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ABSTRACT

Billions of animals seasonally migrate long distances which allows them to exploit
resources or favorable environmental conditions across time and space. In addition, long-
distance migratory movements may allow animals to temporarily avoid certain hazards such as
parasites or diseases associated with a particular habitat. This concept has been termed
“migratory escape”, and it has been applied to taxa ranging from zebras to butterflies. In this
study we test whether “migratory escape” applies to human-induced contamination by
comparing heavy metal exposure in migratory and non-migratory birds captured at one of the
most highly toxic areas in the United States, the Tar Creek Superfund Site (TCSS) in
northeastern Oklahoma. Concentrations of lead, cadmium, and zinc (Pb, Cd, Zn) were measured
in both the blood and feathers of adult passerines from TCSS and from a non-contaminated
reference site. We also sampled nestlings of two migratory swallow species, Northern Rough-
winged Swallow (Stelgidopteryx serripennis) and Bank Swallow (Riperia riperia) to enable
comparisons between migrants that have never left TCSS and adult swallows (i.e. birds that have
migrated at least once). We initially found limited evidence of “migratory escape” from a data
set wherein swallows dominated our sample of migrant species. More specifically, both resident
and migrant birds from TCSS exhibited higher levels of Pb in blood, and Pb, Cd, and Zn in
feathers than birds sampled from a non-contaminated reference site. Also, Pb in feathers and Cd
in blood of adult swallows were significantly lower than in nestling swallows. We found strong
evidence of “migratory escape” when swallows were excluded from the migrant sample. Non-
swallow migrants had significantly lower levels of Pb, Cd, and Zn in feathers than resident
species at TCSS. The swallows we sampled nested directly in the contaminated mine tailings,
which may explain why the evidence of “migratory escape” was not as strong when swallows
were part of the analysis. Our results generally align with the idea that migrants benefit from
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migration by escaping long-term exposure to toxic heavy metals. “Migratory escape” studies
have previously focused on disease and parasites; this is the first study to apply this concept to

human-induced contamination.
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INTRODUCTION

Migration allows animals to exploit seasonal changes in resource distributions across
space and time, and this capacity to track resources is presumably the primary driver for the
evolution and maintenance of migration behavior (Greenberg and Marra, 2005). However, there
may be less obvious benefits associated with a migratory life history. One potential benefit is that
migratory birds may temporarily avoid detrimental aspects of their breeding or wintering areas.
For example, if parasites or pathogens accumulate in the hosts’ environment over time, animals
may escape these hazards by migrating. This concept, termed “migratory escape”, suggests that
disease, parasites, and predators are powerful selective forces driving migratory behavior
(Loehle, 1995). In this study we extend the concept of “migratory escape” to apply to heavy
metal contamination that results from mining activities. Although industrial scale mining and the
associated contamination have not contributed to the origin and maintenance of migration on an
evolutionary timescale, it is possible that exposure to heavy metals exerts selection on animal

populations in a manner that could favor migratory behavior.

“Migratory escape,” traditionally refers to the tendency for migratory animals to avoid
exposure to parasites, pathogens, and predators (Loehle, 1995). For example, in a sedentary
population of Monarch butterflies (Danaus plexippus), parasite infestation increased from early
to late in the breeding season; whereas monarchs that overwintered in Mexico had lower parasite
loads (Bartel et al., 2011). Similarly, comparisons of migratory and non-migratory populations of
galaxiid fish (genus Galaxias;), Dark-eyed Juncos (Junco hyemalis), and Reindeer (Rangifer
tarandus) have shown evidence of reduced parasite exposure in association with a migratory life

history (Poulin et al., 2012; Slowinski et al., 2018; Folstad et al., 1991). Support for “migratory



escape” as a form of pathogen avoidance comes from computer models that employ a pathogen-
migration framework to predict lower disease prevalence for animals that seasonally migrate
(Hall et al., 2014; Johns and Shaw, 2016). Finally, “migratory escape” may apply to forms of
predation wherein the predators are unwilling or unable to pursue migrating prey (Avgar et al.,
2014). For example, Gliwicz (1986), demonstrated that zooplankton exhibit diel vertical
migration in lakes containing predatory fish whereas the behavior is not apparent in lakes
without predators. The implication is that vertical migration functions as a predator avoidance

strategy.

