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ABSTRACT
Western snowy plovers (Charadrius nivosus) are philopatric shorebirds
sporadically distributed during the breeding season at saline lake and alkali flat breeding
environments of the Southern Great Plains (SGP) of Oklahoma, New Mexico, and Texas.
The major conservation threat to interior snowy plovers breeding on the SGP derives
from anthropogenic modification of breeding environments. The SGP is one of the most
intensively cultivated regions in the world, and excessive groundwater mining and
resulting deterioration of artesian spring flows reduces site quantity and quality critical
for regional successful nesting. Most saline lakes now primarily receive freshwater
inputs via irregular precipitation events and overland flow. Snowy plovers are
dependent on consistent spring flows and shallow surface water to maintain foraging
habitats and satisfy thermoregulatory needs. Therefore, limited surface water
availability effectively reduces snowy plover habitat availability, occupancy, and
reproductive success in these degraded habitats. Snowy plovers may also be vulnerable
to elevated contaminant exposure, such as mercury (Hg), in these environments.
Presently, there is a paucity of published research regarding Hg exposure for avifauna
inhabiting saline lake and alkali flat environments of the SGP.
The health consequences of Hg exposure are dependent on the dose-response
relationship for methylmercury (MeHg) and the organism. Acute exposure may cause
i

death, while lower chronic doses compromise avian learning ability, motor skills, body
condition, and response to environmental stimuli. Shorebirds are at high risk of
contaminant exposure due to their consumption of aquatic invertebrates found in
sediments, surface water, and agricultural fields where pollutants tend to accumulate.
Therefore, the objectives of this research were to 1) to quantify baseline blood total
mercury (THg) concentrations to evaluate risks of Hg concentrations to regional snowy
plover survival and reproductive success and 2) provide baseline sediment THg levels for
potentially at-risk snowy plover breeding sites on saline lake and alkali flat habitats in
the SGP to assess potential regional THg contaminant threats.
We collected whole blood from 130 adult snowy plovers in 2014, of which 97
were analyzed for THg concentrations. All analyzed blood samples were above
instrument detection limits (DL), ranging from 0.0222-0.7060 ppm THg. The arithmetic
mean blood THg level was 0.2582 ppm across all body conditions, sexes, collection
months, and study sites. All blood samples contained quantifiable THg concentrations
(i.e., >DL), thereby implicating some degree of chronic local exposure for snowy plovers
breeding in the SGP. However, all plover blood THg concentrations were below blood
adverse effect thresholds of 1.0 ppm for avian piscivores and within the normal range of
0.02-2.5 ppm for shorebird blood THg exposure. Snowy plover blood THg
concentrations were similar between sexes and body condition was not related to blood
THg concentration, but did vary among sites and months. Overall, site was the most
predictive modifier in the top ranked candidate concentration model. While Hg
ii

exposure may not constitute a singular threat to regional snowy plover declines, Hg
interactions with other bioavailable contaminants, such as selenium, could prove
relevant to long-term snowy plover population dynamics.
A total of 34 sediment samples were collected from seven of eight study sites in
2014 and analyzed for percent moisture content and THg concentrations. Sediment
moisture content ranged from 16.2-71.8% depending on substrate particle size at each
sampling site. As with blood, all sediment samples were >DL, ranging from 0.00040.0268 ppm THg. The arithmetic mean sediment THg concentration was 0.0079 ppm
among all moisture contents, spring types, potential snowy plover nesting areas, and
sites. Low sediment THg levels indicate some extent of consistent regional Hg
bioavailable within the environment. Yet, all sediment THg concentrations were below
suggested sediment adverse effect thresholds of 0.2 ppm for freshwater invertebrates
and <0.05 ppm THg detected during past regional saline lake research. Sediment
moisture content proved the strongest modifier on sediment THg concentrations,
followed by spring type, and snowy plover nesting activity. Negligible THg variation
occurred among sites. An array of factors dictates environmental (sediment) THg
availability. Consequently, baseline sediment THg levels only offer partial insight into
regional Hg risk assessments. Long-term monitoring should further incorporate
sediment particle size and a suite of other environmental factors that influence baseline
THg levels or methylation potential. Vital research needs should address isotopic
contaminant origins to identify potential regional sources and attempt to establish
iii

linkages between sediment THg levels and biomagnification potential, or trophic
transfer, throughout local food chains.
Very few THg adverse effect threshold data are available to quantify toxicity risk
for shorebirds, but snowy plover blood THg concentrations were consistent with results
reported from other studies. The greatest blood Hg concentrations occurred in
Oklahoma (Salt Plains NWR), followed by New Mexico (Bitter Lake NWR), and Texas.
Saline lake sediment THg concentrations also aligned with findings from past regional
contaminant investigations. Although baseline sediment THg levels offer a temporal
snapshot of Hg presence (or absence) in the environment, representative sediment
concentrations cannot fully depict Hg mobility, distribution, or toxicity risk without
regard for other sediment physio-geochemical properties. Snowy plover blood THg
concentrations are indirectly linked to geographic variations in baseline environmental
Hg availability, predominantly derived from differences in hydrological or geological
influences on sediment moisture content. Consequently, differential baseline sediment
concentrations and methylation rates among moisture contents and spring types could
drive variations in plover THg levels. While a direct relationship may not exist between
snowy plover blood THg and sediment THg concentrations, intermediate trophic levels
may provide linkages for MeHg bioaccumulation and biomagnification through the
system. Future research should establish adverse effect threshold levels for speciesspecific shorebird blood, evaluate non-breeding season snowy plover Hg exposure, and
monitor plausible snowy plover MeHg exposure pathways through THg quantification in
iv

intermediary vegetation and potential invertebrate prey assemblages indicative of
regional nesting environments.
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CHAPTER I

MERCURY CONCENTRATIONS IN SNOWY PLOVERS AND SEDIMENTS OF THEIR
BREEDING ENVIRONMENTS THE SOUTHERN GREAT PLAINS

1

INTRODUCTION
Western snowy plovers (Charadrius nivosus) are considered to be one of the
rarest shorebirds in North America, where regional and range-wide declines in snowy
plover populations have been largely attributed to habitat loss and degradation,
invading exotic vegetation, and elevated predation rates (U.S. Fish and Wildlife Service
2001, Page et al. 2009). While Pacific Coast snowy plovers constitute a threatened
subpopulation, all snowy plovers are designated as a species of management concern by
the U.S. Fish and Wildlife Service, or share state listings elsewhere in their range (Page
et al. 2009). Combined population estimates for western snowy plovers were roughly
24,000 birds with a categorized short-term population trend of “apparent decline”
(Morrison et al. 2006, Andres et al. 2012, Thomas et al. 2012). Utah’s Great Salt Lake
has long been known to support large numbers of breeding snowy plovers, but survey
results reinforced the significance of breeding habitats in saline wetlands of the
Southern Great Plains (SGP; Thomas et al. 2012). Greater than 20% of all breeding
interior western snowy plovers were found at Oklahoma’s Salt Plains National Wildlife
Refuge (NWR), which supported interior plover populations comparable to those at the
Great Salt Lake (Thomas et al. 2012). Several smaller snowy plover nesting sites are
sporadically distributed throughout the SGP of west Texas and eastern New Mexico
(Conway et al. 2005b, Thomas et al. 2012, Saalfeld et al. 2013, Ashbaugh 2016).
2

While the surface may appear flat, the SGP are pitted with almost 30,000
endemic freshwater playa wetlands and ~40 saline lakes (Osterkamp and Wood 1987,
Haukos and Smith 1992). Playas function as recharge basins for the underlying Ogallala
Aquifer whereas saline lakes historically functioned as discharge wetlands via perennial
artesian spring flow (Brüne 1981, Sophocleous 2000, Conway et al. 2005a, Saalfeld et al.
2012b, 2013). However, following long-term excessive groundwater mining, subsequent
deterioration of artesian spring flow precludes consistent surface water availability and
available habitat for breeding snowy plovers, which nest almost exclusively within saline
lakes (Fellows et al. 2001, Conway et al. 2005a, b, Andrei et al. 2008, Saalfeld et al.
2013).
Highly degraded freshwater spring flows may be the most pressing conservation
issue for regional snowy plovers breeding in Texas (Conway et al. 2005a, b, Andrei et al.
2008, Saalfeld et al. 2012a, b, 2013, Ashbaugh 2016). Of the ~40 saline lakes endemic to
the SGP, >30 now possess severely compromised freshwater spring inflows, significantly
decreasing surface water availability and reducing habitat availability for breeding
snowy plovers (Conway et al. 2005a, b, Andrei et al. 2008, Rosen et al. 2013, Saalfeld et
al. 2013). Unsustainable groundwater mining of the Ogallala Aquifer, first initiated in
the late 1930s for local irrigation and municipal use, has resulted in significant water
table declines (Brüne 1981, Sophocleous 2000). The ecosystem deterioration deriving
from prolific groundwater mining, widespread drought conditions, and high
evapotranspiration potential in spring-fed saline lakes shortens hydroperiod, promotes
3

lake salinitization, reduces freshwater hydrophytes, and diminishes invertebrate
abundances, which comprise key prey sources for shorebirds (Osterkamp and Wood
1987, Andrei et al. 2008, 2009, Rosen et al. 2013). As a result, present-day saline lake
snowy plover habitat quality is deteriorating (Conway et al. 2005a, Andrei et al. 2009,
Saalfeld et al. 2013, Ashbaugh 2016).
While long-term datasets covering the entire interior snowy plover range are
lacking, overall population trends indicate stability (Andres et al. 2012), although
breeding snowy plovers in the Texas SGP are thought to be experiencing chronic (19992010) declines (>75%; Saalfeld et al. 2013, Ashbaugh 2016). Routine survey data and
banding programs have monitored the west Texas breeding snowy plover subpopulation
(<500) since 1998, where a 78% decline in survey counts and a 83% drop in nest
numbers at regional saline lakes indicate long-term declines in regional apparent
abundance and reproductive success (Conway et al. 2005a, Saalfeld et al. 2013,
Ashbaugh 2016). Without substantial increases in immigration and adult replacement
rates (i.e., fledgling survival), the SGP breeding snowy plover population will
progressively decline (Saalfeld et al. 2013).
Combined with declining habitat quality in the SGP, snowy plovers may be
vulnerable to environmental contaminants, both naturally occurring and
anthropogenically derived. While regional saline lake breeding habitats are known to
naturally contain heavy metals and metalloids, their form and distribution may be
influenced by anthropogenic activities. Heavy metals may be considered contaminants
4

if present in excess levels or irregular forms compared to those typically found naturally
(Irwin et al. 1996, Chapman and Wang 2000, Venne et al. 2006). Contaminants may be
further categorized as pollutants when they produce adverse biological effects at
harmful concentrations, including impaired avian reproduction (Chapman and Wang
2000, Hothem and Powell 2000), motor skill deterioration, elevated disease
susceptability, behavioral changes, or mortality following acute exposure (Schwarzbach
et al. 2005). Shorebirds forage in sediments, surface water, and agricultural fields
where pollutants are known to accumulate, thereby increasing their likelihood of
contaminant consumption (Braune and Noble 2009).
Recent playa contaminant work in the SGP detected consistent levels of heavy
metals (Johnson 2011) and potentially harmful levels of selenium (Se) were detected
during a 2013 study assessing heavy metal and metalloid contaminant concentrations in
snowy plovers breeding in the SGP, where Se was detected in nearly 90% of snowy
plover blood samples (Ashbaugh 2016). Snowy plover Se blood concentrations
(arithmetic mean 4.44 ± 0.38 ppm Se) exceeded the avian blood adverse effect
threshold of 1 ppm Se (Ashbaugh 2016). Consequently, the current research serves as a
follow-up by quantifying risks of mercury (Hg) toxicity for regional snowy plovers during
the breeding season.
Hg, or quicksilver, is a ubiquitous, highly mobile pollutant with several forms and
sources. While total mercury (THg) encompasses all forms of Hg, Hg is generally
grouped into three main species: elemental mercury (Hg0), inorganic mercury (Hg(II)),
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and organic methylmercury (hereafter MeHg), which exhibits inherent risks of
bioaccumulation and trophic biomagnification (United Nations Environment Programme
2013). Both Hg0 and Hg(II) were first utilized by the ancient Greeks, Romans, Arabs, and
Chinese thousands of years ago (Burger and Gochfeld 1997, Lacerda 1997, Hernández et
al. 1999, Nom et al. 2007), where early applications included alchemy (Nom et al. 2007),
cinnabar mining for use as red paint pigment (Hernández et al. 1999), ancient gold and
silver mining (Lacerda 1997), and cosmetic or medical treatments (Nom et al. 2007,
Carocci et al. 2014). In contemporary times, Hg has been further used in agricultural
fungicides (Elhassani 1982), the felt- and hat-making industries (O’Carroll et al. 1995),
mirror manufacturing (Burger and Gochfeld 1997), dental amalgams (Carocci et al.
2014), chemical manufacturing, electrical device production, artisanal gold mining and
smelting operations, and as a slime control agent in pulp and paper industries (Eisler
1987, Heinz 1996, Boening 2000). Although Hg exists naturally in the environment,
anthropogenic emissions far surpassed geological emissions after the dawn of the
Industrial Era, particularly with the advent of coal-fired power plants (Burger and
Gochfeld 1997, United Nations Environment Programme 2013). Current estimates of Hg
availability now exist up to five times pre-industrial levels in some parts of the world as a
result of human activity and re-emissions (Eisler 1987, Davis et al. 1997, Boening 2000).
Avian toxicology research has focused on the distribution of Hg and its
detrimental effects since the 1960s (Burger and Gochfeld 1997), assessing THg levels in
tissues (Ackerman et al. 2008, Perkins et al. 2016) and bird eggs (Allen and Blackford
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1993, Hothem and Powell 2000, Schwarzbach et al. 2005, Ackerman et al. 2013, 2015).
Such monitoring is useful to establish baseline exposure levels and identify potential
species and habitats that may be at risk of Hg exposure. However, avian health
consequences of Hg exposure are dependent on the dose-response relationship for
MeHg and the organism (Heinz 1996). Acute exposure may cause death, while lower
chronic doses affect avian learning ability, motor skills, body condition, and response to
environmental stimuli (Heinz 1996, Schwarzbach et al. 2005). Reproduction serves as a
particularly susceptible endpoint for MeHg impairment as egg hatchability may be
doubly compromised by direct toxic effects to the embryo along with altered adult
incubation and brooding behavior (Schwarzbach et al. 2005, Ackerman et al. 2013).
Researchers routinely substitute THg levels for avian MeHg accumulation as ≥90% of
THg in blood, feathers, and eggs is in the MeHg form (Evers et al. 2005, Rimmer et al.
2005, Goodale et al. 2008).
Non-lethal collection of avian blood depicts both recent dietary THg assimilation
and current THg mobilization and redistribution among internal tissue types (Burger and
Gochfeld 1997, Evers et al. 2005, Hargreaves et al. 2011). Therefore, blood analyses are
frequently utilized to assess short-term, local THg exposure in wild birds (Evers et al.
2005, Ackerman et al. 2008). Consequently, blood depicts local SGP THg exposure in
philopatric snowy plovers during the breeding season. Although previous snowy plover
biomonitoring research has investigated THg levels in eggs (generally <1 ppm THg; Allen
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and Blackford 1993, Hothem and Powell 2000, Schwarzbach et al. 2005, Ackerman et al.
2015), this research is the first to examine snowy plover blood THg concentrations.
Environmental conditions are the strongest driver of Hg availability in alkali flats
and saline lakes of the SGP, where trace Hg concentrations found in water and sediment
bioconcentrate and biomagnify through food chains (Eisler 1987). Sediments serve as
the dominant environmental repository for Hg (Ullrich et al. 2001) and best reflect Hg
bioavailability and methylation rates in these alkali flat and saline lake habitats (Gilmour
et al. 1998). In a toxicological sense, methylation, where Hg(II) is converted to MeHg, is
the most important process driving MeHg biomagnification potential in at-risk
environments (Gochfeld 2003). Furthermore, regional sedimentary processes of the
SGP, including erosion, deposition, and surficial mixing, may augment sediment Hg
concentrations through dry deposition (i.e., eolian transport) and sedimentation (i.e.,
overland flow; note Irwin et al. 1996, Luo et al. 1997, Gochfeld 2003, Venne et al. 2006).
As a result, widespread sediment Hg bioavailability could produce sublethal or lethal
effects in exposed snowy plovers, further contributing to regional population declines
(Heinz 1996, Schwarzbach et al. 2005, Ashbaugh 2016).
Although baseline sediment THg concentrations provide a temporal snapshot of
THg bioavailability in regional alkali flats and saline lakes, representative sediment
concentrations cannot fully depict THg mobility, distribution, or toxicity risk for an area
(Pan et al. 2011). Consequently, regional environmental THg risk assessments must also
quantify sediment physio-geochemical properties (i.e., moisture content, particle size,
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redox potential, organic matter, sulfur content, etc.) in light of regional depositional and
erosional processes (Pan et al. 2011). These physical and chemical factors, along with
regular transformations between Hg species, determine THg distribution in the SGP
(Ullrich et al. 2001). Ultimately, specific factors dominating MeHg production or THg
distribution among environmental matrices likely reflect local variability among
different ecosystems (Ullrich et al. 2001).
As a known carcinogen, mutagen, and teratogen, Hg has been shown to cause
embyocidal, cytochemical, and histopathological effects in biota (Eisler 1987). If present
at adverse levels, trace saline lake sediment THg concentrations may biomagnify and
compromise snowy plover health and reproductive success. Presently, there is a paucity
of published research regarding interior snowy plover populations, relevant shorebird
toxicological thresholds, or baseline sediment contaminant concentrations in saline
environments of the SGP. Therefore, the objectives of this research were 1) to quantify
baseline blood THg concentrations to evaluate risks of Hg impairment to regional snowy
plover survival and reproductive success and 2) to provide baseline sediment THg levels
for at-risk snowy plover breeding sites at saline lake and alkali flat habitats in the SGP to
assess potential regional environmental contaminant threats.
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CHAPTER II

