cumulative (sum to 1).

Models k AICc ΔAICc wi

Hg ~ C þ Colony 21 101.6 0.00 0.85
Hg ~ C + Colony + TP 22 105.1 3.47 0.15
Hg ~ C 3 121.5 19.86 0.00
Hg ~ C + TP 4 123.6 21.90 0.00
Hg ~ Colony 20 138.8 37.11 0.00
Hg ~ Colony + TP 21 140.0 38.36 0.00
NULL 2 158.0 56.39 0.00
Hg ~ TP 3 160.2 58.53 0.00

F. Cusset et al.                                                                                                                                                                                                                                   Journal of Hazardous Materials 506 (2026) 141530 

8 



accounting for δ13C, the colony effect plot showed that: (i) most colonies 
(61%) exhibited feather Hg concentrations close to the species’ average 
(i.e., 1.19 μg.g− 1; all colonies combined); (ii) most colonies (75 %) in the 
Atlantic Ocean had Hg concentrations above this average values, but 
Fernando de Noronha had three times lower Hg concentrations; (iii) all 
colonies in the Indian Ocean were below the average, with Juan de Nova 
and Europa having two times lower Hg concentrations than the other 
colonies (Fig. 5). These results are reinforced by the EMMs (Fig. S6).

4. Discussion

Using sooty terns as bioindicators of Hg contamination in tropical 
oceans, the present study provides a unique pantropical assessment of 
biotic Hg across 28 colonies distributed in three ocean basins, and 
thereby new information on the bioavailability of MeHg in tropical 
marine food webs.

4.1. Spatial patterns of Hg contamination in tropical marine food webs

Overall, feather Hg concentrations measured here in adults 
(1.19 µg⋅g− 1; all sites combined) were similar to those reported in the 
literature for sooty terns (Table 1) and other tropical sternids at similar 
locations, such as the brown noddy (Anous stolidus; 1.11 µg⋅g− 1; [97–99, 
101,104,105]), bridled tern (Onychoprion anaethetus; 1.36 µg⋅g− 1; [100, 
105]) and roseate tern (Sterna dougalii; 1.57 µg⋅g− 1; [100,106]). These 
low Hg concentrations in body feathers aligns with the feeding ecology 
of sooty terns, which largely rely on a diet of small epipelagic fish and 
invertebrates found in surface waters [69,103,107], which have lower 
Hg concentrations than other mesopelagic and benthic prey species 
[108–110].

In adult sooty terns, Hg measured in feathers reflects both local 
contamination during the breeding season and remote contamination 
during the non-breeding period, resulting in a year-round exposure to 
Hg over a large spatial oceanic area. Our pantropical sampling of sooty 
tern feathers allowed a comprehensive comparison of year-round Hg 
contamination across colonies, both between and within ocean basins 
(Fig. 2). At the global scale, feather Hg concentrations decreased as 
followed: Atlantic Ocean > Indian Ocean > Pacific Ocean (Fig. S2). This 
result coincides with similar findings for the Bulwer’s petrel (Bulweria 
bulwerii), a mesopelagic seabird that occupies similar tropical and sub
tropical regions to sooty terns [32]. Clearly, this highlights existing 
spatial disparities in Hg distribution at the pantropical scale, between 
ocean basins, but also between hemispheres within each ocean basin 
(Fig. S2). Indeed, the Atlantic and Pacific Oceans showed great vari
ability between colonies (Fig. 2). In both oceans, feather Hg concen
trations were higher in the northern hemisphere (NH) than in the SH 
(Fig. S1). This result is consistent with spatial disparities in historical Hg 
emissions globally. Indeed, Hg emissions have been more prevalent in 
the NH compared to the SH and tropics [111], mainly for two reasons: 

Table 3 
Estimated parameters of variables included in the best model (n = 88). 
The model is a Generalized Linear Model (GLM) with Gamma distri
bution and identity link-function. McFadden’s R2 indicates the degree 
of model fit (i.e., from low and high model fit indicated from 0 to 1, 
respectively). Bulk carbon (δ13C) values are proxies of the feeding 
habitat. The «þ » symbol indicates that the colony (categorical factor) 
is included in the best model. Results for site comparisons (estimated 
marginal means) are provided in Fig. S6. Abbreviations: CI, confidence 
interval (95 %); SE, standard error.

