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A B S T R A C T   

Assessing mercury (Hg) biomagnification requires the description of prey-predator relationships, for each species 
and ecosystem, usually based on carbon and nitrogen isotope analyses. Here, we analyzed two seabirds from the 
Humboldt Current ecosystem, the Guanay cormorant (Phalacrocorax bougainvillii) and the Peruvian booby (Sula 
variegata), as well as their main prey, the Peruvian anchovy (Engraulis ringens). We reported Hg concentrations, 
Hg biomagnification (BMF) and isotopic discrimination factors (Δ13C and Δ15N) in seabird whole blood. BMFs 
and Δ13C in our study (on wild birds where diet was not controlled) were similar to other piscivorous seabirds 
previously studied in captive settings, but Δ15N were lower than most captive experiments. We observed lower 
Hg concentrations in Humboldt seabirds compared to other oligotrophic ecosystems, possibly due to Hg bio
dilution in the high biomass of the first trophic levels. This work calls for a better characterization of Hg trophic 
dynamics in productive upwelling ecosystems.   

Mercury (Hg) is a global pollutant of natural and anthropogenic 
origins (Driscoll et al., 2013). Atmospheric Hg emissions have increased 
by 450% since the preanthropogenic times, resulting in a 230% increase 
in Hg concentration in the surface ocean (Outridge et al., 2018). Once 
deposited in marine waters, a yet unknown fraction of Hg can be natu
rally converted to methylmercury (MeHg), mostly by microorganisms 
(Podar et al., 2015). MeHg is bioaccumulated by marine organisms, 
which induces an increase in MeHg concentration in tissues over time 
(Wang and Wong, 2003). In addition, MeHg is known to biomagnify 
along trophic chains, resulting in increased MeHg levels with the posi
tion of consumers in the food web (Lavoie et al., 2013). Due to their long 
life span and high trophic position, marine top predators contain among 
the highest MeHg concentrations of biota (Cherel et al., 2018; McKinney 
et al., 2016). Human exposure to MeHg occurs mainly through the 
consumption of seafood (Sunderland, 2007), particularly high trophic 
level species (Lavoie et al., 2018). As a potent neurotoxin, MeHg poses a 
threat to marine predators and human populations that consume them 
(Ha et al., 2017; López-Berenguer et al., 2020). 

Accurate estimation of Hg biomagnification in marine ecosystems 
remains a challenge based on methods that allow determination of 
trophic levels. The analysis of carbon and nitrogen isotopic ratios (δ13C 
and δ15N, respectively) is to date the most used tool to assess the dif
ferences in trophic level between species (Post, 2002). Both δ13C and 
δ15N values increase with trophic position (Hussey et al., 2015). The 
difference between the isotopic values of a consumer and its diet is 
called discrimination factor or trophic enrichment (respectively Δ13C 
and Δ15N for carbon and nitrogen). While δ13C is generally assumed to 
vary minimally through trophic transfers, a Δ15N of 3–4‰ is commonly 
used to estimate trophic positions (Post, 2002). However, discrimination 
factors are known to depend on several sources of variation, such as 
environment, taxon, tissue and diet (Caut et al., 2009). 

Hg biomagnification and discrimination factors for certain species 
have previously been determined in controlled studies (Bearhop et al., 
2000; Cherel et al., 2005; Kim et al., 2012). However, the difficulty of 
keeping marine predators in captivity often leads to a modest number of 
sampled individuals (Ciancio et al., 2016; Giménez et al., 2016; Hussey 
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et al., 2010). In addition, controlled studies fail to reflect the complexity 
and temporal variations of natural environments, especially in dynamic 
ecosystems such as upwelling zones. Conversely, the determination of 
these parameters in the field can be complicated by the generalist 
feeding of marine predators, which can consume prey with different Hg 
concentrations and isotopic signatures (Le Croizier et al., 2020; Tixier 
et al., 2019). Finally, the determination of Hg biomagnification can be 
biased by the confounding effect of bioaccumulation when analyzes are 
performed on tissues where Hg turnover is slow, such as muscle (Kwon 
et al., 2016). 

