ABSTRACT

HARTLEY, SUZANNE MARIE. Sparrow SwapTestingManagemen$trategies for House
Sparrows andexploring theUse oftheir Eggshells fotMonitoring HeavyMetal Pollution.
(Under the direction of Dr. Caren Cooper).

Human movemenrdcross the globe, particularly through colonialism throughout the last
500 yearshas ledo the introduction of species into novel environments where they threaten the
biodiversity and ecosystem functioning of those novel environmentse Anthropocenavhere
other threats such as climate change, pollution, and habitat destruction already occur, invasive
species are just one more threat facing ecosystems. But what if we can find a way to use an
invasive species to help monitor those other threats whileeaame time managing them?

In the following thesis | explorthe strategiedy which volunteers manad¢ouse
Sparrowgo minimize their negative impact as iavasive species, but also the potential to use
their eggs as indicators of heavy metalthe environment House Sparrows compete with
native birds for nesting spaces. They are also commensal with hurtibziag buildings as
nesting spaces and split grains and forgotten French fries as food sources. In order to 1) find
effective managementrategies for House Sparrows and 2) evaluate their use as indicators of
environmental contaminants, a citizen science project Sparrow Swap was created. Sparrow
Swaps takes advantage of the ubiquity of House Sparrows and the expertise of volunteer nestbox
monitors to gather data about House Sparrow nesting behaviors and eggs across the United
States. In Chapter 1, | address the first research goal of Sparrow Swap by comparing the
outcomes of two different strategieyg which volunteers manage House Spartdw€hapter 2,

| explore potential links between heavy metal concentrationsnanphologicalcharacteristics

in House Sparrow eggs.
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CHAPTER 1
FOOLING THE BIRDS: SWAPPING HOUSE SPARROW EGGS AS A MANAGEMENT
STRATEGY
ABSTRACT
House Sparrowd@asser domesticus) are a nomative, invasive species in the United
States that compete with native cavity nesting birdeiéstboxes. In addition, House Sparrows
are extremely aggressive and have been kriowail and injule eggs, young, and adult native
birds. Volunteer nestbox monitors employ diverse management strategies emjimit
competitive advantage of House Sparrows owgive birds. However, little is known on the
effectiveness of these managemstrategy. One commatrategy is removaif the nest and
eggs upon discover. Howeverthis may lead to aggression and harassment by House Sparrows
towardsnative speciednstead, swapping reblouse Sparroveggs withfake egg replicas may
protect natie species. The purpose of this study is to determine who uses a nestbox and how
long it takes for a nesting activity to occur in a nestbox following a swap or removal. We used a
citizen science approach, through a project called Sparrow Swap to engagjedsoethox
monitors across the United Stabeswapping and/or removing clutches of House Sparrow eggs
and reporting their observatisaon subsequent visite those nest site®ur results indicate that
removing is associated withigh-intensity monitoing with frequent removals tceepnest boxes
open for native species. Comparatively, swapmragsociated wittow-intensity monitoring
with occasional swaps to placate house sparrows and keep neighboring boxes open, potentially
lower House Sparrowecruitmentand withpotentially lower artificial selection pressuwe

House Sparrowt nest faster.



INTRODUCTION

When considering invasive ngrative species and their impact on biodiversity and
ecosystems, attention is often focuseglamt, invertebrate, fish, and mammalian taMaugin-
Albarracinet al 2015). However, nonative avian species can also be considered pests with
serious impacts on native taxa. Most invasive avian species were intentionally introduced as pets,
game, andbiocontrol as part of colonialism (Cassey et al. 2004). For example, House Sparrows
(Passer domesticus) have been closely associated with humans for over 6,000 years (Ravinet
et al 2018) but were introduced in misguided attempts for biocontrol anoskaigic Europeans
to the continents and surrounding islands of North America, South America, and Australia in the
last 200 years (Anderson 2006, Robbins 19M8lise Sparrows are an aggressive;non
migratory bird species. In many parts of the world, H&sarrows are considered a pest for
damaging agricultural crops (Anderson 2006), transmitting parasites and diseases to livestock
(Hoyle 1938), serving as reservoirs for human diseases (Marra et al. 2004), blocking ventilation

(Fitzwater 1994), and compeg with other native birds species (Gowaty 1984).

In their native range throughout Europe, the Mediterranean coast, and parts of Asia,
House Sparrows effectively use aggression to compete for nesting cavities against other species,
such as Great Tit$@rus majorL.) and Eurasian Tree Sparrowaéser montanus.; Barba and
Gil-Delgado 1990). In Israel, House Sparrows outcompete Great Tits by occupying cavities that
couldhavebeen used by Great Tits and by usurping Great Tit nests (Goldshtein et al. 2018;
Charter et al. 2013). In Spain, Cordero and Senar (1994) found that House Sparrows had a clear
advantage during encounters with Eurasian Tree Sparrows. House Sparrows won every
encounter they initiated, with 9% of encounters leading to fights that highl adk of leaving

the Eurasian Tree Sparrows injured. Eurasian Tree Spacawsitigate the aggression by
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nesting later, after House Sparrows have finished their broods (Cordero and Senar 1994).
Outside of their native range, House Sparrow aggressiomapact the reproductive success of

locally native species (Zeleny 1978).

House Sparrows were introduced to the Unit
spread across the country and throughout North America. As an invasiwvatinspecies,
House Sparrows havecampetitive advantage against Barn Swallokisundo rustical.;
Weisheit and Creighton 1989), Tree Swallowadhycineta bicoloWielliot; Ghilain and Bélisle
2008), and Eastern BluebirdSidlia sialisL.; Gowaty 1984), Mountain Blirds Sialia
currucoidesBechsteinandFryeand Roger2004 and Western Bluebird$S{alia mexicana
Swainson Fiehler et al. 2006 The impressive diversity of songbird species that House Sparrows
have been documented to outcompete has contributed todieliety as an invasive pest
species by native songbird conservationists. Unlike most native species which pr@uce 1
broods per year, House Sparrows typically have double that, withr8ods per year (Anderson
2006). Zeleny (1978) detailed four reas that make House Sparrows problematic for small
cavity nesting songbirds. First, while most other avian competitors, such as European Starlings
(Sturnus vulgarid..), can be excluded from nest boxes by reducing the size of the entrance hole,
House Spaows are smaller than each species of bluebird and therefore cannot be restricted from
nestboxes intended for bluebirds by the reducing entrance hole diameter (Zeleny 1978). Second,
House Sparrows are not obligate cavity nesters and therefore can oagheatknsities than
obligate cavity nesters (von Post and Smith 2015, Zeleny 1978). Third, asvagratory
species, House Sparrows have a temporal advantage over native migratory songbirds in finding
and defending nesting sites (Zeleny 1978). Fourtudd Sparrows are extremely aggressive,

particularly the males (Cordero and Senar 1994). Nestbox monitors have observed House
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Sparrows usurping the nests of native species by removing, injuring, and killing nestlings;

injuring and killing adults; and pecig or removing eggs (Gowaty 1984, Larson et al. 2015).

In response to House Sparrow competition with native birds, nestbox monitors have
tested a wide range of management strategies for preventing House Sparrows from occupying
and reproducing in nestbox@&able 11). While most avian species in the United States are
protected by the Migratory Bird Trmadésatunct of
make them exempt from this law. Current sources of recommendations for deterring House
Sparrows an be found on websites operated by bluebird interest groups (e.g., North American
Bluebird Society website, www.sialis.org) and books on monitoring bluebird nestboxes (Berger
et al. 2001, Stokes 2007). The North American Bluebird Society (NABS) classa#iezgement
strategies as either passive or active (NABS 2012). Passive strategies refer to varletisahon
actions thatcreatende si r abl e conditions for House Sparro
or in the case of twhole nestboxes, allow for tige birds to escape through an alternative
entrance (Berger 2001). Active strategies refer to lethal disposal of eggs, young, and adult
sparrows by a variety of methods, with the exception that nest removal is considerddthalon
but active form of Hase Sparrow management (NABS 2012). However, there is limited

research on the effectiveness of both the passive and active management strategies.

The gap in research on effective management strategiel®fise Sparrows may
contribute to volunteer management decisions driven by emotions and desires for retaliation
When volunteers have firbland encountenmsith the consequences Hbuse Sparrovaggession
towards bluebirds, the experience has @emportant determinant in their choice for lethal
management (Laon et al. 2015). In addition, emotional dispositions sudeeisgs of anger,

hate, and disgust, westrong drives of lethal House Sgrrow management by volunteer nestbox



monitors. Overall, most volunteer bluebird monitors agreentimatitors are obligated to
undertakesome sort of management (passive or actiater than no management at all, but
there isdebateover which managemeatrategy is begLarson et al. 2015). Given that nestbox
monitors across the country will continue to engage in wildlife management for this nuisance
species, research is needed to determine which management strategies are effective in

minimizing House Barrow reproduction and damage to native birds.

Research addressing House Sparrow management may benefit from taking a citizen
science approacManagemenstrategies also need to work within the current context that
management is done mostly by volunteestbox monitorgdouse Sparrow management is not
done by government agencies or large organizations, but instead by thousands of individuals or
small groups working on disjunct bluebird trails. A citizen science approach, engaging the
nestboxmonitorsin research on managemeista way to ensure that management strategies
work in applied field contextvs atraditional scientificstudy that does not adequately
incorporate the complexities of both biological systemshamdan behavior in managemelrtr
amanagement strategy to be effectival sustainab) it needs to be adopteg the nestbox
monitorsand songbird advocacy groups that are currently doing the managéneéizen
science approach engages those groups at the beginning of the researolidesiessential
information on the practical and applied challenges and solutions a management strategy can
provide.A citizen science approach may also provide a volume and breadth of data that can

address trends in management better than individaalafated sites.

The lack of scientific studies on the efficacy of avian pest management is particularly
problematic given that past research on nuisance wildlife management has shown that

management strategies can often be ineffective or have unintemasetjuences (Warburton
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and Norton 2009). For example, egg removal is a common management strategy used to control
many avian pest species. However, Jacquin €2@10) found Rock Pigeon€¢lumba livia
Gmelin) increased their reproductive efforts in responses to repeateshengeals One

unintended consequenported with House Sparrow managenteag been the death of native
birds. Songbird nestbox monitors have reported that following egg remowalse ISparrows,
particularly males, will attack and kill native songbirds nesting nearby (Gowaty 1984). There
may be aifference in unintended consequenbesveen removing both the egg and nest versus
removing only the eggs. When removing eggs and riese tmay be a higher rate of
abandonment of the nestbox, leading pairs of House Sparrdackttor another nesting cavity
potentially creating conflicts with native species. In comparison, egthonly removal, the pair
may continue to occupgnd renesthe samenestlox without disturbing native birds nesting
nearby.

An alternative to removing House Sparrow eggs is to addle them: rendering the House
Sparrow eggs nonviable and returning them to the(Bester et al. 1993)The objective of this
methodi s t o occupy the pairés resources in defen
never hatch. To accomplish this, nestbox monitors first addle the eggs by boiling, cooling,
piercing, shaking, or oiling eggs. Similar methods have been done foatfeyament of
Canada Gees®(anta canadensik.; Baker et al. 1993), Australian white ibiBhfreskiornis
moluccaCuvier;Martin et al. 2007), Herring Gulld.&rus argentatu$ontoppidanBlackwell et
al. 2000), and Doublerested Cormorant®fialacrocoraxauratusLesson; Shonk et al. 2004),
but this strategy has not been studied in House Sparrows. Compared to egg removal, leaving
nonviable eggs in the nastayprevent a House Sparrow frammediately attempting another

brood and/odisturbing native birdsesting in the vicinity.
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While addling eggsan be effective, there are instances where shaken, pierced, or boiled
eggs have hatched (Baker et al 1993, Martin et al. 2007). An alternative to addling House
Sparrow eggs is to replace the eggs with artifietg) replicas (referred to as swapping). House
Sparrows have a poor ability to distinguish their own eggs from that of another bird and are
likely to accept the replicas as their own clutch (Manna et al. 2017). By replacing real eggs with
replicas, femalemay spend vital resources incubating a clutctepficasthat will never hatch,
thus lowering the frequency with which they reproduce and/or disturb native birds.

The effectiveness of swapping House Sparrow eggs with replicas has not been previously
explored in scientific literature. In order for swapping to be effective at reducing the reproductive
output of House Sparrows it is necessary for the female to incubate the egg replicas for at least
the length of a typical incubation period, and ideally time tspan it would have taken for the
young to fledge (Blackwell et al. 2000). House Sparrows generally hatch after about 11 to 12
days of incubation starting after the last egg in the clutch is laid (Anderson 2006). After hatching,
young House Sparrows flge at around 14 days (Anderson 2006). If the egg replicas can keep
the adult House Sparrows attending the nest for more thday2ihen the pair would have lost
the potential for an entire brood for the season.

