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Abstract

Global contamination of environments with lead (Pb) poses threats to many ecosystems and populations. While exposure to
Pb is toxic at high concentrations, recent literature has shown that lower concentrations can also cause sublethal, deleterious
effects. However, there remains relatively little causal investigation of how exposure to lower concentrations of environmental
Pb affects ecologically important behaviors. Behaviors often represent first-line responses of an organism and its internal
physiological, molecular, and genetic responses to a changing environment. Hence, better understanding how behaviors are
influenced by pollutants such as Pb generates crucial information on how species are coping with the effects of pollution
more broadly. To better understand the effects of sublethal Pb on behavior, we chronically exposed adult wild-caught, captive
house sparrows (Passer domesticus) to Pb-exposed drinking water and quantified a suite of behavioral outcomes: takeoff
flight performance, activity in a novel environment, and in-hand struggling and breathing rate while being handled by an
experimenter. Compared to controls (un-exposed drinking water), sparrows exposed to environmentally relevant concen-
trations of Pb exhibited decreases in takeoff flight performance and reduced movements in a novel environment following
9-10 weeks of exposure. We interpret this suite of results to be consistent with Pb influencing fundamental neuro-muscular
abilities, making it more difficult for exposed birds to mount faster movements and activities. It is likely that suppression of
takeoff flight and reduced movements would increase the predation risk of similar birds in the wild; hence, we also conclude
that the effects we observed could influence fitness outcomes for individuals and populations altering ecological interactions
within more naturalistic settings.

Lead (Pb) is a widely distributed and toxic heavy metal pol-
lutant that poses a threat to humans and wildlife alike (Assi

until recently, and gasoline (Cheng and Hu 2010; Assi et al.
2016; Williams et al. 2018). The industrial manufacturing

et al. 2016). While Pb is known to occur naturally in small
quantities within the Earth’s crust, anthropogenic extraction
and use of the metal have greatly increased over the past
two centuries (Marx et al. 2016). Globally, Pb is commonly
used in the manufacture of many products such as batteries,
water pipes, paints, firearm ammunition, cable sheaths, and,
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processes to make these products, as well as improper waste
control, coal burning, water runoff, increasing urbanization,
and the extraction of the metal itself (Cheng and Hu 2010),
has polluted an increasing number of environments across
the world with Pb, exposing a growing number of organisms
to this toxicant.

Lead exposure to contaminated water, soil, dust, air, or
food (Levin et al. 2008; Cheng and Hu 2010) adversely
affects a range of physiological and neurological processes
in organisms (Neal and Guilarte 2010; Franson and Pain
2011; Assi et al. 2016). Continuous or heightened exposure
to Pb causes the accumulation of this pollutant in organisms’
tissues where it exacerbates these toxic effects, potentially
leading to mortality (Franson and Pain 2011). In many cases,
however, organisms are not typically exposed to fatal Pb
concentrations (Pain et al. 2019). Instead, they are exposed
to sublethal concentrations of Pb which might also cause
deleterious effects for organisms.
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«Fig. 1 Average blood-Pb concentration over time of house sparrows
exposed to Pb in a pilot study 1, and b pilot study 2. The different
dashed/dotted lines represent a 2-point moving average over time so
that the blood-Pb concentration of every bird in a treatment influ-
enced this trajectory. Pb treatment concentrations are accordingly
indicated above each line. The solid gray line in (a) represents the
control treatment (No Pb in water). We elected to not add error bars
because of the small sample size for each sample represented on the
graph

Exposure to sublethal concentrations of Pb can impair
many bodily systems. For example, exposure to Pb has
been associated with increased oxidative stress biomark-
ers in red blood cells (Cid et al. 2018), digestive tissue
(Lee et al. 2019), and reproductive organs (Vallverdd-Coll
et al. 2016). Exposure to Pb has also been associated with
decreased immune function (Miller et al. 1998; Lee et al.
2019, Vallverda-Coll et al. 2019), altered stress or hypotha-
lamic—pituitary—adrenal (HPA)-mediated responses (Baos
et al. 2006; White et al. 2022; Zheng et al. 2022), decreases
in muscular development (Hossain et al. 2016; Pain et al.
2019), and impaired bone formation (Gangoso et al. 2009;
Ishii et al. 2018) in a variety of vertebrates. Notably, expo-
sure to Pb degrades neural tissue and decreases the function
of synaptic processes among neurons (Nixdorf et al. 1997,
Zou et al. 2020), both of which appear to influence down-
stream cognitive abilities (Monchanin et al. 2021; Burger
and Gochfeld 2000; Levin et al. 2008). Given the plethora of
biological pathways influenced by exposure to this pollutant,
we predict that Pb exposure would influence behavioral end-
points in organisms. However, there have been few studies
of how exposure to sublethal concentrations of Pb influences
ecologically important behaviors.

The behavior of an organism can serve as a bio-indicator
of the condition and functioning of multiple internal systems
(Scott and Sloman 2004). Furthermore, a change in behavior
is often the first noticeable response to environmental change
(Peterson et al. 2017). Hence, alteration of behaviors can be
indicative of the capacity of individuals to cope with rapid
environmental change (Hellou 2011) including a response
to pollutant exposure (Peterson et al. 2017; Pain et al. 2019).
Multiple studies have reported associations between changes
in behaviors and exposure to sublethal concentrations of Pb
in birds (Gorissen et al. 2005; Grunst et al. 2018; McClel-
land et al. 2019), fish (Weber 1993), amphibians (Chen et al.
2006), and insects (Mogren and Trumble 2010). However,
these are largely observational studies and there is a lack of
experimental evidence showing that exposure to sublethal
Pb itself causes changes in behavior.

To better understand the causal relationships between
exposure to sublethal Pb concentrations and changes in
behavior, we experimentally exposed wild-caught adult
house sparrows (Passer domesticus) to environmentally
relevant concentrations of Pb in their drinking water in

aviaries for 9-10 weeks and quantified escape takeoff flight,
movement in a novel environment, and in-hand struggling
behaviors and breathing rates while being handled. These
behaviors likely influence or could be indicative of aspects
of avian survival and fitness in more naturalistic settings
(Lima 1993; Kluen et al. 2014; McCowan et al. 2015). We
chose the house sparrow as an avian model as it is a seden-
tary, non-migratory, and globally distributed songbird that
often lives in human-dominated landscapes (Swaileh and
Sansur 2006) and hence, is often exposed to anthropogenic
pollutants including Pb (Swaileh and Sansur 2006). The
house sparrow is invasive and abundant in the USA, where
this study was conducted, and the removal of house spar-
rows from the wild is unlikely to have detrimental ecological
consequences.

