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ABSTRACT

THE REPRODUCTIVE HEALTH OF SELECT AVIAN SPECIES RESNG NEAR AN
ACTIVE IRON MINE IN MARQUETTE COUNTY, MICHIGAN

By

Lisa Anne Kaulfersch

In Marquette County, Michigan, Cliffs Natural Resoes (Cliffs) operates two iron mines that
extract magnetite and hematite for steel produdi@iifs Natural Resources 2012). These
mining operations have introduced selenium (S®)tiné local watershed through processing
outflows and surface water runoff. In 2008 the Emwinental Protection Agency (EPA)
promulgated more stringent standards for Se enmissiowater basins. This required Cliffs to
reduce the amount of Se released to the environmkatMichigan State University Wildlife
Toxicology Laboratory was tasked to determine thed Hg exposure to select avian species
and if there were any negative effects associatddtire presently bioavailable Se to birds

residing in the Cliffs Mining Operations (CMO)-assied watersheds.

A multiple lines of evidence approach was used tesssthe exposure and potential for effects
from mine-associated Se exposure. These linesidéree included measuring reproductive
effectiveness through hatching and fledging succaes, measuring concentrations of Se and
Hg in avian eggs and prey items, and assessing amdryos for teratogenic effects associated
with Se toxicity.Results indicated that nest abandonment ratesgveater than expected in
waterfowl. Se exposure as measured by egg tissweentrations exceeded those expected to
cause adverse effects and teratogenic effectsobserved in two of 287 reproductive attempts

observed.
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CHAPTER ONE

THE EFFECTS OF SELENIUM AND MERCURY ON AVIAN REPRODUCTION

Abstract

In Marquette County, Michigan, Cliffs Natural Resoes operates two proximal large open pit
iron mines and processing facilities that extraagmnetite and hematite for steel production
(Cliffs Natural Resources 2012). These mining opp@na introduced selenium into the local
watershed through processing outflows and surfaterwunoff. In 2008 the Environmental
Protection Agency (EPA) promulgated more stringgahdards for selenium emissions in water

basins. This required Cliffs to reduce the amodistetenium released to the environment.

The toxic effects of selenium (Se) and mercury (@) difficult to predict due to variations in
exposure and toxicity from one ecosystem to the.r&denium and mercury toxicity is
dependent on speciation, whereas exposure is depeod available Se and Hg along with
ecosystem-specific bioaccumulation factors (Hawdial. 2007). The Michigan State University
Wildlife Toxicology Laboratory was tasked to detémmif there are any ecosystem-specific
negative effects associated with Se and Hg expadbieds residing in the Cliffs Mining
Operations (CMO) associated watersheds with thenstehding that the collected data would
capture the maximal exposure and effects potedtiaan species were selected as receptors of
concern because of their great sensitivity to SeHugn exposure. Excess Se or Hg can negatively
impact reproduction in avian species by decreasatighing success and increasing the rate of

embryonic defects and chick mortality (Ohlendor&let1986).

A multiple lines of evidence approach was usedssess the potential for effects from mine-
associated Se and Hg exposure. These multipledihe@gdence included measuring
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reproductive effectiveness through hatching andigileg success rates, assessing concentrations
of selenium in avian eggs and prey items, and @bggavian embryos for teratogenic effects
associated with Se toxicity. Selected avian spenmaded wood ducksA{x sponsa), hooded
mergansersLophodytes cucullatus), common mergansersiérgus merganser), Canada geese
(Branta canadensis), eastern bluebirdsS@alia sialis), black-capped chickadeeBdecile

atricapillus), house wrensT{oglodytes aedon), tree swallows Tachycineta bicolor), eastern
kingbirds {Tyrannus tyrannus), and savannah sparrowRaéser culus sandwichensis). Objectives

of the study included assessing the selenium caratems in aquatic insects as avian dietary
items, the bioavailability of Se and Hg as measimedietary exposure of birds to insects, the

rate of teratogenic effects, and egg hatchabitityalected avian species.



Selenium and Mercury in the Environment

Natural Occurrence of Selenium and Mercury

The mineral form of selenium (Se) is present irmgo®ncentrations in sedimentary rocks of
marine origins (Presser et al. 1994). In North Aicegerconsiderable concentrations of Se are
found in soils and shale in the western UnitedeStand Mexico, as well as in the iron ranges of
upper Wisconsin, Minnesota, and Michigan. In thgselogical deposits, selenium can be in an

inorganic or organic form (Yudovich and Ketris 2006

Mercury is found naturally in the earth’s crust andeleased atmospherically through
anthropogenic activities that include coal burrémgl natural events such as forest fires (U.S.
Environmental Protection Agency 2014). Mercury vagpes at a low temperature, which extends
areas surrounding coal combustion activities taigleof particulate mercury. Water sources
which collect particulate mercury are responsibletifie bioaccumulation of methylated mercury

throughout aquatic food webs (New Hampshire Depamtrof Environmental Services 2010).

The Effects of Mining on Selenium and Mercury in the Environment

Mining for semi-precious metals such as iron (Fepty increases the environmental surface
area exposure of Se-containing rock, resultinggneat potential for environmental weathering.
Iron mineral processing produces great quantitiegaber that are often selenium-enriched. This
Se is difficult and expensive to remove from wastger, resulting in the discharge of selenium
to the environment. Large volumes of selenium-lbgawaste rock must be removed and stored
to gain access to the discreet bands of minerairgeare. These large piles of unconsolidated
rock are subject to enhanced weathering that @ih|8e into nearby bodies of water as a result

of precipitation runoff and surface water cont&st.lakes, which are bodies of collected rain and



surface water resulting from inactive open pit rsireeccumulate elevated selenium

concentrations after mining activity ceases (Pdral.e2008).

Iron mining in particular has a great potentiainipact environmental Se concentrations due to
iron-bearing mineral elemental content and geockewmiThere are several Fe-Se minerals that
can form, including ferroselenite and dzharkenitegese minerals form when elemental selenium
reacts with pyrite under reduced conditions (HowkEd@d7). Selenate and selenite are adsorbed
by these iron oxide minerals and released as péates or colloids to the atmosphere or the

water column (Johnson 2004).

Mercury was historically used as an amalgam iresiand gold mining. Residual mercury in the
post-processed slurry can result in direct proxirakdases of Hg, while the vaporization of
mercury during the amalgamation process resultetinmospheric mercury deposition that is
more distant to the mining activity (Fernandez-NMuwaz et al. 2014). Mine tailings from iron ore
and non-ferrous mines can increase mercury uptaesurrounding watersheds through
leaching of weathered mercury-containing waste sdthited Nations Environment Programme

2013).

Selenium and Mer cury Speciation

Selenium and mercury both undergo speciation duedaction/oxidation reactions that occur
naturally in the environment. Whereas Se becomas tmly in its organic forms, Hg is toxic in
both organic and inorganic forms. However, for belgments bioaccumulation occurs from the

organic forms of Se and Hg.

Selenium speciation is the fractioning of varioesc®8mpounds and associated ionic states from
inorganic to organic forms depending on varyinggeimchemical reactions. There are four main
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inorganic species of selenium consisting of elee®¢ (0), selenate (VI), selenide (-11), and
selenite (IV) (Haudin et al. 2007). Inorganic spscare oxidized and cannot bioaccumulate
within tissues until reduction occurs. The two maiganic forms of selenium include
selenocysteine and selenomethionine, which arecegtiSe forms and are readily bioavailable

(Chapman et al. 2010).

Varying inorganic forms of selenium are found wittihe environment. The conversion of
particulated Se to selenite and organo-seleniwstois, resulting in settling into aquatic
sediments and a potential to bioaccumulate over ({Gutter and Bruland 1984). The type of
aguatic ecosystem determines how much Se is alat@besident wildlife. Lentic systems such
as small lakes, wetlands, and estuaries have giaategical activity and longer residence
times, increasing bioaccumulative organo-seleniuteractions (Orr et al. 2006). In lotic
systems such as fast-moving streams and rivergxildezed environment favors the formation
of selenate over selenite. Particulates contaisgignate and selenite move through a lotic
system more quickly, resulting in lesser avail&pitif Se relative to lentic systems (Lemly

1999).

The bioavailability and subsequent level of Sedibyiis dependent upon whether Se is in an
inorganic or organic form. Inorganic forms of selan have a lesser potential to bioaccumulate
compared to organic Se as a result of limited adability and greater rates of elimination or
shorter half-life (Heinz et al. 1990). Of the inargc forms of Se, selenite has the greatest
potential to undergo oxidation and bioaccumulatdiwvian organism. (Canton 1999). When
comparing the organic selenium species, selenooreti@ is a non-specific selenoprotein and
has a greater potential to bioaccumulate in tisthess selenocysteine, a specific selenoprotein

(Hoffman 2002).



Mercury species can be separated into elementaumgmonovalent mercury, and divalent
mercury. Divalent mercury is most often associatet aqueous systems, with the organic
divalent form (MeHg) being responsible for Hg bicaulation within organisms. The
inorganic divalent form (Hb is the most abundant inorganic form of Hg foundreshwater
systems, and can be transformed into MeHg throimghbmical pathways within individual
organisms (Le Faucheur et al. 2013). Unlike selaniooth the inorganic and organic species of
mercury are harmful to organisms. However, onlyhyleted mercury becomes bioaccumulative

(United Nations Environment Programme 2013).

Selenium and Mercury Toxicity

Absorption, Distribution, Metabolism, and Elimination

Avian species receive selenium almost exclusivielgugh their diet. Once ingested, selenium
compounds are absorbed by the small intestine iated #he circulatory system. Selenium in
avian species accumulates in the feathers, ovaketetal muscle, eggs, and liver (O'Toole and

Raisbeck 1997).

In avian species, methylmercury is absorbed thrabgldigestive system and has the relatively
unique ability to cross the blood-brain barriemutéag in accumulation in the brain. Elsewhere
in the organism methylmercury accumulates in lifesthers, and muscle. Methylated mercury
is also distributed to egg tissues (Kalisinka eR@ll4). Mercury can be eliminated through

molting and fecal matter (DesGranges et al. 1998).

Mechanisms of Action

There are two proposed mechanisms of action fan@eding enhanced superoxide production
and Se displacement of sulfur functional groupsealect amino acids. Selenium cellular toxicity
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can occur as the result of oxidative stress dulecteased cellular superoxide exposure. At
normal doses, Se reduces lipid peroxidation ancedses the amount of available free radicals.
At elevated doses, selenium results in increaspdrenide production due to glutathione (GSH)
oxidation reactions and interferes with inflammgtsignaling molecules, leading to oxidative
stress (Chen et al. 2007). Oxidative stress laadpdptosis, which results in damaged
hepatocytes and death. Excess selenium is alsorktwadversely affect reproduction, including
teratogenesis. The mechanism of action for thisifof toxicity is likely insertion of Se into
amino acids such as methionine and cysteine thataly contain sulfur. Selenium and sulfur
share similar elemental properties, but seleniumase readily oxidized than sulfur. This
enables Se to be an ideal nucleophile for metheand cysteine (Rahmanto and Davies 2012).
Selenium replacement of sulfur results in poorkyctioning or non-functioning selenium
analogs of important sulfur-containing enzymes stnaictural proteins. The replacement of
sulfur by selenium in significant quantities caaddo Se toxicity within the cells and the

organism as a whole (Hoffman 2002).

The elimination rate of selenium in birds is rapitte the source of excess Se is removed from
the environment. Seleno-methionine administereddtiards Anas platyrhynchos) had a half-

life of selenium of 19 days in the liver and 30 slfyr muscle tissue after exposure ceased
(Ohlendorf et al. 1990). Another laboratory stugyHeinz and Fitzgerald (1993) showed that
mallards switched from an excessive Se diet tosallvee Se diet lost most excess selenium in a
period of two weeks.

Mercury toxicity occurs in ways similar to selenigoxicity due to the high-affinity binding of
mercury to sulfhydryl groups. Specifically, methy@rury binds to the sulfhydryl groups in the

microtubules associated with mitosis. This bindingduces mercaptides, which inhibit the



proteins necessary for cells to replicate. The pecadn of mercaptides also increases oxidative
stress by depleting glutathione peroxidase. Irbtlaen, methylmercury inhibits protein synthesis,

which leads to apoptosis (Gupta 2007).