We createa citizen science project ¢edl Sparrow SwapAppendix1.1) to answer the
following questions:

1. Whatspecies usethe nestbox following egg swaps and removals?

2. Does swapping delay a House Sparrow from nesting in the rsasti@o?



METHODS
Study System

Sparrow Swap is a citizen science project that engages nestmitors from across
the United Statet® participate in scientific research surrounding House Sparrow management.
After a pilot year (2015) with Master Naturalists in Virgingparrow Swap was expanded
nationwide from 20162018. In February 2016, 2017, and 2018 the Sparrow Swap Team sent an
informational email to bluebird societies, ornithological societies, and Audubon chapters inviting
interested nestbox monitors to pagiEie in Sparrow Swap. In order to participate, volunteers
signed up for the project via scistarter.org, a website designed to aggregate and run citizen
science projects. Once joining and agreeing to the informed consent (App&)dwollinteers
were ablgo download field protocols and datashdetshoth a Swap (Appendik.3) and
Removal (Appendid.4). We,the Sparrow Swapeam then mailed hangainted wooden
House Sparrow replicde volunteers interested in swapping eggs (Figut® We purchased
7/8-inchwooden eggs from American Woodcrafters Supply Companyndke the wooden
replicas resemble House Sparrow eggs, a base coat of white acrylic paint was spray painted onto
the wooden replicas followed by a wash of birey acrylic paint. To createdtspeckling,
reddishbrown acrylic paint splattered onto the eggs with a toothbrush.
Managementf House Sparrows

When a volunteer found a nestbox with a House Sparrow (HOSP) nest, the volunteer

could choose to remove or swap the House Sparrow egg®offoswapping and removingge
instructedvolunteergo wait until the female had finished laying the entire clutch. During egg
laying, female House Sparrows lay one egg penatayattain a clutch size of 8 eggs

(Anderson 2006)Once the clutch was owpleted, we asked volunteerspgerform the chosen
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management strategy (swap or removal) and record the date, nestbox location, and if they saw
the adult birds(s). For a removal, volunteers indicated whether they removed both the nest and
eggs, or only theggs. If a volunteer swapped, they were instructed to warm the replicas in their
hand before swapping them into the neshe volunteers then replaced the real House Sparrow
eggs with an equal number of wooden egg replicas.
Follow-up Visits

In 2016, tle Sparrow Swap Team asked volunteers to return to the nest for two-tgllow
observations approximately seven days apart to determine the outcome of the management
strategy. In 2017 and 2018, the Sparrow Swap Team asked volunteers to return to thdarestbox
an additional followup visit. At each followup, volunteers recorded whether they thought the
nest was attended or abandoned, if they saw House Sparrows during the visit (flushed or nearby),
and what was in a nestbox. For a removal, they were askettievtihe nestbox contained nest
material, eggs, or nestlings. For swaps, volunteers were asked to count the number of replicas
and whether there were any real eggs. To assess whether the eggs were being incubated,
participants were also asked three questi First, volunteers were asked whether the replicas
felt warm to the touch. Second, they were asked to take a photo of the replicas on each visit to
determine whether the replicas had been rotated since the prior visit, indicating that an adult had
beenpresent since the last visit. Third, volunteers were asked to place a small @jecpiece
string) across the replicas to determine on the following visit if an adult bird had visited the nest.
For both swaps and removallsanother clutch (nativepecies or House Sparrow), was laid, the
observations for that initial clutch were considered completed. The outcomes of the swaps can be

summarized into the categories listed in TdbR For all three management strategies we
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classified the outcome efach House Sparrow clutch as Native Nest, House Sparrow Nest,
House Sparrow Attended, Abandoned, or Inconclusive
Statistical Analysis

We removed the 2015 Sparrow Swap data from our analysis due to incompleteness. We
conducted our analyses in R @®re Team 2019) using a tweay ANOVA to confirm that there
was no bias in number of days between visit between swaps and removals or visit number
(Figure 12). Eggonly removals were removed from the remaining analyses due to small sample
size. We condued a Chisquare test to compare the frequencies of each outcome for each of the
remaining management types: Swap and Removal (nestigandue to noanormality,we
conducted MannWhitney U testo determine differences between management sigaiag

time until a House Sparrow laid a clutch

RESULTS
General Summary

Over the course of 3 years (20:2818) approximately 200 participants joined the project
Sparrow Swap, with 8ihdividualssending in datasheets on the outcomes of management.
Collectively, these volunteers managed a total of 536 House Sparrow clutches (2182 eggs) from
326 nestboxedviost volunteersvere inthe eastern United States (Figar8). The average
(median) volunteer sent observations from 2 nestboxes and collected 3 clutdmes 18taggs.
Volunteer participation was skewed, with some volunteers contributing more than others with
max contribution being 22 nestboxes, 58 clutches equaling 231 eggs. Most volunteers only
participated in Sparrow Swap for one year (69.0%). Few vedustparticipated in Sparrow

Swap for two years (21.5%), and even fewer for three years (9.5%).
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Of the total House Sparrow clutches managed, 248 swexps and 130 were removal.
For both swaps and removals there were instances (n= 158) where naufpNasits were
recorded These were excludddom analysis along witB0O clutches from the pilot year in 2015.
Of removals, 89 included nest and egg while 36 were eggs only. Partly due to the name of the
project and the novelty of hasmhinted egg replicaswapping was a more popular option than
removing (Tablel.3). While instructions indicated to visit the nestbox every seven days, the
amount of time between visits varied from 1 to 52 days, with a mean visit day of 7.68 + 11.03,
and a median of 7.00. OANOVA test revealed that management typgap versusemova)
or visit number did not significantly (p > 0.05) impact the days since last management.
ManagemenOutcomes

A Chi-square test of independence was performed to examine the relation between
management strategy and outcome (Table Data with an inconclusive outcome were
removed from analyses. The relation between these variables was sigr(ditiesguare tst of
independence, X2 =4B.06 df =3, p < 0.0011with both House Sparrows and natives nesting in
boxes more than expected in Removals and natives nesting less than expected (Fi§waps
1.4). Based on our Mann Whitney test @403, pvalue< 0.00), House Sparrowwok twice as
longto nest againdilowing a Swap (18.2 £+ 6.39 days) compared to Removals (9.8 + 4.21)

(Figurelb).

DISCUSSION
We found that swappingeal eggs withieplicasdelayed House Sparrows from starting a
new nest attempt in threesbox compared to removing. However, without mgeaent it would

likely be more than 25 days until another breeding attempt would be made. Thus, even though
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swapping delays another House Sparrow nest attempt, it still might encourage more frequent
nesting if compared to no management at all. Jacquin(@04.0) found replacing eggvith

decoys did shorten the nest attempt cycle in urban feral pig€ohs{ba livig from an average

of 11 weeks to 4 weekslacquin et al. (2010) also found females on a shortelaggyy cycle

had poorer quality eggs. Uik, both swap and removals may increase reproductive attempts
compared to if the clutch was not altered attdiwever, thedelaycaused by swapping stias

the potential to reduce the number of broods a pair can attempt to raise within a breeding seaso
compared to removing.

Given the complexity of our results, there is no obvious choice of which management
strategy is bettgfTable 1.5) The preferred management strategy, swap or removal, may depend
on the goal of those managing House Sparrtivilse motivation of a nestbox monitor is to have
a native bird in their nestbox, then nest andreggovals are the preferred strategy. Nest and egg
removas clear the way for a native to nest in thestbox In boxes with swaps, the presende
the replicas arupying the House Sparrows means that natives are less likely to utilize the
nestbox Alternatively, if the goal is to prevent House Sparrow reproduction in hopes of
impacting local population of House Sparrottenswapping $the more ideal strategyswap
delays renestingndis lesslikely to increase brood attempts than remoyvalming may also be
another consideration. Because House Sparrows lay another clutch more quickly after a removal
than a swap (Figurk5), a nestbox monitor who chooses to remove will have to visit nestboxes
more frequently to ensure that a House Spadoes not ranest.

One downside of swapping is that the nestbox tended to remain occupied by a House
Sparrow or was abandoned all together. Very few native species nested in a nestbox after a swap.

On the other hand, removing the nest and eggs allovimtbhrHouse Sparrows and native
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species to compete for the open nestbox. However, this competition may lead td kitixse
Sparrow conflicts that could lead to injured or dead native sp@dests, chicks and egg<put
of the 365 swaps and removalerth was one reported incident of a native bird being found dead
in a nestbox following a management strategy. In this case, it followed an egg only removal.
Since participants did not always return data on all House Sparrow nests, it is impossible to
calcuate the frequency at which House Sparrow aggression occurred. In adsétieral
participants corresponded with the Sparrow Swap Team that after seeing a dead native bird they
no longer participated in the project and chose to use a lethal manageategyshstead. This
is consistent with the finding by Larson et al (2015) that firsthand encounters are a driver of
choosing a lethal management strat@derefore, our results might be biased towards incidents
where aggression did not happen.

There arealso some limitations of our study. Since the birds werdaotedwe cannot
be certain that the House Sparrow that attended or subsequently nested in the nestbox is the same
pair that laid the initial clutch. However, House Sparrows are known to hawand nest fidelity
within a season, so it is likely that at least one of the adults is the same from the previous clutch
(Anderson 2006). Another limitation of this study is that we treated each management event
(swap or removalas independent. Sincerae of the management events happened within in the
same nestbox within the same season it is very likely that thasagement evensse not truly
independent. In addition, trails with multiple boxes managed simultaneously also adds to the lack
of indepexdence.

While swapping may reduce competition between House Sparrows and native species by
reducing events where natiMdouse Sparrow conflicts occur, it still does not remove

competition for nesting cavities. In order to determine which managemeeagsgtisimore
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effective, it would be necessary to know whether competition via usurpation and conflict is more
of a deterrent to native birds than the loss of a potential nesting location. In order to further
assess which management strategy is more eféeativeducing competition and destruction to
native birds, information on the success or failure of native birds in neighboring nestboxes is
crucial. Future studies that provide a more holistic picture on the success of native birds on trails

before and aér a swap are needed.
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Table 1.1Management strategies used by nestbox monitors

Type
Active

Active

Active

Active

Passive

Passive

Passive

Passive

Passive

Passive

Passive

Management
Trapping

Nest removal

Non-viable
eggs

Swapping
eggs

Food
availability

Nestbox
availability

Nestbox
timing

Nestbox
deterrents

Hole restrictor

Nestbox
design

Nestbox
Placement

Description Life Stage
Using inbox traps or bait traps to  Adult
capture, wing clip, euthanize, and/c

relocate birds.

Removing of any combination of  Eggs
nest material, eggs, and nestlings. Nestling

Shaking, piercing, boiling, coating Eggs
in oil, or chilling eggs and returning
nonviable eggs to the nest.

Removing and replacing real HOSI Eggs
eggs with fake replica eggs.
Avoiding birdseed with millet or Adult
placing novel objects on bird feede
to deter HOSP.

Plugging entrances to nestboxes, Adult
removing nestboxes from the

vicinity, or relocating nestboxes the

have attracted HOSP.

Waiting to install nestboxes or opel Adult
nestbox entrances to coincide with
the arrival of migrating birds.

Dangling a monofilament or a nove Adult
object from nestboxes to deter
HOSP.

Restricting the entrance size when Adult
nestlings of a native species are ~:
days old to prevent HOSP from
getting inside.

Altering nestboxdesigns to deter ~ Adult
HOSP, includes nestboxes made ¢

PVC and tweholed nestboxes.

Installing more nestboxes to provic Adult
nesting locations for native birds.
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Source
Zeleny 1976,
Berger et al.
2001

Davis and
Blankenship
1995

Berger et al.
2001

Berger et al.
2001

Dennis 1978,
Kessler et al.
1994

Zeleny 1976,
Berger et al.
2001

Zeleny 1976

Pochop et al.
1993

Aguero et al.
1991

Berger et al.

2001

Berger et al.
2001

Berger et al.
2001



Table 1.2PossiblananagememutcomesaA list of possible outcomésllowing a swap or
removalevent occurs in a nestbox (HOSP = House Sparrow).

Outcomes Description

Attended HOSP activity for 3 weeks after the management

Abandoned HOSP activity not reported

Native Nest Native bird started nest building in thestbox(with or without eggs
HOSP Nest HOSP started a new clutch of eggs.

Inconclusive Participant did not provide enough information to determine outcom

20
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Table 1.3Participation in Sparrow Swaparticipation separatdry management strategy

Management Strategy n %

Swap 238 65.2
Remo\al- Nest & Egg 91 24.9
Remoual - Egg Only 36 9.9

Total 365 100
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Table 1.40bserved and expected countsrf@nagemenutcomesExpecedvalues in
parenthesefor each management strategy. Inconclusitcomesvere removed for analysis.

Abandoned Attended HOSP Nest Native Nest Total
Remoal 18 (25.86) 9 (23.16) 42 (26.94) 11 (4.04) 80
Swap 78 (70.14) 77(62.89 58 (73.06) 4 (10.96) 217

Total 96 86 100 15 297
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Table 1.5Considerations for managementmplications. The preferred management strategy may depend on both biological

considerations and practical limitations by ttodunteer nestbox monitofHOSP = House Sparrgw

Considerations Swaps Removals
Biological Native reproduction Lower use by native species following Higher use of by native species following
management management
HOSP aggression May reducampacts to neighboring native  May have impacts on neighboring native spec

HOSP eproduction
Volunteer Effort
Supplies

Time

species
More likely to have HOSP abandon nestbo: More likely to have HOSP renest

Requires effort to wait until a clutch is Does not require the clutch being finished*
complete

Requires participant to have access to repli No materials needed

eggs

Longer intervalsurtil next management Shorter intervalntil next management

*for this study we asked volunteers to waitil the clutch is finished to make swaps comparable to removals, however, tiograc
most monitors remove nesthenever they encounter thavhetherthe nest and/or clutch is completed.
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Figure 1.1 Comparson of a real House Sparrow egg (A) to a wooden egg replica (B).
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Figure 1.2 Distribution of days between volunteer visithe number of days between vigis
managed nestboxes for each management strategy.
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Figure 1.4 Frequency of outcomes by maeagent strategy. (ABAND) Bokad no activity

(ATTEND) House Sparrow still visiting thaestboxafter 3 weeks(HSNEST)i House Sparrow

nest and eggs present; (NTNEST) Native biedting in thanestbox Size of box indicated its

relatively proportion compared to other boxes. Boxesletl blue and/or with a solid line

represent outcomes whose observed values are higher than the expected. Boxes that are shaded
red and/or have a dashed line represent outcomes where the observed is lower than the expected.
The larger width of the Swap (@yper) boxes is a product of the larger samples size (n = 217)
compared to removals (Remover, n= 80).
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CHAPTER 2

EXPLORING HOUSE SPARROW EGG CHARACTERISTICS AS INDICATORS OF
HEAVY METAL CONCENTRATIONS
ABSTRACT
Persistent environmental contaminants pose serious health risks to fandamitdlife

alike. However, the high costs of testing and monitoring for contaminants mean the presence of
contaminants in the environment may be unknown. Environmental contaminants can alter the
chemical pathways involved in avian eggshell formation@gohentation. Determining whether
these contaminants alter eggshell characteristics (color and speckling) in predictable patterns has
important applications for eggs as indicators of environmental contaminants. We used House
Sparrows Passer domesticigas a model organism for determining patterns between eggshell
color and speckling and heavy metal concentrations. House sparrows are ubiquitoasweon
species, that are commensal with humans, potentially exposing them to similar environmental
contaminats as humans. Volunteer songbird nestbox monitors from across the United States
collectedapproximately 536&lutchestotaling 2,182House Sparrow eggas part of the citizen
science project, Sparrow Swap. We examined how eggshell characterisédswwerss a
geographic scale and throughout season. We investigated if metals concentrateqrsdicted
by eggshell color, speckling, thickneggography, seasoand calcium concentrations. We
measured metal and calcium concentrations using mass spetyravith one hundred eggshells
representing a hundred clutches and used the software SpotEgg to classify eggshells based
oncolor and speckling. Our results indichtbat metals, including € Se, Cd, Cu, Pb, are
present in detectable levelshiouse Sprroweggs found across the countBggshell

characteristics are not strong predictors of metal concentrations, but eggs tend to get darker with
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many small speckles as metal concentrations incr@asewvork provides a basis for future work

exploring usig this invasive pest species for environmental monitoring.
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INTRODUCTION

As humaractivity continues to modify the environment, finding organisms to serve as
indicatoss for the health of wildlife and the environment becoringsortantfor monitoring
environmental changes arden potential human healtlazards. Birds can successfully serve
therole as bioindicatarbecauséhey areeasy to observe, widely distributed, is&tludied, and of
interest to the general public (Becker 2003). For exampalecline inBald Eaglepopulations
because oDDT induced eggshethinning served aanindicator of the impacts of DDT in the
environment that led to political and social mfa in environmental monitorin@rier 1983.