MERCURY CONCENTRATIONS IN SNOWY PLOVER BLOOD DURING THE BREEDING
SEASON IN THE SOUTHERN GREAT PLAINS
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INTRODUCTION
The snowy plover (Charadrius nivosus) is a widespread, yet sporadically
distributed shorebird inhabiting North and South America, Cuba, Puerto Rico, and some
Caribbean islands (Funk et al. 2007, Küpper et al. 2009, Thomas et al. 2012, U.S. Fish and
Wildlife Service 2012). After large-scale population declines were recognized in the
early 1980s and mid-1990s, many North American shorebird populations have stabilized
or slowly recovered (Andres et al. 2012). Several shorebird species have experienced
recent or continued declines, including snowy plovers, mountain plovers (C. montanus),
red knots (Calidris canutus), and dunlin (C. alpina; Brown et al. 2001, U.S. Fish and
Wildlife Service 2001, Morrison et al. 2006, Page et al. 2009, Andres et al. 2012, Thomas
et al. 2012, Saalfeld et al. 2013). Breeding snowy plovers in the Texas Southern Great
Plains (SGP) exhibited a 78% decline in survey counts and an 83% decline in nest
numbers at regional saline lakes from 1999 to 2009, indicating long-term declines in
regional abundance and reproductive success (Saalfeld et al. 2013). Regional and rangewide declines in snowy plover populations have been largely attributed to habitat loss
and degradation, exotic invasive plant establishment, and nest failures resulting from
adverse weather, predation, and anthropogenic disturbances (Koenen et al. 1996, U.S.
Fish and Wildlife Service 2001, Conway et al. 2005a, Page et al. 2009, Saalfeld et al.
2012b). The major conservation threat to interior snowy plovers breeding on the SGP
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derives from anthropogenic modification of breeding environments through excessive
groundwater mining and resulting deterioration of artesian spring flows, reducing site
quantity and quality critical for nesting success (Boyd 1981, Brown et al. 2001, Fellows
et al. 2001, Conway et al. 2005b, Andrei et al. 2009).
Known interior U.S. breeding plover populations occur in California, Oregon,
Nevada, Utah, along the Gulf of Mexico coast, and across the Great Plains (Page et al.
2009, Thomas et al. 2012). Highly localized snowy plover populations breed at saline
lakes and alkali flats in the SGP of Oklahoma (Salt Plains NWR), New Mexico (Bitter Lake
NWR), and Texas, along with the Central Great Plains of Kansas (Conway et al. 2005a,
Morrison et al. 2006, Funk et al. 2007, Page et al. 2009, Saalfeld et al. 2012b, 2013).
Comprehensive surveys conducted from 2007 - 2008 suggest a total population of
approximately 22,000 interior western snowy plovers (Andres et al. 2012, Thomas et al.
2012). Salt Plains National Wildlife Refuge (NWR), located in north-central Oklahoma,
serves as the dominant snowy plover breeding site east of the Rocky Mountains and
accounts for 25% of the interior population (Hill 1985, Gorman and Haig 2002, Thomas
et al. 2012). Snowy plover monitoring has been conducted intermittently at Salt Plains
NWR since the 1970s (Purdue 1976, Grover and Knopf 1982, Hill 1985, Winton et al.
2000). Recent refuge surveys conducted from 2013-2016 estimated that approximately
5,000 snowy plovers occur on the alkali flats each breeding season (Thomas et al. 2012,
G. Hensley, unpublished data), comparable to Utah’s Great Salt Lake. Combined, 42% of
all western snowy plovers occupy these two key breeding sites (Thomas et al. 2012).
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Another 500-1,000 snowy plovers breed at smaller saline lake environments in the SGP
of New Mexico and Texas (Thomas et al. 2012). Bitter Lake NWR is one of the most
biologically significant wetland complexes in the state (Land and Huff 2010) and
supports approximately 200 adult snowy plovers, the largest breeding population in
New Mexico (MacRae et al. 2001, Bitter Lake NWR Bird Surveys, unpublished data).
Fewer than 500 adult snowy plovers breed in the SGP of Texas, primarily nesting at
regional saline lakes (Conway et al. 2005a, Thomas et al. 2012, Saalfeld et al. 2013).
While long-term datasets covering the entire interior snowy plover range are lacking,
overall population trends indicate stability (Andres et al. 2012), although breeding
snowy plovers in the Texas SGP are thought to be experiencing long-term (1999-2009)
declines (>75%; Saalfeld et al. 2013).
Snowy plover populations may be further compromised by environmental
stressors (Page et al. 2009, Thomas et al. 2012). Interior snowy plovers nest in shallow,
ground depressional scrapes on sparsely vegetated shores of seasonally ephemeral
streams and inland saline lakes (Hill 1985, Winton et al. 2000, Conway et al. 2005a, Page
et al. 2009), where nests are subjected to high diurnal temperatures in these semi-arid
environments (Purdue 1976, Saalfeld et al. 2012a). Internal egg temperatures are
positively correlated with surrounding air temperature, and egg mortality may occur at
ambient temperatures >40° C (Purdue 1976). Interior nesting habitats routinely
experience temperatures exceeding this threshold, and nest success is influenced by
adaptive incubation behaviors such as belly soaking by incubating adults to improve
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convective cooling during incubation (Purdue 1976, Saalfeld et al. 2012b). Furthermore,
in the Texas SGP, deteriorating flow from artesian springs in saline lakes may be the
most pressing conservation issue for breeding snowy plovers regionally (Conway et al.
2005a, Andrei et al. 2008, Saalfeld et al. 2012a, b, Ashbaugh 2016). Specifically,
groundwater mining for row-crop irrigation has escalated groundwater declines (Brüne
1981, Sophocleous 2000) in the Ogallala Aquifer, as well as in several western Kansas
and Oklahoma rivers, degrading freshwater spring integrity, increasing salinization, and
reducing accessible surface water in regional wetlands that have aquifer or river
connectivity (Brüne 1981, Sophocleous 2000, Fellows et al. 2001, Conway et al. 2005b).
Coupled with declining habitat quality and quantity throughout the region,
snowy plovers may also be susceptible to contaminant exposure (MacRae et al. 2001,
Ashbaugh 2016). Heavy metals and metalloids naturally occur within snowy plover
breeding environments, but contaminant form and distribution may be influenced by
anthropogenic activity, such as historical and current industrial agricultural practices and
via concentrating potential contaminants because of decreased fresh water inflows
(Irwin et al. 1996, MacRae et al. 2001, Venne et al. 2006, Ashbaugh 2016). For example,
regional saline lakes contain mercury (Hg), selenium (Se), cadmium (Cd), arsenic (As),
and other heavy metals as a result of natural weathering of surrounding geologic
formations, past land use practices, or anthropogenic combustion of fossil fuels and
man-made wastes (Lemly and Smith 1987, Irwin et al. 1996, MacRae et al. 2001,
Giggleman et al. 2004, Johnson 2011, United Nations Environment Programme 2013,
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Ashbaugh 2016). These metals are considered contaminants when present in excess
levels or in forms not naturally found in the environment (Lemly and Smith 1987, Irwin
et al. 1996, Chapman and Wang 2000, Hudak 2000, Venne et al. 2006). These
contaminants may be further characterized as pollutants if they result in adverse
biological effects (Heinz et al. 1987, Burger 1993, Chapman and Wang 2000, Hothem
and Powell 2000, Schwarzbach et al. 2005).
Avian health consequences of Hg exposure are dependent on the dose-response
relationship for MeHg and the organism (Heinz 1996, Zillioux et al. 1993). Acute
exposure may cause death, whereas chronic exposure may compromise avian
reproductive success, learning ability, body condition, motor skills, and behavioral
response to environmental stimuli (Heinz 1996, Schwarzbach et al. 2005). Reproduction
serves as a particularly susceptible endpoint for MeHg impairment as egg hatchability
may be doubly compromised by direct toxic effects to the embryo along with altered
adult incubation and brooding behavior (Schwarzbach et al. 2005, Ackerman et al.
2013). Explicit avian metal concentrations and Hg species compositions differ according
to Hg lipid solubility and avian tissue type (Evans and Moon 1981, Bond and Diamond
2009). Organic MeHg is lipid-soluble, thus enabling it to cross biological membranes
(Burger 1993, Krabbenhoft et al. 1999) and accumulate in lipid-rich blood and egg
tissues (Thompson and Furness 1989, Burger 1993, Evers et al. 2005, Rimmer et al.
2005, Edmonds et al. 2010, Ackerman et al. 2013) whereas inorganic divalent Hg (Hg(II))
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accumulates in the kidney and liver (Burger 1993, Evers et al. 2005, Bond and Diamond
2009).
Internal total mercury (THg) levels derive from a dynamic balance between rates
of intake and excretion (Evans and Moon 1981, Lewis and Furness 1991, Fournier et al.
2002). Free-ranging wildlife are primarily exposed to Hg, specifically MeHg, through
their diet via direct consumption of contaminated food (Fimreite 1979, Burger 1993,
Scheuhammer et al. 2007, Hargreaves et al. 2011, Lane et al. 2011, Strom and Brady
2011). Heavy metal contaminant exposure is often greatest at the top of food chains
due to potential bioaccumulation and biomagnification, particularly among avian
predators consuming fish or other bird species (Eisler 1987, Walsh 1990, Schwarzbach
and Adelsbach 2002, Lodenius and Solonen 2013). While piscivorous species routinely
display the greatest MeHg concentrations, insectivorous birds inhabiting both aquatic
and terrestrial habitats also exhibit elevated MeHg concentrations (Evers et al. 2005,
Rimmer et al. 2005, Goodale et al. 2008, Hartman et al. 2013), whereas herbivores
typically demonstrate the lowest MeHg concentrations (Evers et al. 2005, Rimmer et al.
2010). Snowy plovers have been identified as at risk because organochlorine pesticides,
PCBs, and heavy metal contaminants (i.e., Se, Hg, chromium, and manganese), have
been detected in snowy plovers on the Pacific coast (Henny et al. 1982, Hothem and
Powell 2000, Schwarzbach et al. 2005) and at high concentration breeding sites like
Great Salt Lake, Utah (Vest et al. 2009, Conover and Vest 2009, Wurtsbaugh et al. 2011,
Ackerman et al. 2015) and the SGP, including the Salt Plains NWR (Ashbaugh 2016).
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Adverse effect threshold levels have not been established for shorebird Hg
exposure (Hargreaves et al. 2010). Evers et al. (2004) proposed blood Hg risk categories
for piscivorous common loons (Gavia immer): low risk individuals possessed blood THg
wet weight concentrations of <1.0 ppm, moderate risk of 1.0-3.0 ppm, high risk of 3.04.0 ppm, and extra-high risk individuals were associated with concentrations >4.0 ppm.
Many researchers adopt a 3.0 ppm adverse threshold level for avian blood THg
concentration (Goodale et al. 2008, Eagles-Smith et al. 2009, Hargreaves et al. 2011,
Winder 2012) while some advocate an avian blood threshold >1.0 ppm for terrestrial
passerines (Scheuhammer et al. 2007, Edmonds et al. 2010, Lane et al. 2011, Strom and
Brady 2011). No single toxicological threshold, for any tissue, serves as a reliable
indicator of avian lethal or sublethal effects as some individuals with blood THg
concentrations exceeding these threshold levels are seemingly unaffected by Hg
exposure and may demonstrate normal behavior and reproductive success (Burger
1993, Heinz 1996, Winder and Emslie 2011). Appropriate avian toxicological threshold
values should incorporate factors such as Hg species composition, bird species, Hg
bioavailability and extent of exposure, and characteristics of the exposed individual
(e.g., diet, habitat, body size, gender, age, and body condition; Fimreite 1979, Burger
1993, Burger and Gochfeld 1997).
Additionally, no single tissue has been universally adopted by researchers to
quantify avian THg exposure (Eagles-Smith et al. 2008). While this has afforded
flexibility in sampling, this inconsistency undermines study comparisons and minimizes
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environmental mitigation success, as few comprehensive studies simultaneously assess
THg levels in a full array of tissues (Eagles-Smith et al. 2008). Non-lethal blood sampling
depicts both recent dietary Hg ingestion and current circulation within the body (Evers
et al. 2005, Hargreaves et al. 2011), and blood analyses are considered the best
reflection of short-term avian THg exposure (Evers et al. 2005). The exact temporal
window for blood THg exposure corresponds to the half-life elimination constant before
MeHg leaves the body, which ranges from a few days to a few months (Evers et al.
2005). Past studies suggest that shorebird background blood THg concentrations
generally range from 0.02-2.5 ppm (Tavares et al. 2008, Eagles-Smith et al. 2009,
Hargreaves et al. 2011, Perkins et al. 2016; Table 2.1).
Although snowy plover blood THg levels have never been quantified, THg was
detected in 43 inviable or abandoned snowy plover eggs in California from 1994-2000
(Hothem and Powell 2000, Schwarzbach and Adelsbach 2002, Schwarzbach et al. 2005).
Yet, snowy plover egg THg concentrations only surpassed the 1 ppm egg toxicity
threshold at Point Reyes National Seashore in 9 eggs from 5 failed nests (Schwarzbach et
al. 2005). Additionally, Allen and Blackford (1993) measured THg levels in 4 interior
snowy plover eggs collected in Kansas at Quivira NWR in 1992, but none exceeded the 1
ppm threshold (Allen and Blackford 1993). A 2010-2012 assessment of Great Salt Lake,
Utah, reported average snowy plover egg concentrations of 0.44 ppm THg wet weight
(Ackerman et al. 2015). Snowy plovers accounted for the third greatest egg THg
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concentrations recorded in the study with 10% (1/10) of eggs surpassing the
recommended 1 ppm egg THg adverse effect threshold (Ackerman et al. 2015).
Avian THg concentrations cannot be examined without regard for other
contaminants, which may produce antagonistic or synergistic interactions (Burger and
Gochfeld 1997, MacRae et al. 2001, Eagles-Smith et al. 2008). While regional sediment
heavy metal concentrations were assessed in the late 1990s and early 2000s (Irwin et al.
1996, MacRae et al. 2001, Giggleman et al. 2004), recent research detected elevated Se
exposure in snowy plovers breeding in the SGP in 2013 (Ashbaugh 2016). Combined
exposure to both Se and Hg creates unpredictable toxicological outcomes dependent on
the relative concentrations of each element and the sensitivity of the target organ or
individual (Khan and Wang 2009, Hargreaves et al. 2011).
Presently, there is a paucity of published research regarding interior snowy
plover populations, relevant shorebird toxicological thresholds, or contaminant
exposure for avifauna inhabiting the Southern Great Plains. Moreover, effects of THg on