Variables Estimates [CI] ± SE

Intercept − 7.28 [− 9.74, − 4.76] ± 1.22
δ13C − 0.53 [− 0.68, − 0.37] ± 0.08
Colony þ

McFadden’s R2 0.68

Fig. 5. Spatial differences in feather Hg concentrations (µg⋅g-1 dw) in adult sooty terns (Onychoprion fusctaus) from 18 tropical colonies (n = 88) when controlled by 
their feeding ecology (feather bulk δ13C values). Relationships result from the extraction of partial residuals of the best Generalized Linear Model (GLM; see Table 2
and Material and Methods for further details). Individual data are represented in light blue (open circle). Points (filled circle) are means ± SD. The dark blue line 
links all mean Hg concentrations. The horizontal line (in blue) represents the species’ average (i.e., 1.19 µg⋅g− 1).

F. Cusset et al.                                                                                                                                                                                                                                   Journal of Hazardous Materials 506 (2026) 141530 

9 



(1) more historical use of Hg (i.e., 86% of all Hg produced between 1500 
and 1900 originated from the NH; [112]), and (2) more industrial ac
tivities and related consumption of Hg (i.e., 4-fold larger deposition in 
the NH than in the SH; [113]). Recent findings demonstrated that such 
hemispheric differences persist in various environmental compartments 
of the Pacific Ocean (i.e., atmosphere, seawater, sediments and tunas), 
where Hg concentrations were systematically higher in the NH ([114, 
115] and references therein). More specifically, Médieu et al. [114]
investigated large-scale Hg distribution using skipjack tuna (Katsuwonus 
pelamis) as a bioindicator for the entire Pacific Ocean. They revealed an 
east-to-west gradient in Hg concentrations, with a Hg hotspot near Asia 
that was attributed to elevated atmospheric and/or river Hg inputs to 
coastal waters in the region [116]. These large spatial differences were 
explained by Hg concentrations in seawater at the base of food webs and 
inorganic Hg depositions, which vary among different oceanic regions. 
Unfortunately, our results did not allow to confirm this spatial gradient, 
considering the lack of feather sampling in South-East Asia (e.g., 
Indonesia, Philippines, Papua New Guinea), where sooty terns are 
thought to be abundantly distributed [44]. Yet, within the SH, 15–30% 
of the total use of Hg in gold-mining occurs in this specific region [111]. 
Therefore, samples from additional colonies in South-East Asia would 
substantially improve the present spatial Hg assessment and could help 
to identify anthropogenic Hg hotpots.

The feathers of chicks reflect local contamination from prey captured 
by parents around the colony and a short exposure time [35]. As might 
be expected from their young age and shorter exposure to Hg than 
adults, mean Hg concentrations in chick feathers were two times lower 
than in adults (0.62 µg·g− 1 vs. 1.19 µg·g− 1, respectively). Overall, chick 
Hg concentrations were relatively homogenous across ocean basins, 
except for two areas that exhibited the highest Hg concentrations: the 
Azores (3.61 µg·g− 1) and Cuba (1.72 µg·g− 1). The unique sample in 
Azores prevents any conclusions to be drawn on the contamination level 
in this region, which has two interesting characteristics: (i) it exhibits 
hydrothermal activity [117], and (ii) its seafloor is home to Spanish 
shipwrecks from the 16th century that likely transported huge quantities 
of elemental Hg from Europe to the New World [118]. Both could be 
local sources of Hg in Azores’ waters, so further research is required to 
investigate a potential, local Hg hotspot. Regarding Cuba colonies, 
feather Hg concentrations were 2.8 times higher than the average for 
chicks. Interestingly, there is also evidence of feather Hg concentrations 
being higher than their species’ average in other larids breeding at the 
same colonies, including roseate, royal (Thalasseus maximus) and sand
wich (T. sandvicensis) terns (Garcia-Quintas, unpublished data). This 
also aligns with previous modelling findings that identified the Carib
bean Sea and the Gulf of Mexico among the top 10 coastal oceans which 
receive high Hg loads from river sources [116]. Clearly, future research 
in the Caribbean Sea, particularly in Cuba colonies, would help to 
establish if there is a potential Hg hotspot in these tropical waters, and to 
further investigate the influence of anthropogenic releases, such as from 
chlor-alkali plants for example, which likely represent major sources of 
Hg in this region [119].