In the present study, we focused on the northern Humboldt Current 
system off Peru (Pacific Ocean), a high productivity upwelling 
ecosystem encompassing one of the largest and shallowest oxygen 
minimum zones in the world (Fiedler and Talley, 2006). This ecosystem 
participates in the global export of Hg through marine fisheries, and 
human exposure to Hg via the consumption of seafood (Lavoie et al., 
2018). Although low oxygen and upwelling conditions favor high MeHg 
production in Humboldt waters (Bowman et al., 2020), very little data 
are currently available on Hg concentrations in local biota (Adkesson 
et al., 2019). To improve our understanding of Hg biomagnification 
within the Humboldt food web, we conducted analyzes on emblematic 
species of this region. We collected muscle samples from Peruvian an
chovies (Engraulis ringens), which constitute the highest biomass in the 
ecosystem (Tam et al., 2008). Blood samples from the two most abun
dant seabirds off the coast of Peru (Weimerskirch et al., 2012), the 
Guanay cormorant Phalacrocorax bougainvillii and the Peruvian booby 
Sula variegata, were also collected. These two predators are highly 
specialized on anchovies, which may represent more than 80% of their 
diet (Barbraud et al., 2018; Gochfeld, 1980). We analyzed δ13C and δ15N 
values, as well as Hg concentrations, in a large sample set over 5 
consecutive years to overcome ecosystem temporal variability. Our 
study determined carbon and nitrogen isotopic discrimination factors 
(Δ13C and Δ15N), as well as Hg biomagnification factor (BMF) by 
overcoming the effect of bioaccumulation, as blood Hg concentration 
reflects recent trophic exposure in seabirds (i.e. last weeks prior sam
pling) (Bearhop et al., 2000; Renedo et al., 2018a). We compared the 
Δ13C, Δ15N and BMF values obtained here with previous studies on 
other seabird species, and we discussed the implications of the observed 
variability between species. Finally, we compared Hg concentrations in 
Humboldt seabirds with similar species from other oligotrophic eco
systems. We sought to explain the low Hg levels in marine predators of 
the Humboldt ecosystem, despite being a region particularly active for in 
situ methylmercury production (Bowman et al., 2020). 

Seabirds (92 cormorants, 90 boobies) were sampled from 2009 to 
2013 during the months of October–November on Pescadores Island, 
Peru (11◦46′S, 77◦15′W) (Fig. 1). All seabirds were breeding adults, but 
sex was not systematically recorded for inclusion in the data (Table S1). 
Blood samples were collected from a wing or tarsal vein and preserved in 
70% ethanol. As the main prey of cormorants and boobies, anchovies (n 
= 65) were also sampled. From 2010 to 2013, ingested anchovies were 
collected and preserved similarly when the birds regurgitated sponta
neously. The length of the anchovies was not measured individually, but 
ranged from 12 to 16 cm. No other prey species was observed. In 2009, 
anchovies were collected during routine acoustic surveys performed by 
the Peruvian Institute of the Sea (IMARPE) near Pescadores Island 
(11◦47′S, 77◦23′W). These anchovies were stored frozen and ranged 
from 13 to 16 cm. Prior to analyses, all samples were freeze-dried and 
ground to powder. 

For comparison with Humboldt seabirds, we added to this study 
blood samples (n = 67) of adult red-footed boobies (Sula sula) collected 
in 2015 at Surprise Island (New-Caledonia, South-West Pacific Ocean) 
and the Fernando de Noronha archipelago (Brazil, Central-West Atlantic 
Ocean). These additional samples were collected following the same 
protocol as for Humboldt samples. 