snowy plover reproductive success (i.e., egg hatchability; chick survival; compromised
neurological capability or physical condition) remain unknown, but may be intensified
by recognized regional declines in habitat quality and quantity. While THg
concentrations in snowy plover eggs have been examined (Allen and Blackford 1993,
Hothem and Powell 2000, Schwarzbach and Adelsbach 2002, Swarzbach et al. 2005,
Ackerman et al. 2015), these studies are infrequent and primarily offer baseline
estimates for western populations. Because Hg naturally occurs in regional snowy
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plover nesting environments and has been detected in threatened Pacific Coast snowy
plovers (Hothem and Powell 2000, Schwarzbach and Adelsbach 2002, Schwarzbach et al.
2005), it stands to reason that Hg may also be contributing to chronic regional
population declines (Saalfeld et al. 2013). Therefore, the objective of this research was
to quantify THg concentrations and provide baseline estimates of breeding snowy
plover blood THg concentrations for the Southern Great Plains saline lake and alkali flat
environments of Oklahoma (Salt Plains NWR), New Mexico (Bitter Lake NWR), and Texas
to better gauge risks of THg impairment to regional snowy plover survival, reproductive
success, and population declines.
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METHODS
Study Area
This research was conducted during May through August 2014 at four regional
alkaline flats and saline lakes historically used by interior snowy plovers during the
breeding season (Figure 2.1). While snowy plovers were surveyed at several sites,
monitoring efforts prioritized public lands (Salt Plains NWR and Bitter Lake NWR) and
accessible private lands with snowy plover nesting activity (Figure 2.1). Salt Plains NWR
is located in Alfalfa County in northern Oklahoma, and encompasses almost 13,000 ha,
including 4,800 ha of the region’s largest salt flats (Grover and Knopf 1982, Bonner
2008), and serves as the dominant snowy plover breeding site east of the Rocky
Mountains (Hill 1985, Gorman and Haig 2002, Thomas et al. 2012). Salt Plains NWR
receives most of its rain during spring and summer, with an average annual rainfall of 68
cm (Koenen et al. 1996). Daily median surface temperatures can reach 46°C during
summer with wind speeds reaching a maximum of 69 km/h (Caton et al. 2004, Bonner
2008). Three freshwater streams flow across the alkaline flats. The Salt Fork of the
Arkansas River forms the northeastern boundary of the salt flats whereas the two
smaller streams, Clay and Cottonwood Creeks, empty into the Great Salt Plains Lake
(Grover and Knopf 1982). Ephemeral streams appear following heavy rains and
frequently alter their course in response to microtopography (Ortenburger and Bird
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1933, Grover and Knopf 1982, Koenen 1995). During World War II, the alkaline flats
were utilized as a training base for the United States Army Air Corps, where bombing
debris still remains scattered across the landscape (Grover and Knopf 1982).
Bitter Lake NWR has been recognized as a New Mexico biodiversity hotspot and
supports around 200 adult snowy plovers, the largest breeding population in the state
(Figure 2.1; MacRae et al. 2001, Bitter Lake NWR Bird Surveys, unpublished data). Bitter
Lake NWR is located on the Pecos River in Chaves County, east of Roswell in
southeastern New Mexico (MacRae et al. 2001, Land and Huff 2010). Bitter Lake NWR is
characterized by mixed Chihuahuan shrub/grassland vegetation communities with
native cottonwood (Populus spp.), willow (Salix spp.), and invasive saltcedar (Tamarix
spp.) trees lining refuge riparian corridors (MacRae et al. 2001). Summer temperatures
exceed 40°C and mean precipitation is 30 cm/year, with most precipitation occuring
during summer (Land and Huff 2010). The refuge resides above the two-aquifer Roswell
Artesian Basin system (Land and Huff 2010). Hydrology at Bitter Lake NWR is reflective
of groundwater discharge derived from karst springs, seeps, sinkholes, and wetlands
(Land and Huff 2010). Lake depth generally ranges from 0-1.2 m depending on
groundwater discharge (from springs on the western lake edge and nearby lands) and
surface water flows from Bitter Creek and Lost River (MacRae et al. 2001).
The Llano Estacado of the SGP is an extensive plateau covering almost 130,000
km² in Texas and New Mexico (Holliday 2000, Johnson and Holliday 2004), and
encompasses the southern portion of the Ogallala Formation, which spans 450,000 km2
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from South Dakota to Texas and New Mexico and serves as the principal regional
groundwater source (Reeves 1972, Wood et al. 2002). While the surface may appear
flat, the SGP are pitted with almost 30,000 freshwater playa wetlands and ~40 saline
lakes (Osterkamp and Wood 1987, Haukos and Smith 1992). Historically, saline lakes
functioned as large discharge wetlands that lie contiguous with the Ogallala’s saturation
zone (Holliday et al. 1996) and received their freshwater supply from both artesian
springs and overland flow (Brüne 1981, Rosen et al. 2013). Due to water table declines
from anthropogenic groundwater mining, many degraded artesian springs exhibit
reduced flow (Brüne 1981, Saalfeld et al. 2013). Moreover, when groundwater mining is
augmented by drought conditions, regional surface water availability becomes
increasingly ephemeral (Rosen et al. 2013). Saline lakes are sparsely vegetated
compared to freshwater playas (Rosen et al. 2013) with saline water chemistry of >400
ppt of dissolved solids (Osterkamp and Wood 1987, Haukos and Smith 1997, Ashbaugh
2016). Annual climate patterns in the semi-arid SGP are characterized by high summer
temperatures (≥45°C; Saalfeld et al. 2012a), high wind speeds (frequent gusts ≥60 mph),
and low precipitation (≤45 cm/year; Rosen et al. 2013). Annual precipitation is highly
variable, but often ranges from 35 – 45 cm and tends to fall during convective summer
thunderstorms (Hall and Valastro 1995).
Use of privately-owned Texas saline lakes was dependent on landowner
permission, as well as current and past snowy plover use (Conway et al. 2005a, b,
Saalfeld et al. 2012a, b, 2013, Ashbaugh 2016). The SGP is one of the most cultivated
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regions in the world (Haukos and Smith 1992, Johnson 2011) where land use is
dominated by both dryland and irrigated cotton (Gossypium spp.). Fewer than 500 adult
snowy plovers occur regionally (Thomas et al. 2012), where private lakes A (Lynn
County) and B (Terry County) incorporated 56% of all adult snowy plovers detected in
west Texas during the 2007-2008 International Snowy Plover Survey (Thomas et al.
2012, Saalfeld et al. 2013). While nest surveys were conducted at a third private lake, C
(Bailey County), snowy plovers were only captured at Salt Plains NWR, Bitter Lake NWR,
and Texas private lakes A and B as they were absent or nesting in extremely low
numbers at remaining study sites (Figure 2.1). Selected study sites have been utilized
for multiple snowy plover studies (Conway et al. 2005a, b, Saalfeld 2010, Saalfeld et al.
2012a, 2013a, Ashbaugh 2016) due to functional artesian springs and surface water
availability requisite for successful snowy plover foraging and nesting activities.
Nest Surveys, Trapping, and Processing
Nest surveys were performed ≥1 time every two weeks on foot throughout the
breeding season from 6 May to 12 August 2014 at each study site to discover new nests
or monitor known nests. At Salt Plains NWR, nest surveys occurred more frequently
(portions of the NWR were traversed daily), using both ATVs and by foot. Nests were
located by observing adult snowy plovers incubating nests, flushing from or returning to
nests, or by accidental discovery while searching available habitat (Conway et al. 2005a,
Saalfeld 2010, Saalfeld et al. 2012a). As nests were found, their locations were recorded
with GPS units (Garmin eTrex® 20; Olathe, Kansas).
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Adult snowy plovers were captured via nest traps following Conway and Smith
(2000) and Saalfeld et al. (2013b; Stephen F. Austin State University IACUC 2013-002).
All snowy plover trapping and processing lasted ≤30 minutes (including trap deployment
and capture) and occurred between 6:30-14:00 hours. Adults were trapped during late
incubation (determined by egg count and float techniques; Mabee et al. 2006) to reduce
likelihood of injury or nest abandonment.
Adults were banded using a pre-existing auxiliary color-banding protocol, where
each received a uniquely numbered U.S. Geological Survey aluminum band on the
tibiotarsus of their left leg, a dark green color band on the upper right tibiotarsus, and a
unique combination of color bands on the lower left and right tarsus (see Conway 2001;
Saalfeld 2010). Sexing occurred in the field based on dichromatic plumage
characteristics (Pyle 2008), and sex was confirmed through molecular sexing techniques
following Conway et al. (2004). The following were measured for each captured adult:
body mass (g), non-flattened wing chord (mm), tarsus (mm), tail length (mm), exposed
culmen (mm), bill width (mm) at nares, forehead plumage patch length (mm) and width
(mm), and right eye plumage patch length (mm) and width (mm). Mass was measured
with a digital balance while wing chord, tarsus, and tail length were measured with a
ruler. Exposed culmen, bill width, and forehead and right eye plumage patches were
measured with digital calipers. Measurements were taken by multiple observers. All
snowy plover capture and handling followed approved institutional animal care and use
protocols (SFASU IACUC 2013-002), federal and state scientific collection permits (U.S.
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Fish and Wildlife Service MB 093044; Oklahoma Department of Wildlife Conservation
5980; New Mexico Department of Game and Fish 3558; Texas Parks and Wildlife
Department SPR-0413-039), and the U.S. Geological Survey Bird Banding Laboratory
Master Banding Permit (Number 23393). Each adult snowy plover was examined for
feather molt (primary, body, or tail), as well as overall feather wear, and presence of
external parasites.
Blood Sample Collection
A maximum of 200 µL of whole blood was collected via brachial venipuncture
from adults (Conway 2001, Conway et al. 2004, Küpper et al. 2009, Brown et al. 2013)
using a heparinized 25-gauge 1.6-cm needle and 1-mL syringe (Becton, Dickinson and
Co., Franklin Lakes, NJ; Hoysak and Weatherhead 1991). A small portion of each blood
sample was added to a 15-mL Falcon® polypropylene conical tube (Becton, Dickinson
and Co., Franklin Lakes, NJ) and stored in 5 mL of lysis buffer at -20°C for use in
molecular sex identification (Longmire et al. 1997, Conway et al. 2004).
Whole blood samples for THg analysis were transferred to 6-mL royal blue
vacutainers (Becton, Dickinson and Co., Franklin Lakes, NJ) coated with K2EDTA for trace
metal analysis. Samples were inverted several times to activate the anticoagulant and
temporarily stored on ice for <8 h, before freezing at -20°C in a non-frostfree freezer
(Varian-Ramos et al. 2011, Hartman et al. 2013). All THg blood samples were labeled
(by a unique identifier, date, plover band number, and study site). Samples remained
frozen in the dark to prevent photodegradation of MeHg (Horvat et al. 1993, DeWild et
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al. 2002, Parker and Bloom 2005). THg analyses were performed at the Trace Element
Research Lab (TERL) at Texas A&M University in College Station, Texas within 1.5 years
of collection (Varian-Ramos et al. 2011).
Blood THg Laboratory Analysis
Blood THg concentrations were quantified as a surrogate to determine MeHg
concentrations (Fournier et al. 2002, Evers et al. 2005, Rimmer et al. 2005, Goodale et
al. 2008, Edmonds et al. 2010), where blood samples were analyzed using thermal
decomposition, catalytic conversion, gold-amalgamation and atomic absorption
spectrometry using a Nippon® NIC MA-3000 direct mercury analyzer (DMA; Nippon
Instruments Corporation, Tokyo, Japan) following a modified U.S. EPA SW-846 Method
7473 (U.S. Environmental Protection Agency 2007, Eagles-Smith et al. 2008, Edmonds et
al. 2010, Winder 2012, Hartman et al. 2013). The Nippon® NIC MA-3000 DMA quantifies
THg concentrations with greater sensitivity than other instruments without requiring
sample digestion (U.S. Environmental Protection Agency 2007). Snowy plover whole
blood THg analysis was performed at the TERL at Texas A&M University in College
Station, Texas in November 2015.
Approximately 25 µL of thawed blood was homogenized with a plastic mixing
paddle in the original vacutainer for each individual sample (Winder and Emslie 2012, R.
Taylor, personal communication). Blood was dispensed into a ceramic sample boat
where it was dried prior to further thermal decomposition to vaporize Hg, then
transported to the gold amalgamator, which trapped and concentrated the Hg until
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sample combustion was complete. Next, the gold trap was heated to release Hg vapor
from the amalgam trap coating into the appropriate atomic absorption cell as
absorption cell selection depends on analyte concentration. The path length of the long
absorption cell utilized trace-level detection limits whereas the path length of the short
absorption cell used greater detection limits. An ultraviolet lamp passed light through
the vapor to elevate Hg electron valence state and promote light absorption. The
resulting atomic absorption peak was recorded at a wavelength of 253.7 nm on an
internal computer (U.S. Environmental Protection Agency 2007). Ceramic sample boats
were heated at 450°C overnight to decontaminate external Hg contamination (R. Taylor,
personal communication).
One method blank, two standard reference materials (SRMs), one matrix spike,
and one sample duplicate were prepared for every 20 samples for quality control and
quality assurance purposes (U.S. Environmental Protection Agency 2007). A deionized
water method blank (Milli Q 18 MΩ cm, Ultrapore USA) was included in each run to
ensure that vacutainers used to store blood samples were not contaminated with trace
Hg levels. Analyzed blood method blanks were <0.00005 ppm detection limit (DL) and
estimated to contain <0.00002 ppm THg (R. Taylor, personal communication). Two
SRMs, NIST SRM-2976 marine mussel and IRMM CE-463 tuna fish, and one matrix spike
were inserted in each run to evaluate instrument accuracy as measured by THg recovery
(Evers et al. 2005, U.S. Environmental Protection Agency 2007). Recovered SRMs
ranged from 94-99% (R. Taylor, personal communication). Quality control blood
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samples were spiked to a THg concentration of 4-6 ppm THg and achieved recoveries of
95-99% (R. Taylor, personal communication). All SRM recoveries and matrix spikes
represented biologically plausible avian THg blood concentrations. Analytical
