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Abstract: Lead contaminated soil is a persistent global threat to the health of animal
populations. Nevertheless, links between soil lead and its adverse effects on exposed wildlife
remain poorly understood. Here, we explore local geographic patterns of exposure in urban
birds along a gradient of lead contamination in Broken Hill, an Australian mining city. Soil
lead concentrations are linked to co-located blood lead measurements in rock pigeons
(Columba livia), house sparrows (Passer domesticus), crested pigeons (Ocyphaps lophotes)
and white-plumed honeyeaters (Lichenostomus ornatus). Median blood lead levels were
highest in crested pigeons (59.6 pg/dL), followed by house sparrows (35.2 pg/dL), rock
pigeons (35.1 pg/dL), and white-plumed honeyeaters (27.4 ug/dL). Blood lead levels in all
species declined away from mining areas, the primary source of lead contamination in Broken
Hill. Blood lead increased significantly and at the greatest rate relative to soil lead in the three
ground foraging species (crested pigeons, house sparrows, rock pigeons). For these species,
soil lead concentrations below 200 mg/kg and 900 mg/kg were needed to maintain a median
blood lead concentration under the lower threshold of the subtoxic (20-50 pg/dL) and toxic (=
50 pg/dL) effect ranges previously identified for some bird species. We also investigated the
effects of lead exposure on blood haemoglobin levels as a general measure of physiological
condition in birds exposed to different levels of soil lead contamination. Overall, for every 1
pg/dL increase in blood lead, haemoglobin decreased by 0.11 g/L. The rate of this decrease
was not significantly different between species, which supports the measurement of
haemoglobin as a robust though insensitive measure of physiological condition in chronically
lead exposed birds. Our findings reflect the importance of lead contaminated soil as a
widespread source of elevated blood lead and supressed haemoglobin levels in birds inhabiting

urbanised and mining impacted environments.

Keywords: biomonitoring, lead exposure, urban ecosystems, pigeons, house sparrows
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1. Introduction: Over the last century, regulatory and environmental interventions have made
substantial progress in reducing human exposure to lead (Fuller et al., 2022). Comparatively,
progress in reducing lead exposure in non-human animal populations has been inconsistent
(Levin et al., 2021). Amongst bird species, ingestion of lead ammunition is the most widely
studied source of lead exposure and, despite its prohibition in many countries, remains a
common source of lead poisoning in wildfowl, gamebirds, raptors and other scavenging birds
(Pain et al., 2019). Fewer studies have explored the exposure and susceptibility of birds to soil
contaminated by lead emissions from mining and smelting activities (Berglund et al., 2010;
Beyer et al., 2013; Chapa-Vargas et al., 2010; Durkalec et al., 2022; Williams et al., 2018).
Inputs of lead by mining and smelting operations are ongoing, and unlike many other common
anthropogenic lead sources, remain poorly regulated in many countries (Entwistle et al., 2019).
Even in regions with developed regulatory systems, interventions aimed at reducing human
exposure in mining contaminated areas are rarely protective of terrestrial animals. Soil lead
contamination therefore presents a potentially widespread and sometimes overlooked threat to

the health of birds that deserves deeper consideration.

Lead contaminated soil has the potential to impact a diverse range of bird species across a broad
range of habitats. This includes bird species which are not exposed to lead ammunition, such
as those which are not hunted by humans, or are unlikely to consume game animals (Pain et
al., 2019). Additionally, whereas exposure to lead ammunition is typically acute, ingestion or
inhalation of lead contaminated soil and dust is more often chronic, and its physiological effects
may not be directly comparable between the two scenarios (Franson and Pain, 2011). Despite
this, there remains a paucity of research that links soil lead contamination to biomarkers of lead
exposure and effect across multiple bird species. These links are important to understanding
lead exposure risks in birds, but also amongst humans and other animals, where similar sources
of exposure contribute to a range of adverse health outcomes (Gillings et al., 2024; Imagawa

et al., 2023).

Previous research has identified interspecific differences in tissue lead concentrations in bird
populations inhabiting areas with varying levels of soil lead contamination (Beyer et al., 2013;
Chapa-Vargas et al., 2010; Gil-Jiménez et al., 2021; Hansen et al., 2011). However, in these
studies, a focus at the population level (e.g. in contaminated versus uncontaminated areas)
means that links between soil and blood lead levels are not always established at the scales
over which exposure occurs in different bird species. This is often the case in mining and

smelting impacted environments where contamination gradients create significant variability
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in exposure levels over small geographic areas (Entwistle et al., 2019; Gil-Jiménez et al., 2021).
At these spatial scales, identifying biochemical and physiological responses to lead exposure
amongst different bird species can benefit the monitoring and management of animal

populations in lead contaminated ecosystems.

One of the most consistently reported physiological effects of lead exposure in birds and other
animals is the inhibition of the enzyme delta-aminolevulinic acid dehydratase (6-ALAD). The
0-ALAD enzyme is involved in the synthesis of haem, the protein present in red blood cells
and responsible for the delivery and uptake of oxygen and carbon dioxide to and from tissues
(Williams et al., 2018). Declines in haemoglobin have been attributed to detrimental impacts
in a broad range of fitness related traits, including parasite load (Krams et al., 2013; Motta et
al., 2013) and egg size (Minias, 2014). However, observed effects of lead exposure on blood
haemoglobin levels are variable, and where detected, typically occur at significantly higher
blood lead levels than are associated with 3-ALAD inhibition (Buekers et al., 2009). Identifying
the conditions under which lead exposure causes a blood haemoglobin response is important
because, while 6-ALAD is a sensitive biomarker of exposure, haemoglobin levels are more

directly relatable to the physiological condition of an individual (Minias, 2015).

In this study, we explore links between the spatial distribution of soil lead, blood lead and
haemoglobin levels in four species of urban bird inhabiting multiple sites across the Australian
mining city of Broken Hill, located in far western New South Wales. Emissions from mining
operations in Broken Hill have created a gradient of soil lead contamination away from local
production point sources (Gillings et al., 2022). The effect of lead contamination is seen in
elevated blood lead levels in local children (Dong et al., 2019). Within this urban context, we
explore lead exposure in two introduced species: rock pigeons (Columba livia) and house
sparrows (Passer domesticus); and two native species: crested pigeons (Ocyphaps Lophotes)
and white-plumed honeyeaters (Lichenostomus ornatus). Urban populations of these species
are widely distributed throughout Australia, are relatively sedentary, and their density is
sufficient to enable spatially representative sampling across lead contamination gradients.
Crested pigeons, house sparrows and rock pigeons are ground foragers, and so are directly and
frequently exposed to lead contaminated soil, whereas white-plumed honeyeaters forage
almost exclusively in bushes and tree canopies. We predict that levels of blood lead
contamination will reflect those measured in soil and will decrease with distance from mining

operations. We also expect haemoglobin values to be negatively correlated to blood lead
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concentrations. Finally, we anticipate white-plumed honeyeaters to show lower blood lead

levels compared to the other species due to their largely arboreal foraging strategy.
2. Methods:
2.1. Environmental context

Broken Hill is located in the far western arid zone of New South Wales, Australia. Local mining
operations are centred on one of the world’s largest silver-lead-zinc orebodies, which intersects
the two main residential districts of the city. Low rainfall and sparse vegetative cover facilitate
dust generation and transport and contribute to the dispersal of lead (Pb) contaminated dust
from mining operations into the surrounding urban areas (Gillings et al., 2022). Surface soils
in Broken Hill are highly enriched in Pb and are an important source of Pb exposure in the
local community (Dong et al., 2019). Birds were captured from a total of 77 sites in and around
urban areas in Broken Hill. The sampling sites in this study were selected based on the
distribution of the target species, but also according to their location along the gradient of soil

contamination in Broken Hill (Figure 1).
2.2. Soil sampling

To determine the approximate level of soil Pb contamination within the home range of the
target bird species we sampled surface soil from most catch sites. Three samples were collected
from the upper 2 cm of the soil profile at locations approximately 1 m equidistant. An additional
6 samples were taken around a smaller number of sites nearer to mining areas where variability
in soil contamination was anticipated to be highest. Where possible, samples were collected
from exposed soil, and clean fill and imported soil material was avoided. A total of 237 soil

samples were collected at 63 of the 77 sites.
2.3. Soil analysis

Soil Pb concentrations were measured using an Olympus Vanta portable X-ray fluorescence
spectrometer (pXRF) fitted with a 50 kV tungsten (W) anode tube. Soil samples were dried,
sieved to < 250 um, and 10 g of material was transferred to analysis cups. Samples were
analysed using the proprietary soil mode for a total measurement time of 60 s, with 20 s per
measurement condition. Soil Pb concentrations are reported in mg/kg. No measurements
returned concentrations below the instrument limit of detection (1 mg/kg). Mean recoveries for
analyses of National Institute of Standards and Technology (NIST) Standard Reference
Materials (SRMs) 2711a (Montana II Soil; Pb = 1400 mg/kg) and 2709a (San Joaquin Soil; Pb
=17 mg/kg) were 96% (n = 25) and 93% (n = 15) for Pb, respectively. Corresponding relative
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standard deviations for these analyses were 1% and 7%. Analysis of a silicate (SiO2) blank

returned no readings above instrument limits of detection for Pb.