Based on previous research, we hypothesized that
exposed birds would suffer physiological and neurological
impairments (Cid et al. 2018; Ishii et al. 2018; Zou et al.
2020) that would manifest in reduced takeoff performance
and reduced movements while exploring a novel environ-
ment. While similar explanations might predict a reduced
breathing rate or decreased struggles while handled by an
experimenter, we also recognized that Pb-exposed birds have
been known to exhibit altered stress responses (Baos et al.
2006; Zheng et al. 2022) and so may conversely exhibit a
higher breathing rate or increased struggles. Hence, we had
opposite predictions of breathing rate and struggling behav-
ior outcomes depending on the underlying explanation.

Methods—Procedures Common to all
Studies

House Sparrow Acquisition and General Housing

We captured (with mist nets) adult house sparrows at five
sites between Newport News, Williamsburg, and York coun-
ties in Virginia, USA (37.119382, —76.465386) between
February—March (pilot studies 1 and 2, n=24) and Sep-
tember—November (main exposure study, n=55) of 2022
(Fig. 1). Sites were chosen primarily based on the abun-
dance of sparrows and their catchability. By choosing sites
around residences or small businesses, we reasoned that the
individual birds we caught would be likely to do well in cap-
tivity due to their familiarity with people and human-built
structures. Once extracted from nets, birds were immediately
transferred to a bird bag or holding bucket and transported
to the nearby aviaries at William & Mary in Williamsburg.

Prior to treatment, birds were housed in outdoor aviaries
(approximately 4L X 3W X 2.5H m) in groups of 12—18 birds
with ad libitum access to food (50% Healthy Harvest chicken
starter crumbs, 50% Volkman finch super seed blend)
and oyster shell grit. We banded each bird with unique
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combinations of colored plastic hobby beads (Perler) on
their tarsi so we could identify individuals. During Decem-
ber 2022, immediately before the start of the main study,
we installed a heat lamp (Flukers’s Reptia-Clamp Lamp 8.5
in with 250W heat-emitting bulb) in each aviary to help
the birds stay warm. These attributes of our aviaries have
been known to maintain healthy populations of other avian
species while standardizing the experience of captive birds
undergoing similar behavioral assessments (Carlson et al.
2014). Since the birds were added to these groups relatively
quickly across both our pilot and main study, we are doubt-
ful that the shuffling of social groups would have strongly
influenced the specific behaviors we studied. Daily human
presence was consistent as a result of animal care, and due
to this, it is possible that birds caught a few weeks earlier
would be more acclimated to these disturbances. In general,
we assume that all birds became somewhat habituated to
human presence. These conditions and our study's proce-
dures were held in accordance to William and Mary’s Insti-
tutional Animal Care and Use Committee (IACUC, protocol
#2022-0017).

Lead (Pb) Concentrations and Exposure in Drinking
Water

To expose birds to Pb, we dissolved crystals of Pb acetate
(Pb(C,H;0,),) into their deionized (DI) drinking water. We
placed two water dispensers in each aviary for the duration
of each study. Each water dispenser contained 150 mL of
either the control (no Pb), or Pb-exposed treatments. These
dispensers were the only source of water available for the
birds. Water dispensers had one small trough at the base so
that birds could drink the water with minimal splashing/
bathing in the dispenser. Once exposure began, we changed
the treatment water every two days so the birds had con-
tinuous access to fresh control or Pb-exposed water for the
duration of the experiment.

Measuring Blood-Pb with the LeadCare Il System

To quantify the concentration of Pb (lead) in the birds’
blood, a 26-gauge surgical needle was first used to puncture
the brachial vein. We then used heparinized capillary tubes
to collect at least 50 ul of the emerging, 50-150 mL-sized
blood droplet. This method of blood collection has been uti-
lized in a variety of avian hematological studies and known
to be safer and less invasive than sampling through other
methods such as by the jugular vein (Owen 2011). We imme-
diately analyzed each blood sample using a LeadCare II
system (Meridian Bioscience) following the manufacturer’s
instructions, to generate a measurement of blood-lead con-
centration (ug/dL). As recommended by the manufacturer,
we performed the LeadCare II system’s quality control (QC)

@ Springer

procedures each month or upon the opening of a new lot
of assay kits-whichever occurred more frequently. Calibra-
tion of the system was done internally through the use of a
lot-specific key. The QC procedures for each lot of test kits
involved assuring that lead concentrations readings gener-
ated by the system were within manufacturer-accepted preci-
sion ranges for two known reference concentrations of Pb.
The lower-bound detection limit was > 3.3 pg/dL and all QC
tests were within the procedural limits for the system each
time they were performed.

Comparison of LeadCare Il and ICP-MS Analysis
of Blood-Pb Concentrations

The LeadCare II system determines blood-Pb concentra-
tions via anodic-stripping voltammetry and, while ini-
tially designed for testing human blood, has been increas-
ingly used in wildlife studies (Herring et al. 2018). This
is because the system is portable, has a relatively low cost
per sample, and is easy to use effectively in field or cap-
tive settings (Herring et al. 2018; Zahor 2021; White et al.
2022; Harris 2022). However, the LeadCare II system was
designed to analyze Pb concentration in human blood and
is known to underestimate blood-Pb concentrations of birds
(Zahor 2021; Harris 2022). To account for this suspected
bias, we compared LeadCare II results to those generated by
inductively coupled plasma mass spectrometry (ICP-MS).
ICP-MS offers a more-precise method that while more time-
intensive (3—4 weeks to store, ship, and receive analyzed
results from an external laboratory) and expensive is highly
correlated to precise blood heavy metal analysis methods
such as graphite-furnace atomic absorption spectrometry
(GFAAS) (Herring et al. 2018).

To generate data for this comparison of LeadCare II and
ICP-MS results, we collected a second blood sample from
each bird in the main exposure study (see below) after com-
pletion of all behavioral trials. Using blood collected from
the same birds on the same day, we obtained a LeadCare II
measurement (as described above) and sent an additional
blood sample of 70 uL in a 1.5-mL Eppendorf tube to an
external laboratory for ICP-MS analysis (Dartmouth TEA
Lab, Hanover, NH, USA). ICP-MS was performed using
an Agilent 8900 Quadrupole instrument and underwent a
regular seven-point calibration curve through an internal
calibration standard run every 10 samples. For every 20
samples, one blank, one duplicate and one spiked sample
was analyzed. The Agilent 8900 machine had a Pb detection
limit of samples > 1.107 pg/L and the laboratory followed
QC standards put in place by the US Environmental Protec-
tion Agency (EPA Method 3050B).

In order to compare these two methodologies, we
regressed the LeadCare II measurements and the ICP-MS
results of each individual bird using a Pearson correlation.
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As expected, we found a strong positive association
between the LeadCare II and ICP-MS data (linear regres-
sion, 7 =0.944). Using the resulting equation of the line
(y=1.57(x)+1.29), we then converted all LeadCare II sys-
tem estimates of blood-Pb to a concentration predicted by
ICP-MS. Consistent with other studies using LeadCare II,
our regression analysis showed that LeadCare was under-
reporting Pb levels by approximately 57%. This represents
a value which is in between levels of underreporting other
studies have found (Zahor 2021; Harris 2022). While this
meant that our pilot study’s Pb blood level levels were
slightly higher than our initial predictions, this comparison
with ICP-MS aided in better contextualizing the actual Pb
load in each of our birds. As the ICP-MS values are better
representatives of the birds’ true Pb load, all resulting blood-
Pb concentrations reported throughout the rest of this work
have been adjusted to reflect this conversion.

