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Abstract
The research assessed the exposure to total mercury (THg), lead (Pb), and arsenic (As) in Colombian wetland species of 
different trophic levels Platalea ajaja, Dendrocygna autumnalis and Nannopterum brasilianus. The results show high THg 
blood levels in P. ajaja (811.00 ± 349.60 µg L–1) and N. brasilianus (209.50 ± 27.92 µg L–1) with P. ajaja possibly exhibit-
ing adverse effects. Blood Pb concentration was high in D. autumnalis (212.00 ± 208.10 µg L–1) and above the threshold for 
adverse effects, suggesting subclinical poisoning. Levels of blood As were below the assumed threshold for detrimental effect 
(20 μg L−1). The mean concentration of feather THg was below the assumed natural background levels (5 µg g−1) for all three 
species. Feather Pb levels exceeded the levels for assumed threshold effects in all sampled N. brasilianus (7.40 ± 0.51 µg g–1). 
Results for feather As concentration were below the threshold for adverse impacts in all species, although a positive correla-
tion between As and THg concentrations was detected in P. ajaja feathers. The overall results could help understand how 
metal(loid)s biomagnify through trophic levels and how wetland species may serve as environmental indicators. By exploring 
the interactions of metal(loid)s within different matrices and body, this study offers insights into the dynamics of contaminant 
accumulation and distribution in the environment. This concept can be applied to wetlands worldwide, where bird species 
can serve as indicators of ecosystem health and the presence of contaminants such as heavy metals and metalloids.

Heavy metals and metalloids are constituents of the Earth's 
lithosphere, occurring in variable proportions. Although nat-
urally occurring and ubiquitous, the concentration of heavy 
metals and metalloids is increasing, due to anthropogenic 

exploitation causing adverse effects on biota (Espín et al. 
2014; Tchounwou et al. 2012). While certain metals such 
as copper (Cu), iron (Fe), and zinc (Zn) exhibit essential 
roles within organisms' growth and life cycles, elevated con-
centrations become toxic (Lucia et al. 2010). In contrast, 
non-essential metals, including mercury (Hg), lead (Pb), 
cadmium (Cd), and arsenic (As) lack recognized metabolic 
functions (Vizuete et al. 2019). Their chronic presence at 
low levels engenders heightened toxicity, exerting deleteri-
ous impacts on living organisms (Kendall and Scanlon 1981; 
Lucia et al. 2010; Scheuhammer 1987).

Characterized by bioaccumulation, Hg levels increase 
within trophic webs over time, accentuated by biomagni-
fication processes (Boening 2000). In birds, it is primarily 
neurotoxic (López-Berenguer et al. 2020), but can affect 
other physiological aspects (Bjedov et al. 2023a; Evers 
et al. 2008; Ji et al. 2006; Kobiela et al. 2015; Nicholson 
and Osborn 1984; Wada et al. 2009). The monitoring of Hg 
has been previously conducted using non-destructive sam-
ples in the blood of coastal waterfowl (Mallory et al. 2018), 
Calidris pusilla (Burger et al. 2018), as well as in feathers 

 *	 Dora Bjedov 
	 dora.bjedov@gmail.com

1	 Centre for Ecology, Evolution and Environmental Changes 
(cE3c) & CHANGE – Global Change and Sustainability 
Institute, Faculdade de Ciências, Universidade de Lisboa, 
Campo Grande, 1749‑016 Lisbon, Portugal

2	 Departamento de Biologia Animal, Faculdade de Ciências, 
Universidade de Lisboa, Campo Grande, 1749‑016 Lisbon, 
Portugal

3	 St. 4A# 3S‑81, Jamundí, Colombia
4	 Laboratory of Toxicology and Environmental Management, 

Department of Chemistry, Water, Applied and Environmental 
Chemistry Group, Faculty of Basic Sciences, University 
of Córdoba, Cra. 6 #77‑305, Montería, Córdoba, Colombia

5	 PrimeVigilance d.o.o., Oreškovićeva Ulica 20/A, 
10020 Zagreb, Croatia

http://orcid.org/0000-0003-1059-7907
http://crossmark.crossref.org/dialog/?doi=10.1007/s00244-024-01085-7&domain=pdf


128	 Archives of Environmental Contamination and Toxicology (2024) 87:127–143

of raptor birds (Zolfaghari et al. 2007; Bjedov et al. 2023b). 
A cumulative toxicant, Pb has diverse pathways of exposure 
in birds, e.g. inhalation, soil ingestion, and dietary consump-
tion, and it often originates from mining activities or the 
ingestion of Pb ammunition in hunting scenarios (Franson 
and Pain 2011; Krone 2018; Levin et al. 2021; Mateo et al. 
2001; Pain et al. 2019). For the purpose of environmental 
monitoring, Pb was analysed in the non-destructive samples, 
i.e. the blood of  Anas rubripes (Pain 1989) and  Ciconia 
ciconia (Bjedov et al. 2023a), while in feathers it was ana-
lysed in  Bubulcus ibis (Burger et al. 1992) and  Nycticorax 
nycticorax (Golden et al. 2009). Distinguished by its diverse 
chemical forms, As ranges from elemental states to various 
complexes and causes substantial avian toxicity potential, 
with accumulation in bedrock and anthropogenic sources 
exacerbating the exposure pathways (Mateo et al. 2003a, b; 
Sánchez-Virosta et al. 2015; Tasneem et al. 2020) with the 
highest concentration in avian fauna on top of the food chain, 
e.g. birds of prey  Accipiter nisus,  Tyto alba and  Falco tin-
nunculus (Eisler 2004; Erry et al. 1999; Stohs and Bagchi 
1995; Valko et al. 2005).