instrument precision was determined using randomized sample duplicates and
calculated as the relative percent difference (RPD) for two aliquots collected from the
same individual and vacutainer (Evers et al. 2005). Blood RPD values ranged from 0-10%
(R. Taylor, personal communication). While DLs vary with sample mass, all detections
for SRMs, matrix spikes, and sample duplicates measured ≤0.00023 ppm (Rimmer et al.
2005). The method detection level for high concentration THg analyses averaged
0.0027 ppm wet weight (Rimmer et al. 2005, R. Taylor, personal communication), which
is well below established avian adverse effect levels and background concentrations in
blood (Goede and Wolterbeek 1994, Tavares et al. 2008, Eagles-Smith et al. 2009,
Hargreaves et al. 2011). Blood THg concentrations were recorded on a wet weight basis
and reported in ppm (µg Hg/ g blood).
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DATA ANALYSIS
All statistical analyses were performed using RStudio (RStudio 2015). Residual
plots were analyzed to assess normality assumptions (Lane et al. 2011). Snowy plover
blood THg concentrations were compared to the 1.0 ppm assumed avian blood THg
toxicity threshold and background THg results from other shorebird research (Tavares et
al. 2008, Eagles-Smith et al. 2009, Hargreaves et al. 2011, Perkins et al. 2016). Both
arithmetic and geometric means were reported to facilitate comparisons with other
research. All data were reported as mean ± standard deviation with 95% confidence
intervals (Burger et al. 2008, Carvalho et al. 2013).
An unbalanced factorial analysis of covariance (ANCOVA) was used to evaluate
the potential influences of adult snowy plover body condition index (BCI; Labocha and
Hayes 2012; calculated for each captured adult using the following equation BCI = mass
(g) / (wing chord (mm) + tarsus (mm)), and site, month of blood collection, and sex, on
snowy plover blood Hg concentrations. Site (Salt Plains NWR, Bitter Lake NWR, or
Texas) was used to examine subregional-scale variability in snowy plover blood THg
concentrations (Ackerman et al. 2007, Lane et al. 2011, Ashbaugh 2016, Perkins et al.
2016). Captured adult snowy plovers from Private Lakes A & B were pooled into the
Texas subregion. No samples from August (n = 9) were used in analyses due to the
sample size imbalance skewed towards Salt Plains NWR (7 of 9) and female (7 of 9)
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plovers. Sex (female or male) followed morphological sex identification through
dimorphic plumage characteristics and was corroborated through molecular analyses
(Conway 2001, Ashbaugh 2016).
The ANCOVA results were simplified through deletion tests using a stepwise
algorithm to compare Akaike’s Information Criterion (AIC) values in candidate models
and remove unnecessary covariate or categorical variable parameters (Crawley 2007).
During model simplification, AIC values were ranked for a set of 9 candidate models and
candidate models possessing the smallest AIC values were identified (ΔAIC <2.00;
Burnham and Anderson 2002, Crawley 2007). We selected the top candidate model
containing relevant parameters and added the corresponding interaction term for
subsequent analyses.
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RESULTS
Snowy Plover Blood THg Concentrations
THg was quantifiable in all snowy plover blood samples, where THg blood
samples from adult snowy plovers (n = 97) breeding in the SGP ranged from 0.02220.7060 ppm THg wet weight during summer 2014 (Table 2.2). While all blood THg
samples were >DL, all THg concentrations were <1.0 ppm (the assumed avian blood THg
toxicity threshold used for this study) and were similar to results from other shorebird
research (Figures 2.2, 2.3, 2.4; Tables 2.1, 2.2). Geometric means for THg were similar
between sexes (females: 0.22 ± 0.02 ppm, males: 0.23 ± 0.02 ppm), despite a single
individual female (from Bitter Lake NWR) possessing the greatest THg concentration of
0.7060 ppm (Table 2.2).
THg Concentration Modeling
Blood Hg concentration modeling was performed using samples from 88 adult
snowy plovers (removing August concentrations). Blood Hg concentrations varied
among sites and among months (Table 2.6). There were no differences in blood Hg
concentrations between sexes nor was BCI an important covariate. No other
interactions occurred (Table 2.6). Of 9 candidate models using fixed factor effects on
snowy plover blood Hg concentrations, snowy plover blood Hg concentrations were
influenced by site and month of capture, and potentially BCI (Table 2.7). Top plausible
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candidate models included site+month (ΔAIC = 0.00, AIC = -401.32) and BCI+site+month
(ΔAIC = 0.63, AIC = -400.69; Table 2.7). However, BCI was not included in the final
candidate model because it may be a spurious predictor in these models as P >0.10
(Arnold 2010; Table 2.6). While the interaction term site*month was not included in the
initial model, it was in the final ANCOVA (site+month+site*month) following model
simplification (Table 2.8). Overall, site was the most predictive modifier in the top
ranked candidate model (Table 2.8).
Body Condition Index
Calculated BCI indicated that adult male snowy plovers generally exhibited
better body condition than females (Figure 2.5). Regardless of sex, Salt Plains NWR
plovers had the greatest body condition, followed by Bitter Lake NWR then Texas
(Figure 2.6). Adult Texas snowy plovers demonstrate a notable decline in body
condition compared to individuals captured at other sites (Figure 2.6), although unequal
sample sizes likely preclude more rigorous BCI comparisons (Figures 2.5, 2.6). When site
BCI values were contrasted with blood Hg concentrations, adult snowy plovers with
lower blood Hg concentrations tended to have lower BCIs (Figure 2.7). Texas snowy
plovers, which possessed the lowest mean blood Hg concentrations, displayed lower
BCIs than birds captured in Salt Plains NWR or Bitter Lake NWR (Figure 2.7). In Bitter
Lake NWR, a female snowy plover captured in July possessed the greatest blood Hg
concentration (0.7060 ppm THg) recorded in the study (Figure 2.7, Table 2.3). While this
blood concentration still fell below the recommended Hg adverse threshold of 1 ppm,
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the individual did exhibit a lower BCI value (~0.30) than other adult BCI calculations
(Figure 2.7).
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DISCUSSION
With heightened conservation focus on environmental degradation, wildlife
biomonitoring studies have become more prevalent. Through long-term biomonitoring,
certain bioindicator species, such as the snowy plover, can shed insight onto qualitative
and quantitative toxicological pressures that may be affecting population persistence
and the ecosystems which support those species. Optimal bioindicator species would
be specific to the ecosystem under study, while exhibiting sensitive responses to
potential environmental alterations (Burger 1993). Trends displayed by bioindicator
species, including abnormal or precipitous population declines or considerable
reductions in reproductive success, more clearly identify potential contaminant
concerns for that environment (Hill 1985, Burger 1993, Perkins et al. 2016). These
concerns could potentially impact other species, even humans, if left unchecked.
Avifauna have no known biological use for Hg (Eisler 1987), and as a known
mutagen and teratogen, Hg exposure promotes impaired avian reproduction (Burger
1993, Chapman and Wang 2000, Hothem and Powell 2000, Schwarzbach et al. 2005),
exposure-induced anorexia (Boening 2000), decreased motor skills and resistance to
disease (Schwarzbach et al. 2005, Bocharova et al. 2013), behavioral changes
(Thompson 1996, Boening 2000), or mortality with acute levels of exposure (Heinz et al.
1987, Schwarzbach et al. 2005). For instance, adult common loons with blood THg
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concentrations >3.0 ppm produced 40% fewer fledged young and left eggs unattended
14% of the time compared to 1% in control loons from low risk territories with blood
THg concentrations <1.0 ppm (Evers et al. 2004, Scheuhammer et al. 2007). Extra-high
risk loon territories, where adult blood concentrations were >4.0 ppm, were linked to
impaired productivity, asymmetrical feather development, heightened blood
corticosterone levels, and abnormal behavior (Evers et al. 2004, Scheuhammer et al.
2007). While mass wildlife die-offs from Hg exposure are rare (Friend and Franson
1999), MeHg has been fully or strongly implicated in die-offs of white pelicans
(Pelecanus erythrorhynchos; Wiemeyer et al. 1996), common loons (Friend and Franson
1999), and white-tailed eagles (Haliaeetus albicilla; Henriksson et al. 1966).
Furthermore, lethal human Hg poisoning has occurred across the globe, most notably in
Japan (i.e., Minamata disease), but also in Iraq, Pakistan, Ghana, and Guatemala
(Elhassani 1982, Eisler 1987).
Very few THg adverse effect threshold data are available to quantify toxicity risk
for shorebirds (Hargreaves et al. 2010). While past contaminant research has
investigated THg concentrations at saline lakes of the SGP (Irwin et al. 1996, MacRae et
al. 2001, Giggleman et al. 2004; Chapter III), this research is the first to examine snowy
plover blood THg concentrations. In this study, all snowy plover blood samples
contained quantifiable THg concentrations, but all fell below the recommended avian
blood THg threshold of 1 ppm, suggesting a low risk of MeHg toxicity to snowy plovers
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breeding in the SGP of Oklahoma (Salt Plains NWR), New Mexico (Bitter Lake NWR), and
Texas.
Snowy plover blood THg concentrations were consistent with other shorebird
studies. For instance, blood THg concentrations in breeding semipalmated plovers (C.
semipalmatus), a congener of snowy plovers, ranged from 0.06-0.37 ppm wet weight
(arithmetic mean: 0.24 ppm) in the Canadian Arctic (Hargreaves et al. 2011). Similarly,
breeding Arctic black-bellied plover (Pluvialis squatarola) blood THg concentrations
ranged from 0.19-0.57 ppm (arithmetic mean: 0.38 ppm; Hargreaves et al. 2011) while
breeding American golden plover (P. dominica) blood THg ranged from 0.04-0.78 ppm in
Alaska (Perkins et al. 2016). Eagles-Smith et al. (2009) documented greater blood THg
concentrations in black-necked stilts (Himantopus mexicanus; geometric mean range:
0.47-1.83 ppm) than American avocets (Recurvirostra americana; geometric mean
range: 0.04-0.68 ppm; Hargreaves et al. 2011), largely attributed to differences in
foraging microhabitat selection. Other breeding shorebirds similar in size or foraging
ecology, including dunlin (Calidris alpina) and various sandpiper species (Calidris spp.),
exhibited blood THg concentrations ranging from 0.03-2.20 ppm in Arctic environments
(Hargreaves et al. 2011, Perkins et al. 2016).
Wetland insectivorous passerines exhibit similar, albeit slightly lower, blood THg
levels to shorebirds (Shriver et al. 2006, Edmonds et al. 2010, Warner et al. 2010, Cristol
et al. 2011, Lane et al. 2011, Strom and Brady 2011, Hartman et al. 2013). Edmonds et
al. (2010) recorded blood THg geometric means ranging from 0.04-1.06 ppm for 506
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rusty blackbirds (Euphagus carolinus) whereas Hartman et al. (2013) reported a
geometric mean of 0.45 ppm for marsh wrens (Cistothorus palustris). However, sparrow
(Ammodramus spp.) blood toxicology research is most prevalent in the literature.
Several researchers quantified breeding and wintering saltmarsh sparrow (A.
caudacutus; range: 0.15-1.80 ppm; Shriver et al. 2006, Warner et al. 2010, Cristol et al.
2011, Lane et al. 2011) and Nelson’s sparrow (A. nelsoni; range: 0.09-0.36 ppm) blood
THg concentrations (Cristol et al. 2011, Winder and Emslie 2011). An avian adverse
blood THg threshold level >1.0 ppm may be more applicable for these species (Edmonds
et al. 2010, Lane et al. 2011). Yet, some avifauna may demonstrate greater Hg
sensitivity and lower adverse effect threshold levels than passerines (Edmonds et al.
2010, Lane et al. 2011, Perkins et al. 2016). Jackson et al. (2011) identified a 10%
decline in nest success for Carolina wrens (Thryothorus ludovicianus) exhibiting blood
THg concentrations of 0.70 ppm. Therefore, additional laboratory dosing studies are
necessary to develop species-specific contaminant thresholds to improve future
interpretation of blood THg concentrations (Hargreaves et al. 2010, Perkins et al. 2016).
The effect of BCI slightly influenced snowy plover blood Hg concentrations
although BCI proved to be a spurious predictor and was eliminated through model
simplification and AIC comparison (Arnold 2010). As an uninformative parameter, BCI
did not account for enough variation to validate its incorporation into the candidate
models (Arnold 2010). Consequently, BCI likely has little biological effect on snowy
plover blood THg concentrations, which ultimately derive from differences in site and
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collection month (Arnold 2010). However, male snowy plovers typically displayed
greater body condition than females, which presumably may be negatively impacted via
egg laying energetic expenditures, and body maintenance behaviors associated with
incubating in extreme heat and wind exposure (Saalfeld et al. 2012a). Interestingly,
there was a relationship in adult snowy plover BCI and blood Hg concentrations in both
Salt Plains NWR (greatest BCI and blood Hg concentration) and Texas plovers (lowest BCI
and blood Hg concentration). Perhaps Texas snowy plovers that exhibit reduced body
condition may be exposed to additional or more extreme stressors in Texas than
through Hg contaminant exposure alone, accounting for chronic regional declines
(Saalfeld et al. 2013). Nonetheless, the use of nest traps biases the plovers sampled to
those healthy enough to breed. This limitation in catching bias may not account for
non-breeding adult snowy plovers (which would not be captured during incubation via
nest traps) concurrently inhabiting saline lakes and alkali flats in the SGP during the
breeding season (Biro 2013). Therefore, non-breeding adult snowy plovers may not be
accounted for these models.
Ectoparasites and primary feather molt were first detected in regional breeding
snowy plovers in summer 2013 (H. Ashbaugh, unpublished data). In 2014, feather lice
or avian mites were observed on 43% of captured Salt Plains NWR plovers, 14% of Bitter
Lake NWR plovers, and 19% of Texas plovers (L. Duffie, unpublished data). Furthermore,
primary molt has been previously described, but rarely reported, in a low percentage of
Charadrius plovers late in the breeding season (Walters 1984, Pyle 2008, Meissner et al.
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2010). Primary molt (up to P5) was observed in 18% of captured Salt Plains NWR