To supplement our soil data, we incorporated a wider dataset of 364 surface soil Pb
measurements from urban areas in Broken Hill dating from between 2012-2022 (Gillings et
al., 2022; Kristensen and Taylor, 2016). These samples were collected at similar soil depths
(0—2 cm) and were analysed with a particle size < 2 mm. This brought the total number of

individual soil measurements included in this study to 601.
2.4. Biological sampling

Capture and sampling of crested pigeons (Ocyphaps lophotes), rock pigeons (Columba livia),
house sparrows (Passer domesticus) and white-plumed honeyeaters (Lichenostomus ornatus)
was authorised by the Macquarie University Animal Ethics Committee (ARA #2020/011). Due
to the different densities and distributions of the targeted bird populations and the methods used
to capture them, most sites are specific to one bird species. Crested pigeons (n = 41) and rock
pigeons (n = 40) were caught at 11 sites each, house sparrows (n = 446) at 49 sites, and white-
plumed honey eaters (n=49) at 13 sites (Table S1). House sparrows were captured and sampled
intermittently over a three-year period between 2020-2023 (as part of a related study (Gillings
et al., 2024)), while crested pigeons, rock pigeons, and white-plumed honey eaters were mostly
captured and sampled between April-May 2023. House sparrows and white-plumed
honeyeaters were caught using mist nets, while crested pigeons and rock pigeons were caught
using a manually triggered spring-loaded clap net set horizontally at ground level. All birds

were released at the site of their capture following sampling and measurement.

Captured birds were banded and identified for age (juvenile/adult) and sex (female/male) (the
latter only possible in the sexually dichromatic house sparrow). Measurements of mass, wing
chord, and tarsus were also taken. Blood samples were taken by first puncturing the brachial
vein with a 26 gauge hypodermic needle. A 50 pL blood sample was taken using a 75 pL plain
glass Microhematocrit Capillary Tube (supplied by Livingstone). These samples were taken
specifically for the quantification of blood Pb concentrations using a Meridian Bioscience
LeadCare Plus blood Pb analyser. Blood samples were stored in proprietary sample tubes
containing a dilute solution of HCI. These samples were stored on ice for a maximum of 9
hours and were returned to room temperature prior to analysis. A target of 5 or more birds were

sampled for this purpose at most sites, totalling 576 blood samples (Table S1). Four of these
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samples are repeat measurements taken from the same house sparrows captured from the same

site at a time interval of 6222 days.

Where permitted by blood flow, an additional 50-100 pL blood sample was also taken for the
validation of blood Pb measurements obtained from the LeadCare Plus instrument using
inductively coupled plasma mass spectrometry (ICP-MS). These blood samples were stored in
1.5 mL Eppendorf Tubes and frozen prior to analysis. An additional 10 uL of blood was
sampled using Hemocue HB201 Microcuvette Strips for the in-field analysis of blood
haemoglobin (Hb) levels using a HemoCue Hb 201+ point-of-care testing system. A total of

302 Hb measurements were taken across the four species (Table S1).
2.5. Blood haemoglobin analysis

Blood haemoglobin (Hb) levels (g/L) were measured immediately after sampling using a
HemoCue Hb 201+ instrument. Within the microcuvette, Hb is converted to azide
methemoglobin and the absorption of the sample is measured at two wavelengths, which are
used by the instrument to calculate Hb levels. The accuracy of Hb measurements obtained from
this instrument has been validated by previous studies with comparison to measurements of Hb

in capillary and venous blood using an automated cell counter (Jain and Chowdhury, 2020).

To further validate Hb measurements obtained for the HemoCue Hb 201+ instrument, we
compared Hb measurements from 55 house sparrows to the haematocrit (packed cell volume)
of blood samples taken from the same individual. Previous studies have identified a
proportional relationship between blood Hb concentrations and haematocrit (Turkson and
Ganyo, 2015). We measured haematocrit based on the proportion of red blood cells to plasma
in a 50 pL blood sample centrifuged at 10000 rpm in a 75 puL heparinised capillary tube. A
significant positive correlation was found between paired haematocrit and Hb measurements

(Pearson r=0.70, p <0.001, n = 55).
2.6. Blood lead analysis

Blood samples (50 uL) were analysed for Pb concentrations using a Meridian Bioscience
LeadCare Plus blood Pb analyser. This instrument uses anodic stripping voltammetry (ASV)to
measure the blood Pb levels from a blood sample mixed with a dilute solution of HCI. The
instrument has a detection range of 1.9-65.0 pg/dL. Measurements returning concentrations
outside these limits are imputed with a value equivalent to either the lower (1.9 pg/dL) or upper
limit of detection (65.0 pg/dL). Analysis of high and low controls for the LeadCare Plus

instrument returned concentrations within the acceptable range. The accuracy of measurements
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obtained from this instrument was further validated with analysis of paired blood samples using

ICP-MS, as detailed below.

Paired blood samples (n = 48) from crested pigeons (n = 6), rock pigeons (n = 6), house
sparrows (n = 30) and white-plumed honeyeaters (n = 6) were sent for analysis of Pb
concentrations using an Agilent 7900 quadrupole ICP-MS at the National Measurement
Institute, Sydney, Australia, with further details available in Gillings et al. (2024). Values
reported in mg/kg were converted to pg/dL. assuming an avian blood density of 1.05 g/mL
(Scanes, 2015). Mean recoveries for analyses of laboratory control sample Seronorm Trace

Elements Whole Blood (n = 4) and matrix spikes (n =4) were 106% and 100%, respectively.

The Pb concentration of paired blood samples measured using ASV and ICP-MS were strongly
correlated (Pearson r = 0.89, p < 0.001, n = 48). However, there was an overall negative bias
for blood Pb concentrations measured using ASV compared to ICP-MS (mean of differences
+ 95% confidence interval = -18.9 + 4.4 ug/dL). Previous studies that have measured avian
blood samples using ASV have also reported underestimations of blood Pb concentrations
compared to the results of other analytical methods, including ICP-MS (Gonzaélez et al., 2019;
Herring et al., 2018). These studies recommend correction of ASV measurements according to

more analytically robust spectrometric techniques (Herring et al., 2018).

To account for this underestimation, we fitted an ordinary least squares (OLS) model for natural
log-transformed Pb concentrations obtained from ASV (independent variable) and ICP-MS
(dependent variable), following established methods (Herring et al., 2018). We found that ASV
measurements from house sparrows and white-plumed honeyeaters underestimated ICP-MS
measurements by a greater degree than crested pigeons and rock pigeons. An ASV
measurement of 10 pg/dL, for example, equated to a back-calculated ICP-MS measurement of
23.7 pg/dL for house sparrows, 21.4 pg/dL for white-plumed honey eaters, 13.6 pg/dL for
crested pigeons and 14.7 pg/dL for rock pigeons. Based on this finding and the low number of
paired measurements available for white-plumed honeyeaters, crested pigeons and rock
pigeons, we pooled our data for house sparrows and white-plumed honeyeaters (n = 36), and
crested pigeons and rock pigeons (n = 12) and recalculated the models for each group. We
applied the recalculated models for house sparrows and white-plumed honeyeaters (In(ICP-MS
blood Pb (ng/dL)) = 0.8275 x In(ASV blood Pb (ug/dL)) + 1.2552) and crested pigeons and
rock pigeons (In(ICP-MS blood Pb (ug/dL)) = 1.0428 x In(ASV blood Pb (pg/dL)) + 0.2592)
to the entire dataset of natural log transformed ASV blood Pb measurements of the

corresponding species (Table S2). We then inverted the adjusted natural log-transformed data
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back to a linear scale. This shifted the ASV detectable blood Pb concentrations from the
proprietary range of 1.9-65 pg/dL to 6.0-111.0 pg/dL for house sparrows and white-plumed
honeyeaters, and 2.5-100.7 pg/dL for crested pigeons and rock pigeons.

No measurements from white-plumed honeyeaters (n = 0/49) and only 4% (n = 20/446) of
those from house sparrows exceeded the upper limit of detection, suggesting that the upper
range of Pb exposure in these species was captured by this analysis method. This was not the
case for the other species, with blood Pb measurements exceeding the upper limit of detection
for 10% of rock pigeons (n = 4/40) and 22% of crested pigeons (n = 9/41). To avoid
underestimation of blood Pb levels in these species, blood samples paired to the right censored
ASV measurements (n = 13) were analysed using ICP-MS, as previously detailed. The existing

right censored ASV measurements were substituted with these ICP-MS measurements.
2.7. Spatial and statistical analysis

All statistical and spatial analyses were performed with Python 3.9.13 and ArcGIS Pro 3.02.
For comparison with similar studies, geochemical and biochemical data reported here are
summarised using the median or arithmetic mean. The distance of each site from mining areas

in Broken Hill is calculated from the nearest outer boundary of mining zoned land.

Bivariate relationships are examined using Pearson and Spearman correlation coefficients. Due
to the non-normality of our data, the non-parametric Kruskal-Wallis test was used for
categorical comparisons of blood Pb, blood Hb, and soil Pb data. Dunn’s test was used for post-

hoc analysis of differences between individual groups.

The assumptions of a generalised linear model were not met, and so quantile regression, which
does not assume a normally distributed error term, was used to model the relationship between,
firstly, soil Pb (independent variable) and the conditional median of blood Pb (dependent
variable), and secondly, blood Pb (independent variable) and the conditional median of blood
Hb (dependent variable). In both models, species (crested pigeons, rock pigeons, house
sparrows, white-plumed honeyeaters) were included as a categorical covariate. In the second
model, maturity (adult, juvenile) was included as an additional categorical covariate due to its
known effect on blood Hb levels (Minias, 2015). For the initial iteration of the models, an
interaction term was created between the continuous independent variables (soil Pb in the first
model and blood Pb in the second model) and the categorical covariate of species to identify

interspecific effects in the modelled relationships. To allow for robust comparisons of these
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interspecific differences, we conducted four iterations of each model, each time using a

different reference species.

