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Abstract  

The evaluation of mercury (Hg) toxicity in wildlife species has prompted a search for sensitive 

indicators to accurately measure the body burden of Hg. Despite the extensive use of feathers as 

an indicator of Hg in birds, they do not appear to be an entirely suitable indicator of the extent 

of contamination in certain conditions and bird species since Hg levels are influenced by the 

growth period, timing of the last moult and migration. This research aimed to evaluate 

rhamphotheca as a potential indicator of environmental Hg concentrations in seabirds. We used 

culled yellow-legged gulls (Larus michahellis) and determined THg in rhamphotheca (n=40) 

and feathers (n=80). We distinguished between upper and lower rhamphotheca, and divided 

each one into 16 equal portions along the culmen to analyse their THg content spatially. In each 

bird, THg was also determined in primary (P1) and secondary (S8) feathers and compared with 

rhamphotheca. The median (25th, 75th percentile) rhamphotheca Hg concentration was 13.44 

(9.63, 17.46) µg/g, which was twofold higher than in the feathers 7.56 (4.88, 12.89) µg/g. 

Median THg in rhamphotheca was significantly higher (p<0.05) in females 15.05 (10.35, 23.04) 

µg/g than in males 12.34 (8.57, 15.19) µg/g, whereas no differences (p>0.05) were found in the 

feathers. No significant differences in Hg levels were found between upper and lower beak 

mandibles or along either. In contrast, significant differences in Hg concentrations were found 

between the P1 and S8 feathers (mean, 12.04 vs. 6.04 µg/g). No correlation was found between 

Hg content in rhamphotheca and feathers. Mercury levels in rhamphotheca exhibited stronger 

significant relationships with weight (R
2
=0.568), length (R

2
=0.524) and culmen (R

2
=0.347) than 

the levels in the feathers, which showed no correlation. Overall, our results suggest that 

rhamphotheca is a suitable tissue indicator for Hg monitoring in gulls; however, further studies 

are needed to extend our research to other bird species.  

Keywords: Hg exposure; feather; yellow-legged gull; Larus michahellis; tissue indicator; beak 
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Recent decades have seen considerable interest in mercury (Hg) monitoring because it is a 

global pollutant with widespread occurrence (Driscoll et al., 2013), high toxicity and hazardous 

effects on wildlife and human health (Díez, 2008). 

Research around the world has identified effective ways to understand and monitor Hg 

dynamics in the food chain through studies with various groups of vertebrates, such as cetaceans 

(Kershaw and Hall, 2019), amphibians and mammals (Bank et al., 2007), reptiles (Lázaro et al., 

2015) and birds (Peterson et al., 2019). Amongst the groups studied, birds stood out for having 

natural physiological devices for Hg excretion and retention and tissues that can be used to 

determine Hg levels in the environment. To this end, studies have looked at: food and kidney 

samples from nests (Adair et al., 2003); chick feathers (Frederick et al., 2002); blood, egg, 

muscle, feathers, liver and kidney (Evers et al., 2005); terns’ eggs (Cotin et al., 2011); liver, 

feathers, muscle and kidney (Housseini et al., 2013); gulls’ eggs (Pereira et al., 2019); and 

feathers from regions of six feather tracts (Low et al., 2019). Most of the studied bird species are 

piscivorous predators at the top of the aquatic food chain exposed to Hg biomagnification 

(Misztal-Szkudlińska et al., 2018; Einoder et al., 2018).  

To understand the dynamics of total mercury (THg) in the different bird tissues, and to 

determine the most suitable indicator of Hg in biomonitoring studies, THg and methylmercury 

(MeHg) concentrations have been determined in various bird organs. In addition to eggs and 

feathers, most studies have focused on internal organs, especially muscle, liver, kidneys, but 

also breast muscles, heart, gullet, stomach, intestines, trachea, lungs and eyeballs (Misztal-

Szkudlińska et al., 2018). It is established that, in general, Hg concentrations in eggs and 

feathers indicate recent exposure to Hg circulating in the bloodstream at the time of egg-laying 

or feather formation (Bearhop et al., 2000) and that blood mercury levels are influenced by 

feather growth and moulting (Condon and Cristol, 2009). 

Once ingested via the diet, Hg enters the bloodstream, where it can stay for weeks to months 

(Bearhop et al., 2000; Monteiro and Furness, 2001). Blood is indicative of relatively local (close 

to the colony) and short-term dietary exposure, and Hg concentrations strongly depend on the 

seabird’s diet and trophic position (Albert et al., 2019). Blood acts as a transport route for Hg to 

target organs, carrying nutrients and metabolites for excretion or storage (Moyes and Schulte, 

2010).  