Since then, studies have examined using blood, featherementandeggs as indicators of
various pollutants in the environment, including heavy metaggmnochlorinegsgpyrethroids
(Becker 2003 But whatif we could use the color of eggs as indicators of poteggéiagraphical
areas thaheedcloser monitoring

Eggshell coloration between species can vary greatly from the pure white of owl eggs to
the red speckled eggs of great tits. Yet this extraorgidiaersity in eggshell coloratiois
derived from only two pigments synthesized by birds: biliverdin (blue) and protoporphyrin
(reddishbrown) (Kennedy & Vevers 1976). Several hypotheses for why eggs are colored have
been proposed, including crypsis frgmedators, protection from intesind intraspecific
parasitism, female signalingnd potentiallicontaminant¢Brennan 2010; Davies & Brooke
1989; Lopez de Hierro & Morer®kueda 2010; Gosler et al. 2005; Gillis 2012).

The crypsis hypothesi$\(allace 189) states that eggshell speckling helps eggs remain
hidden from predators. However, empirical evidence has generated mixed concisiotise
structure of the nest playing just as an important role as speckling in hiding eggsdaators

(Cherry & Gosler 2010). In addition, there are several examples of cavity nesting birds like great
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tits (Parus majoy and House SparrowP#&sser domesticuff)at have speckled eggs despite
remaining hidden in cavities (Gosler et al. 2005; Anderson 2006; Casse2G&t 2.

Another hypothesis fagggshellcolor variation is that egg speckling and color allow
females to identify their own eggs to prevent both #rdad intraspecific brood parasitism
(Davies and Brooke 1989; Lopez de Hierro & Mordtweda 2010). Hower, this fails to
explain why high variation in eggshell patterns is found in birds with little to ne mter
intraspecific brood parasitisrhittle is known about inteland intraspecific brood pasitism in
House Sparrows (Anderson 2006)o8t House Sparrows are unable to visually distinguish their
eggs from others, suggesting that the variation seen in House Sparrow eggs is an unlikely result
of selection to visually distinguish their eggs from that of anddraale Manna et al. 2017).

Another hypothesis for explaining the differences in background color variation is the
sexually selectedggshell hypothesis (SSEC). The SSEC stitasthe blue color (biliverdin)
may be a post mating indicator of female genetic quality for species @ Wig male provides
parental care. Biliverdin has antioxidant properties and eggs that arélmgreemay
indicate that the female is more fit (Moreno & Osorno 2003, CassAy. 012). Some studies
have indicated that achromatic differences insesyg more visible to cavity nesters than
chromatic differenes (Cherry & Gosler 20103light differences irblue-greencolor aremost
likely undetectable to the parentsce inside the nesting cavity.

Variation in eggshell speckling and color betweenaties could be a plasticity in
response tenvironmental gradients associated with latitudinal clines and seasonal Basids.
studies have foungeographic anthtitudinaltrends in clutch size (Greibler 2010; Cooper 2005),
egg size (Martin 2008), and@ shape (Duursma 201&)ther researcproposedhat coloration

plays a role in thermoregulatipand therefore could cause overheating in warmer climates
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(Gome et al. 2016, Westmoreland et al. 20IR@searchasalsoshown there may be temporal
changesn House Sparrow coloration over the course of a breeding séagmr de Hierro &

de Neve(2010)found that House Sparrow eggpeckling got darker and fewer eggs had

biliverdin over the course of the breeding seastiis Thay be due to stress due desin

resources or environmental conditioRsr example, Lopez de Hierro & de Neve (2010) found

that supplemental feeding influences the coloration of eggshells and that the color and speckling
patterns changed over the breeding season within indivittugde Sparroviemales.

Both pigments are byproducts of the heme biosynthetic pathway and may be altered by
stressors, such as environmental contaminants (Hanley & Doucet 2012; Jagannath et al. 2008).
Hanl ey and Dstudiadtbet colaatign af reing gull (Larus argentatuseggs found
that the bluegreen color was negatively associated with an increasing level of environmental
contaminants. In the Eurasian sparrowhaigc{piter nisu¥, Jagannath et al. (2008) found that
increaseaoncentrations of DDE, a metabolite of DDTenecorrelated with an increase in the
blue-green coloran increase afpeckling of eggand thinner eggshells. Furthermore, Hargiati et
al. (2016)foundthat higher concentrations of copper were associaitéhigher concentration
of specklingon GreatTit eggs Parus majo}J. To explicitly test the influence of metals on
pigmentation, Orlowski et al. (20hytested differences between dark and light eggs of Japanese
guail (Coturnix coturniy and foundhat comrentrations of copper, iron, manganesamium,
lead, calciunmwere higher in eggs with lger amounts of speckling/hile cobalt and magnesium
were higher in eggs with fewer speckles. Except for Hanley & Doucet (2012), studies used
coarse categorical sesl to analyze the differences in eggsbelbr and speckling.

In addition to the effects mentioned above, heavy metals may disrupt the ionic uptake of

calcium, which can alter the creation and composition of eggshells (RodNgwazro et al.



34
2002). Acording to the structurglnction hypothesis, protoporphyrin found in eggshell

speckling acts as lubricant that provides structural support for thinner areas of the eggshell
(Gosler et al. 200550lomon 198). Gosler et al. (2005) found that Great Tit duglls were
thinner in speckled areaSonsistent with this hypothesis, Lopez de Hierro & de Neve (2010)
found that female House Sparrows laid eggs with darker speckling later in season, which could
be due to a depletion of calciuim.contradiction to thikiypothesis, the captive studies by
Orlowski et al. (201B) found that the pigmented segments of Japanese quail eggshells were
thicker and contained higher concentrations of calcium. These contradictory results highlight the
importance of continued resehraf relationships between calcium, thickness, and metal
concentrations.

The structurafunctionhypothesis and the hypothesis thiessors, such as
environmental contaminantsan alter coloration provide the plausible hypotheses for what is
driving variation between clutches within cavity nesting species that experience little brood
parasitism (Gosler et al. 2005j)ouse Sparrowdasser domsesticuaje cavity nesting birds
that have trouble identifying their eggs from other cavity nesting bird species, making it unlikely
that the brood parasitism, sexual selection, or sexual conflict are currently contributing the
diversity of eggshell speckling (Manna et2017).House Spaowsalsoshow great variation in
eggshell color between and within individuals (Bumpus 1896). On one end of the House
Sparrow egg color continuum, eggs can be white with a few pale brown spackled the
other extremgeggs will be a dark blugray and mostly covered with dark brown speckles
(Lépez de Hierr& de Neve 2010)The reason for this diversity ggg charactestics between
House Sparrow remains poorly explorelduse Sparrows are also widespraathe Western

Hemispherepanning from Cartla to South American. They are also fmigratory meaning
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their potentialexposure to contaminants occurs on a relatively small scale. Thus, House
Sparrows provide an exemplary system to test whétleestructurafunction hypothesis and/or
environmentatontaminants are influencing variation in egg speckling and background
coloration between clutches.

Herein, we leveraged a new visual analysis software to carry out a quantitative analysis
of eggshell color and speckling in relation to heavy neaidl méalloid concentrations in the
invasive House Sparrow. Before assessing the role that contaminants play in egg characteristics,
we assesxpotential geographic and seasonal pattd8ased on findings of Lépez de Hierro &
de Neve (2010), we would expecethase color to decrease over the breeding season in House
Sparrows. A decrease in pigmt over the season could astsignal of decreased female
condition throughout the breeding season. Howearauséiouse Sparrows are cavity nesters
that are unliket be able to differentiate slight differences in the backgraahat of the eggs in
dim light; we hypothesize that post mating sexual selection plays a minimal role in the variation
in eggshell speckling of House Sparrow. We expect to see minor diffarebaekground color.
Also based on previous work of Lopez de Hierro & de Neve (2010) on House Sparrows, we
expect speckling to get darkever the breeding season whibuld be due to changes in a heme
pathway caused by contaminants or changes in reeWe alsoplant toexplorewhether there
aregeographidrends in eggshell color and speckling characteristics.

To explore the ptential role of the structurdilinction hypothesis and environmental
contaminant®n eggshell coloration wexaminedthe relationships betweaggshell thickness,
calcium concentratiorgolor and speckling, anareadthlengthratio on theconcentrations b
heavy metals and metalloi@pper,lead, selenium, cadmiumrszniq. We chose heavy metals

and metalloidsheeafter referred to as metads our contaminant of interest becapast studies
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have shown that potential links between eggshell speckling patterns and heavyhiaetpdi

et al. 2016)

Metals and trace elemeritave been studied in the eggshellsnainy wetland species,
but have been studied less frequently in passerines, and even less frequentiypigratory
passerines associated with humans. They have also not been studied at a great geographic scale,
save for Ruuskanen et §2014)study onEuropean Pied Flycatchersi¢edula hypoleucha In
addition, previousiterature has suggested that eggshells are a way for a female bird to excrete
heavy metals from their body (Burger 1994n.general, we selected these metals on the
potentialto be irvolved in eggshell speckling and impacts to the health of wildlife and humans.
We chose coppdo determine if we could find similar trends as Hiaiget al.(2016)with
increased aggregation of speckling in House Sparrow eggs with increasedocormedrations.
We chose selenium because of its known impacts on fish anchiiimy@developmentiieinz
1996 Scheuhammet987). Lead andarsenic were chosen faineir healthimpacts to both
wildlife and humangDavis et al. 19905cheuhammet987, Khan etal. 2014) Finally,we chose
cadmiumbecause of its potential to increase in toxicity and uptake in orgamigincalcium
deficient diet{Scheuhammel987). Lead arsenicand cadmium arall non-essential elements
for the bird speciesvhile selenium andopper are essential, but toxic at high concentrations
(Orlowski et al.2014 Heinz 1996 Dauwe et al. 1999Correlative evidence between heavy
metal concentrations and eggshell speckling may suggest that environmental exposures could
alter chemical patliays. Further research could then investigate if environmental exposures to
metals and other persistent environmental contaminants could be driving some of the variation

seen between clutches.
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Based on the structurélinction hypotheses proposed by Gosleal. (2005), we would

expect that as thickness of the eggshell decreases, speckling increases. Specifically, if metals
reduce the uptake of calcium, gmabtoporphyrinadds structural integrity (Gosler 2005), then
we would expect eggs with higher metal contienthave thinner shells, more speckles, and
reduced calcium concentrations. If environmental contaminants act as stressors (Hanley &
Doucet 2012; Lépez de Hierro & deetde 2010), themwe would expect the blugreen color of
the eggshells to decrease with increasing concentrations of netaiee researchas indicated
that egg becomerelativelywider as demale birds ageklendeighet al. 1956, Brooke 1978 We
expectthat concentrations of heavy metals increase over the lifetime of a tirdatithlength
ratio can be used as a proxy &mye,we expect stouter eggs to be associated with increasing
metal concentrations.

In the following we attempt to exana@nf seasoal, geographic, and metal concentrations

can explain the variation found in House Sparrow déggsd across the UnideStates.