plovers, 57% of Bitter Lake NWR plovers, and 50% of Texas plovers in 2014 (L. Duffie,
unpublished data). However, because feather molt was more likely to occur late in the
breeding season, temporal snowy plover sample size biases among sites may have
skewed reported molt percentages. Consequently, Salt Plains NWR, which hosted the
majority of regional breeding snowy plovers, exhibited greater plover body condition as
well as the greatest occurrence of plover parasite loads (n = 45) and wing molt (n = 19)
observed during the research period (L. Duffie, unpublished data).
Most avian Hg toxicology studies report no differences between sexes (Shriver et
al. 2006, Hargreaves et al. 2010, Carvalho et al. 2013). However, studies that do
document gender-based concentration differences (Evers et al. 1998, Rimmer et al.
2005, Robinson et al. 2012) typically attribute the bias to (1) female egg depuration
mechanisms or (2) sexual dimorphism (Evers et al. 2005). Most significant gender
differences document greater internal Hg concentrations in breeding males (EaglesSmith et al. 2009), possibly implicating egg Hg depuration by conspecific females or
increased body mass ratios in sexual dimorphic species (Robinson et al. 2012).
However, these explanations are often inconclusive as they tend to vary among species
(Ackerman et al. 2007, Robinson et al. 2012, Carvalho et al. 2013). No variation in THg
concentrations between sexes in this study may indicate that female snowy plovers may
utilize other Hg depuration routes shared with males (such as new feather growth or
through excreta) in lieu of egg Hg depuration.
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Minor temporal variation in snowy plover blood Hg concentrations occurred
among months, but analyses incorporating only 3 months of data (May, June, and July)
may have been too fine-scale in context. Moreover, Bitter Lake NWR and Texas snowy
plovers were only sampled and analyzed for June and July, while additional May or
August plover blood sampling may have offered further comparisons for this study.
Future research should clarify temporal effects of snowy plover Hg exposure by
analyzing blood collected over a longer study period to better describe seasonal (within
years) or annual (among years) effects for snowy plover Hg risk assessment. Sampling
should also prioritize temporal exposure during the non-breeding season as snowy
plover THg exposure during this time period remains unstudied.
Ultimately, site was the most predictive modifier for snowy plover blood Hg
concentrations and toxicity risk, where greater blood Hg concentrations occurred in Salt
Plains NWR than Bitter Lake NWR and Texas. Snowy plover blood Hg concentrations are
indirectly linked to geographic variations in baseline environmental Hg availability,
predominately derived from differences in hydrological or geological influences on
sediment moisture content (MacRae et al. 2001, Perkins et al. 2016). While west Texas
saline lakes are dependent on the Ogallala Aquifer for artesian spring flow, Bitter Lake
NWR in New Mexico lies in the Roswell Artesian Basin. In Oklahoma, the expansive
alkaline flats of Salt Plains NWR likely receive increased surface water influence from the
refuge reservoir and streams rather than through traditional groundwater resources
alone. Groundwater can potentially transport, transform, and discharge Hg at
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connected wetland environments down gradient, particularly saline lakes (MacRae et al.
2001). Surprisingly, Salt Plains NWR (Oklahoma) possessed the lowest sediment Hg
levels whereas Private Lake B (Texas) exhibited the greatest concentrations (Chapter III).
Consequently, differential baseline sediment concentrations and methylation rates
among sites could drive Hg level variations in plovers as well as invertebrate prey, the
primary Hg exposure route for snowy plovers (Ackerman et al. 2007, Andrei et al. 2009,
Hargreaves et al. 2011, Ashbaugh 2016).
Shorebirds are at high risk of contaminant exposure due to their consumption of
aquatic invertebrates found in sediments, surface water, and agricultural fields where
pollutants tend to accumulate (George and Batzer 2008, Tavares et al. 2008, Braune and
Noble 2009, Perkins et al. 2016). Interior snowy plovers opportunistically forage in
shallow water (1-2 cm deep) along the shores of lakes, reservoirs, seeps, or streams, and
on dry salt flats (Grover and Knopf 1982, Page et al. 2009). Diet of interior snowy
plovers chiefly consists of brine flies (Ephyridae; Diptera), tiger beetles (Cicindelinae;
Coleoptera), Bledius burrowing beetles, and assorted grasshoppers, Lepidopterans, and
various beetles blown onto salt flats or into saline lake basins (Ortenburger and Bird
1933, Page et al. 2009, W. Conway, unpublished data). Tertiary consumers
characterized by longer food chains provide additional methylation opportunities with
ingestion of each trophic level (Edmonds et al. 2010, Jackson et al. 2011). While a direct
relationship may not exist between snowy plover blood THg and sediment THg
concentrations (Chapter III), intermediate trophic levels may provide linkages for MeHg
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bioaccumulation and biomagnification through the system (Windham et al. 2001).
Therefore, the best method to identify and monitor MeHg bioaccumulation and
biomagnification pathways in snowy plover bioindicators is through quantification of
THg concentrations in intermediary vegetation and multiple arthropod trophic levels
indicative of snowy plover habitat type and potential invertebrate prey assemblages
(Ashbaugh 2016).
Adverse levels of Se were recorded during a 2013 study assessing heavy metal
and metalloid contaminant exposure in snowy plovers breeding in the SGP (Ashbaugh
2016). This research served as a follow-up by quantifying risks of Hg toxicity for regional
snowy plovers during the breeding season. Although this study did not concurrently
quantify Hg and Se blood concentrations for the same individuals, Se was detected in
63/73 (86.3%) of snowy plover blood samples and reached maximum concentrations of
15.12 ppm Se from individuals captured from the same study sites in 2013 (Ashbaugh
2016). Both arithmetic and geometric mean (i.e., 4.44 ± 0.38 ppm Se and 3.63 ± 0.38
ppm Se, respectively) snowy plover Se blood concentrations exceeded avian blood
adverse effect threshold of 1 ppm Se (Ashbaugh 2016).
Simultaneous avian Se exposure may partially counteract high THg
concentrations and toxicity (Walsh 1990, Heinz 1996, Berry and Ralston 2008, Conover
and Vest 2009, Khan and Wang 2009). Several possible pathways between Se and Hg(II)
or MeHg exist, but one of the clearest pertains to Hg(II) (Khan and Wang 2009). Se may
bind to Hg(II) to form stable Hg-Se complexes in the liver and kidney following MeHg
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demethylation, which mitigates Hg toxicity (Ikemoto et al. 2004, Evers et al. 2005,
Scheuhammer et al. 2007, Khan and Wang 2009, Carvalho et al. 2013, Fort et al. 2014).
Thus, Se and Hg are biologically antagonistic (Burger and Gochfeld 1997, Ikemoto et al.
2004, Berry and Ralston 2008, Hargreaves et al. 2011). Demethylation is only triggered
once internal MeHg concentrations exceed a certain threshold value (Khan and Wang
2009). Furthermore, wildlife exposed to elevated Se levels in their environment often
display lower Hg body burdens if internal Hg:Se ratios are low (Scheuhammer et al.
2007, Fort et al. 2014). However, Se may also produce synergistic effects when
interacting with Hg (Khan and Wang 2009, Scheuhammer et al. 2007, Hargreaves et al.
2011). Some birds exhibit more severe reproductive impairments following combined
exposure to both elements than individuals consuming diets supplemented with MeHg
or selenium (selenomethionine) alone (Scheuhammer et al. 2007). Therefore, avian THg
concentrations cannot be examined without regard for other contaminants in light of
potential antagonistic or synergistic interactions (Burger and Gochfeld 1997, EaglesSmith et al. 2008).
Few shorebird blood THg studies have been conducted in the mid-latitudes
(Eagles-Smith et al. 2009). While complex migration pathways complicate experimental
design (Brown et al. 2001), scientists should target shorebird research gaps and attempt
to overcome the strong geographic bias for Arctic breeding environments. Arctic fauna
may be at increased risk of Hg exposure due to long-range deposition of anthropogenic
atmospheric and oceanic Hg emissions originating abroad, particularly in Asia (Tian et al.
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2010). Following deposition, Hg is released back into the environment during ice and
permafrost thawing periods (Hargreaves et al. 2011, Bocharova et al. 2013, Fort et al.
2014). The Great Salt Lake in Utah supports numerous shorebird species, including
>20% of the continental breeding snowy plover population (Thomas et al. 2012), and is a
known site of enhanced avian MeHg and Se bioaccumulation and biomagnification in
northern shovelers (Anas clypeata), great egrets (Ardea alba), common goldeneyes
(Bucephala clangula), barn swallows (Hirundo rustica), Caspian terns (Hydroprogne
caspia), eared grebes (Podiceps nigricollis) and several other species (Vest et al. 2009,
Wurtsbaugh et al. 2011, Ackerman et al. 2015). Snowy plover egg THg concentrations
were first assessed at Great Salt Lake, Utah, in 2010-2012 and accounted for some of
the greatest egg THg concentrations reported (Ackerman et al. 2015). Yet, no snowy
plover blood THg assessments have been conducted at Great Salt Lake. Increased
research focus on local shorebird contaminant exposure would prove highly beneficial
to population-scale management and conservation practices, particularly for philopatric
snowy plovers and other declining species (Jackson et al. 2011, Ashbaugh 2016).
Additionally, routine quantification and isotopic analysis should be conducted for
regionally bioavailable contaminants to ascertain contaminant origin, speciation, and
bioindicator risks. These data would facilitate detailed contaminant risk assessments for
regional breeding snowy plovers through potential exposure via environmental matrices
(water, sediment, and vegetation) and dietary sources (invertebrate prey; Ashbaugh
2016). Furthermore, following additional research into interior snowy plover migration
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corridors and population connectivity, similar contaminant assessments could be
conducted at snowy plover migratory and non-breeding sites to improve snowy plover
risk assessment and management throughout all life history stages. Alternatively,
feather THg monitoring could facilitate non-breeding THg risk assessment depending on
appropriate feather selection and representative exposure temporal window. Finally,
shorebird laboratory Hg dosing studies and additional baseline monitoring in various
species and habitat types would better establish recommended shorebird Hg toxicity
thresholds and baseline exposure ranges.
Management Implications
While snowy plover blood THg concentrations did not exceed recommended
toxicity thresholds, consistent monitoring of baseline snowy plover THg levels (along
with other contaminants) would provide insight into future risk assessment and longterm population dynamics. However, regional breeding snowy plover populations may
be more at risk of Se toxicity (Ashbaugh 2016), where Se concentrations surpassing
toxicity thresholds in snowy plover blood (>1 ppm Se) and feathers (>5 ppm Se) have
been recently quantified, along with potential snowy plover invertebrate prey (>30 ppm
Se; Ashbaugh 2016). Subsequent research could attempt to connect elevated snowy
plover Se exposure to long-term population dynamics and reproductive success. As
such, detrimental Se exposure may serve as a contributing factor to snowy plover
population declines in the SGP through acute and chronic impacts to survival, nest
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success, egg hatchability, brood survival and fledgling success (Saalfeld et al. 2013,
Ashbaugh 2016).
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Figure 2.1. Saline lake study sites for breeding snowy plovers in the Southern Great
Plains, USA. Privately owned saline lakes identified using an alphabetical notation (A, B)
within associated Texas counties.
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Figure 2.2. Box plot of blood-mercury concentration (ppm) in adult female (n = 68) and
male (n = 29) snowy plovers (n = 97) nesting in saline lake and alkali flat environments in
the Southern Great Plains of Oklahoma (Salt Plains NWR), New Mexico (Bitter Lake
NWR), and Texas, 2014. The horizontal line indicates reported toxicity threshold (1 ppm)
for mercury in avian blood.
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Figure 2.3. Box plot of blood-mercury concentration (ppm) in adult snowy plovers (n =
97) nesting in saline lake and alkali flat environments in the Southern Great Plains of
Oklahoma (Salt Plains NWR; n = 70), New Mexico (Bitter Lake NWR; n = 13), and Texas (n
= 14), 2014. The horizontal line indicates reported toxicity concentration threshold (1
ppm) for mercury in avian blood.
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Figure 2.4. Box plot of blood-mercury concentration (ppm) in adult snowy plovers (n =
97) nesting in saline lake and alkali flat environments in the Southern Great Plains, USA
in May (n = 34), June (n = 29), July (n = 25), and August (n = 9), 2014. The horizontal line
indicates reported toxicity concentration threshold (1 ppm) for mercury in avian blood.
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Figure 2.5. Scatter plot of body condition index (mass (g) / (wing chord (mm) + tarsus (mm))) for incubating adult female and
male snowy plover (Charadrius nivosus) at saline lakes and alkali flat environments of the Southern Great Plains of Oklahoma
(Salt Plains NWR), New Mexico (Bitter Lake NWR), and Texas, 2014.
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Figure 2.6. Scatter plot of body condition index (mass (g) / (wing chord (mm) + tarsus (mm))) for incubating adult snowy
plovers (Charadrius nivosus) at saline lakes and alkali flat environments of the Southern Great Plains of Oklahoma (Salt Plains
NWR), New Mexico (Bitter Lake NWR), and Texas, 2014.
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Figure 2.7. Scatter plot of body condition index (mass (g) / (wing chord (mm) + tarsus (mm))) and blood mercury
concentrations (ppm) for incubating adult snowy plovers (Charadrius nivosus) at saline lakes and alkali flat environments of
the Southern Great Plains of Oklahoma (Salt Plains NWR), New Mexico (Bitter Lake NWR), and Texas, 2014.
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Table 2.1. Blood mercury concentrations (parts per million wet weight [ww]) from prior adult shorebird research within
multiple species and locations.
Focal Species
Red Phalarope (Phalaropus fulicarius)