Dietary Exposure

Birds that feed on aquatic-based dietary itemsaaggeater risk of being exposed to selenium
than are birds that have a terrestrial-based Aiaifs et al. 2003). Aquatic avian species are
known to consume fish and/or aquatic emergent tagédIs) such as Diptera, Trichoptera,
Ephemeroptera, Odonata, and Plecoptera (Andraheenald 2007). These AEIls can make up a
significant portion of avian species' diets, thelesium concentrations in AEls are often
determinant of avian exposure. Studies suggestagrase in the relative proportion of AEls in
aquatic birds' diets during egg production. Thisassidered to be the result of the relatively
greater percentage of protein in AEls as comparediter dietary items combined with the
increased protein requirement associated with egdustion (Swanson et al. 1985). Terrestrial
avian species consume terrestrial grasses, fantsferrestrial insects such as Coleoptera and
Lepidoptera that are less likely to bioaccumulalersum (Foote et al. 2010, Gowaty and
Plissner 1998, Johnson 1998, Mowbray 2002). Asaltreavian species that consume aqueous
dietary items most often have a greater exposuenpal to selenium than are avian terrestrial

insectivores (Santolo and Yamamoto 1999a).

Piscivorous avian species are at the greatestaisgkposure to methylmercury due to their diet
of fish, which bioaccumulate mercury from lower-er@rganisms such as aquatic invertebrates
(Hoffman et al. 2003). Fish receive approximateédydBof their MeHg load from aquatic

invertebrates and other dietary items rather thigcily from water, which increases the amount



of MeHg available for bioaccumulation in fish tissMacRury et al. 2002). For freshwater
invertebrates, methylmercury toxicity can occuc@tcentrations less than 0.04/L, whereas
for freshwater fish such as brook trout methylmeydaxicity occurs at concentrations of 0.29-
0.93 (U.S. Environmental Protection Agency 198%je Tombination of bioaccumulation and
the lesser susceptibility to toxicity results istfihaving relatively great tissue burdens as

compared to lesser trophic organisms in most fragémsystems.

Given this relationship, species that are stripthcivorous, such as the cormorant, generally
should be exposed to relatively greater mercurygentrations than species that consume fish
and invertebrates. In a site-specific comparatiudysby Houserova et al. (2007), the tissues of
cormorants contained greater Hg concentrationsdheeat crested grebes which consume both

fish and invertebrates and Eurasian buzzards warielerrestrial scavengers.

Maternal Transfer of Selenium and Mercury

Female oviparous species may transfer excess galanitheir eggs. Avian embryos cannot
metabolize or excrete excess nutrients prior tbdiiérentiation. Thus, the developing embryo

is exposed to greater Se concentrations than gnedecing female. Selenium is concentrated in
the albumin of the egg and to a lesser extent withe yolk sac (Chapman et al. 2010). Exposure
of the embryo to selenium occurs primarily durireyelopment, but selenium exposure is

possible for the first few days post-hatch duéhtftnal resorption of the yolk sac.

Mercury is transferred to avian eggs through timedie’s consumption of aquatic invertebrates
and/or fish that have been exposed to mercury.tDugreased energy requirements during egg
production, ingestion of prey items increases; tbisibination leads to excess Hg being

exported to egg tissues. Specifically, prey itehat tontain calcium such as fish are more likely



to be consumed due to the increased calcium regaiteneeded for avian females to create egg
structures. The shift away from lower-order orgarisand towards higher-order organisms

increases the concentration of MeHg in the femiatkexyg tissues (Morrissey et al. 2010).

Toxicity of Different Selenium and Mercury Formsin Birds

Numerous laboratory studies have examined thetsftdosarious selenium compounds in avian
species. Mallards fed 10 ppm selenium as selenettionine or seleno-DL-methionine had
lesser hatching success than the control groupahdalfed selenized yeast, which was a feed
additive containing 100 ppm selenium, had a grga¢erentage of deformed embryos than the
control group, and those fed seleno-L-methioninsedeno-DL-methionine produced more
deformed embryos than those on the selenized gegigHeinz and Hoffman 1996). In a second
mallard study, a diet containing 15 or 30 ppm selenmethionine resulted in greater mortality
of embryos than diets containing seleno-DL-methmenselenized yeast, or selenized wheat
(wheat grown in soil containing elevated concerdret of Se) at the same doses (Hoffman et al.

1996).

Methylated mercury is the main form of mercury @sgble for bioaccumulation within avian
tissues. In some tissues such as the intestinddgMemprises nearly 94% of the mercury
species present. Inorganic forms are also presentian tissues, sometimes accounting for over

57% of the mercury acquired in the liver (Housereval. 2007).

Species Specific Selenium and Mercury Toxicity

Avian species vary in their sensitivity to selenitowricity depending on their diet and
detoxification mechanisms. Aquatic avian speciesaahigh risk of developing selenium
toxicity in a Se-rich environment due to an incexhpotential of exposure in the aquatic food
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web as compared to the terrestrial food web conabmieh the sensitive reproductive
characteristics of oviparous species (O'Toole amghdeck 1997). Some avian species that can
distinguish between different Se-containing amiaiolgduring protein synthesis are able to
tolerate greater exposures of selenium as a resl@sser concentrations of selenium being

incorporated into developing embryos (Fry 2000).

Previous studies suggest mallards and tree swalosvsensitive to selenium-induced
teratogenesis. Mallards were more sensitive thaakehs (Gallus gallus domesticus) and
double-crested cormorantBh@lacrocorax auritus) in a laboratory study by Heinz et al. (2012).
Injection of mallard eggs with seleno-L-methionatea concentration of 0.1 pg/g resulted in
teratogenic effects in greater than 63% of embayashatchlings. Chickens and double-crested
cormorants did not exhibit teratogenesis at theesaxposure concentration. A second laboratory
study that demonstrated increased mallard embratogenesis used the organic Se compound
seleno-DL-methionine at 10 mg/kg dry weight in thet. In comparison, the black-crowned
night-heron Rycticorax nycticorax) and eastern screech-owl¢gascops asio) receiving the

same dose did not show signs of teratogenesis (&jiemand Hoffman 1996). A field-based
study of tree swallows exposed to Se noted eggerarations of 5.2 to 9.5 mg/kg dw resulted in
a significant increase in teratogenic effects aspared to reference site birds. This suggested

that tree swallows are also particularly sensitoveelenium (Weech et al. 2012).

Teratogenic Effects

Selenium toxicity in avian embryos leads to sevdiff¢rent teratogenic effects including
anophthalmia and microphthalmia, micromelia andlenué the wings or legs, ectrodactyly

(absence of digits) and clubfoot, abnormal beakdrdtephalus and encephaly, and various
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skeletal deformities. Heart and liver anomalies algo be present and include thin ventricular
walls and abnormally sized hearts and livers (Clbehet al. 1986). Teratogenic effects can be
severe enough that embryos do not hatch or hagshéinly live for a few hours (Franson et al.

2002).

Ectromelia or amelia is the shortening or abseifi¢éeng bones and is a defect associated with
selenium toxicity. In avian embryos, the apicabeermal ridge develops into wings and legs. If
this ridge is not present in the embryo, the rasudimelia (Oppenheimer and Lefevre 1984).
Eastern screech-owls fed seleno-DL-methionine predinatchlings with shortened femurs
(Wiemeyer and Hoffman 1996). Birds experiencing@city from the Kesterson Reservoir
included black-necked stilts that experienced atgrethan 2% occurrence of ectromelia or
amelia. DucksAnas species) also had these defects, but at a lessmmpage (0.4%) compared

to stilts (Hoffman et al. 1988).

Other teratogenic effects associated with selertaxitity include anophthalmia and
microphthalmia, which are the absence of or abnlblyremall eyes, respectively. In a study that
involved female ring-necked pheasar®bgsianus colchicus) that were accidentally overdosed
with Se through contaminated feed, over half ofdaeeloped embryos from affected hens had
teratogenic defects. Of the embryos that hatchsaljtal 0% had defects that included
anophthalmia and microphthalmia (Latshaw et al420m laboratory studies involving
mallards, females fed a diet that included 10 pplareomethionine laid eggs that contained
elevated concentrations of selenium. Over 36% @f#veloped embryos from these females
exhibited teratogenic effects. Almost 10% of thebeyns had defects related to anophthalmia

(Heinz and Hoffman 1998).
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While selenium is well-known to produce teratogesffects, methylmercury is more likely to
reduce hatching success than cause deformitiesetoawteratogenic effects do occur with
exposure to MeHg. Some effects observed includedogghhaly, lordosis/scoliosis, and

deformities of the eyes, bill, neck, and legs/{éttinz et al. 2012).

Avian Toxicological Endpoints

Toxicological assessment endpoints for seleniurciiyxn avian species include embryo
mortality, teratogenesis, and reproductive sucdagbis study, measurement parameters for
these endpoints included Se egg tissue concemtsatiate of embryonic defects, and hatching
and fledging success rates (Chapman et al. 2aD®)pryo mortality is the most sensitive
endpoint, but it is difficult to assess in a fisklidy due to unpredictable factors such as disease
and predation. Although teratogenesis is not asitesm as embryo mortality, it is easier to
calculate in the field (Fairbrother et al. 1999¢pRoductive parameters such as reduced hatching
success are appropriate endpoints when determiviiether mercury toxicity is occurring in

avian tissues. Behavioral parameters are also udedh include motor impairment. In this

study, reproductive parameters including hatchimg) fledging success and abandonment rates

were used to determine if mercury toxicity was adag within avian eggs.

Avian Toxicity Thresholds

A lowest observed adverse effect level (LOAEL) gigs the concentration at which the lowest
observed adverse effect takes place. Thresholdeotrations for selenium-related toxicity in
avian egg tissues are dependent upon exposureayrstudy type (laboratory or field), avian
species sensitivity, selenium bioavailability, andasurement endpoint (USDOI 1998, Santolo

et al. 1999b). The current consensus toxicity ¢ffe@shold (EC10) for egg tissues is between
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16 and 24 mg/kg dw Se for chick mortality (Adamsle003, Fairbrother et al. 1999). Table
1.1 compares Se concentrations necessary for geragsis to occur in different avian species.
For mercury, the benchmarks for reduced hatchicgess and neurological impairment in eggs
differ according to avian species, but a conseisshsld at less thangy/g wet weight (Heinz

and Hoffman 2003) (Table 1.2).