It is likely that migratory behavior has evolved in the context of natural hazards in the
form of parasites, pathogens, and predators (Shaw and Binning, 2020). However, humans have
introduced several new hazards for wildlife, one of the most pervasive being environmental
contamination by heavy metals. Heavy metals in the environment adversely affect living
organisms by making them susceptible to illnesses and developmental abnormalities (Borghesi et
al., 2017). Although heavy metals occur naturally, human activities have resulted in dramatic
increases in the bioavailability of heavy metals in mining sites and industrial areas. At present,
human activity has driven approximately half of all metal fluctuation in the environment (Paris et
al., 2015). Birds are highly sensitive and particularly vulnerable to heavy metal exposure and can
be adversely affected by relatively low heavy metal concentrations (Markowski et al., 2013). For
example, Golden eagles (Aquila chrysaetos) exposed to lead exhibited reduced activity levels
(Ecke et al., 2017), and Great tits (Parus major) living near a metal pollution source experienced
reduced novel environment exploration behavior, an important personality trait (Grunst et al.,

2019).



The current study focuses on three heavy metals: lead (Pb), cadmium (Cd), and zinc (Zn);
which number among the seven heavy metals of greatest environmental concern (Han et al,
2002). Pb and Cd are non-essential and highly toxic, while Zn is essential yet toxic in large
amounts. Blood Pb has a short biological half-life--around two weeks in birds, so Pb blood
concentrations indicate recent absorption (Pain et al., 2009). Pb absorption can cause detrimental
reproductive, and hematologic effects (Gochfeld and Burger, 2000) and can permanently affect
brain function (Stansfield et al., 2012); it is believed that Pb exposure is one of the causes of
learning and behavioral problems in humans (Dietrich et al., 1987). Cd has a long biological
half-life, so concentrations increase with age and are highest in the kidneys and liver (Kushwaha,
2016; Furness, 1996). Cd negatively affects growth and reproduction of birds (Spahn and Sherry,
1999; Feng et al., 2001). Finally, Zn is essential for feather formation (Kushawa, 2016), but
persistent exposure can cause adverse health effects via degradation of the kidneys and pancreas

(Chow and Pollock, 2009).

We compared concentrations of Pb, Cd, and Zn in migratory and non-migratory birds
captured during the summer breeding season at the Tar Creek Superfund Site (TCSS) in
Northeastern Oklahoma, where all three of these metals are found in high quantities in various
environmental media (Hu et al., 2007; Juracek, 2013). To minimize invasive and/or destructive
procedures, we collected only blood and feathers from each captured bird, and we sampled from
nestling migrants and adults of both migratory and resident species. We also collected the same
tissues from birds at a nearby, uncontaminated reference site. We sought to test four specific
predictions. First, we predicted that TCSS residents and migrants should have elevated levels of
Pb, Cd, Zn when compared to birds from the reference site. In accordance with the “migration

escape” paradigm, our second prediction was that residents of TCSS would have higher



contamination levels than migrants in the same contaminated habitat. Third, we predicted that
nestlings of migratory species in the TCSS would have higher contaminant levels than adults of
the same species. Finally, our fourth prediction was that contaminant levels in blood and feathers
should be correlated across individuals. This fourth general prediction is based on an assumption
that the birds were exposed to toxins in a generalized manner such that contaminant loads for one
metal can predict that of the others. Similarly, we expected indices from the blood and feathers
of the same individual to be similar. Finally, we expected correlations across different metals and
tissues to be most pronounced in resident species because they will have the most consistent

exposure.

The concept of “migratory escape” has so far only been applied to naturally occurring
hazards (Altizer et al., 2011), and our study is the first effort to evaluate “migratory escape” in
the context of anthropogenic heavy metal contamination. Captive studies have been used widely
for measuring heavy metal concentrations in animals, but there are few in situ field studies
illustrating heavy metal contaminant levels on free-ranging avian communities. In addition to
this novel evaluation “migratory escape”, monitoring birds at the TCSS can give us insight into
the environmental health and changing biodiversity of the TCSS as remediation efforts there

continue.

METHODS

Study Sites—We sampled feathers and blood from passerines in contaminated sites
within the TCSS and in a reference site approximately 50 km to the Southwest. TCSS
encompasses the Oklahoma portion of the former Tri-State Mining District which included

Northeastern Oklahoma, Southeastern Kansas, and Southwestern Missouri (see Figure 1).



