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resumo 
 

 

A poluição por mercúrio é um problema global devido ao transporte 
atmosférico e á sua bioacumulação pelos organismos, resultando em efeitos 
adversos na vida selvagem. As aves limícolas migratórias exploram diversas 
zonas húmidas em diferentes latitudes onde a poluição por mercúrio pode ser 
distinta. Pouco se sabe acerca dos níveis de mercúrio nas aves limícolas em 
regiões tropicais. Neste estudo determinaram-se os níveis de mercúrio em 
penas recém desenvolvidas de aves limícolas invernantes em duas 
importantes zonas húmidas integradas na Rota Migratória Este Atlântico: 
Arquipélago dos Bijagós (tropical; Calidris alba, Calidris canutus, Charadrius 
hiaticula, Tringa totanus, Actitis hypoleucos, Arenaria interpres, Calidris 
ferrugínea and Pluvialis squatarola) e Estuário do Tejo (temperado; Calidris 
alba, Calidris canutus, Charadrius hiaticula, Tringa totanus, Calidris alpina and 
Limosa limosa). Avaliaram-se também os níveis de mercúrio nas cascas de 
ovos de Charadrius alexandrinus e Himantopus himantopus, nidificantes nas 
salinas da Ria de Aveiro e do Estuário do Tejo, e nas fezes da última espécie 
referida recolhidas maioritariamente fora da época de nidificação. Os níveis de 
mercúrio nas penas e nas cascas de ovos variaram significativamente entre 
espécies e entre zonas húmidas. Os resultados mostraram que de uma forma 
geral, as aves limícolas invernantes no Estuário do Tejo apresentaram 
concentrações de mercúrio mais elevadas (2.106±0.681 – 9.918±3.499 ppm) 
do que as do Arquipélago dos Bijagós (0.932±0.369 – 2.773±0.784 ppm), 
sugerindo que a exposição é maior nessa zona húmida temperada. As cascas 
de ovos de Charadrius alexandrinus apresentaram concentrações mais 
elevadas de mercúrio, em ambas as zonas húmidas portuguesas (0.034±0.006 
e 0.037±0.006 ppm), do que as de Himantopus himantopus (0.018±0.004 e 
0.009±0.002 ppm). As fezes de Himantopus himantopus continham mercúrio 
detetável, mas as concentrações médias (0.040±0.003 – 0.085±0.025 ppm) 
não variaram ao longo dá época. As variações observadas neste estudo foram 
provavelmente causadas por diferenças espaciais na poluição por mercúrio 
entre as zonas húmidas estudadas e também por diferenças interespecíficas 
nos hábitos tróficos das espécies. As concentrações de mercúrio nas penas 
estiveram genericamente abaixo do nível de efeito do limiar de toxicidade 
(5ppm), com duas exceções assinaláveis: Tringa totanus e Calidris alba do 
Estuário do Tejo.  
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abstract 

 
Mercury pollution is a global issue due to atmospheric transport and its 
bioaccumulation by organisms, resulting in several adverse effects on wildlife. 
Migratory shorebirds use several wetlands at different latitudes where mercury 
pollution is likely to differ. Little is currently known about mercury levels in 
shorebirds in tropical regions. In this study, we assessed mercury levels in 
freshly grown feathers of several shorebirds species wintering in two important 
wetlands of East Atlantic Flyway: Bijagós Archipelago (tropical; Calidris alba, 
Calidris canutus, Charadrius hiaticula, Tringa totanus, Actitis hypoleucos, 
Arenaria interpres, Calidris ferruginea and Pluvialis squatarola) and Tagus 
Estuary (temperate; Calidris alba, Calidris canutus, Charadrius hiaticula, Tringa 
totanus, Calidris alpina and Limosa limosa). We also assess mercury levels of 
breeding species, by analysing eggshells of Charadrius alexandrinus and 
Himantopus himantopus, collected in saltpans of the Ria de Aveiro and of the 
Tagus Estuary, and in the faeces of the last species collected mostly 
throughout the non-breeding season. Mercury levels in feathers and eggshells 
varied significantly among species and wetlands. The results showed that, in 
general, shorebirds wintering in Tagus Estuary had higher mercury 
concentrations (2.106±0.681 – 9.918±3.499 ppm) than those from Bijagós 
Archipelago (0.932±0.369 – 2.773±0.784 ppm), suggesting that mercury 
exposure is higher in this temperate wetland. Charadrius alexandrinus 
eggshells had higher concentrations in both portuguese wetlands (0.034±0.006 
e 0.037±0.006 ppm) than Himantopus himantopus ones (0.018±0.004 e 
0.009±0.002 ppm). The Himantopus himantopus faeces contained detectable 
mercury but the mean concentrations (0.040±0.003 – 0.085±0.025 ppm) did not 
vary over the season. The differences observed in this study were likely caused 
by spatial differences in mercury pollution between wetlands and by 
interspecific differences on trophic habits of species. Overall, mean mercury 
levels in feather were below the toxicity threshold effect level (5ppm), with two 
notable exceptions: Tringa totanus and Calidris alba from Tagus Estuary.  
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1) INTRODUCTION 

Over the past two centuries, anthropogenic activities have contributed to the increase in 

emissions of pollutants, such as mercury, threatening the health and state of ecosystems and 

wildlife (Wolf et al., 1998; Driscoll et al., 2013). Mercury (Hg) is a toxic heavy metal and a well-

known environmental contaminant present in the environment in different oxidation states (Hg 

(0), Hg (I) and Hg (II)) and across a wide geographical range (Wiener et al., 2003). This heavy metal 

is emitted into the environment essentially through anthropogenic sources (waste incineration, 

fossil fuel combustion, industrial processes, artisanal and small-scale gold mining), although it can 

also be released through wildfires, permafrost, activity volcanic, wetlands, among other natural 

sources (Wiener et al., 2003; Driscoll et al., 2013). In the atmosphere, elemental mercury, Hg(0), 

has a high residence time, around 1 year, allowing it to be transported over long distances by 

atmospheric movements and deposited in remote and distant areas far from its emission source 

(Driscoll et al., 2013). 

Wetlands are very productive ecosystems supporting high levels of biodiversity, but they 

also act as mercury sources and sinks (Tjerngren et al., 2012). In these and other aquatic 

ecosystems, the inorganic mercury deposited in anoxic sediments is converted by sulphate-

reducing bacteria into methylmercury, which is the most toxic and bioavailable organic form in 

the environment (Wiener et al., 2003; Tjerngren et al., 2012). Methylmercury is a very hazardous 

substance with very slow environmental degradation. Furthermore, it enters the food chain 

mainly through the ingestion of food, being highly bioaccumulated across organisms and 

biomagnified along the trophic chain, with organisms of higher trophic levels usually displaying 

higher concentrations of mercury than those of lower levels (Wiener et al., 2003; Lavoie et al., 

2013). Given the large accumulation of mercury due to runoff, and the high production of 

methylmercury in wetlands the organisms that occur in these habitats are very vulnerable to the 

exposure of mercury and its associated effects. 

In birds, mercury accumulation can lead to several adverse and sublethal effects including 

reduced reproductive success, neurological effects, behavioural changes, physiological effects, 

and dysfunction of the endocrine and immune systems (Wolf et al., 1998; Seewagen, 2010; 

Whitney and Cristol, 2017). Some of these effects might cause a reduction in the bird's body 

condition and fitness. Although mercury's impacts on migration are still poorly described, it may 

interfere in several important aspects of migration, such as navigation (e.g., effect on the brain 

regions that process geomagnetic information), flight endurance (e.g., reduced haemoglobin 

production limits mitochondrial energy production), refuelling in stopover (e.g., motor skill 
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impairment reduces foraging efficiency and the inactivation of enzymes involved in lipogenesis 

reduces fattening rate) and oxidative balance (e.g., high production of reactive oxygen species) 

(Seewagen, 2018). These can lead to carry-over effects such as reduced body condition, delayed 

arrival to breeding/wintering grounds as well reduced access to high quality habitats and mates 

(Seewagen, 2018). Despite being mostly documented in non-migratory species, such effects 

provide some evidence that the accumulation of this heavy metal may possibly impair migratory 

performance by compromising its success and even affect the bird's survival (Seewagen, 2018; 

Seewagen et al., 2019).  

Shorebirds (also called waders) are very vulnerable to mercury accumulation as they inhabit 

a wide variety of wetlands, feed on invertebrates that tend to accumulate mercury, and occupy 

intermediate/high trophic levels in the trophic chain. Furthermore, they are long-distance 

migrants using several stopovers in wetlands along the migration routes between breeding and 

wintering areas which, make them very susceptible to experience different levels of mercury 

pollution (Lucia et al., 2014; Perkins et al., 2016; Su et al., 2020). The high food consuption in 

preparation for migration, both at winter and stopover site promote the ingestion, and 

consequently accumulation of large amounts of mercury. Along with other threats specially 

habitat loss, the exposure to contaminants, including heavy metals, may play an important role in 

the decline of shorebirds populations (Hargreaves et al., 2010; Sutherland et al., 2012; Burger et 

al., 2018). Given their conservation status, wide distribution, their known molt and migratory 

patterns, and also for being sensible to environmental changes, shorebirds have been used as 

bioindicators in several studies and biomonitoring programs (Burger et al., 2018).  

As most organisms, shorebirds become exposed to mercury during feeding through the 

ingestion of food items, water, and sediment particles. Inhalation, direct contact with dust and 

atmospheric deposition in the bird's body are other possible routes of contamination (Burger and 

Gochfeld, 2001). Once ingested mercury integrates the bloodstream and is distributed to different 

internal organs (e.g., kidneys, muscle, and liver), where it accumulates over time. It can also be 

allocated to other tissues (specifically feathers, beak, claws), throughout which it can be 

eliminated (Furness, 1993; Agusa et al., 2005; Grajewska et al., 2019). Several physiological and 

biological aspects such as age, moult patterns, body size, food habits, and sex can influence the 

exposure, accumulation of mercury in birds (Honda et al., 1986; Eagles-Smith et al., 2009; 

Hartman et al., 2017). According to some authors, certain species of Procellariiformes are even 

capable of demethylating mercury into less toxic forms in the liver (Thompson et al., 1993). 
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Besides the aforementioned pathways for mercury excretion, females can also eliminate it 

through eggs. Eggs, feathers, faeces, and other tissues (e.g., blood) are excellent biomonitors of 

environmental contamination as these can be used as a biological matrix to access mercury levels 

in the organisms (Burger 1993; Furness 1993). Quantifying mercury levels in these different 

tissues provides information about exposure at a certain time, i.e., when the tissue was 

metabolically active, however, for a correct interpretation it is important to understand some 

aspects of the bird’s biology and ecology such as its moulting patterns, diet, habitat use, etc 

(Burger, 1993; Furness, 1993).  