Ruddy Turnstone (Arenaria interpres)
Black-necked Stilt (Himantopus mexicanus)
American Avocet (Recurvirostra americana)

White-rumped Sandpiper (Calidris
fuscicollis)
Rock Sandpiper (Calidris ptilocnemis)
Semipalmated Sandpiper (Calidris pusilla)

Pectoral Sandpiper (Calidris melanotos,
female)
Black-bellied Plover (Pluvialis squatarola)
American Golden Plover (Pluvialis dominica)
Semipalmated Plover (Charadrius
semipalmatus)
Bar-tailed Godwit (Limosa lapponica)
a

Location
Canadian Arctic
Alaska, Barrow
(male)
Alaska, Arctic
NWR (male)
Canadian Arctic
California, SFB
California, SFB
Alaska, Arctic
NWR
Alaska, Barrow
Alaska, Yukon
Delta NWR
Canadian Arctic

Concentration
a
0.51 ppm ww (0.10-0.81 ppm ww)
0.14-1.45 ppm ww

Reference
Hargreaves et al. 2011
Perkins et al. 2016

0.05-0.20 ppm ww

Perkins et al. 2016

0.35 ppm ww (0.13-0.68 ppm ww)

Hargreaves et al. 2011

Alaska, Yukon
Delta NWR
Alaska, Barrow
Alaska, Arctic
NWR
Alaska, Barrow

0.03-0.65 ppm ww

Perkins et al. 2016

0.32-2.20 ppm ww
0.05-1.00 ppm ww

Perkins et al. 2016
Perkins et al. 2016

0.17-1.93 ppm ww

Perkins et al. 2016

Canadian Arctic
Alaska, Barrow
Canadian Arctic

0.38 ppm ww (0.19-0.57 ppm ww)
0.04-0.78 ppm ww
a
0.24 ppm ww (0.06-0.37)

Hargreaves et al. 2011
Perkins et al. 2016
Hargreaves et al. 2011

Alaska, Yukon
Delta NWR

0.39-0.59 ppm ww

Perkins et al. 2016

a

0.59 ppm ww (0.30-1.73 ppm ww)
0.47-1.83 ppm ww
0.04-0.68 ppm ww
0.09-0.19 ppm ww

Hargreaves et al. 2011
Eagles-Smith et al. 2009
Eagles-Smith et al. 2009
Perkins et al. 2016

0.08-0.45 ppm ww
0.07-0.37 ppm ww

Perkins et al. 2016
Perkins et al. 2016

a

a

Arithmetic Mean
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Table 2.2. Arithmetic and geometric means, ranges, detection limits, toxicity thresholds, and frequency of samples greater
than detection limit of mercury concentrations (ppm) in blood from adult female and male snowy plovers in saline lake and
alkali flat environments in the Southern Great Plains of Oklahoma (Salt Plains NWR), New Mexico (Bitter Lake NWR), and
Texas, 2014.
Female (n = 68)
Male (n = 29)
Total (n = 97)
Mercury
Range

0.0222-0.7060

0.0553-0.4140

0.0222-0.7060

Arithmetic mean (SE) >DL

0.26 (0.02)

0.25 (0.02)

0.26 (0.01)

Geometric mean (SE) >DL

0.22 (0.02)

0.23 (0.02)

0.22 (0.01)

100

100

100

≤0.010

≤0.009

≤0.010

1

1

1

Frequency (%) >DL
Detection limit
Adverse effect threshold
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Table 2.3. Arithmetic and geometric means, ranges, detection limits, toxicity thresholds, and frequency of samples greater
than detection limit of mercury concentrations (ppm) in blood from adult female and male snowy plovers in alkali flat
environments at Salt Plains National Wildlife Refuge, in the Southern Great Plains of Oklahoma, 2014.
Female (n = 50)
Male (n = 20)
Total (n = 70)
Mercury
Range

0.1330-0.4660

0.1350-0.4140

0.1330-0.4660

Arithmetic mean (SE) >DL

0.30 (0.01)

0.30 (0.02)

0.30 (0.01)

Geometric mean (SE) >DL

0.28 (0.01)

0.29 (0.02)

0.29 (0.01)

100

100

100

≤0.010

≤0.009

≤0.010

1

1

1

Frequency (%) >DL
Detection limit
Adverse effect threshold
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Table 2.4. Arithmetic and geometric means, ranges, detection limits, toxicity thresholds, and frequency of samples greater
than detection limit of mercury concentrations (ppm) in blood from adult female and male snowy plovers in saline lake
environments at Bitter Lake National Wildlife Refuge, in the Southern Great Plains of New Mexico, 2014.
Female (n = 9)
Male (n = 4)
Total (n = 13)
Mercury
Range

0.0358-0.7060

0.0553-0.2910

0.0358-0.7060

Arithmetic mean (SE) >DL

0.20 (0.07)

0.14 (0.05)

0.18 (0.05)

Geometric mean (SE) >DL

0.13 (0.07)

0.12 (0.05)

0.13 (0.05)

100

100

100

≤0.009

≤0.002

≤0.009

1

1

1

Frequency (%) >DL
Detection limit
Adverse effect threshold
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Table 2.5. Arithmetic and geometric means, ranges, detection limits, toxicity thresholds, and frequency of samples greater
than detection limit of mercury concentrations (ppm) in blood from adult female and male snowy plovers in saline lake
environments in the Southern Great Plains of Texas, 2014.
Female (n = 9)
Male (n = 5)
Total (n = 14)
Mercury
Range

0.0222-0.1500

0.0731-0.24000

0.0222-0.2400

Arithmetic mean (SE) >DL

0.10 (0.02)

0.15 (0.03)

0.12 (0.02)

Geometric mean (SE) >DL

0.09 (0.02)

0.14 (0.03)

0.10 (0.02)

100

100

100

≤0.002

≤0.002

≤0.002

1

1

1

Frequency (%) >DL
Detection limit
Adverse effect threshold
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Table 2.6. Analysis of covariance for Hg concentrations (ppm) in blood from adult snowy
plovers (n = 88) nesting in saline lake and alkali flat environments in the Southern Great
Plains, 2014. Blood Hg concentrations were compared among three sites (Salt Plains
NWR, Bitter Lake NWR, and Texas), three sample collection months (May, June, and
July), and two sexes (female, male). August blood Hg concentrations were removed due
to small sample size and Salt Plains bias. Body condition index (BCI) was the covariate.
Degrees of
Sum of
Mean
F
P
Parameter
Freedom
Squares
Squares
BCI
1
0.0283
0.0283
2.67
0.107
Site
2
0.3633
0.1817
17.12
<0.001
Month
2
0.0524
0.0262
2.47
0.092
Sex
1
0.0002
0.0002
0.02
0.886
BCI * Site
2
0.0016
0.0008
0.08
0.927
BCI * Month
2
0.0216
0.0108
1.02
0.367
BCI * Sex
1
0.0027
0.0027
0.25
0.617
Site * Month
2
0.0138
0.0069
0.65
0.525
Site * Sex
2
0.0229
0.0115
1.08
0.346
Month * Sex
2
0.0031
0.0016
0.15
0.864
Residuals
70
0.7428
0.0106
Site: Salt Plains NWR/Bitter Lake NWR/Texas; Month: May/June/July; BCI: body
condition index value; Sex: Female/Male.
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Table 2.7. Model simplification through stepwise algorithm and AIC comparison for Hg concentrations (ppm) in blood from
adult snowy plovers (n = 88) nesting in saline lake and alkali flat environments in the Southern Great Plains, 2014. Models
where ΔAIC <2.00 are bolded.
Model
ΔAIC
AIC
Site + Month
0.00
-401.32
BCI + Site + Month
0.63
-400.69
BCI + Site + Month + Sex
2.61
-398.71
BCI + Site + Month + Sex + Site*Sex
2.69
-398.63
BCI + Site + Month + Sex + BCI*Sex + Site*Sex
4.67
-396.65
BCI + Site + Month + Sex + BCI*Month + BCI*Sex + Site*Sex
7.21
-394.11
BCI + Site + Month + Sex + BCI*Site + BCI*Month + BCI*Sex + Site*Sex
10.14
-391.18
BCI + Site + Month + Sex + BCI*Site + BCI*Month + BCI*Sex + Site*Month
13.52
-387.80
+ Site*Sex
BCI + Site + Month + Sex + BCI*Site + BCI*Month + BCI*Sex + Site*Month
17.15
-384.17
+ Site*Sex + Month*Sex
Site: Salt Plains NWR/Bitter Lake NWR/Texas; Month: May/June/July; BCI: body condition index value; Sex: Female/Male.
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Table 2.8. Analysis of variance for Hg concentrations (ppm) in blood from adult snowy
plovers (n = 88) nesting in saline lake and alkali flat environments in the Southern Great
Plains, 2014. Blood Hg concentrations were compared among three sites (Salt Plains
NWR, Bitter Lake NWR, and Texas), three sample collection months (May, June, and
July), and site*month interaction terms. August blood Hg concentrations were removed
due to small sample size and Salt Plains bias.
Degrees of
Sum of
Mean
F
P
Parameter
Freedom
Squares
Squares
Site
2
0.3820
0.1910
19.18
<0.001
Month
2
0.0494
0.0247
2.48
0.090
Site*Month
2
0.0148
0.0074
0.74
0.479
Residuals
81
0.8066
0.0100
Site: Salt Plains NWR/Bitter Lake NWR/Texas; Month: May/June/July.
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CHAPTER III