Pilot Study 1 Procedure

To inform the design and exposure levels of the main study,
we conducted a 12-week pilot study. We arbitrarily assigned
20 house sparrows (9 female, 11 male) into five groups (n=4
in each) ensuring an even sex ratio in all but one group. We
placed each group in a separate aviary with the same condi-
tions as the larger groups in which they had previously been
held. We do not think that this change in the social groups
of the birds resulted in any behavioral shifts relevant for
our individually assessed experiments. Other studies assess-
ing Pb-induced behavioral changes have performed similar
changes from large aviaries to treatment groups did not find
discernable, aviary-induced differences between treatment
groups (Goodchild et al. 2021).

The treatments we exposed these birds to were derived
from previous studies on Pb in birds as to create environ-
mentally relevant exposure conditions. We derived five
concentrations of Pb acetate and put in each of them in
randomly-assigned groups’ drinking water: control (no Pb
added to DI water); 100 ug/dL; 200 pg/dL; 400 pg/dL; and
800 pg/dL of Pb/DI water concentration. These concentra-
tions were selected with the intention of reaching ecologi-
cally relevant concentrations of Pb in the blood of the birds,
using conversion calculations derived from the blood-Pb
results reported in Goodchild et al. (2021). For the four Pb
treatments, in ascending order, the intended target blood-
lead concentrations were: 5 pug/dL (unpublished data from
house sparrows caught in Flint, MI, USA, Jamie Cornelius,
Dorothy Zahor, Kenneth Glynn), 10 ug/dL (house sparrows
caught in urban Vermont-Chandler et al. 2004; approximate
of thrushes caught at a polluted site-Zahor 2021), 20 ug/
dL (“subclinical poisoning”-Franson and Pain 2011), and
40 pg/dL (average for house sparrows living at a polluted
site-Harris 2022), respectively.

To monitor the concentration of Pb in the birds’ blood
over time, we collected a blood sample from half of the birds
in each treatment aviary once per week. In other words,
each bird was bled once every two weeks and two (of the
four) birds from each treatment were sampled every week.
Due to lack of timely availability of LeadCare II assay kits
from the manufacturer during the first 6 weeks of this initial
pilot study, we stored collected blood at — 80 °C in EDTA
Eppendorf tubes, later defrosted these samples at room tem-
perature, and then immediately analyzed them as described
above. All other blood samples were immediately processed
on the LeadCare II system without freezing.

Following 12 weeks of exposure to Pb and blood sam-
pling, we ethically euthanized all the Pb-exposed birds.
Euthanasia was conducted via rapid decapitation under
protocols approved by William and Mary’s IACUC. As
to minimize discomfort, birds were held in individual bid
bags/ containers where they could not see other birds prior
to their own euthanasia. Once the quick procedure was con-
ducted, individuals ceased significant movement and their
carcasses were moved to a biohazard container. We kept the
four control birds for a second, smaller pilot study to reduce
the number of birds taken from the wild.

Pilot Study 1—Results

The concentration of Pb in the blood of the sparrows during
our first pilot study increased during the first 4 weeks of
exposure before decreasing slightly over the next 8 weeks
and reached an asymptote (Fig. 1a). The final adjusted (fol-
lowing conversion to ICP-MS predictions) average Pb con-
centrations in each treatment are summarized in Table 1.
It should be noted that the LeadCare II system has a lower
threshold of detection of 3.3 pg/dL, and all values below that

Table1 Summary of treatment and blood-Pb concentrations in the
pilot studies

Concentration of Pb N
in water (ug/dL)

Average concentration (+ SE) of Pb
in blood of subjects (ug/dL) at end of
study

Pilot study 1

0 4 Undetectable
100 4 Undetectable
200 4 6.28+0.28
400 4 9.18+0.77
800 4 17.23+1.1
Pilot study 2

1600 2 33.72+3.75
3200 2 48.16+0.45

Values are fixed based on reciprocal ICP-MS analysis. “N” refers to
the sample size, and “SE” represents the standard error of the mean
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are returned as zero. Hence, this system is not appropriate
for assessing very low Pb exposures.

These blood-Pb concentrations were surprisingly low
given our predictions. However, there are very few studies
that have exposed birds to Pb from water exposure and fewer
in house sparrows. As such, our calculated blood-Pb levels
across treatments were based on the results of a study per-
formed with Zebra Finches (Taeniopygia castanotis). Zebra
finches’ smaller size and unique ecological background in
comparison with house sparrows may have influenced the
how much treatment water the different species were drink-
ing, the rates of Pb deposition into other tissues beyond
blood, or any variety of biological mechanisms related
to how Pb interacts within these starkly distinct species
(Swaileh and Sansur 2006; Goodchild et al. 2021; Harris
2022). In addition to this more probable reason for our low
blood-Pb concentrations, our initial pilots collected blood-
Pb levels solely via LeadCare II. As previously described,
this method has been known to underreport levels of Pb in
avian blood (Zahor 2021; White et al. 2022). At the time
of these pilots, we had not done an ICP-MS comparison as
to fix our Pb levels, and we under the impression the Lead-
Care II results could reflect true Pb levels in blood. We did
utilize another study’s LeadCare II underestimation value
(33% from Zahor 2021) in an attempt to better account for
this underreporting (See supplemental materials) but as we
found from our ICP-MS, even that value was lower than the
true Pb levels in the birds. Therefore, we planned a second
pilot study employing higher concentrations of Pb in the DI
drinking water to ensure we could reach blood Pb concen-
trations that were ecologically-relevant yet still sublethal.

Pilot Study 2—Procedure

We arbitrarily assigned two birds to receive Pb/DI water
concentration of 1600 pg/dL and a further two birds to
receive 3200 pg/dL in their DI drinking water. We chose
these concentrations with the intent of creating blood-Pb
concentrations that were representative of highly contami-
nated environments (Harris 2022) while still being sublethal.
The two groups were housed in separate aviaries with the
same general housing conditions as before. We monitored
birds in pilot study 2 for five weeks (7 October to 9 Novem-
ber 2022) during which we collected blood samples from all
birds each week (as described above) and analyzed them on
the LeadCare II system to estimate blood-Pb concentrations.
At the end of this study, we humanely euthanized the four
birds as previously described.

Pilot Study 2—Results

In our second pilot, birds in both treatments experienced a
rapid elevation of blood-Pb concentrations during the first
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3 weeks of exposure (Fig. 1b), with a relative asymptote
between weeks 4 and 5. The final blood-Pb levels for birds
in pilot study 2 are reported in Table 1.