The geochemistry of urban soils is highly heterogenous, complicating characterisation of soil
Pb contamination at site-specific scales. Soil samples were also only taken from 63 of the 77
sites. To account for these limitations, we used empirical Bayesian kriging regression
prediction to interpolate a continuous soil Pb surface from the wider dataset of 592 individual
soil Pb measurements from urban areas in Broken Hill (excludes 9 samples from 3 sites outside
urban areas). The distance of each soil sample from mining areas was included as an
explanatory variable to improve the accuracy of the predicted soil Pb surface (further details
provided in Table S3). Soil Pb concentrations at each catch site were summarised using the
mean soil Pb of 100 m? grid cells located within a 150 m radius of that site. This distance was
based on the 300 m radius reported as the maximum home range of urban rock pigeons and
house sparrows (Sol and Senar, 1995; Vangestel et al., 2010) and was assumed to be inclusive
of the home range of crested pigeons and white-plumed honeyeaters based on observational
studies of these and similar species (Guppy et al., 2023; Mulhall and Lill, 2011). We did not
summarise soil Pb concentrations over the full 300 m radius as this would bias estimates to the
outer perimeter of this range. Three sites fell outside the interpolated area and so the mean of

measured concentrations is used at these sites.

For comparison of blood Pb concentrations measured in our target species with similar studies,
we classified soil Pb contamination levels for each site according to the geoaccumulation index
(Igeo) (Barbieri, 2016) (Table S4). We used a background Pb concentration of 100 mg/kg based
on the median subsoil Pb concentration in Broken Hill (Kristensen and Taylor, 2016). Levels
of soil Pb contamination are classified according to thresholds described in Barbieri (2016).
Within these categories, blood Pb levels are compared based on the foraging strategy of

different species, as detailed in Billerman (2020).

In contextualising levels of Pb exposure measured in the studied species, we draw on blood Pb
concentration ranges associated with subtoxic and toxic physiological effects in
Columbiformes and Falconiformes (Franson and Pain, 2011). In Columbiformes (e.g., crested
pigeons, rock pigeons) and Falconiformes, blood Pb levels between 2050 pg/dL are associated
with subtoxic physiological effects, which are unlikely to severely impair biological
functioning. A blood Pb concentration above 50 pug/dL in Falconiformes or 200 pg/dL in
Columbiformes is associated with toxic physiological effects, such as anaemia and weight loss

(Franson and Pain, 2011). Similar thresholds are not available for Passeriformes (e.g., house
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sparrows, white-plumed honeyeaters) and so the toxic effect range for Falconiformes (> 50
ug/dL) is used for these species since it is the closest phylogenetic relative for which data are

available.
3. Results:
3.1. Soil lead contamination

Levels of soil Pb contamination were highly variable across Broken Hill (Figure 1; Table S4).
Across the 77 sites in this study, mean soil Pb ranged between 46-3664 mg/kg (Table S5).
Mean soil Pb concentrations were significantly and negatively correlated with the distance of
a site to mining areas; and this was the case for both interpolated site data (Spearman rs = 0.84,
p <0.001, n = 77) and co-located site measurements (Spearman rs = 0.63, p < 0.001, n = 63).
We did not identify a significant difference in soil Pb concentrations between the groupings of
catch sites where different species were caught (Kruskal-Wallis; p = 0.077), indicating that the
location of sites for each species were similarly distributed with respect to soil Pb
contamination in Broken Hill. This in turn suggests that pairwise comparison of blood Pb levels

between species should be appropriate at the population scale.
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Figure 1. Map of Broken Hill catch sites. Contoured soil Pb concentrations are derived from
the interpolation of 592 urban soil Pb measurements using empirical Bayesian kriging
regression prediction. Concentrations are classified using a geometric interval. The interpolated
surface is limited to within 100 m of urban areas due to the sparsity of soil data outside this

extent.
3.2. Blood lead levels

Summary statistics for blood Pb levels in each species are reported in Table 1. We identified
significant differences in blood Pb between species (Kruskal-Wallis; p <0.001). Median blood
Pb levels in crested pigeons (59.6 ug/dL) were significantly higher than house sparrows (35.2
ug/dL), rock pigeons (35.1 pg/dL), and white-plumed honeyeaters (27.4 pg/dL); there was no
significant difference between blood Pb levels in house sparrows and rock pigeons; and median
blood Pb levels in white-plumed honeyeaters were significantly lower than in crested pigeons,
house sparrows and rock pigeons (Dunn’s post hoc) (Figure 2; Table S6). Comparison of our
data with blood Pb concentration ranges associated with subtoxic and toxic effects in similar
species indicate that a majority of blood Pb measurements exceeded the lower concentration
threshold for subtoxic effects in Columbiformes and Falconiformes (> 20 pg/dL) (Figure 2;
Table S7).

Table 1. Summary statistics for blood Pb concentrations (pug/dL) measured in crested pigeons

(CRPI), white-plumed honeyeaters (WPHE), house sparrows (HOSP), and rock pigeons

(ROPI).
Species ’ Count Mean SD Min 25% 50% 75% Max
CRPI 41 82.1 70.9 15.5 47.8 59.6 80.8 340.2
WPHE 49 30.3 15.3 10.4 20.0 27.4 339 94.3
HOSP 446 43.0 29.3 6.0¢ 19.8 352 62.4 111.0°
ROPI 40 47.8 38.0 9.0 23.6 35.1 54.0 174.3

“Lower limit of detection for ASV blood Pb measurements in HOSP.
bUpper limit of detection for ASV blood Pb measurements in HOSP.
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Figure 2. Distribution (5%, 25%, 50%, 75%, 95%) of blood Pb levels in crested pigeons
(CRPI), rock pigeons (ROPI), house sparrows (HOSP), white-plumed honeyeaters (WPHE).
Dashed lines indicate the lower threshold of the blood Pb concentration range associated with
subtoxic physiological effects (20-50 pg/dL) and toxic physiological effects in Falconiformes
(=50 ng/dL) and Columbiformes (= 200 pg/dL).

Blood Pb levels in all species declined with distance from mining areas (Figure 3). As a
localised measure of variability in exposure, we calculated the relative standard deviation of
blood Pb levels for each species at sites where two or more individuals of that species were
caught. We did not identify a significant difference between the relative standard deviation of
blood Pb levels (mean + standard deviation) in crested pigeons (35 + 22%), rock pigeons (31
+27%), house sparrows (30 & 13%), or white-plumed honeyeaters (27 = 10%) (Kruskal-Wallis;
p = 0.061), suggesting that intra-site variability in blood Pb levels was somewhat consistent
between these species. Furthermore, repeated blood Pb measurements were available for 4
house sparrows captured from the same site 6222 days apart. The relative percent difference
(mean + standard deviation) of blood Pb concentrations between these repeated measurements

was 13 £ 5% (Table S8).
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Figure 3. Relationship between blood Pb levels (ug/dL) of (a) crested pigeons (CRPI), (b)
white-plumed honeyeaters (WPHE), (c) house sparrows (HOSP), (d) rock pigeons (ROPI),
with distance of sites from the nearest mining area. The dashed line indicates a smoothed Loess
regression (= 95% bootstrapped confidence interval) for this relationship. Spearman’s

correlation coefficient (rs) describes the strength and direction of the correlation.
3.3. Relationship between soil and blood lead

We used quantile regression to examine the relationship between soil and blood Pb levels in
the target species (Figure 4; Table S9 (Model A)). Soil Pb and species accounted for
approximately 36% (R? = 0.36) of the variance in median blood Pb. Adjusting for species-
specific effects derived from the soil Pb x species interaction, the change in blood Pb (ng/dL)
as a function of soil Pb was largest in crested pigeons (0.0523 x soil Pb (mg/kg), p < 0.001),
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followed by house sparrows (0.0429 x soil Pb (mg/kg), p <0.001), rock pigeons (0.0333 x soil
Pb (mg/kg), p < 0.001) and white-plumed honeyeaters (0.0089 x soil Pb (mg/kg), p = 0.076),
and was significant in all species except for WPHE (Figure 4; Table S9 (Model A)). Based on
the soil Pb x species interaction, the slope of this relationship differed significantly between all
species (p < 0.05), with the largest difference between white-plumed honeyeaters and crested

pigeons, house sparrows and rock pigeons (Figure 4; Table S9 (Model A)).

Due to the significant association between soil and blood Pb levels amongst crested pigeons,
house sparrows, and rock pigeons, we recalculated our quantile regression model to derive a
single exposure slope factor for the blood Pb response to changes in soil Pb for these species
(Table S9 (Model B)). We did not use the species specific intercepts, or the slopes derived from
the soil Pb x species interaction term for this purpose due to the relative sparsity of data
available for crested pigeons and rock pigeons. Amongst these species, for every 1 mg/kg
increase in soil Pb, the overall median blood Pb changed by 0.0433 pg/dL (SE = 0.001, t =
30.969, p < 0.001) (Table S9 (Model B)). The associated linear model (blood Pb (ng/dL) =
(0.0433 x soil Pb (mg/kg)) + 11.33) indicates that a soil Pb of approximately 200 mg/kg, 900
mg/kg and 4350 mg/kg equates to a median blood Pb approximating to the lower concentration
thresholds of the subtoxic effect range of 20-50 pg/dL and the toxic effect range of > 50 pg/dL

in Falconiformes and > 200 pg/dL in Columbiformes, respectively.