Mercury concentrations in muscle are usually lower than in other organs (Misztal-Szkudlińska 

et al., 2011, 2018; Kral et al., 2017; Mallory et al., 2018); however, some studies have reported 

higher concentrations (Jewett et al., 2003; Kalisińska et al., 2010) and variations between 

species and organs when they were categorized by food guilds (Evers et al., 2005). 

The liver and kidneys are important organs responsible for Hg elimination and detoxification of 

the body, and the highest Hg concentrations occur in these organs. Liver mercury levels are 

particularly high (Nam et al., 2005; Kral et al., 2017), and the liver is the site of the main Hg 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



demethylation route (Ikemoto et al., 2004; Kalisińska et al., 2013; Misztal-Szkudlińska et al., 

2018).  

Eggs and feathers are probably the most useful indicators of Hg exposure (Cotin et al., 2012; 

Garcia-Tarrason et al., 2013; Ackerman et al., 2013). Both indicators potentially represent 

different periods of exposure, with eggs providing information about seabird Hg contamination 

during the laying period and feathers about Hg contamination during the period of feather 

growth (Bearhop et al., 2000). Feathers are useful indicators of Hg pollution because they are 

made up of proteins (keratin) rich in sulphur-containing amino acids (L-cysteine). The 

proportion of body burden in feathers is relatively constant and high, and there is a high 

correlation between Hg in seabirds’ diet and Hg levels in their feathers (Burger et al., 2009). 

Feathers are representative of Hg incorporation during the intermoult period (one whole year, 

depending on the feather and the species) (Renedo et al., 2018). However, whilst feathers are 

one of the most targeted bird tissues for environmental biomonitoring studies, some doubts 

remain regarding their reliability as an indicator of Hg exposure (Low et al., 2019). Feathers are 

sometimes discrete indicators of Hg exposure for birds as Hg levels depend on the period of 

growth, timing of the most recent moult, and migration (Eagles-Smith et al., 2008). They also 

pose certain interpretation difficulties when sex and age parameters of the sampled birds are 

considered (Evers et al., 1998; Low et al., 2019). Therefore, a new indicator is needed to predict 

Hg exposure in birds accurately. 

The rhamphotheca is a rigid and highly cornified, modified layer of the integument covering the 

entire outside of the beak and part of the inside (Stettenheim, 2000). The structure of the 

rhamphotheca is adapted to the beak as a bird’s main tool for interacting with the environment. 

It functions as a sensory organ, in some species, presenting tactile receptors that detect live prey 

and/or thermal receptors to measure nest temperature (Handel et al., 2010). Like feathers, 

rhamphotheca is composed of keratin and, because of its continuous growth and connection to 

circulating blood, it may predict long-term Hg exposure in birds more accurately than feathers; 

however, the reliability of rhamphotheca has not yet been evaluated.  

The main objective of the present research was to test, for the first time, whether rhamphotheca 

is a good predictor of mercury exposure in birds. To this end, we determined the THg content in 

the rhamphotheca of the yellow-legged gull. We also tested relationships between THg 

concentrations in rhamphotheca and wing feathers (primary and secondary) and bird biometrics 

(weight, length and culmen) in order to assess the predictive power of rhamphotheca versus 

feathers. 

 

2. Material and Methods 

2.1. Study area and sampling 
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Mercury pollution in the Ebro Delta Natural Park (NE Spain, 40° 37′N, 0° 35′E) (Figure S1) 

arises from two sources: (a) industrial pollution (chlor-alkali plants upstream the Ebro River) 

(Carrasco et al., 2011a, 2011b, 2008); and (b) Hg biogeochemical processes in the 

Mediterranean Sea (Ogrinc et al., 2019). Specifically with regard to the species studied here, i.e. 

the yellow-legged gull (Larus michahellis), mercury is mainly obtained through diet. Yellow-

legged gulls are a generalist species that feeds in freshwater, land and marine environments and 

can thus be influenced by both of the aforementioned sources of Hg pollution.  

Dead specimens of Larus michahellis (n=20) were provided by Ebro Delta Natural Park staff 

from a culling programme carried out in June 2018. The colony was located at Punta de la 

Banya (Figure S1), and samples were taken opportunistically from this culling programme. The 

individual carcasses were thus very fresh and the cause of death was euthanasia, which does not 

affect Hg concentrations in the body of the individual in any way. Furthermore, the samples 

were frozen within hours of collection of the carcasses. Once in the laboratory, adult seagull 

specimens were subjected to morphometric evaluations (weight and body length) and sex 

identification.  