METHODS
Egg Collection

House Sparrow eggs were collected Sparrow Swap, a citizen science projgbere
volunteerssendHouse Sparroveggsto scientistsHouse Sparrows are a noative species in
the United States and exempt for the Migratory Bird Treaty Act of 1918 (Avery and Tillman
2005).The project was open to anyone in the United States from the year2@08.5ouse
Sparrow eggs were opportunistically collected by volunteers encountering House Sparrow nests
in nestboxes established to attract native songbirds. Participants were instructed to wait until a

House Sparrow had completed the clutch before removing g ©gce collected, volunteers
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placed the eggs in a refrigerator for at least 24 hours to stop any further embryo development.
Volunteers were instructed to carefully mail eggs to the North Carolina Museum of Natural
Sciences in Raleigh, North Carolina $iyspending the House Sparrow eggs between two pieces
of plastic film inside glastic egg (Appendif.1). Volunteersdiscare&ddanyeggs that were
broken prior to shipment. Upon arrival at the Musewa unpackedhe eggs, gave each clutch a
unique identification number, and assigned each egg in a clutch a let&gr (A
Egg Photography Photo Processing

We photographed each clutchedgs with a Nikon 3200 digital SLR camera on the
manual setting with aperture set at F16 and a shytedsof 1/1.6We savedmagesas RAW
image files (.NEF)In eachclutchphotographweincluded a scale and six grayscale color
patches of known speet reflectance (Figur.1). We used SpotEgg, an image processing tool
created by Gémez and Lifi&embrano (2017), to quantify the color and speckling of each
House Sparrow Eggs. SpotEgg, takes the raw images and linearizes them using DCRAW (Coffin
2015),a tool used for processing raw image files. SpotEgg then employs MatLab software to
detect and quantify the area) of speckling on each egg, and the color (as RGB) values of each
spot To reduce théighly correlatedvariablesAppendix 2.2)and their nteractions, we
conducted grincipal component analysjCA) with Varimax (orthogonal) rotationsing11
variablesrelating toeggshell color and speckginusing the psych package in &ot size and
total area of spots were transformed (1/X) forR@A. The varimax rotation allowed for easier
interpretability in subsequent analyses.
Sample Preparation

One hunded eggs were subsampled from 148@s that were processed in Spotkygg

metal analysisForthis analysis we only selected eggs that were from cluteftbscomplete
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photo information in order to select a representative kgaddition, we only selected eggs that
wereearlydevelopment stageggssince calcium and metal concentrations can chantjein
eggshell over time as the embiyevelopg Orlowski et al 2019). Development stage for each
egg was determined when the egg was cut open and categorized @godladijll intact, no red
blood vessels visible), middle (red blood vessels visible rgontlearly visible, lacks distinct
morphology, and latgbeak, eyes, and other morphological traits clearly visibletapture the
variation in clutches over variation in eggs, the most average egg per clutch was determined
selecting the egg closesttte average factor loadings for PC1 and PE@gs that deviated the
| east from the mean were selected as the fiave
extreme in both maximum and minimum for each loading were selected. A remaining 20 eggs
were chosn to represent the middiEhese 100 eggs also represented a broad geographic area
(Figure 2.2) After being photographed, the length and width of each egg was measured to the
nearest hundredth of a mm usingWtraTech carbon fibatigital caliper.Someeggs(length
n=4, width n = 5)that had structural damage (pin hateack, piece missing, ¢tmade either
length or width measurement \Galipersimpossible. Instead, the length and width of these eggs
weremeasured by photograpiidth measurementsere consistent between ttveo methods
(calipers vs phowgraph). However, length measurements were systematically shorter when taken
from a photograph versus caliper measuremé&iésbelieve that this is due to the angle of the
egg when the eggs are phgitaphedTo correct for thigliscrepancywe created aegression
equationy = 0.9412x + 1.6726R? =0.845, N =1312, df =1311, p < 0.00Hetween caliper and
photo lengthhased on 1422 eggs where we had both caliper and photograph measurements.
Egg contents were separated from the eggshell uddrgrael 200 Seriesotarytool and

eggshells were air dried at room temperature for at least 36 hounslufihend ofthe eggand
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approximately8 x 8mm piecefrom the equator oégg werereserved for thickness
measurements. Thickness was measured using-fofow Mitutoyo micrometefDigimatic
Micrometers Series 227) with the foreet to 0.05 Newtonand measured to the near@§i01
mm. Three measurements were taken fromblbeatend ofthe eggand another three thickness
measurements weretakemr om t he pi ece of egugtgThemkatme f r om
eggshells were then rinsed wabetone, rinsed with distilled wer, and allowed to air dry again.
Eggshells were homogenized using a mortar and pestle, rinsing with acetone after each sample
Calcium am Metal Analysis

Eggshell samples were then sent to the Environmental and Agricultural Testing Service
(EATS) at Norh Carolina State University for sample digestion and elemental testing of
Calcium, Copper, Selenium, Arsenic, Lead, and Cadmium.pgoneparation and testing was
similar to Hargitai et al. (2016).tAhe EATS laboratory, HNO3 waslded to the dried eguall
samples to begin digestion. Calcium concentrations were analyzed using a Perkin Etmer ICP
Optical Emission Spectrometer Model 8000. Concentrations of metals (arsenic, cadmium,
copper, lead, selenium) were diluted 50 times and spiked with 1ML ofyA.5salution adding
0.5 ug/L elements in the sample. This concentration was subtracted from final repoetialg.
(arsenic, cadmium, copper, lead, selenium) were analyzed using a Perkin ElImer Elan DRCII
ICP- Mass spectrometeiSpike solutions were also periodically analyzed with samples to more
accurately determine the concentration of the spike solution over sample runTtiepsactical
guantitation limit(PQL), the limit at which the elements can be accurately quantédet],
method detectiofimit (MDL), the threshold where elements can be detectenkd byelement

(Table 2.1) Foreggshells with metal concentrations below the MBalf theMDL limit was

t

b
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used For eggshells above the MDL but below the PQL, the mean dlfHeand PQL was

used.
Statistical Analysis

To assess potential geographic and temporal trends on eggshell speckling we conducted
two generakedadditive mixed model@GAMM) using the gamm4 packing k(R Core Team
2019) In ourmodels, weset Color (PQ) or Speckling (PC2) as the response variable with
predictor variables beinglmear term forcollection datedrdinal datg, a combined smooth term
of latitude and longitudeith clutch as a random effect.

Before conducting any analyzes of metals werheined if there were any correlations
between metal8ecause dtributions oftrace elementdid not follow a normal distributigrwe
tested correlations betwearetalsusingK e n d a | (hoémaramedria)\We also conducted a
PCAwith the metal concentrations to determine if we could create one or two variables that we
woul d consider as fAcont ami nan prindipal @ohgonentHo we v er
explainal less than 20%f thevariation, which is no better than testithg metals individually.

We also tested whether eggshell characteristics (Ca, brésmulith, thickness;olor, and
speckling) were correlatd with eactother.To test whetheeggshell characteristics are a
potential indicatoof contaminants weased genmlized linear model with metal concentrations
(As, Cu, Pb, Se) as the response variable and thickmegs ¢alcium concentration (%),
breadthlength ratio, color (PC1), speckling (PC2), latitude, longitude, and collection date
(Julian) as predictor vaties with interaction terms for collection date and color (R@d)an
interaction term fofatitude and longitude. Cadmium was found in only a small quaoftitye
eggshellsanpled, so we used hinomialgeneralized linear model with 0 being belthe FQL

and 1 being abovile PQL TheAkaike InformationCriterion (adjusted for small sample size)
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(AICc), delta AICc, and weight of each model was determined using the dredge fuamztion

averaged using model.avg functionthe MuMIn package of Rlhe averge modereported
hereassumes that a variable is included in every model, bubatelswhere the variable is

considered less of predicatbe corresponding coefficierst set to zero

RESULTS
General Summary

Between 20182018, theSparrow Swap Team received 536 clutches totaling to 2182
House Sparrow egg®f these, 1462ggs fom 431clutcheswerereceived in good enough
condition tophotographed and usén analysis for seasonal and geographic trefdere was a
wide diversity inHouse Sparrow egg coloration and speckling among thereggisedTable
2.2). ThePCAonthe SpotEggolor and speckling variablgseldedtwo principal components
(PCs)explaining90% of the varianceetween eggélable 23). The first principal compant
(PC1l)was labeledicoloro to the high loadings by the following iten$pots R, Spots G, Spots
B, Background R, Background G, BackgroundT@is first PC explaineds4% of the variance.
Eggswith positiveloading values aredhter in color thargg with negative PC1 loadingbhe
second principatomponen{PC2)was labeledi s p e c Huke io thghigh loadings by the
following factors:number of pots average spot size, and total area of s@wea vs perThe
varian@ explained by this factavas 36%. The spectrum of this factimcludeseggs with few

large irregular shaped speckled to eggs with many, small more circular sfeales2.3).

Thickness of eggshells rangédm a minimum of 0.090mrto 0.165mmwith a mean
and standard deviatiof 0.1180.012.This isthickerthan the range of average (0-0&€9mm)

for House Sparrow eggs in Indi@l{ananjayaret al. 2011)Calcium makeup of the egg ranged
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from 30.86 % to 37.4% with an average of 34.68 (+1.60).This was consistent with other

studies orbird eggs Breadthlengthratios ranged from 0.58slendeiong eggs)to 0.99(round
eggs)with the mean ratiof 0.72+0.04(Figure2.4). We did not find any significant correlations
between any of the eggshell characteristics otiiekness, breadttength ratio, color (PC1) or
speckling (PCR(Appendix2.3).
Seasonal and Geographic Trends

The results of our GAMM (Table 2.45howed a negative relationship between
collection date@rdinal) and PCL1 (color) indicating thtte eggs get darkewer the course of
thebreedingseasor{Figure2.5). We found a significant, nelinear relationship between
location (atitude:longitude and PQ@(color) suggesting that there is more likely local variation
driving color versus larger latitudinal clin@sigure 2.6) Eggsfrom Texas seem tighter than
other eggs, while eggs in the northeast are generally dsivieciound a positie relationship
between collection date and speckling, indicating that over the season eggs have fewer, larger,
more irregular shaped speckles (Figure 2.7). We found less geographic differences between
eggshell speckling (Figure 2.8). The model predicatedt to be at the mean, though Texas
again differed from the rest of the country and associated with eggs with many small, round
speckles.
MetalsConcentrations

Only 27 of the 100 eggs had all 5 mstaresent at detectalevels (Figure 2). Most
eggs(n = 46) hadacombination of 4 of the metals, and 27 eggs hadf8wermetals present
Concentrations of metals were in the following order: Cu > Se > As> Pb(®abtk 2.5)
Burger & Gochfeld2004) found a similar trenth metal concentrations ihé eggs of the

Common Tern$terna hirunddin New Jerseyexcept they did not examine copp€hese
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concentrations are within the range of mean concentrations reported in eggshells of House
Sparrows and other bird species (Figure 2.X\M®.found significat correlationdetween three
pairs of metals:@enicand @admium (tau = 0.30, pG<001), arsenic an@édd (tau =-0.16, p =

0.02), and opper and leaddu = 0.47, p <0.00X)rable 26).

Copper had the highest range of all the metals from no detest®838ppmWe found a
meancopperconcentration of 1.97 ppm which was higher than the mean concentration of copper
(1.00ppm)ound in House Sparrow eggsthe West BankSwaileh and Sansur 200®ther
studies have founkigher mean concentrations of copper wlith2 ppm being the highest
concentration found in an eggshell of a Canada goose in Washington, USA (Rickard and Schuler
1990). In most studs, the mean concentration of copipethe eggshell ranges from 0.5
2.0ppm, putting our concentration of House Sparrow eggs among what most other studies have
found (Table 2.7. The averaged model from our linear model indicated a positive relationship
between collection date and the interaction between collection datelan@RC1) with
increasing concentrations on copper. Speckling (PC2), color (PC1), calcium concentration, and
latitude were negatively associated with increasing concentratiaappér (Table B).

Our meancadmiumconcentratior{0.09 ppm)s consistentvith other studies that found
low levels of cadmium in egd3able 2.7) Cadmiumconcentrations in our House Sparrow eggs
ranged from nofdetection to 0.990nly 26% of the eggshells had cadmium concentrations
above the PQL, andiB% of eggshells had condeations below the MDLOther studies with
lower detecion limits have found mean concentrations as [0W.892ppm in Bridled Terns in
Hong Kong (Lam et aR005). Ingeneralmost studies have reported cadmium concentrations
less than 1.0 ppniHowever some recent studies have found concentrand@4.07 with a

mean of 13.28 in American Oystercatcheréigentina (Simonetti et a015). Other studies
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have reported high mean concentrations betwe®@.4 in Reed Warblers, Tree Swallows,
Cattle Egrets, and Little Egrets (Orlowski 2015, Kraus 1989, Hashmi2018).The averaged
model from our linear model indicated a relatiopdtetween calcium andtitudeand
guantifiable concentrations of cadmiunpeskling (PC2), color (PC1), thickness, collection
date, and the breadtangth ratio were associated withdmium concentrations below detection
(Table 29).

We found the mean ogentration ofeadin our House Sparrow eggshells to be 0.52
ppm. This was within the range of meaoncentration of leafbund in other studie€Compared
to other studies on House Sparrows eggshells, this concentrdtarersghan the 3.3ppm mean
concentrationthat Swaileh and Sansur (2006) found in eggshells from the West Bank, but higher
than the 0.42ppm concentration found in eggshells from Baghdad, I-&2pgidli et al. 202).

The averaged model from our linear model indicatedgativerelationsip color (PC1)
speckling (PC2), and latitudeith increasing concentrations ead (Table 2.10)

Fewer studies hauvested the concentrations of metalloids including arsenic and selenium
in eggshells. However, arsenic and selenalso havaletrimentaleffects of organisms at high
concentrations. As faas we know, thiss the first measurement of arsenic in House Sparrow
eggshells. Wefound mean concentration of arsetode 0.72ppm. Other studies of Great and
Blue tits in Belgium, Willow Flycatcherand Yellowbreasted chats in Arizona, Rooks in
Poland, and Brown Boobys in Brazil have been found with much higher concentrations of
Arsenic (Dauwe et al. 1998/ora et al. 20030rlowski et al. 2010Dolci et al. 201Y. On the
other hand, Ruuskanen et @014 found mean concentrations as low as 0.008 ppm in Pied
Flycatchers in Europ&.he averaged model from our linear model indicated a positive

relationship between color (PCand latitudewith increasing concentrations arsenic.
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Speckling (PC2)¢ollection date, and breadténgth ratiowere negatively associated with
increasing concentrations afseniqTable 211).

We found a mean of 0.87 ppm of seleniimnthe eggshells of the House Sparr@ther
studies have reported varying means. For examaptbe same site in Long Island, Roseate
Terns had a mean concentration of less than 0.005 ppm while herring gulls had a mean of 0.40
ppm (Burger 1994). Ikemoto et al. (2005) also reported low concentrations (0.15ppm and
0.08ppm) of Se in Blackooted allatrosses and Shetdiled albatrosses, respectiveiyn
Tarishima Island and JapaOn the other hand, Lam et &005 found relatively high
concentrations of Se in eggshells from Blackwned night herons (8.16), Bridled terns (15.58),
Little egrets (759) in Hong Kongln general, correlations between metals were low, but we did
find significant correlations betweérsenic and Cadmium (p <0.001), Arsenic and Lead (p =
0.02), and Copper and Lead (p = 0.4Ih)e averaged model from our linear model datied a
positive relationship betweeatitude,breadthlengthratio, and calcium concentratiovith
increasing concentrations ansenic Color (PCl), longitude, and thicknesgere negatively

associated with increasimgncentrations adrseniTable 212).