Main Exposure Study—Procedure

After analyzing the blood-Pb concentrations of birds in
both pilot studies, we selected two water-Pb concentrations
for the main exposure experiment: a “lower” treatment of
800 pg/dL and a “higher” treatment of 1600 ug/dL. Based
on the pilot studies, we predicted that the “lower” treatment
would result in a blood-Pb concentration of approximately
17 pg/dL (Table 1), which has been reported as around the
average of birds occupying Pb-polluted areas of Flint, MI,
USA (Zahor 2021). We predicted the “higher” treatment
would result in blood-Pb concentrations of approximately
34 pg/dL which is closer to the limit of sublethal exposure
for wild birds (20-50 pg/dL; Franson and Pain 2011).

We conducted the main exposure study between Decem-
ber 2022 and March 2023. All birds utilized in this study
experienced approximately 5-6 weeks of acclimation to
the aviary before being put into treatment groups. In mid-
December 2022, we randomly assigned the 54 wild-caught
adult house sparrows (18 female, 36 male) to our three treat-
ment groups (control, lower, higher, n=18 in each treat-
ment) where we maintained a 1:2 sex ratio in each group.
Each treatment group was divided into three aviaries (n=6
per aviary; 2 female, 4 male) identical to the general housing
described previously. Given how blood-Pb concentrations
increased and reached an asymptote over time in the pilot
studies (Fig. 1), we exposed birds to Pb for approximately
9 weeks before conducting the following assays.

After 9 weeks of exposure, each bird experienced three
behavioral assays in the following order: escape takeoff
flight, in-hand struggle assay, and an in-hand breathing rate
assay. Birds experienced these assays in the same order
over the course of approximately 24 h. Following a further
5-6 days of continued exposure to Pb in housing aviaries,
each bird experienced an activity assay.

To report the blood-Pb level of the sparrows closest to the
time of all these assays, we collected a blood sample from
each bird (as described earlier) for LeadCare II analysis.
Specifically, this sampling occurred approximately 48 h after
the takeoff flight assay, 24 h after the in-hand struggle and
breathing assays, and 4 days before the activity assay. Three
weeks after the completion of the activity assay, we collected
terminal blood samples to compare blood-Pb concentrations
analyzed by LeadCare II and ICP-MS, as described above.

Two birds (1 control, 1 higher treatment) died from
unknown causes before they performed behavioral assays.
A further bird from the higher treatment experienced a leg
injury in the earliest parts of the study and was excluded
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from escape takeoff and activity assays. Hence, the sample
size was reduced in this treatment group.

Escape Takeoff Flight Assay

We conducted escape takeoff flight assays on February 18,
2023, from 11:00 to 15:00 in a long flight aviary (approx-
imately 12X 9% 2.5 m) that was adjacent to, but visually
separated from the birds’ housing aviaries. Within the flight
aviary, we built a structure to encourage the birds to fly
in a similar direction upon release (Fig. 2). This structure
consisted of two upright wooden boards (180 X 120 cm)
on the sides and an upright but shorter wooden barrier
(120 % 80 cm) at the end toward which each bird was encour-
aged to fly. At the release point of the bird, we fixed a 4 cm
long wooden dowel to a wooden beam that was at ground
level. We also hung a heavy drop-cloth around the structure
to further incentivize the bird to fly toward the end barrier
and not around the structure. With the experimenter sta-
tioned behind the bird and the bird released by hand from

/

Fig.2 Diagram of escape takeoff flight structure apparatus. The label
a indicates the wooden release perch; b is a small “L”-shaped PVC
structure that aided in determining the axes of digitized flights; and ¢
signifies the end barrier that birds flew over. Flights were recorded on
three fixed GoPro cameras

the perch and facing toward the end barrier of the structure,
each bird flew over the end barrier.

Before a series of flight trials, all birds in an aviary were
caught and body mass was taken on a balance to 0.1 g pre-
cision (Denver Instrument Co., Model TL-203). An experi-
menter held a bird in a standard “banders grip” so that its
feet grasped the release perch. When the bird was gripping
the release perch and in a consistent body position, the
experimenter removed their hand from the bird and the bird
took off from the perch toward the end barrier of the struc-
ture. Following their flight, each bird was caught and placed
back in their appropriate housing aviary. In total, 51 birds
(control, n=17; lower, n=18; higher, n=16) completed
escape takeoff flight trials.

We recorded each takeoff flight on three GoPro Hero7
Black cameras (60 frames per second, 1440 resolution) that
were placed in fixed positions to capture flight from differ-
ent angles (Fig. 2). Before recording a bout of flight trials,
we synchronized the video cameras with ambient sound
and flashlight cues. We also took measurements to calibrate
the air space of the flight structure by digitizing (in Argus
software, see below) the positions of two brightly colored
polystyrene orbs that were fixed at opposite ends of a 46 cm
dowel wand. We recorded paired orb positions throughout
the whole air space of the structure. We also recorded on
each camera an L-shaped PVC structure that was placed on
the ground in the center of the flight structure to determine
the spatial orientation of the x (left-right), y (close-far), and
z (vertical up-down) axes. The wand was removed before
we flew birds in a trial, but the L-shaped structure remained
throughout.

We defined the start (frame 1) of a takeoff flight as the
first frame where a bird’s feet left the perch as it became
airborne. In Argus software (see below), we digitized the
approximate centroid of the bird for the first 15 frames of
flight. This period accounted for the section of flight where
a bird is most likely performing maximally to get off the
ground and away from the experimenter (Swaddle et al.
1999; Carlson et al. 2014).

We analyzed video recordings of each flight from each
camera in Python version 3.8.3 using the open-source soft-
ware package, Argus (Jackson et al. 2016). We employed
a previously established, well-utilized protocol (Jackson
et al. 2016; Emerson et al. 2022; Thady et al. 2022) in
which we reconstructed the three-dimensional flight path
of each bird. Briefly, the Argus software synchronized the
frames from each camera using the sound and light cues
that were recorded on each GoPro. It also accounted for
the orientation of x, y, and z axes of the flight space and
uses the paired calibration points generated by digitiza-
tion of the orbs to assign real measurements to the volume
of air space recorded on the cameras. Following manual
digitization of the position of the centroid of each bird on
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each of the 15 frames of recordings, the software recreates
the 3-D position in a calibrated air space so that we can
compute metrics of flight performance. For more details
about this methodology, see Jackson et al. (2016).

From the 3D coordinates generated in Argus, we com-
puted the energy, in Joules, expended during takeoff
(Swaddle et al. 1999). Specifically, we calculated instan-
taneous velocity by subtracting the value of the previous
frame’s (n — 1) coordinates from the current (7). We multi-
plied the resultant vector magnitude by 60 (i.e., frame rate
of recordings) to yield velocity (v) in m/s (Eq. 1; Thady
et al. 2022; Emerson et al. 2022).