The issue of heavy metal and metalloid contamination is 
a matter of substantial significance on a global, regional, and 
local scale. Within wetland environments, the presence of 
heavy metal and metalloid contaminants results in various 
consequences, including the degradation of water quality 
with subsequent adverse impacts on hydrophytic vegeta-
tion and aquatic fauna, thereby culminating in an intricate 
interplay that contributes to the contraction of avian spe-
cies diversity within these wetlands (Ali and Khan 2019; 
Chai et al. 2017; Jovanović et al. 2017; Xia et al. 2021). 
Colombia, renowned for its exceptional biodiversity and 
rich wetland avifauna, provides an opportunity to investigate 
the ecosystem health through the analysis of aquatic avian 
species, which serve as crucial indicators of wetland health 
and significant contributors to the functioning of ecosys-
tem processes (Amat and Green 2010; Hartman et al. 2013; 
Murillo-Pacheco et al. 2018; Xia et al. 2021). Piscivorous 
and omnivorous avian species inhabiting wetland ecosys-
tems have the potential to serve as valuable indicators for 
detecting alterations caused by heavy metal and metalloid 
contamination due to several compelling factors (Xia et al. 
2021). Elevated bioaccumulation and/or biomagnification of 
heavy metals and metalloids within avian species could pose 
a substantial threat to the reproductive capacity and overall 
well-being of bird populations (Amat and Green 2010; Fred-
erick et al. 2002).

Given this background and the scarcity of adequate data 
concerning heavy metal and metalloid concentrations in 
avian species from different trophic levels within wetlands, 
this study provides insights into the hazards arising from the 
presence of these pollutants. To achieve this, non-destructive 
sampling was performed, i.e. feather plucking and blood 

sampling. Both feathers and blood have been previously 
used to monitor heavy metal and metalloids in other avian 
species and habitats, seeing as these matrices are accessible 
tissue during ringing, and sampling in parallel with ringing 
as well as taking morphometric measures reduces the stress 
of each individual bird. Specifically, our main goals were:

	 (I)	 To quantify the levels of Hg, Pb, and As in the 
blood and feathers of Roseate spoonbill, Platalea 
ajaja, Black-bellied whistling duck, Dendrocygna 
autumnalis and Neotropic cormorant, Nannop-
terum brasilianus, and assess metal(loid) interspe-
cies variability.

	 (II)	 To explore the potential relationships between 
the Hg, Pb, and As concentrations detected in the 
blood and feathers of the Roseate spoonbill, P. 
ajaja, Black-bellied whistling duck, D. autumnalis 
and Neotropic cormorant, N. brasilianus as well 
as investigate the associations between the Hg, Pb, 
and As concentrations with the body mass of the P. 
ajaja, D. autumnalis and N. brasilianus.

Materials and Methods

Study Area

The study was conducted in the Magdalena River basin in 
northern Colombia, which is recognized as one of the larg-
est tropical rivers globally (Fig. 1). The main sources of 
contamination in Magdalena River and its tributaries are dis-
charges from industrial mining, use of fertilisers, pesticides 
and the subsequent runoff, sewerage and wastewater, as well 
as mining activities and river transport waste from mining in 
the area’s largest gold mine in San Jorge basin (Salgado et al. 
2022). Two sampling sites were located in the area of the 
San Jorge River: Site 1 (8° 27′34.0" N, 75° 02′ 37.0" W) and 
Site 2 (8° 35′ 19.3" N, 75° 04′ 43.4" W). Both study sites are 
in the zone of great impact due to frequent rains and flooding 
resulting in heavy metal and metalloid accumulation.

Studied Aquatic Avian Species

The Roseate spoonbill, P. ajaja, inhabits regions from 
the Southeastern USA to Argentina (del Hoyo et  al. 
1992). The species exhibits versatile foraging behaviour 
in diverse habitats, from hypersaline ponds and marine 
environments to freshwater lakes. However, their habitat 
preference leans towards freshwater due to their limited 
capacity to effectively process hyperosmotic prey. While 
their primary dietary preference is piscivorous, they also 
prey on crustaceans, insects, and various other aquatic 
invertebrates (Britto and Bugoni 2015). The Black-bellied 
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whistling duck, D. autumnalis, displays a broad ecological 
flexibility, nesting in the cavities below the shrub under-
story and inhabiting ponds with vegetation, e.g. mangrove 
swamps and cultivated cropland. Their omnivorous diet 
allows them to exploit a wide range of food sources based 
on their habitat and seasonal availability. Diet comprises 
plants, including grasses, aquatic plants, seeds, grains, and 
crops, and aquatic invertebrates such as insects, crusta-
ceans, and molluscs, which they find in wetland habitats 
like marshes, ponds, and shallow waters. In addition to 
aquatic invertebrates, they may forage on terrestrial insects 
and other small invertebrates when available. Their feed-
ing behaviour is often observed during the night, which 
is a characteristic of this species (Askin et al. 2019). The 
Neotropic cormorant, N. brasilianus inhabits diverse eco-
systems, both freshwater and marine domains. Its dietary 
preference predominantly centres on small fish present in 
shallow, sheltered aquatic environments. Foraging hab-
its include a diverse range of tropical habitats, suggest-
ing the potential inclusion of other prey items beyond its 

prominently favoured small fish, i.e. tadpoles, frogs and 
aquatic insects (Barquete et al. 2008).

Blood and Feather Sampling

The field samplings were conducted during the months 
of April and December 2019, corresponding to the rainy 
and dry seasons, respectively. The capture methodology 
employed ten mist nets (measuring 9 m × 2.5 m) strategi-
cally deployed in areas identified as crucial transit, feeding, 
or refuge locations for avian species under study. Capture 
operations were conducted within a time window spanning 
from 07:00 to 18:00. In total, 45 adult individuals were 
sampled, 15 P. ajaja, 24 D. autumnalis, and six N. brasi-
lianus. The assessment of avian body mass was conducted 
employing an Ohaus CS 2000 digital balance, featuring a 
precision margin of ± 1.0 g. The execution of the sampling 
process was carried out in accordance with the permissions 
and approvals granted by the University of Córdoba and the 
Regional Autonomous Corporation of La Mojana (COR-
POMOJANA). To ensure ethical handling, a veterinarian 