Feathers have been used extensively in the assessment of heavy metals levels in birds. Its 

use is very advantageous for several reasons: 1) it is a non-invasive method, thus avoiding 

harming the individual; 2) feathers are easy to collect and store; 3) allow to carry out long-term 

studies; 4) have a significant and stable amount of mercury and sometimes highly correlated with 

internal organs (Burger, 1993; Rutkowska, 2018). Feathers are the main pathway of elimination 

and sequestration of mercury in birds, accumulating 70 to 90% of the bird's body load. This large 

proportion is essentially due to the great affinity of methylmercury with the sulfhydryl groups of 

the keratin protein, which is the main constituent of feathers (Honda et al., 1986; Braune and 

Gaskin, 1987). Mercury levels in feathers reflect the exposure and body burden during the period 

of moult (Burger, 1993; Dauwe et al., 2003). If moulting schedule and location of moult are 

known, feathers will provide information about the contamination in the moulting area. In 

shorebirds, two moult periods per year occur: a pre-breeding moult (body feathers moult); and a 

post-breeding moult (body and flight feathers). Both occur mainly in the wintering areas, although 

some birds may occasionally start moulting before post-nuptial migration (Newton 2009). During 

moult, the growing feathers are irrigated via functional blood vessels that allow the mobilization 

of mercury accumulated since last moult, from the blood and internal organs into the feathers 

(Furness et al., 1986; Burger, 1993). As the mercury is transferred to the feathers, the internal 

loads decrease. When the feather is fully developed, it becomes metabolically inert and 

endogenous accumulation of contaminants is stopped due to the atrophy of the small vessels and 

the consequent interruption of the blood flow (Burger, 1993; Dauwe et al., 2003). From that 

moment, mercury concentrations in feathers remain stable thus reflecting blood levels during the 

period of feather growth. After completing moult any increase in mercury levels that may occur in 

feathers, is the result of external contamination (e.g., Atmospheric deposition) (Braune and 

Gaskin, 1987; Dauwe et al., 2003). Individual feather concentrations can be influenced by the 

moulting sequence as the first grown feathers tend to have a greater load and may better reflect 
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the levels accumulated in the internal organs between moults (Furness et al., 1986; Lewis and 

Furness, 1991; Dauwe et al., 2003). 

Eggs are also an important excretory route of contaminants for females, and both contents 

and shells of eggs are very useful to assess the maternal mercury burden (Furness, 1993; Agusa et 

al., 2005; Kenney et al., 2018). The eggs of migratory shorebirds are formed essentially with 

nutrients obtained in the nesting territories (Klassen et al., 2001; Morrisson and Hobson, 2004). 

During egg formation, mercury is mobilized to the different components of the egg (i.e., yolk, 

albumen, eggshells and membranes). Therefore, the concentrations of mercury present in the egg 

reflect the maternal blood levels and consequently, recent dietary and local exposure days before 

laying the egg (Furness, 1993; Brasso et al., 2012; Peterson et al., 2017). Lewis et al., 1993 

estimated that female might eliminate 20% more mercury through eggs than males, explaining in 

some cases the differences between sexes, in which males have higher concentrations of mercury 

than females. The use of eggshells for assessing mercury levels instead of egg content brings some 

advantages, as it is a non-invasive method that has no impact on reproduction and is easy to 

collect and store. 

Although faeces are used to a much lesser extent than eggshell and feathers, they are also a 

excretation pathway of heavy metals, including mercury (Lewis and Furness, 1991). Faeces are a 

very sensitive indicator to environmental contamination as are diretly linked to food sources, 

beeing therefore a good biomonitor of pollution. Mercury concentrations in faeces reflet 

essentially the levels in non absorved food items but can also have some mercury previously 

accumulated in body tissues (Lewis and Furness, 1991; Dauwe et al., 2004; Kenney et al., 2018). 

The assessment of mercury levels in shorebirds and other birds has been carried out in 

several regions of the globe. However, most were performed in wintering and breeding 

populations from temperate wetlands and polar regions of the Northern Hemisphere (Burger, 

1993; Seewagen, 2010). Little is known about the exposure of shorebirds that winter in tropical 

wetlands, where there is little environmental supervision, and emissions are thought to have 

increased (Seewagen, 2010). Tagus Estuary and Bijagós Archipelago are two important temperate 

and tropical wetlands respectively, for migratory shorebirds as wintering grounds and stopovers. 

High mercury levels have been recorded in Tagus Estuary, which has a strong anthropogenic 

influence, and therefore shorebirds might be very vulnerable to mercury contamination (Figueres 

et al., 1985; Cesário et al., 2016). Despite of the low human pression and pollution in Bijagós 

Archipelago there is no information, to our knowledge, about mercury levels in shorebirds 
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wintering in this tropical region. Thus, it is crucial and urgent to investigate the levels of mercury 

in both wetlands to know the risk that birds and other organisms may be. 

The main objectives of this work were to: a) determine and compare the levels of mercury 

in the freshly grown feathers of shorebirds wintering in the Tagus Estuary and the Bijagós 

Archipelago; b) investigate and compare the mercury levels eliminated through eggshells of 

Himantopus himantopus and Charadrius alexandrinus nesting in saltpans of the Tagus Estuary and 

the Ria de Aveiro; c) explore the detection capacity and seasonal variation of mercury levels 

excreted by H. himantopus in faeces during winter and breeding season.  

Given the high industrial activity, and the consequent high emissions to the environment, in 

temperate developed zones, we expect shorebirds populations in the Tagus Estuary to show 

higher mercury concentrations in their feathers than those of the Bijagós Archipelago, in tropical 

West Africa. We aim to test the null hypothesis that there are no differences on mercury levels in 

shorebirds between these wetlands. For shorebirds breeding in temperate wetlands, their diet 

and foraging locations are likely to influence mercury load. Birds that feed more on the aquatic 

environment and have a diet based on polychaetes, molluscs and other benthonic invertebrates 

tend to have higher mercury levels than birds that feed on more inland sources and may also feed 

on plant material. Since there may be interspecific differences in diet and feeding areas, we 

expect differences in mercury concentrations between shorebirds species and test the null 

hypothesis that mercury concentrations do not vary among species either for eggshells (breeding 

season) and feathers (non-breeding season). Birds excrete most mercury during seasonal events 

such as moult and reproduction through eggs. Thus, we expect seasonal variation in the mercury 

concentrations in faeces, particularly before moult and egg formation which may have higher 

levels than during or recently after these periods. Therefore, we tested the null hypothesis that 

there is no seasonal variation in mercury concentrations in H. himantopus faeces. 
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2) MATERIAL AND METHODS 

2.1) Study areas 

This study was carried out with samples collected in three wetlands of great importance for 

shorebirds, along the East Atlantic Flyway: the Ria de Aveiro and the Tagus Estuary - two 

temperate wetlands located in Portugal; and the Bijagós Archipelago – a tropical wetland located 

in Guinea-Bissau (Delany et al., 2009) (Fig. 1). These temperate and tropical wetlands differ in 

terms of industrial development, population density, climate, and other factors. 

 

2.1.1) Ria de Aveiro 

The Ria de Aveiro, located in northwest Portugal, is a coastal lagoon composed of a 

complex network of channels and permanently linked to the sea by an artificial channel (Dias et 

al., 1999). Considered as the most extensive lagoon system in Portugal, it extends for 45 km along 

the coast and comprises a water free area of about 66 and 83 km2 during high and low tide, 

respectively. The predominantly semidiurnal tides, with a mean range of 2m, vary between 0.6m 

during neap and 3.3m during the spring tide (Dias et al., 1999). The average depth is 3m, although 

its larger in some navigation channels, where it reaches 28m (Dias et al., 1999; Picado et al., 

2010). It comprises several habitats such as intertidal mudflats, extensive saltmarshes and reeds, 

saltpans, among others (Dias et al., 1999; Picado et al., 2010). With a population of about 300,000 

inhabitants in its surroundings, the Ria de Aveiro supports several anthropogenic activities such as 

agriculture, boats and industrial activities. Many of these contributed to the degradation and 

East Atlantic Flyway 

Portugal 

Guinea-Bissau 

Figure 1: East Atlantic Flyway used by migratory birds including shorebirds. (Image from: 
https://imrama.eu) 
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heavy metal contamination of the local environment for decades (Dias et al., 1999; Silva et al., 

2010).  

The great variety of habitats makes the Ria de Aveiro an important area for waterbirds, 

frequently hosting about 20,000 individuals with great emphasis on shorebirds. This wetland 

constitutes one of the main wintering and stopover areas in the Iberian Peninsula for migratory 

shorebirds, supporting more than 1% of the European wintering populations of some species 

(Morgado et al., 2009). Ria de Aveiro is also an import nesting ground for some species such as H. 

himantopus, C. alexandrinus and Sterna albifrons which nest in saltpans (Morgado et al., 2009, 

Múrias et al., 2017). Due to its high value for the conservation of waterbirds and critical habitats, 

the Ria de Aveiro is recognized as a wetland of international importance under the Ramsar 

Convention and classified as SPA (Special Protection Area – PTZPE0004) by the EU Birds Directive, 

and as SCI (Site of Community Importance) within the framework of the Natura 2000 network. 

2.1.2) Tagus Estuary  

The Tagus Estuary, located in the southwest of Portugal, is the largest wetland in the 

country and one of the largest estuaries on Western Europe. This estuarine system comprises an 

area of 320 km2 extending over 40km and is subject to semi-diurnal tides with a tidal range 

between 1.5 to 3.5m during neap and spring tides respectively (Gutiérrez-Estrada et al., 2008). 

The intertidal area covers approximately 40% of the estuary's total area, and it is composed 

mainly by extensive mudflats and smaller sandflats, which are surrounded by extensive 

saltmarshes, beaches, and in some places by urban areas and large agricultural fields (Gutiérrez-

Estrada et al., 2008). Estuarine margins are very humanized and have a high industrial and urban 

development, housing several industrial complexes and about 3,5 million people live around this 

estuary (INE, 2021). Until recently, the Tagus Estuary was the endpoint of industrial and domestic 

waste discharges increasing the level of pollutants and organic matter in certain zones of the 

estuary and, in some cases, increasing the densities of tolerant macroinvertebrates with nutrient 

inputs (Gaudêncio and Cabral, 2007; Alves et al., 2012). 