MERCURY CONCENTRATIONS IN SALINE LAKE AND ALKALI FLAT SEDIMENTS USED BY
NESTING SNOWY PLOVERS IN THE SOUTHERN GREAT PLAINS
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INTRODUCTION
Interior western snowy plovers (Charadrius nivosus) occupy wetlands within the
continental U.S. and central Mexico, particularly east of the Rocky Mountains where
highly localized breeding populations occur on saline lakes and alkali flats on the
Southern Great Plains (SGP) of Oklahoma (Salt Plains NWR), New Mexico (Bitter Lake
NWR), and Texas (Conway et al. 2005a, Morrison et al. 2006, Page et al. 2009, Saalfeld
et al. 2012b, 2013, Thomas et al. 2012). Although the federally threatened Pacific Coast
snowy plovers have been consistently monitored since the 1980s (Page et al. 1983,
1991, Hothem and Powell 2000), infrequent SGP snowy plover studies present regional
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research gaps to inform coordinated population-wide conservation and management
(Page et al. 2009, Thomas et al. 2012, Ashbaugh 2016). The Salt Plains National Wildlife
Refuge (NWR; Oklahoma) and Great Salt Lake (Utah), together support ~10,000 adult
snowy plovers; nearly 45% of the North American breeding population (Thomas et al.
2012), although population trends indicate a slight decline rangewide (Thomas et al.
2012, Andres et al. 2012, Saalfeld et al. 2013). However, for breeding snowy plovers in
the Texas SGP (<500), declines in abundance and reductions in number of nests from
1999 to 2009 indicate long-term population declines (Saalfeld et al. 2013, Ashbaugh
2016).
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As the largest aquifer in the United States, the unconfined Ogallala Aquifer
functions as the principal water supply for the SGP of west Texas and portions of eastern
New Mexico (Fryar et al. 2001). Topologically, the overall surface of the SGP appears
flat, but the region is characterized by almost 30,000 freshwater playa wetlands and ~40
saline lakes (Osterkamp and Wood 1987, Haukos and Smith 1992). The two wetland
types endemic to the SGP differ in their formation, hydrology, and function. Playas are
small (average size of 6.3 ha), shallow (typically <1 m deep), freshwater wetlands
characteristic of overlying deposits of the Ogallala Formation, typically occurring above
the aquifer’s saturation zone (Osterkamp and Wood 1987, Haukos and Smith 1992).
Playas form when water pools in surficial depressions and expand through a
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combination of hydrologic and geomorphic processes that contribute to calcrete
microfracturing (Osterkamp and Wood 1987, Haukos and Smith 1992). Hydrologically
isolated from the Ogallala, playas receive freshwater input from precipitation and
associated overland flow, and function as recharge wetlands for the Ogallala Aquifer
(Haukos and Smith 1992).
In contrast, saline lakes are discharge wetlands supplied by freshwater inputs
from springs and overland flow (Brüne 1981, Rosen et al. 2013), and support critical
habitat for nesting snowy plovers (Conway et al. 2005a, b, Saalfeld et al. 2013). Saline
lakes are larger (>1,500 ha total), deeper (20-30 m lower than surrounding landscape),
and older than playas (~300,000 ybp; Wood 2002, Wood et al. 2002), and historically
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exhibited similar wet-dry cycling patterns, but on geologic timescales, rather than
annual ones (Rosen et al. 2013). Whereas playas form in areas where calcrete is
present, saline lake basins occur where calcrete is absent (Wood et al. 1992) and
develop through deflation, which occurs when wind erodes the lake basin surface. High
salinity levels derive from evaporation of abundant brine (sodium chloride, potassium
chloride, magnesium chloride, sodium sulfate, and calcium sulfate) and salt crystals
naturally present and concentrated in the crusts and salt-pans of the basin floors (Meigs
et al. 1922, Brüne 1981, Andrei et al. 2008, 2009).
Of the ~40 saline lakes endemic to the SGP, >30 are now characterized by highly
degraded freshwater spring inflows, significantly reducing surface water availability and
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habitat suitability for breeding snowy plovers (Conway et al. 2005a, b, Andrei et al.
2008, Rosen et al. 2013, Saalfeld et al. 2013). Unsustainable groundwater pumpage of
the Ogallala Aquifer, first initiated in the late 1930s for irrigation and municipal use,
resulted in local water table declines >30 m (Fryar et al. 2001). While groundwater
removal has gradually decreased over time, long-term management is key to promoting
aquifer sustainability. Meigs et al. (1922) reported saline lake brine pumping rates of
1.25-3.15 L/sec without lowering the surface of the water table, but by the 1970s, Brüne
(1981) reported minimal or nonexistent artesian spring flow in some saline lakes. The
combined effects of rampant irrigation groundwater pumping, chronic drought
conditions, and high evapotranspiration potential in these systems shorten hydroperiod,
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increase lake salinization, reduce freshwater hydrophytes, and reduce invertebrate
abundance in these environments (Osterkamp and Wood 1987, Andrei et al. 2008,
Andrei et al. 2009, Rosen et al. 2013). As a result, present-day saline lake snowy plover
habitat quality has greatly declined (Conway et al. 2005a, Andrei et al. 2009, Ashbaugh
2016).
Coupled with declining habitat quality and quantity throughout the region,
snowy plovers may be susceptible to contaminant exposure (MacRae et al. 2001,
Ashbaugh 2016). Heavy metals and metalloids naturally occur within breeding
environments occupied by snowy plovers, but the distributions and forms of these
contaminants may be influenced by anthropogenic activity, such as historical and
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current industrial agricultural practices and via concentrating potential contaminants
because of decreased fresh water inflows (Irwin et al. 1996, MacRae et al. 2001, Venne
et al. 2006). Regional saline lakes contain mercury (Hg), selenium (Se), cadmium (Cd),
arsenic (As), and other heavy metals from weathering of surrounding geologic
formations, past land use practices, or combustion of fossil fuels and man-made wastes
(Lemly and Smith 1987, Irwin et al. 1996, MacRae et al. 2001, Giggleman et al. 2004,
Johnson et al. 2012, United Nations Environment Programme 2013). These metals are
considered contaminants when present in excess levels or forms not normally found in
the environment (Lemly and Smith 1987, Irwin et al. 1996, Chapman and Wang 2000,
Hudak 2000, Venne et al. 2006). These contaminants may be further characterized as
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pollutants if they result in adverse biological effects (Chapman and Wang 2000, Hothem
and Powell 2000, Schwarzbach et al. 2005). Local contaminant assessments have
documented elevated Se and As concentrations in groundwater, surface water,
sediment, and invertebrate matrices (Irwin et al. 1996, Hudak 2000, MacRae et al. 2001,
Ashbaugh 2016), although the extent, distribution, and possible interactions in saline
lake environments and biota may necessitate additional research (see Irwin et al. 1996,
Ashbaugh 2016).
Avian toxicology research has focused on the distribution of Hg and its
detrimental effects since the 1960s (Burger and Gochfeld 1997). As a nonessential
heavy metal, Hg serves no biological function in organisms, instead proving to be
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detrimental when present at high concentrations or in more toxic forms (Eisler 1987).
Environmental conditions strongly influence Hg availability in the SGP, where Hg derives
from trace levels found in water and sediment, which then bioaccumulate in organisms
and may biomagnify through food chains (Eisler 1987). Sediment serves as the principal
environmental repository for Hg (Huckabee et al. 1979, Ullrich et al. 2001) and best
depicts Hg bioavailability, microbial methylation, and sedimentary processes near the
surface (Gilmour et al. 1998). Regional sedimentary processes indicative of the SGP,
including erosion, deposition, and surficial mixing, may supplement sediment Hg
concentrations through dry deposition (i.e., eolian transport) and sedimentation (i.e.,
overland flow; Luo et al. 1997, Gochfeld 2003).
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Other geochemical properties, such as moisture content, pH level, redox
potential, and organic matter or sulfur content, also impact sediment MeHg stability and
availability (Horvat 2005). Greater moisture levels and organic matter content may
increase methylation by promoting microbial activity whereas drier sediment may
increase Hg release (Davis et al. 1997, Weir et al. 2010). Particle size is another
characteristic critical to sediment Hg levels (Hung and Chmura 2006), where finer
sediment such as clay and silt particulates, provides greater Hg retention due to
geochemical properties that increase ion exchange and adsorption capacities,
originating from greater surface areas and surface charge per particle volume
(Domagalski 2001, Hung and Chmura 2006, Pan et al. 2011). While sediment acts as a
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Hg sink, it also may mobilize and reemit Hg to the water column where it may be
ingested by aquatic biota, lost to the atmosphere, or relocated to previously
uncontaminated habitats (Ullrich et al. 2001).
Environmental factors affecting MeHg production and Hg distribution among
sediment and water matrices are biologically, chemically, and physically mediated
(Ullrich et al. 2001). Beyond initial Hg(II) concentration, aquatic MeHg bioavailability
relies on conditions that enhance methylation rates by favoring microbial growth and
metabolic function (Ullrich et al. 2001). Maximum MeHg production occurs at the redox
boundary (Davis et al. 1997), which typically aligns at the sediment-water interface and
decreases with sediment depth. In general, anoxic conditions promote Hg release from
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sediment whereas oxic conditions favor sediment Hg uptake from the water column
(Ullrich et al. 2001). Water chemistry also influences Hg speciation in aquatic
environments (Huckabee et al. 1979, U.S. Environmental Protection Agency 1985),
where lower pH and salinity levels augment aquatic MeHg concentrations (Huckabee et
al. 1979, Ullrich et al. 2001, Scheuhammer et al. 2007). These water chemistry
parameters drive Hg bioaccumulation into primary producers, which serve as
foundations of food webs, before influencing resultant MeHg concentrations in higher
trophic levels (Mason et al. 2000). Ultimately, specific factors dominating MeHg
production or Hg distribution among environmental matrices likely reflect local
variability among different ecosystems (Ullrich et al. 2001).
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The listed federal sediment Hg adverse effect threshold for freshwater
invertebrates is 0.20 ppm (U.S. Environmental Protection Agency 2000), whereas
Canadian guidelines recommend sediment Hg levels <0.13 ppm for marine or estuarine
environments and <0.17 ppm for freshwater habitats to adequately protect aquatic life
(CCME 1999). Reported sediment total Hg (THg) “effect” levels are greater, with
concentrations of 0.70 ppm for marine and 0.48 ppm for freshwater environments
(CCME 1999). For reference, “normal” sediment THg concentrations range from 0.02 –
0.10 ppm in uncontaminated areas (Eisler 1987, Irwin et al. 1996, Kannan et al. 1998,
Giggleman et al. 2004, Hung and Chmura 2006, Sinclair et al. 2012), whereas sediment
MeHg levels generally range from 0.0001 to 0.01 ppm and constitute <2% of sediment
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THg (Horvat et al. 1993, Davis et al. 1997, Gilmour et al. 1998, Kannan et al. 1998,
Krabbenhoft et al. 1999, Domagalski 2001, Ullrich et al. 2001, Horvat 2005, Sinclair et al.
2012). Irwin et al. (1996) reported sediment THg concentrations of ≤0.030 ppm at five
west Texas saline lakes or salt playas with two other saline lakes <0.005 ppm instrument
detection limit (DL), where greatest saline lake sediment THg concentration was 0.054
ppm (Irwin et al. 1996; Table 3.1). In another regional study, Giggleman et al. (2004)
reported <0.11 ppm THg sediment concentrations at Muleshoe National Wildlife Refuge
(Table 3.1).
In contrast to high concentration snowy plover breeding sites like Great Salt
Lake, Utah (Naftz et al. 2008, Conover and Vest 2009, Wurtsbaugh et al. 2011), baseline
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sediment Hg assessments have never been reported for the alkali flats of Salt Plains
NWR. However, Ashbaugh (2016) quantified other heavy metal and metalloid
concentrations for Salt Plains NWR sediment in summer 2013. Refuge sediment
sampling occurred near active artesian springs and detected vanadium (0.55-5.07 ppm),
As (0.35-1.61 ppm), Cd (0.41-0.74 ppm), lead (0.50-1.98 ppm), and Se (<0.01-0.84 ppm;
Ashbaugh 2016). Therefore, this research will provide initial baseline sediment Hg data
for refuge management.
Although sampled snowy plover blood Hg concentrations did not exceed adverse
effect thresholds (Chapter II), consistent Hg exposure could interact with elevated blood
Se concentrations to further contribute to regional population declines (Ashbaugh
100

2016). While potential snowy plover accumulation pathways are not well defined,
widespread contaminant bioavailability could produce sublethal or lethal effects in
exposed birds (Heinz 1996, Schwarzbach et al. 2005). Therefore, the objective of this
research was to quantify THg levels and provide baseline estimates of sediment THg
concentrations for at-risk snowy plover breeding habitats at saline lake and alkali flat
environments in the SGP of Oklahoma (Salt Plains NWR) and Texas to assess potential
environmental contaminant threats to regional snowy plover populations.
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METHODS
Study Area
This research was conducted during May through August 2014 at seven regional
alkaline flats and saline lakes possessing freshwater artesian springs (active or former)
and historically used by nesting snowy plovers. While snowy plovers were surveyed at
several sites, monitoring efforts prioritized public lands (Salt Plains NWR, Bitter Lake
NWR, and Muleshoe NWR) and accessible private lands with snowy plover nesting
activity (Figure 3.1). Salt Plains NWR is located in Alfalfa County in northern Oklahoma,
and encompasses almost 13,000 ha, including 4,800 ha of the region’s largest salt flats
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(Grover and Knopf 1982, Bonner 2008), and serves as the dominant snowy plover
breeding site east of the Rocky Mountains (5,000; Hill 1985, Thomas et al. 2012). Salt
Plains NWR receives most of its rain during spring and summer, with an average annual
rainfall of 68 cm (Koenen et al. 1996). Daily median surface temperatures can reach
46°C during summer with wind speeds reaching a maximum of 69 km/h (Caton et al.
2004, Bonner 2008). Three freshwater streams flow across the alkaline flats. The Salt
Fork of the Arkansas River forms the northeastern boundary of the salt flats whereas
the two smaller streams, Clay and Cottonwood Creeks, empty into the Great Salt Plains
Lake (Grover and Knopf 1982). Ephemeral streams appear following heavy rains and
frequently alter their course in response to microtopography (Ortenburger and Bird
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1933, Grover and Knopf 1982, Koenen 1995). During World War II, the alkaline flats
were utilized as a training base for the United States Army Air Corps, where bombing
debris still remain scattered across the landscape (Grover and Knopf 1982; L. Duffie,
personal observation).
The Llano Estacado of the SGP is an extensive plateau covering almost 130,000
km² in Texas and New Mexico (Johnson and Holliday 2004), and encompasses the
southern portion of the Ogallala Formation, which spans 450,000 km2 from South
Dakota to Texas and New Mexico and serves as the principal regional groundwater
source (Reeves 1972, Wood et al. 2002). All monitored study sites rely upon local
groundwater sources and are experiencing escalated groundwater mining rates (Land
and Huff 2010). Historically, saline lakes functioned as large discharge wetlands
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associated with the Ogallala Aquifer (Holliday et al. 1996) and received their freshwater
supply from both artesian springs and overland flow (Brüne 1981, Rosen et al. 2013).
Due to water table declines from anthropogenic groundwater mining, many degraded
artesian springs exhibit reduced flow (Brüne 1981, Saalfeld et al. 2013). Moreover,
when groundwater mining is augmented by drought conditions, regional surface water
availability becomes increasingly ephemeral (Rosen et al. 2013). Saline lakes are
sparsely vegetated compared to freshwater playas (Rosen et al. 2013) with saline water
chemistry of >400 ppt of dissolved solids (Osterkamp and Wood 1987, Ashbaugh 2016).
Annual climate patterns in the semi-arid SGP are characterized by high summer
temperatures (≥45°C; Saalfeld et al. 2012a), high wind speeds (frequent gusts ≥60 mph),
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and low precipitation (≤45 cm/year; Rosen et al. 2013). Annual precipitation is highly
variable, but often ranges from 35-45 cm and tends to fall during convective summer
thunderstorms (Hall and Valastro 1995).
In the SGP of Texas, Muleshoe National Wildlife Refuge is located in Bailey
County, Texas, northwest of Lubbock near the New Mexico border (Giggleman et al.
2004). Muleshoe NWR accounts for 2,300 ha of public land in a landscape dominated by
private landowners (Soutiere et al. 1972, Giggleman et al. 2004) and preserves one of
the last remaining regional shortgrass prairies (Hall and Willig 1994, Hall and Valastro
1995). Three saline lakes, White Lake, Goose Lake, and Paul’s Lake, exist on the refuge
and were used as study sites (Figure 3.1; Giggleman et al. 2004).
Use of privately-owned Texas saline lakes was dependent on landowner
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permission, as well as current and past snowy plover habitat use (Conway et al. 2005a,
b, Saalfeld et al. 2012a, b, 2013, Ashbaugh 2016). Fewer than 500 adult snowy plovers
occur regionally (Thomas et al. 2012), where private lakes A (Lynn County) and B (Terry
County) incorporated 56% of all adult snowy plovers detected in west Texas during the
2007-2008 International Snowy Plover Survey (Thomas et al. 2012, Saalfeld et al. 2013).
Snowy plovers actively nested at Salt Plains NWR, Bitter Lake NWR, and Texas private
lakes A and B, but were absent or nesting in extremely low numbers at private lake C
(Bailey County), White Lake, Goose Lake, and Paul’s Lake (Figure 3.1). Selected study
sites have been utilized for multiple snowy plover studies (Conway et al. 2005a, b,
Saalfeld et al. 2012a, b, 2013, Ashbaugh 2016) due to functional artesian springs and
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surface water availability requisite for successful snowy plover foraging and nesting
activities.
Alkali Flat and Saline Lake Soil Survey Characteristics
Salt Plains NWR in Alfalfa County, Oklahoma consists of saline alluvium across
the alkaline flats, along with Gracemont fine sandy loam (Oxyaquic Udifluvents) along
the flat perimeter as it intergrades with intermittent vegetation (Natural Resources
Conservation Service 2000, Ashbaugh 2016). In Texas, all saline lake study sites
exhibited similar soil characteristics and properties due to their close proximity and
shared geology. West Texas saline lakes (A, B, C, White, Goose, Paul’s) typically contain
sandy loam lacustrine deposits with Berda loam (Aridic Haplustepts) or Drake (Aridic
Calciustepts), Yellowhouse (Aridic Haplustepts), or Potter (Petronodic Ustic
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Haplocalcids) soils on the basin edge (Natural Resources Conservation Service 2000,
Ashbaugh 2016). Drake soils were present among the dune formations lining the
eastern edge of all saline lakes (Natural Resources Conservation Service 2000).
Collection Device Decontamination
Saline lake sediments were collected near active snowy plover nests to quantify
potential environmental Hg exposure risks at study sites. All sampling gear was
thoroughly decontaminated and maintained as such prior to any sediment sample
collection (U.S. Environmental Protection Agency 1996, Olson and DeWild 1999). All
non-metallic Hg collection devices were soaked in a 10% HCl bath for 48 h and rinsed
with deionized water (Milli Q 18 MΩ cm, Ultrapore USA) before use. To further
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minimize cross-contamination between sample collections, polyethylene and Teflon®
tools utilized in sediment sampling were soaked overnight in an HCl acid bath.
Moreover, polyethylene and Teflon® devices were double-bagged in new polyethylene
zip-bags after each acid bath. Reagents were of analytical grade and verified for trace
metals analysis.
All environmental sampling consisted of a two-person team following
established clean hands – dirty hands protocols (U.S. Environmental Protection Agency
1996). One team member, designated “clean hands,” was responsible for all contact
with the sampling container and sample transfer from the collection device. The second
team member, “dirty hands,” operated the sampling device and handled any
responsibilities that prevented direct contact with the sample or sample containers. Hg
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samples were never exposed to metallic collection equipment or sampling containers,
and collected by field personnel wearing shoulder-length polyethylene gloves (U.S.
Environmental Protection Agency 1996, U.S. Environmental Protection Agency 2002).
All sampling gear was rinsed with distilled water between collections.
Sediment Sample Collection
Sediment samples were collected where there was evidence of artesian springs
(active or former; see below for definitions) entering study sites, typically within 200 m
of known, active snowy plover locations within each study area (if plovers were present
and nesting). Sediment was collected in late July or early August 2014 (late breeding
season) for Salt Plains NWR and all Texas study sites (Figure 3.1). Active springs were
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defined by presence of surface water at time of sampling, whereas former springs were
identified by the absence of surface water at time of sampling. Sediment samples
associated with active springs were collected on a linear transect at 0 m, 50 m, 100 m,
and 150 m away from the spring edge towards the lake basin (Figure 3.2). For former
spring locations, two transects were established from the former spring origin, at 90°
from one another toward the lake basin, where sediment sampling occurred at 0 m, 50
m, and 100 m along each ray (Figure 3.3). These transects were deployed to mimic
spring water movement as it entered each saline lake following natural basin
topography. Due to the vast expanse and multiple creeks and rivers flowing into the
Salt Plains reservoir, sediment sampling at Salt Plains NWR occurred in the northern and
western portions of the refuge in close proximity to snowy plover nest sites.
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Approximately 250 g of surficial sediment, to <3 cm in depth, was collected using
a 24-mL Teflon® scoop (Krabbenhoft et al. 1999, Domagalski 2001) and placed into a
250-mL pre-cleaned I-CHEM® 300 series glass jar (Thermo Scientific, Waltham, MA) with
a Teflon®-lined lid (U.S. Environmental Protection Agency 2002) with headspace to
accommodate potential expansion from freezing (Lutz et al. 2008). These jars were EPAcertified clean for trace metal sampling with a Hg DL of <0.0002 ppm (Thermo Scientific,
Parker and Bloom 2005). To provide a more representative estimate of potential
environmental THg presence, a composite sample was collected immediately
surrounding each collection point. These composite samples were collected <10 cm
from the initial point and promptly homogenized with an acid-cleaned Teflon® spoon
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until exhibiting similar color and texture. All sediment was sieved through a 1,000-µm
Teflon® (Saint Gobain, 1.0 mm) sieve in the field. Geospatial location data for the initial
collection point were recorded. The polyethylene sieve and Teflon® scoop, spoon, and
beaker were rinsed with distilled water between sampling points to minimize crosscontamination. All THg sediment samples were labeled (by a unique identifier, date,
transect collection point, and study site).
For field quality assurance measures, one sediment matrix duplicate was
collected for every 10 samples. THg sediment matrix duplicates consisted of a 500-g
sample, collected as previously described and stored in a 500-mL pre-cleaned I-CHEM®
300 series glass jars (Thomas Scientific, Swedesboro, NJ) with Teflon®-lined lids.
Secondly, a field blank, consisting of distilled water from a sealed jug, was poured into
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the sampling container while in the field and maintained with the other samples (U.S.
Environmental Protection Agency 1996). One field blank was collected for every 5
samples and used to estimate potential contamination (see below) during the field
sediment sampling process.
Solid THg samples did not require acid preservation (U.S. Environmental
Protection Agency 2007a). Sediment samples were kept in the dark to prevent
photodegradation of MeHg (Horvat et al. 1993, Parker and Bloom 2005) and temporarily
stored in a cooler on ice for <8 h until proper storage at -20°C (Parker and Bloom 2005,
Weir et al. 2010). Sediment THg analyses were performed at the Trace Element
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Research Lab (TERL) at Texas A&M University in College Station, Texas within 1.5 years
of collection.
Sediment THg Laboratory Analysis
Sediment THg analysis was measured by thermal decomposition, catalytic
conversion, gold-amalgamation and atomic absorption spectrometry using a Nippon®
NIC MA-3000 direct mercury analyzer (DMA; Nippon Instruments Corporation, Tokyo,
Japan) following a modified U.S. EPA SW-846 Method 7473 (U.S. Environmental
Protection Agency 2007b). The Nippon® NIC MA-3000 DMA quickly determines THg
levels with greater sensitivity than other instruments without requiring sample digestion
(U.S. Environmental Protection Agency 2007b). Sediment samples were first analyzed
for percent moisture content by freeze-drying in a Labconco FreeZone 12 liter freeze
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dryer (Kansas City, MO, USA) at -50°C for 3 days and reweighing to calculate dry mass.
Sediment percent moisture contents ranged from 16.2-71.8% (R. Taylor, personal
communication). Sediment THg analysis was performed at the TERL at Texas A&M
University in College Station, Texas in November 2015.
Approximately 0.1 g dry weight of freeze-dried, homogenized sediment was
analyzed per sample (R. Taylor, personal communication). Sediment was dispensed into
a ceramic sample boat where it was dried prior to further thermal decomposition to
vaporize Hg, then transported to the gold amalgamator, which trapped and
concentrated the Hg until sample combustion was complete. Next, the gold trap was
heated to release Hg vapor from the amalgam trap coating into the appropriate atomic
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absorption cell as absorption cell selection depends on analyte concentration. The path
length of the long absorption cell utilized trace-level DLs whereas the path length of the
short absorption cell utilized higher DLs. An ultraviolet lamp passed light through the
vapor to elevate Hg electron valence state and promote light absorption. The resulting
atomic absorption peak was recorded at a wavelength of 253.7 nm on an internal
computer (U.S. Environmental Protection Agency 2007b). Ceramic sample boats were
heated at 450°C overnight to decontaminate external Hg contamination (R. Taylor,
personal communication).
One method blank, two standard reference materials (SRMs), one matrix spike,
and one sample duplicate were prepared for every 20 samples (U.S. Environmental
Protection Agency 2007b) for quality control and quality assurance purposes. For field
DRAFT