Fig. 1   The sampling sites in northern Colombia where blood and feathers were collected from three avian species: Roseate spoonbill, P. ajaja, 
Black-bellied whistling duck, D. autumnalis and Neotropic cormorant, N. brasilianus 
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was instrumental in the sample collection process. Blood 
samples, ranging from 1 to 3 mL, were drawn from the 
jugular vein with a sterile needle. Blood samples were then 
promptly placed into specially prepared tubes containing 
ethylenediaminetetraacetic (EDTA) anticoagulant acid, 
and subsequently kept in insulated polystyrene containers 
supplemented with refrigerant gels, thereby maintaining a 
consistent storage temperature ranging between 4 and 6 °C 
(Espín et al. 2021). For feather collection, approximately 
10 feathers were obtained from each individual. To ensure 
methodological rigour, 4–5 contour body feathers were 
delicately plucked, while another set of 4–5 feathers were 
extracted from elsewhere. These collected feather samples 
were sealed within airtight plastic bags, before being sub-
jected to storage (Espín et al. 2021). Subsequent processing 
of the samples was conducted within the confines of the 
laboratory facilities belonging to the Water, Applied and 
Environmental Chemistry research group situated at the 
University of Córdoba.

Heavy Metal and Metalloid Analysis

Blood and feather samples from P. ajaja, D. autumnalis and 
N. brasilianus were analysed in duplicates for heavy metals: 
total Hg (THg) and Pb. Metalloid As was only analysed in 
the blood of D. autumnalis and N. brasilianus and not in P. 
ajaja blood due to insufficient sample volume. Blood sam-
ples were put into a Teflon reactor, and then nitric acid (65% 
HNO3) and hydrogen peroxide (30% H2O2) were added. The 
proportions of blood, HNO3, and H2O2 were adjusted to a 
ratio of 1:5:5 based on the volume of blood in the tubes. 
Subsequently, the mixture was incubated at 90 °C for 24 to 
48 h until the digestion of the blood samples was completed. 
Following digestion, the samples were allowed to cool and 
adjusted to volumes of 20, 30, or 40 mL using tetra-distilled 
purified water, depending on the volume of blood intended 
for analysis. These samples were then transferred to the 
measuring vessel. For the digestion process, Teflon reactors 
were prepared by washing them with 3 mL of HNO3, fol-
lowed by two rinses with tetra-distilled water. The reactors 
were then dried in an oven at 100 °C. The concentrations of 
As, Hg and Pb in the blood samples were determined using 
inductively coupled plasma mass spectrometry (ICP-MS) 
with a PerkinElmer Model Elan 6000 instrument. An ana-
lytical quality control programme was implemented. The 
limits of detection (LOD) for each metal were determined 
by analysing repeated blanks using the same procedure as 
for the samples, with the standard deviation (SD) multiplied 
by three. The limits of quantification (LOQ) for each ele-
ment, expressed as concentrations in the blood, were calcu-
lated based on the mean sample volume analysed. The LOD 
and LOQ for each metal were as follows: 0.009 μg L–1 and 
1.21 μg L–1 for As, 0.163 μg L–1 and 9.49 μg L–1 for Hg, and 

0.025 μg L–1 and 2.69 μg L–1 for Pb. Prior to calculating the 
results, absorbance values from blanks were subtracted. The 
validity of the method was confirmed by analysing reconsti-
tuted lyophilized blood from the certified reference materials 
Seronorm, Trace Element, Whole Blood 2 (ref. 201,605), 
and Whole Blood 3 (ref. 102,405) obtained from SERO AS, 
Norway. The lyophilized blood was reconstituted follow-
ing the provided instructions. Recovery rates, relative to the 
concentrations in the reference material, were determined as 
106.2% for As, 99.3% for Hg, and 101.8% for Pb.

Prior to analysis, each feather was washed with acetone 
and deionized water. Subsequently, they were air-dried, 
weighed, and cut into small pieces using stainless steel 
scissors. THg concentration in feathers was determined 
using a DMA-80 Direct Hg analyser (Milestone Italy). 
To ensure accuracy and precision, a human hair reference 
(IAEA-086) was tested after every 15 samples. Accept-
ability criteria were set between 0.53 and 0.61 mg kg–1, 
based on the 95% confidence interval for this standard. The 
recovery of Hg was determined to be 101.02 ± 6.62%. For 
Pb and As, feather samples were digested with HNO3 fol-
lowing standard methods outlined by the State Health and 
Family Planning Commission and the State Food and Drug 
Administration in 2017. Analyses were conducted using the 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) 
(PerkinElmer, USA). Standard curves were generated using 
a mixed elements standard solution (for As, Pb) with an 
R-squared value greater than 0.99. Feather samples were 
analysed, and the mixed standard solution (As = 10 μg L–1, 
Pb = 10 μg L–1) was tested every 15 samples to verify that 
the instrument remained within the specified range. Accept-
ability criteria were set between 80 and 120% recoveries. 
The recovery rates were determined 95.73 ± 13.27% for As, 
and 98.34 ± 6.31% for Pb.