Isotope analyses were performed as described in a previous study 
(Espinoza et al., 2017). Before analysis, lipid extraction was applied to 

anchovy muscle samples, using 20 mL of cyclohexane on powder ali
quots of about 1 g. The anchovy samples were then freeze-dried again. 
Lipids were not removed from seabird blood samples, as the low lipid 
content of whole blood does not require lipid extraction prior to isotopic 
analysis (Cherel et al., 2005). Seabird whole blood and anchovy muscle 
samples were weighed (~300 μg), packed in tin containers and analyzed 
using an elemental analyzer (Flash EA1112, Thermo Scientific, Milan, 
Italy) coupled to an isotope ratio mass spectrometer (Delta V Advantage 
with a Conflo IV interface, Thermo Scientific, Bremen, Germany). Re
sults were expressed according to international standards (Vienna Pee 
Dee Belemnite for δ13C and N2 in air for δ15N) following the formula: 
δ13C or δ15N = [(R sample/R standard) − 1] × 103 (in ‰), where R is 
13C/12C or 15N/14N. Reference gas calibration was done using reference 
materials (USGS-24, IAEA-CH6, IAEA-600 for carbon; IAEA-N1, -N2, 
-N3, -600 for nitrogen). Analytical precision based on isotope values of 
acetanilide (Thermo Scientific) was <0.15‰ both for δ13C and δ15N 
measurements. Values are means ± SD. 

Total Hg concentrations (hereafter expressed as μg⋅g− 1, dry weight: 
dw) were quantified in anchovy and seabird samples by using a DMA80 
analyzer (Milestone, USA). The detection limit was 0.005 μg⋅g− 1 dw. 
Three certified reference materials were analyzed for evaluation of ac
curacy and reproducibility of our methods: tuna fish muscle (ERM-CE- 
464 and IAEA-436) and lobster hepatopancreas material (TORT-3); 
providing a respective accuracy of 96 ± 12% (n = 15), 96 ± 9% (n = 6), 
and 100 ± 9% (n = 6) relative to recommended reference values. In
ternal homemade blood reference material (red blood cells, RBC-KP) 
was also used for validation of seabird blood analyses and provided an 
accuracy of 96 ± 6% (n = 3) relative to previously published values, as 
detailed elsewhere (Renedo et al., 2018a). 

To compare variables (δ13C, δ15N and Hg concentration) between 
species, data were first checked for normality (Shapiro–Wilk tests) and 
homogeneity of variances (Bartlett tests). One-way analyses of variance 
were applied when these conditions were met, followed by Tukey's HSD 
tests. Otherwise, non-parametric analogues were used, i.e. Krus
kal–Wallis tests, followed by Conover–Iman multiple comparison tests 
with Bonferroni's adjustment. Hg biomagnification factor (BMF) was 
calculated as the ratio of Hg concentration in seabird (cormorant or 
booby) blood to Hg concentration in anchovy muscle. Carbon and ni
trogen discrimination factors (Δ13C and Δ15N, respectively), were 
calculated as the difference between the isotopic value (δ13C or δ15N) in 
seabird blood and the isotopic signature of anchovy muscle. 