Regarding the phenology of the species in the Ebro Delta, the yellow-legged gull is a seasonal 

resident, visiting the area during the breeding season (April–July). The feathers sampled to 

analyse were the first primary feathers (P1) and eighth secondary feathers (S8). P1 are grown in 

the breeding ground with resources obtained from around the colony area and, thus, reflect the 

Hg available in the breeding area. In contrast, when the birds were culled (June, during the 

breeding season), the S8 feathers had grown at the wintering grounds and thus reflected Hg 

pollution in the species’ wintering areas.  

2.2. Feathers 

The first primary (P1) (n=40) and eighth secondary (S8) (n=40) feathers from adult birds were 

sampled (Figure S2A). The feathers were cut into two equal halves, namely, the distal (1) and 

proximal (2) portions (Figure S2B), based on each individual feather’s total length. The vane 

section was cut off the rachis and both sides of the vane were combined. The proximal and 

distal halves of the feather were analysed separately for THg concentration. Prior to analysis, 

the feathers were washed under running water to remove surface residues, before being 

submerged in 0.01% EDTA (150 mL containers) for 2 hours. They were then rinsed 3 times 

with Milli-Q water and dried at room temperature.  

2.3. Rhamphotheca 

Before extraction of the rhamphotheca, the beaks were washed in running water to eliminate 

residues such as sand, food or blood. The structures were removed and dissected with basic 
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surgical material (forceps and scalpel), and then subjected to washing sequences consisting of 

immersion in 0.01% EDTA (150 mL containers) for 2 hours, followed by three washes with 

Milli-Q water and drying at room temperature. The total length (culmen), height and width of 

the base and apex of each bird beak was then measured. The rhamphotheca is composed of the 

rhinotheca (upper jaw) and gnathotheca (lower jaw) (Figure 1). To assess THg concentrations, 

we divided the upper (U) rhamphotheca (rhinotheca) and lower (L) rhamphotheca (gnathotheca) 

into various parts. 

Specifically each structure was divided into two halves – upper (U) and lower (L) – which were 

then subdivided cranially-rostrally into two regions: basal (b) and apical (a) (4(Figure 1). Based 

on these divisions, the rhinotheca was sequenced in 16 parts: eight in the basal region (back of 

the beak) (i.e. UbU1, UbU2, UbU3, UbU4, UbL1, UbL2, UbL3, and UbL4) and eight in the 

apical region (front of the beak) (i.e. UaU1, UaU2, UaU3, UaU4, UaL1, UaL2, UaL3, and 

UaL4). A similar codification was used for the gnathotheca. Small fragments (about 20 mg) 

were then removed from each part using a scalpel. The sequencing of both structures was 

intended to enable comparison of differences in Hg concentrations both along and within 

different regions of the rhamphotheca (Figure 1).  

2.4. Analysis of THg 

THg concentrations in feathers and rhamphotheca samples were determined using an AMA-254 

Advanced Mercury Analyzer manufactured by Altec (Prague, Czech Republic) and distributed 

by Leco Corp. (St. Joseph, MI, USA), which uses catalytic combustion of the sample, pre-

concentration through amalgamation with gold, thermal desorption and atomic absorption 

spectrometry (AAS) (Díez et al., 2007). Approximately, 20 mg of sampled material (i.e. feather 

or rhamphotheca) was placed in a nickel boat, attached to the instrument and introduced 

automatically into the AMA. The entire test procedure was validated by the analysis of a 

certified reference material (dogfish muscle, DORM-2) from the National Research Council of 

Canada (NRCC). This reference material was analysed in triplicate at the start and end of each 

set of (usually 10) samples, thereby ensuring that the instrument remained calibrated throughout 

the study. Average accuracy was within 10% of certified values for all analyses and analytical 

precision (% RSD of replicate samples) averaged <8%. The detection and quantification limits 

were 0.2 and 0.7 ng/g ww of Hg, respectively, calculated based on blank measurements. 

According to the previous description, 2 THg analyses were performed for each type of feather 

(4 analyses per sample/bird) for a total 80 analyses. In contrast, 32 analyses were performed for 

each rhamphotheca (16 for the rhinotheca and 16 for the gnathotheca) for a total of 640 

analyses. 