The Tri-State Mining District extracted massive quantities of Pb and Zn during the mid-
twentieth century that produced, among other things, the majority of bullets for both World
Wars, and supplied 35% of all heavy metals worldwide for over a decade (Phelps, 2006). Mining
operations ceased in the 1970s, but the decades of mining, milling, and smelting continued to
contribute to ground contamination of Pb, Cd, and Zn which remain on site in the form of over
60 million tons of milled mine waste (“chat”), flotation tailings, and aerial particulates (Phelps,
2006; Datin and Cates, 2002). Around 300 piles, some hundreds of feet high, remain at TCSS
today. TCSS was among the first sites to be listed by the EPA as a superfund site and is currently
one of the largest existing superfund sites in the United States (USACE, 2005). The fine material
left behind due to poor cleanup practices is highly bioavailable and about 1000x higher in Pb
content than typical gravel-sized chat (Datin and Cates, 2002). Moreover, in 1979 the abandoned
mines filled with water and contaminated mine drainage began to seep from the ground into
streams and other surface water (EPA, 1994). In 2008 the federal government forced an
evacuation of the TCSS area in light of evidence of lead poisoning and associated learning and

behavioral problems in local children (Hu et al., 2007).

Sampling— One focus of our sampling effort was on a mixed species colony comprised
of two species: Northern Rough-winged Swallow (Stelgidopteryx serripennis) and Bank
Swallow (Riparia riparia). We were interested in these species because they nest directly in the
chat piles, and all swallows used in this study came from three chat piles which the birds were
using as a nesting substrate (see Figure 2). One pile was owned by Bingham Sand and Gravel,
Inc (now Williams Diversified Materials) and the other two were on land owned by the Quapaw

Nation.



Non-swallow passerines were also sampled within the TCSS area in and around the
abandoned town of Pitcher, OK in mixed cross timber and woodland habitats that surround the
chat piles in the area. Reference samples were collected in Vinita, OK, where bird diversity and
landscape features are similar to those in the TCSS area. In the reference area there is no history

of mining or evidence of contamination on the order of the TCSS.

Non-swallow passerines were all captured with mist nests, using playbacks to draw in
birds. Adult swallows were captured both with mist nets and using a fishing net to catch birds as
they exited a nest cavity. Nestling swallows were extracted from nest cavities using a fiber optic
camera and a miniature snare pole. All captured birds were banded with metal leg bands and
subjected to a series of morphological measurements. We collected blood (less than 1% of body
mass) from the brachial vein, by puncturing the vein with a 25 gauge hypodermic needle and
drawing the blood into a capillary tube. Blood samples were stored in Microtainer® Blood
Collection Tubes with K2EDTA, placed on ice in coolers and kept refrigerated until analysis. For
feather samples, we plucked P9 (the outermost primary) and several contour feathers from the
bird’s back and stored them dry in paper envelopes. All field work was performed between 24

April and 29 June in 2017-2019.

Chemical Analysis—Toxicology analysis was conducted by the Michigan State
University Veterinary Diagnostic Laboratory (MSU-VDL) (East Lansing, MI, USA). Toxic
elements in whole blood were analyzed using inductively coupled plasma mass spectrometry
(ICP-MS), as previously described (Slabe et al., 2020). The blood samples we provided to the
MSU-VDL were below the minimum volume required for toxicology analysis. However, the lab

was willing to alter their protocol considering the constraints associated with sampling small



birds. Nevertheless, we had to pool some samples from nestlings to obtain a sufficient analysis
volume. In these cases, we pooled blood samples from the same nest (i.e. siblings). The blood
volumes we collected were not adequate for Zn analysis; hence Zn analysis were only performed
on feathers. For nests where blood samples were pooled, we also pooled all feather samples into
a single analysis sample. Otherwise all feathers sampled from each individual were pooled
together and processed as one sample. Processing of feathers involved rigorous cleaning and
subsequent air drying to remove all exogenous contaminants before initiating gas
chromatography-mass spectrometry (GC/MS). We report blood metal concentrations on a wet
weight basis in parts per million (ppm). Data on feather metal concentrations are reported on a

dry weight basis in parts per million (ppm).

Statistical Analysis—All statistical analyses were performed in R (R Core Team, 2019),
and we made use of packages “car” (Fox and Weisberg, 2019), “Ime4” (Bates et al., 2015), and
“ImerTest” (Kuznetsova et al., 2017). A number of samples indicated heavy metal concentrations
that were below detectable concentrations. These detectable limits were <0.005 ppm for Pb and
<0.005-0.01 ppm Cd in blood, < 0.876 ppm Pb in feathers, and ranged from <0.247-0.876 ppm
for Cd in feathers. Samples below detectable limits were considered as one-half of the respective

limit of detection.