DISCUSSSION
Seasonal and Geographic Trends

We found that there were seasonal and geographic trends in House Sparrow egg
coloration and specklinyVe found that eggs in Texas tended to be lighter than eggs in the rest
of the country, and eggs in thertieeast tended to be darker in colorgeneral eggs get darker
over the course of tHareedingseasonThis is consistent with another study on House Sparrow

eggs Lépezde Hierroand De Neve (201Gpund thatthat while the background color of the egg
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got lighter over the course of the season the spots got ddkgever, in our present study, both
background color and spot color were highly correlated and combined as one veoiaile
Lopezde HierroandDe Neve (2010jound that color varied more between females than spread,
suggesting that spre&ldetermined by genetics, while color may be influenced by other factors
(L6pezde Hierroand De Neve 2010Yhis is consistent with our resuttsat found a waker
trend between speckling and seasonal and geographic tiémasver, we did find that toward
the end of the season eggs tended to have few, but larger irregular shaped speckles than
compared to the earlier in the breeding season.
Metals

Despite beaig a terrestrial, mostlgranivorousbird, our House Sparrow eggs had
concentrations of metals and metalloids comparable to waterfowbhptatsthatare generally
on ahigher trophic level. The concentratianfsmetalsfound in our eggs ar@sorelativdy
similar to the concentrations foundhtouse Sparrow eggs from Iran and the West Bahk.
specific toxicity of most of these metals is mostly unknown for eggs and eggshells of birds.
However, based on limited other studies on lethal and no effechtidlesve have no reason to
suspect that the metals were found at levels that are lethal to the bird or erdwgver, there
still may be sulethal effects occurringn generalheavy metalén high concentrationare
knowndepress the immune resporiBechetet al.2013, delay development (Pinowski et al.
1994), and increase aggressioiirds(Janssens et al. 2003).

Out of the five elements we tested, the two that are essential to life (selenium and copper)
were foundat higher mean concentratmtinan the noressential metals (lead, arsenic,
cadmium). Copper ian essential element for blood formatibowever at extreme

concentrationsopper can beause liver damage (Chiou et al. 19%¥gselines concentrations of
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1.65 ppm have been reported in House Sparrow eggs (Anderson&ed6éund a slightly

higher mean concentration of 1.97. Research on chickens found théedhendiet of 400 ppm

copper produced egg with mean copper concentrations ppm{Chiouet al.1997). This

dietary intake (400ppmyas also considered the maximum tolerable concentration safe to feed

chickens Chiouet al. 1997). Our maximum concentration of copper in House Sparrow eggshells

was 8.9 ppm. If a similar maternal transfer from bodggg occurs in House Sparrows, some of

our samples (3%) may be at levels that have detrimental effects to the adulMafdand that

as concentrations of copper increased, calcium levels decreagsdecame darker, with many

small specklesThis is @nsistent with our hypothesis tHatver calcium levels would be

associated with higher concentration of metéle also saw in an increase in color with an

increase in copper concentratiomiis isconsistent withthe structural functiohypothesisthat

with a decrease in calcium there would be an increase in €oresults are also complicated

by theinteraction between PC1 and collection date as a predicators of copper concentrations.
Like copper, slenium is another essential element thadxe at high levels (Lemly

1997).At concentrations above 3.0 ppm, selenium reduced hatching succesaised

deformities in embryom several species of aquatic bi{@pallholzandHoffman2002. The

maximum concentration of selenium reported in our eggs was 2.3B3pfar as we know, this

is the first measurement of selenium in House Sparrow eggdhgilile this is still below the 3.0

ppm, we are surprised to find levels this high in a teri@sird. A vast majority of the literature

on selenium toxicity in birds is focused on waterfowl and other species that feed on mostly

aquatic organisms (Heinz 199@)nlike the other elements we analyzed, speckling was not

included asa predicator of slenium concentrations. However, other eggshell charactefikécs

color, calciumpreadthlengthratio, and thickness were predicators of selenium concentrations.
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Based on our averaged model, increasing concentrations of seleailaggs with higher
sdenium concentrations tended to havedader in color higher breadthength ratio, thinner
shells and higheralciumconcentrationsWe are surprised by the relationship between thinner
eggs and more calcium. This relationship is not what we expeateve foundit for both
cadmium and selenium. In selenium, we did see the expected relationship that eggs that were
wider and shorter were associated with higher concentration of selenium.

Our low levels of cadmium are consistent with low levels foundsacspecies. Furness
(19%) argued that cadmium wanottransferred into the eggsheliastead that itvas always
present at low levels. However more recent studée® found relatively highly levels of
cadmium, including over 2.0 ppm in Reed WarblerBatand (Orlowski et al. 2@). and 13.28
ppm in American Oystertehers in Argentina suggesting that cadmium is excreted into
eggshells, but perhaps only when concentrations are high in the female (Simonetti et al. 2015). In
addition to being found at loveVels the relationship between cadmium concentration in
eggshells to the concentration in body and eggs has not been consistent across studies (Orlowski
et al. 2014)Even within studies, differences in site or specie® heverse the relationship
between eggshells and eggs (Burger 18%uwe et al. 1999However, this may have been due
differences in development stage of the eggshellsdeltlowski et al.(2019 found that
cadmium and copp&oncentrationn the eggshell deeased with the age of the embryo while
theyincreased in the embryo. This suggests that cadnsunot only likely to be excreted into
the eggshells, but it also has the potential transfer to the embryo as the egg develops, potentially
causing harmCadmum toxicity due to concentrations 7ZZ00ppm in avian orgarausegrowth
retardation anemiasuppressiof egg production, kidney damage, and marrow hyperplasia

(Furness 19965cheuhammer 198 Breeding mallards fed a diet of 1.6 ppm of cadmium
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reportedhaving no reproductive effects (Beyer PpQRAyaset al. 007 concluded that

concentrationsf 0.420 to 1.9 ppmof cadmium in eggshellsere unlikely to cause effecstnce
the threshold concentrations for kidneys and liver is much hig¥esuspectiat ou
concentrations of House&rrow eggg$rom no detection t0.99ppmare also unlikely to cause
significanthealth effects to the embryo and adult bird

We found that quantifiable concentratsaf cadmium are associated with dark, slender
eggs withmany small round spatkkemoto et al(2005) found that concentration of cadmium in
egg content increased witheadthlengthratio andsuspected that this due to increasing breadth
length ratio as the bird ages, suggested that concentrations of metals in the bird increased over
time. We found the opposite trend with increasing cadmium levels associated with a decreasing
breadthlengthratio. Also contrary to what wexpectedgalcium concentrations were higher in
eggs with detectableadmiumlevels We would have expected calcium levels to have been
negatively associated with increasing concentration of cadmium. However, the relatidnship o
cadmium with thinner, darker eggshells, still supports the structural function hypothesis that
protoporphyrirreinforces thinner areas in an eggshell

Lead is a nofessential element that can rapidly cross biological membranes to accumulate
in the yolk d the egg (Forsyth et al. 198%)ad can compete with calcium for binding sies!
be transported to high calcium areas such as bone, or eggshells (Scheuhammeedd87)
concentrations of 2 to 15ppm have been found in the bones of adult birds indabsettings
and from uncontaminated sites, without any known detrimental effects (Scheuhammer 1987). If
the transfer of lead into eggs is similar to the transfer of lead to bones, then we suspect the
concentrations found in our House Sparrow agtis (ron-detectionto 4.66ppmare likelyat

concentrations below any noticeable effed¥® expected calcium to be included as an important
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variable for predicating lead concentrations becaugis kiiown ability to compete for binding
sites, lowever, calciunwas notincluded as predictor included in the averaged mottedtead,
color, speckling, and latitude were included as predicators in the final averaged model. Eggs
generally got darker with many small round speckles with increasing lead concentiidimns.
darker eggs with increasing metal concentraimtonsistent with the hypothesis that increased
metal concentrations may cause darker speckling in the eggs.

Like cadmium and leadysenicis a toxic, nonessential element tbah bioconcentrate
in organismgBoncampagni et aP003).Eisler(1988)reported the LD50 for sensitive bird
species ranged from 17 to 4@npbody weight in birdsSublethal effects for arsenic and other
metalloids in birds has been poorly studi€dricheVirostaet al. 2015)Other studies suggest
that background concentrations in birds are aroun@@® (Lucia et al. 2010But the impact of
arsenic on embryosd the transfer rates from adult to eggshell and eggshell to embryo are
unknown.However, we suspect that our metal arsenic concentrations ranging fredeteation
to 1.51 ppm are at levels that are unlikely to cause significant health impacts toltloe adu
embryo.Unlike the rest of the mels and metalloids we looked htgher concentrations of
arseniowvereassociated witlighter coloredeggs. However, like the other metals, higher
concentrations of arsenieerepredicated by eggs with many smaliceilar spots. Longer thinner
eggs (breadtfength ratio) was also a predicator for arsenic concentrations. This trend is
opposite of what we would have expected if House Sparrows follow trends in other species
where eggs get wider and shorter over time, i&nlder females have higher bioaccumulation.

We did not find a strong enough relationship between the five metals to evaluate the
metals in terms of a general contaminant load. We did however find significant positive

correlations between individual paiof metals (AsCd and CuPb), and negative correlation
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between arsenic and lead. Swaileh and Sansur (2006) also found a positive correlation between
concentrations of lead and copper in House Sparrow eggshells in the Wesi\Raale
unaware of papersat shown significant relationship between&sland AsPb. Instead,
previous research has shown a negative correlation between arsenic and selenium. In particular,
the presence of arsenic can reduce selenium accumulation in theegger, we did not rfid
any significant correlations between arsenic and selenium (Stanley et al. 1994). All five metals
we analyzed are el ements present in the envir
however, anthropogenic processes can alter the movemeogntration, and presence of these
elements in an aredMuana& Okieimen2011]). Correlations between metals can provide insight
into the potential anthropogenic sources of contamination. For example, arsenic is generally a
contaminant associatevith pestcide use in agricultural areas whereas lead is found in areas
with industrial processes and smeltiguana& Okieimen2011). Hence, the negative
correlation we found between arsenic and lead could be a separation between agricultural and
industrial areaghough more research into the land use surrounding the eggshell sites would be
needed to determingthis correlation is due to geographic difference or not
Implicationsand Future Research

The concentrations that we found in the eggshells are liaddg iow compared to
concentrations in other parts of the body. Burger (1994) suggested that eggshells were a way to
excrete contaminants when concentrations in the body areSvgtieh and Sansur (2006)
found out of 10 different areas of the bodggshells contaed the lowest metal richness.
However, there has been mixed results when comparing eggs to eg@neNs. (1999) found
higher levels of nomessential elements (Pb and As) in the eggshell, while higher levels of

essential elements (Cu a#d) in the egg. However, Agusa et @005)found higher levels of
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selenium, an essential element, in eggshells than eggs. Relationships between eggshell and egg
contents mayary butbased on previous research levels of contaminants are most likedy high

in the body than in the eggshells we mentioned, we do not think that the metal concentrations
we found are toxic levels, but little research has been dotteetimresholdconcentrations for
contaminants in eggshelis impact embryasMetal concentitions invital organs and other

partsof the House Sparrows may or may not be at toxic levels.

In order to be effective indicators of environmem@ahtamination, having onlylanited
number of eggshell characteristics that are reliably associatee wirection with increasing
concentrations of metaigould be idealOur results found different directions of association
depending on the metal and the variallar models also explain very little of the variance in
the data and are unlikely to be rélypredictive of metal concentratiortSxamininga larger
sample sizef eggshells maprovide more statistical power tease outlearertrends. However,
we are surprised to find that color was included as a predictor in every single model, and
specklirg included in all but one. Future research on the mechanics behind potential links
between stress via contamination and its impact on color and speckling are worth pursuing.

Our research has shown that these five heavy metal and metalloids are in varying
concentrations in House Sparrow eggs. Regardless of the predicative power of the eggshell
characteristics, determining if there is a predictable relationship between concentrations in the
eggshells and concentrations in the local environment is the ngxhstetermining if House
Sparrows can be used as an indicator species for these metals. Previous work suggests that the
level of contaminants in eggs is likely to reflect recent diet due to a rapid trophic transfer of
nutrients before and during egg layi(Ruuskanen et al. 2014). In the case of House Sparrows, a

non-migratory bird, the levels of metals in the egg are likely to reflect an area of a home range of
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up to 8 hectares, with House Sparrows spending most of their time occupying an area af less tha
0.2 hectares (Vangestral et al. 205t studies have shown thagdrious birds species had

higher metal concentrations in their baatynore contaminated sitednen compared to a control
(Ruuskanen et al. 2014; Ayas et al. 200&m et al. 200b Ayaset al. (2007) found high
bioaccumulation from sediments to eggshells for copper (19.63 ratio) and lead (22.9 ratio) in
herons in Turkey, while bioaccumulation for cadmium was low. Ruuskanen et al. (2014) found
that European Pied Flycatch&idedulahypolecug eggshellead levels were correlated with

soil lead levels across Europe, but did not find the same correlation for As or Cu. Lam et al.
(2005) found that the concentration of arsenic, lead, an copper in the eggshells of Little Egrets
(Egretta garzeah) and Blackcrowned Night Herons had a consistent correlation to

concentrations of those metals in coastal marine sediments. They did not however find this same
consistent trend for Bridled Terns. In Bridled Terns, only copper showed a significaratoonrel
between eggshell concentrations and concentrations in marine sedifhergame study did not

find anysignificant correlations between concentrations of selenium and cadmium hekggs

and marine sedimentsr three different species. Evaluatingether there are similar trends

between local soils concentrations and the House Sparrow eggshells would provide insight into
the ability to use House Sparrow eggs as indicators.