2.5. Statistical analysis 
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To determine the differences in THg concentrations between the types of feathers and parts of 

the rhamphotheca, we used T tests and one-way analysis of variance. Differences in metal 

concentrations between sexes were tested using T tests. The variation in THg concentrations in 

feathers and rhamphotheca in relation to the animals’ size, weight and culmen was tested with 

linear regressions. Normality and homoscedasticity were tested for all variables using the 

Kolmogorov-Smirnov test. The THg concentration data in the rhamphotheca did not follow a 

normal distribution and needed to be converted to logarithms for statistical analysis. Continuous 

variables were summarized using the median and interquartile range (25th percentile, 75th 

percentile); however, mean and standard deviation (SD) were used for the feathers because the 

data were normally distributed. All analyses were performed using the R statistical interface 

with the support of the ModEva and ggplot2 packages. 

3. Results and discussion 

The values of the metric parameters and THg concentrations of the L. michahellis specimens 

used in this study are summarized in Table 1 for males and females. The mean THg 

concentrations found in the rhamphotheca and feathers were higher in females than males 

(Figure 2); however, only the rhamphotheca showed significant differences (p<0.05). As can be 

seen in Table 1, the median and interquartile range (IQR) was higher for rhamphotheca in 

females 15.05 (12.69) µg/g vs. 12.34 (6.62) µg/g. The values for weight, length and distance 

from culmen to base in L. michahellis were significantly (p<0.05) higher in males than females. 

In this sense, previous studies have evaluated sexual size dimorphism in Atlantic yellow-legged 

gulls (Larus michahellis lusitanius) and found marked sexual differences, with male body 

measurements being significantly larger than female (Galarza et al., 2008). But sexual size 

dimorphism does not usually explain significant sex differences in Hg concentrations in birds 

(Robinson et al., 2012). On the other hand, a sex difference in terms of foraging or prey 

consumption, regardless of sexual size dimorphism, could contribute to sex differences in Hg 

concentrations in individual bird species. For instance, females may forage selectively during 

the breeding season, which could affect their Hg exposure, particularly compared to males. 

Other studies also suggest that sex differences in Hg concentrations in the blood of pre-breeding 

birds are due to differences in feeding strategies or physiology, in addition to egg depuration 

(Burgess et al., 2005; Evers et al., 2005). 

Results for the feathers (mean ± SD) showed higher significant levels of THg in the P1 feathers 

(12.04 ± 5.07 µg/g) than in the S8 feathers (6.04 ± 3.34 µg/g) (Figure 3a). These findings 

suggest that there is more Hg pollution in the Ebro Delta than at this species’ wintering areas, 

although the interpretation of contaminant levels in migratory species based on feathers moulted 

out of the breeding season should be performed with caution (Ramos et al., 2009). 

In contrast, no significant differences (p>0.05) were observed between the distal and proximal 
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portions of either the P1 or S8 feathers (Figure 3b). This result suggests that the THg amount 

does not significantly change throughout a single feather, regardless of the feather half analysed. 

Hence, there was no correlation between the mean feather concentrations and sex, body weight 

and/or length (p>0.05).  

Results for rhamphotheca showed no significant differences (p>0.05) in THg concentrations 

between the upper and lower rhamphotheca (Figure 4). Nor were any sexual differences 

observed when the upper and lower mandibles were compared. Likewise, no differences were 

found between the different analysed portions of the basal and apical parts (i.e. from culmen to 

base height) (F=1.876; p=0.149). These results suggest that the rhinotheca and/or gnathotheca, 

or any portion thereof (i.e. upper or lower and along their full length), are suitable to provide a 

representative THg value in the sampled specimen with an acceptable confidence level (Figure 

S3).  

Differences were found in other variables when the linear regression analyses were performed 

with the rhamphotheca and the feathers. There was a strong correlation between the THg 

concentration levels in the rhamphotheca and bird length (R
2
=0.524; p <0.05), weight 

(R
2
=0.568; p <0.05) and culmen (R

2
=0.347; p <0.05) (Figure 5). Conversely, the regression 

analysis did not reveal any correlation between THg in primary feathers (P1) and bird length 

(R
2
=0.003; p=0.313), weight (R

2
=0.011; p=0.381), or culmen (R

2
=0.087; p=0.110). Similar 

trends were observed with secondary feathers (S8), with no correlation with bird length 

(R
2
=0.079; p=0.122), weight (R

2
=0.010; p=0.286) or culmen (R

2
=0.041; p=0.614) (Figure S4). 