Fig. 1. Map of the coast of Peru in the southeastern Pacific Ocean. The site 
where seabirds and anchovies were sampled is indicated by a star symbol. 
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The entire dataset (n = 247, Table S1) encompassing all years is 
presented as a 3D scatter plot in Fig. 2. The two seabird species were 
distinguished from anchovies by higher values for all variables (δ13C, 
δ15N and Hg concentration) (p < 0.001). Among seabirds, the Peruvian 
booby was characterized by higher δ13C than the Guanay cormorant, 
which displayed higher values for δ15N and Hg concentration (p <
0.001). These patterns integrating 5 consecutive years were also 
observed on an annual scale (Fig. 3). Each year, the values of the 
measured variables followed the same trends: anchovy < cormorant <
booby for δ13C, anchovy < booby < cormorant for δ15N and anchovy <
booby < cormorant for Hg concentration. These observed interannual 
isotopic variations can be explained by changes in environmental con
ditions caused by El Niño Southern Oscillations (ENSO) which are 
known to shift isotopic baselines in the Humboldt food web (Renedo 
et al., 2021). The higher isotope values and Hg concentrations found in 
seabirds compared to anchovies reflect the well-documented isotopic 
fractionation and Hg biomagnification between prey and predators (Kim 
et al., 2012; Seco et al., 2021). Differences between cormorants and 
boobies could be first explained by differences in foraging habitat or 
diet, which are known to influence isotopic values and Hg concentra
tions in seabirds (Renedo et al., 2018b; Thébault et al., 2021). A previous 
tracking study observed similar foraging areas for both species, despite a 
slightly higher diving depth for cormorants (i.e. mean maximum depth 
of 2 and 6 m for boobies and cormorants, respectively) (Weimerskirch 
et al., 2012). Moreover, both species are thought to feed mainly on 
anchovies (Gochfeld, 1980), which is consistent with the absence of 
other regurgitated prey during this study. Both species displayed a 
similar proportion of anchovies in their diet (e.g., 81–96% for cormo
rants and 80–93% for boobies) (Barbraud et al., 2018), and no signifi
cant difference was found for any variable (δ13C, δ15N, Hg) between 
anchovies regurgitated by cormorants and boobies in the same year (p >
0.05). Alternatively, controlled studies have previously demonstrated 
that diet-to-blood discrimination factor can vary between different 
seabird species fed the same diet (Jenkins et al., 2020). In addition, Hg 
trophic transfer from diet to consumer may differ depending on the 
assimilation efficiency of each consumer species (Pouil et al., 2018). 
Although fine differences in trophic niche may be involved, the absence 
of obvious dietary segregation suggests that the variations (δ13C, δ15N, 
Hg) observed between seabirds may relate to species-specific physio
logical characteristics. For instance, as MeHg is mostly complexed to 
proteins in fish muscle (Médieu et al., 2021), and isotopic compositions 
vary between lipids and proteins or among amino acids and fatty acids 
(McMahon et al., 2015; Sweeting et al., 2006; Twining et al., 2020), 
differences related to the assimilation of amino and/or fatty acids could 
explain the differences in δ13C, δ15N and Hg observed in two species fed 
the same diet. 

Carbon discrimination factor (Δ13C) varied among years: from 0.1 to 
0.9‰ for cormorants and from 0.4 to 1.1‰ for boobies (Table 1). Ni
trogen discrimination factor (Δ15N) also showed inter-annual variations: 
from 0.4 to 1.1‰ for cormorants and from 0.4 to 2.1‰ for boobies. By 
averaging the discrimination factors over 5 years in order to consider the 
inter-annual variability, mean Δ13C values of 0.5 ± 0.3 and 0.7 ± 0.3‰ 
were obtained for cormorants and boobies, respectively (Table 1). 
Similarly, mean Δ15N values of 1.7 ± 0.6 and 1.3 ± 0.7‰ were 
respectively found for cormorants and boobies. We compared the iso
topic discrimination factors estimated during this study with values 
derived from previous studies, for other seabird species experimentally 
fed on a fish diet (Bearhop et al., 2002; Cherel et al., 2005; Ciancio et al., 
2016; Craig et al., 2015; Hobson and Clark, 1992; Micklem et al., 2021). 
The Δ13C values we obtained for boobies and cormorants fall in the 
middle of the range reported in the literature (Fig. 4A). By contrast, our 
Δ15N values were among the lowest described in other seabirds 
(Fig. 4B). Isotopic discrimination factors may vary for the same tissue 
according to several factors, such as habitat, species and diet (Caut et al., 
2009). Since we found close Δ13C and Δ15N values in the whole blood of 
boobies and cormorants sharing similar habitat and diet, differences in 