While difference in local distribution of metals in the environment mayalising the
variation,we saw in the metal concentrations, diet differences among House Sparrows can also
contribute to difference in metal concentratidnsprevious studiesoncentrations of metals in
eggshellsoncentrations varied between species at the same site (Burger20@2Y,(2002
found that differences in metal concentratibesveen fivespecies of marine birdgere mainly

dueto differences irdiet. Knowing the diet oHouseSparrows may be imptant in
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understanding the sources of the contaminants and how concentrattonsaofinanteflect the
local environment. Studies have shown that human#landeSparrows have a long histoof
commensalism (Ravinet et al. 20B82etreet al. 2012)HouseSparrow®genetics charegdin
response to human agriculture to adap high starch diet similar to humans and dogs (Ravinet
et al. 2018)Future research in determining the diet of House Sparrows, through stablessotope
or other analysis may providesight on the source of contaminants and their use as indicators of
exposure for wildlife and potentially humans.

In conclusion, our research indicated that color and speckling are unlikely to be good
indicators of heavy metal concentraon bird eggsklls. Howeverthere maystill be future
exploration of House Sparrows eggs as heavy metal indicators by exploring links between heavy

metal concentrations in eggs to concentrations in House Sparrow diets and the environment.



56
LITERATURE CITED

Agus a, T. , Mat sumot o, T. , |l kemot o, T. , Anan,
(2005). Body distribution of trace elements in blaa#ked gulls from Rishiri Island,
Japan: agelependent accumulation and transfer to feathers and eggs. Envirahment
Toxicology and Chemistry, 24(9), 21i07120.

Anderson, T. R. (2006). Biology of thubiquitous House Sparrow: from genes to populations.
New York, NY: Oxford University Press.

Al-Obaidi, F. A., Mehdi, B. I., & Shadeedi, S. M.-A(2012). Identification of inorganic
elements ireggshellof some wild birds in Baghdaddvances in Applied Science
Research, 3(3), 145P458.

Avery, M.L., & Tillman, E.A. (2005)Alien birds in NorthAmericai challenges fowildlife
managersProceedings of the 11th Wildlife Damage Management Confer&1ce32
89.

Ayak, Z. (2007). Tr ace CeeyHeror@deadadnerspandiblackls i n eg
crowned night heron (Nycticorax nycticojaxom Nallihan Bird Paradise, Ankara
Turkey. Ecotoxicology, 16(4), 34352. doi:10.1007/s1064807-01326

Ayak, Z., Celi kkan, H., & Aksu, M. L. (2008).
eggshells of Audouin’s GullL@rus audouinij in Turkey. Turkish Journal of Zoology.

Becker, P.H(2003). Biomonitoringvith birds. In B.A. Markert, A.M. Breure, H.G. Zechmeister
(Eds.), Bioindicators and biomonitors (pp. 6#36).Oxford, UK: Elsevier Science.

Beyer, W.N (2000). Hazards to wildlifeom soilborne cadmium reconsidered. Journal of
Environmental Quality, 29(5), 1381B83.

Bichet, C., Scheifler, R. , Ciurdassier, M., J
Urbanization, trace metal pollution, and malaria prevalence indiseSparrow. Plos
One, 8(1), e53866. https://doi.org/10.1371/journal.pone.0053866

Brennan, P. L. R. (2010). Clutch predatiorGreatTinamousTinamus majoand implications
for the evolution of egg colodournal of Avian Biology41(4), 419 426.
https://doiorg/10.1111/j.160@48X.2010.04999.x

Brooke, M. D. L. (1978). Somiactorsaffecting thelayingdate,incubation andbreedingsuccess
of the Manx ShearwatelPuffinus puffinusThe Journal of Animal Ecology, 47(2), 477.
https://doi.org/10.2307/3795


https://doi.org/10.2307/3795

57

Boncompagni , E. , Muhammad, A., Jabeen, R., Or
M. (2003). Egrets asonitors oftracemetd contamination invetlands of Pakistan.
Archives of Environmental Contamination and Toxicology, 45(3). doi:10.1007/s060244
0030198y

Bumpus, H.C. (1896)[hevariations andnutations of thentroducedsparrow:Passer
domesticusBiological Lectures, Ginn and Company, Bostorl3.

Burger, J. (1994). Heavy metals in avian eggshells: another excretion method. Journal of
Toxicology and Environmental Health, 41(2), 2@20.
https://doi.org/10.1080/15287399409531837

Burger, J. (2002). Food chmadifferences affect heavy metals in bird eggs in Barnegat Bay, New
Jersey. Environmental Research, 90(1),333

Burger, J., & Gochfeld, M. (2004). Metal levels in egg€ommonTerns Sterna hirunddin
New Jersey: temporal trends from 1971 to 200irenmental Research, 94(3), 336
343. d0i:10.1016/S0013351(03)000841

Burger, J., & Eichhorst, B. (2005). Heavy metals and selenium in grebe eggs from Agassiz
National Wildlife Refuge in northern Minnesota. Environmental Monitoring and
Assessment, 107(3), 285 295. doi:10.1007/s1066005-31106

Burger, J., & Gochfeld, M. (2007). Metals and radionuclides in birds and eggs from Amchitka
and Kiska Islands in the Bering Sea/Pacific Ocean ecosystem. Environmental Monitoring
and Assessment, 1278), 105 117. doi:10.1007/s1066006-9264z

Burger, J., Gochfeld, M., Jeitner, C., Bur ke,
Mercury and other metals in eggs and feathefSlaficouswingedGulls (Larus
glaucescensin the Aleutians. Environmental dnitoring and Assessment, 1524},
179 194. doi:10.1007/s1066008-0306:6

Cassey, P., Thomas, G. H., Portugal, S. J., Maurer, G., Hauber, M. E., Grim, T., Lovell, P.
George. Mi kg2 k, . (2012). Why aray birdso
with life-history and nesting ecology among British breedingpasserine birds.

Biological Journal of the Linnean Sociefy0&3), 6571 672.
https://doi.org/10.1111/j.1098312.2012.01877.x

Cherry, M. 1., & Gosler, A. G. (2010). Avian eggshell coloration\eerspectives on adaptive
explanationsBiological Journal of the Linnean Society00(4), 753 762.
https://doi.org/10.1111/j.1098312.2010.01457.x

Chiou, P. W., Chen, KL., & Yu, B. (1997). Toxicity, tissue accumulation and residue in egg
andexcreta of copper in laying hens. Animal Feed Science and Technology, 67(1), 49
60. https://doi.org/10.1016/S03BA01(96)0113X



58
Coffin, D. (2015). DRCRAW applicationhttps://www.cybercom.net/~dcoffin/dcraw/

Cooper, C. B., Hochachka, W. M., Butcher, G., & Dhondt, A. A. (2005). Seasonal and latitudinal
trends in clutch size: Thermal constraints during laying and incubation. Ecology.
Ecological Society of Americduttps://doi.org/10.1890/08028

Currie, D., & Valkama, J. (1998). Limited effects of heavy metal pollution on foraging and
breeding success in ti@&irlew (Numenius arquada Environmental Pollution, 101(2),
253 261. doi:10.1016/S0268491(98)000372

Davies, N.B. & Brooke, M.D. (1989). Aexperimental studgf co-evolution between the
cuckoo,Cuculus canorusand its hosts. 1. Host egg discrimination. J. Anim. Ecol., 58,
207 224.

Davis, J. M., Otto, D. A., Weil, D. E., & Grant, L. D. (1990). The corapae developmental
neurotoxicity of lead in humans and animals. Neurotoxicology and Teratology, 12(3),
215 229.https://doi.org/10.1016/0892362(90)90093R

Dauwe, T., Bervoets, L., Blust, R., & Pinxten, R. (1999). Are eggshells and egg contents of grea
and blue tits suitable as indicators of heavy metal pollution? Belgian JouZadlofy,
129(2), 439447.

Dev, B., Gupta, A., & Bhattacharje(010. Heavymetals inegg shells of six species of
Ardeidae (Aves) from Barak Valley, Assafssam Universy Journal of Science and
Technolog, 5(1), 4%2.

Dhananjayan, V., Muralidharan, S., & Ranapratap, S. (2011). Organochlorine pesticide residues
in eggs and tissues biouseSparrow,Passer domesticugom Tamil Nadu, India.
Bulletin of Environmental Contamination and Toxicology, 87(6), &B8.
https://doi.org/10.1007/s00128.1-04149

Dolci, N. N., S4, F., da Costa Machado, E., Krul, R., & Rodrigues Neto, R. (2017). Trace
elements in feathers andgshells oBrown Booby Sula leucogasten the Marine
National Park of Currais Islands, Brazil. Environmental Monitoring and Assessment,
189(10), 496. d0i:10.1007/s106617-61901

Duursma, D.E., Gallagher, R. V., Price, J. J., & Griffith, S. C. (20d&8)ation in avian egg
shape and nest structure is explained by climatic conditions. Scientific Reports, 8(1),
4141 https://doi.org/10.1038/s41598.8 224360

Eisler, R. (1988). Arsenibazards tdish, wildlife, andinvertebrates: A Synoptic Review.
Contaminant Hazard Reviews Report 12; Biological Report 85(111@8%.



59

Fasola, M., Movalli, P. A., & Gandini, C. (1998). Heavy metal, organochlorine pesticide, and
PCB residues in eggs and feathers of herons breeding in northern italy. Archives of
Envirormental Contamination and Toxicology, 34(1)j 83.
https://doi.org/10.1007/s002449900289

Forsyth, D. S., Marshall, W. D., & Collette, M. C. (1985). Interaction of alkyllead salts with
avian eggs. Journal of Environmental Sciencetdealth.Part A: Environmental Science
and Engineering, 20(2), 17¥91.https://doi.org/10.1080/10934528509375218

FurnessR. W. (1996. Cadmium inbirds. In W.N. Beyer, G. H. Heinz, & A.W. Redmen
Norwood(Eds.), Environmental Contaminants in Wildlife: Interpreting Tissue
Concentrationgpp. 389-404). Boca Raton, FL: CRC Press.

Gillis, H., Gauffre, B., Huot, R., & Bretagnolle, V. (2012). Vegetation height and egg coloration
differentially affectpredation rate and overheating risk: an experimental test mimicking a
groundnesting bird Canadian Journal of Zoolog90(6), 694 703.
https://doi.org/10.1139/z201@35

Gomez, J., Pereira, A. |., Péflrtado, A., Castro, M., Ramo, C., & Amat, J. A. (2016). A
tradeoff between overheating and camouflage on shorebird eggshell colouration. Journal
of Avian Biology, 47(3), 346353.https:/doi.org/10.1111/jav.00736

Gomez, J. & LinarCembrano, G(2017). SpotEgg: An imagegrocessing tool for automatised
analysis of coloration and spottinedsurnal of Avian Biology48, 502 512.

Gosler, A. G., Higham, J. P., & ReyHrcodgds, S.
Letters 8(10), 11051113.https://doi.org/10.1111/j.1460248.2005.00816.x

Greibler, E. M., Caprano, T., & Bohnirgpese, K. (2010). Evolution of avian clutéhesalong
latitudinal gradients: do seasonality, nest predation or breeding season length matter?
Journal of Evolutionary Biology23(5), 888 901. https://doi.org/10.1111/j.1420
9101.2010.01958.x

Grier, J. W. (1982). Ban of DDT and subsequent recoveRepfoduction irBald Eagles.
Science, 218(4578), 12B82235. https://doi.org/10.1126/science.7146905

Hanley, D., & Doucet, S. M. (2012). Does environta¢contamination influence egg
coloration? A longterm study irHerring Gulls. Journal ofApplied Ecology 49(5),
1055 1063.https://doi.org/10.1111/j.1368664.2012.02184.x

Hargitai, R., Nagy, G., Nyiri, Z., Bervoets, L., Eke, Z., Eens, M., & Torok, J. (2016). Effects of
breedng habitat (woodland versus urban) and metal pollution on theteggcteristics
of GreatTits (Parus majo}. Science of the Total Environmeb#4, 31 38.



60

Hashmi, M. Z., Malik, R. N., & Shahbaz, M. (2013). Heavy metals in eggshellatté Egret
(Bubulcus ibiy andLittle Egret Egretta garzettafrom thePunjab province, Pakistan.
Ecotoxicology and Environmental Safety, 89, 1'5&5.
doi:10.1016/j.ecoenv.2012.11.029

Heinz G. H. (1996. Seleniumin birdsin J. P. Meador(Ed.), Environmental Contaminants in
Wildlife: Interpreting Tissué€Concentrations (illustrated). CRC Press

Ikemoto, T., Kunito, T., Tanabe, S., Tsurumi, M., Sato, F., & Oka, N. (2005}ddstnuctive
monitoring of trace element levels $hort-tailed AlbatrossesRhoebastria albatrusand
Black-footedAlbatrossesRhoéastria nigripe$ from Torishima Island, Japan using eggs
and blood. Marine Pollution Bulletin, 5:@), 889 895.
doi:10.1016/j.marpolbul.2005.06.003

Jagannath, A., Shore, R. F., Walker, L. A., Ferns, P. N., & Gosler, A. GB)(Zfyshell
pigmentation indicates pesticide contaminatifournal of Applied Ecology(1), 133
140.https://doi.org/10.1111/j.1368664.2007.01386

Janssens, E., Dauwe, T., Van Duyse, E., Beernaert, J., Pinxten, R., & Eens, M. (2003). Effects of
heavymetal exposure on aggressive behavior in a small territorial songbird. Archives of
Environmental Contamination and Toxicology, 45(1),12217.
https://doi.org/10.1007/s0024D2-01337

Kendeigh, S.C., Kramer, T.C., & Hamerstrom, F. (1956). Variatioggnoharacteristics of the
House Wren. The Auk. 73, 45.