Correlations of Hg in rhamphotheca with biometric variables are explained by sex differences. 

Females are smaller and lighter, but mercury concentration in their beaks is higher than in 

males, probably due to foraging strategies (consumption rates or prey size selection), especially 

during the breeding season, which is when they might selectively forage. 

Mercury concentrations in feathers can be more difficult to interpret since they depend on the 

timing of the most recent moult and birds’ seasonal movements (Ackerman et al., 2008; Eagles-

Smith et al., 2008). Moreover, mercury levels in specific feathers (e.g. primary/secondary) are 

strongly associated with exposure location at the time of feather formation (Kopec et al., 2018). 

With regard to the uncertainties surrounding the use of feathers as a good indicator, recent 

studies have found that MeHg levels in albatross feathers would not reflect its accumulation the 

same way it does in other seabird species. This is because most of the MeHg that albatrosses 

eliminate into feathers is from recent food intake, in contrast to species that depurate MeHg 

accumulated in internal tissues between two successive moults into their feathers (Cherel et al., 

2018). 

As for the correlation between feather and rhamphotheca concentrations, in the analysis of THg 

concentrations in yellow-legged gulls no relationship was found between the two tissues 

(R
2
=0.05; p=0.680 for P1 and p=0.827 for S8) (Figure S5). 
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With regard to rhamphotheca, median THg concentrations were twice as high as in feathers, but 

no statistical differences were found in Hg concentrations between the two cornified sheaths 

(rhinotheca, p=0.196; gnathotheca, p=0.802) or along either jaw (p=0.076). These results 

demonstrate that the distribution of THg throughout the beak is uniform, which is consistent 

with studies showing that the rhamphotheca grows continuously over the course of the animal’s 

life from the base of the beak (Tattersall et al., 2016) with rostrally directed growth such that the 

horny part of the beak is continuously pushed forward (Kuenzel, 2007). 

We hypothesized that the THg concentrations observed in L. michahellis rhamphotheca are 

associated with its morphophysiology, which enables the continuous accumulation of THg from 

cell keratinization. We suggest that this structure retains specific information about Hg 

accumulated by the animal throughout its whole life. Furthermore, the THg levels found in the 

rhamphotheca should be reliable as the loss of tissue layers is almost negligible. According to 

our results, no matter what small portion of rhamphotheca is extracted and analysed, the THg 

information it gives will be reliable and similar to that of any other portion.  

The higher concentration of THg found in the rhamphotheca of yellow-legged gulls as 

compared to their feathers is related to the transfer and accumulation of Hg in its cells due to the 

histological constitution and physiology of this tissue. Feathers and rhamphotheca are primarily 

made up of β-keratin (Seki et al., 2010); therefore, both tissues are good indicators of Hg, as it 

accumulates through an extremely strong bond to the keratin disulphide bonds (Crewther et al., 

1965). The rhamphotheca consists of multiple layers of keratin scales and a core composed of a 

fibrous network of bony closed-cell foam (Seki et al., 2010). Whilst feathers grow, they are 

connected to the body by a blood vessel. Therefore, the circulating Hg can be incorporated into 

the feather’s keratin structure. Once a feather is fully grown, shortly after each moult in adults, 

the blood supply is lost and the Hg remains physically and chemically stable within the feather 

(Stettenheim, 2000). In a different way, rhamphotheca is a highly vascularized tissue, in 

continuous and dynamic growth (Fecchio et al., 2010; Van Hermet et al., 2012). This 

vascularization allows the permanent transport, via bloodstream, of nutrients to the 

rhamphotheca, where Hg is sequestrated throughout its lifetime. This slow keratinization 

process of rhamphotheca occurs continuously over time, and may vary between species and 

according to feeding habits (Handel et al., 2010; Urano et al., 2019). This fact, together with 

vascularization, makes it possible to understand rhamphotheca as a record of average blood 

levels during the animal’s lifetime. However, this hypothesis needs to be extended to other 

species and cohort studies. Recent studies have shown that a thin keratinized layer of epidermis 

(i.e. part of the rhamphotheca) is the main factor responsible for the higher THg concentration 

found in the beak bone when several Anas platyrhynchos bones were compared (Binkowski et 

al., 2016). 
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4. Conclusions 

Our research data support our hypothesis that rhamphotheca is a potential indicator of THg 

exposure in seabirds. Like feathers, rhamphotheca is a biological tissue that accumulates THg 

very efficiently, in even higher levels than feathers. Mercury levels in rhamphotheca offer 

insight into long-term Hg exposure, explaining the average blood levels during the animal’s 

lifetime. This stands in contrast with feathers, which are a tissue representative of a shorter-term 

Hg intake. The null capacity of degradation compared to internal organs (e.g. muscle, liver, 

kidneys) and other proven useful indicators (e.g. blood, feathers, egg) makes rhamphotheca a 

good indicator for Hg, to be used with deceased specimens and/or specimens housed in museum 

collections for retrospective contamination studies.  