V= \/(-xn_'xn—l)z+(y_yn—1)2+(zn_zn—l)2 * 60 (])

We used the resulting instantaneous velocity along with
the mass of each bird (m), the vertical height achieved in
each frame (z), and the gravity constant (g) to calculate
both the instantaneous kinetic and potential energy. These
were summed to compute the total energy (TE) expended
in each frame (Eq. 2; Swaddle et al. 1999). We averaged
the energy expended values over the 15 frames of take-
off flight to generate an average energy expenditure over
escape takeoff flight.

TE = 2[0n 53] +[0n # 25 ) @)

We also calculated the initial takeoff leap force (TOF)
to quantify the force generated by the bird’s legs over the
first two frames of takeoff (Provini et al. 2012; Bosner
and Rayner 1996). This was calculated by multiplying
the acceleration of the bird in that second frame (second-
frame velocity, or sfv?, in m/s?) by each birds’ mass (m,
in kg) (Eq. 3).

TOF = sfv? % m 3)

In-hand Struggle Assay

We selected birds at random (n =52) for in-hand struggle
assays, between 10:00 and 16:00 on February 19, 2023.
Following capture with a hand net, each bird was placed in
a cloth, opaque bird bag for 2 min. Using methods adapted
from Brommer and Kluen (2012), a single experimenter
took a bird from the bag and placed it in standard banders’
grip using similar pressure for all birds. The experimenter
was blind to the treatment group. The bird was held upright
approximately 30 cm from the experimenter’s face and the
experimenter counted the number of physical struggles
(defined as movements of the body that could be detected
by the experimenter) exhibited by the bird in a 30 s period.
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In-hand Breathing Rate Assay

Immediately following the struggle assay, the bird was held
in a horizontal position on its back closer to the experiment-
er’s face (approximately 15 cm) with its legs fully secured by
the experimenters’ second hand to expose the bird’s chest.
This allowed the experimenter to observe movements of the
chest associated with breathing (Carere and van Oers 2004).
The experimenter counted these movements for 30 s, to esti-
mate a breathing rate. Immediately following the first 30 s
bout, the assay was repeated to generate a second estimate of
breathing rate. We averaged these two estimates to generate
a single breathing rate for each individual bird. Following
the breathing rate assay, each bird was returned to its hous-
ing aviary.

Activity Assay

On February 25-26, five or six days after the previous assays,
we quantified metrics of locomotor activity by utilizing a
novel environment test (Fig. 3). Similar methods have been
used to infer aspects of avian locomotory behavior such as
exploration (McCowan et al. 2015; Huang et al. 2012), risk-
taking (Pobleté et al. 2021), and boldness (McCowan et al.
2015). We performed each activity assay between 09:00 and
15:00 in a soundproof, indoor aviary (3L X3W X2.5H m).
Though birds were tested individually, we tested all indi-
viduals from the same treatment aviary sequentially. The
order of treatment aviaries was randomized.

The activity arena comprised two sections: a small, dark
release chamber (20L X 15W X 15H cm) and a larger activ-
ity chamber (120L x 70.5W X 85H cm) (Fig. 3). These two
chambers were aligned so that when a door was opened,
a focal bird could move from the release chamber to the
activity chamber. The activity arena was constructed with
plywood walls and floor and a translucent ceiling (Ejoy,
121.92L X 60.96W x 0.78 cm thickness, corrugated poly-
plastic roofing panel) that allowed the ambient light of the
room to illuminate the activity chamber. We placed four
perching structures (each with a single vertical post 69 cm
tall and three horizontal perches that were 35 cm long, each
constructed from 1.5 cm diameter bamboo) in the cham-
ber. In addition, we attached an additional wooden-dowel
perch (36 cm long, 2 cm diameter) to the walls of the activ-
ity chamber as shown in Fig. 3. We also attached a GoPro
(Hero7 Black, 60 fps, 1440 resolution) to the wall closest
to the entrance of the activity chamber. Though we placed
hardware wire deterrent above the camera, some birds tried
to perch in that blind spot (13 attempts by 8 individuals);
hence, we counted the camera location as another perch. In
total, there were 16 separate perch locations (12 attached
to free-standing vertical posts, three attached to the cham-
ber walls, and the GoPro camera). We marked the floor of
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the activity chamber with a grid pattern (16 rectangles,
30x 18 cm) so we could note which part of the chamber a
bird occupied. Birds could be visualized on all perches and
in each area during the whole trial.

To begin an activity trial, we placed a focal bird into the
release chamber for 5 min (Fig. 3) (McCowan et al. 2015).
We then opened the door to the activity chamber, and in
most cases (n =40 of 51), the bird entered the activity cham-
ber immediately. In the 11 cases when this did not happen,
the experimenter waited 10 s and tapped on the outside of
the release chamber to encourage the bird to enter the activ-
ity chamber. All 11 birds entered the activity chamber with
that additional stimulation. We video recorded all move-
ments and behaviors of the focal bird for 8 min. Following
each activity trial, the focal bird was returned to its housing
aviary. We cleaned the activity chamber between trials to
minimize cues left from the previous bird.

From the 8-min videos (n=51), we quantified the fol-
lowing five behaviors. (1) “Flights,” defined as the total
number of movements of the focal bird that involved use of
its wings and/or movements between perches. (2) “Hops,”
defined as the total number of leg-based bouts of move-
ment on the floor of the chamber or along a single perch.
(3) “Perches visited,” defined as the total number of unique
perches (max = 16) that a bird visited. (4) “Areas visited,”
defined as the total number of unique grid zones (max = 16)
the bird visited. (5) “Self-maintenance behaviors,” defined
as the total number of bouts of self-maintenance activity,
including preening and bill wiping.

Main Exposure Study—Statistical Analyses

To assess the effect of Pb exposure on escape takeoff
flight, we compared both average energy expended during
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takeoff and takeoff force across the three treatments (con-
trol, lower, higher) with separate one-way ANOVAs. We
employed Tukey’s post hoc test to examine differences
between our individual treatments. To ensure our results
met the normality assumption for using an ANOVA, we
conducted a Shapiro—Wilks test on extracted residuals.

Similarly, we examined among-treatment differences in
the in-hand breathing rate metric with a one-way ANOVA
and outcomes from the in-hand struggle assay with a
Kruskal-Wallis rank sum tests as the residuals from this
latter analysis were non-normally distributed.

We reduced the dimensionality of the five behavioral
metrics of the activity assay using principal components
analysis (PCA). The PCA rendered two interpretable
principal components (see Results for descriptions). We
compared among-treatment differences in PC1 and PC2
using separate Kruskal-Wallis rank sum tests. If statisti-
cally supported, we performed the post hoc Dunn tests to
tease apart differences between treatments.