isotopic discrimination factors compared to other species (Fig. 4A and B) 
suggest that large-scale Δ13C and Δ15N variations among seabirds may 
be primarily caused by discrepancies in environmental conditions. 
Mixing models based on isotopic signatures represent an increasingly 
used tool to estimate the contribution of different prey to the diet of 
predators (van den Berg et al., 2021; Skinner et al., 2021). However, 
recent Bayesian models are highly sensitive to variation in discrimina
tion factors and require accurate Δ13C and Δ15N values to correctly 
reconstruct the diet of the species studied (Bond and Diamond, 2011; 
Swan et al., 2020). Meeting this condition is particularly important for 
piscivorous seabirds, as the published discrimination factors appear 
highly variable between species (e.g., − 1.1 to 1.6 for Δ13C and 1.2 to 3.1 
for Δ15N in the selected studies, Fig. 4A and B). Here, we present the first 
assessment of discrimination factors for the Guanay cormorant and the 
Peruvian booby. The values obtained differed from other piscivorous 
seabirds, highlighting the need for species-specific estimates. Our 
values, based on a large number of individuals and encompassing 
several years, can be used for future studies using mixing models on 
these species or on other related seabirds. 

Hg biomagnification factor (BMF) varied annually from 6 to 28 for 
cormorants and from 3 to 15 for boobies (Table 1). The mean BMF for 
boobies was 9, which falls in the middle of the range reported for whole 
blood in other seabird species (Fig. 4C). The Guanay cormorant dis
played a higher mean BMF of 16, which however matches the BMF 
observed in other anchovy consumers such as the little penguin (Finger 
et al., 2017). MeHg is characterized by a strong affinity to the thiol 
groups of amino acids such as cysteine, and MeHg-cysteine (MeHg-Cyst) 
complexes have been shown to constitute the predominant form of Hg in 
seabird blood (Manceau et al., 2021). Although these complexes may be 
formed in vivo, part of the dietary Hg is believed to be assimilated in the 
digestive tract as MeHg-Cyst (Varian-Ramos et al., 2017). Thus, we 
hypothesize that differences in BMF among seabird species could be 
partially explained by differences in the assimilation of amino acids such 
as cysteine (e.g., higher assimilation and BMF in cormorants than in 
boobies). A proper estimate of biomagnification is essential because this 
phenomenon, alongside bioaccumulation, conditions the concentration 
of toxic Hg in marine predators. Tissues incorporating Hg exposure over 
several months, such as feathers and muscle (Kwon et al., 2016; Renedo 
et al., 2018a), are commonly used for Hg analysis in marine predators. 

Fig. 2. Three-dimensional scatter plot of δ13C and δ15N values, as well as Hg 
concentrations, in the muscle of Peruvian anchovies and in the whole blood of 
Guanay cormorants and Peruvian boobies. 
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Blood analysis, which reflects recent exposure to Hg (Bearhop et al., 
2000), eliminates the confounding effect of bioaccumulation and thus 
better assesses the increase in Hg concentration from prey to predator. 
Despite similar BMFs to other species, Hg concentrations in the blood of 
seabirds from the Humboldt Current were lower than in species of the 
same genus from different ecosystems (Fig. 4C). By averaging the 5 years 
of sampling, the mean Hg concentration was 0.6 ± 0.1 μg⋅g− 1 in boobies 
and 1.0 ± 0.3 μg⋅g− 1 in cormorants (Table 1), which are among the 
lowest values observed for different species of boobies and cormorants 
from other regions (Fig. 4D). Moreover, Humboldt seabirds showed Hg 
concentrations similar to red-footed boobies from remote sites, isolated 
from any human activity (Surprise Island in New Caledonia, South-West 
Pacific Ocean). Interestingly, boobies from the coastal eastern Pacific 
(the Peruvian booby from the Humboldt Current and the blue-footed 
booby from the Gulf of California, Mexico) were less contaminated 
(Hg concentrations up to 3 to 4 times lower) than species from the 
central Pacific (e.g., masked and red-footed booby from Hawaii) and the 
western Atlantic (red-footed booby from Brazil) (Fig. 4D). The Hum
boldt Current and the Gulf of California are located within the two most 
important oxygen-minimum zones, which are thought to favor the 
production of MeHg by anaerobic bacteria (Blum et al., 2013; Bowman 
et al., 2020). Despite a high Hg bioavailability in eastern Pacific waters 
(Bowman et al., 2016), productive upwelling ecosystems such as the 
Humboldt Current contain large biomasses of phytoplankton, 
zooplankton and forage fish (Salvatteci et al., 2018; Tam et al., 2008), 
which could reduce the Hg concentration in seabird prey through the 
biodilution effect (i.e. “dilution” of the available Hg by the important 
biomass of the first trophic levels) (Chouvelon et al., 2018). This hy
pothesis is supported by the lower Hg concentration found in Peruvian 
anchovies from the Humboldt Current (0.075 ± 0.029 μg⋅g− 1, this 
study) compared to European anchovies from the Mediterranean Sea 
(0.268 ± 0.067 μg⋅g− 1) (Chouvelon et al., 2019), despite similar 
seawater Hg concentrations in both regions (Bowman et al., 2016; Cossa 
et al., 1997). 