Further studies associated with other bird species are necessary, in order to better comprehend 

how rhamphotheca analysis could be a very powerful approach to assessing changes in 

populations and environments, as well as a proxy for continuously monitoring Hg in a protected 

breeding colony. 
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Table 1. Concentrations of THg (μg/g) in rhamphothecae and feathers of Larus michahellis, Delta del Ebre, Spain. Bird biometrics: weight (g) length (cm) 

and culmen length (cm) 

  

mean minimum maximum RSD median 25th percentile 75th percentile IQR 

all samples          

 

rhamphotheca 14.87 2.79 40.50 7.33 13.44 9.63 17.46 7.82 

 

feather (P1+S8) 9.04 0.81 21.22 5.23 7.56 4.88 12.89 8.01 

 P1 12.04 2.76 21.22 5.07 12.41 8.69 16.03 7.34 

 S8 6.04 0.81 16.30 3.34 5.77 3.73 7.31 3.58 

 weight 1060 750 1740 306 960 816 1179 363 

 length 58.14 53.5 64.5 3.58 56.5 55.05 61.75 6.7 

 culmen 3.97 3.3 4.7 0.43 3.8 3.7 4.38 0.68 

males          

 rhamphotheca 12.05 2.79 20.89 3.99 12.34 8.57 15.19 6.62 

 feather (P1+S8) 8.86 0.81 21.22 4.98 8.1 5.73 12.52 6.79 

 P1 11.56 2.88 21.22 5.10 11.48 7.95 15.94 7.99 

 

S8 6.16 0.81 12.84 3.11 6.05 4.06 7.99 3.93 

weight 1307 990 1740 290 1192 1090 1650 560 
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length 61.6 58.5 64.5 2.1 62.0 59.5 63.5 4.0 

culmen 4.37 3.9 4.7 0.25 4.4 4.2 4.6 0.4 

females          

 rhamphotheca 17.36 4.29 40.50 8.60 15.05 10.35 23.04 12.69 

 feather (P1+S8) 9.19 2.18 20.88 5.47 7.00 4.63 14.00 9.37 

 P1 12.43 2.76 20.88 5.14 12.61 9.42 16.28 6.86 

 S8 5.95 2.18 16.30 3.58 5.07 3.58 6.92 3.34 

 weight  859 750 1140 106 818 800 880 80 

 length  55.3 53.5 56.5 1.0 55.2 54.5 56.0 1.5 

 culmen 3.63 3.3 3.8 0.18 3.7 3.5 3.8 0.3 
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Figure 1. Sampling design and sequencing to Hg analysis of the rhamphotheca. U: Upper 

rhamphotheca (rhinotheca); L: Lower rhamphotheca (gnathotheca); b: basal, a; apical. Example: 

UbU1 is the first part of the upper basal portion of the Upper rhamphotheca; LaL4 is the fourth 

part of the lower apical portion of the Lower rhamphotheca.  

Figure 2. Box graph showing the differences in THg concentrations between females and males 

of L.michahellis in a) feathers and b) rhamphotheca. 

Figure 3. Total Hg concentrations in feathers of L. michahellis. Comparison between different 

types of feathers S8 and P1 (a) and between distal and proximal halves (b) 

Figure 4. Concentrations THg in the cornified sheaths (rhinotheca and gnathotheca) by sex. 

Figure 5. Regression graphs showing THg in rhamphotheca vs. a) total length, b) weight and c) 

beak culmen; and P1 feathers vs. d) total length, e) weight, and f) beak culmen.  
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Graphical abstract 

 

Highlights: 

 Rhamphotheca was shown to be a suitable tissue to indicate Hg body burden in birds 

 Mercury concentrations in rhamphotheca were 2-fold > than in P1 and S8 feathers  

 All portions of (and along) the upper and lower rhamphotheca had similar Hg values 

 Hg in rhamphotheca was highly significantly related to weight, length, and culmen 

 Mercury concentrations in rhamphotheca provide insight into long-term Hg exposure 
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