Statistical Analysis

All statistical computations were executed using R version 
4.0.0 (R Core Team 2021) and GraphPad Prism version 8.4.3 
(GraphPad Prism Inc., California). Censored data sets, i.e. 
data containing values below LOD common in environmen-
tal contaminant research, were treated as absolute values. 
For a more comprehensive analysis and discussion of the 
overall findings, we incorporated data on D. autumnalis As 
concentrations in blood and feathers from a previous study 
(Buelvas-Soto et al. 2022) into our analysis and interpre-
tation of the results. Preceding the analyses, an examina-
tion of the data included outlier detection through boxplots 
and Cleveland dot plots. If the data did not follow a normal 
distribution (Shapiro–Wilks test, P < 0.05), nonparametric 
tests were used. To test the potential differences between the 
THg, Pb and As concentration in blood and As concentra-
tion in feathers between the P. ajaja, D. autumnalis and N. 
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brasilianus, a pairwise comparison of the mean rank of each 
column through the Kruskal–Wallis test was made. Dunn’s 
post hoc test was used to correct for multiple comparisons. 
Due to insufficient sample volume, As was not analysed in 
the blood of P. ajaja, therefore two-tailed Mann–Whitney U 
test was applied to test the differences between the As con-
centration in the blood of D. autumnalis and N. brasilianus. 
The differences in THg and Pb concentration in feathers 
were detected by applying one-way ANOVA, followed by 
post hoc multiple comparisons tests, Tukey adjusted. The 
associations between the blood and feather THg, Pb, As 
concentrations and the body mass measurements in species 
P. ajaja and D. autumnalis were investigated by applying 
nonparametric two-tailed Spearman correlation analysis. 
The relationship between THg, Pb and As concentrations in 
blood and feathers, with body mass measurements in the N. 
brasilianus species, was explored using a parametric two-
tailed Pearson correlation analysis. A correlation matrix was 
computed with a confidence interval of 95% for the vari-
ables. To explore the factors influencing the levels of heavy 
metals and metalloids in blood and feathers, distinct models 
were identified for each specific metal(loid) analysed. The 
selection process employed Akaike's information criterion 
adjusted for small sample sizes (AICC). These candidate 
models were constructed to assess the hypothesis related to 
the variation in metal concentration. This reconstruction was 
carried out using the aictab function from the AICcmodavg 
package. Additionally, a model with no effect (null model) 
was included, providing a valuable baseline for model com-
parison. The candidate models that provide a reasonable fit 
to the data while utilizing the simplest possible explanation 
should be prioritized, thereby reducing the risk of overfitting 
and enhancing the model's potential for generalization. That 

being said, the model exhibiting the highest parsimony was 
determined based on the AICC value and the AICC weight 
(wi). The fixed factors in the analysis were the Metal(loid) 
concentration, Species, and Body Mass, while the Individual 
factor was treated as a random variable. Statistical signifi-
cance was considered at 0.05 (α) throughout the study. Due 
to the magnitude of variability exhibited by the heavy metal 
and metalloid concentrations in the blood and feather sam-
ples, the data set was log10-transformed and presented as 
barplots with standard deviation. This logarithmic transfor-
mation was undertaken with the objective of enhancing the 
visual representation of the data, to achieve greater better 
interpretability.

Results

An overview of the results of THg, Pb and As concentra-
tions in the blood of studied P. ajaja, D. autumnalis and 
N. brasilianus is shown in Table 1 and Fig. 2. In all ana-
lysed samples, THg was detected. Significant differences 
were detected between the species (P < 0.05, Fig. 2). Con-
centration of THg was significantly lower in the blood of 
D. autumnalis compared to P. ajaja (Padj < 0.0001) and N. 
brasilianus (Padj = 0.03). Pb concentration was detected in 
82% of the samples, with Pb levels below the LOD in eight 
samples. A significant interspecies variation was observed 
(P < 0.05, Fig. 2); specifically, Pb levels in the blood of 
P. ajaja were significantly lower compared to those in D. 
autumnalis (Padj < 0.0001). In all samples that were ana-
lysed, detectable levels of blood As were found. The findings 
revealed a lack of significant variation between the species 
(Fig. 2).

Table 1   Descriptive statistics for total mercury (THg), lead (Pb) and 
arsenic (As) concentrations (μg L−1) analysed in blood from three 
tropical species Roseate spoonbill (P. ajaja), Black-belied whistling 

duck, D. autumnalis and Neotropical cormorant, N. brasilianus sam-
pled in 2019 from Colombia

n Min 25% Percentile Median 75% Percentile Max Range Mean SD Reference

THg (µg L−1)
Platalea ajaja 15 470.30 528.10 659.70 1288.00 1439.00 968.60 811.00  ± 349.60 This study
Dendrocygna autumnalis 24 1.23 4.11 6.77 8.70 42.01 40.78 9.34  ± 10.29 This study
Nannopterum brasilianus 6 175.40 185.20 204.20 240.40 246.80 71.44 209.50  ± 27.92 This study
Pb (µg L−1)
Platalea ajaja 15 0.36 0.50 0.50 2.42 40.37 40.01 4.86  ± 11.11 This study
Dendrocygna autumnalis 24 8.73 101.20 140.50 276.10 929.50 920.80 212.00  ± 208.10 This study
Nannopterum brasilianus 6 22.15 29.72 43.52 63.11 77.06 54.91 46.16  ± 19.45 This study
As (µg L−1)
Platalea ajaja 0 N/A N/A N/A N/A N/A N/A N/A N/A
Dendrocygna autumnalis 6 15.79 15.95 20.09 25.98 28.10 12.31 20.89  ± 5.48 Buelvas-

Soto et al. 
2022

Nannopterum brasilianus 24 1.73 6.13 24.14 102.40 143.60 141.80 52.16  ± 50.66 This study
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An overview of the results of THg, Pb and As concentra-
tions in the feathers of studied P. ajaja, D. autumnalis and 
N. brasilianus is shown in Table 2 and Fig. 3. In all analysed 
samples, THg was detected and significant differences were 
detected between the species (P < 0.05, Fig. 3). Concen-
tration of THg was significantly lower in the blood of D. 
autumnalis compared to P. ajaja (Padj < 0.0001, Fig. 3) and 
N. brasilianus (Padj < 0.0001, Fig. 3). Additionally, THg con-
centration in the feathers of P. ajaja was significantly higher 
compared to N. brasilianus (Padj = 0.005, Fig. 3). Pb was 
present in 98% of the analysed samples, with levels below 
the LOD in only one sample. A significant variation between 
species was observed (P < 0.05, Fig. 3). Specifically, the N. 
brasilianus displayed the highest concentration of Pb in its 
feathers, a statistically significant increase when compared 
to both the D. autumnalis (Padj < 0.0001) and the P. ajaja 
(Padj < 0.0001). Furthermore, the Pb levels in D. autumnalis 

feathers were notably higher in comparison with P. ajaja 
(Padj < 0.0001). As was detected in all analysed samples and 
significant variation interspecies was observed (P < 0.05, 
Fig. 3). The P. ajaja exhibited the lowest As concentration 
within feathers, a significant decline when compared with 
both the D. autumnalis (Padj < 0.0001) and the N. brasilianus 
(Padj < 0.0001).