Preliminary analyses indicated that the results from our blood and feather analyses were
skewed to the left. Hence, we performed a square root transformation on all heavy metal
concentrations in both blood and feathers to achieve a more normal distribution. We first tested
for differences among adult birds from the reference site (n=21), TCSS residents (n=19), and
TCSS migrants (n=32). We reasoned that there is no reason to expect animals to have high

exposure to heavy metals at the reference site regardless of migratory behavior. Therefore, birds
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at the reference site were pooled into a single control group regardless of whether they were
migratory (n=2) or resident (n=19) species. To compare birds from TCSS and the reference site
we ran five generalized linear mixed models (GLMM) with the results from each of the heavy
metal analyses (Pb-blood, Pb-feathers, Cd-blood, Cd-feathers, Zn-feathers) used as the
dependent variable. The groups (Reference Site, TCSS Residents, and TCSS Migrants) were
included as a factor, and species was included as a random factor. We calculated p-values from
least-square means to discern significant differences among the three groups while controlling

for multiple comparisons.

As a follow up, we reran this same analysis with the swallows excluded. Swallows made
up the vast majority of the migratory birds in the analysis. They also may have higher toxin
exposure because they were nesting directly in chat piles (Figure 2), which means that they were
likely ingesting and inhaling contaminated fine chat directly from their nest environment. With
swallows excluded, our sample of migratory birds from TCSS was very small (n =5), but these
migrants were likely more similar to the resident species in terms of their daily contaminant

exposure at TCSS.

Next, we compared heavy metals in nestling swallows vs. adult swallows. This test was
performed with a subset of data that included only the two swallow species. Within each nest,
data from nestlings were pooled in one of two ways. For smaller nestlings, blood and feather
samples from individual birds were pooled prior to chemical analyses in order to achieve a
sufficient volume of tissue. For larger nestlings, we were able to analyze blood and feathers from
each individual, but the results were averaged within each nest because the data from siblings
were not independent. Hence, we compared heavy metals in adult swallows (n=27) to average

heavy metal values from sets of siblings in swallow nests (n=16). For this test we ran five one-
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way ANOVAs with each of the heavy metal detection tests (Pb-blood, Pb-feathers, Cd-blood,

Cd-feathers, Zn-feathers) used as the dependent variable.

Our final analysis tested for correlations among heavy metal concentrations in blood and
feathers. Heavy metals in feathers result from a prolonged deposition process that likely
represents exposure over a period of a few weeks, whereas heavy metals in blood may be more
representative of short-term exposure. In testing for a correlation between heavy metal
concentrations in blood and feathers we separated our samples into three groups: Adult
Residents, Adult Migrants, and Nestlings. The justification for these groupings relates to the fact
that deposition of heavy metals in feathers occurs only during feather replacement. Most birds
replace all their feathers in an annual molt that follows the breeding season and, depending on
the species, there may or may not be additional molts at other times in the annual cycle. There is
uncertainty regarding the molting locations of the adult migrants, which warrants separating
them from the other birds. For the migrant nestlings and resident birds, we assume that they grow
their feathers in the environment where they were captured. Correlations in nestlings and
migrants were tested separately because of presumed physiological differences in how a rapidly
growing nesting may absorb, turnover, and excrete contaminants as opposed to an adult. We
generated a correlation matrix to examine all possible pairwise correlations across measures of

heavy metals. As with the other analyses we used square root transformed data.

RESULTS

We captured and processed a total of 130 individual birds and had successful heavy metal
analyses for 86 individuals and 9 pooled nests. Of these, 21 were from the reference site, and 74

were from TCSS. Among the birds from TCSS there were 32 migratory adult birds and 19



residents. Twenty-seven of the migratory birds from TCSS were swallows (17 Bank Swallows
and 10 Northern Rough-winged Swallows). There were only 5 migratory birds from TCSS that
were not swallows (4 Indigo Buntings [Passerina cyanea] and 1 Painted Bunting [Passerina
ciris]). For some analyses samples from nestling swallows were pooled by nest, such that we had

16 nests represented.