All analyses were performed and visualized in R ver-
sion 4.2.1 (R Development Core Team, 2021) interpreting
two-tailed tests of probability.

Results—Main Exposure Study

Blood samples taken 9 weeks after exposure, or approxi-
mately at the time of our assays, showed that birds in the
lower treatment group had an average (+ standard error)
blood-Pb concentration of 16.68 (+3.93) ug/dL. Birds in
the higher treatment had an average of 30.04 (7.08) ug/dL.
Two of the 18 control birds had detectable Pb in their blood
(6.64 pg/dL and 6.80 pg/dL). Due to these being wild-caught
birds from urban areas, it is possible that they had incurred
this minor exposure before coming into captivity; both were
in separate control aviaries and all other individuals within
each aviary had undetectable levels of blood-Pb despite
drinking from the same dispenser. Besides these two indi-
viduals, all other control birds had blood-Pb levels that were
well below the detectable level of our LeadCare II system.
Exposure to Pb significantly influenced energy expended
during takeoff flight (Fig. 4a; F, 44=9.71, p=0.0003). Birds
in both the lower (Tukey HSD, g=—-0.034, p=0.007) and
higher (¢ =-0.047, p=0.0003) Pb treatments expended
less energy than controls. However, we did not detect dif-
ferences between the lower treatment and higher treatment
(g=-0.013, p=0.487). Similarly, Pb treatment influenced
takeoff leap force (Fig. 4b; F, 44=33.64, p <0.000001) such
that birds in both lower (g=-1.90, p <0.0001) and higher
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Fig.4 Boxplots of a average energy expended during takeoff and b
takeoff leap force by Pb treatment (blue=-control, yellow=lower,
red =higher). The black bar inside the boxplot represents the median
of data, the limits of the boxes represent the inter-quartile range, and
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data. Black dots are outliers of the data. ** indicates a statistical com-
parison where p <0.001 and *** indicates p <0.0001 level; “ns” rep-
resents a comparison in which p>0.05
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(g=—2.34, p<0.0001) Pb treatments exerted less force in
their takeoff leap than controls. There was no difference in
takeoff leap force between birds in lower and higher Pb treat-
ments (g=-0.435, p=0.109).

Exposure to Pb did not influence the number of struggles
observed in a 30 s handling period (y*=0.808, p=0.668).
The results of the two individual breathing rate assays were
highly correlated (r=0.938); however, the resulting average
breathing rate while being handled (F, 49=0.564, p=0.573)
did not vary between Pb treatment groups and/or control.

The PCA of the five activity metrics recorded in the novel
environment returned two PCs, which explained 87.5% of
the original variation (Table 2). PC1, which we interpreted

Table 2 Loading factors for PC1 (principal component 1) and PC2
(principal component 2) from the principal component analysis of
activity metrics in the novel environment

Behavior/variable PC1 (69% of vari-

ation)

PC2 (18.5%
of variation)

Total flights
Total hops

0.899
0.910
0.864
0.763
0.697

-0.267
0.333
—-0.120
0.604
—-0.603

Perches visited
Areas visited
Total self-maintenance

as total “movement activity,” explained 69% of the varia-
tion and was positively loaded with all five behaviors. PC2,
which we interpreted as “Movement-based lack of self-
maintenance,” explained an additional 18.5% of the variation
and was positively loaded with “areas visited” and “hops”
and negatively loaded with “self-maintenance.”

Exposure to Pb influenced PC1 (movement activity)
scores (Fig. 5; y>=12.6, df=2, p=0.0018) but not PC2
(movement-based lack of self-maintenance) scores of birds
(#*=0.120, df=2, p=0.942). Within the PC1 results, birds
from both lower (z=3.44, p=0.0009) and higher (z=2.47,
p=0.021) Pb treatments had lower PC1 (movement) scores
than controls. There was no difference in PC1 scores
between birds in lower and higher Pb treatments (z=0.889,
p=0.561).

Discussion

House sparrows exposed to a sublethal concentration of Pb
in their drinking water exhibited decreased performance in
our biomechanically related behavior assays of takeoff flight
and movement activity. In takeoff, birds that were exposed
to Pb exerted less force in their initial leap from the perch
and expended less energy in flight from the ground. In the

Fig.5 Boxplot of PC1 (move-
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movement assay, Pb-exposed birds were less active. While
both of our Pb treatments differed from controls, we did not
see differences between our lower and higher Pb treatment
groups. This is consistent with the lower Pb treatment being
above a threshold that induces decreases in biomechanical
performance.

It is likely that the performance reductions in both behav-
iors are indicators of some combination of Pb-induced neu-
rological and muscular impairment. When compared to our
controls, birds in our lower Pb treatment group exhibited a
17% decrease in average energy expended across the start
of takeoff flight. Similarly, birds in our higher Pb treatment
group exhibited a 27% decrease in energy during the start
of their flight. In takeoff flight, the majority of biomechani-
cal forces are generated by the pectoralis muscles of birds
(Swaddle et al. 1999). Meanwhile, in the initial leap from the
perch, the power is largely generated by hindlimb muscles
(Bonser and Rayner 1996). We observed similar magnitudes
of reduced performance in this takeoff leap compared with
takeoff flight. Birds in the lower Pb treatment exerted 45%
less force and birds in the higher Pb treatment 55% less force
than control birds. Consistent with decreases in takeoff per-
formance, overall movement activity was reduced in birds
exposed to sublethal levels of Pb. Birds in the lower treat-
ment group showed an averaged 69% decrease across the five
behaviors we examined (total numbers of flights, hops, areas
visited, perches visited, and self-maintenance behaviors).
Meanwhile, birds in the higher treatment groups experienced
an average decrease of 52% across these behaviors. Inter-
preting the takeoff and movement data together, we conclude
that exposure to sublethal Pb leads to substantially decreased
biomechanical performance of several major muscle groups
in the avian body and is consistent with Pb’s predicted effect
on the physiological systems involved in these responses.

The physiological pathways through which Pb exposure
impacts biomechanical function remain largely unknown.
This spectrum of effects may encompass various physiologi-
cal and skeletal-muscular mechanisms that have been shown
to shape the avian behaviors we studied (Swaddle and Witter
1997; Provini et al. 2012; Careau et al. 2008).

Proper hematological responses play a crucial role in
birds’ abilities to regulate oxygen around their body (But-
ler 2016); hence, Pb-induced impairment in hematologi-
cal responses may compromise oxygen-intensive behav-
iors such as flight and other related movements. Multiple
measures of avian blood health are known to be negatively
impacted by Pb’s oxidative properties such as the inhibition
of 8-aminolevulinic acid dehydratase (ALAD), an enzyme
involved with the heme-biosynthetic pathway (Cid et al.
2018). Due to ALADs role in blood synthesis, inhibition
of this enzyme has been closely related to poor body condi-
tion and anemia in birds (Roux and Marra 2007; Berglund
et al. 2010; Sato et al. 2022). Birds experiencing these
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physiological conditions would likely suffer muscular or
other organ impairments which could explain the decreases
in behavior we observed. Other indicators of hematological
health are also known to be impacted by exposure to Pb,
such as erythrocyte cell volume (Beyer et al. 1988), plasma
protein concentration (Vallverdd-Col et al. 2016), and hemo-
globin levels (Beyer et al. 1988). With less efficient oxygen
transport, blood health, and blood synthesis, biomechani-
cal behaviors like flight and movement would likely suffer
analogous decreases.