382

383
384
385
386

387

388
389
390
391
392
393

16

] 100
350 4 a: CRPI (Blood Pb = (0.0523 = Soil Pb) + 26.78; p < 0.001) b: WPHE (Blood Pb = (0.0089 x Soil Pb) + 19.39; p = 0.076)
4 (5] 1 o]
300 o
4 SD -
250
_ ] a
=
o .
g ] - 60 o
= 200 o o e
- - o
y=] - [s)
o .
3 s 1 o C
o b ’d
m 150 e e 40 o o
1 o - © o
© -7 o
I,f | . o . 0 _o
] - . B--Eoia 1
100 - Q 8 __ermTT o g o
] % .c:’” / D= o
] & g7 ° ° 204 7 8 o 1
1 o 270 o 8
0 2B % g o -
] gﬁ
o
0 A e 0 4
0 500 1000 1500 2000 2500 3000 3500 000 0 200 400 600 800 1000 1200 1400 1600
120 ]
1 ¢ HOSP (Blood Pb = (0.0429 = Soil Pb) + 7.64; p < 0.001) 1 d: ROPI (Blood Pb = (0.0333 x Soil Pb) + 14.67; p < 0.001)
] oo o o o o o 175 o
<] 8 4
j . 3
100 o 8 8 1
j o o o 150 o
@ ] o
T R
° ]
80 H . °© g 125 -
| [ ° . ]
-y Q -
T ° o o 8 g .7 o P
=) 3 goo 1 e
= o (X 100 -7
£ 60 o ° o ° %0 /, ° 1 s
=5 B ° & =
1§ 8 ° %o ¢ ,8” 8 g © ,”,
=} . 1 o
o ° Fe g A7 o § ° 75 -~
| 30,0 W o0 3 : - y
40 &o° 2 L8 c0f . °© e o
| o ®° B8 38 @ o o 1 o g .~
o8 %:g “%o0 o 8 s04 ° -
éje H + Qo 5 g ] ¢’8
foo® B a8 o 0
: 0 © 27 8 ¢ o g %o,/ o °
o ° 1
) o 25 /@; o ° o
1.~
7
] [s] ©
0 T 0 - T
0 200 400 600 800 1000 1200 1400 1600 0 500 1000 1500 2000 2500 3000
Soll Pb (mg/kg) Soil Pb (mg/kg)

Figure 4. Relationship between soil Pb (mg/kg) and blood Pb (ng/dL) in (a) crested pigeons
(CRPI), (b) white-plumed honeyeaters (WPHE), (c¢) house sparrows (HOSP), (d) rock pigeons
(ROPI). The dashed line indicates the quantile regression model (median + 95% confidence

interval) for blood Pb as a function of soil Pb across the different bird species.
3.4. Relationship between blood lead and haemoglobin

Median blood Hb levels differed significantly between species and were highest in rock
pigeons (196 g/L), followed by crested pigeons (186 g/L), white-plumed honeyeaters (175 g/L)
and house sparrows (164 g/L) (Kruskal Wallis with Dunn’s post hoc; p < 0.001) (Table S6;
Table S10). Median blood Hb levels also differed significantly between adult (183 g/L) and
juvenile (166 g/L) white-plumed honeyeaters (p < 0.001), but not adult (165 g/L) and juvenile
(161 g/L) house sparrows (Kruskal-Wallis; p = 0.304). The number of juvenile crested pigeons
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(n = 0) and rock pigeons (n = 2) were too low to test for differences in blood Hb levels based

on maturity.

We fitted another quantile regression model to examine the relationship between blood Pb and
Hb levels amongst juveniles and adults of the target bird species (Figure 5; Table S11 (Model
A)). Blood Pb, species and maturity accounted for 25% (R? = 0.25) of the variance in blood
Hb. Adjusting for species-specific effects derived from the blood Pb x species interaction, the
change in blood Hb levels was largest in rock pigeons (-0.1691 x blood Pb (nug/dL), p=0.013),
followed by white-plumed honeyeaters (-0.1617 x blood Pb (ng/dL), p = 0.302), house
sparrows (-0.1251 x blood Pb (ng/dL), p < 0.001) and crested pigeons (-0.0790 x blood Pb
(ng/dL), p = 0.055), although the relationship was only significant in rock pigeons and house
sparrows (Figure 5; Table S11 (Model A)). From the blood Pb x species interaction term, we
did not identify any significant interspecific differences in the relationship between blood Pb
and blood Hb (Table S11 (Model A)). We therefore removed this interaction term from the
model while retaining species as a categorical covariate. In the simplified model, for every 1
mg/kg increase in blood Pb, the overall median blood Hb changed by -0.1118 ng/dL (SE =
0.026, t = -4.379, p < 0.001) (Table S11 (Model B)). Based on the overall relationship
established between soil Pb and median blood Pb in crested pigeons, rock pigeons and house
sparrows (Table S11 (Model B)), we estimated decreases in median blood Hb, relative to the
baseline Hb level in adults from each of these species, expected at different soil Pb

concentration ranges (Table 2).

Table 2. Predicted median blood Pb as a function of soil Pb and predicted decrease in median
blood Hb relative to baseline Hb across different levels of soil Pb contamination for crested
pigeons (CRPI), house sparrows (HOSP), and rock pigeons (ROPI) (Table S11 (Model B)).
White-plumed honeyeaters are not included here as blood Pb levels in this species were not
significantly correlated with soil Pb. Levels of soil Pb contamination are derived from the soil

Pb geoaccumulation index (Igeo) (Table S4).

Predicted Hb decrease (%)

Soil Pb contamination level Soil Pb (mg/kg)  Predicted blood Pb (ug/dL) CRPI HOSP ROPI
Background <150 <178 <0.1 <0.8 <0.5
Background to moderately contaminated 150-300 17.8-24.3 0.1-0.5 0.8-1.2 0.5-0.8
Moderately contaminated 300-600 24.3-373 0.5-1.3 1.2-2 0.8-1.6
Moderately to highly contaminated 600-1200 37.3-63.3 1.3-2.8 2-3.8 1.6-3
Highly contaminated 1200-2400 63.3-115.2 2.8-5.7 3.8-7.1 3.0-5.9
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Figure 5. Relationship between blood Pb (ug/dL) and blood Hb (g/L) in (a) crested pigeons
(CRPI), (b) white-plumed honeyeaters (WPHE), (c¢) house sparrows (HOSP), (d) rock pigeons
(ROPI). The dashed line indicates the quantile regression model (median = 95% confidence
interval) for blood Hb as a function of blood Pb in the different bird species. Datapoints for
adult and juvenile individuals are displayed, but the intercept of the plotted regression equation

is based on the baseline Hb of adults of each species.

4. Discussion: This study examined links between soil Pb contamination and biomarkers of Pb

exposure and effect in four species of urban bird living in an Australian mining city. We
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observed significant differences in the blood Pb concentration of crested pigeons, rock pigeons,
house sparrows and white-plumed honeyeaters. These differences correspond to those
observed in the relationship between soil and blood Pb in these species (Table 1; Figure 2;
Figure 4; Table S6) and can be partly attributed to interspecific variation in foraging strategy.
The arboreal foraging white-plumed honeyeater, for example, has limited direct contact with
Pb contaminated soil. This is reflected in the lower blood Pb of this species, and the lower rate
at which blood Pb is observed to increase relative to soil Pb compared to the ground foraging
species in this study (crested pigeons, rock pigeons, house sparrows). In other Australian
honeyeaters, atmospherically deposited Pb has been attributed to elevated levels of Pb
exposure, even in contexts where levels of soil Pb contamination are low (Gulson et al., 2012).
This would account for the significant declines in the blood Pb of white-plumed honeyeaters
away from mining emission sources and also suggests that atmospherically deposited dust

could be a more relevant source of Pb exposure than soil in arboreal foraging bird species.

In crested pigeons, rock pigeons and house sparrows, factors influencing significantly different
blood Pb levels and their rate of increase relative to soil Pb are less clear. These species have
similar diets and foraging behaviours, and often forage together in groups (Mulhall and Lill,
2011). All also ingest grit, which would contribute to their ingestion of soil Pb. It is possible
the opportunistic feeding tendencies of the rock pigeon and house sparrow contribute to a more
diversified diet and a lower overall soil ingestion rate than crested pigeons with a strong dietary
preference for seeds (Anderson, 2007; Frith et al., 1974). House sparrows and rock pigeons
could also be more physiologically efficient at regulating blood Pb levels than crested pigeons.
A recent genomic analysis of house sparrow populations in Australia found a higher incidence
of genes relevant to Pb exposure in populations inhabiting mining cities, including two
involved in the transport of Pb and other metals across cell membranes (Andrew et al., 2019).
Human commensalism in rock pigeons and house sparrows likely began with the advent of
agriculture (Marom et al., 2018; Satre et al., 2012), and some resilience to Pb contamination
may well have evolved in both species. Crested pigeons instead have only recently expanded
their range into urban habitats (Mulhall and Lill, 2011). However, while the influence of
foraging strategy and diet on contaminant uptake is well established (Durkalec et al., 2022),
further research is needed to understand how evolutionary processes may influence

susceptibility to Pb exposure in different species.