4.2. Drivers of Hg contamination and its spatial patterns

In seabirds, trophic ecology is key to understand the mechanisms of 
Hg exposure and contamination, and to disentangle whether spatial 
variation in Hg concentrations is related to changes in environmental Hg 
and/or dietary differences [50,120,121]. In this study, bulk δ13C values 
did not show strong variation across the sampled colonies or ocean 
basins (Fig. 3), whereas bulk δ15N values exhibited high intra- and 
inter-colony variability, especially in the Pacific Ocean where values 
ranged from 8.1 to 23.5 ‰ (Table S3). Theoretically, this 15.4 ‰ dif
ference in δ15N values would mean a variation of four trophic levels 
(assuming 3.4 ‰ between each trophic level; [122]), which is unlikely 
to occur. Thus, this large δ15N discrepancy likely indicates strong vari
ation in the baseline isotopic values across the Pacific Ocean, and 

prevents the use of bulk δ15N values as a reliable proxy of TP in sooty 
terns at large spatial scale [105]. Using CSIA-AA-derived TP instead, 
results of model selection revealed that feather Hg concentrations were 
driven by both bulk δ13C values and colony location (68% of variation 
explained), and not by TP (Table 2). The absence of TP as predictor is 
consistent with our single bioindicator approach. It is very likely that 
sooty terns have similar trophic positions across their pantropical dis
tribution range, even though prey species and their corresponding 
proportions may vary between different oceanic regions and oceans 
basins. We would expect the opposite result, if studying a more gener
alist species or several seabird species with distinct trophic ecologies. On 
the other hand, the presence of bulk δ13C values in the predictors sug
gests that δ13C values reflecting the moulting period (i.e., several weeks) 
partly explain Hg contamination during the inter-moult period (i.e., 
several months) of adult sooty terns, suggesting that foraging habitat is 
fairly stable during the non-breeding period. Unlike the Southern Ocean, 
where the marked latitudinal gradient in δ13C values enables the lat
itudinal tracking of foraging areas of seabirds during the moulting 
period [123–125], tropical waters are more challenging to study. They 
are generally devoid of such clear latitudinal variations, as previously 
shown in the western Indian Ocean [105]. Yet, previous work using 
stable isotopes clearly identified the Sargassum Sea as wintering 
grounds for sooty terns breeding on Rocas Atoll (Bugoni et al., unpub
lished data). Still, without fine-scale tracking of sooty terns’ movements 
within oceanic areas, it is difficult to associate inshore-offshore patterns 
of their foraging ecology with potential Hg hotspots and coldspots in 
tropical oceans.

The other predictor of feather Hg concentrations was the colony 
location, suggesting the role of geographical localization on Hg 
contamination. Given that Hg concentrations in adult feathers reflect 
both large spatial and temporal scales, it could be argued that colony 
location is not the most accurate spatial parameter (i.e., exposure to Hg 
during the inter-moult period mostly occurs away from the colony). 
Indeed, trans-hemispheric migration is a common pattern in seabirds 
[126–128], but even if sooty terns can travel great distances during the 
non-breeding period, no trans-hemispheric migration was reported yet 
for this species [75,76]. Therefore, we assumed that they would be 
relatively constrained regionally around their breeding colonies 
worldwide. Besides, defining ocean basins as a spatial parameter instead 
of colonies in the models would imply a substantial loss of spatial in
formation and lead to lower statistical power. Biologging approaches, 
combined to Hg and stable isotope analyses, could provide further in
sights into where sooty terns get contaminated by Hg, and investigate 
whether these areas correspond to different types of foraging habitats in 
tropical oceans [129].

When accounting for δ13C values (which negatively influence feather 
Hg concentrations; Fig. S5), Hg in feathers across sampled colonies did 
not show a specific spatial pattern in the Pacific Ocean, with individuals’ 
values varying slightly around the species average (Fig. 5). In the 
Atlantic Ocean, 71% of the colonies showed higher Hg concentrations 
than the species average, except for Fernando de Noronha that could 
represent a Hg coldspot (i.e., low year-round contamination). Because 
Fernando de Noronha (FdN) is located in the South Atlantic Ocean, 
approximately 350 km away from Brazil, which represents a major Hg 
emitter through deforestation of tropical forest and gold-mining [111], 
one could thus expect the opposite trend. In fact, FdN is very unlikely to 
be influenced by Amazonian inputs, as the plume spreads northward, 
because of the circulation of both oceanic currents along the Brazilian 
coast [130], and atmospheric currents blowing from the east to the west 
(southeasterly trades). The plausible explanation could be the 
non-breeding distribution of sooty terns from this colony, which may 
forage in remote oceanic regions in the central South Atlantic Ocean. 
Again, biologging approaches would be very useful to confirm this hy
pothesis in the future. In the Indian Ocean, Hg concentrations were close 
to the species’ average, except for Juan de Nova and Europa Islands that 
were lower by 43% and 14%, respectively (Fig. 5). Interestingly, 
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Fernando de Noronha, Juan de Nova and Europa Islands have one 
feature in common: unlike all other sites that were sampled between 
2020 and 2022, these three sites were sampled in 2010 (Brazil) and 2003 
(Mozambic Channel), respectively. Therefore, it is difficult to determine 
here whether Hg contamination is lower in these two specific oceanic 
regions due to spatial or temporal variation without any additional, 
recent years of sampling. However, a previous study on Hg temporal 
variation in sooty terns from Ascension Island recently showed a 0.4% 
increase per year over the last 145 years (Cusset et al., 2023c). Thus, we 
could expect Hg concentrations in these three specific colonies today to 
be higher than in the 2000s and the 2010s.