Mean heavy metal concentrations in feathers were clearly elevated in the TCSS area
relative to the reference site. Average blood Pb concentrations were 400% higher in resident
TCSS birds (M=0.1, SD=0.152) than birds at the reference site (M=0.047, SD=0.03) (GLMM; t=
-2.828, p=0.006). Similarly, Feather Pb and Zn concentrations differed significantly among all
three groups. Average feather Pb concentrations were almost 1000% higher in TCSS resident
birds (M=5.763, SD=9.078) than reference birds (Pb: M=0.593, SD=0.389) (GLMM,; t=-5.872,
p=1.65e-07;). Average feather Cd concentrations were over 250% higher in TCSS resident birds
(M= 1.449, SD= 1.961) than reference birds (M=0.535, SD=0.222) (GLMM; t= -4.527, p= 2.6e-
05;). Average feather Zn concentrations were over 150% higher in TCSS resident (M=258.062,
SD=122.812) than reference birds (M=190.702, SD=34.099) (GLMM; t=-5.737, p=2.90e-07).
Interestingly, Cd in feathers was significantly higher in resident birds at TCSS than TCSS
migrants (GLMM; t=2.936, p=0.013). Feather Pb and Zn concentrations were overall higher in
resident TCSS birds than migrants, although not significantly (Pb: GLMM; t= 0.237, p=8.16e-

01; Zn: GLMM; t= 1.677, p=1.15e-01), but to a lesser extent than Cd (See Figure 3).

When the above analysis was repeated with non-swallow migrants as its own group, there
was a strong suggestion that migratory birds “escaped” contamination by heavy metals to some

extent. All comparisons of different metals and tissues indicated that non-swallow migratory
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birds had lower heavy metal concentrations than TCSS resident birds (Blood-Pb: GLMM; t=
1.593, p=0.069; Feather-Pb: GLMM; t=2.494, p=0.019; Feather-Cd: GLMM,; t= 2.604, p=0.015;
Feather-Zn: GLMM,; t= 2.639, p=0.013) except for blood Cd levels (GLMM; t= 0.850, p
=0.402). In the case of Cd in blood, four of the five migratory birds had Cd levels below the
detection limit, and the fifth bird had an extremely high blood Cd concentration. Hence, the lack
of significance here was probably due to an outlier that we suspect resulted from an intense
short-term exposure to a Cd source that occurred just before the bird was captured and sampled.
All five of the migratory birds in this analysis were captured in late June (26th-29th), such that

they had likely been at TCSS for at least 8 weeks before they were sampled (See Figure 4).

The comparison of nestling and adult swallows provided only limited evidence of a
“migratory escape” from heavy metal contamination. Concentrations of Cd in nestling blood
(M=0.013, SD=0.005) were almost 150% higher than in adults (M=0.009, SD=0.012) (GLMM,;
F(1,41)=5.69, p=0.022). Concentrations of Pb in adult feathers (M=15.676, SD=13.294) were
180% higher than in nestlings (M=8.638, SD=16.003) (GLMM,; F(1,41)=7.308, p=0.01) (See

Figure 5).

There did not appear to be strong correlations between heavy metals in blood and feathers
of adult migrants. However, blood and feather Pb concentrations were strongly correlated among
adult residents (r=0.68, n=37, p=9.3e-05) and nestling swallows (r=0.54, n=23, p=0.007). There
were no strong correlations between Cd of blood and feathers within the groups. However, there
were strong correlations between the metals themselves. Feather concentrations of Pb and Cd, Pb
and Zn, and Cd and Zn were positively correlated in all three groups. Blood Pb and Cd
concentrations were positively correlated in adult migrants (r=0.86, n=35, p=2.8e-11), but not in

adult residents (r=0.17, n=37, p=0.38) or nestlings (r=0.37, n=23, p=0.078) (See Figure 6).
11



DISCUSSION

In accordance with our first prediction, we found clear evidence of elevated heavy metal
exposure among birds captured at TCSS. This finding agrees with the only previous study of
heavy metal concentrations in birds from TCSS (Beyer et al., 2004) as well as studies at other
former mining districts in the United States (Beyer et al., 2013; Hansen et al., 2011; Johnson et
al., 1999). As expected, blood Pb concentrations of TCSS resident birds was higher than in
reference birds, though blood Cd concentrations did not differ among the groups. Feather Pb
concentrations in both resident and migrant TCSS birds were higher than in reference birds.
Although heavy metal concentrations of migratory birds at TCSS were elevated, it was to a lesser
extent than residents. Interestingly, feather Cd concentrations were considerably higher in TCSS
residents than the other two groups. Feather Zn concentrations was substantially higher in TCSS

residents and migrants than in reference birds.

We also observed higher contamination levels among TCSS resident birds than migrants
from TCSS, which aligns with our second prediction and the concept of “migratory escape”.
However, support for this prediction was limited to Pb, Cd, and Zn in feathers. There was much
stronger support for “migratory escape” when we considered only non-swallow migratory
species. As suggested above, the swallows in our sample may have a disproportionately high
degree of exposure since they were nesting directly in chat piles. Moreover, these birds were
likely consuming prey species from nearby acid drainage ponds that receive large amounts of
runoff from chat piles. Hence, the swallows we sampled were likely subject to ingestion and

inhalation of heavy metals at a higher rate than non-swallows.