Results of the correlation coefficients between the heavy 
metals and metalloids in different matrices—blood and 
feathers of P. ajaja—are presented in Fig. 4 and Table SI–1. 
A significant positive correlation was detected in feathers, 
between As and THg concentration (P < 0.0001, Fig. 4).

Results of the correlation coefficients between the heavy 
metals and metalloids in different matrices—blood and 
feathers of D. autumnalis—are presented in Fig. 5 and 
Table SI–2. Significant correlations were detected in blood 
THg levels, both negative correlations with As in blood 

Fig. 2   Heavy metals mercury (THg), lead (Pb), and metalloid arsenic 
(As) concentrations on a log10 scale, analysed in the blood of Rose-
ate spoonbill, P. ajaja, Black-bellied whistling duck, D. autumnalis 
and Neotropic cormorant, N. brasilianus during 2019 from Colom-

bia. Significant differences in the heavy metal and metalloid con-
centrations between the species are noted with * (P < 0.05), **** 
(P < 0.0001)
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(P = 0.015, Fig. 5) and feathers (P = 0.02, Fig. 5). Nega-
tive correlation was observed in Pb levels between blood 
and feathers (P = 0.006, Fig. 5). Positive relationship was 
recorded between the body mass and As levels in feathers 
(P = 0.001, Fig. 5).

Results of the correlation coefficients between the heavy 
metals and metalloids in different matrices—blood and 
feathers of N. brasilianus—are presented in Fig. 6 and 
Table SI–3. A significant positive correlation was detected 
between As and Pb levels in the blood (P = 0.03, Fig. 6). 
Additionally, two significant positive associations were 
observed between the body mass and feather Pb levels 
(P = 0.046, Fig. 6) as well as the body mass and feather As 
levels (P = 0.029, Fig. 6).

A comprehensive summary of the prospective models 
and their respective hierarchical ranking, as determined 
through the AICC, is presented in Table 3. Distinct patterns 
in the performance and explanatory power of various mod-
els within the analysis were observed. Specifically, we have 
identified two different scenarios based on the model formu-
lations and their associated AICC values. The model’s Blood 
As, Feather THg and Feather As exhibit comparatively lower 
AICC values when the model involves the Species + Body 
Mass variables. This implies that both the species and the 
mass of the individual birds jointly contribute to the varia-
tion observed in heavy metal and metalloid concentrations, 
i.e. the inclusion of both factors in the model formulation 
highlights their shared influence on the levels of the respec-
tive metals. On the other hand, the model’s Blood THg, 
Blood Pb and Feather Pb exhibit lower AICC values when 
the coding involves only the Species variable. In the context 
of these specific heavy metal and metalloid concentrations, 
the Species variable alone provides a more parsimonious and 

effective explanation for the observed variation. For these 
models, the variation in heavy metal and metalloid concen-
trations among different species is adequately captured by 
the Species factor without a substantial contribution from 
the Body Mass of the birds.

Discussion

Interspecies Variability of Heavy Metal(Loid) 
Concentrations in Blood and Possible Effects

Environmental exposure to Hg and its effect on avifauna has 
been previously investigated (Burger and Gochfeld 1997b; 
Goodale et al. 2008; Jackson et al. 2011; Lavoie et al. 2014; 
Weech et al. 2006; Whitney and Cristol 2018). Heavy metal 
Hg is recognized for its propensity to undergo bioaccumu-
lation and biomagnification within aquatic ecosystems, 
thereby presenting a noteworthy health hazard to piscivorous 
and omnivorous wetland avian species. The concentration 
of THg in blood represents recent exposure, primarily via 
ingestion (Zamora-Arellano et al. 2017). In contrast to our 
hypothesis that the piscivorous N. brasilianus would have 
the highest THg levels in the blood, P. ajaja exhibited the 
highest THg concentration followed by N. brasilianus com-
pared to the D. autumnalis (Table 1, Fig. 2). We assume the 
main difference in blood THg levels between the species are 
foraging habits and trophic position. P. ajaja is a tertiary 
consumer that forages opportunistically and, therefore, may 
ingest soil and/or sediment from the bottom of water bod-
ies, subsequently coming into contact with Hg-contaminated 
particles. This may lead to higher THg exposure compared 
to D. autumnalis which is mostly feeding on plants and 

Table 2   Descriptive statistics for total mercury (THg), lead (Pb) and 
arsenic (As) concentrations (μg g−1) analysed in contour body feath-
ers from three tropical species Roseate spoonbill, P. ajaja, Black-

belied whistling duck, D. autumnalis and Neotropical cormorant, N. 
brasilianus sampled in 2019 from Colombia

n Min 25% Percentile Median 75% Percentile Max Range Mean SD Reference

THg (µg g−1)
Platalea ajaja 15 2.66 3.06 3.68 4.62 6.17 3.51 4.05  ± 1.21 This study
Dendrocygna autumnalis 24 0.19 0.36 0.43 0.53 0.68 0.49 0.44  ± 0.13 This study
Nannopterum brasilianus 6 1.19 1.23 1.40 1.88 1.94 0.75 1.50  ± 0.32 This study
Pb (µg g−1)
Platalea ajaja 15 0.00 0.06 0.09 0.12 0.42 0.42 0.12  ± 0.10 This study
Dendrocygna autumnalis 24 0.24 0.53 0.80 1.18 1.64 1.40 0.87  ± 0.41 This study
Nannopterum brasilianus 6 6.95 7.02 7.25 7.75 8.33 1.38 7.40  ± 0.51 This study
As (µg g−1)
Platalea ajaja 15 0.03 0.04 0.05 0.06 0.08 0.04 0.05  ± 0.02 This study
Dendrocygna autumnalis 24 0.21 0.47 0.57 0.76 2.94 2.72 0.71  ± 0.57 Buelvas-

Soto et al. 
2022

Nannopterum brasilianus 6 1.12 1.54 2.49 3.16 3.59 2.47 2.40  ± 0.89 This study
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invertebrates positioning them as primary and secondary 
consumers. N. brasilianus has significantly higher THg lev-
els in blood compared to D. autumnalis (Table 1, Fig. 2) and 
this may be due to dietary preferences, i.e. N. brasilianus 
is piscivorous which can lead to higher Hg exposure due 
to biomagnification. Fish tend to accumulate and concen-
trate Hg as they move up the aquatic food chain (Nyholt 
et al. 2022). In contrast, D. autumnalis might have a diet 
that includes a larger proportion of plant material or smaller 
invertebrates with lower Hg content.