It is one of the most important wintering and staging grounds for waterbirds and shorebirds 

across the East Atlantic Flyway, harbouring about 200,000 shorebirds during winter and more 

than 1% of the wintering population of several species such as Calidris alpina, Limosa limosa and 

Pluvialis squatarola (Delany et al., 2009; Catry et al., 2011). Similarly to Ria de Aveiro, saltpans of 

Tagus Estuary are important nesting grounds and high-tide roots for several shorebirds. However, 

during the last three decades, there has been declining trends in shorebirds populations using the 

high-tide roosts in the estuary (Catry et al., 2011). Due to its ecological relevance and the 
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significant numbers of waterbirds supported throughout the year, the Tagus Estuary is classified 

as a wetland of international importance under to the Ramsar Convention and designated in 1994 

as an SPA (Special Protection Area) for birds under the European Union Birds Directive 

79/409/EEC. Previously, in 1976, the northern part of the estuary was classified as Natural 

Reserve with an area of 142 km2. 

2.1.3) Bijagós Archipelago 

The Bijagós Archipelago, located on the African Atlantic Coast, is formed by a group of 88 

islands and islets relatively close to the coast of Guinea-Bissau and it comprises a total area of 

2,624 km2 (Catry et al., 2017). The intertidal area covers over 760 km2, during low tide, and is 

mostly composed of extensive intertidal flats, often covered by dense mangrove zones that 

comprise roughly 430 km2. Most of the islands are surrounded by these intertidal flats and 

bordered by mangroves (Catry et al., 2017). The archipelago has a population of 30,000 

inhabitants dispersed over 26 islands, and its economy is based on seafood harvesting, artisanal 

fishing and agriculture (Catry et al., 2017). The industrial activity and the anthropogenic impacts in 

the region are very low (Coelho et al., 2016). However, its proximity to mainland coast and Geba 

river estuary make it very vulnerable to pollutants from urban and agricultural areas from Guinea-

Bissau and other nearby countries. 

Bijagós is the second most important wetland in West African Coast for shorebirds 

migrating along the East Atlantic Flyway, holding around 700,000 to 900,000 shorebirds, that 

mostly originate from temperate and arctic regions in Europe and Russia, to spend the winter in 

this tropical region. For some species, it is the limit of their geographical range while others can 

travel all the way to South Africa (Salvig et al., 1994; Delany et al., 2009; Dodman and Sá, 2015). It 

also supports relevant breeding colonies of some waterbirds such as herons and sterns, 

highlighting the importance of this area for bird conservation. Its biodiversity, pristine areas and 

ecological relevance led to the classification in 2014 as a Ramsar site, as Biosphere Reserve by 

UNESCO in 1996, and the establishment of two National Parks (Orango in 1997, João Vieira in 

2000) and of the Community-Based Marine Protected Area at Urok in 2005. 

2.2) Sample collection and preparation 

2.2.1) Feathers 

Feathers were previously collected during the winter season in February 2012-2014 and at 

the end of winter, just before migration, in April 2019, at the Tagus Estuary and the Bijagós 

Archipelago respectively, by Tagus Ringing Group and another team in Bijagós. Shorebirds 
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captures were undertaken by mist-netting and cannon-netting  and breast feathers were 

collected and stored in properly identified polyethylene bags until lab treatment for analysis. 

Following sampling and measuring, all birds were marked with a metal ring and released. Breast 

feathers were selected because most were already moulted into pre-nuptial plumage reflecting 

the local exposure. Furthermore breast feathers represent better exposure than other feathers, 

are not influenced by moulting order and do not affect flight performance and thermoregulation 

(Furness et al., 1986; Burger, 1993). 

Before mercury analysis, feathers were subjected to a wash treatment. They were washed 

manually with tap water to remove gross particles and placed in an ultrasonic bath with deionized 

water for 5-10 minutes to remove any adherent external contamination. After that, feathers were 

dried at ambient laboratory temperature and washed for 24 hours in a solution of chloroform – 

methanol (2:1) to remove oils that could interfere with the mercury concentrations analysis. 

Feathers were then dried in an oven at 60 ⁰C for 24 to 48h. After this wash treatment, the 

feathers of each bird were cut into small pieces of ca. 1-5mm to produce a homogeneous sample. 

To facilitate cutting procedure, feathers were moistened with ethanol and in the end placed in 

Eppendorfs with proper identification and then dried in an oven during the night. Each sample 

was weighed to the nearest 0.001 mg with a micro balance (RADWAG-MYA 2.3Y) and placed in 

separately in a box with respective identification until mercury analysis. 

2.2.2) Eggshells 

The eggshells of H. himantopus and C. alexandrinus were collected in the saltpans of the Ria 

de Aveiro during the nesting period: April to June of 2020. Eggshells from Tagus Estuary were 

collected by Tagus Ringing Group. Eggshells from hatched chicks were selected to avoid any 

impact on  breeding performance of H. himantopus and C. alexandrinus. Once located, nests of 

these species were marked with small plastic tags for individual identification and were 

monitored during the breeding season to confirm hatching and collect eggshells before parental 

removal. Upon nest discovery, incubation length and embryonic development were determined 

using an egg flotation method described by Liebezeit et al., (2007) specifically for shorebirds, and 

each egg of a nest was numbered with a pencil. At the end of the incubation period, several 

eggshell fragments were collected and placed in polyethylene sachets properly identified. In the 

Tagus Estuary, eggshells from an egg of each clutch was collected at random from predated or 

flooded nests of these two species. 

In the laboratory, eggshells were washed vigorously with deionized water, with the help of 

a soft brush to remove any internal and external contamination. Following wash, they were 
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placed in the oven at 60 ⁰C for 24h to dry. The samples include the inner membrane due to the 

difficulty in remove it from the eggshell. Since the laying order of eggs from the Tagus Estuary was 

unknown, an attempt was made to replicate the sampling by selecting 1 egg from each nest in the 

Ria de Aveiro, using a random sample generator. Finally, eggshells of the eggs previously selected 

were crushed using an agate mortar, weighed to the nearest 0.01 mg directly in nickel boats with 

an analytical balance (AND GH – 252), and placed in the mercury analyser for mercury 

quantification. 

2.2.3) Faeces 

Faeces of H. himantopus were collect monthly at Salina da Troncalhada in Ria de Aveiro, 

from October 2019 to May 2020, except April due to strict lockdown measures imposed that 

month due to COVID-19 pandemic. Due to flooding of saltpans, some sampling days were 

cancelled and rescheduled for the following days, always attempting to keep regular intervals 

between monthly samples. During October, six field visits were performed to understand which 

dry sections of the saltpan were used most by the target species and suitable for sampling. Once 

determined, in the beginning of each sampling day these sections were cleaned with a broom to 

remove any waste and older faeces that might be present. Then, individuals of H. himantopus 

were observed for up to one hour exclusively using the previously cleaned areas and at the end 

this period, fresh excrements were collected into an Eppendorf. Number of collected samples per 

month averaged 3.7 ± 0.1 (range: 3-5). 

After collection, the samples were frozen. Then the Eppendorfs were punctured and 

immediately placed in the lyophilizator (Telstar- LYOQUEST- 80% Plus Eco) for 48h, to dehydrate 

the samples at high pressure. Each sample was then grounded with an agate mortar and weight 

to the nearest 0.01 mg, in nickel boats, with an analytical balance (AND GH - 252) being ready for 

mercury analysis. 

2.3) Mercury analysis 

All samples were analysed for total mercury because 80-90% of the mercury present in 

birds’ tissues is in the form of methylmercury. Mercury concentrations were determined by 

atomic absorption spectrophotometry with thermal decomposition using an advanced mercury 

analyser (LECO AMA 254) with a detection limit of 0.02 ng Hg. Inside the equipment, the samples 

pass through a combustion tube with an oxygen flux where they are dried first at 120 ⁰C and then 

thermally decomposed at 750 ⁰C. The resulting gases are transported over the catalyst, by oxygen 

carrier gas, being the impurities removed in the catalytic section and the mercury vapor 
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sequestered in a gold amalgamator. Then, this amalgam is heated approximately to 900 ⁰C 

releasing Hg vapor to the detection complex and subsequent quantification system. Finally, 

mercury is quantified by atomic absorption spectrophotometry in a UV radiation detector at 

253.6 nm and the results sent to the software (Costley et al., 2000).  

At least three replicates were made for each sample until an RSD – residual standard 

deviation – of below 5% was achieved. A set of blanks (1 manual and 2 internal) were run before 

and after each sample to eliminate any internal contamination of residual mercury in the 

equipment that could influence the results of the following samples. Blanks were performed until 

the values obtained were always below the detection limit (0.01 ng Hg). Accuracy and quality of 

this method were checked daily by carrying out an analytical quality control that consisted of the 

analysis of certified reference material DOLT-5 (Dogfish liver: certified value = 0.44±0.18 ppm) 

according to the same conditions as the samples. Total mercury concentrations in this study are 

expressed in ppm and given on a dry weight (dw).  

2.4) Data analysis  

The data analysis was done using the software RStudio (version 1.3.1093). The normality of 

the distribution and the homogeneity of the variances were first examined with the Shapiro-Wilk 

and Levene tests, respectively. Normality was also visually checked using plot (QQ plot). Intra and 

inter specific differences were investigate for eggshells and feathers. Non-parametric procedures 

(Mann-Whitney tests) were applied to assess potential differences on eggshells mercury 

concentrations between C. alexandrinus and H. himantopus, and for this last species between 

wetlands during the breeding season. Since C. alexandrinus data followed a normal distribution, a 

T-test was used for intraspecific comparison. Relatively to feathers collected during the non-

breeding season, data and/or residuals did not meet the assumptions of normality and 

homogeneity and therefore, were transformed by a logarithmic transformation (Log10). To assess 

whether there were significant differences in mercury concentrations in feathers among species, 

a parametric analysis of variance, One-Way ANOVA, was applied to species sampled on each 

wetland. A Two-Way ANOVA, was used for a subset of samples for species sampled in both 

wetlands, using species and wetland as fixed factors. For faeces samples, an One-Way ANOVA was 

performed to assess possible season variations. Each significant ANOVA test was followed by 

Tukey’s Multiple Comparison of means tests (HSD), to further explore the significant differences 

among groups (i.e. distinguish significant differences among groups). The results were given with 

arithmetic mean ± SE for all analyses and the significant level was considered at 0.05%. 
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3) RESULTS 

3.1) Mercury concentrations in shorebird’s feathers 

A total of 125 feathers of 10 shorebirds species, wintering at Tagus Estuary (n=57) and 

Bijagós (n=68), were analysed for total mercury concentration. Not all species are present in both 

wetlands and the number of feathers sampled for each species and wetland varied. The mean 

mercury concentration and their respective standard deviation and ranges are showed in Table 1. 