12



Our third prediction was that nestlings of migratory species should have higher exposure
to contaminants than their parents. We reasoned that nestlings raised in TCSS will have had no
exposure to non-contaminated areas, unlike their parents which have presumably spent the
winter in a non-contaminated area. We cannot definitively say that feather samples collected
from adult swallows indicate exposure solely from TCSS. Feather metal concentrations indicate
incorporation of the metals at the time of formation, i.e. molt (Kushwaha, 2016). Molt for Bank
Swallows and Northern-rough Winged Swallows begins on breeding grounds about time young
have completed fledging and is suspended during fall migration, then completed on wintering
grounds (Garrison and Turner, 2020; De Jong, 2020). However, Bank Swallows do exhibit high
site fidelity (Garrison and Turner, 2020) so we assume that the adults we captured began molting
at TCSS the previous summer. Overall, nestlings had higher concentrations of metals in their
blood than adults. Metal concentrations in blood are indicative of recent exposure as the metals
circulate in the bloodstream before being absorbed into organs and other tissue. Adults had
higher levels of Pb and Zn in their feathers, but lower levels of Cd. This may be due to the

sequestration and slow elimination of Cd from the kidneys and liver (Fernandez et al., 1996).

Our final prediction was that contaminant levels in blood and feathers should be
correlated across individuals. Among the three groups tested (residents, adult migrants, and
nestlings), significant positive correlations were found in Pb of residents and nestlings (See
Table 1). Burger and Gochfeld (1990) previously found that concentrations of Pb in feathers are
strongly correlated to the levels in blood. Cd was not correlated among groups. Interactions
between Pb, Cd, Zn and other xenobiotics can increase, inhibit, or offset their absorption and
effects (Goyer, 1997). Therefore, correlations between the metals themselves were also tested

and almost all were positively correlated.
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Our results differed from similar comparisons of adult and nestling birds. Adult Red-
shouldered Hawks (Buteo lineatus) exhibited higher levels of Pb than nestlings during the
breeding season (Slabe et al., 2019). Similarly, adult Glaucous-winged Gulls (Larus
glaucescens) had higher levels of Cd and Pb concentrations in feathers (Burger et al., 2009).
These larger birds are higher on the trophic level and the primary source of heavy metal exposure
is diet. For passerines, inhalation and ingestion are the two most important exposure routes
(Pattee and Pain, 2003). The nestling swallows in our study are probably inhaling chat particles
in a continuous manner for roughly three weeks before they fledge. There is evidence that Pb
does not transfer significantly into eggs (Henny, 2003) indicating that the high concentrations of
heavy metals in nestlings are accumulated quickly after hatching through inhalation and parental
feeding. Little Blue Heron (Egretta caerulea) chicks exposed to Cd had significantly slower
growth rates than non-exposed chicks, and exposure to Pb was correlated with increased nestling
mortality (Spahn and Sherry, 1999). We did not attempt to measure growth rates in this study
due to the difficulty and disturbance associated with accessing the nestlings. However, it would

be interesting to compare their growth rates with a reference population.

TCSS is the first site at which wild birds, specifically waterfowl, have been shown to
suffer from severe effects of zinc poisoning. (Beyer et al., 2004). Additionally, American Robins
(Turdus migratorius), Northern Cardinals (Cardinalis cardinalis), and several species of
waterfowl (Anseriformes) at TCSS that exhibited increased Pb tissue concentrations and showed
external signs of lead poisoning when compared to reference populations (Beyer et al., 2004).
However, although the concentrations of metals in our sampled birds surpassed the levels which
should indicate illness or death, the birds did not seem to exhibit outward symptoms. Captive,

laboratory studies show that Pb poisoning at ranges lesser than exhibited in our study
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experienced symptoms like inability to walk, delayed fledging, and growth abnormalities
(Burger, 1993; Janssens et al., 2003). One issue with these studies is that exposure to heavy
metals are typically evaluated on an individual chemical basis, which does not adequately
account for the wide array of co-contaminants encountered in the environment (Anyanwu et al.,
2018). Physiologically, even moderate levels of Zn can influence the absorption of Pb (Noonan
et al., 2003) and inversely affect absorption, accumulation and toxicity of Cd (Brzéska and
Moniuszko-Jakoniuk, 2001). Zn can protect against some toxic effects of Pb and Cd (Saxena et
al., 1989). Kim et al., (2009) found that Cd concentrations in the livers of wild birds in Korea
were positively correlated with Zn. In pigeon feathers Pb, Cd, and Zn were highly correlated
(Frantz et al., 2012). However, the concentrations of the metals at TCSS may simply explain the

correlations we see in our study (Frantz et al., 2012).