Concerning the possible effects, the assumed back-
ground THg levels in the blood is 200 µg L–1 (Acker-
man et al. 2014). The concentration of THg associated 
with moderate adverse effects is 1000 µg L–1 and severe 
adverse effects in aquatic birds are assumed to be 3000 µg 
L–1 (Ackerman et  al. 2014) and 5000 µg L–1 has been 

associated with lower egg and offspring production (Wie-
meyer et al. 1984). All levels of THg in P. ajaja were 
above the assumed background levels but below the levels 
of severe adverse effects. That being said, 27% of the indi-
viduals may exhibit moderate adverse effects (≥ 1000 µg 
L–1). Although there is no research on THg levels in the 
blood of P. ajaja, the effects were investigated on other 
bird species that are ecologically similar and forage in 
the wetland ecosystems, e.g. N. nycticorax, Egretta thula 
(Henny et al. 2007) and C. ciconia (Bjedov et al. 2023a; 
Kamiński et al. 2008). At blood levels of 1000 µg L–1, 
consequences of exposure to Me-Hg include modifications 
in reproductive behaviours (Frederick and Jayasena 2010; 
Tartu et al. 2015), breeding success for Stercorarius mac-
cormicki (Goutte et al. 2014), decreased egg hatchability, 
reduction in productivity for Gavia immer (Burgess and 

Fig. 3   Heavy metals mercury (THg), lead (Pb), and metalloid arsenic 
(As) concentrations on a log10 scale, analysed in feathers of Roseate 
spoonbill, P. ajaja, Black-bellied whistling duck, D. autumnalis and 

Neotropic cormorant, N. brasilianus during 2019 from Colombia. 
Significant differences in the heavy metal and metalloid concentra-
tions between the species are noted with **** (P < 0.0001)
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Meyer 2008), lowered egg hatchability in Uria lomvia 
(Braune et al. 2012), alterations to enzymes associated 
with glutathione metabolism and antioxidant activity in 
Aythya marila, Melanitta perspicillata, Oxyura jamaicen-
sis and C. ciconia (Hoffman et al. 1998; Bjedov et al. 
2023a), as well as compromised behaviour of G. immer 
(Depew et al. 2012). These results indicate the presence 
of Hg contamination in the areas where P. ajaja forage, 
specifically in the region of the Magdalena River and its 
tributaries, such as the Jorge River. Anthropogenic activi-
ties, including small-scale and artisanal gold extraction 
operations, may contribute to an increase in environmental 
Hg levels, as was shown in turtles Trachemys callirostris 
(Zapata et al. 2014). As a consequence of this, a further 
investigation into potential Hg sources is warranted.

The suggested level of blood Pb indicating subclini-
cal poisoning is > 200 µg L–1 (Descalzo et al. 2021; Pain 
et al. 2019). Reflecting upon this, 67% of the sampled D. 
autumnalis have levels above 200 µg L–1 indicating poten-
tial adverse effects. This may demonstrate a potential source 
from the Magdalena River and its tributaries. The toxic 
profile of Magdalena River sediment was analysed, show-
ing a high Pb concentration (Tejeda-Benitez et al. 2016). 
The source is presumably from agricultural and industrial 
activities.

According to Burger and Gochfeld (1997c), the reference 
value for As-uncontaminated areas is 20 μg L−1. The mean 
blood values observed for both the D. autumnalis and N. 
brasilianus exceed the assumed limit of 20 μg L−1 (Table 1, 
Fig.  2). Continuously As-contaminated site reflected a 
median concentration of 50.50 μg L−1 on the blood of C. 
ciconia nestlings (Bjedov et al. 2023a) similar to blood As 
levels analysed in N. brasilianus (Table 1, Fig. 2). It remains 
inconclusive at this point whether there exists a discernible 
risk of adverse impacts for the species foraging in the area 
of River Magdalena and its tributaries. However, if chronic 
exposure persists over time, the potential for sublethal effects 
is possible.

Interspecies Variability of Metal(Loid) 
Concentrations in Feathers

Analysing feather THg concentration is a frequently used 
cost-effective tool utilizing non-invasive sampling, and 
long-term preservation and in addition, can provide his-
torical analysis (Appelquist et al. 1985; Perkins et al. 2020; 
Rutkowska et al. 2018). Feather THg content has been used 
to estimate THg body burden (Bjedov et al. 2023b; Kim 
et al. 1996; Thompson et al. 1991), which can then be asso-
ciated with feeding location and/or trophic level (Bjedov 

Fig. 4   Heatmap of Spearman 
ranks correlation coefficients 
(rs) between heavy metals 
mercury (THg), lead (Pb), and 
metalloid arsenic (As) analysed 
in blood and feather with the 
body mass of Roseate spoonbill, 
P. ajaja. Significant correlation 
coefficients are noted with * 
(P < 0.05)
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et al. 2023b; Keller et al. 2014; Ma et al. 2021). Significantly 
higher THg was observed in P. ajaja compared to N. bra-
silianus and D. autumnalis (Table 2, Fig. 3). No research 
information exists on Hg toxicity thresholds for P. ajaja with 
regard to THg concentrations in feathers. Feathers provide a 
representation of blood THg levels during their formation, 
and the process of transferring THg into feathers serves as 
a significant mechanism for eliminating THg from the body 
(Bottini et al. 2021). It was observed on Melospiza melo-
dia (Bottini et al. 2021) and Sturnus vulgaris (Carlson et al. 
2014) that those growing feathers, while exposed to Hg, 
exhibited a decline in blood THg levels as the moulting pro-
cess advanced. Similar trends of blood and feather THg con-
centration can be observed when compared in P. ajaja and N. 
brasilianus (Table 1, Fig. 2, Table 2, Fig. 3). N. brasilianus 
exhibits higher feather THg levels compared to D. autumna-
lis (Table 2, Fig. 3). Feather THg levels were analysed in N. 
brasilianus (Sandoval et al. 2019) and Phalacrocorax carbo 
(Misztal-Szkudlińska et al. 2011), and similar results were 
obtained when compared with this study (Table 2, Fig. 3). 
Overall, the mean concentration of feather THg was below 
the assumed natural background levels (5 µg g−1; Burger and 
Gochfeld 1997a, b, c; Scheuhammer 1991) for all three spe-
cies, however, in only one individual of P. ajaja THg level 
exceeded the threshold value (6.17 µg g−1; Table 2, Fig. 3). It 