Table 1.1. An abbreviated review of studies thaeha&sulted in differing values at which
teratogenic effects are observed in avian eggdsssu

Author Teratogenic | Species Significance Se Field/Lab
Effects Deter mination* | Compound | Study
Quantified

Adams et al.| 21 mg/kg dw | MallardAnas | ECyo Overall Se Lab
2003 platyr hynchos)
Adams et al.| 16-24 mg/kg | Black-Necked | ECyo Overall Se Field
2003 dw Stilt

(Himantopus

mexi canus)
Wiemeyer | 10 mg/kg dw | Eastern NOAEL Seleno-DL- | Lab
and Screech-Owl Methionine
Hoffman (Megascops
1996 asio), Black-

Crowned

Night-Heron

(Nycticorax

nycticorax)
Harding 22 mg/kg dw | Red-Winged | NOAEL Overall Se Field
2008 Blackbird

(Agelaius

phoenicus)

*EC1pis defined as the effect concentration thresholdhach 10% of embryos exhibit
teratogenesis. The no observed adverse effect(SN@AEL) is defined as the greatest level of
exposure that no adverse effects are detected.
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Table 1.2. An abbreviated review of studies thaehasulted in differing values at which
reproductive failure in eggs is observed in avigg tssues

Author Reproductive | Species Significance Hg Field/Lab
Effects Determination* | Compound | Study
Quantified

Depew et al| 1.3pg/g ww | Common LOAEL MeHg Field & Lab
2012 Loon (Gavia

immer)
Burgess et | 0.23ug/g ww | Common ECso MeHgCl Lab
al. 2005 Loon (Gavia

immer)
Heinz et al. | 1.79ug/g ww | Mallard (Anas | LCsg Overall Hg Lab
2009 platyr hynchos)
Heinz et al. | 0.97ug/g ww | Canada Goose LCsg Overall Hg Lab
2009 (Branta

canadensis)
Heinz et al. | 1.23pg/g ww | Hooded LCso Overall Hg Lab
2009 Merganser

(Lophodytes

cucullatus)
Heinz et al. | 0.32ug/g ww | Tree Swallow | LCsg Overall Hg Lab
2009 (Tachycineta

bicolor)

* The lowest observed adverse effect level (LOABL)efined as the least level of exposure at
which adverse effects are detectedsFEE defined as the median effect concentratiorstiokel

at which reproductive success is inhibited s4i€ defined as the median lethal concentration at
which reproductive failure occurs.
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Site Information

Sudy and Reference Areas

The Michigan State University Wildlife Toxicologyaboratory (MSU-WTL) began conducting
this study in 2010 to determine hatching and flaggiuccess of select avian species and
correlating their success with concentrations opf@sent in avian eggs. The spatial boundary of
the study consisted of 17 sites near the city lgbésning within Marquette County, each
coveringuto 7 km of aquatic shoreline within or proximal@tffs Natural Resources (CNR)
mining operations (Figures 1.1 and 1.2). Nest bevx&® installed at all sites to monitor avian
species and their reproductive health. There w2rgtddy sites and five reference sites. All
study sites received water that was associatedtiwiCliffs Mining Operation (CMO) through
processing water outfalls and/or surface waterffuReference sites were nearby sites upstream
of operations and did not receive water from the@NIhe various sites were grouped by the
eight watersheds described in detail below. Studiergheds included Green Creek Study,
Goose Lake, Warner Creek, and Ely Creek. Referaatersheds were Green Creek Reference,

Lake Minnie, Greenwood Reservoir, and Fifteen Creek

Figure 1.1. The city of Ishpeming within Marque@eunty, Michigan.
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Marquette County, Michigan.

Sudy Watershed- Green Creek Sudy

Green Creek receives water from the national pariutlischarge elimination system (NPDES)
of Cliffs Natural Resources' Empire mine and fldwshe middle branch of the Escanaba River.
This watershed contained the sites Green CreelClLlY@nd Green Creek Downstream (GCD).
Nest boxes at GC1 were located approximately Hadfraile downstream of where a permitted
tailings basin was allowed to enter Green CreekeGICreek Downstream nest boxes were

placed at the edge of CMO property.
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Sudy Watershed- Goose Lake

Goose Lake is located outside the village of Palamek receives discharged water from the
NPDES outflow and rainwater from Empire's rock Emles. There were seven study sites in
this watershed. Lake Mary Charlotte (MCL) is a lékat was formed by the collapsed Mary
Charlotte mine. Lake Mary Charlotte drains watenfrEmpire mine into Goose Lake. MCL
nest boxes were placed around the edges of thatakeearby ponds. Lost 40 tributary (L40)
receives rainwater from Empire and drains into @daake Inlet. The area is composed of a
series of small ponds. Lost 40 nest boxes wereefdlan the edges of several beaver ponds.
Goose Lake Inlet (GLI) is a slow-moving stream tteateives water from L40 and the Empire
rock pile. GLI nest boxes were placed along eithee of the stream. The Goose Lake site
(GLL) was located at Goose Lake and boxes wereedlaa the northern side of the lake in a
heavily wooded area. Goose Lake Outlet (GLO) istied at the southern tip of Goose Lake
where it forms a stream and later flows into th&t &@sanch of the Escanaba River. GLO nest
boxes were placed between the stream'’s edge ahdkbeSuperior and Ishpeming Railroad
track bed. The Goose Lake 2 (GL2) site was lochedeen the GLL and GLO sites and had
nest boxes in a cedar forest with interconnectinglsstreams. Goose Lake Downstream (GLD)
is located where GLO ends and features a streararging size and speed. GLD nest boxes

were placed on one side of the stream.

Sudy Watershed- Warner Creek

Warner Creek receives water from the Empire rooklgtile. Sites for this watershed included
Warner Creek Park (WCP) and Warner Creek (WAC). W@B located within the village of
Palmer. Nest boxes were placed in a small parkishegtparated from the CMO by a series of
railroad tracks and small ponds. The entry roadNtO was within walking distance of WCP.
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WAC was outside of Palmer in an area where WarmeelCgoes through a large sedge marsh.

Nest boxes were placed along the edge of the marsh.
Sudy Watershed- Ely Creek

Unlike the other study watersheds that receive mfeden the Empire mine, Ely Creek receives
water from Tilden's mine stockpile and enters thv&itzer Reservoir. There was one site at
this watershed, Tilden Pond (TLP). Tilden Pond &ie®f a series of ponds that are located
next to the Tilden rock pile. TLP nest boxes wdee@d in open and wooded areas surrounding

two of these ponds.

Reference Watershed- Green Creek Reference

The reference site at Green Creek (GCR) was lo@prbximately 10 miles upstream from the
NPDES outflow. Next boxes were placed in both Hgavooded and open areas on either side

of Green Creek.

Reference Water shed- Lake Minnie

Lake Minnie (LMR) is a shallow lake located in Igmping that receives ground and surface
water not associated with mining activities. The sit Lake Minnie had boxes placed around

half of the lake that coincided with a walking Lrai

Reference Water shed- Greenwood Reservoir

Greenwood Reservoir is a man-made reservoir tlicaives water from the middle branch of the
Escanaba River. The Empire and Tilden mines usenftam Greenwood Reservoir, which can
make the water levels fluctuate. The reservoir ms®f 1,400 acres and is a recreational area.

Two sites in this watershed included Greenwood Regg(GRR) and Greenwood Reservoir
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Stream (GRS). Greenwood Reservoir next boxes waoeg on the banks of an open part of the
reservoir. Greenwood Reservoir Stream nest boxes placed near a small unnamed stream

and a beaver pond that flows away from the reservoi
Reference Watershed- Fifteen Creek

Fifteen Creek (15C) is a tributary of the east bhaof the Escanaba River located outside of
Palmer. Site 15C had nest boxes on either sidéteER Creek in a heavily forested area off of a

forest service road.
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Species Information

Soecies Selection

Selected species for this study included five watrspecies- the wood ducliik sponsa),

hooded mergansekgphodytes cucullatus), Canada goos@&(anta canadensis), common
merganserNlergus merganser), and mallard Anas platyrhynchos) and six passerine species- the
eastern bluebirdjalia sialis), black-capped chickadeBdecile atricapillus), house wren
(Troglodytes aedon), tree swallow Tachycineta bicolor), eastern kingbirdTyrannus tyrannus),

and savannah sparrowgsser culus sandwichensis). These species were chosen because cavity-
nesting females are attracted to the nest boxesde Some species were exposed to Se
through their diet of aquatic emergent insects avbthers consumed fish or plants. Diets and
foraging methods of the waterfowl and passeringerdd, providing varying selenium

concentrations and exposure pathways.

The study focused mainly on cavity-nesting watetfamd passerines. All sites contained
habitats suitable for one or more selected aviagcisp and included forests, wetlands, riverine
systems, open grasslands, and scrub/shrub habitatsd ducks, hooded mergansers, and
common mergansers were provided waterfowl boxetevaaistern bluebirds, black-capped
chickadees, house wrens, and tree swallows wekedea passerine nest boxes. Natural nests of
select species that do not use cavities but akafaet in the study and reference sites were also
monitored. These species included Canada geeseydsaleastern kingbirds, and savannah

sparrows.
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Study Information

Objectives

There were four main objectives of this study. Titet was to determine the concentrations of
selenium and mercury in the eggs of targeted asp@cies. The second objective was to
determine the presence of terata in collected eosbaynd correlate the incidence of teratogenic
effects with selenium concentrations in the emhryfdsrdly, reproductive parameters were
assessed to determine the nesting success ofddrgtcies that were being exposed to Se and
Hg. The selection of cavity-nesting species thatlilg use nest boxes made it possible to closely
monitor each nest and determine hatch and fledgs,ras well as to identify any abandonment
or predation issues. The final objective involvededmining if bioaccumulation of selenium in
the food web was occurring. We expected whole lisdyie selenium concentrations in AEIs to

be greater than avian embryo Se concentrations.
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CHAPTER TWO

SELENIUM AND MERCURY CONCENTRATIONSIN AVIAN EGGSAND AQUATIC
INVERTEBRATES RESIDING NEAR AN ACTIVE IRON MINE IN MARQUETTE

COUNTY, MICHIGAN

Abstract

Birds that occupy ecosystems near Ishpeming, Mashaye exposed to elevated concentrations
of selenium (Se) and mercury (Hg) as a result oferassociated surface water discharges. There
is significant uncertainty as to whether concerdrest of Se and Hg are great enough to result in
adverse effects in avian species. Selenium islagaally essential mineral that has the

potential to cause teratogenicity when benefickplosures are exceeded. Mercury is a heavy
metal that causes neurological damage and deatb\atted concentrations. Organic forms of Se
and Hg are more prevalent in the aquatic food whels birds with a diet consisting of fish,

aquatic vegetation, and aquatic invertebrates hayreater potential for exposure. To determine

if avian species were being exposed to Se or KHgratentrations expected to cause adverse
effects, we collected eggs from active clutchewaterfowl and passerine species, which
included hooded mergansers, wood ducks, commonamgegs, tree swallows, eastern

bluebirds, black-capped chickadees, house wremgdaageese, eastern kingbirds, and savannah
sparrows. Embryos were examined for gross defoeménd total Se and Hg concentrations

were determined. Selenium concentrations that ebetbthe 16 to 24g/g dw toxicity threshold
value for teratogenicity (Adams et al. 2003, Faither et al.1999) were found in wood duck and
hooded merganser eggs among nine of 12 study Blegsury concentrations in avian eggs

exceeded the accepted threshold for reproductkieity of 2.0 ug/g ww in hooded mergansers,
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common mergansers, and wood ducks among all refegtes and nine of the 12 study sites

(Heinz and Hoffman 2003).

Introduction

The aquatic ecosystems surrounding the Cliffs NwflResources (CNR) mining operations have
concentrations of selenium and mercury greater thase of other local watersheds (Michigan
Department of Environmental Quality 2009). Expededrces included leaching from waste

rock piles and discharges of processing water.prasence of selenium and mercury in the same
aguatic environment has been shown to be antagotaostelenium toxicity in organisms

(Koeman et al. 1973). Selenium and mercury expgsatiewvays in organisms occur mainly
through the diet, although for lower order orgarsssuch as aquatic invertebrates, uptake can

occur through water directly (Ogle and Knight 1996)

Selenium Toxicity

Selenium is an essential micronutrient and is neéoleproper protein structure and cellular
processes. Selenium has a narrow therapeutic fang# organisms, which can lead to toxicity
at concentrations exceeding 16 to 24 mg/kg dry teigavian chicks (Adams et al. 2003,
Fairbrother et al. 1999). Clinical signs of selenitoxicity in adult birds and hoof stock include
feather or hoof loss, edema of the body cavity, @mdciation (Pond et al. 2005). Selenium
toxicity also causes teratogenic effects that ielshortened or absent limbs, crossed bills in

birds, lordosis or scoliosis, and undersized oeabsgyes (Hoffman et al. 1988).

Mercury Toxicity

Mercury is a heavy metal that causes neurologidlraproductive impairment in birds, fish,
and invertebrates. Like selenium, mercury accuraslat lower-order organisms and becomes
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toxic when consumed by higher-order predators. Aqurvertebrates reside in sediments where
bacteria convert elemental mercury to the moreoichlly available methylmercury, which
bioaccumulates in fish and birds. Once internalireethylmercury is transformed to the
divalent cation HY, where it concentrates in the central nervousesyst his leads to modified
neuron function, resulting in tremors, reduced &idield, and reduced reproductive success
(Young 1992). In avian embryos, concentrations efaary from 0.5 to 2.Qug/g wet weight can

cause teratogenic defects (Heinz and Hoffman 2003).