Overall, in this study, mercury concentrations on shorebird feathers ranged, individually, from 

0.803 to 13.995 ppm dw on Tagus Estuary and from 0.540 to 4.229 ppm dw on Bijagós (Tab. 1).  

 

Calidris alba 9 5.947 ± 0.361 10 0.966 ± 0.074 < 0.001

(4.756 - 8.337) (0.634 - 1.301)

Calidris canutus 10 3.542 ± 0.384 8 1.374 ± 0.122 < 0.001

(1.548 - 5.198) (1.023 - 1.984)

Charadrius hiaticula 9 4.605 ± 0.560 6 1.223 ± 0.100 < 0.001

(2.873 - 6.820) (0.936 - 1.643)

Tringa totanus 9 9.918± 1.166 10 2.338 ± 0.188 < 0.001

(4.165 - 13.995) (1.145 - 3.226)

Calidris alpina 10 3.289 ± 0.306

(1.882 - 5.455)

Limosa limosa 10 2.106 ± 0.215

(0.803 - 3.136)

Actitis hypoleucos 9 2.773 ± 0.261

(1.756 - 4.229)

Arenaria interpres 8 2.193 ± 0.145

(1.617 - 2.784)

Calidris ferruginea 10 1.251 ± 0.114

(0.540 - 1.899)

Pluvialis squatarola 7 0.932 ± 0.139

(0.591 - 1.559)

Species n

Tagus Estuary Bijagós Archipelago

p-valueMean ± SEnMean ± SE

Table 1: Mercury concentrations (mean ± standard error and range; ppm dw) in feathers of 
wintering shorebirds from Tagus Estuary and Bijagós Archipelago. P-values of Post Hoc Test (Tukey 
HSD) are also presented for intraspecific differences in mercury levels of shorebirds in both 
wetlands. Significant differences (p-value < 0.05) are in bold. 
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3.1.1) Tagus Estuary 

The feathers sampled in Tagus Estuary belong to 5 shorebird species (Calidris alpina, 

Calidris alba, Charadrius hiaticula, Tringa totanus and Limosa limosa). The highest mean mercury 

level was recorded for T. totanus (9.918±3.499 ppm dw) while L. limosa had the lowest 

(2.106±0.681 ppm dw) (Tab. 1; Fig. 2). There were significant differences in feathers mercury 

concentrations among species (F(5, 51) = 22.479, p-value < 0.001). Pair-wise comparisons (Tukey 

HSD) indicated several significant differences between species (Tab. 2), with mercury levels in L. 

limosa feathers being significantly different from all 4 other species from Tagus Estuary. T. totanus 

displayed mercury concentrations significantly different than all other species, except C. alba (Fig. 

2). Furthermore, there was some species for which no differences were detected (Fig. 2; Tab. 2).  

  

  

Figure 2:Variation of mercury concentrations (ppm dw) in feathers of wintering 
shorebirds from Tagus Estuary. The boxplots show median values (middle of the 
boxes), lower and upper quartiles (top and bottom of boxes) and minimum and 
maximum values (the whiskers), excluding outliers which are presented as the points 
above the boxes. Different letters represent significant differences (p-value < 0.05) 

from Post Hoc Test at α = 0.05. For statistical p-values between species please look to 

table 2. 
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3.1.2) Bijagós Archipelago 

The feathers sampled in Bijagós belong to 8 wintering shorebird species (Calidris ferruginea, 

Calidris alba, Charadrius hiaticula, Tringa totanus, Arenaria interpres, Actitis hypoleucos, Pluvialis 

squatarola and Calidris canutus). A. hypoleucos had the highest mean mercury concentration 

(2.773±0.261 ppm dw), whereas the lowest was recorded for P. squatarola (0.932±0.139 ppm dw) 

(Tab.1; Fig. 3). The results from One-Way ANOVA indicated highly significant differences in the 

average concentrations of mercury amongst species (F(7, 60) = 19.694, p-value < 0.001). Through 

the Tukey post-hoc test (HSD), it was possible to observe the existence of two groups overall (Fig. 

3; Tab. 3). The species A. interpres, A. hypoleucos and T. totanus did not show significant 

differences in their mercury concentrations but were significantly different from all other species. 

A similar pattern occurred for the other 5 species, which showed no differences among them 

(Tab. 3).  

  

Table 2: Tabuled p-values of Post Hoc Test (Tukey HSD) for interspecific differences in feathers mercury 

levels of shorebirds wintering at Tagus Estuary.  ( ) = p-value ≥ 0.05, * = p-value  < 0.05, ** = p-value < 

0.01, *** = p-value < 0.001. Significant differences are in bold. 

Species

0.455
*

0.074

< 0.001
***

< 0.001
***

0.010
*

0.547
``

0.999
*

0.372
**

0.004
**

T. totanusC. albaC. hiaticulaC. canutusC. alpinaL. limosa

-

-

-

-

-

-

< 0.001
***

< 0.001
***

< 0.001
***

< 0.001
***

0.019
**

0.042
*

-

T. totanus

C. alba

C. hiaticula

C. canutus

C. alpina

L. limosa

-

-

- -

-

-

-

-

-

- -

-

-

-
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Figure 3: Variation of mercury concentrations (ppm dw) in feathers of wintering shorebirds 
from Bijagós Archipelago. The boxplots show median values (middle of the boxes), lower 
and upper quartiles (top and bottom of boxes) and minimum and maximum values (the 
whiskers), excluding outliers which are presented as the points above and bellow the 
boxes. Different letters represent significant differences (p-value < 0.05) from Post Hoc Test 

at α = 0.05. For statistical p-values between species please look to table 3. 

Table 3: Tabuled p-values of Post Hoc Test (Tukey HSD) for interspecific differences in feathers mercury 

levels of shorebirds wintering at Bijagós Archipelago. ( ) = p-value ≥ 0.05, * = p-value  < 0.05, ** = p-

value < 0.01, *** = p-value < 0.001. Significant differences are in bold. 
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3.1.3) Tagus Estuary vs Bijagós Archipelago  

The species that winter in both wetlands were: T. Totanus, C. hiaticula, C. canutus and C. 

alba (Tab. 1). Overall, the ranges of mercury levels were higher for Tagus Estuary than Bijagós 

Archipelago and the Two-Way ANOVA indicated significant differences in mercury concentrations 

both at the level of species (F(3, 63) = 14.102; p-value < 0.001) and wetland (F(1, 63) = 167.364; p-

value < 0.001). The interaction between these two factors also significant (F(3, 63) = 7,007; p-value 

< 0,001), indicated that differences are not identical between the two factors (species and 

wetland). Mercury levels on feathers were significantly higher in the Tagus Estuary than in the 

Bijagós Archipelago for all species. (Tab. 1; Fig. 4). T. totanus had the highest mean level of 

mercury in both wetlands whereas the species. C. canutus showed the most similar 

concentrations between wetlands (Fig. 4).  

Figure 4:Variation of mercury concentration (ppm dw) in shorebird feathers between their 
wintering grounds. The boxplots show median values (middle of the boxes), lower and upper 
quartiles (top and bottom of boxes) and minimum and maximum values (the whiskers), 
excluding outliers which are presented as the points above and bellow the boxes. Different 

letters represent significant differences (p-value < 0.05) from Post Hoc Test at α = 0.05. For 

statistical p-values of intraspecific differences look at table 1 . 
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3.2) Mercury concentrations in eggshells 

A total of 46 eggshells of H. himantopus (n = 26) and C. alexandrinus (n = 20), from the 

saltpans of Tagus Estuary and Ria de Aveiro, were collected and analysed. The mean mercury 

concentrations detected in the eggshells of the two species, and the respective standard error 

and ranges are presented in Table 4. The concentrations ranged between 0.004 to 0.063 ppm dw 

for H. himantopus and 0.004 to 0.069 ppm dw for C. alexandrinus. According to the Shapiro-Wilk 

test (W) and QQ plot, only C. alexandrinus data followed a normal distribution (p-value > 0,05).  

 

3.2.1) Intraspecific differences 

The eggshells of the C. alexandrinus from Tagus Estuary showed slightly higher mercury 

levels than those from Ria de Aveiro. However, no significant differences were found between the 

eggshells sampled in the two wetlands (t(18) = 0.308; p-value = 0.762) (Tab. 4; Fig. 5). The same 

pattern occurred in the case of H. himantopus. The average mercury concentrations of H. 

himantopus eggshells from Tagus Estuary saltpans were two times higher than those from Ria de 

Aveiro and in this case, the Mann Whitney test indicated that these were significantly different (W 

= 45, p-value = 0.046) (Tab. 4). 

  

Charadrius alexandrinus 10 0.034 ± 0.006 10 0.037 ± 0.006 0.762

(0.012 - 0.069) (0.013 - 0.069) 

Himantopus himantopus 14 0.018 ± 0.004 12 0.009 ± 0.002 0.046

(0.004 - 0.063) (0.003 - 0.030)

p- valueMean ± SEnMean ± SEnSpecies

Tagus Estuary Ria de Aveiro

Table 4:Mercury concentrations (mean ± standard error and range, ppm dw) in eggshells of C. 
alexandrinus and H. himantopus from Tagus Estuary and Ria de Aveiro. P-values of T-Test and Mann-
Whitney test are presented for intraspecific differences of C. alexandrinus and H. himantopus 
respectively . Significant differences (p-value < 0.05) are in bold. 



18 
 

3.2.2) Interspecific differences 

In both wetlands, C. alexandrinus showed higher amounts of mercury on their eggshells 

than H. himantopus (Fig. 5). Mann-Whitney (W) non-parametric tests, indicated that the mercury 

levels present in eggshells of the two species were significantly different in both wetlands (p-value 

< 0.05 in both cases). The difference in average values between species found in both Ria de 

Aveiro (W = 112, p-value <0.001) than in Tagus Estuary (W = 108, p-value = 0.026). In Ria de 

Aveiro, C. alexandrinus had an average mercury concentration 4 times higher than the one 

observed for H. himantopus, whereas in the Tagus Estuary it was only 2 times higher (Fig. 5).   