can be concluded that none of the studied species exhibited 
feather concentrations that exceed the presumed limit for 
adverse effects (40 µg g−1; Sun et al. 2019).

Feather concentrations of Pb were the highest in N. 
brasilianus, compared to both P. ajaja and D. autumnalis 
(Table 2, Fig. 3). Additionally, D. autumnalis had higher lev-
els of feather Pb levels compared to P. ajaja (Table 2, Fig. 3). 
Compared to other ecologically similar species, feather Pb 
concentration from N. brasilianus had higher levels than P. 
carbo (Mirsanjari et al. 1970), Bubulcus ibis (Malik and Zeb 
2009) and Ardea cinerea (Bjedov et al. 2020). High feather 
Pb levels in N. brasilianus may indicate acute Pb poisoning, 
i.e. a short-term high-exposure event, and feather Pb concen-
trations can be used to identify acute poisoning events during 
the period of feather growth (Vizuete et al. 2019). Assumed 
feather Pb concentration where poisoning is suspected is 
usually defined as 4 µg g−1 for feathers (Vizuete et al. 2019). 
It has been shown that adverse effects (negative effects on 
behaviour, thermoregulation, locomotion, and depth percep-
tion resulting in lowered nestling survival) in birds occur if 
Pb levels exceed 4 µg g−1 in feathers (Burger and Gochfeld 
1997a, 2000, 2005; Vizuete et al. 2019). For example, some 
experimental studies have documented adverse effects of 
Pb in small birds, leading to modification of feather growth 
rates (10 µg g−1 in Parus major; Talloen et al. 2008) and 

Fig. 5   Heatmap of Spearman 
ranks correlation coefficients 
(rs) between heavy metals mer-
cury (THg), lead (Pb), and met-
alloid arsenic (As) analysed in 
blood and feather with the body 
mass of Black-bellied whistling 
duck, D. autumnalis. Signifi-
cant correlation coefficients are 
noted with * (P < 0.05)
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altered immune response (20 µg g−1 in Taeniopygia guttata; 
Snoeijs et al. 2005). That being said, all of the sampled indi-
viduals of N. brasilianus exceeded the levels for assumed 
threshold effects (mean 7.40 µg g−1; Table 2). The origin 
of this contamination could be from the birds ingesting the 
shot used in shotgun shells (Ancora et al. 2008; Friend et al. 
1999) seeing as the consumption-oriented pursuit of intro-
duced animals like cattle, goats, and pigs frequently takes 
place in the vicinity of lagoons and freshwater regions, i.e. 
foraging areas of N. brasilianus. Research conducted using 
T. guttata through experimental studies has demonstrated 
that Pb is transferred and deposited onto the feather surface 
during the process of preening (Dauwe et al. 2002). These 
findings indicate that the concentrations of Pb in feathers 
can be influenced by external contamination to a significant 
extent, rather than solely reflecting the dietary intake of lead 
during the feather's growth phase. As a result, caution should 
be exercised when interpreting feather-based results in the 
context of monitoring dietary Pb exposure.

At elevated concentrations, As can exert adverse effects 
on reproductive processes (Koivula and Eeva 2010) and 
function as an indicator of environmental contamination. 
However, these increased concentrations do not necessarily 
correspond linearly with internal tissue levels (Geens et al. 
2010). Within severely polluted regions, passerine birds 

have exhibited conspicuous As concentrations reaching up to 
30 µg g−1 (Janssens et al. 2001). Contrarily, areas devoid of 
pollution typically display As concentrations below 1 µg g−1, 
while polluted areas tend to manifest levels below 10 µg g−1 
(Sánchez-Virosta et al. 2015). The present study observed 
elevated feather-based As concentrations in D. autumna-
lis and N. brasilianus relative to P. ajaja (Table 2, Fig. 3). 
Despite overall results below the threshold for adverse 
impacts across all three species, it is interesting that feather 
As levels in D. autumnalis and N. brasilianus surpass those 
detected in A. cinerea feathers from a persistently As-con-
taminated site (Bjedov et al. 2020).

Correlation Patterns between Heavy Metal 
and Metalloids in Different Matrices

We observed a strong positive correlation between As and 
THg concentrations in P. ajaja feathers (Fig. 4, Table SI–1). 
These findings strongly suggest pronounced biomagnifica-
tion, given the established tendency of both elements to 
biomagnify across various trophic levels. Interestingly, our 
results diverge from those of earlier studies, such as the lack 
of significant correlations found in the feathers of Cepphus 
columba (Burger et al. 1992), five different seabird species 

Fig. 6   Heatmap of Pearson 
correlation coefficients (rs) 
between heavy metals mercury 
(THg), lead (Pb) and metalloid 
arsenic (As) analysed in blood 
and feather with the body mass 
of Neotropical cormorant, N. 
brasilianus. Significant correla-
tion coefficients are noted with 
* (P < 0.05)
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(Furtado et al. 2019), Somateria mollissima and Fratercula 
cirrhata (Burger et al. 1992).