Dietary Exposurein Avian Species

Invertebrates are a common food source for aqagian species such as wood ducks, hooded
mergansers, common mergansers, tree swallows aatere kingbirds. Invertebrates are
essential during the reproductive season when &swaluire greater protein levels for egg
production and brooding. Aquatic insect orders comed include Diptera (flies), Trichoptera
(caddis flies), Ephemeroptera (mayflies), Odondtagonflies and damselflies), and Plecoptera
(stoneflies). Considering that aquatic invertelgditave a greater tolerance for selenium and
heavy metals without exhibiting adverse effectsyaled concentrations of selenium and
mercury are transferred from invertebrates to higinder species such as birds where

bioaccumulation can cause toxic effects (Lemly 3993
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Materials and Methods

Sudy Spatial and Temporal Boundaries

Sudy and Reference Areas

The spatial boundary of the study consists of igssn Marquette County, Michigan, each
covering two to seven kilometers of aquatic shaeeWithin or proximal to Cliffs Natural
Resources (CNR) mining operations. In 2010 theneviaur reference sites and 11 study sites.
In 2011, the sites GCR and WAC were added, whioldnt the total number of reference sites
to five and the total number of study sites to d2doth 2011 and 2012 (Figure 1.2). All study
sites received water that was associated with tifis ®ining Operation (CMO) through
processing water outfalls and/or surface water ffuReference sites were nearby and upstream

of CMO operations.

Nest Boxes

Two types of nest boxes were installed at eacl2adtady and five reference locations. One box
design was known to support the reproduction oitganesting waterfowl and the other was
designed for cavity nesting passerines (songbifdgre were 120 waterfowl boxes placed 6-17
meters off the ground in a variety of tree specié® boxes were made of cedar and lined with
pine shavings. All boxes were placed within 300erebf surface water at a minimum of 100
meters apart. An infrared camera was placed irthielbox and a cable connected to the camera
ran down the length of the tree where connectarthattachment to a monitor were placed
approximately four feet from the ground. Connecteese compatible with mobile monitors and
video cameras to allow for remote observationsrandrdings of nest box activity. Remote

monitoring allowed for the collection of many reguctive measurement parameters such as
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incubation date and hatch date without the negdhysically climb the tree. This minimized nest
disturbance and damage to the tree. Four weeksthédast fledging event, box entrances were
sealed with wire mesh and not reopened until theviing spring to keep other wildlife from

establishing residence during the winter months.

There were 251 passerine boxes mounted on 8 fpoisTs within 100 meters of surface water.
Passerine boxes were also made of cedar but wehaed. A side panel allowed easy
monitoring of passerine activity. Typically, twogsrine boxes were placed between a
waterfowl box and open water, located three to seweters apart. A wire mesh predator guard
was placed around the box entrance and non-tdRiamn-based grease was applied to the length

of the T-posts in an effort to keep predators freaching the boxes and their contents.

Monitoring

Nest boxes were monitored every other day on aioot basis. Waterfowl boxes were
monitored remotely using the in-box camera. Traalihg equipment was utilized to access the
waterfowl boxes as needed for maintenance or saoofikction. Passerine boxes were checked
by opening a side panel and visually inspectingbitreinterior. Field notebooks documented the
daily status of each active nest box. Photo doctemien including time, date, and nest box
number was initiated and noted when there weresams of activity including presence of nest
material or any nest construction, breeding pagar or in the box, or the presence of eggs

and/or hatchlings.

For passerines, the breeding pairs were trappetamtied with a U.S. Fish and Wildlife Service

(USFWS) leg band. All nestlings were banded aftezd to four days of age. Information
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containing the band number, sex of the individifagplicable), and age was recorded, along

with pictures of brood patches and primary feathers

Collection

Avian Egg and Whole Body Collections

Post clutch completion, a pre-specified numberggfsewvere collected from each nest. Fresh
eggs were collected on or before the fourth dapaibation. For waterfowl species, two
randomly selected eggs were collected per clutcie i their smaller clutch sizes, one
randomly selected egg per clutch was collected fpasserine species. All addled/unhatched
eggs were salvaged five days after the last egg the nest hatched or ten days after the last
adult activity was observed. Eggs were wrappeddheamically cleaned cloth and placed in
glass I-Cherfhjars. Information concerning the location, dat@gt temperature, species, egg
weight, egg length, egg width at three locatioite, &nd team members present was recorded.
Jars containing egg samples were placed in a cootbe field and later transferred to a
refrigerator at 4°C until analysis. Any deceasedltadnestlings, hatchlings, or fledglings that
were recovered underwent the same collection proeess egg collection and were stored at
-23°C. All sampling events were documented in fieddebooks and with photos. Copies of

notebooks and photos are available upon request.

Aquatic Emergent Insect Collections

Aquatic emergent insects were collected as keydietomponents for the selected avian
receptors and as indicators of lower trophic |&eland Hg bioavailability. Insects were
collected from sites that had active nests. Catlastoccurred twice; the first collection occurred

within a 20-day window during egg production, ahd second occurred during a 20-day
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window during brooding. Sixteen samples from rafeeesites and 45 samples from study sites

were analyzed for selenium and mercury.

A metal halide bulb illuminated pre-cleaned whiteeats stretched proximal and perpendicular to
the shoreline in a 3.96m x 5.03m area. Insects agpeated using pre-cleaned insect vacuums
or were caught mid-flight using clean sweeps retge collected by vacuums or nets, the

insects were transferred to certified clean glaSkén? jars and frozen at -23°C.

Analysis

Eggs were opened using a scalpel to cut aroundithest part of the egg. Egg contents were
weighed and examined macroscopically for physieébuhities. Photos were taken of each
embryo before the contents were homogenized anditted for metals analysis. Deceased
nestlings, fledglings, and adults were also analyoe metals. Deceased birds underwent
necropsies for signs of disease, malnourishmedi{paabnormalities. Photos were taken pre-
and post-necropsy and deceased whole-bodied indildvere homogenized and divided into

appropriate aliquots for analysis.

Aquatic emergent insects from each sampling effere thawed and sorted according to
taxonomic order in an effort to determine if cartaguatic invertebrate orders bioaccumulated
greater concentrations of Se or Hg than other srdexonomic orders of interest included
Diptera (flies), Trichoptera (caddis flies), Epheoyera (mayflies), Odonata (dragonflies and
damselflies), and Plecoptera (stone flies). Eachsampling effort was taxonomically sorted
twice; once for initial separation and again foality assurance. Individual orders from each

sampling event were homogenized separately andethinto appropriate aliquots for analysis.
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Homogenized egg, deceased bird, and AEI samples segt to the Michigan State University
Diagnostic Center for Population and Animal HedlDi€PAH) for metals analysis. Samples
were analyzed using the U.S. Environmental PraieoNgency's (EPA) method 6020. Analyzed
metals and micronutrients included boron, magnesuamadium, chromium, manganese, iron,
copper, zinc, arsenic, selenium, molybdenum, canmantimony, barium, mercury, thallium,

and lead.

Statistical analysis was performed using SAS 9rialysis of variance (ANOVA) tests were
conducted to determine significant differences leetwSe and Hg concentrations in birds among
reference and study sites and among avian spé@esquatic emergent insects, ANOVA was
utilized to test for significant differences in &d Hg concentrations among species and site. A
Pearson correlation, Chi-squared test, and Mannf#fitest were run to determine if there was
a correlation between nest abandonment rates amdtet! Hg concentrations and any

correlations between Se and Hg concentrationsdiviolual samples of egg tissues.

Potential average daily doses were calculatedddr Aquatic and terrestrial avian species to
determine if a difference in Se concentrationstegi®etween the two diet types. Exposure to
selenium in adult birds was calculated using infation provided in the U.S. Environmental
Protection Agency (USEPA) Wildlife Exposure Factbiandbook (WEFH; USEPA 1993).
Factors affecting selenium exposure included boeight (BW kg), dietary concentrations (C)
of prey items, time spent foraging on site, anddfodake rate [FIR; g wet weight food/g body
weight (BW)/day]. For each species, mean body weagld an analysis of dietary items was
based on previous literature. Food intake rateg waden directly from the WEFH for applicable
species or were calculated using WEFH equation®B8345. The potential average daily dose

(ADDyoy) was calculated using WEFH equation 4-3 (USEPA3)99
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Aquatic invertebrates that were collected by MSUM&Iong with plants and fish that were
collected at the same sites as avian eggs by C&tdtrix Inc. were used to calculate reach-
specific concentrations for those dietary itemsgiityan Department of Environmental Quality
2009). Reference area aquatic invertebrate maxiamohminimum values were sued as a
conservative surrogate for terrestrial insect gssoncentrations, which were not available.
Reach-specific concentrations of Se in dietary gevere multiplied by their contribution to the
diet. A 100% time spent foraging at sites was atereid to be the most accurate based on the

published foraging range of each species, the seidieea of the sites, and nest locations.
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Results

Dietary Exposure and Effects Assessment
Selenium Concentrations in Aquatic Emergent Insects

Insects were collected from 8 of 15 sites during@@nd 14 of 17 sites in 2011. For each site
and sampling event, insects were sorted and arthlyzéaxonomic order. Resulting in a total of
45 AEI data points (n=16 from reference sites am2Onfrom study sites), study area AEI Se
concentrations ranged from 2.64-14g¢g dw. Ten samples (22.2%) collected from stuthssi
had concentrations of selenium greater than 30 gny/gith 4 of those being from the order
Trichoptera. Odonata generally had the least satecioncentrations, averaging 12.4+1itf3g

dw.

Samples collected from reference sites in 20102&4d. had selenium concentrations that
ranged from 0.87 to 3.39 pug/g dw Se. The refersiteesample with the greatest Se
concentration was from the order Ephemeropter® (838 dw). A sample of the order
Trichoptera had the least elevated Se concentgatibthose collected in the reference sites,

averaging 0.96 with a standard deviation of 0.14|dgv.

Comparisons of the mean concentrations of Se iersrgetween reference and study sites
indicated significant differences for both Dipterad Ephemeroptera. For Diptera, samples from
study site TLP had significantly greater Se con@iuns than for all other sites where Diptera
were collected (Table 2.1). TLP selenium conceiutnatin Diptera ranged from 36.4 to 103

pg/g dw. On average, the order Trichoptera had thatgst selenium concentrations
(49.01+£39.33:19/g dw) when compared to all other orders. Triceapsamples from study sites

TLP, WAC, and WCP were individually significantlyegter compared to all other sites where
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Trichoptera were collected with Se concentrati@mging from 57.1 to 144,8g/g dw (Table

2.2).

Table 2.1. Mean Se concentrations and standaratit@vs in Diptera by site.

Site Se Concentrationu/g) dw
TLP 66.53 + 34.52
GCR 1.39+0.19
GRR 1.66 + 0.39
LMR 2.25+0.15
GC1 10.62 + 5.33
GCD 3.48 +1.18
GL2 16.75 + 7.03
GLD 11.6+0
GLO 21.08 + 12.99
MCL 15.78 + 4.21
WCP 20.15+4.74
15C 2.47+0.61
GLL 11.42 +3.22
L40 13.5 +2.97
WAC 3.95+0.19

*Site TLP contains significantly greater concentmas of Se in Diptera compared to all other
sites where Diptera were collected.

Table 2.2. Mean Se concentrations in Trichopteraitey

Site Se Concentratiorufy/g) dw
TLP 144 + 0
WAC™ 70.5+0
WCP™~ 65.25 + 11.53
GLO 26.75 + 3.46
GLD 22.7+0
GC1 28.5+0
GL2 20.2+0
GCR 0.96 +0.13

*Site TLP contains significantly greater concernitmas of Se in Trichoptera compared to all
other sites where Trichoptera were collected.

** Site WAC contains significantly greater conceations of Se in Trichoptera compared to all
other sites where Trichoptera were collected.

*** Site WCP contains significantly greater concetions of Se in Trichoptera compared to all
other sites where Trichoptera were collected.

In general, mean Se concentrations were greatengstady sites as compared to reference sites

both within and among orders. However, Diptera Bpdemeroptera were the only orders that
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had significantly greater concentrations of seleanamong study sites compared to reference
sites (Table 2.3). Diptera and Ephemeroptera deldeamong study sites had approximately a

ten-fold greater whole body concentration than ¢éhasllected from reference sites.