Kennedy, G.Y. and H.G. Veverd976. A survey of avian eggshell pigments. Comparative
Biochemistry and Physiology Part B,33.71 123

Khan, A., Iftikhar, H., Adeel, H., Muhammad, S., Khan,&Rao, Z. A. (2014). Toxice
pathological aspects of arsenic in birds and mammals: A review. International Journal of
Agriculture and Biology, 16(6) Retrieved from
https://proxying.lib.ncsu.edu/index.php/login?url=https://search.proguest.com/docview/1
628877 25?accountid=12725

Kim, J., & Oh, M. (2014). Trace element concentrations in eggshells and egg contents of
Black-tailed Gull (Larus crassirostris from Korea. Ecotoxicology, 23(7), 11477152.
doi:10.1007/s1064614-12560

Lam, J. C. W,, Tanabe, S., Lam, M. H. W., & Lam, P. K. S. (2005). Risk to breeding success of
waterbirds by contaminants in Hong Kong: evidence from trace elemesggsn
EnvironmentaPollution, 135(3), 481490. doi:10.1016/j.envpol.2004.11.021

Lemly, A. D. (1997). Ecosystem recovery following selenium contamination in a freshwater
reservoir. Ecotoxicology and Environmental Safety, 36(3)j 285.
https://doi.org/10.1006/eesa.1996.1515



61

Lopez de Hierro, M. D. G., & de Neve, L. (2010). Pigment limitatiad female reproductive
characteristics influenoeggshellspottiness and ground colour variation in Hwuse
Sparrow Passer domesticiislournal of Ornithology151(4), 833 840.
https://doi.org/10.1007/s1033B.0-0520 1

Lépezde-Hierro, M. D. G., & MoreneRueda, G. (2010). Eggpot pattern rather than egg colour
affects conspecific egg rejection in tHeuseSparrow Passer domesticusBehavioral
Ecology and Sociobiolog®4(3), 311 324.https://doi.org/10.1007/s0026%9-08119

Lucia, M., André, 3M., Gontier, K., Diot, N., Veiga, J., & Davail, S. (2010). Trace element
concentrations (mercury, cadmium, copper, zinc, laasinum nickel, arsenic, and
selenium) in some aquatic birds of the southwest Atlantic coast of Framtéves of
Environmental Contamination and Toxicology, 58(3),i@®BB. doi:10.1007/s0024d09
93939

Manna, T., Cooper, C., Baylis, S., Shawkey, M. D., Waterhouse, G. I. N., Grim, T., & Hauber,
M. E. (2017). Does thElouseSparrowPasser domesticugpresat a global model
species for egg rejection behadournal of Avian Biology48(3), 346 352.
https://doi.org/10.1111/jav.01193

Martin, T. E. (2008). Eggize variation among tropical and temperate songbirds: an embryonic
temperature hypothesiBroceethgs of the National Academy of Sciences of the United
States of Americal0527), 9268 71. https://doi.org/10.1073/pnas.0709366105

Metcheva, R., Yurukova, L., & Teodorova, S. E. (2011). Biogenic and toxic elements in feathers,
eggs, and excreta of GentBenguin Pygoscelis papua ellsworthiin the Antarctic.
Environmental Monitoring and Assessment, 182),1571 585. doi:10.1007/s10661
011-18989

Mora, M. A. (2003). Heavy metals and metalloids in egg contents and eggshells of passerine
birds from Arizana. Environmental Pollution, 125(3), 39®0. doi:10.1016/S0269
7491(03)001088

Moreno, J. & Osorno J. (2003). Avian egg colour and sexual selection: does eggshell
pigmentation reflect female condition and genetic quality? Ecology Letters386@®),
806.

Morera, M., Sanpera, C., Crespo, S., Jover, L., & Ruiz, X. (1997)- brteintraclutch
variability in heavymetals andeleniumle vel s i n Aeggsdramthedre Gul |
Delta, Spain. Archives of Environmental Contamination and Toxicoldgfl,) 371 75.
doi:10.1007/s002449900225

Or gowsKki |, G. , Kasprzykowski, Z., Dobicki , W,

Geographical and habitat differences in concentrations of copper, zinc and arsenic in
eggshells of the Rookorvus frugilegusn Pdand. Journal of Ornithology / DG,
151(2), 279286. https://doi.org/10.1007/s103869-04538



[(®]

[(®]

[(®]

[(®]

62

owski, G., Kasprzykowski, Z., Dobicki, W.,
Mazgajski, T. D. (2014). Residues of chromium, nickel, cadmiumesadlin Rook

Corvus frugilegugggshells from urban and rural areas of Poland. The Science of the

Total Environment, 490, 1057064.https://doi.org/10.1016/j.scitotenv.2014.05.105

owski, G., Ha g up k a, SzwiertniaHo & Dabicky V. (2B16), K1 i mc
The effect of embryonic development on metal and calcium content in eggs and eggshells

in a small passerine. lbis, 158(1), 1454. doi:10.1111/ibi.12327

owski, G., Ha gupka, SzwiertniaHo Rabickn W., & P . |, KI i mc
Pol ec ho (s &.iThe pattern of disGildufion and interaction of metals and calcium

in eggshells and egg contents in relation to the embryonic development of eggs in a small
passerine bird. Journal of Ornithology / BI&) 158(1), 297309. doi:10.1007/s10336

016-1366y

owski, G., P. Pokorny, W. D o(BOiL ) KSpeckleE. Gu k a
and plain regions of avian eggshells differ in maternal deposition of calcium and metals:
A hitherto overlooked admical aspect of egg maculatidrhe Auk134, 7211 731.

owski, G., Mer t a, D. , Pokorny, P., Gukasze
Krzywi Gki, A. (2019). Eggshell resorption
accumulation of calcium and metals irgegf wild and captiv€apercaillies Tetrao

urogallus Environmental Pollution, 249, 16262.

https://doi.org/10.1016/j.envpol.2019.03.010

Pinowski, J., Barkowska, M., Kruszewicz, A. H., & Krasdcz, A. G. (1994). The causes of the

mortality of eggs and nestlings Bassersp. Journal of Biosciences, 19(4), #451.
https://doi.org/10.1007/BF02703180

R Core Team (2019). R: A language and environment for statistingbuting. R Foundation for

Statistical Computing, Vienna, Austria. URItp://www.R-project.org/

Ravinet, M., Elgvin, T. O., Trier, C., Aliabadian, M., Gavrilov, A., & SaetrePG(2018).

Signhatures ohuman commensalisin theHouseSparrow genome. Breedings.
Biological Sciences / the Royal Society, 285(1884).
https://doi.org/10.1098/rspb.2018.1246

Rickard, W. H., & Schuler, C. A. (1990). Mine@mposition ofeggshells ofwild birds from

the Columbia Basin, Washington. Northwestern Naturalist,)7 5(
https://doi.org/10.2307/3536546

RodriguezNavarro, A. B., Gaines, K. F., Romanek, C. S., & Masson, G. R. (2002).

Mineralization ofClapperRail eggshell from a contaminated salt marsh system. Archives
of Environmental Contamination and Toxicology3(4), 449460. doi:10.1007/s00244
002-02668


https://doi.org/10.1016/j.envpol.2019.03.010

63

Ruuskanen, S., Laaksonen, T., Mor al es, J., Mo
(2014). Largescale geographical variation in eggshell metal and calcium content in a
passerine birdRicedulahypoleuca. Environmental Science and Pollution Research
International, 21(5), 33048317. doi:10.1007/s1135613-22930

Seetre, GP . Riyahi, S., Aliabadi an, M. , Her mansen
0. (2012). Single origin of human coremsalism in thélouseSparrow. Journal of
Evolutionary Biology, 25(4), 78&96. https://doi.org/10.1111/j.14:8101.2012.02470.x

Scheuhammer, A. M. (1987). The chronic toxicityabfminum cadmium, mercury, and lead in
birds: A review. Environmental Paolion, 46(4), 268295. doi:10.1016/0269
7491(87)90173L.

Simonetti, P., Botté, S. E., & Marcovecchio, J. E. (2015). Exceptionally high Cd levels and other
trace elements in eggshells of Ameri€ystercatcherfaematopus palliatysrom the
Bahia Blanca Buary, Argentina. Marine Pollution Bulletin, 100(1), 4960.
doi:10.1016/j.marpolbul.2015.09.006

Becker, P.H. (2003). Biomonitoring with birds. In B.A. Markert, A.M. Breure, & H.G.
Zechmeister (Eds.), Bioindicators and biomonitors (pp-63%). Oxford UK: Elsevier
Science.

SancheaVirosta, P., Espin, S., Garelernandez, A. J., & Eeva, T. (2015). A review on
exposure and effects of arsenic in passerine birds. The Science of the Total Environment,
5121513, 506525.

Solomon, S.E. (1987). Egg shelgpmentation. I'R.G. Wells & C.GBelyarin (Eds.),Egg
guality-currentproblems andecentadvancesLondon,UK: Butterworthsl47 157.

Spallholz, J. E., & Hoffman, D. J. (2002). Selenium toxicity: cause and effects in aquatic birds.
Aquatic Toxicology, 57(22), 27 37.

Stanley, T. R., Spann, J. W., Smith, G. J., & Rosscoe, R. (1994). Main and interactive effects of
arsenic and selenium on mallard reproduction and duckling growth and survival.
Archives of Environmental Contamination and Toxigyy, 26(4), 444451.
doi:10.1007/BF00214145

Swalileh, K. M., & Sansur, R. (2006). Monitoring urban heavy metal pollution using the House
Sparrow Passer domesticisJournal of Environmental Monitoring, 8(1), 2@4.3.
https://doi.org/10.1039/b510635d

Vangestel, C., Braeckman, B. P., Matheve, H., & Lens, L. U. C. (2010). Constraints on home
range behaviour affect nutritional condition in urlbémuseSparrows Passer
domesticup Biological Journal of the Linnean Society, 101(1);, 30
doi:10.1111/j.1098312.2010.01493.



64

Wallace, A.(1889. Darwinism: An exposition of the theory of natural selection, with some of its
applications. Macmillan, London, UK.

Westmoreland, D., Schmitz, M., & Burns, K. E. (2007). Egg color as an adaptation fo
thermoregulation. Journal of Field Ornithology, 78(2),11/&3. doi:10.1111/j.1557
9263.2007.00101.x

Wuana, R. A., & Okieimen, F. E. (2011). Heawgtals incontaminatedoils: A review of
sources, Chemistry, Risks and Best AvailaBteategies for Remediation. ISRN Ecology,
2011, 120. doi:10.5402/2011/402647



65

Table 2.1Detection Limits of metals The limits for PQL and DQL limits with the value used

(Value Used) in subsequent analyses.

As Cd Cu Pb Se
Ca (%) (ug/g) (ug/g)  (ug/g)  (ug/g)  (ug/g)
0
PQL limit (<0.0005) <0.30 <0.10 <020 <0.20 <0.30
Value Used NA 0225 0.075 NA 0.15 0.225
0

MDL limit (<0.0001) <0.15 <0.05 <0.10 <0.10 <0.15
Value Used NA 0.075 0.025 0.05 0.05 0.075
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Table 2.2Summary of SpotEgg ResultBheminimum (Min), mean, maximum (Max) and
standard deviation (Std. Dev), and definition for egmtiable computed from SpotEgg,

Max  Std. Dev. Definition*

Variable Min Mean
A A Mean equivalent reflectance in the camera's
Lo Red channel for all the spots in the egg.

0.23 0.56 0.07

Mean equivalent reflectance in the camera's
Green channel for all the spots in the egg.

0.07 0.07
Spots B A Mean equivalent reflectance in the camera's
Blue channel for all the spots in the egg.
0.06 0.19 0.06
Mean equivalent reflectance in the camera's
Red channel for the background of the egg.
0.08
Mean equivalent reflectance in the camera's
Blue channel for the background of the egg.
0.09

Mean equivalent reflectance in the camera's
Blue channel for the background of the egg.

Background B
‘: v i
] \., E;
0.10

0.30 0.77 0.08
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Table 22 Summaryof SpotEgg Result&Continued)The minimum(Min), mean, maximum

(Max) and standard deviation (Std. Dev), and definition for each variable computed from

SpotEgg,
Variable Min Mean Max  Std. Dev. Definition*
Number of Spots Number (count) of detected Spots in the egg

113.0 473.5 1606.0 346.5

Tot. Area of Spots Total spottiness (%) in this egg

75.75 7.26

Average Spot Size Mean spot size (%) for the spots of this egg

0.13 0.62 0.08

Mean eccentricity for the spots in the egg.
Describes how circular (lower) or elliptical

Per Vs Area

(higher) the spots are.

9.05 20.05 37.49 0.07




Table 2.3PCA ResultsCorrelationfor each variable with first (PC1) and second (PC2)

principal components.

Variable PC1 PC2
SpotsR 0.93 0.32
SpotsG 092 0.33
SpotsB 0.91 0.34
BackGroundR 093 0.31
BackGroundG 092 0.33
BackGroundB 093 0.32
Number of Spots 0.30 0.92
Per _vs_Area -0.19 -0.83
Average Spot Size (1/x) 0.37 0.96
Total Area of Spots (1/x) 031 0.74
Proportionof Variation Explained 0.54  0.36
Cumulative Proportion 054 0.90
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Table 2.4Results of a two GAMMs for season and geogragtiference in color and speckling.