Besides the aforementioned study, Hg temporal data are very limited 
in sooty terns. Here, we compared our results for adult birds sampled in 
the 2020 s with previous findings from the 1990s and the 2000s, across 
five colonies (Fig. 6; see corresponding references in Table 1). In three 
colonies (i.e., Midway and Johnston Atolls, and Bird Island), feather Hg 
concentrations were higher in the 2020 s than in the 1990s/2000s (by 
25%, 47% and 628%, respectively). This result is consistent with Hg 
temporal trends reported worldwide in seabirds [49,131,132], including 
in sooty terns and tropical waters [63]. In contrast, in Aride Island 
(Seychelles), feather Hg concentrations showed no difference between 
1997 and 2021, while a 53% decrease was observed in Culebra (Puerto 
Rico) between the 1980s and 2021. Future research is needed to confirm 

whether long-term temporal trends in Hg concentrations exist in sooty 
terns, and if so, whether they are similar on a pantropical scale.

4.3. Interannual differences in Ascension Island

In Ascension Island, both feather Hg concentrations and bulk δ15N 
values were higher in 2021 than in 2020, for both adults and chicks 
(Fig. 4.A and C; global subset). Consequently, one hypothesis would be 
that the higher Hg concentrations in 2021 result from the consumption 
of higher trophic level prey, and hence from higher TP of sooty terns, 
both during the inter-moult and chick-rearing periods. However, this is 
disproved by CSIA-AA, which showed that adult TP was relatively 
similar across these two years (Fig. 4.D). In fact, δ15N values of 
phenylalanine indicate that isotopic baseline has substantially changed 
between 2020 and 2021 (Fig. 4.F). This drastic change in δ15N baseline 
resulted in higher Hg concentrations in adult sooty terns in 2021, thus 
suggesting that environmental factors have influenced the increased 
bioavailability and transfer of Hg in marine food webs in the South 
Atlantic Ocean. Still, we cannot exclude the possibility that, despite 
similar TP between years, the diet of sooty terns consisted of different 
proportions of prey items [107], resulting in different bioaccumulation 
of Hg between the two years. This is particularly true in specific cases, 
such as in Dry Tortugas (Florida, USA), where sooty terns have been 

Fig. 6. Temporal comparisons of feather Hg concentrations (µg⋅g− 1 dw) in adult sooty terns (Onychoprion fuscatus) in five colonies across three ocean basins.
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observed to consume a wide variety of fish species, including 
reef-oriented and benthic species brought to the surface by shrimp 
trawlers [133]. This could only be confirmed by analysing Hg and stable 
isotopes in the prey species, but obtaining such samples during the 
non-breeding period of sooty terns is highly challenging, as it implies 
knowing bird distribution, a missing information.

Similar interannual differences in δ15N values of phenylalanine were 
observed in two previous studies focusing on zooplankton from the 
Pacific Ocean. The first focused on the North Pacific krill (Euphausia 
pacifica), in the north-western Pacific Ocean [134]. The authors 
measured a 2.8 ‰ decrease between two consecutive years, character
ized by distinct environmental conditions: 1998 with warmer waters, 
higher stratification and lower chlorophyll a, versus 1999 with abnor
mally cold, high nutrient waters and high chlorophyll a. This decrease 
was in fact related to a shift from El Niño (in 1998) to La Niña (in 1999) 
conditions, which altered nitrogen cycling and associated biogeochem
ical processes, ultimately impacting δ15N values in krill species from the 
California Current Ecosystem. In sooty terns from Ascension Island, we 
observed a similar change in δ15N values of phenylalanine (1.2 ‰ be
tween 2020 and 2021), and a similar shift from El Niño to La Niña 
conditions occurred in 2020 (NASA Earth Observatory, 2022). The El 
Niño Southern Oscillation (ENSO), which is a recurring climate pattern 
characterized by the succession of El Niño/La Niña phases, has large 
impacts on the world’s climate. It alters the global atmospheric circu
lation and precipitation system, specifically in subtropical and tropical 
regions (NASA Earth Observatory, 2022), including the South Atlantic 
Ocean where Ascension Island is located. The second study focused on 
several groups of zooplankton in the North Pacific Subtropical Gyre and 
investigated seasonal variation in δ15N values of phenylalanine (win
ter/summer) during different years ([135], and references therein). 
Their results also showed a 2 ‰ change between seasons, which was 
related to seasonal changes in ocean stratification and new production of 
nitrogen (supported by biological fixation of atmospheric dinitrogen gas 
and/or entrainment of deep isotopically-enriched nitrates through up
wellings; [136,137]. Ultimately, such climate-driven ocean shifts could 
influence Hg cycling (e.g., Hg depositions, resuspension and bioavail
ability) in tropical marine ecosystems where sooty terns thrive. For 
example, upwellings may also act as Hg hotspots, as they can pump 
Hg-enriched waters from the deep to the surface ocean [138–140]. They 
could thus enhance Hg bioavailability and accumulation in marine food 
webs, leading to high Hg concentrations measured in surface marine 
zooplankton [141,142], which can then be consumed by epipelagic 
predators such as sooty terns. However, Hg contamination in seabirds 
results from the combination of a multitude of biogeochemical processes 
over long periods of time, that are driven by diverse environmental 
factors, not just the few cited above. Combining diverse environmental 
factors in future modelling work would be an interesting perspective to 
further explore the drivers of the pantropical distribution of Hg observed 
here in sooty terns.