 

3.3) Mercury concentrations in faeces 

A total of 26 faecal samples of H. himantopus were collected at the saltpans of Ria de 

Aveiro across a 7 month period. Mean mercury concentrations ranged from 0.040 in October to 

0.085 ppm dw in February. The samples with the highest (0.171 ppm) and lowest (0.014 ppm) 

mercury values were collected in November and December respectively. All samples followed a 

normal distribution and homogeneity of variance. According to the ANOVA test there were not 

Figure 5: Variation of mercury concentrations (ppm, dw) in eggshells of H. himantopus 
and C. alexandrinus from Tagus Estuary and Ria de Aveiro. The boxplots show median 
values (middle of the boxes), lower and upper quartiles (top and bottom of boxes) and 
minimum and maximum values (the whiskers), excluding outliers which are presented as 

the points above the boxes. ( ) = p-value ≥ 0.05, * = p-value  < 0.05, ** = p-value < 0.01, 

*** = p-value < 0.001. 
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any significant differences on mercury concentrations between months (F(6 , 28) = 0.603 ; p-value = 

0.725) (Fig. 6). 

 

 

 

  

Figure 6: Variation of mercury concentrations (ppm, dw) in H. himantopus faeces 
between months. The boxplots show median values (middle of the boxes), lower 
and upper quartiles (top and bottom of boxes) and minimum and maximum 
values (the whiskers), excluding outliers which are presented as the points above 
the boxes. Different letters represent significant differences (p-value < 0.05) from 
Post Hoc Test at α = 0.05. 
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4) DISCUSSION 

4.1) Mercury levels in feathers 

Feathers proved to be a very useful tissue to assess mercury levels, presenting a large 

amount of this metal when compared to eggshells and faeces. Mercury levels in feathers reflect 

essentially the exposure during feathers growth but also the mobilization of mercury from 

internal tissues previously accumulated since the previous moult (Burger, 1993). Given that 

feathers examined in this study were sampled in second part of winter and shorebirds moult 

mainly on the winter grounds, mercury levels reported reflect mostly the exposure in Tagus 

Estuary and in Bijagós Archipelago. The results and comparisons with other studies must be 

interpreted carefully because mercury levels vary with feathers type and moulting sequence 

(Lewis and Furness, 1991). These factors were not a limitation since we used breast feathers 

which are not influenced by moulting sequence and are considered as the best feather type 

representative of mercury body burden.  

Despite such limitations, the values reported in the literature for shorebirds from other 

geographic areas, were much lower than those found in the Tagus Estuary. In contrast, the ones 

from Bijagós showed similar values to those reported elsewhere (see Tab. 5 in Appendix). Lucia et 

al., 2014 recorded mercury concentrations of 1.83±0.280 and 2.18±0.349 ppm dw for C. alpina 

and T. totanus at Pertuis de Charentais, in France. In the same region, L. limosa and C. canutus 

displayed mean concentrations of 1.11±0.115 and 1.26±0.27 ppm dw respectively (Lucia et al., 

2012). In Delaware Bay, Burger et al., 2015 reported concentrations of 0.428±0.058 for Calidris 

pusilla, 0.576±0.105 for C. canutus and 0.730±0.109 ppm dw for C. alba. In tropical areas, 

Fernández et al., 2018 reported levels of 1.98±0.06 ppm dw in Calidris maurii wintering at Sinaloa, 

Mexico. Despite the low values reported by these, high mercury levels were documented for 

several shorebird species in two tropical wetlands in India. Pandiyan et al., 2020 recorded mean 

concentrations of 5.50±0.44 for C. ferruginea, 6.01±0.50 for T. totanus, 8.30±0.33 ppm dw for C. 

hiaticula, among others. However, some species showed very low levels, namely Calidris alpina 

(0.50±0.07 ppm dw) and Tringa stagnatillis (0.05 ± 0.002 ppm dw). 

4.1.1) Tagus Estuary vs Bijagós Archipelago  

In this study, we found significant spatial differences in mercury levels, with all shorebirds 

wintering at Tagus Estuary showing higher feather mercury levels than their respective 

conspecifics wintering at Bijagós Archipelago. T. totanus from Tagus Estuary had almost 5 times 
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more mercury in their feathers than those from Bijagós. This is in line with our prediction that, 

mercury exposure in these wetlands differs. 

The differences found in this study might be related essentially to the discrepancies of 

mercury pollution and its bioavailability in these wetlands, resulting from different levels of 

human pressure, industrialization as well as abiotic conditions between wetlands. The Bijagós 

Archipelago is a little developed wetland, with relatively low human population, in which 

industrial activity is practically absent. This region is characterized by low levels of mercury in the 

environment. Coelho et al., 2016 recorded very low mercury concentrations on intertidal 

sediments (< 1-12ng/g) and in 2 bivalves species – Tagelus andosoni (0.09-0.12 μg/g dw) and 

Senilia senilis (0.12-0.14 μg/g dw) – which are consumed by shorebirds (Lourenço et al., 2017). 

The same authors concluded that mercury in the sediments is mainly of geogenic origin, reflecting 

thus the low anthropogenic and natural contamination status of the archipelago. The levels 

reported by Coelho et al., 2016 were very similar, or even below, to other west African coastal 

areas for both sediments and bivalves. Bodin et al., 2013 recorded for Petite Côte and the Sine 

Saloum Estuary (Senegal) mean mercury concentrations that ranged from 0.004 to 0.013 μg/g dw. 

Joiris et al., 1998 and Otchere, 2003 reported mercury levels of 0.02–1.3 μg/g and 0.06–0.34 μg/g 

dw, for S. senilis from Ghana and Nigeria, respectively. Conversely, Tagus Estuary is under strong 

human influence and one of the most contaminated with mercury in southern Europe. Two areas 

are identified as mercury hotspots, located at north channel (Vila Franca de Xira) and south 

margin (Barreiro), resulting from previous intense industrial activity (Figueres et al., 1985; Cesário 

et al., 2016). Fonseca et al., 2019 reported high mean mercury levels that ranged between 0.42-

0,62 μg/g dw in sediments, 0.03-0.15 μg/g dw in plants, 0.20-0.47 μg/g dw in invertebrates and 

0.15-1.03 μg/g dw in fish tissues. Boat’s activity and other activities such as large scale bivalve 

collection can promote the resuspension of highly contaminated sediments which with the tide 

can be transported and deposited over the estuary increasing the mercury in several areas 

including intertidal mudflats where shorebirds forage. Shorebirds uptake mercury mostly from 

preys but also from the sediment that is attached to them. Therefore, sediments might be an 

additional source of pollutants for shorebirds in contaminated areas such as Tagus Estuary.  

Shorebirds are very affected by food availability and some species show trophic plasticity 

being able to change their diet and habitat use across their range (Beninger et al., 2011; Quinn 

and Hamilton, 2012). Possible changes in trophic habits might have also contributed for 

geographical differences in feather mercury levels found in this study. Although there are no 

studies comparing the diets of wintering shorebirds between these wetlands, the analysis of 
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stable isotopes (δ15N and δ13C) allows to relate shorebird’s diet, trophic position and mercury 

uptake. Catry et al., 2016 showed that shorebird’s isotopic signatures and community structure 

varied geographically. Species from Tagus Estuary had higher δ15N levels than their conspecifics 

from other African wetlands, including Bijagós. Their result might suggest that species explore 

different food resources and shorebirds wintering Tagus Estuary feed on higher trophic levels 

(enhanced δ15N). Since many studies demonstrates that δ15N are positively correlated with 

mercury levels, it can be expected that higher mercury levels are recorded in shorebirds from 

Tagus Estuary. Therefore, both geographic differences in trophic resources use and local pollution 

levels, between wetlands explain the variations found in this study. 

Spatial variation of mercury and other heavy metals among tropical and temperate 

wetlands have been found by other authors. Burger and Gochfeld, 1991 examined feathers heavy 

metals levels on terns breeding at Great Barrier Reef (Australia) and near Culebra (Puerto Rico), 

and compared them with values reported for terns nesting at temperate regions, where these 

birds forage in estuaries close to industrialized areas. They found that only terns breeding at 

Australia showed lower mercury concentrations than those reported at temperate areas. Thus, it 

is not always the case that waterbirds in tropical areas display lower mercury levels. Furthermore, 

Burger et al., 2018 documented higher mercury levels in blood of C. pusilla overwintering at 

Suriname than at Delaware Bay, suggesting an higher exposure in the tropical grounds. Blood 

levels provide information about a recent and local exposure (i.e. smaller time window). The high 

concentrations in shorebirds from Suriname might be related to the illegal gold mining that occurs 

in that region, which has consequently contributed to the increase of mercury pollution in the 

environment. As these results do not match those in the present study, it seems that mercury 

exposure is not always greater in temperate areas and that industrialized or polluted regions may 

occur anywhere even in tropical and less developed regions. 

4.1.2) Interspecific differences  

As expected, mercury concentrations varied significantly among species in both wetlands 

suggesting that they were exposed differently to this pollutant. The cause of such variation is 

likely related to diet composition (prey types and sizes) and foraging habitats at these wetlands. 

Shorebirds species examined appear to have broadly similar diet, based on varying proportions of 

benthic invertebrates, and use mostly intertidal mudflats for feeding, but they can explore several 

ecological niches. The great variety of bill shapes and lengths, as well as body size, allows them to 

forage on specific prey, resulting in a partition of food resources in response to interspecific 

competition that occurs when they forage in large and mixed flocks in a given area (Bocher et al., 



23 
 

2014). For example, C. canutus is very specialized, foraging mainly on marine molluscs on 

intertidal mudflats, whereas T. totanus is a generalist species, consuming a great variety of prey 

and exploring several habitats (Masero and Pérez-Hurtado, 2001; Sánchez et al., 2005; Lourenço 

et al., 2017). In the Bijagós Archipelago, C. canutus keeps its relatively limited prey selection 

foraging exclusively of bivalves, particularly Dosinia isocardia while other species have a broader 

diet such as: T. tonanus, C. alba and C. ferruginea that beside bivalves, also consume polychaetes 

and crustaceans (Lourenço et al., 2017). These authors concluded also that fiddler crab is an 

important prey for most shorebirds in Bijagós, while polychaetes are very important for species as 

C. alba, C. ferruginea and C. hiaticula. Mercury levels in prey themselves can vary, for example 

between filter suspension or deposition feeding benthos, potentially contributing with different 

loads of mercury for birds resulting in the differences found in feathers.  