Table 2.3. Mean concentrations of §g/¢ dw) = standard deviation in selected ordersramo
reference and study sites.

Order
Diptera| Ephemeroptera Odonatal Trichoptera| Plecopterg
191+
Reference  0.56 3.39+0] 1.48 £0| 0.96 + 0.14) NA
21.11
+ 124 + 49.01
Study 22.78| 28.63 +2.65 1.13 39.33] 165+0
p value 0.0061 0.0144| 0.0804 0.1273| NA

Potential Average Daily Doses

Potential average daily doses were calculatedddr aquatic and terrestrial avian species to
compare dietary exposure-based toxicity refereabees (TRVS) and to determine if a

difference in Se concentrations existed betweevtbaliet types. The diets of each target
species varied, and included aquatic invertebr&esstrial invertebrates, fish, other animals,
plants, and fruit. Since the selenium exposurecsiging through the water source and not
inland soils, it was assumed that terrestrial itsse®uld not be bioaccumulating excess amounts
of Se and would contain Se concentrations lessdhaqual to reference area aquatic
invertebrates (Ecological Risk Assessment for Keste Reservoir 2000). A 100% time spent
foraging at sites was considered to be the mosiratzbased on the published foraging range of

each species, site area, and nest location.

Common mergansers were calculated to have theegtesitidy area ADf3:with a mean and

maximum value of 18.81 and 64.0 mg/kg day, respelsti Mallards had the second greatest
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study area mean and maximum AR{of 8.86 and 45.57 mg/kg day, with wood ducks and

hooded mergansers following with mean and maximubD4y valuesof 3.84 and nearly 20

mg/kg day and 2.55 and 11.54 mg/kg day, respegti@Gdnada geese had the least maximum

ADD0f the waterfowl species with 2.58 mg/kg day. Gf fasserine species, the eastern

bluebird had the greatest maximum ARith 0.07 mg/kg day. Tree swallows and eastern

kingbirds had maximum ADg3; values of 0.04 and 0.02 mg/kg day, respectivelgciBcapped

chickadees and house wrens both had maximumg®@Blues of 0.01 mg/kg day. Savannah

sparrows had the least maximum ARf 0.03 mg/kg day. (Table 2.4).

Table 2.4. Potential average daily dose (ARDf selenium in target species

Species Reference Mean| Reference Study Mean Study Maximum

(mg/kg day) Maximum (mg/kg day) (mg/kg day)
(mg/kg day)

Common 8.78 12.97 18.81 64.0

Merganser

Mallard 0.86 1.70 8.86 45.57

Wood Duck 0.33 0.64 3.84 19.77

Hooded 1.25 2.82 2.55 11.54

Merganser

Canada Goose 0.34 0.74 1.38 5.81

Eastern Bluebird| 0.001 0.002 0.01 0.07

Tree Swallow 6.83x10 0.001 0.01 0.04

Savannah 3.40x10° 6.68x10" 0.01 0.03

Sparrow

Eastern Kingbird| 0.001 0.003 0.02 0.02

Black-Capped | 2.17x10 4.12x10" 0.003 0.01

Chickadee

House Wren 1.95x1H 3.56x10" 0.003 0.01

35




Selenium dietary exposure in study areas basedtmnniaximum and mean AQR values
exceeded dietary TRVs for all species. Calculatethdy exposures among reference sites
exceeded TRVs for common and hooded mergansersllFaguatic and terrestrial avian species

among reference sites, ARfvalues were lesser than dietary-based TRVs (Table

Table 2.5. Estimated toxicity reference values (ERMased on dietary concentrations from
previous studies known to cause adverse effe@dult avian species

Species Estimated TRVs
(mg/kg day)

Common Merganser | 4.08-5.99

Mallard 2.44-3.58
Wood Duck 0.97-1.43
Canada Goose 0.77-1.13

Hooded Merganser | 0.56-0.82

Eastern Bluebird 0.004-0.01

Eastern Kingbird 0.004-0.01

Tree Swallow 0.003-0.004

Savannah Sparrow | 0.001-0.002

Black-Capped 6.60x10"-9.69x10"
Chickadee
House Wren 6.48x10%-9.50x10°

Mercury Concentrations in Aquatic Emergent Insects

Mercury concentrations in samples collected frofarence sites in 2010 and 2011 ranged from

0.09 to 0.41ug/g ww. Odonata had the greatest mean mercury otnatens from reference
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sites at 0.23 £ Qg/g ww. Ephemeroptera had the least mean contentsaof Hg at 0.16 £ 0

Ha/g ww.

Mercury concentrations in samples collected frontdgtsites in 2010 and 2011 ranged from 0.35
to 11.44pg/g ww Hg. On average among study sites, Diptedithe greatest mean mercury
concentrations at 2.56 + 2.4/g ww. Ephemeroptera had the least mean Hg coratiemt at

1.09 + 0.64ug/g ww.

There were statistically significant differencesnercury concentrations between reference and
study sites for the orders Diptera and Trichopt®tean Hg tissue concentrations were lesser in

reference sites as compared to study sites irasd(Table 2.6).

Table 2.6. Average concentration of mercury (L@/g)in selected insect orders among study
and reference sites.

Order
Diptera| Ephemeroptera Odonatal Trichoptera| Plecoptera
0.19+
Reference  0.09 0.16 £ 0] 0.23 £ 0| 0.21 + 0.05 NA
2.56 + 1.56 +
Study 2.4 1.09 + 0.64] 0.21| 1.77+0.87) 1.26+0
p value 0.0015/ 0.3359 0.1193 0.0348 NA

Tissue Based Exposure and Effects Assessment

Selenium Concentrations in Avian Species

Avian eggs were collected from 3 of 15 sites in@0h 2011, eggs were collected from all five
reference sites and nine of 12 study sites. In 286dg@s were collected from all reference sites
and 11 of 12 study sites. Between 2010 and 20b2ahdf 460 eggs were sampled and evaluated

for embryonic defects and 287 were analyzed fanelds of interest.
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Additionally, eggs with embryos at a species-spedévelopment stage of greater than 1/3 and
appropriate tissue integrity were assessed foisggbaormalities. Samples for Se analysis
included eggs from wood ducks, hooded mergansarsada geese, and common mergansers.
Egg tissue concentrations of 16-24 mg/kg dw weresictered as consensus toxic threshold
values for aquatic birds based on previous fieldl laboratory data and signifies the EC10 for
teratogenicity (Adams et al. 2003, Fairbrotherle1899). A range for the EC10 exists because
several species were taken into consideration igmifies the range of sensitivity across avian

species (Adams et al. 2003).

Out of a total of 287 waterfowl egg tissue sampleslyzed from 2010 to 2012, 43 samples
(15%) exceeded 16 mg/kg dw Se and 8 samples (28éeeded the 24 mg/kg dw threshold. Of
the egg tissues between 16 and 24 mg/kg dw SegP? wooded mergansers and 13 were wood
ducks. Of the eight samples exceeding 24 mg/kg evs&sen were wood ducks and one was a
hooded merganser. The greatest concentrationariiseh in an egg tissue sample was 32.7 pg/g
dw and the sample was from a wood duck. Of 49 asgntissues collected from reference sites,
one sample had a concentration of selenium thageslard 16 mg/kg dw Se at 17.6 ug/g dw.
Approximately 36% of the wood duck samples frondgtsites had Se concentrations which
exceeded 16 mg/kg dw and 12.7% exceeded 24 mg/kgideded merganser egg tissues from
study sites (n=175) exceeded 16 mg/kg dw Se i 2bthe samples, and less than 1% were
above 24 mg/kg dw. Canada goose embryos among sifedy(n=8) had selenium
concentrations of less than 6 pg/g dw. No mallardoonmon merganser egg tissues were

collected at study sites despite significant effort

Wood duck mean egg tissue concentrations excebeelbiig/g dw toxicity threshold for Se at

the GLO study site. There were significant differesin wood duck and hooded merganser
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selenium concentrations between reference and sitey with birds from study sites having
greater concentrations of Se (Table 2.17). Selemiomecentrations in Canada geese were
elevated in study sites compared to reference Isitewere not significant. Wood duck mean egg
tissue concentrations in combined study sites watdgreater than reference sites while
hooded mergansers and Canada geese were 2-fotdrgig@e upper confidence limits of Se for

each species and site combined by study and refetgpe are presented in Table 2.8.

Table 2.7. Average selenium concentratiqrggdd dw) + standard deviation in egg tissues of
avian species among study and reference sites

Wood | Hooded Canada) Common
Duck Merganser | Goose | Merganser
195+ 1.07+ 3.24 +
Reference 0.43 3.54 +4.32 0.49 2.01
11.66 2.48
Study 9.89 7.25%+6.3 1.9 NA
p value 0.0202 0.0009| 0.2569| NA

Table 2.8. Upper confidence limits of Se in eggues

Wood Duck Hooded Canada Goose | Common
Merganser Merganser
Reference 2.4ug/g dw 5.00ug/g dw 5.52ug/g dw 5.73ug/g dw
Study 14.33ug/g dw 8.1%ug/g dw 4.58.9/g dw NA
EC10 threshold | 16-24ug/g dw 16-24ug/g dw 16-24ug/g dw 16-24ug/g dw

Among reference sites, selenium concentrationg@s ef all species ranged from 0.72 to 17.6
png/g dw. On average, hooded merganser eggs haulgagst mean concentrations of Se at 3.54

+ 4.32 pg/g dw. Common merganser eggs had thegneatest mean Se concentration at 3.24 +
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2.01 pg/g dw. Wood duck eggs were intermediatéeir imean selenium concentration at 1.95 +

0.43 pug/g dw. Canada goose eggs averaged 1.07 p0/d3w Se.

Selenium concentrations among study sites forpaities of egg tissues ranged from <0.1 to
32.7 ug/g dw. Among study sites, wood duck eggsahatan selenium concentration of 11.66
+ 9.89 ng/g dw. Hooded merganser eggs had a meadt 6.19 pg/g dw Se and Canada
goose eggs had a mean of 2.47 + 2.04 ug/g dw Sen\sdmparing selenium concentrations of
all species among study sites, Canada goose amtiaoerganser eggs had statistically lesser

Se concentrations compared to wood duck eggs.

When statistically comparing Se tissue concentnatmf the three aquatic species (wood duck,
hooded merganser, and common merganser) with ttitestieal species (Canada goose), we
expected the Canada goose to have lesser concamdgrat selenium due to less exposure to the
water-based food web. This expectation was verdiestudy sites where Se concentrations in
Canada geese were lesser than concentrationsiotis®aquatic species (p=0.0207). There
were no significant differences between terrestmal aquatic species among reference sites
(p=0.9706). Among reference sites, aquatic aviatisg had an average Se concentration of
3.31 + 3.85 ug/g dw, whereas terrestrial avianiggdtad an average of 1.07 + 0.49 ug/g dw Se.
Among study sites, the average concentration ehs@in in aquatic and terrestrial species was

8.31 £6.87 ng/g dw and 2.48 + 2.04 ug/g dw Seaetsvely.

Dietary exposure as predicted by the potentialayedaily dose (ADRy) values were
compared against selenium concentrations pres&ggrissues. Maximum exposures based on

both approaches exceeded thresholds for effecte wimimum exposures did not, and both
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measures of exposure had comparable rank ordelsn@f et al. 2008) (Table 2.9). Maximum

egg tissue concentrations were about two fold greban the calculated AQR.

Table 2.9. Dietary versus tissue exposure of sehertiased on species

Species Maximum Dietary Mean Dietary Maximum Egg Tissue

Exposure (mg/kg day)| Exposure (mg/kg | Exposure (mg/kg dw)
day)

Wood Duck 19.77 3.84 32.7

Hooded Merganser 11.54 2.55 24.8

Common Merganser 64.0 18.81 6.8

Canada Goose 2.58 1.38 5.81

Mallard 45.57 8.86 NA

Mercury Concentrations in Avian Species

Of all avian egg tissue samples, 47.7% exceedeththshold of Hg at #g/g ww. The sample
with the greatest concentration of mercury was 3¢4d/g ww. The sample with the least

amount of Hg was 0.08g/g ww.