That blood Pb concentrations weren’t significantly different between TCSS migrants and
reference birds shows some evidence of “migratory escape”. Migrant birds escape the
contaminated habitat allowing them to recover/detoxify so they should have reduced levels of
heavy metals more similar to reference birds. Our strongest evidence for “migratory escape‘ is
the analysis comparing non-swallow migrants to resident TCSS birds. Although our sample size
was small, it was clear that migrants were avoiding the accumulation of toxic heavy metals,
which is likely due to the birds leaving the area for part of the year or because they recently

dispersed into it.

The negative effects of heavy metals are particularly detrimental to migratory species.
Many bird species demonstrate dramatic changes in brain organization over the course of their
annual cycle (Hoffman et al., 2002). This adult neurogenesis accounts for birds’ abilities to

functionally navigate, survive, and adapt to changing habitats. Successful migrants rely more
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heavily on these abilities as they travel long distances. Migrant birds exposed to heavy metal
pollution may experience greater changes in cognition and behavior (Avgar et al., 2014). At the
Coeur d’Alene River Basin (CDA), Pb concentrations in blood of migratory wood ducks was
higher later in the season suggesting that the amount of time spent in the area and exposed to
lead seems to be a factor (Henny, 2003). Tundra swans (Cygnus columbianus) are only in the
CDA for a several weeks but were often discovered ill or dead. Significantly higher lead
concentrations were found in the blood of living swans sampled when compared to reference
swans (Henny, 2003). Concentrations of blood lead in these birds dramatically increased in only
a few days. In addition to the direct consequences of metal exposure to birds, they can also have
indirect effects. Metal pollution, particularly Pb and Cd alters habitat and food quality indirectly
increasing oxidative stress in birds (Koivula and Eeva, 2010). For example, insectivores may
consume metal-impacted invertebrates (Eeva et al., 2005, 2008) reducing the amount of dietary
antioxidants available thereby decreasing their ability to defend against free radicals. This
lowered antioxidant defense mechanism alters birds’ abilities to remove harmful toxicants from

the body (Koivula and Eeva, 2010).

Due to increasing amounts of hazardous chemicals released into the environment, there is
a high demand for developing easy and non-destructive biomonitoring tools (Jaspers et al.,
2019). Birds provide humans a non-invasive way of informing us of the ecological health and/or
pollution levels in an area, and they’re relatively easy to sample. They are also readily
observable and sensitive to toxicity, high on the food chain, and of interest to the public. Over
the years birds have served as early warnings for a number of environmental contaminants such
as DDT, pesticides, and heavy metals (Tsipoura et al., 2008). Raptors, shorebirds, seabirds,

waterfowl have all been used to assess environmental health (Dykstra et al., 2010). Recent
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studies have begun to look at passerines as bio-sentinels, or indicators of local contamination.

Tree swallows (Tachycineta bicolor) readily use nest boxes, so study sites can be established at
specific locations of interest (Custer et al., 2003). Pigeons and Starlings have been suggested as
indicators of lead contamination in human environments (Solonen et al., 1999; Pattee and Pain,

2003; Frantz et al., 2012).

Although contamination like that of the TCSS has only occurred in the past 200 years,
there may already be evolutionary consequences evident in the genetics of affected animal
populations. Brown trout populations impacted by metals are genetically distinct from
populations in clean rivers and exhibit lower genetic diversity, possibly due to severe population
declines (Paris et al., 2015). Lester and van Riper III (2014) suggested that although levels of
heavy metals in some birds may not exceed seemingly innocuous background concentrations,
they may be accumulating significantly greater burdens of metals over time. For example, Pb
stored in bones from chronic exposure over a bird’s lifetime will ultimately get released back
into the bloodstream so older birds will exhibit higher concentrations due to recurring exposure
(Slabe et al., 2019). Since concentration levels in feathers reflect the body accumulation during
the entire time of feather development, potential age biases can be circumvented by restricting
the analyses to chick feathers (Borghesi et al., 2017). We recommend using nestlings as
bioindicators for studies aiming to assess local environmental contamination. Nestlings seem a
more optimal choice for the evaluation of local pollution since we can sample data from a
defined area and time period. Also, because the nestlings stay within the nest boxes, there is a
very limited possibility of external airborne deposition from industrial sources. Metals in bird
nestlings, like Sparrows, reflect local pollution levels, as nestlings are fed entirely on food

collected by parents near their breeding colony. Lead concentrations in tissues of juvenile birds
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have been shown to be a reliable indicator of dietary exposure (Burger, 1995; Janssens et al.,

2003) and to be correlated with lead in some tissues (Golden et al. 2003).