A limited number of studies have spatially linked soil Pb contamination from mining to blood

Pb levels measured in birds (Beyer et al., 2013; Brasso et al., 2023; Chapa-Vargas et al., 2010;
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Hansen et al., 2011). As reported here, most of these studies show a consistent increase in blood
Pb with increasing soil Pb, regardless of species. The magnitude of this increase appears closely
related to foraging strategy, with the largest differences in blood Pb evident at moderate to
extreme levels of soil Pb contamination (600—4800 mg/kg; Table 3). Additionally, higher blood
Pb levels were observed in both ground and arboreal foraging species in this study compared
to previously published research on species with equivalent foraging strategies and at sites with
similar levels of soil Pb contamination (Table 3; Table S12). This variability is possibly related
to other factors influencing soil Pb exposure, such as habitat, nesting behaviour, and diet
(Durkalec et al., 2022), as well as environmental factors such as climate (Noyes et al., 2009).
For example, in arid, sparsely vegetated environments such as Broken Hill, a lack of ground
cover, including leaf litter, may increase exposure to Pb contaminated surface soil by ground
foraging species. A lack of ground cover also enhances the generation and deposition of Pb
contaminated dust onto other foraging substrates, including vegetation. These factors may
contribute to overall lower blood Pb levels reported by studies from mining impacted contexts
in North America where there is higher levels of rainfall and vegetative cover (Beyer et al.,
2013; Brasso et al., 2023; Hansen et al., 2011) (Table 3). However, our findings also indicate
that even amongst species inhabiting the same environmental context and with similar food
preferences and foraging behaviours, the blood Pb response to exposure to soil Pb

contamination can still differ significantly.

Table 3. Summary statistics (median | mean blood Pb + SD (ug/dL)) for literature data on
blood Pb levels in birds with different foraging strategies inhabiting different soil Pb
contamination ranges. Only studies with site-specific soil Pb measurements from mining and
smelting contaminated environments are included (Beyer et al., 2013; Brasso et al., 2023;
Hansen et al., 2011). Levels of soil Pb contamination are derived from the geoaccumulation
index (/geo), assuming a background soil Pb concentration of 100 mg/kg. Foraging strategies
are assigned according descriptions in Billerman (2020). A significant difference between in
the blood Pb of groups is indicated by * (p < 0.05) or ** (p < 0.01) (Kruskal-Wallis).
Comparative statistics for species, along with information on foraging guild and diet, are

reported in Table S12.

Other studies This study

Median | mean blood Pb + SD (ug/dL) Median | mean blood Pb + SD (ug/dL)
Soil Pb contamination Soil Pb range Ground forager Other forager Ground forager Other forager
level (mg/kg)




492

493
494
495
496
497
498
499
500
501
502
503
504
505
506

507
508
509
510
511

21

37155+8.6 3.715.8+93 9.0|11.7+9.1
Background <150

(n=129) (n=24) (n=31)
Background to moderately 150.300 94|89+54 5.0]6.1+£3.3 18.623.8+ 25.1122.1+69
contaminated (n=5) (n=4) 19.2 (n=116) (n=9)

2891335+ 19.3]124.0+
Moderately contaminated 300-600
22.5 (n=96) 14.9 (n=6)
Moderately to highly 16.3]24.7+ * 84110.7+7.2 44.2149.6 £ *¥* 0 25.01263+9.8
600-1200

contaminated 31.7 (n=171) (n=14) 25.9 (n=154) (n=12)

3821453 + *¥* 159213+ 739|764+ *¥* 0 33.8139.1+
Highly contaminated 12002400

35.9 (n=113) 14.9 (n=59) 33.3 (n=122) 17.2 (n=22)
Highly to extremely 324|552+ * 20.6]26.5+ 137.1|140.5 +

24004800

contaminated 44.0 (n=38) 23.8 (n=5) 102.4 (n=8)

34.9140.5 +
Extremely contaminated >4800

18.3 (n=44)

1841279+ 11.616.0 + 36.8 463+ 29.3131.0+
All data

33.1 (n=500) 14.9 (n=106) 36.4 (n=527) 15.5 (n=49)

Some of the interspecific variability observed in the relationship between soil Pb and blood Pb
could also be related to differences in behaviours such as site fidelity and home range (Durkalec
et al., 2022). However, following the same trend found for soil, blood Pb levels in all target
bird species declined with distance from Pb emission sources in mining areas (Figure 1; Figure
3). This suggests a relatively high degree of sedentarism in these species, with blood Pb levels
in each bird reflecting levels of Pb contamination within their immediate environment.
Recorded home ranges for these species vary but are often shortest in urban areas where food
sources and favourable nesting sites are abundant (Sol and Senar, 1995; Vangestel et al., 2010).
Amongst these species, similar intra-site variability in blood Pb levels provides additional
evidence for their sedentarism and suggests that any of these species could be used as spatially
sensitive biomonitors of Pb exposure risks to bird populations in urban ecosystems. As well as
being spatially representative, low variability observed in repeated blood Pb measurements
from house sparrows also indicates a high degree of temporal consistency in Pb exposure, at

least in this species (Table S8).

More broadly, our findings also align with previous studies indicating physiological differences
in the uptake of Pb by different animal classes. We detected an apparently linear dose-response
of blood Pb as a function of soil Pb, which is contrary to sublinear relationships previously
identified by Pb dosing experiments in mammals (Casteel et al., 2006; Freeman et al., 1992;

Freeman et al., 1991). In studies of birds dosed with Pb contaminated soil and sediment a linear
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response is most frequently reported (Beyer et al., 2014; Day et al., 2003; Heinz et al., 1999;
Hoffman et al., 2000a; Hoffman et al., 2000b). This has implications for the characterisation

of risk associated with exposure to soil Pb and its bioaccumulation in birds.

Estimated soil ingestion rates in ground foraging bird species range between 9—20% of their
diet (Beyer et al., 1994; Beyer et al., 2013). Assuming this range is applicable to the ground
foraging bird species examined here (crested pigeon, rock pigeon, house sparrow), we can
apply it to compare the relationships established between soil and blood Pb levels to those
previously identified in experimental dosing studies. At a soil ingestion rate of 9-20%, the
slope for the change in blood Pb (ug/dL) as a function of soil Pb (mg/kg) in these ground
foraging species ranges from 0.22 x dietary soil Pb (mg/kg) at 20% to 0.48 x dietary soil Pb
(mg/kg) at 9% (Figure 6). This range fits within that identified by Beyer et al. (2014), where a
review of soil Pb dosing studies reported unit equivalent slopes of 0.16 x dietary soil Pb
(mg/kg) in Canada geese (Branta canadensis) to 0.75 x dietary soil Pb (mg/kg) in mallards
(Anas platyrhynchos) (values converted from mg/kg wet weight to pg/dL assuming an avian
blood density of 1.05 g/mL (Scanes, 2015)) (Beyer et al., 2014; Day et al., 2003; Heinz et al.,
1999; Hoffman et al., 2000a; Hoffman et al., 2000b) (Figure 6). This supports the relevance of
these soil ingestion rates for ground foraging birds. It also suggests that the relationships
established between soil and blood Pb levels in this study are consistent with those identified

in soil Pb dosing studies.
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Figure 6. Comparison of modelled slopes for relationship between dietary soil Pb and blood
Pb. Only dosing studies using Pb contaminated soil from mining areas are included (values
converted from mg/kg wet weight to pg/dL assuming an avian blood density of 1.05 g/mL
(Scanes, 2015)) (Beyer et al., 2014; Day et al., 2003; Heinz et al., 1999; Hoffman et al., 2000a;
Hoffman et al., 2000b). Equivalent slopes (shaded area) for ground foraging birds in this study
(crested pigeons, rock pigeons, house sparrows) are calculated based on the combined exposure
slope factor for these species (blood Pb (ng/dL) = 0.0433 x soil Pb (mg/kg)), expressed as a
proportion of the estimated soil Pb ingestion rate of similar species (9—20%) (Beyer et al., 1994;
Hansen et al., 2011).

The consistency of the relationship between dietary soil Pb and blood Pb identified here, and
by previous studies, suggests that soil Pb thresholds could be derived for subtoxic and toxic
blood Pb ranges, at least for ground foraging species with similar soil ingestion rates. For the
ground foraging species in this study (crested pigeons, rock pigeons, house sparrows), the
overall modelled relationship between soil and blood Pb indicates that to maintain a median
blood Pb concentration below the lower threshold of the subtoxic blood Pb effect range (20
pg/dL), soil Pb concentrations should be below approximately 200 mg/kg. This is only slightly
higher than the 166 mg/kg soil Pb concentration identified as maintaining domestic chicken
(Gallus gallus domesticus) blood Pb levels below this same concentration threshold
(Yazdanparast et al., 2022). The accuracy of these soil Pb thresholds will vary according to
behavioural, physiological, and environmental factors influencing exposure to, and uptake of,

Pb in different bird species.

Soil Pb concentrations (200 mg/kg) exceeding those equivalent to the lower threshold of the
subtoxic blood Pb effect range (20-50 pg/dL) in this study are widespread in mining impacted
contexts. For example, mean soil Pb concentrations above 200 mg/kg were present at
approximately 88% of our sites in Broken Hill (n = 68/77). However, similar soil Pb
concentrations are also common in unindustrialised urban areas. In an analysis of 17,256 soil
samples from residential areas throughout Australia, 20% had soil Pb concentrations exceeding
300 mg/kg, and 35% of residences had at least one sample which exceeded this concentration
(Taylor et al., 2021). Consequently, if the relationship between soil Pb and blood Pb established
for the ground foraging birds in this study is representative of similar species, blood Pb

concentrations associated with subtoxic effects may be widespread in urban bird populations.