Out of 49 avian embryos analyzed from referen@ssB5 samples (71.4%) had concentrations
greater than the threshold ofi8/g ww Hg. All common merganser samples (n=5) ehdf336
hooded merganser samples (83.3%) from refereneg @iintained mercury concentrations that
exceeded 2g/g ww. No wood duck or Canada goose samples (ex&eded 2g/g ww Hg

concentrations. The greatest concentration of Hgreference site sample was 12.g7g ww.
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Out of 238 avian egg tissues from study sites,sE8fples (55.5%) contained mercury
concentrations greater thamug/g ww. In the samples containing Hg concentratgnesiter than
2 pug/g, 121 samples were hooded mergansers and 1lesawgre wood ducks. Forty-three
embryo samples, which were all hooded mergansene above 1Q.g/g ww Hg, with the
greatest concentration being 44,88g ww Hg. The greatest concentration of mercurg iwmood
duck was 4.71g/g ww. Of the 55 wood duck embryos analyzed fromalg sites, 20% of the
samples had Hg concentrations abong/g ww. Of the hooded merganser embryos in study
sites (n=175), 44.6% were between 2 anghd/g ww Hg and 24.6% were greater thanutg

ww Hg.

When comparing Hg concentrations for a particuteacges between reference and study sites,
Canada geese among reference sites (n=2) hadicagiy greater concentrations of Hg than

those among study sites (n=8) (Table 2.10). Noifsogimt differences were found when aquatic
birds (hooded merganser, common merganser, and gz (n=187) were compared against

the terrestrial species (Canada goose) (n=10) arnotigstudy and reference sites.

Table 2.10. Average concentration of mercury (wgAg with standard deviations in avian
species among study and reference sites

Wood Hooded Canada | Common
Duck Merganser | Goose Merganser
7.43 +
Referencg 1.65+0.15 5.22+3| 1.35+0.09 1.13
1.42 + 0.24 +
Study 1.04 6.48+8.18 0.37| NA
p value 0.5942 0.3694 0.004| NA
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Teratogenic Effects

Out of 287 waterfowl egg and whole body tissuesrarad from 2010 to 2012, two individuals
were noted to have deformities. A hooded merga@sdaryo from a study site in 2010 exhibited
anophthalmia, which is defined as a partial or cletepabsence of eye tissue. In 2012, a hooded
merganser nestling from a study site had a clubdod was unable to leave the nest. Gross
deformities were not observed for any other indiaidor embryo. Hatchlings that were able to

climb the interior of the nest box and exit thetrvesre assumed to be normal.

Nest Abandonment

When mercury concentrations at abandoned nestsaserpared to non-abandoned nests among
the same site and of the same species, some edarriifiifferences were found. At the study site
Goose Lake (GLL), both fresh and addled hooded aresgy eggs from abandoned nests
contained Hg concentrations that were greater tioaaded merganser eggs from non-abandoned

nests.

When comparing fresh eggs versus addled eggs fotimalbbandoned and non-abandoned nests,
no significant differences were found in seleniwwnaentrations (Figure 2.1). Fresh eggs had
greater concentrations of selenium than addled iegigsth abandoned and non-abandoned

nests; however these concentrations were not gigntfy different.

43



Se and Hg Concentrations in Avian
Eggs

8
[1ug/gdw
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% 2 %
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Figure 2.1. Comparison of Se and Hg concentraiimadandoned and non-abandoned nests for
fresh and addled eggs.

When mercury concentrations were compared betwesh ind addled eggs from the same
nest, there was a single incidence in an abandoeegidof addled eggs having significantly
greater Hg concentrations in the addled eggs théme fresh eggs. All other nests exhibited no
difference in Hg concentrations between fresh attleal eggs. When all eggs from abandoned
or non-abandoned nests were compared, addled edgsdnificantly greater concentrations of
mercury than fresh eggs. A comparison of eggs ®dher nest type (abandoned or non-
abandoned) by species showed no significant drifeze for hooded merganser or wood duck
eggs (Table 2.11). However, mercury concentratioreggs were significantly greater in hooded

merganser eggs than wood duck eggs in both abadd@domenon-abandoned nests.

Table 2.11. Mercury concentrations in eggs froondbaed and non-abandoned nests in two
species.

Hooded Merganser Wood Duck
Eggs from Non-Abandoned | 5.5 pg/g ww Hg 1.3 pg/g ww Hg
Nests
Eggs from Abandoned Nests 7.2 ug/g ww Hg 2.6 pgigHg
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Selenium-Mercury Interactions

Selenium has been shown to reduce the amount @unyesivailable for uptake in a 1:1 ratio
(Koeman et al. 1973). There was not a strong catrosl between Hg and Se concentrations in
eggs among reference sites (Figure 2.2) or study @rigure 2.3). Selenium and mercury
concentrations in eggs from abandoned nests werggroficantly greater when compared to

eggs from non-abandoned nests.

Reference Area Se-Hg Interactions
80
70
60
50
Hg (ng/g)dw 40
30
20 -
1g L&’ S . . .
0 5 10 15 20 25 30 35
Se (ug/g)dw

Figure 2.2. Correlation of Se concentrations withddncentrations in individual avian eggs
collected from reference sites.
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Study Area Se-Hg Interactions
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Figure 2.3. Correlation of Se concentrations withddncentrations in individual avian eggs
collected from study sites.
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Discussion

Dietary Exposure and Effects Assessment
Selenium Concentrations in Aquatic Emergent Insects

Aquatic insects contained varying concentrationsebénium depending upon site and species.
Some species of Trichoptera feed on biofilm, whrdikes them greatly exposed to selenium
that has bioaccumulated in lentic systems (Arriletral. 2010). Due to the elevated
concentrations of selenium in Trichoptera collectedias assumed that the species of
Trichoptera collected were omnivorous or detrituss, where they could bioaccumulate
selenium from biofilm, detritus, and sediment. Doelevated Se concentrations in Diptera, it
was assumed that the species of Diptera in thisystem were a mix of predators and
detritivores, with detritivore species accumulatelgvated selenium concentrations through

sediments in lentic systems (Wayland and CrosI&®g20

The three sites (TLP, WAC, and WCP) that contaifechoptera with elevated concentrations
of selenium were lentic systems and were the siifsthe closest proximity to the CMO.
Ephemeroptera were collected at two study sitePdecbptera were collected at one study site
(GL2) due to a lack of abundance at other sitesviBus studies have shown a decrease in
Ephemeroptera at coal-mined sites versus unmites! Gond et al. 2008). This trend may
explain why there was a lack of Ephemeroptera arsdiply Plecoptera at the mine-associated

target sites.
Potential Average Daily Doses

Calculated selenium ADf values paralleled those measured in egg tisseeddth maximum

and minimum ADDR values, aquatic avian species had greater potentsage daily doses
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than terrestrial avian species. Birds residing mithe study area had a greater calculated
exposure than those in the reference area aneldtenship between ADJ Se concentrations
and that measured in tissues was comparable. Maxiamad mean tissue exposures for wood
ducks, hooded mergansers, and Canada geese weogiaggiely 2 times greater than the
maximum and mean dietary exposures. This ratiomsistent with previous data which states
that egg tissue concentrations may be up to 4 tgrester than the dietary concentration
(Ohlendorf et al. 2011). Recommended TRVs for setarcan range from 6 to 10 mg/kg dw
depending on species (Lemly 1993, Ohlendorf €2@08). Based on these TRVs, wood ducks,
hooded mergansers and Canada geese are averag@gde concentrations per day than those
known to cause adverse effects. Common merganseeabave the TRV range, which may

indicate that they are at greater risk for deveigmdverse effects due to selenium toxicity.

The five waterfowl species in this study had thaestinct diets allowing the evaluation of a

range of potential selenium exposures and foodintelbactions. Potential average daily doses in
hooded mergansers paralleled their expected tregpaias due to their risk of greatest exposure
to Se based on their dietary composition of fisth enlesser extent aquatic invertebrates
(Dugger et al. 2009, White 1957). Wood ducks antlards were predicted to have a lesser
exposure consuming aquatic vegetation and inveatebi(Hepp and Bellrose 1995, Swanson et
al. 1985) and tree swallows even lesser consunmingaplly aquatic emergent insects. Since the
excess Se in this study was being released threaggr sources, selenium concentrations in
aquatic prey were likely to be greater than corregioins in terrestrial prey. Whereas wood
ducks and mallards consume aquatic vegetation,d2ageese consume terrestrial grasses and

grains (Mowbray et al. 2002). This reduced the @argoose's exposure to waterborne Se,
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making them the least likely of our waterfow! specio receive excess selenium from the

aquatic ecosystem.

Mallards were included as a study species duesio khown sensitivity and presence on site,
however, no eggs were sampled. Adult female mallarere often observed at sites, but located

nests did not contain eggs. Mallard fledglings warserved in study areas albeit rarely.

For the passerine species in this study, two anataginsectivores and four are terrestrial
insectivores. Tree swallowgdchycineta bicolor) and eastern kingbird3yrannus tyrannus)

have nesting sites over water due to their consiempff aquatic insects (Murphy 1996, Winkler
et al. 2011). Black-capped chickadees, easterrbbtise house wrens, and savannah sparrows
nest in open fields or dense forests further fromater source as their preferred prey are
terrestrial insects (Foote et al. 2010, Gowaty Rissner 1998, Johnson 1998). Tree swallows
and eastern kingbirds were considered aquatictinseees because of their dietary items, and

their exposure to selenium was likely greater tiearestrial insectivores.

Mercury Concentrations in Aquatic Emergent Insects

Invertebrate samples collected from both referamzkestudy sites had concentrations of mercury
that were above effect threshold limits of 0.000@1pug/g ww (Utah DEQ 2007). It was
unknown whether the samples contained methylmeyeunich is bioavailable for uptake by
organisms. Despite this, the presence of excessumyeis a cause for concern. Aquatic avian
species may be experiencing bioaccumulation of umgritirough their prey of aquatic emergent
insects. When aquatic avian species have a dieinitlades AEIs along with fish, their risk of

exposure to selenium is greater than an avianapéuat has a strictly insectivorous diet.
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Tissue-Based Exposure and Effects Assessment
Selenium Concentrations in Avian Species

Avian tissues contained varying concentrationsetéraum depending upon site and species.
Avian tissues at one reference site (15C) had fexgmnitly greater Se concentrations than the
other four reference sites. The 15C site connentstty to the Escanaba River, which ultimately
receives surface water discharge from the minei@mited watershed. Because fish are mobile, it
is possible that some fish in 15C could be movietyeen mine-influenced waters and
unaffected waters. Therefore, piscivorous birdslifegefrom the 15C site could be consuming
fish that spend their time in either watershed. famfrom study sites with the greatest
concentrations of selenium came from lentic syste&tmv-moving water allows for a greater
period of time to accumulate excess Se within aqeadiments, plants, and invertebrates,

leading to greater bioaccumulation in avian tisq@as et al. 2006).

Of the four waterfowl species analyzed, hooded aresgrs and wood ducks were the two
species to exhibit elevated selenium concentrati®akenium concentrations exceeded
thresholds in 1 of 175 study area egg tissuesdoded mergansers and 7 of 55 study area eggs
for wood ducks. It should be noted that mallardsewecluded as a stud species due to its
presence on the site and known sensitivity to P@sxre. However, no mallard eggs were
sampled. Adult female mallards were often obseatesites, and significant effort was expended
to locate nests but none contained eggs. Preseiglynclear why all of the located mallard
nests were unoccupied. Possibilities include poeeding rates, significant predation rates,
inability to locate active nests, or earlier thapected hatch dates. The last two possibilities

have merit as mallard fledglings were observedudysalbeit rarely.
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Mercury Concentrations in Avian Species

Mercury concentrations varied in avian tissuesiteyand species. When avian species were
grouped by site, all reference sites and eightyssitds had average concentrations of Hg that
exceeded 2g/g ww. Elevated mercury concentrations in avian@as were unexpected. The
region of Michigan where this study took place hasn involved in iron and precious metal
mining for over 150 years. It is possible thatdesi mercury was deposited in former mining
locations or locations not associated with minintgivity through atmospheric and water
deposition over an extended period of time. Thétfzt mercury levels in the prey items
sampled from reference areas contained signifigdesiser mercury than those from the study

area yet no differences in tissue concentratiorre wbserved is inexplicable.