Although working in the natural environment implies that food 
sources could not be completely controlled, unlike experiments on 
captive birds, this baseline study reports for the first time an estimate of 
the diet-to-blood Hg biomagnification and isotopic discrimination fac
tors (Δ13C and Δ15N) for the Guanay cormorant and the Peruvian booby 
in the Humboldt Current system. Our contribution helps to refine the 
characterization of Hg transfer in upwelling ecosystems and provides 
new isotopic discrimination factors that can be used in future studies on 
cormorant and booby species. The use of stable sulfur isotopes would be 
of interest in future similar studies, as this tracer is increasingly identi
fied as a reliable predictor of Hg levels in marine food webs (Elliott et al., 

Fig. 3. Boxplots of δ13C and δ15N values, as well as Hg concentrations, in the 
muscle of Peruvian anchovies (Anch) and in the whole blood of Guanay cor
morants (Guco) and Peruvian boobies (Pebo). The median value is shown by the 
horizontal line in the box. The lower and upper bounds of the box indicate the 
25% and 75% quartiles. The whisker lines extend to the maximum and mini
mum values and outliers are represented by dots. 

Table 1 
Carbon (Δ13C) and nitrogen (Δ15N) discrimination factors, blood Hg concen
tration and Hg biomagnification factor (BMF) for Guanay cormorants and 
Peruvian boobies collected over five consecutive years. Values encompassing all 
years are means ± standard deviation. N: sample size for each year.  

Species N Year Δ13C 
(‰) 

Δ15N 
(‰) 

Hg 
(μg⋅g− 1) 

BMF 

Guanay cormorant 
(Phalacrocorax 
bougainvillii)  

11 2009 0.2 2.4 1.1 28  
12 2010 0.6 1.0 0.9 16  
38 2011 0.9 1.4 0.6 6  
11 2012 0.1 1.5 1.3 12  
20 2013 0.5 2.2 1.2 17  

Mean 0.5 ± 
0.3 

1.7 ± 
0.6 

1.0 ± 
0.3 

16  
± 8 

Peruvian booby (Sula 
variegata)  

21 2009 0.5 2.1 0.6 15  
16 2010 1.0 0.4 0.7 12  
7 2011 1.1 1.2 0.3 3  

29 2012 0.4 1.2 0.6 6  
17 2013 0.7 1.8 0.7 10  

Mean 0.7 ± 
0.3 

1.3 ± 
0.7 

0.6 ± 
0.1 

9 ± 
5  
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2021). 
Supplementary data to this article can be found online at https://doi. 

org/10.1016/j.marpolbul.2022.113481. 
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