In addition to the relationship established between soil and blood Pb, we observed a consistent

decline in blood Hb levels across the range of blood Pb concentrations measured within our
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target species (Table 2; Figure 5). This aligns with our understanding of the effects of elevated
blood Pb on 3-ALAD activity and Hb synthesis in birds (Minias, 2015). However, while 6-
ALAD inhibition is commonly observed at elevated blood Pb levels, the resultant effects on
haematological parameters are more variable (Blus et al., 1993; Buekers et al., 2009; Custer et
al., 1984; Espin et al., 2015; Grue et al., 1986). This might be related to the severity and
duration of Pb exposure (Redig et al., 1991), or possibly interspecific factors influencing
sensitivity to Pb. We did not, however, detect any significant difference in the relationship
between blood Pb and blood Hb levels in different species (Table S11 (Model A)). This is
despite previous research indicating that Columbiformes are more resilient to the toxic effects
of Pb exposure, at least compared to Falconiforms (Franson and Pain, 2011). The blood Hb
response to Pb exposure observed here is also comparable to previous studies of other bird
species in Pb dosing studies. For example, compared to a background blood Pb of 3—19 pg/dL,
Beyer et al. (2000) observed significant decreases in blood Hb of between 9-22% over a blood
Pb concentration range of 242315 pg/dL in dosed mute swans (Cygnus olor), Canada geese
(Branta canadensis) and mallards (4Anas platyrhynchos). Over this same blood Pb
concentration range (242—-315 ng/dL), we would expect a decline in median blood Hb levels
of 12.9-20.2% in adults of our target species (Table 2; Table S11 (Model B)). The blood Hb
response to Pb exposure may therefore be more consistent between species than has been

previously indicated by pairwise comparisons of exposed and unexposed individuals.

In this study, we investigated blood Pb and Hb levels in four species of urban bird along a
gradient of soil Pb contamination in an Australian mining city. Globally, there are many mining
impacted environments where levels of soil Pb contamination are comparable to those reported
here (Frank et al., 2019; Landrigan et al., 2018). Our findings show that exposure to these levels
of soil Pb contamination lead to elevated blood Pb and supressed Hb levels. However, even in
urban areas with minimal industry and comparatively low levels of soil Pb contamination,
exposure to Pb has been linked to adverse behavioural and physiological outcomes in birds
(Espin et al., 2015; Hitt et al., 2023; McClelland et al., 2019; Work and Smith, 1996). Our data
indicates that, at least in ground foraging species, blood Pb levels associated with similar
effects may occur at soil Pb concentrations that are widespread within urban areas (Laidlaw et
al., 2017; Taylor et al., 2021). This has implications for the health of vulnerable bird
populations inhabiting the growing extent of land impacted by urbanisation and mining (Maus
et al., 2022; Seto et al., 2011). The findings of this study should provide context for monitoring

the health of bird populations in environments with varying levels of soil Pb contamination.



598
599
600
601

602
603

604

605

606

607

608

609

610

611

612

613

614
615
616
617
618
619
620
621
622

25

Acknowledgements: We thank community members from Broken Hill for granting us access
to their properties for sampling; and the New South Wales Department of Primary Industries
and the Broken Hill Environmental Lead Program for their ongoing support of the project. The

graphical abstract was made using Biorender.com.

Funding: This research was funded by an Australian Research Council Discovery Project grant

(DP200100832) and a research grant from the NSW Department of Primary Industries.
Author contributions:

Conceptualization: MMG, SCG, RT, TH

Methodology: MMG, RT, TH, MPT, SCG

Investigation: MMG, RT, TH, SCG

Visualization: MMG

Funding acquisition: SCG, MPT

Project administration: SCG

Supervision: MPT, SCG

Writing (original draft): MMG

Writing (review and editing): MMG, RT, TH, MPT, SCG

Competing interests: Mark Patrick Taylor has undertaken work for, and received funding
from, the Broken Hill Environmental Lead Program of the NSW Environment Protection
Authority (EPA). He has received funding for lead and other trace metal related work from
the Australian Federal Government. He has also prepared commissioned reports and provided
expert advice on environmental contamination and human health for a range of bodies,
including the Australian Building Codes Board (lead in plumbing fittings and materials),
lawyers, governments, union agencies, and private companies. He has also served as an
expert in plaintiff cases of childhood lead poisoning relating to Mount Isa, Queensland and

Kabwe, Zambia. No other authors declare a competing interest.



623
624
625

626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656

26

References:

Anderson, T., 2007. Biology of the Ubiquitous House Sparrow: From Genes to Populations.
Oxford University Press.

Andrew, S. C., Taylor, M. P., Lundregan, S., Lien, S., Jensen, H., Griffith, S. C., 2019. Signs of
adaptation to trace metal contamination in a common urban bird. Science of the Total

Environment. 650(1), 679-686. https://doi.org/10.1016/j.scitotenv.2018.09.052.

Barbieri, M., 2016. The Importance of Enrichment Factor (EF) and Geoaccumulation Index
(Igeo) to Evaluate the Soil Contamination. Journal of Geology & Geophysics. 5(1), 1-
4. https://doi.org/10.4172/2381-8719.1000237.

Berglund, A. M. M., Ingvarsson, P. K., Danielsson, H., Nyholm, N. E. 1., 2010. Lead exposure

and biological effects in pied flycatchers (Ficedula hypoleuca) before and after the
closure of a lead mine in northern Sweden. Environmental Pollution. 158(5), 1368-
1375. https://doi.org/10.1016/j.envpol.2010.01.005.

Beyer, W. N., Audet, D. J., Heinz, G. H., Hoffman, D. J., Day, D., 2000. Relation of waterfowl

poisoning to sediment lead concentrations in the Coeur d'Alene River Basin.
Ecotoxicology. 9(3), 207-218. https://doi.org/10.1023/A:1008998821913.
Beyer, W. N., Chen, Y., Henry, P., May, T., Mosby, D., Rattner, B. A., Shearn-Bochsler, V. L.,

Sprague, D., Weber, J., 2014. Toxicity of Pb-contaminated soil to Japanese quail
(Coturnix japonica) and the use of the blood-dietary Pb slope in risk assessment.
Integrated Environmental Assessment and Management. 10(1), 22-29.
https://doi.org/10.1002/ieam.1453.

Beyer, W. N., Connor, E. E., Gerould, S., 1994. Estimates of soil ingestion by wildlife. Journal
of Wildlife Management. 58(2), 375-382. https://doi.org/10.2307/3809405.

Beyer, W. N., Franson, J. C., French, J. B., May, T., Rattner, B. A., Shearn-Bochsler, V. 1.,
Warner, S. E., Weber, J., Mosby, D., 2013. Toxic exposure of songbirds to lead in the

Southeast Missouri lead mining district. Archives of Environmental Contamination and
Toxicology. 65(3), 598-610. https://doi.org/10.1007/s00244-013-9923-3.
Billerman, S. M., 2020. Birds of the World. Cornell Lab of Ornithology, Ithaca, NY, USA.
Blus, L. J., Henny, C. J., Hoffman, D. J., Grove, R. A., 1993. Accumulation and effects of lead

and cadmium on wood ducks near a mining and smelting complex in Idaho.
Ecotoxicology. 2(2), 139-154. https://doi.org/10.1007/BF00119436.
Brasso, R., Cleveland, D., Thompson, F. R., Mosby, D. E., Hixson, K., Roach, M., Rattner, B.

A., Karouna-Renier, N. K., Lankton, J. S., Effects of Lead Exposure on Birds Breeding


https://doi.org/10.1016/j.scitotenv.2018.09.052
https://doi.org/10.4172/2381-8719.1000237
https://doi.org/10.1016/j.envpol.2010.01.005
https://doi.org/10.1023/A:1008998821913
https://doi.org/10.1002/ieam.1453
https://doi.org/10.2307/3809405
https://doi.org/10.1007/s00244-013-9923-3
https://doi.org/10.1007/BF00119436

657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690

27

in the Southeast Missouri Lead Mining District. USGS Scientific Investigations Report,
Vol. 2023. US Geological Survey, 2023.

Buekers, J., Steen Redeker, E., Smolders, E., 2009. Lead toxicity to wildlife: Derivation of a
critical blood concentration for wildlife monitoring based on literature data. Science of
the Total Environment. 407(11), 3431-3438.
https://doi.org/10.1016/j.scitotenv.2009.01.044.

Casteel, S. W., Weis, C. P., Henningsen, G. M., Brattin, W. J., 2006. Estimation of relative

bioavailability of lead in soil and soil-like materials using young swine. Environmental
Health Perspectives. 114(8), 1162-1171. https://doi.org/10.1289/ehp.8852.
Chapa-Vargas, L., Mejia-Saavedra, J. J., Monzalvo-Santos, K., Puebla-Olivares, F., 2010.

Blood lead concentrations in wild birds from a polluted mining region at Villa de la
Paz, San Luis Potosi, Mexico. Journal of Environmental Science and Health - Part A
Toxic/Hazardous Substances and Environmental Engineering. 45,  90-98.
https://doi.org/10.1080/10934520903389242.

Custer, T. W., Franson, J. C., Pattee, O. H., 1984. Tissue lead distribution and hematologic

effects in American kestrels (Falco sparverius L.) fed biologically incorporated lead.
Journal of wildlife diseases. 20(1), 39-43. https://doi.org/10.7589/0090-3558-20.1.39.
Day, D. D., Beyer, W. N., Hoffman, D. J., Morton, A., Sileo, L., Audet, D. J., Ottinger, M. A.,

2003. Toxicity of lead-contaminated sediment to mute swans. Archives of
Environmental  Contamination  and  Toxicology. 44(4), 510-522.
https://doi.org/10.1007/s00244-002-1140-4.

Dong, C., Taylor, M. P.; Zahran, S., 2019. The effect of contemporary mine emissions on
children's blood lead levels. Environment International. 122(1),  91-103.
https://doi.org/10.1016/j.envint.2018.09.023.