Teratogenic Effects

Our percentage of deformities in embryos examinasd Mss than 1%, which is less than some
background levels of deformities reported for uresqal white leghorn chickens, Japanese quail,
and common pheasants (Cohen-Barnhouse et al. 2@1drder to more directly compare Se
exposure related deformity rates, we need to deterthe number of reproductive events
observed at which concentrations meet or exceesetabwhich deformities would be expected.
In a study involving mallards fed selenomethionieggs produced from females consuming the
8 ppm Se diet had a 6.8% deformity rate (Heind.€t389). Between 2010 and 2012, we
observed 18 and 57 wood duck and hooded mergaests, nespectively. Out of all wood duck
and hooded merganser nests in our study, two défesmvere observed. Differences in species
sensitivity between mallards, wood ducks, and hdadergansers, or differences in other

environmental factors could be a possible explandbr the difference in deformity rates. The
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two deformities observed, anophthalmia and clulh, faee associated with selenium toxicity
(Ohlendorf et al. 1986). However, these defectsatse naturally occurring in avian species,
which makes it difficult to determine if the singheidences of anophthalmia and club foot in
the present study were due to excess seleniumalDveappeared that some individuals may be
at a greater risk of teratogenesis at the mosaoaniated sites, but there was a low risk in the

population.

Nest Abandonment

Selenium concentrations did not vary significamttween eggs from abandoned and non-
abandoned nests or between fresh and addled eggé$ypothesis that females abandon their
nest because they can detect excess Se concergratieggs was not supported by results from
the present study. The results showed that 50%arigoned eggs contained less selenium than
eggs that hatched, contrary to the hypothesiscsesdier. This indicated that females are not
abandoning nests due to elevated selenium witliregjgs. It is unlikely from these results that

nest abandonment occurred from elevated amour8s @fithin the embryos.

A significant difference was found in mercury contcations between eggs from abandoned
nests versus eggs from non-abandoned nests witidabed nests having increased egg Hg
concentrations. When comparing addled versus &ggi, there was an individual sample where
an addled egg contained elevated concentratiomseafury compared to fresh eggs from the
same nest. However, there was no correction fdstatehydration in addled eggs. The site
where these eggs were located was considered aibigbite (TLP) due to its close
approximation to the Cliffs Mining Operation (CMCHome of the greatest selenium

concentrations in avian egg tissues were foundea&P. Because this was an isolated
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example, it was unlikely that elevated seleniumcemtrations caused the presence of addled
eggs. However, the presence of a significant irs@ed mercury in eggs from abandoned nests
may lead to the possibility that excess mercurgleare interfering with female incubation

behavior.

Selenium-Mercury Interactions

When comparing avian mercury and selenium condamtisaon a nest-by-nest and site-by-site
basis, there did not appear to be a 1:1 ratio db$¢g. Antagonistic effects may have accounted
for the low rate of teratogenesis despite elevateatentrations of Se and Hg in avian embryos.
It appeared that hooded mergansers and common nsergavere exposed to excess mercury
and selenium through their piscivorous diet, whemaod ducks were exposed to excess

selenium and mercury through aquatic invertebrates.

While the egg tissue samples taken from referenes sontained less selenium than the egg
tissue samples from the study sites, the samerpattes not observed for mercury. Some egg
tissues from reference sites contained greaterecrations of Hg than egg tissues from study
sites. This may be caused by the reference siteg bevolved historically with gold mining,
which uses mercury amalgamation to extract goldBn¥ironmental Protection Agency 2012).
The Ropes Gold Mine in Ishpeming, MI was locatethimi the study area and extracted gold
using amalgamation processes from 1883-1897 (Bickd#945). After 1897, the mine extracted
gold periodically until 1991. Excess mercury andKkggound levels of selenium in the egg
tissues from reference sites may have led to aalenied ratio of Se: Hg and caused an
increase in methylated mercury. Hg levels were alibe recommended level in over half of the

egg tissue samples, whereas Se levels were abevedbmmended level in less than 20% of the
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egg tissue samples. This bias towards elevatedumeirc egg tissues may be indicative of
antagonistic effects between Hg and Se. Seleniuynbmaeducing or slowing the methylation
of mercury, making Hg less bioavailable and Idsslyi to cause teratogenic effects in embryos

or nestlings despite the elevated Hg concentrations

Past studies have shown antagonistic interactietvgden selenium and mercury in freshwater
environments where both elements occur, with aedeser in Hg concentrations present in fish
tissue being inversely correlated with an increasge concentrations (Chen et al. 2001;
Paulsson and Lundberg 1989; Turner and Swick 188ne explanations for this antagonistic
relationship include the reduced formation of métiercury due to selenium (%ar S€&)
interacting with mercury (Hopr Hof) to form an insoluble compound, respectively eBlm
compounds can bind strongly to methylmercury bekgecan cause cellular damage, which
leads to a rapid elimination of Se-Hg compoundmftbe organism before toxicity can occur
(Yang et al. 2008). At the Tilden and Empire mimdeere the study sites were located, most
watersheds have been contaminated with mercurgvier 150 years due to extensive
anthropogenic activities related to the mining isttyt The relatively recent discovery of excess
concentrations of Se to these study sites may lactehelping to decrease the amount of
methylmercury in fish tissues and bird egg tissaalesady present in these aquatic systems. The
CMO's subsequent process to eliminate or decredeseism concentrations in these watersheds
may increase the bioavailable methylmercury letef®od web biota by reducing the protective

actions of Se against Hg.
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Conclusions

For aquatic emergent insects (AEIs), selenium aotnagons often exceeded threshold
concentrations. However, mercury concentrationgwess than threshold concentrations. For
egg tissues, both selenium and mercury concemisatgceeded threshold concentrations.
Despite elevated concentrations of both elemeextatidgenic effects were less than control
deformity rates in other studies. The lack of teganesis may have been influenced by the
antagonistic relationship between selenium and angréNest abandonment was an issue that

may have been caused by mercury toxicity or aiffephysiological response.
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CHAPTER THREE

HATCHING AND FLEDGING SUCCESS OF SELECT AVIAN SPECIESRESIDING

NEAR AND ACTIVE IRON MINE

Abstract

Birds that spend their breeding season near Ishygerill were exposed to elevated
concentrations of selenium (Se) and mercury (H@ @esult of mine-associated surface water
discharges. There is significant uncertainty astether these concentrations of selenium and
mercury are great enough to result in adverse dejotove effects in avian species. To determine
if avian species were experiencing individual opylation level adverse effects due to exposure
to Se or Hg above recommended toxicity threshel@smonitored reproductive parameters
including abandonment rates, embryo morphologytratdhing and fledging success of
waterfowl and passerine species including hoodedgiamsers, wood ducks, common
mergansers, tree swallows, eastern bluebirds, fdlapked chickadees, house wrens, Canada
geese, eastern kingbirds, and savannah sparrouwshifizand fledging success in all species
were within normal ranges and abandonment rate®st species were normal. Abandonment
rates in wood ducks were greater than expectet,ewd tissues from abandoned wood duck
nests averaging 2.3/g ww Hg. Despite elevated concentrations of seferand mercury in

the environment, overall reproductive success @fatfian species monitored did not appear to

be negatively impacted.
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Introduction

In Marquette County, Michigan, Cliffs Natural Resoes operates the proximal open pit Tilden
and Empire iron mines and processing facilities #xéract magnetite and hematite for steel
production (Cliffs Natural Resources 2012). Thas& @her mining operations have introduced
selenium and mercury into local watersheds thrqarglessing outflows and surface water
runoff. This has increased the amount of Se andwdgable for uptake by lower trophic level
organisms and subsequently increased the rat@attimulation of Se and Hg in birds
(Kaulfersch et al. 2014). At the time of this stuthe U.S. Environmental Protection Agency
(USEPA) had promulgated more rigorous standardsdl@nium emissions in water basins (5
pg/L), thus requiring Cliffs to reduce the amountSaf released to the watersheds (Kohlhepp
2010). The Michigan State University Wildlife Toglogy Laboratory (MSU-WTL) was tasked
as an independent party to assess hatching argirfteduccess and abandonment rates in select

avian species residing in the Cliffs Mining Opersas (CMO) associated watersheds.
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Materials and Methods

Nest Boxes

There were 371 waterfowl and passerine (songbgd) boxes installed at 12 study and 5
reference locations for 3 breeding seasons (201@)20lest boxes included 120 waterfowl
boxes that were placed 6-16 meters off the groaricee species that included maple, oak, birch,
and pine. Waterfowl boxes were made of cedar wiaell with pine shavings, and placed

within 300 meters of surface water at a minimurd@® meters apart laterally along the
shoreline. An infrared camera was placed insidé eaterfowl box and a cable connected to the
camera ran down the length of the tree where cdargefor a monitor could be attached. This
allowed the field team to remotely monitor neshwaigt without physically climbing the tree and
disturbing the nest. At the time of egg tissue daropllection, tree climbing equipment was
utilized to access the nest box. During the wimtenths, the entrances to nest boxes were

covered with wire mesh to exclude habitation by-temget species.

There were 251 passerine boxes mounted on 8 fpoisTs within 100 meters of surface water.
Passerine boxes were also made of cedar but welaea. A locking side panel could be lifted
to monitor passerine activity. Typically, two passe boxes were placed proximal to a

waterfowl box and within sight of open water. Thedsts were coated with non-toxic lithium-
based grease and a wire mesh predator guard walBadsaround the box entrance in an effort

to keep predators from reaching the boxes and toeaitents.

Spatial and Temporal Sudy Boundaries

The spatial boundary of the study consisted ofites socated in Marquette County, Michigan,
each covering 2-7 kilometers of aquatic shoreliitbiw or proximal to Cliffs Natural Resources
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(CNR) mining operations. All twelve study sitesemsed water that was associated with the
Cliffs Mining Operation (CMO) through processingteaoutfalls and/or surface water runoff.
Conversely, all five reference sites were just igash of mine operations. Greater site details are

presented in Kaulfersch et al. 2014.

Monitoring

Nest boxes were monitored every other day andictisas documented in field notebooks and
with digital images. Activity was defined as th@gence of nest material or any nest
construction, adult birds, eggs, incubation, antdaichlings. Waterfowl nest boxes were fitted
internally with an infrared video camera and a wideonitor or recorder was plugged into the
cable that was located at the base of the treeeRas boxes were checked by opening a side
panel and visually inspecting the interior of tlexbPasserine breeding pairs and nestlings were
banded with a U.S. Fish and Wildlife (USFWS) legdalnformation containing the band
number, sex of the individual, and age was recarBexures of brood patches and primary

feathers were also taken.

Tissue Collection

Once a clutch had been completed, the permittedbetsrof fresh eggs were collected for Se
and Hg analysis. Fresh eggs were collected onford#e fourth day of incubation. For
waterfowl species, 2 eggs per clutch were randamliected by accessing the nest box and
contents using tree-climbing equipment. Passegeasrally have smaller clutch sizes, so one
egg per clutch was randomly collected to minimiepydation impacts. All unhatched eggs were
collected (salvaged) for all species. Eggs wersiciemed addled if they remained unhatched five

days after the last egg from the clutch hatchedsBrgere considered abandoned if they
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remained cold for 10 days post incubation initiatiall eggs were wrapped in a chemically
cleaned cloth and placed in glass I-Chgans. Information concerning the location, daitegt
temperature, species, site, egg weight, egg leegthwidth at three locations, and team
members present was recorded. Jars containingaagpjes were placed in a cooler in the field
and transferred to a refrigerator at 4°C until gsigl Any deceased adults, nestlings, hatchlings,
or fledglings that were recovered underwent theesaentiection procedure as eggs but were

stored at -23°C.