PC1 Color Estimate  Std. Error p-value
Linear Intercept 0.941 0.191 <0.001
Collection Date -0.007 0.001 <0.001
edf ref.df p-value
Longitude +
Smooth Latitude 14.33 14.33 <0.001
R2 (adj.) 0.17
PC2 Speckling Estimate Std. Error p-value
Linear Intercept -0.377 0.163 0.021
Collection Date 0.003 0.001 0.020
edf ref.df p-value
Longitude +
Smooth Latitude 16.43 16.43 0.003

R2 (adj.) 0.04



Table 25 Summary oeggshelmetalconcentrationgND- Below detectionlimit)

n=100 Ca(%) As@glg) Cdfg/g) Cufglg) Pb@g/g) Se (19/9)
Geometric Mean 34.66 0.58 0.05 1.02 0.29 0.63
ArithmeticMean (SD) 34.741.62 0.72+0.37 0.09+0.15 1.97+1.52 0.52+0.62 0.87+0.55
Median 34.95 0.77 0.05 2.06 0.41 0.83
Range (MirMax.) 30.9037.50 ND1.51 ND-0.99 ND-8.88 ND-4.66 ND-2.31
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Table 2.6 Kendal correlation table for metals. Values reported are tau with probably in parentheses.

tau (Kendall) Ca As cd Cu Pb Se
Ca *kkkkhkkk
As -0.02 (p=073) *kkkkkkk
Cd 0.06 (p=0.42) 0.30 (p<0.001) Kok dkkdk
Cu -0.13 (p=0.06) -0.11(p=0.12) -0.09 (p=0.23)  wxwiex
Pb -0.09 (p=0.21) -0.16 (p=0.02) -0.08 (p=0.319) 0.47 (p<0.001)  *wreirx
Se 0.02 (p=0.73) -0.01 (p=0.94) 0.02 (p=0.78) 0.10 (p=0.14) -0.01 (p=0.89) **¥rxwws
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Table 2.7Mean concentrations of metals found in eggshells in previous studies

72

Study Location Species Ca (%) As Cd Cu Pb Se
House Sparrow
Present Study USA House Sparrow 34.7£1.62 0.72+0.37 0.09+0.15 1.97+£1.52 0.52+0.62 0.87+0.55
Swaileh & Sansur 2006  West Bank House Sparrow - - 0.01+0.00 1.00+0.10 3.310.6 -
Al-Obaidi et al. 202 Baghdad, Iraq HouseSparrow 97.30+0.85 - - - 0.41+0.02 -
Collared Dove 97.80+0.86 - - - 0.42+0.02 -
Rock Dove 97.80+0.86 - - - 0.40£0.03 -
White-eared Bulbul 97.40+0.84 - - - 0.44+0.04 -
Other Passerines and Terrestrial Birds
Dauwe et al. 1999 Antwerp, Belgium Great and Blue Tits - 1.20+0.60 0.05+0.01 1.72+0.23 0.37+0.16 -
Hoboken, Belgium Great and Blue Tits - 4.20+0.80 0.80+0.60 3.20+0.50 15.00+4.00 -
Hargitai et al. 2016 Budapest, Hungary Great Tits - - - 1.3840.37 0.18+0.06 -
Pilis Mountains, Hungary Great Tits - - - 1.2+0.22  0.11+0.05 -
Kraus 1989 New Jersey, USA Tree Swallows - - 1.8 2.4+25 90.9+£59.5 -
Mora et al. 2003 Arizona, USA Willow Flycatcher - 1.30+0.20 - 2.50+0.90 0.90+0.60 1.20+0.70
Yellow-breasted Chat - 2.10+0.40 - 6.20+8.00 0.60+0.70 0.50+0.30
Orlowski et al. 2010 Poland Rook - 32.57 - 8.13 - -
Orlowski et al. 2014 Poland Rook - - 0.51 - 3.29 -
Orlowski et al. 206 Milicz Ponds, Poland Reed Warbler (no embryo) 25.36 - 21 7.91 5.65 -
ReedWarbler (embryo) 23.13 - 2.36 9.69 7.12 -
27.62
Ruuskanen et al. 2014 Europe & Russia European Pied Flycatcher 33.58 .0081.32 - 2.192.83 0.17-0.45 -
Waterbirds and Raptors
Agusa et al. 2005 Rishiri Island, Japan Black-tailed Gull - - 0.01+0.01 0.54+0.09 0.06+0.04 0.42+0.15
Ayas et al. 2007 Ankara Turkey Black-crowned night heron - - 0.23£0.19* 1.69+0.17* 1.11+0.87* -
Grey Heron - - 0.93+0.49* 6.76+1.20* 6.83+2.75* -
Ayas et al. 2008 Aydinick Island, Turkey Audouin's gull - - - 1.86+2.57 0.95+1.01 -
Karaburun Island, Turkey Audouin's gull - - - 10.2+16.04 4.60+5.81 -



Table 2.7Mean concentrations of metals found in eggshells in previous studies (Continued)

Study Location Species Ca As Cd Cu Pb Se
Burger 1994 Long Island, USA Herring Gull - - 0.05+0.01 - 0.30+0.05 0.40+0.03
Roseate Tern - - 0.10+0.04 - 1.20+0.30 <0.005
Currie and Valkama 1997 Harjavalta, Finland Eurasian Curlew 0.24+0.03 - - 9.56+0.61 - -
Kauhava, Finland Eurasian Curlew 0.300.05 - - 8.03£0.24 - -
Vammala, Finland ~ Eurasian Curlew 0.300.05 - - 7.70£0.28 - -
Dev et al. 2010 Assam, India Indian Poneheron - - 0.08 - 0.91 -
Eurasian Bittern - - 0.05 - 0.79 -
Cattle Egret - - 0.06 - 0.58 -
Little Egret - - 0.06 - 0.81 -
Cinnamon Bittern - - 0.07 - 0.84 -
Common Little Bittern - - 0.07 - 0.81 -
Dolci et al. 2017 Currais Island, Brazil  Brown Booby - 2.37+¥1.01 0.03x0.03 0.99+0.48 - -
Hashmi et al. 2013 Pakistan Cattle Egret - - 0.101.23 0.060.11 0.135.40 -
Little Egret - - 0.751.02 0.120.29 1.091.90 -
Tarishima Island,
Ikemoto et al. 2005 Japan Black-footed albatross - - 0.10+0.35 0.78+0.13 0.04+0.03 0.15+0.06
ShortTailed albatross - - 0.01+0.01 0.77+0.10 0.01+0.006 0.08+0.03
Kim and Oh 2014 Korea Black Tailed Gull - - 0.45+0.28 2.80+0.92 3.10+1.35 -
Lam et al. 2005 Hong Kong Black-crowned Night Heron - - 0.01+0.002 1.12+0.40 0.03+0.01 8.16+0.20
Bridled Tern - 0.4040.07 0.002+0.001 1.24+0.41 0.06+0.04 15.58+1.87
Little Egret - - 0.006+0.002 1.60+0.73 0.15+0.17 7.59+0.67
Metcheva et al. 2011 Antarctica Gentoo Penguin 17.04+4.75 <0.3 <0.05 1.24+0.40 0.68+0.30 <0.05
Morera et al. 1997 Ebro Delta, Spain Audouin's Gull - - - 2.14+0.70 - 4.12+1.45
Rickard and Schuler 1990 Washington, USA Canada Goose 37.8 - - 12.2 - -
Bald Eagle 36.4 - - 12 - -
Ferruginous Hawk 37.2 - - 9.7 - -
Golden Eagle 36 - - 10 - -
Great Blue Heron 37.3 - - 9 - -
Osprey 35.7 - - 9.3 - -
Ring-billed Gull 36.4 - - 8.5 - -
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Table 2.7 Mean concentrations of metals found in eggshells in previous studies (Continued)

Study Location Species Ca As Cd Cu Pb Se

Rickard and Schuler 1990 Washington, USA Swainson's Hawk 32.7 - - 8.5 - -

RodriquezNavarro et al. 2002 Blythe Island, GA, USA Clapper Rails - 0.21+0.09 - 1.37+0.64 0.23+0.10 0.71+0.28
Brunswick, GA, USA Clapper Rails - 0.21+0.09 - 1.71+0.58 0.37+£0.52 0.90+0.26

Simonetti et al. 2015 BahiaBlanca, Argentina American Oystercatcher - - 13.28 2.02 7.23 -



Table 28 Model selection table for copper concentrations

Intercept  Collection Date PC2 Ca PCl1 Col.Date: PC1 Latitude df AICc o Al weight R2
1.97 0.40 -0.26 - - - - 4 366.89 0.00 0.035 0.07
1.97 0.38 -0.28 -0.19 - - - 5 367.36 0.47 0.028 0.09
1.97 0.33 - - - - - 3 367.70 0.81 0.024 0.05
1.97 0.34 -0.26 - -0.18 - - 5 367.75 0.86 0.023 0.09
1.97 0.31 - -0.18 - - - 4 368.48 1.59 0.016 0.06
2.03 0.35 -0.28 - -0.10 0.18 - 6 36850 161 0.016 0.10
1.97 0.27 - - -0.18 - - 4 36858 1.69 0.015 0.06
1.97 0.40 -0.29 -0.23 - - -0.15 6 36859 1.70 0.015 0.10
1.97 0.33 -0.28 -0.17 -0.16 - - 6 368.61 1.72 0.015 0.10
1.97 0.41 -0.27 - - - -0.10 5 368.64 1.75 0.015 0.08

Avg: 1.97 0.36 -0.20 -0.07 -0.05 0.01 -0.02



Table 29 Model selection table for cadmium concentrations

Avg:

Intercept Ca PCl1 PC2 Thickness Breadth-Length Collection Date Latitude df AICc @ Al weight R?
-1.15 046 051 -0.65 -0.53 - - - 5 11218 0.00 0.028 0.17
-1.14 054 0.51 -0.59 -0.48 -0.37 - - 6 11244 0.26 0.025 0.19
-1.16 045 041 -0.56 -0.55 - -0.38 - 6 11246 0.28 0.024 0.19
-1.15 0.48 - -0.57 -0.54 - -0.51 - 5 11293 0.75 0.019 0.17
-1.08 - 0.55 -0.60 -0.60 - - - 4 113.07 0.89 0.018 0.15
-1.10 - 0.44 -0.50 -0.62 - -0.41 - 5 113.08 0.90 0.018 0.16
-1.09 061 051 -0.53 - -0.40 - - 5 11318 1.00 0.017 0.16
-1.08 053 050 -0.59 - - - - 4 113.48 1.30 0.015 0.14
-1.15 051 044 -0.52 -0.51 -0.29 -0.31 - 7 11357 1.39 0.014 0.20
-1.08 0.40 041 - -0.52 - -0.49 - 5 11382 1.64 0.012 0.16
-1.17 0.61 0.55 -0.62 -0.53 -0.41 - 0.25 7 113883 1.71 0.012 0.20
-1.18 051 054 -0.68 -0.56 - - 0.19 6 11391 1.73 0.012 0.18
-1.20 051 043 -0.59 -0.58 - -0.43 0.26 7 11392 1.74 0.012 0.20
-1.05 - 0.44 - -0.59 - -0.52 - 4 11398 1.80 0.011 0.14
-1.10 - - -0.51 -0.62 - -0.55 - 4 114,01 1.83 0.011 0.14
-1.05 052 055 - -0.42 -0.45 - - 5 11403 1.85 0.011 0.16
-1.10 053 041 -0.53 - - -0.35 - 5 11403 1.85 0.011 0.16
-1.08 047 0.44 - -0.47 -0.35 -0.40 - 6 11410 1.92 0.011 0.17
-1.12  0.40 -0.43 -0.48 -0.46 -0.12 -0.22 0.03
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Table 210 Model selection table for lead concentrations

Avg:

Intercept PC1 Latitude PC2 df AICc pnp ! L weight R
0.52 -0.11 - - 3 189.30 0.00 0.062 0.03
0.52 - - - 2 190.28 0.98 0.038 0.00
0.52 -0.12  -0.06 - 4 190.64 1.34 0.032 0.04
0.52 -0.11 - -0.04 4 191.12 1.82 0.025 0.03
0.52 -0.08 -0.01 -0.01
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Table 211 Model selection table for arsenic concentrations

Avg:

Intercept Breadth/Length PC1 Latitude Collection Date PC2 df AICc o Al weight R?
0.72 -0.06 0.07 - - - 4 84.93 0 0.043 0.06
0.72 - 0.07 - - - 3 8520 0.27 0.038 0.04
0.72 -0.06 - - - - 3 8645 151 0.020 0.02
0.72 -0.06 0.07 0.03 - - 5 8654 161 0.019 0.06
0.72 - - - - - 2 86.65 1.71 0.018 0.00
0.72 - 0.06 - -0.03 - 4 8684 191 0.017 0.04
0.72 - 0.07 0.02 - - 4 86.92 198 0.016 0.04
0.72 - 0.07 - - -0.024 4 86.92 1.99 0.016 0.04
0.722 -0.25 0.054 0.005 -0.002 -0.002
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Table 212 Model selection table for selenium concentrations
Breadth
Intercept Latitude Ca Longitude PC1 Length Thickness df AICc n ! L weight R

0.87 0.11 - - - - - 3 167.51 0.00 0.042 0.04
0.87 0.12 0.06 - - - - 4 168.36 0.85 0.027 0.05
0.87 0.14 - -0.06 - - - 4 168.69 1.18 0.023 0.05
0.87 0.10 - - -0.05 - - 4 168.77 1.26 0.022 0.04
0.87 0.10 - - - 0.05 - 4 168.98 1.47 0.020 0.04
0.87 - - - - - - 2 169.04 153 0.019 0.00
0.87 0.11  0.07 - -0.06 - - 5 169.31 1.80 0.017 0.06
0.87 0.10 - - - - -0.03 4 169.47 1.96 0.016 0.04

Avg: 0.87 0.10 0.02 -0.01 -0.01 0.01 0.00
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Figure 2.1Example of a standardized clutch photogrdgiotographs were taken by clutch,

with each egg assigned a letter. Photographs included color charts and a ruler.
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Figure 2.2Locations of eggs tested for metd&ap of the location of the egdn=100)

subampled for metal analysis.
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Speckling (PC2)

D

Figure 2.3 PCA GraphDistributionof eggs (n = 1426) across the two principal components
representingolor (PC1) and speckling (PC2) of the eggs.



Figure 2.4 Examples obreadthlengthratio. Examplesf breadthlength ratios fominimum

(1), mean (2), and maximum)(Breadlength width ratiosve found in our House Sparrow eggs
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Figure 25 Color of eggshells across the breeding seasonii®) red predication line from the
GAMM results, which inclded clutch as a random effect.