4.4. Conclusions and perspectives

Thanks to a large, field-based scientific network, this study provides 
a unique assessment of Hg contamination in tropical marine food webs, 
by using the sooty tern as a pantropical bioindicator species. Overall, the 
low Hg concentrations in adult and chick sooty terns are consistent with 
their foraging behaviour and diet, and below the toxicity thresholds 
recognized for seabird feathers [6]. At the pantropical scale, the highest 
Hg concentrations were observed in the Atlantic Ocean. At the hemi
spheric scale, the highest concentrations were measured in the northern 
hemisphere. Despite the large number of colonies sampled, several re
gions remain undocumented and clearly deserve further investigations, 
such as Southeast Asia in the Pacific Ocean, and the central and eastern 
Indian Ocean. Nonetheless, the present pantropical assessment repre
sents a valuable asset for international Hg biomonitoring programs that 
aim to protect the environment, wildlife and human populations from 

the adverse effects of deleterious contaminants.
Trophic ecology is essential for understanding the drivers involved in 

Hg contamination and its spatial patterns in marine food webs. How
ever, caution is necessary when interpreting Hg and bulk stable isotope 
data together. This work provides further evidence of the power of the 
CSIA-AA approach when considering large spatial scales (among and 
between ocean basins), and its relevance when combined with Hg 
monitoring in marine predators, to disentangle the trophic and envi
ronmental drivers of Hg contamination in marine food webs. Future 
investigations of δ13C values of AAs represent a valuable, additional tool 
for further comparisons and more accurate information for both the 
trophic ecology and ecotoxicology of tropical seabirds. Since Hg 
contamination was explained by environmental rather than trophic 
drivers, further research in spatial ecotoxicology is also needed, to 
identify where exactly sooty terns get contaminated in tropical oceans, 
and whether this would require adapting local, regional and/or inter
national regulations of anthropogenic Hg emissions.

Beyond spatial variation, Hg contamination in marine food webs 
results from long-term processes of years, decades or even centuries [2, 
18,143,144], that influence the cycling of both natural and anthropo
genic Hg in the marine environment, particularly in the context of 
ongoing climate change [145]. Therefore, renewing such large-scale 
assessment on a regular basis (e.g., decades) is essential to monitor Hg 
availability in tropical marine food webs and evaluate the effectiveness 
of international regulations of Hg, such as the Minamata Convention on 
Mercury.

Environmental implication

Thanks to a large, field-based scientific network, this study provides 
a unique assessment of Hg contamination of marine ecosystems, using 
the sooty tern (Onychoprion fuscatus) as pantropical bioindicator species. 
The highest concentrations were measured in the Northern hemisphere, 
consistently with higher historical anthropogenic emissions of Hg in the 
North. Such global assessments are essential to inform international 
regulatory measures such as the Minamata Convention, and mitigating 
risks to wildlife and human populations globally. The sooty tern is a 
highly suitable bioindicator species to monitor the epipelagic domain of 
tropical oceans in the future.
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Strøm, H., Takahashi, A., Tartu, S., Thórarinsson, T.L., Thiebot, J.-B., Will, A.P., 
Wilson, S., Wojczulanis-Jakubas, K., Yannic, G., 2022. Mercury contamination 
and potential health risks to Arctic seabirds and shorebirds. Sci Total Environ, 
156944. https://doi.org/10.1016/j.scitotenv.2022.156944.
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