Tissue Analysis

Collected eggs were opened using a scalpel torounhd the widest part of the egg. Egg contents
were weighed and examined macroscopically for mlaysibnormalities. Evidentiary photos

were taken of each embryo before the contents h@regenized for contaminant analysis.
Deceased nestlings, fledglings, and adults tha¢ wellected were also homogenized for
contaminant analysis. Deceased birds underwenopsies for signs of disease,
malnourishment, and/or disfigurement. Specimen®whbtographed during necropsies and

homogenized for contaminant analysis.

Satistical Methods

All statistical analysis was performed using SAS. Rifferences in hatching success for each
species between reference and study sites wenardieéel by conducting an analysis of variance
(ANOVA). ANOVA was also used to test for differesce fledging success in each species
between reference and study sites. Statisticalf&ignce was established at p<0.05. For
hatching and fledging success, nests that undemwaenplete abandonment or predation were

not included in the statistical data. Fresh egdiected from each nest were subtracted from the
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total number of eggs laid. A Pearson correlatios wsed to determine if there was a correlation

between decreased hatching success and elevatadd-$e concentrations.
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Results

Selenium and Mercury Concentrations in Avian Eggs

Concentrations of Se and Hg were quantified forgdangoose, hooded merganser, wood duck,
and common merganser eggs (Table 3.1). Seleniugentmations ranged from 0.72 to 17.6
pg/g dw among reference sites and <0.1 to 88/g dw among study sites. Mercury
concentrations ranged from 0.73 to 1@fg dw among reference sites and 0.14 to g/ dw

among study sites (Kaulfersch et al. 2014).

Table 3.1. Mean Se and Hg concentrations and stéugaiations in selected avian species
among reference and study sites (Kaulfersch @0dl4).

Species Se (1g/g) dw Hg (19/g) ww
Wood Duck- Reference 1.95+0.43 1.65+0.15
Wood Duck- Study 11.66 +9.89 1.42 +£1.04
Hooded Merganser- Reference 3.54 +4.32 5.22+3
Hooded Merganser- Study 7.25+6.19 6.48 + 8.18
Canada Goose- Reference 1.07 £0.49 1.35+0.09
Canada Goose- Study 2.48 £2.04 0.24 +0.37
Common Merganser- 3.24 £2.01 743 +£1.13
Reference

Common Merganser- Study NA NA

Hatching Success

Hatching success was calculated as the numbergsftgt hatched divided by the number of
eggs incubated to hatch day. Abandoned and predatad were not included in hatching
guantifications. Hatching success was within norraatjes for each species studied (Table 3.2).
There were no significant differences in hatchingcess between species residing in reference
sites as compared to study sites or among thedividinal sites. Furthermore, hatching success
for aquatic-based consumers (wood ducks, hoodedansers, and tree swallows) as compared
to terrestrial-based consumers (eastern bluelbtdsk-capped chickadees, and house wrens)

were not different (Table 3.3).
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Table 3.2. Mean hatching success and standardtoeva each species among reference and
study sites as compared to previous studies.

Hatching Success
Species Reference Site Study Site Literature
Wood Duck 87% + 12 88% + 13 83%
Hooded Merganser 88% + 11 90% + 15 87%
Eastern Bluebird 92% + 14 79% + 25 75%
Black-Capped 92% + 11 93% + 9 86.3%
Chickadee
House Wren NA 87% + 22 85%
Tree Swallow 96% + 8 96% + 9 85%

a- Mallory et al. 2002
b- Cornell et al. 2011
c- Mahoney et al. 1997
d- Custer et al. 2007

Table 3.3. Mean hatching success and standardtaevat aquatic and terrestrial species among
reference and study sites.

Species Reference Site Study Site
Aquatic 91% + 10 90% + 14
Terrestrial 92% + 11 88% + 18
Fledging Success

Fledging success was quantified as the numbeedglings divided by the total number of
hatchlings per clutch. Fledging success was wihigcies norms as described in the literature
(Table 3.4). There were no significant differencefiedging success between species residing in
reference sites versus study sites. Fledging ss@masng sites was similar. There were no
significant differences between aquatic-based aoess and terrestrial-based consumers (Table

3.5).
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Table 3.4. Mean fledging success of each species@gmeference and study sites as compared
to previous studies

Fledging Success
Species Reference Site Study Site Literature
Wood Duck 100% + 0 98% + 7 52.1%
Hooded Merganser 100% + 0 99% + 4 50%
Eastern Bluebird 100% + 0 94% + 13 804%
Black-Capped 93% + 13 100% + 0 100%
Chickadee
House Wren NA 86% + 38 98%
Tree Swallow 98% + 6 84% + 36 90%

a- Heusmann 2000

b- Jackson 1996

c- LeClerc et al. 2005

d- Bronson et al. 2005

e- Robinson and Rotenberry 1991
f- Hallinger and Cristol 2011

Table 3.5- Mean fledging success and standard ti@vig aquatic and terrestrial species among
reference and study sites.

Species Reference Site Study Site
Aquatic 99% + 4 97% + 12
Terrestrial 95% + 11 93% * 24
Nest Abandonment

Nest abandonment rates continually decreased ffii@ & 2012 for both passerines and
waterfowl. Overall, waterfowl had greater abandontmates than passerines. Nest abandonment
rates were greater in study sites compared toamefersites for wood ducks, black-capped
chickadees, and hooded mergansers (Table 3.6). \aoxkd exhibited a significant difference

in abandonment rates between reference and stigdy(p=0.0116). There were no significant
differences in all other species between referamcestudy sites. Eastern bluebirds had the
greatest percentage of abandoned nests amongniedesites (25%), followed by hooded
mergansers at 8%. There were no nesting attemptéeaénce sites by house wrens. No

abandonment events occurred at reference sitegoiod ducks, black-capped chickadees, or tree
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swallows. Among study sites, wood ducks had thatget percentage of abandoned nests (33%),
followed by black-capped chickadees (30%), eadikrabirds (20%), hooded mergansers

(19%), house wrens (13%), and tree swallows (0%).

Table 3.6. Rates of abandonment in each species@reterence and study sites

Species Reference Site Study Site Previous Literatu
Wood Duck 0% 33% 43%

Hooded Merganser 8% 19% 18.2%

Eastern Bluebird 25% 20% 22%
Black-Capped 0% 30% 598

Chickadee

House Wren NA 13% 11%

Tree Swallow 0% 0% 7%

a- Semel and Sherman 1986

b- Morse et al. 1969

c- Bass 2011

d- Fort and Otter 2004

e- Finch 1990

There were 98 salvaged hooded merganser and watdedgs to assess embryo development.
Out of 63 salvaged hooded merganser eggs, 35 edilezéd (55.6%), with development
ranging from 1-17 days post incubation. For woodkdy 23 of 35 eggs were fertilized (65.7%).

Development ranged from 1-7 days post incubation.

When correlating hatching success with seleniummaectury concentrations in waterfowl egg
tissues (hooded mergansers and wood ducks), thesigmlificant correlation was a decrease of
selenium as hatching success increased in woodsagumkng reference sites. (Figures 3.1.1-

3.1.4).
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Figure 3.1.1. Correlations between hatching sucaedsexposure concentrations
in hooded mergansers from reference sites.
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Study Area- Hooded Mergansers
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Figure 3.1.2. Correlations between hatching sucaedsexposure concentrations
in hooded mergansers from study sites.
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Reference Area- Wood Ducks
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Figure 3.1.3. Correlations between hatching sucaedsxposure concentrations
in wood ducks from reference sites.
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Study Area- Wood Ducks
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Figure 3.1.4. Correlations between hatching sucaedsxposure concentrations
in wood ducks from study sites.
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Discussion

Hatching and Fledging Success

Hatching and fledging success rates for all spemiasined were within species norms and the
rates were not different among areas with greatfgrthg selenium exposure, suggesting that
reproductive health was not significantly affecbgdelevated selenium or mercury. The dietary
and tissue-based exposure assessments showeuktetg\tated Se and Hg concentrations in egg
tissues exceeded concentrations expected to cdusesa effects. In fact, 12.7% and 3.6% of
wood duck egg tissues exceeded the threshold fiectefof Se and Hg, respectively. Hooded
mergansers exceeded the threshold for Se and Bl§% and 46.3% of egg tissues. The
presence of Se and Hg in the same aquatic envinoinpneduces antagonistic actions, which
may be responsible for the lack of obvious adveffects. Selenium can reduce the
concentration of mercury available for uptake byogyonic tissues. A study found that selenium
at concentrations of 0.25 mg/kg in anaerobic sedimeould stimulate the methylation of
mercury, making it more harmful to the surrounduwitgilife. However, concentrations of
selenium between 0.25 pg/g and 2.5 pg/g decrehseddathylation of mercury (Jin et al. 1997).
Studies have indicated that when the ratio of setenmercury is equal to 1:1, the harmful
effects from either compound are reduced (Koemah é973). Accelerated glutathione
peroxidase activity may help remove excess Se frelis, decreasing the risk for
bioaccumulation to occur. Because selenium bimdsgly to methylated mercury, excretion of

selenium includes excretion of methylmercury (Yahgl. 2008).
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Nest Abandonment

Nest abandonment rates were elevated in studyatafowl. Probable causes include
inexperienced females, nest parasitism, study areagrcury contamination (Conomy et al.

1998, Guigeno and Sealy 2011, Pascual and Peris 186kson et al. 2011).

Young female birds are more likely to inhabit newlgced nest boxes and demonstrate a greater
chance of abandonment due to a lack of experighep and Kennamer 1993). Inexperienced
females may also complete egg laying in more therest box (Semel and Sherman 1986). It
was observed that nest boxes proximal to a nestdifed were often occupied and produced
viable clutches. However, we could not determirteéf female associated with the failed nest
was the same female in a successful proximal restWhile it is likely that some abandonment
was due to inexperienced females, this does ndaiexihe difference between study and
reference areas as nest boxes were placed atatlidos simultaneously. Therefore, female

wood duck demographics should have been similar.

Nests that are parasitized by another female are hkely to be abandoned. Parasitism is
associated with dump nests, where a large numbeggs (>15) are placed in a single nest.
Females will abandon these large nests due toittability to incubate all eggs evenly (Nielsen
et al. 2006). Nest parasitism occurs in specigsiticlude wood ducks and hooded mergansers,
both of which were present in this study. The odteest parasitism in this study was not

significant and it was an unlikely cause of eledaabandonment in the waterfowl species.

One of the main reasons for nest abandonment asdwailability. Insufficient prey items
increases the female's time spent foraging ancesayreater periods of time away from the nest

(Pinkowski 1979). This leads to decreased incubatimd eventual inviability of the eggs and
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abandonment of the clutch. It is unknown how muiete tfemales spent foraging and incubating
in this study. Dietary items were collected froncleactive site and differences in the relative
abundance of specific insect orders were noted [{&agh et al. 2014). More specifically, the
order Ephemeroptera was absent from study sitas.rii&y be due to water quality issues since
a lack of mayflies is a strong indication of an aldmced water system (Wayland and Crosley
2006). Besides Ephemeroptera, there appearedaon Adbundance and variety of aquatic

emergent insects available for consumption.

Exposure to excess concentrations of mercury affgzandonment rates in avian species. Nest
abandonment increased in Carolina wrens that wgresed to elevated concentrations of
mercury through their food source (Jackson etGl12. When mercury concentrations between
eggs from abandoned nests and eggs from non-abashdests were compared, abandoned nests
had increased egg Hg concentrations. A possiblaeagpon for mercury-associated nest
abandonment is that elevated mercury concentrataus to decreased estradiol concentrations,
making females less likely to reproduce or to iratekeggs (Jayasena et al. 2011). Mercury
concentrations were elevated in a greater percembigooded mergansers than wood ducks,
while more abandonment events occurred with woadkslthan hooded mergansers. Therefore,

it is unlikely that mercury is the main cause ofsnabandonment events.
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Conclusions

Hatching and fledging success was within normagjearfor all targeted species in this study.
Nest abandonment rates were increased in wood dwblksh may be due to the presence of
inexperienced females or elevated Hg concentratiansing behavioral anomalies. Although
eggs from abandoned nests contained on averagemaocery than eggs from non-abandoned

nests, there was no significant difference in Hgoemtrations.
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