On the other hand, a strong negative relationship was 
detected in blood THg with As levels in the blood and feath-
ers of D. autumnalis (Fig. 5, Table SI–2). This negative rela-
tionship suggests that there might be some form of interac-
tion or competition between the accumulation or distribution 
of THg and As in the D. autumnalis. THg tends to accu-
mulate more due to biomagnification, whereas As does not 
biomagnify to the same extent and might be present in dif-
ferent proportions in the diet. That being said, D. autumnalis 
might consume a range of animal prey or plants, each with 
a different property to accumulate THg and As. Physiologi-
cal interactions include different biochemical detoxification 
pathways, i.e. Hg is often bound to proteins such as metal-
lothioneins, while As is detoxified through methylation and 
subsequent excretion. Additionally, THg and As may exhibit 

antagonistic interactions within the body meaning the pres-
ence of one metal can influence the absorption, distribution, 
and toxicity of the other. This can occur through competition 
for binding sites on proteins or enzymes involved in metal 
detoxification and storage (García-Barrera et al. 2012). Fur-
ther research is needed to provide insights into how different 
heavy metals and metalloids are taken up, metabolized, and 
distributed within the D. autumnalis.

A negative association in Pb concentration between blood 
and feathers was detected, in D. autumnalis (Fig. 5, Table 
SI–2). This negative correlation could indicate a complex 
relationship between Pb exposure and its distribution within 
the D. autumnalis. It also might suggest that the Pb is being 
stored or sequestered in the feathers, leading to reduced 
concentrations in the blood. Such a correlation might have 
implications for how Pb exposure is metabolized or elimi-
nated within the D. autumnalis.

Strong positive correlations were recorded between 
body mass and feather As concentration in D. autumnalis 
(Fig. 5, Table SI–2), and between body mass, Pb and As 
feather levels of N. brasilianus (Fig. 6, Table SI–3). These 
results might imply that the accumulation of As in feathers 
is related to some aspect of the D. autumnalis growth or 
development. Previous research showed As effect on physi-
cal development, i.e. P. major nestlings exposed to sodium 
arsenate 0.20 μg g−1 d−1 had reduced wing growth (Sánchez-
Virosta et al. 2018). Furthermore, a positive significant rela-
tionship was observed between the concentration of As and 
Pb in N. brasilianus (Fig. 6, Table SI–3). This may suggest 
their buildup in the blood, however, this relationship needs 
further study.

Conclusion

The present study provides the assessment of heavy metal 
and metalloid concentrations and their interaction within two 
matrices and body mass, from three wetland bird species 
from Colombia. The results highlight notable variations in 
the concentrations of analysed heavy metals and metalloids 
among bird species at different trophic levels. This empha-
sizes their unique roles as bioindicators, offering valuable 
insights into environmental quality and potential risks within 
their respective habitats. Our results indicate significant 
changes in analysed heavy metal and metalloid concentra-
tions regarding different bird species and subsequently high-
light their distinct roles as bioindicators providing useful 
information concerning environmental quality and potential 
hazards within their respective habitats. To conclude, the 
results of the present study can help in understanding how 
heavy metals and metalloids biomagnify through food chains 
and how different wetland species may serve as indicators 
of environmental quality. By exploring the interactions of 

Table 3   The outcomes of model selection involve individual candi-
date linear mixed-effect models (with the individual as a random fac-
tor) that potentially provide insight into the observed concentrations 
of heavy metals and metalloid in the blood and feathers of three bird 
species: Roseate spoonbill, P. ajaja, Black-bellied whistling duck, D. 
autumnalis, and Neotropic cormorant, N. brasilianus. The parameters 
used for evaluation are K: a number of estimated parameters; AICC: 
Akaike’s information criterion value (corrected for small sample 
size); ΔAICC: difference in AICC value compared to that of the most 
parsimonious model; wi: Akaike weight; Res. LL: restricted log-like-
lihood of each model

Candidate models K AICC ΔAICC wi Res. LL

Blood THg ~ 1 3 666.51 82.11 0.00  − 329.96
Blood THg ~ Species 5 584.40 0.00 0.66 −286.43
Blood THg ~ Species + Body 

Mass
6 585.69 1.29 0.34 −285.74

Blood Pb ~ 1 3 592.52 30.84 0.00 −292.07
Blood Pb ~ Species 5 561.68 0.00 0.89 −275.07
Blood Pb ~ Species + Body 

Mass
6 565.86 4.18 0.11 −275.83

Blood As ~ 1 3 315.84 7.99 0.01 −154.46
Blood As ~ Species 4 308.40 0.54 0.43 −149.40
Blood As ~ Species + Body 

Mass
5 307.86 0.00 0.56 −147.68

Feather THg ~ 1 3 812.12 110.07 0.00 −402.78
Feather THg ~ Species 5 705.11 3.07 0.18 −346.81
Feather THg ~ Species + Body 

Mass
6 702.05 0.00 0.82 −343.95

Feather Pb ~ 1 3 837.42 190.29 0.00 −415.43
Feather Pb ~ Species 5 647.13 0.00 0.68 −317.81
Feather Pb ~ Species + Body 

Mass
6 648.64 1.00 0.32 −317.24

Feather As ~ 1 3 748.90 69.58 0.00 −371.17
Feather As ~ Species 5 679.51 0.18 0.58 −334.00
Feather As ~ Species + Body 

Mass
6 679.33 0.00 0.52 −332.59
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heavy metals and metalloids within different matrices and 
body mass of wetland bird species, the study offers insights 
into the dynamics of contaminant accumulation and distribu-
tion in the environment. This concept can be applied to wet-
lands worldwide, where bird species can serve as indicators 
of ecosystem health and the presence of contaminants such 
as heavy metals and metalloids. Further research involv-
ing physiological response is required for a comprehensive 
assessment to elucidate the extent to which the homeostasis 
of wild birds is affected. Ultimately, bioindicator species 
provide a comprehensive review of environmental health and 
aid in sustainable conservation and management practices. 
Continuous monitoring of heavy metals and metalloids in 
birds of Colombian wetlands could ascertain the long-term 
effects on their survival, overall fitness and habitat health. 
This recommendation could be extended to wetlands world-
wide to ensure the ongoing health and sustainability of these 
ecosystems in the face of environmental challenges.
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