Other physiological systems that contribute to our stud-
ied behavior may have been affected by Pb exposure. It is
possible that fundamental properties of the avian skeleton
could be compromised by exposure to Pb, as the heavy metal
competes with calcium during bone strengthening and repair
(Ishii et al. 2018). Since bone structure is a key component
of both birds’ oxygen regulation and flight ability (Butler
2016), increased Pb uptake by skeletal systems could make
movements and powered flight less efficient. Also, sublethal
Pb has also been known to disrupt processes related to the
endocrine system, specifically those related the stress-related
HPA axis (Baos et al. 2006; White et al. 2022; Zheng et al.
2022). As our assays all involved some degree of handling
by a human threat, improper or decreased stress responses
may have contributed to the behavioral reductions in flight
and activity observed.

In addition to physiological impairments, exposure to Pb
may also interfere with neurological functions associated
with the behaviors we tested. In vertebrates, it is well-known
that the oxidative properties of Pb often make the brain and
other parts of the central nervous system targets of Pb accu-
mulation (Douglas-Stroebel et al. 2005; Nam et al. 2012; Cid
et al. 2018). When present, exposure to Pb has been asso-
ciated with increased inflammatory responses, histopatho-
logical damage, demyelization, and apoptosis of neurons in
vertebrates (Neal and Guilarte 2010; Hossain et al. 2016;
Zheng et al. 2022). Most prominently, Pb’s negative impact
on the vertebrate nervous system has been well-studied
at neural synapses where it causes damage by competing
with calcium ions (Ca*") resulting in pre-synaptic and post-
synaptic losses in neurological function (Neal and Guilarte
2010; Zou et al. 2020).

Pb’s deleterious impacts on the functioning of the neural
synapse is well-known. Pre-synaptically, chronic exposure
to Pb’s oxidative properties results in impaired neurotrans-
mission through the reduction of Ca®*-dependent glutamate
and y-aminobutyric acid (GABA) release (Nam et al. 2012;
Cid et al. 2018; Zou et al. 2020). The decrease in these neu-
rotransmitters within the synapse has been related to the
decreased function of multiple parts of the avian neurologi-
cal system including the hippocampus-a brain region vital
for the retention of spatial information, visual task success,
and memory (Colombo and Broadbent 2000). Inaccurate
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processing of spatial information may have impaired the
proper control of movement in our birds, resulting in the
decreased behavioral endpoints we report.

In addition to disrupting neurotransmitter release, Pb
exposure has been linked to post-synaptic decreases in
neural function. For example, heightened Pb acts as an
inhibitor in pathways associated with N-methyl-D-aspartate
(NMDAR)-receptor retrograde signaling (Neal and Guilarte
2010). This neurological pathway is key in the utilization
and regulation of brain-derived neurotrophic factor (BDNF).
BDNF is known to play an important role in a variety of
neurological and gene-regulating processes that modulate
activation pathways crucial for proper neuronal growth,
survival, and synaptogenesis across multiple parts of the
vertebrate brain (Colombo and Broadbent 2000; Neal and
Guilarte 2010). As a result, sublethal Pb exposure may have
reduced aspects of this pathway augmenting the amount of
BDNF certain neurons received. This may have resulted in
less abundant, further synapses within brain regions asso-
ciated with motor control such as the cerebellum. Any of
these non-mutually exclusive, neurological processes may
have been affected by Pb exposure and could have resulted
in the decreased biomechanical and motor performance we
observed in our sparrows.

Whichever mechanisms underly the effects, the Pb-
induced reductions in takeoff flight performance we
observed are likely to influence the complex yet crucial abil-
ity of birds to escape from predators (Fernandez-Juricic et al.
2006). In the case of a songbird evading a ground-based
predator, the start of takeoff from the ground is the most cru-
cial part of flight (Veasey et al. 2001). Therefore, individuals
moving more slowly and gaining less height, as we observed,
are less likely to evade predation (Witter et al. 1994; Swad-
dle et al. 1999). Apart from anti-predator evasion, decreased
flight performance may have detrimental consequences for
other avian activities such as seasonal migration (Seewagen
2020), food provisioning (Crino et al. 2017), reproductive
output (Byers et al. 2010), and resource competition (Ecke
et al. 2017). Therefore, Pb-induced decreases in flight per-
formance may result in a suite of outcomes that likely lower
avian fitness.

Similarly, decreases in overall movement activity due to
Pb exposure may result in a variety of context-dependent
effects. Activities associated with movement are associated
with many aspects of avian behavior. Birds not actively mov-
ing around their environment, particularly a novel one, may
be less likely to find conspecifics, avoid predators, find shel-
ter, and exploit unfamiliar resources such as food (Huang
et al. 2012). Furthermore, a lack of spatial movement could
also reduce a bird’s ability to gather information on their
local environment. Even considering many birds’ wide
field of view, movement is commonly necessary to prop-
erly sense as well as gain information on their surroundings

(Fernandez-Juricic 2012). While there are some indirect
metabolic and physiological costs associated with engaging
in movement-intensive behaviors (Careau et al. 2008), larger
opportunity costs associated with not exploiting resources
and perceiving changes in their environment can be major
drivers of survival for birds.

The combined negative impact of Pb exposure on birds’
takeoff flight and movement behaviors would likely have
ecological consequences in wild populations. The observed
decreases in takeoff flight performance indicate that Pb-
exposed birds are likely more susceptible to depredation.
While this has implications for individual fitness, it also
may result in more opportunities for Pb to bioaccumulate in
predatory species and subsequently be biomagnified up the
food chain, leading to subsequent damage to these higher-
trophic level organisms (Abbasi et al. 2015; Einoder et al.
2018). However, the ecological effects of Pb exposure are
not solely limited to increasing the risk of heightened Pb
exposure in upper trophic level organisms. The observed
decreases in both takeoff flight performance and general
activity levels suggest that birds under the influence of sub-
lethal Pb would struggle with the multitude of behaviors that
rely on the related neuro-muscular processes. For example,
impaired predatory birds may find it more difficult to hunt
efficiently, and as a result, there could be altered predation
pressures on their prey species. Similarly, prey species with
decreased neurological function may experience memory
or movement deficiencies decreasing foraging success and
safety.