Durkalec, M., Martinez-Haro, M., Nawrocka, A., Pareja-Carrera, J., Smits, J. E. G., Mateo, R.,

2022. Factors influencing lead, mercury and other trace element exposure in birds from
metal mining areas.  Environmental  Research. 212(1), 1-13.
https://doi.org/10.1016/j.envres.2022.113575.

Entwistle, J. A., Hursthouse, A. S., Marinho Reis, P. A., Stewart, A. G., 2019. Metalliferous

Mine Dust: Human Health Impacts and the Potential Determinants of Disease in Mining
Communities. Current Pollution Reports. 5(3), 67-83. https://doi.org/10.1007/s40726-
019-00108-5.

Espin, S., Martinez-Lopez, E., Jiménez, P., Maria-Mojica, P., Garcia-Fernandez, A. J., 2015.
Delta-aminolevulinic acid dehydratase (JALAD) activity in four free-living bird


https://doi.org/10.1016/j.scitotenv.2009.01.044
https://doi.org/10.1289/ehp.8852
https://doi.org/10.1080/10934520903389242
https://doi.org/10.7589/0090-3558-20.1.39
https://doi.org/10.1007/s00244-002-1140-4
https://doi.org/10.1016/j.envint.2018.09.023
https://doi.org/10.1016/j.envres.2022.113575
https://doi.org/10.1007/s40726-019-00108-5
https://doi.org/10.1007/s40726-019-00108-5

691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723

28

species exposed to different levels of lead under natural conditions. Environmental

Research. 137(1), 185-198. https://doi.org/10.1016/j.envres.2014.12.017.

Frank, J. J., Poulakos, A. G., Tornero-Velez, R., Xue, J., 2019. Systematic review and meta-
analyses of lead (Pb) concentrations in environmental media (soil, dust, water, food,
and air) reported in the United States from 1996 to 2016. Science of The Total
Environment. 694(1), 1-18. https://doi.org/10.1016/j.scitotenv.2019.07.295.

Franson, J. C., Pain, D. J., Lead in Birds. Environmental Contaminants in Biota: Interpreting
Tissue Concentrations, Second Edition. CRC Press, 2011, pp. 563-594.

Freeman, G. B., Johnson, J. D., Killinger, J. M., Liao, S. C., Feder, P. 1., Davis, A. O., Ruby,
M. V., Chaney, R. L., Lovre, S. C., Bergstrom, P. D., 1992. Relative bioavailability of
lead from mining waste soil in rats. Toxicological Sciences. 19(3), 388-398.
https://doi.org/10.1093/toxsci/19.3.388.

Freeman, G. B., Johnson, J. D., Liao, S. C., Feder, P. L., Killinger, J. M., Chaney, R. L.,

Bergstrom, P. D., 1991. Effect of soil dose on bioavailability of lead from mining waste
soil in rats. Chemical Speciation and Bioavailability.  3(3-4), 121-128.
https://doi.org/10.1080/09542299.1991.11083163.

Frith, H. J., Brown, B. K., Barker, R. D., 1974. Food of the crested and common bronzewing
pigeons in inland New south wales. Wildlife Research. 1(2), 129-144.
https://doi.org/10.1071/WR9740129.

Fuller, R., Landrigan, P. J., Balakrishnan, K., Bathan, G., Bose-O'Reilly, S., Brauer, M.,

Caravanos, J., Chiles, T., Cohen, A., Corra, L., Cropper, M., Ferraro, G., Hanna, J.,
Hanrahan, D., Hu, H., Hunter, D., Janata, G., Kupka, R., Lanphear, B., Lichtveld, M.,
Martin, K., Mustapha, A., Sanchez-Triana, E., Sandilya, K., Schaefli, L., Shaw, J.,
Seddon, J., Suk, W., T¢llez-Rojo, M. M., Yan, C., 2022. Pollution and health: a progress
update. The Lancet Planetary Health. 6(6), €535-e547. https://doi.org/10.1016/S2542-
5196(22)00090-0.

Gil-Jiménez, E., de Lucas, M., Ferrer, M., Metalliferous Mining Pollution and Its Impact on
Terrestrial and Semi-terrestrial Vertebrates: A Review. In: P. de Voogt, (Ed.), Reviews
of Environmental Contamination and Toxicology. Springer, Cham, 2021, pp. 1-69.

Gillings, M. M., Fry, K. L., Morrison, A. L., Taylor, M. P., 2022. Spatial distribution and
composition of mine dispersed trace metals in residential soil and house dust:
Implications for exposure assessment and human health. Environmental Pollution.

293(1), 1-11. https://doi.org/10.1016/j.envpol.2021.118462.



https://doi.org/10.1016/j.envres.2014.12.017
https://doi.org/10.1016/j.scitotenv.2019.07.295
https://doi.org/10.1093/toxsci/19.3.388
https://doi.org/10.1080/09542299.1991.11083163
https://doi.org/10.1071/WR9740129
https://doi.org/10.1016/S2542-5196(22)00090-0
https://doi.org/10.1016/S2542-5196(22)00090-0
https://doi.org/10.1016/j.envpol.2021.118462

724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757

29

Gillings, M. M., Ton, R., Harris, T., Swaddle, J. P., Taylor, M. P., Griftith, S. C., 2024. House
sparrows as sentinels of childhood lead exposure. Ecoevorxiv.  [Preprint].
https://doi.org/10.32942/X27S4R.

Gonzialez, F., Camacho, M., Tiburdon, N. P, Pefia, M. Z., Rueda, L. R., Luzardo, O. P., 2019.

Suitability of anodic stripping voltammetry for routine analysis of venous blood from
raptors.  Environmental  Toxicology — and  Chemistry. (1), 737-747.
https://doi.org/10.1002/etc.4339.

Grue, C. E., Hoffman, D. J., Nelson Beyer, W., Franson, L. P., 1986. Lead concentrations and

reproductive success in European starlings Sturnus vulgaris nesting within highway
roadside verges. Environmental Pollution. Series A, Ecological and Biological. 42(2),
157-182. https://doi.org/10.1016/0143-1471(86)90005-X.

Gulson, B., Korsch, M., Winchester, W., Devenish, M., Hobbs, T., Main, C., Smith, G.,
Rosman, K., Howearth, L., Burn-Nunes, L., Seow, J., Oxford, C., Yun, G., Gillam, L.,

Crisp, M., 2012. Successful application of lead isotopes in source apportionment, legal
proceedings, remediation and monitoring. Environmental Research. 112(1), 100-110.

https://doi.org/10.1016/j.envres.2011.08.007.

Guppy, M., Guppy, S., Withers, P. C., Marchant, R., 2023. Home range sizes of 11 bird species
on a 10-ha forest site in southeast Australia. Journal of Field Ornithology. 94(1), 1-
11. https://doi.org/10.5751/JFO-00223-940108.

Hansen, A. J., Audet, D., Spears, L. B., Healy, A. K., Brazzle, E. R., Hoffman, J. D., Dailey,

A., Beyer, W. N., 2011. Lead exposure and poisoning of songbirds using the Coeur
d'Alene River Basin, Idaho, USA. [Integrated Environmental Assessment and
Management. 7(4), 587-595. https://doi.org/10.1002/ieam.201.

Heinz, G. H., Hoffman, D. J., Sileo, L., Audet, D. J., LeCaptain, L. J., 1999. Toxicity of lead-

contaminated sediment to mallards. Archives of Environmental Contamination and

Toxicology. 36(3), 323-333. https://doi.org/10.1007/s002449900478.

Herring, G., Eagles-Smith, C. A., Bedrosian, B., Craighead, D., Domenech, R., Langner, H.
W., Parish, C. N., Shreading, A., Welch, A., Wolstenholme, R., 2018. Critically
assessing the utility of portable lead analyzers for wildlife conservation. Wildlife Society
Bulletin. 42(2), 284-294. https://doi.org/10.1002/wsb.892.

Hitt, L. G., Khalil, S., Blanchette, A., Finkelstein, M. E., Iverson, E. N. K., McClelland, S. C.,

Duraes Ribeiro, R., Karubian, J., 2023. Lead exposure is correlated with reduced
nesting success of an urban songbird. Environmental Research. 227(1), 1-9.

https://doi.org/10.1016/j.envres.2023.115711.



https://doi.org/10.32942/X2ZS4R
https://doi.org/10.1002/etc.4339
https://doi.org/10.1016/0143-1471(86)90005-X
https://doi.org/10.1016/j.envres.2011.08.007
https://doi.org/10.5751/JFO-00223-940108
https://doi.org/10.1002/ieam.201
https://doi.org/10.1007/s002449900478
https://doi.org/10.1002/wsb.892
https://doi.org/10.1016/j.envres.2023.115711

758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791

30

Hoffman, D. J., Heinz, G. H., Sileo, L., Audet, D. J., Campbell, J. K., LeCaptain, L. J., 2000a.
Developmental toxicity of lead-contaminated sediment to mallard ducklings. Archives
of Environmental Contamination and Toxicology. 39(2), 221-232.
https://doi.org/10.1007/s002440010099.

Hoffman, D. J., Heinz, G. H., Sileo, L., Audet, D. J., Campbell, J. K., LeCaptain, L. J., Obrecht,

H. H., 2000b. Developmental toxicity of lead-contaminated sediment in canada geese
(Branta canadensis). Journal of Toxicology and Environmental Health - Part A. 59(4),
235-252. https://doi.org/10.1080/009841000156916.

Imagawa, M., Rushing, M., Carter, A., Schott, R., Berman, J. D., 2023. Using blood lead

concentrations of wildlife sentinels to identify environmental risk factors of lead
exposure for public health and wildlife rehabilitation efforts. Ecotoxicology. 32(3),
357-369. https://doi.org/10.1007/s10646-023-02642-x.