As songbird populations continue to decline (Pennisi, 2019), it’s important to understand
all the disadvantages and advantages birds face. This is the first study to examine heavy metal
exposure in the context of the “migratory escape” concept, and clearly further study is needed to
illuminate how migratory birds respond long-term to accumulation of anthropogenic
contaminants in the environment. Partial migrants, such as American Robins, may be ideal study
organisms for further research on this topic. Partial migration is when some members of a
breeding population migrate, while others remain at the breeding grounds (Greenberg and Marra,
2005). If migration provides a means of avoiding detrimental accumulation of heavy metals,
there might be a shift toward increased migration among local robin populations. Additionally,
robins are ground feeders and so would ingest an elevated amount of contaminated soil (Beyer
and Sample, 2017) as well as earthworms, which have been proposed as key species in risk
assessments where the contaminant is found in the soil and sediment (Beyer and Fries, 2003;
Helmke et al. 1979). Robins are widely distributed, tolerant of humans (Wauer, 1999) and have
been shown to have elevated concentrations of toxins in some cases (Barker, 1958; Bernard,
1966, Balcomb et al., 1984). The prospects of migratory birds are unknown so “migratory
escape” is especially important to identify and predict risks to migrants, humans, and other

wildlife.
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Figure 1: Map of the Tri-State Mining District zooming in on The Tar Creek Superfund

Site boundary. Yellow areas represent chat piles in and around the towns of Picher and

Cardin in Oklahoma. Red piles indicate chat piles where passerines were sampled.
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Figure 2: A section of Northern Rough-winged swallow and Bank Swallow colony nest

cavities in a chat pile at the Tar Creek Superfund Site.
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Figure 3: Five generalized linear mixed models (GLMM) with the results from each of

the heavy metal analyses (Pb-blood, Pb-feathers, Cd-blood, Cd-feathers, Zn-feathers)

used as the dependent variable. The groups (Reference Site birds, Tar Creek (TC)

Resident birds, and Tar Creek (TC) Migrant birds) were included as a factor, and species

was included as a random factor.
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Figure 6: Correlation Matrices and table showing Pearson correlation coefficients
between five variables (Pb-blood, Pb-feathers, Cd-blood, Cd-feathers, Zn-feathers) and
three groups (Adult Resident birds, Adult Migrant birds, and Nestling Swallows). The
Nestling Swallows group consists of two species: Northern Rough-winged Swallows

(Stelgidopteryx serripennis) and Bank Swallows (Riperia riperia).
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Correlations: Blood/Feather
Adult Residents  Adult Migrants Nestlings (swallows)

Pb Pearson R=0.68, Pearson R=0.07, Pearson R=0.54,
p=9.3e-05 p=0.69 p=0.0072

Cd Pearson R=-0.025, Pearson R=-0.15, Pearson R=-0.19,
p=0.9 p=0.38 p=0.39

Correlations: Mixed Metals
Adult Residents  Adult Migrants Nestlings (swallows)
Pb/Cd Blood Pearson R=0.17, Pearson R=0.86, Pearson R=0.37,

p=0.38 p=2.8e-11 p=0.078

Pb/Cd Pearson R=0.54, Pearson R=0.93, Pearson R=0.6,
p=0.00078 p=2.9¢-16 p=0.0024

Pb/Zn Pearson R=0.81, Pearson R=0.65, Pearson R=0.41,
p=2.8e-09 p=2.4e-05 p=0.049

Cd/Zn Pearson R=0.82, Pearson R=0.57, Pearson R=0.47,
p=2e-09 p=0.00036 p=0.025

Table 1: Table of Pearson correlation coefficients and p-values between five
variables (Pb-blood, Pb-feathers, Cd-blood, Cd-feathers, Zn-feathers) and three
groups (Adult Resident birds, Adult Migrant birds, and Nestling Swallows). The
Nestling Swallows group consists of two species: Northern Rough-winged

Swallows (Stelgidopteryx serripennis) and Bank Swallows (Riperia riperia).
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