If exposure to Pb, of the order we studied here, imposes
fitness effects in populations, then we would expect to see
longer-term evolutionary responses in species such as the
house sparrow that tend to be sedentary and exist at high
population numbers. Selection for heritable traits that
increase resistance to toxicity may provide benefits. In the
highly contaminated Restronguet Creek of southwestern
England, the polychaete Hediste diversicolor exhibited a
heritable tolerance to copper (Cu) and zinc (Zn) in a number
of field studies (Bryan and Hummerstone 1973, Grant et al.
1989). The mechanistic basis for its relatively low Zn levels
appears to be the rate of internal Zn storage which matches
the high rate of uptake, preventing toxin-incurred damages.
On the other hand, Cu concentrations were elevated, but
were mostly in detoxified, insoluble forms (Mouneyrac et al.
2003). Similarly, damage from sublethal Pb exposure could
likewise be mitigated by the upregulation of pre-existing
detoxifying mechanisms.

However, it is possible that the over-selection of traits that
confer such strong resistance to an anthropogenic stressor
like Pb may incur maladaptive tradeoffs. Genetic adapta-
tions which facilitate tolerance often involve an organism
reallocating energy away from growth and toward detoxi-
fication and damage repair (Mouneyrac et al. 2011). One
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study in lineages of least killifish (Heterandria formosa)
with laboratory-induced resistances to cadmium (Cd) found
a significant tradeoff between Cd tolerance and reproductive
fitness. Members of the resistant group had 18% reduced
fecundity by the seventh filial generation (Xie and Klerks
2004). Additionally, contaminant-tolerant populations may
be more sensitive to future disturbances or less competitive
in uncontaminated habitats due to weakened genetic varia-
tion, smaller body size, and reduced tolerance to other toxi-
cants (Calow 1991, Mouneyrac et al. 2011). The adaptation
to Cu and Zn in species such as H. diversicolor is thought
to be responsible for its competitive inferiority beneath a
threshold concentration of each metal in sediment (Grant
et al. 1989).

We predict patterns over time that are consistent with
selection for heritable traits that confer greater resistance or
tolerance of Pb toxicity (Klerks and Weis 1987). Interest-
ingly, a recent study reported allele frequency differences
between two lead contaminated towns in Australia compared
to control towns, at loci that have been linked to metal ion
transport and lead pollution in other organisms, suggest-
ing that these populations were adapting to contamination
(Andrew et al. 2019). While there is evidence support-
ing species' persistence in adapting to Pb-polluted condi-
tions, the long-term effects of this adaptation are less clear.

We did not find any reliable evidence that exposure to
Pb influences the in-hand struggle or breathing rate assays.
This could mean that the birds’ assessments of risk imposed
by handling are little affected by Pb, but it is also likely that
the prior handling and longer-term captive housing of the
house sparrows made them generally less reactive to these
handling-based assays. They were likely somewhat habitu-
ated to the presence and activity of people and these two
assays may not be as revealing in such captive situations as
they are when measured in free-living subjects. These assays
were originally developed and implemented in a study with
wild-caught birds that were not acclimated to handling or
captive housing. As a result, future studies looking to assess
struggling or aggressive behaviors in captive house sparrows
should employ methodologies that could be less directly
impacted by captivity or habituation to experimenters.

Both of our treatments resulted in sparrow blood-Pb
levels that are ecologically relevant. The induced concen-
trations of Pb observed in the house sparrow’s blood from
our lower treatment (average = 16.67 pg/dL) are reasonably
reflective of those found in wild birds in polluted environ-
ments. For example, American robins (Turdus migratorius)
living in urban areas contaminated by Pb-polluted water run-
off in Flint, M1, USA, during the ongoing Flint Water Crisis
were found to exhibit an average of 14.1 and a maximum
of 32.0 pug/dL blood-Pb (Zahor 2021). In addition, several
populations of great tits (Parus major) living in polluted
areas in central Europe displayed blood-Pb concentrations
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within the range of about 10-28 pg/dL (Geens et al. 2010;
Bauerovi et al. 2020), as did mallards (Anas platyrhynchos)
in polluted areas in Poland (Binkowski and Meissner 2013).
There is also some precedent for the blood-Pb concentra-
tions observed in our higher treatment (average =30.04 pg/
dL) to be found in free-living bird populations. For example,
pied flycatchers (Ficedula hypoleuca) that lived close to an
ore smelter in Finland reported blood-Pb concentrations of
up to 42 ug/dL (Berglund et al. 2010). Similarly, resident
house sparrows living close to an ore smelting facility in
Broken Hill, Australia, were observed to have an average
blood-Pb concentration of 39.8 ug/dL (Harris 2022). While
relatively uncommon, we posit that our higher treatment
level is useful for interpreting the effects of more extreme
contamination events in nature. It seems likely that birds
exposed to this concentration of Pb experience “subclinical
poisoning,” which refers to a level of Pb exposure where
physiological effects are reported despite not obviously
influencing mortality (Franson and Pain 2011).

It is worth noting the limitations of this experimental
work. This study was conducted in a controlled captive
environment and therefore cannot completely replicate the
process of lead exposure and its consequences as it occurs
in a bird’s natural environment. We employed a method
of continuous Pb dosing that, while potentially reflective
of some populations of wild birds, cannot encapsulate the
full range of scenarios through which birds are exposed to
Pb. Additionally, although house sparrows can serve as a
model for passerine species, it is important to note variation
between species with respect to behavior and sensitivity to
metal pollution. The house sparrow is particularly useful for
studies modeling Pb pollution in urban settings, but may not
be the most accurate representative of all other songbirds,
particularly those with non-sedentary life histories (Swaileh
and Sansur 2006).

Future studies can utilize these results to fill remaining
knowledge gaps. Given the wide array of songbirds and their
diverse life histories and physiologies, it would be useful to
conduct a multi-species comparison of behavior. This would
allow for the more complete examination of Pb pollution’s
effects across different species and ecological roles. Addi-
tionally, future work studying the impact of sublethal Pb’s
effect on behavior should center on other behaviors reliant
on unimpeded flight, movement or other biomechanical pro-
cesses, such as song generation, reproduction, or foraging.
Finally, an investigation into how these relevant levels of Pb
impact the functioning of neurons specifically associated
with motor control and function would be ideal as to build
a better mechanistic understanding of the behavioral trends
we observe.

In summary, takeoff flight and movement activity, two
behavioral metrics that likely influence fitness outcomes
of birds, were impaired when captive house sparrows were
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experimentally exposed to sublethal concentrations of Pb
representative of contaminated sites. We have yet to identify
the mechanisms by which Pb affects these biomechanical
and movement metrics, though it is likely that a suite of
physiological and neurological processes are disrupted by
the exposure to this heavy metal. The decreases in behavio-
ral performance that we report in this study are likely indica-
tive of what populations of wild birds inhabiting Pb-polluted
areas may experience, potentially affecting the evolutionary
trajectories of exposed individuals, as well as the function-
ing of the surrounding ecological community.
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