Shorebirds can also experience different exposures due to the wide range of foraging 

habitats that they use (intertidal mudflats, rocky/sandy beaches, salt marshes, mangroves, 

saltpans) where contamination might differ. Furthermore, shorebirds segregate spatially on 

foraging areas, occupying several micro-habitats within a habitat. Some species explore deeper 

waters while others spend most time on uncovered tidal flats. Others can even use more 

terrestrial habitats such rice-fields and wet grassland (although this is rare in south Europe and 

absent in West Africa). Upland areas typically have less methylmercury because methylation 

occurs primarily in aquatic environments (Wiener et al., 2003). Therefore, shorebirds exploring 

those areas might be less exposed to mercury contamination. Perkins et al., 2016 reported lower 

blood mercury values for shorebirds foraging at upland habitats than those at wet or aquatic 

ones. This might explain the low mean mercury concentration found, in this study, for L. limosa 

compared to the remaining species wintering at Tagus Estuary (Tab. 1; Fig. 2). It is known that this 

species, especially the subspecies L. l. limosa, uses rice-fields in the northern part of the Tagus 

Estuary particularly in late winter, where they forage essentially on rice seeds and other plant 

material (Lourenço and Piersma, 2008; Alves et al., 2010). Several studies have demonstrated that 

herbivorous species or organisms that have a diet rich in plant material tend to accumulate less 

mercury because they feed on lower trophic levels (Lucia et al., 2010). Mercury uptake by 

foraging on primary producers (i.e., lower trophic levels), which are the base of food chain, is 

lower than the uptake of foraging of primary/secondary consumers (i.e., higher trophic levels). 

For example, in Gironde Estuary, Anser anser, an herbivorous bird, had much lower mercury levels 

than P. squatarola and C. canutus (Lucia et al., 2010). The lower mercury levels found in L. limosa 

feathers, which were similar to those in shorebirds in Bijagós, could also reflect mercury exposure 
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in other wetlands, particularly along the African Coast, where this species also overwinter. It is 

possible that these individuals have spent the winter in african wetlands and when sampled in 

Tagus Estuary, were staging birds already migrating. 

The relation between variations in mercury levels and trophic positions has been previously 

investigated for shorebirds. Lucia et al., 2014 found that mercury and trophic levels differed 

between shorebirds species and were positively correlated. That study indicates that T. totanus 

had the highest trophic level and mean mercury level among the 4 species examined (L. limosa, C. 

alpina and C. canutus). According to Lucia et al., 2014, it appear that generalist species (e.g. T. 

totanus) tend to display higher mercury levels than specialized ones. Our results support this as T. 

totanus also showed the highest mercury levels in the Tagus Estuary, with those three same 

species also considered, and being significantly different from all of them. In the Bijagós it was 

also significantly higher than C. anutus (but not for A. interpres and A. hypoleucos). This suggests 

that T. totanus has a more diversified diet than these species and/or is consistently feeding at a 

higher trophic level across the flyway. 

4.2) Mercury in eggshells 

Eggshells are an additional excretion pathway of contaminants in females reflecting dietary 

exposure days prior to eggs laying (Burger, 1994). In most cases, the assessment of mercury in 

eggs is done in the contents (i.e., yolk and albumen) instead of eggshells because they have a 

greater amount of mercury and its levels can be used to infer possible reproductive effects 

(Hargreaves et al., 2010; Peterson et al., 2017). Brasso et al., 2012 found that 92% of total 

mercury in eggs were in albumen, while the remaining 6.7%, 0.9% and 0.4% belonged to yolk, 

shells and membranes respectively. Tavares et al., 2004 recorded for H. himantopus eggs, from 

several Portuguese wetlands, mercury concentrations from 0.04 to 1.13 μg/g dw which were 

higher than the values of eggshells found in our study. Compared to other values reported in the 

literature for eggshells of birds species, the mercury levels documented in the present study are 

within the range being similar to certain values (see Tab. 6 in Appendix). 

Acoording to our results mercury concentrations varied significantly between C. 

alexandrinus and H. himantopus and between wetlands for the last species. Similar results were 

observed in some studies but for adult and fledgling breast feathers. Pandiyan et al., 2020 found 

higher mercury levels in C. alexandrinus than H. himantopus feathers at two tropical wetlands in 

India. Tavares et al., 2004, documented significant differences on mercury levels of H. himantopus 

fledglings feathers between and within wetlands including Tagus Estuary saltpans and ricefields. It 

should be noted that due to birds’ mobility the mercury levels in eggshells might reflect exposure 
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not only on the nesting location (e.g., saltpans) but also in other areas that female used for 

feeding. The relatively low values found in the current study were expected since, unlike feathers, 

eggshells are not the main excretion route for mercury and about 95% of the eggshell consistes 

calcite. Despite the low contribution of eggshells in mercury elimination it can be a significant 

excretory pathway for other trace elements, especially Sr, Ba, Co, and Tl (Rodriguez-Navarro et al., 

2002; Agusa et al., 2005).  

4.2.1)Intraspecific differences 

Comparisons between wetlands showed only significant differences for H. himantopus. 

Eggshells collected in Tagus Estuary had twice as much mercury levels as those collected in Ria de 

Aveiro. This suggests that females of this species breeding on the Tagus Estuary are subject to a 

greater exposure to this pollutant.  

As in feathers, the intraspecific variations of mercury levels might be related to possible 

dissimilarities in mercury pollution between study areas, in this case Tagus Estuary and Ria de 

Aveiro. Both wetlands are under a strong anthropogenic influence with a history of agricultural 

/industrial waste discharges in the past and high mercury levels recorded in these systems. 

However, Tagus Estuary is situated in a very anthropogenic/industrialized and highly populated 

area. Furthermore, the proximity to emission sources can be higher. Therefore, the exposure and 

consequent risk of contamination to mercury as well as to other heavy metals might be greater 

than in Ria de Aveiro. Although, Tavares et al., 2004 did not find any significant differences in 

mercury levels of H. Himantopus eggs between wetlands (Tagus Estuary, Mondego Estuary, Sado 

Estuary and Formosa Lagoon), they did for fledglings body feathers, with fledglings from Tagus 

Estuary having higher mercury levels (2.8±1.8 µg/g fresh weight) than in the other wetlands. 

Futhermore it also varied between sites within Tagus Estuary and Formosa Lagoon which 

indicates localized contamination and that exposure can also vary locally (Tavares et al., 2004). 

Since the H. himantopus chicks are nidifugous and precocial, as well as those of C. alexandrinus, 

they are limited to food resources of nest area until they are fully fledged, thus providing 

information about exposure in the nesting territory, whereas eggshells provide information about 

overall exposure in saltpans as well as from surrounding areas (e.g. saltmarsh, intertidal mudflats) 

due to adults’ mobility.  

Besides environmental contamination, mercury levels in macroinvertebrates and insects 

consumed by H. himantopus and C. alexandrinus might differ between Tagus Estuary and Ria de 

Aveiro. Tavares et al., 2008 found significant inter-site variation for mercury concentrations in 

potential H. himantopus preys in which macroinvertebrates from Vau saltpans (Tagus Estuary) 
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had significantly higher levels than those from Vaia saltpans (Sado Estuary). Furthermore, mercury 

levels of macroinvertebrates were positively correlated with chicks’ feathers, and chicks from Vaia 

saltpan had lower mercury levels. The possible spatial variation in H. himantopus preys' mercury 

levels might have contributed to the differences observed for H. himantopus eggshells since only 

this species showed significant differences between the two wetlands, with the highest levels 

recorded for samples from Tagus Estuary. Overall the results suggest that dietary contamination 

might differ between wetlands and H. himantopus females from Tagus might forage on highly 

contaminated preys than those from Ria de Aveiro. In the other hand, the lack of significant 

differences for C. alexandrinus eggshells reflects a similar dietary exposure in both wetlands.  

4.2.2) Interspecific differences 

For both saltpans of Ria de Aveiro and the Tagus Estuary the mercury concentration in 

shorebirds eggshells varied significantly between species, with C. alexandrinus showing higher 

concentrations than H. himantopus. This suggests that females of C. alexandrinus were more 

exposed to mercury. The same pattern between these two species has been documented in 

previous studies on chicks body feathers sampled in saltpans (Tavares et al., 2009). Our results 

confirm that C. alexandrinus also has higher mercury concentrations on eggshells, which can be 

expected, as both the eggshell and its contents, that originate the embryo and chick, will receive 

similar levels of mercury from maternal input.  

Since eggs are formed from nutrients acquired by female in the breeding grounds before 

laying eggs, the variation in mercury levels in the eggshells between species are likely due to 

differences in diet and foraging habitats. Both species overlap on dietary range, but H. 

himantopus feeds mainly on insects (Coleoptera and Diptera) and some molluscs (Hydrobia sp.), 

while the C. alexandrinus feeds mostly on benthos: molluscs, crustaceans (Ostracoda), and 

polychaetes (Hediste sp), while also including insects (Coleoptera, Diptera, Lepidoptera) (Cuervo, 

1993; Perez-Hurtado et al., 1997; Pedro and Ramos, 2009). In fact, Perez-Hurtado et al., 1997 

explicitly assign H. himantopus to the group of species that consume primarily insects and C. 

alexandrinus to the group of shorebirds that consume primarily benthos. While in the proximity of 

the nest, the spatial use in the saltpans by these two species also differs, as H. himantopus use 

practically the entire area of the saltpans, foraging mainly in the inundated pans or other deeper 

areas which it can exploit due to its long legs whilst C. alexandrinus, due to its much shorter legs, 

only uses certain microhabitats in the saltpans, namely the dry edges of pans, or pans with very 

low water levels or dry. However, C. alexandrinus might also explore other areas near the saltpans 

such as saltmarshes and intertidal mudflats, where the marine influence and mercury availability 
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might be higher contributing therefore for a higher mercury uptake. Eagles-Smith et al., 2009 

explained that the differences on feather mercury levels between Himantopus mexicanus and 

Recurvirostra americana might be attributable to distinct microhabitat use. Before breeding 

season H. mexicanus uses more managed and muted tidal pickleweed marshes whereas R. 

americana uses tidal mudflats and marshes.  