Jain, A., Chowdhury, N., 2020. Comparison of the accuracy of capillary hemoglobin estimation
and venous hemoglobin estimation by two models of HemoCue against automated cell
counter hemoglobin measurement. Asian Journal of Transfusion Science. 14(1), 49-
53. https://doi.org/10.4103/ajts. AJTS 93 _17.

Krams, I. A., Suraka, V., Rantala, M. J., Sepp, T., Mierauskas, P., Vrublevska, J., Krama, T.,

2013. Acute infection of avian malaria impairs concentration of haemoglobin and
survival in juvenile altricial birds. Journal of Zoology.  291(1),  34-41.
https://doi.org/10.1111/jz0.12043.

Kristensen, L. J., Taylor, M. P., 2016. Unravelling a ‘miner’s myth’ that environmental
contamination in mining towns is naturally occurring. Environmental Geochemistry
and Health. 38(4), 1015-1027. https://doi.org/10.1007/s10653-016-9804-6.

Laidlaw, M. A. S., Filippelli, G. M., Brown, S., Paz-Ferreiro, J., Reichman, S. M., Netherway,
P., Truskewycz, A., Ball, A. S., Mielke, H. W., 2017. Case studies and evidence-based

approaches to addressing urban soil lead contamination. Applied Geochemistry. 83(1),
14-30. https://doi.org/10.1016/j.apgeochem.2017.02.015.

Landrigan, P. J., Fuller, R., Acosta, N. J., Adeyi, O., Arnold, R., Baldé, A. B., Bertollini, R.,
Bose-O'Reilly, S., Boufford, J. 1., Breysse, P. N., 2018. The Lancet Commission on
pollution and health. The lancet. 391(10119), 462-512. https://doi.org/10.1016/S0140-
6736(17)32345-0.

Levin, R., Zilli Vieira, C. L., Rosenbaum, M. H., Bischoff, K., Mordarski, D. C., Brown, M. J.,

2021. The urban lead (Pb) burden in humans, animals and the natural environment.

Environmental Research. 193(1), 2-20. https://doi.org/10.1016/j.envres.2020.110377.



https://doi.org/10.1007/s002440010099
https://doi.org/10.1080/009841000156916
https://doi.org/10.1007/s10646-023-02642-x
https://doi.org/10.4103/ajts.AJTS_93_17
https://doi.org/10.1111/jzo.12043
https://doi.org/10.1007/s10653-016-9804-6
https://doi.org/10.1016/j.apgeochem.2017.02.015
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1016/j.envres.2020.110377

792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825

31

Marom, N., Rosen, B., Tepper, Y., Bar-Oz, G., 2018. Pigeons at the edge of the empire:
Bioarchaeological evidences for extensive management of pigeons in a Byzantine
desert settlement in the southern Levant. PLoS ONE. 13(3), I-11.
https://doi.org/10.1371/journal.pone.0193206.

Maus, V., Giljum, S., da Silva, D. M., Gutschlhofer, J., da Rosa, R. P., Luckeneder, S., Gass, S.
L. B., Lieber, M., McCallum, 1., 2022. An update on global mining land use. Scientific
Data. 9(1), 1-11. https://doi.org/10.1038/s41597-022-01547-4.

McClelland, S. C., Durdes Ribeiro, R., Mielke, H. W., Finkelstein, M. E., Gonzales, C. R.,
Jones, J. A., Komdeur, J., Derryberry, E., Saltzberg, E. B., Karubian, J., 2019. Sub-

lethal exposure to lead is associated with heightened aggression in an urban songbird.
Science of  the Total Environment. 654(1), 593-603.
https://doi.org/10.1016/].scitotenv.2018.11.145.

Minias, P., 2014. High glucose concentrations are associated with symptoms of mild anaemia
in whiskered terns: Consequences for assessing physiological quality in birds. Journal

of Ornithology. 155(4), 1067-1070. https:/doi.org/10.1007/s10336-014-1096-y.

Minias, P., 2015. The use of haemoglobin concentrations to assess physiological condition in
birds: A review. Conservation Physiology. 3(1), 1-15.
https://doi.org/10.1093/conphys/cov007.

Motta, R. O. C., Marques, M. V. R., Junior, F. C. F., Andery, D. A., Horta, R. S., Peixoto, R. B.,
Lacorte, G. A., Moreira, P. A., Leme, F. O. P., Melo, M. M., Martins, N. R. S., Braga,

E. M., 2013. Does haemosporidian infection affect hematological and biochemical
profiles of the endangered Black-fronted piping-guan (Aburria jacutinga). PeerJ.
2013(1), 1-16. https://doi.org/10.7717/peer].45.

Mulhall, S., Lill, A., 2011. What facilitates urban colonisation by Crested Pigeons Ochyphaps
lophotes? Corella. 35(3), 73-81.

Noyes, P. D., McElwee, M. K., Miller, H. D., Clark, B. W., Van Tiem, L. A., Walcott, K. C.,

Erwin, K. N., Levin, E. D., 2009. The toxicology of climate change: Environmental
contaminants in a warming world. Environment International. 35(6), 971-986.
https://doi.org/10.1016/i.envint.2009.02.006.

Pain, D. J., Mateo, R., Green, R. E., 2019. Effects of lead from ammunition on birds and other
wildlife: A review and update. Ambio. 48(9), 935-953. https://doi.org/10.1007/s13280-
019-01159-0.

Redig, P. T., Lawler, E. M., Schwartz, S., Dunnette, J. L., Stephenson, B., Duke, G. E., 1991.

Effects of chronic exposure to sublethal concentrations of lead acetate on heme


https://doi.org/10.1371/journal.pone.0193206
https://doi.org/10.1038/s41597-022-01547-4
https://doi.org/10.1016/j.scitotenv.2018.11.145
https://doi.org/10.1007/s10336-014-1096-y
https://doi.org/10.1093/conphys/cov007
https://doi.org/10.7717/peerj.45
https://doi.org/10.1016/j.envint.2009.02.006
https://doi.org/10.1007/s13280-019-01159-0
https://doi.org/10.1007/s13280-019-01159-0

826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858

32

synthesis and immune function in red-tailed hawks. Archives of Environmental

Contamination and Toxicology. 21(1), 72-77. https://doi.org/10.1007/BF01055559.
Satre, G. P., Riyahi, S., Aliabadian, M., Hermansen, J. S., Hogner, S., Olsson, U., Gonzalez

Rojas, M. F., Sather, S. A., Trier, C. N., Elgvin, T. O., 2012. Single origin of human

commensalism in the house sparrow. Journal of Evolutionary Biology. 25(4), 788-
796. https://doi.org/10.1111/j.1420-9101.2012.02470.x.

Scanes, C. G., Chapter 10 - Blood. In: C. G. Scanes, (Ed.), Sturkie's Avian Physiology (Sixth
Edition). Academic Press, San Diego, 2015, pp. 167-191.

Seto, K. C., Fragkias, M., Giineralp, B., Reilly, M. K., 2011. A meta-analysis of global urban
land expansion. PLoS ONE. 6(8), 1-9. https://doi.org/10.1371/journal.pone.0023777.

Sol, D., Senar, J. C., 1995. Urban pigeon populations: Stability, home range, and the effect of
removing individuals. Canadian Journal of Zoology.  73(6), 1154-1160.
https://doi.org/10.1139/295-137.

Taylor, M. P., Isley, C. F., Fry, K. L., Liu, X., Gillings, M. M., Rouillon, M., Soltani, N. S.,

Gore, D. B., Filippelli, G. M., 2021. A citizen science approach to identifying trace
metal contamination risks in urban gardens. Environment International. 155(1), 1-12.

https://doi.org/10.1016/j.envint.2021.106582.

Turkson, P. K., Ganyo, E. Y., 2015. Relationship between haemoglobin concentration and
packed cell volume in cattle blood samples. Onderstepoort Journal of Veterinary

Research. 82(1), 1-5. https://doi.org/10.4102/0jvr.v8211.863.

Vangestel, C., Braeckman, B. P., Matheve, H., Lens, L., 2010. Constraints on home range
behaviour affect nutritional condition in urban house sparrows (Passer domesticus).
Biological  Journal of the Linnean  Society. 101(1), 41-50.
https://doi.org/10.1111/1.1095-8312.2010.01493 .x.

Williams, R. J., Holladay, S. D., Williams, S. M., Gogal, R. M., Environmental lead and wild

birds: A review. Reviews of Environmental Contamination and Toxicology. Springer
New York LLC, 2018, pp. 157-180.

Work, T. M., Smith, M. R., 1996. Lead exposure in Laysan albatross adults and chicks in
Hawaii: Prevalence, risk factors, and biochemical effects. Archives of Environmental
Contamination and Toxicology. 31(1), 115-119. https://doi.org/10.1007/BF00203915.

Yazdanparast, T., Strezov, V., Wieland, P., Lai, Y.-J., Jacob, D. E., Taylor, M. P., 2022. Lead

poisoning of backyard chickens: Implications for urban gardening and food production.

Environmental Pollution. 310(1), 1-12. https://doi.org/10.1016/j.envpol.2022.119798.



https://doi.org/10.1007/BF01055559
https://doi.org/10.1111/j.1420-9101.2012.02470.x
https://doi.org/10.1371/journal.pone.0023777
https://doi.org/10.1139/z95-137
https://doi.org/10.1016/j.envint.2021.106582
https://doi.org/10.4102/ojvr.v82i1.863
https://doi.org/10.1111/j.1095-8312.2010.01493.x
https://doi.org/10.1007/BF00203915
https://doi.org/10.1016/j.envpol.2022.119798

859

33