As mentioned before for feathers, variation in mercury levels among species might be 

indicative of differences on trophic positions. Similar to our study but regarding body feathers of 

chicks sampled in the same habitat type (i.e. saltpans), Tavares et al., 2009 found significantly 

higher mercury concentrations for C. alexandrinus than for H. himantopus, Recuvirostra avosetta 

and Bubulcus ibis. However they didn’t find significant trophic differences between any of these 

species in the saltpans. But C. alexandrinus showed slightly higher N values than H. himantopus in 

C. Marim saltpans and Giganta ricefields. It is important to note that variations on heavy metal 

levels can occur within the same trophic level due to specific prey consumed. Tavares et al., 2008 

states that in the absence of trophic differences, the variation in mercury levels between these 

species might result from contamination status of their preys. Therefore this suggests that during 

pre-laying the foraging differences, with H. himatopus foraging mostly in insects and C. 

alexandrinus mostly on benthos, likely originated the higher levels of mercury on C. alexandrinus 

egg shells (and chicks). It also points towards the fact that insects in saltpans where H. 

himantopus feeds likely have lower mercury concentrations that benthos on intertidal sediments 

where C. alexandrinus feeds. 

4.3) Mercury in faeces  

Despite the low attention that faeces have received over the years, several studies have 

reveal its potential as a biological matrix in the assessment of heavy metals levels in birds and as 

an alternative suitable biomonitor tool (Yin et al., 2008, Signa et al., 2013). Faeces reflect 

essentially a recent dietary contamination, indicating metal levels in the remnants of multiple 

food items that were not fully digested, but also some mobilized from body tissues (Dauwe et al., 

2004; Morrisey et al., 2005; Kenney et al., 2018). The results showed that H. himantopus faeces 

contain detectable mercury, proving that are an elimination pathway that can be used as an 

environmental contamination matrix just as eggshells and feathers. Although it was expected 

lower levels during the breeding season as females may also eliminate mercury via eggs, or via 

feathers during moult prior to the breeding season, there was no significant difference between 

months, suggesting that contamination by mercury via food did not vary seasonally. A similar 

result was observed by Signa et al 2013 concerning Larus michahellis faeces, in which there was a 



28 
 

seasonal variation for all analyzed elements (As, Cd, Cr, Cu, Ni, Pb, V and Zn) except for mercury. 

On the other hand, Liu et al., 2019 found significant seasonal variation in droppings’ mercury 

levels of captive Nipponia nippon in China. Temporal variations in mercury and other heavy metal 

levels in birds over seasons or months may be attributed to and reflect: 1) changes in the species' 

diet (e.g. shift from preys of lower trophic levels to preys of higher ones) in response to several 

factors such as food availability, life cycle or energy demands, 2) variation in prey heavy metal 

levels; and 3) variation in the metals bioavailability in the environment (Berglund et al., 2005; 

Signa et al., 2013; Finger et al., 2017). The lack of significant temporal variations might be due to 

the small sample size used here and given the sampling protocol, it should also be noted that it is 

impossible to sample faeces from females only and only 1 month of breeding season was 

sampled.  

There is very little information about mercury levels in birds faeces. Overall mean mercury 

level in H. himantopus faeces recorded in this study (0.062 ± 0.008 ppm dw) were within the 

range reported in the literature (see Tab.7 in Appendix). Fu et al., 2014  and Wang et al., 2017 

recorded, lower concentrations for several crane species (0.018 to 0.028 ppm dw) and Cygnus 

cygnus (0.010 ppm dw). These lower values are mainly due to their diet, which is composed of 

plant material, while H. himantopus forage on invertebrates which accumulate higher values of 

mercury. In contrast, mercury values in faeces of Eudyptula minor and L. michahellis recorded by 

Finger et al., 2017, Signa et al., 2013 respectively, were higher than those documented in the 

current study for H. himantopus. Penguins and gulls migh forage on higher trophic levels, 

specificaly fish, acumulating therefore high amounts of mercury. Futhermore L. michahellis can 

forage also on dumps and in other anthropogenic areas, close to mercury sources, that might be 

highly contaminated (Signa et al., 2013).  

4.4) Potential deleterious effects of mercury  

For migratory shorebirds and other birds, the bioaccumulation of mercury can be very 

problematic because it can result in loss of appetite, problems in coordination, little flight 

endurance, weight loss, and even influence decisions regarding the time to remain in the 

stopovers (Seewagen, 2018; Seewagen et al., 2019). All these effects can compromise migration 

success, their survival and ultimately contributing to the decline of shorebirds populations over 

the globe. Mercury concentrations above 5 ppm in feathers are associated to several sublethal 

effects (Burger and Gochfeld, 1997, Eisler, 2000). In this study, all shorebirds species from Bijagós 

Archipelago had mean mercury levels well below that threshold with a maximum of 2.773±0.784 

ppm dw recorded for A. hypoleucos. However, in the Tagus Estuary, T. totanus and C. alba had 
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mean mercury concentration that exceed 5 ppm. Therefore, these two species might be suffering 

or be at risk of sub-lethal effects. Although the remaining species wintering at Tagus Estuary had a 

mean level below the threshold, all had at least one individual with mercury levels above it, 

except for L. limosa, indicating that every species sampled is susceptible to accumulate higher 

mercury concentrations. 

Breeding success can be considerably affected by mercury, so the threshold effect levels of 

this pollutant in birds' eggs have also been investigated. Mercury levels of 1.5 ppm in avian eggs, 

are associated to impaired reproduction (e.g., embryo malformations, lowered hatchability, 

eggshell thinning, among others) (Burger and Gochfeld, 1997). However, the threshold mentioned 

above, and others present in the literature, are related to whole egg or egg contents samples, and 

not only to eggshells. According to Brasso et al., 2012 findings, shells and membranes accumulate 

0.9% and 0.4% respectively, of total mercury in the egg. Based on that and since we analysed 

shells with membrane, we can assume that levels recorded in our study account for those 1.3% of 

total mercury whereas the others 98.7% (contents) are approximately 1.367 and 0.683 ppm for H. 

himantopus, and 2.581 and 2.809 ppm for C. alexandrinus from Tagus Estuary and Ria de Aveiro, 

respectively. Contents of C. alexandrinus eggs had a speculative mean mercury concentration 

above the 1.5 ppm threshold. It should be noted that these data are speculative and need further 

confirmation. Moreover, given the levels of mercury found on feathers of other shorebirds 

species also foraging upon benthos on the intertidal habitats of the Tagus Estuary, (e.g., C. 

hiaticula and C. canutus), it is very likely that C. alexandrinus may present levels of mercury above 

the 1.5 ppm threshold being therefore at risk of impaired reproduction which might contribute 

for the declining of population. 
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5) CONCLUSION AND FUTURE CONSIDERATIONS 

This work was very important because it allowed to assess mercury levels in three different 

non-invasive biological matrices (feathers, eggshells and faeces) and to compare mercury levels 

between species and exposure in tropical and temperate wetlands. All matrices used contained 

mercury, especially feathers, confirming their potential as depuration pathways and biomonitors 

tools. Mercury levels varied both among species and wetlands. We concluded that mercury 

exposure is higher in the Tagus Estuary than in the Bijagós Archipelago which was reflected by the 

low feather mercury levels found in the last wetland as expected. To our knowledge, this is the 

first assessment of mercury levels in shorebirds in the Bijagós Archipelago giving therefore an very 

important insight about shorebirds community exposure to mercury in this tropical region. Taking 

in account the results from other studies we can also conclude that mercury exposure it is not 

necessarily higher in temperate or industrialized regions. Concerning eggshells, we concluded that 

C. alexandrinus eggshells had more mercury than H. himantopus and that this last species are 

more exposed in Tagus Estuary than in Ria de Aveiro. Finally, there was no temporal variation in 

mercury levels in the faeces, thus suggesting a similar dietary contamination across months.  

In terms of ecotoxicological risk, based on mercury effect threshold of 5 ppm for feathers, 

the results indicate that T. totanus and C. alba from the Tagus Estuary might be vulnerable to 

sublethal effects because exceeded the threshold. Considering the threshold of 1.5 ppm for eggs 

and the speculative mean concentration in eggs contents, C. alexandrinus might be also at risk. 

Furthermore the high values recorded in Tagus Estuary also warn about the possible high 

contamination of the foraging areas used by shorebirds. Therefore mercury pollution can be a 

serious problem in shorebirds conservation in that temperate estuary and futher studies 

concerning mercury biomonitoring and mercury impacts on shorebirds population are needed. 

Differences in mercury bioavailability in each wetland as well as differences in trophic 

habits might be the cause of the variations of mercury concentrations between species and 

between wetlands observed in this study. Thus, we recommended in future works 1) an approach 

using stable isotopes to understand the influence of diet and habitat, as well as trophic levels on 

mercury concentrations; 2) comparisions of shorebirds’s diet in different areas as well as the 

assessment of mercury levels in their prey. Furthermore, given the scarcity of information about 

mercury levels in shorebirds, especially in tropical latitudes, more studies are needed concerning 

not only mercury but also other equally dangerous heavy metals such as lead, cadmium among 

others. 
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Table 5: Mercury concentrations in feathers of shorebirds reported in literature for Temperate and Tropical latitudes. 

7) APPENDIX 

(Continues in the next page) 

 

Latitude Species Hg Site Year Reference 

Temperate Arenaria interpres 1900 (a) Southampton Island, Nunavut 2008 Hargreaves et al., 2010 

 Calidris alba 5.947 Tagus Estuary, Portugal 2012-2014 This study 

  2.813 Delaware Bay, New Jersey, USA 1991 Burger et al., 1993 

  2.007 (b) Delaware Bay, New Jersey, USA 1991-1992 Burger et al., 2015 

  0.730 Delaware Bay, New Jersey, USA 2011-2012 Burger et al., 2015 

 Calidris alpina 3.289 Tagus Estuary, Portugal 2012-2014 This study 

  1.83 Pertuis Charentais, France 2003-2011 Lucia et al., 2014 

  2.6 Boundary Bay, Fraser River Delta 2011 St. Clair et al., 2015 

 Calidris canutus 3.542 Tagus Estuary, Portugal 2012-2014 This study 

  2.00 New Zealand 1999-2000 Thompson, 2001 

  1.85 New Zealand 1999-2000 Thompson, 2001 

  1.26 Pertuis Charentais, France 2007-2011 Lucia et al., 2012 

  1.163 Delaware Bay, New Jersey, USA 1991 Burger et al., 1993 

  0.791 (b) Delaware Bay, New Jersey, USA 1991-1992 Burger et al., 2015 

  0.576 Delaware Bay, New Jersey, USA 2011-2012 Burger et al., 2015 

  2.09 Gironde Estuary, France 2005-2007 Lucia et al., 2010 

 Calidris pusilla 0.021 Delaware Bay, New Jersey, USA 1992 Burger et al., 1993 

  0.420 (b) Delaware Bay, New Jersey, USA 1991-1992 Burger et al., 2015 

  0.509 (b) Delaware Bay, New Jersey, USA 1995 Burger et al., 2015 

  0.428 Delaware Bay, New Jersey, USA 2011-2012 Burger et al., 2015 

 Charadrius alexandrinus 8.710 (c) Cavallino-Treporti Peninsula, Italy 2018 Picone et al., 2019 

  1.129 (a) Northern/Central China 2016 Su et al., 2020 
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(Continues in the next page) 

 Charadrius dealbatus 2.08 (a) Southern China 2016 Su et al., 2020 

 Charadrius hiaticula 4.605 Tagus Estuary, Portugal 2012-2014 This study 

 Himantopus himantopus 1.8-2.8 (d) Tagus Estuary, Portugal 1997-1999 Tavares et al., 2004 

  1.1-2.1 (d) Sado Estuary, Portugal 1997-1999 Tavares et al., 2004 

  0.7-0.9 (d) Mondego Estuary, Portugal 1997-1999 Tavares et al., 2004 

  1.2-2.5 (d) Formosa Lagoon 1997 and 1999 Tavares et al., 2004 

  6.6 Shadegan, Iran 2006-2007 
Zamani-Ahmadmahmoodi et al., 
2010 

 Himantopus mexicanus 9.46 San Francisco Bay, California, USA 2004-2006 Eagles-Smith et al., 2009 

 Limosa lapponica 2.13 New Zealand 1999-2000 Thompson, 2001 

  2.53 New Zealand 1999-2000 Thompson, 2001 

 Limosa limosa 2.106 Tagus Estuary, Portugal 2012-2014 This study 

  1.11 Pertuis Charentais, France 2007-2010 Lucia et al., 2012 

  0.52 Blokland, The Netherlands 2002-2004 Roodbergen et al., 2008 

  0.52 Zeevang, The Netherlands 2002-2004 Roodbergen et al., 2008 

 Pluvialis squatarola 1.18 Gironde Estuary, France 2005-2007 Lucia et al., 2010 

 Recurvirostra americana 2.59 San Francisco Bay, California, USA 2004-2006 Eagles-Smith et al., 2009 

 Tringa totanus 9.918 Tagus Estuary, Portugal 2012-2014 This study 

  2.18 Pertuis Charentais, France 2003-2011 Lucia et al., 2014 

 Vanellus indicus 0.8 Shadegan, Iran 2006-2007 
Zamani-Ahmadmahmood et al., 
2010 

 Vanellus leucurus 1.9 Shadegan, Iran 2006-2007 
Zamani-Ahmadmahmood et al., 
2010 

 Haemantopus bachmani 1.240 Prince William Sound, Alaska 2004 Burger et al., 2008 

Tropical Actitis hypoleucos 2.773 Bijagós Archipelago, Guinea-Bissau 2019 This study 

  0.2 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  5.4 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 
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 Arenaria interpres 2.193 Bijagós Archipelago, Guinea-Bissau 2019 This study 

 Calidris alba 0.966 Bijagós Archipelago, Guinea-Bissau 2019 This study 

 Calidris alpina 0.5 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  0.9 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Calidris canutus 1.374 Bijagós Archipelago, Guinea-Bissau 2019 This study 

 Calidris ferruginea 1.251 Bijagós Archipelago, Guinea-Bissau 2019 This study 

  5.4 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  5.5 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Calidris mauri 1.98 (a) Sinaloa, Mexico 2010-2011 Fernández et al., 2018 

 Calidris minuta 6.07 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  0.1 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Calidris temmenckii 0.05 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  0.2 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Charadrius alexandrinus 8.3 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  7.2 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Charadrius hiaticula 1.223 Bijagós Archipelago, Guinea-Bissau 2019 This study 

  5.2 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  8.3 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Charadrius mongolus 7.7 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  5.8 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Himantopus himantopus 6.1 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  5.2 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Numenius arquata 5.3 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  7.7 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Pluvialis squatarola 0.932 Bijagós Archipelago, Guinea-Bissau 2019 This study 
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 Tringa erythropus 7.8 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Tringa erythropus 7.5 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Tringa glareola 7.7 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  5.1 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Tringa stagnatillis 0.05 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  0.2 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

 Tringa totanus 2.338 Bijagós Archipelago, Guinea-Bissau 2019 This study 

  6.01 PCWS, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

  5.6 PMF, Tamil Nadu, India 2015-2017 Pandiyan et al., 2020 

a: flight feathers 
b: samples analysed in 2013 
c: tail feathers 
d: fledglings feathers 
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Table 6: Mercury concentrations (ppm) in avian eggshell reported in the literature. 

 

  

Species Hg Site Year Reference 

Charadrius alexandrinus 0.037 Ria de Aveiro, Portugal 2020 This study 

 0.034 Tagus Estuary, Portugal 2020 This study 

Himantopus himantopus 0.009 Ria de Aveiro, Portugal 2020 This study 
 0.018 Tagus Estuary, Portugal 2020 This study 
Chlidonias hybrida 0.003 Anzali Wetlands, Caspian Sea, Iran 2008 Aliakbari et al., 2011 
Ichthyaetus audouinii 0.220 Ebro Delta, Spain 1992 Morera et al., 1997 
Larus argentatus 0.01 Long Island, New York, USA 1992 Burger, 1994 
Larus dominicanus 0.015 Port Elizabeth, South Africa 2012 van Aswegen et al., 2019 
Onychoprion anaethetus 0.004 Hong Kong 2000-2002 Lam et al., 2005 
Saundersilarus saundersi 0.024 Dongtai, Jiangsu, China 2012 Fu et al., 2014 
Sterna dougalii 0.02 Long Island, New York, USA 1992 Burger, 1994 
Sterna hirundo 0.054 Mewia Lacha Bird Sanctuary, Poland 2010-2012 Grajewska et al., 2015 
Thalasseus sandvicensis 0.050 Mewia Lacha Bird Sanctuary, Poland 2010-2012 Grajewska et al., 2015 
Brachyramphus brevirostris 0.016 Agattu Island, Alaska, USA 2008-2011 Kenney et al., 2018 
Ardea cinerea 0.022 Sanjiang Plain, Heilongjang, China 2010 Wang et al., 2013 
Egretta alba 0.016 Wuxi, Jiangsu, China 2012 Fu et al., 2014 
 0.016 Sheyang, Jiangsu, China 2012 Fu et al., 2014 
 0.021 Sanjiang Plain, Heilongjang, China 2010 Wang et al., 2013 
Egretta garzetta 0.023 Wuxi, Jiangsu, China 2012 Fu et al., 2014 
 0.022 Xinghua, Jiangsu, China 2012 Fu et al., 2014 
 0.071 Hong Kong 2000-2002 Lam et al., 2005 
Egretta thula 0.007 Totumo Marsh, Colombia 2005 Olivero-Verbel et al., 2013 
 0.020 Cartagena Bay, Colombia 2005 Olivero-Verbel et al., 2013 
Nycticorax nycticorax 0.016 Wuxi, Jiangsu, China 2012 Fu et al., 2014 
 0.019 Sheyang, Jiangsu, China 2012 Fu et al., 2014 
 0.056 Hong Kong 2000-2012 Lam et al., 2005 
Pelacanus occidentalis 0.023-0.027 Sucre, Venezuela 2016 Arcia-Castañeda et al., 2019 
Rallus creptidans 0.368 Brunswick, Georgia, USA 2000 Rodriguez-Navarro et al., 2002 
 0.105 Blythe Island, Georgia, USA 2000 Rodriguez-Navarro et al., 2002 
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Table 7: Mercury concentrations (ppm) in birds faeces reported in the literature. 

 

Species Hg Site Year Reference 

Himantopus himantopus 0.040-0.085 Ria de Aveiro, Portugal 2019-2020 This study 
Larus michahellis 0.800-1.020 Sicily, Italy 2008-2009 Signa et al., 2013 
Saundersilarus saundersi 0.055 Dongtai, China 2012 Fu et al., 2014 
Ardea herodias 0.280 Lake Chatcole, Idaho, USA 1978 Fitzner et al., 1982 
 0.100 Hanford Reach, Washington, USA 1996 Tiller et al., 2005 
Nipponia nippon 0.160 Yangxian County, China 2013 Liu et al., 2019 
 0.300 Yangxian County, China 2013 Liu et al., 2019 
Sula sula 0.108 Dongdao, South China Sea 2003 Liu et al., 2006 
Brachyramphus brevirostris 0.006 Adak Island, Alaska 2011 Kenney et al., 2018 
Eudyptula minor 0.140-0.310 Port Philip Bay, Australia 2011-2013 Finger et al., 2017 
Ciconia boyciana 0.080 Sheyang, China 2012 Fu et al., 2014 
Grus grus 0.019 Sheyang, China 2012 Fu et al., 2014 
Grus japonensis 0.022 Sheyang, China 2012 Fu et al., 2014 
Grus vipio 0.022 Sheyang, China 2012 Fu et al., 2014 
Grus virgo 0.018 Sheyang, China 2012 Fu et al., 2014 
Cygnus cygnus 0.010 Swan Lake, Rongcheng, China 2014-2015 Wang et al., 2017 
Cygnus olor 0.038 Chesapeak Bay, USA 1997 Beyer & Day, 2004 
Cinclus mexicanus 0.036 British Colombia, Canada 2000-2001 Morrissey et al., 2005 
Ficedula hypoleuca 0.100-0.150 Harjavalta, Finland 2014 Espín et al., 2016 
Parus major 0.080-0.120 Harjavalta, Finland 2014 Espín et al., 2016 
 0.024 Antwerp, Belgium 2000 Dauwe et al., 2004 
 0.220-0.350 Figueira da Foz, Portugal 2009 Costa et al., 2012 

 