quality assurance purposes, a matrix duplicate was run for every 3 samples to assure
precision and a random field blank was run for every 8 samples to monitor potential
contamination through sampling. In the laboratory, a deionized water method blank
(Milli Q 18 MΩ cm, Ultrapore USA) was included in each run to ensure that pre-cleaned
glass jars used to store sediment were not contaminated with trace Hg levels. Analyzed
sediment method blanks were <0.00005 ppm DL and estimated to contain ≤0.00003
ppm THg (R. Taylor, personal communication). Two sediment SRMs, NRCC MESS-3
Beaufort Sea sediment and NIST-2710 Montana soil, and one matrix spike (spiked with a
known THg concentration) were analyzed in each run to evaluate instrument accuracy
as measured by THg recovery (U.S. Environmental Protection Agency 2007b).
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Recovered SRMs ranged from 99-102% (R. Taylor, personal communication), where
matrix spike recovery was 99-100%, (R. Taylor, personal communication). Analytical
instrument precision was determined using randomized sample duplicates and
calculated as the relative percent difference (RPD) for two aliquots collected from the
same sample point jar. Sediment RPD values ranged from 3-6% (R. Taylor, personal
communication). While DLs vary with sample mass, all detections for SRMs, matrix
spikes, and sample duplicates measured ≤0.00023 ppm (R. Taylor, personal
communication). The method detection level for low concentration THg analyses
averaged 0.0005 ppm dry weight THg (R. Taylor, personal communication), which is well
below established sediment adverse effect levels and background concentrations (CCME
1999, U.S. Environmental Protection Agency 2000). Analyzed field blanks measured
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below instrument DL. THg sediment concentration levels were recorded on a dry weight
basis and reported in ppm.
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DATA ANALYSIS
Sediment THg concentrations were compared to the 0.20 ppm assumed
sediment Hg toxicity threshold and background THg results from other regional saline
lake research (Irwin et al. 1996, MacRae et al. 2001, Giggleman et al. 2004). As each
sediment transect contained 4 or 5 sampling points depending on spring type, sediment
THg levels were examined by boxplot to detect differences among (via distance from
spring head) and between transects (via spring type and sampling design).
Residual plots were used to assess normality, where sediment THg concentration
data were natural log-transformed to improve normality and homogeneity of variances
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(Dowdy and Wearden 1991). Prior to log-transformation, a constant of +1 was added to
data to raise the minimum value above 1 ppm for positive log-transformation values.
Both arithmetic and geometric means were reported to facilitate comparisons with
other research. All data were reported as mean ± standard deviation with 95%
confidence intervals.
An unbalanced factorial analysis of covariance (ANCOVA) was used to examine
the potential influences of sediment moisture content, snowy plover nesting activity
(yes or no), spring type (active or former), and site (Salt Plains NWR or Texas) on
sediment THg concentrations. The order of categorical variable inclusion influences
Type I model outcome and was based on study objectives. Moisture content (covariate)
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was first as it is routinely cited as a modifier of sediment THg concentrations (Davis et al.
1997, Ullrich et al. 2001, Perkins et al. 2016). Nesting activity followed next (after
controlling for moisture content) to incorporate snowy plover linkages to risk of THg
exposure regionally, while spring type (active and former) was included next, followed
by site.
The ANCOVA results were simplified through deletion tests using a stepwise
algorithm to compare Akaike’s Information Criterion (AIC) values in candidate models
and remove unnecessary categorical variable parameters (Crawley 2007). During model
simplification, AIC values were ranked for a set of 8 candidate models, and candidate
models possessing the smallest AIC values were considering plausible and competing
(ΔAIC <2.00; Burnham and Anderson 2002, Crawley 2007). The top candidate model
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was selected based upon inclusion of relevant parameters, where interaction terms with
P > 0.10 were removed (Perkins et al. 2016). All analyses were performed using RStudio
(RStudio 2015).
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RESULTS
Sediment THg Concentrations
THg was quantifiable in all sediment samples (n = 34) from all study areas, where
concentrations ranged from 0.0004-0.0268 ppm dry weight THg (Table 3.2). While all
sediment THg samples were >DL, none had concentrations >0.20 ppm (the assumed
sediment THg toxicity threshold used for this study) and were similar to other regional
saline lake sediment research (Tables 3.1, 3.2). Sediment THg concentrations were
similar among sampling transects (Figure 3.4; Tables 3.3, 3.4), where arithmetic means
were slightly greater in active (0.009 ± 0.00 ppm) than former (0.005 ± 0.00 ppm; Figure
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3.5) springs. Geometric means were similar between spring types (active: 0.004 ± 0.00
ppm, former: 0.005 ± 0.00 ppm; Table 3.2), and none approached the 0.20 ppm THg
toxicity threshold used in this study.
THg Concentration Modeling
Sediment concentration modeling was performed using 34 samples. Initial
analysis of log-transformed sediment THg concentrations indicated that moisture
content, nesting activity, and spring type (Table 3.5) were related to THg concentrations.
There was some marginal variation in sediment THg concentrations between nesting
activity and sites (Figures 3.6, 3.7; Table 3.5). Only one interaction existed between
moisture content and nesting activity (Table 3.5). Comparison of 8 competing models
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indicated that sediment THg concentrations were influenced by moisture content,
nesting activity, and site (Table 3.6). Top plausible candidate models included moisture
content + nesting + moisture content*nesting (ΔAIC = 0.00, AIC = -388.40) and moisture
content + nesting + site + moisture content*nesting (ΔAIC = 1.98, AIC = -386.42; Table
3.6). However, site was not included in the final candidate model because it may be a
spurious predictor in these models as P >0.10 (Arnold 2010; Table 3.5). Overall,
moisture content was the most predictive modifier in the top ranked candidate model
(Table 3.7).
Sediment Moisture Content and Effect on THg Concentrations
Sediment moisture content percentages ranged from 16.2-71.8%. The overall
percent moisture content arithmetic mean (35.56 ± 2.60 %) was greater than the
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geometric mean (32.68 ± 2.60 %). Greater sediment THg concentrations were
consistently recorded at sites with greater sediment moisture content (Figures 3.8, 3.9,
3.10). Except for Private Lakes A and B, greater sediment moisture content generally
occurred at study sites without nesting snowy plovers, particularly Paul’s Lake (Figures
3.10, 3.11). Private Lake B possessed both the greatest average sediment THg
concentrations and moisture content for snowy plover nesting areas (Table 3.8). In
contrast, Private Lake A possessed greater average sediment moisture content than
most non-nesting saline lakes, but exhibited comparatively low sediment THg
concentrations (Table 3.8). Salt Plains NWR in Oklahoma possessed lower sediment THg
levels and moisture contents than sites in Texas (Figures 3.7, 3.8; Table 3.8), which likely
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influenced snowy plover nesting sites (Figure 3.10). However, unequal sample sizes for
Texas and Salt Plains NWR sediment samples may have skewed observed trends (Figures
3.7, 3.8). Active springs possessed similar sediment moisture contents to former springs
(Figures 3.11, 3.12).
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DISCUSSION
Sediments are a suitable and sensitive matrix for environmental monitoring of
potential contaminants as they demonstrate less temporal variability than water column
contaminant monitoring (Pan et al. 2011). Although baseline sediment THg levels offer
a temporal snapshot of Hg presence (or absence) in snowy plover breeding
environments in the SGP, sediment THg concentrations reported herein do not fully
depict Hg mobility, distribution, or toxicity risk for this region (Pan et al. 2011). Instead,
future regional Hg bioavailability risk assessments must consider sediment physiogeochemical properties (i.e., redox potential, organic matter, sulfur content, etc.) in
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light of depositional and erosional processes impacting the SGP (Pan et al. 2011). These
physical and chemical factors, along with regular transformations among Hg species,
determine Hg distribution in the environment and should be foci of future efforts
examining Hg concentrations regionally (Lindqvist and Rodhe 1985, Ullrich et al. 2001).
Although past regional contaminant surveys (Irwin et al. 1996, MacRae et al.
2001, Giggleman et al. 2004) reported low sediment Hg concentrations (≤0.05 ppm THg)
at regional saline lakes of the SGP, no Hg contaminant research has been reported for
alkali flat environments in Oklahoma. Ashbaugh (2016) quantified trace metal and
metalloid concentrations for snowy plover saline lake and alkali flat breeding
environments of the SGP of Oklahoma (Salt Plains NWR), New Mexico (Bitter Lake
117

NWR), and Texas, but did not measure Hg concentrations. Therefore, this research
provides the means for an initial Hg environmental risk assessment for regional alkali
flats, while also providing updated Hg risk monitoring data for regional saline lake
environments and breeding snowy plovers. In this study, all sediment contained
quantifiable THg concentrations (i.e., all >DL), but none exceeded the adverse effect
threshold of 0.20 ppm THg. In fact, the greatest THg recorded in this study (0.028 ppm)
was one order of magnitude less than the adverse effect threshold. While broad-scale
ramifications regarding potential environmental Hg bioaccumulation and
biomagnification are difficult to predict without considering additional geochemical
parameters (Irwin et al. 1996, Pan et al. 2011), these baseline sediment THg
concentrations indicate a low risk of MeHg toxicity to local biota and snowy plovers
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breeding in the SGP of Oklahoma (Salt Plains NWR) and Texas at this time.
Saline lake sediment THg concentrations in this study were similar to past
regional contaminant investigations. For example, in 2003 sediment THg levels reported
from Muleshoe NWR were non-quantifiable (using less sensitive instrumentation),
where all samples were <DL of 0.110 ppm for White Lake, Goose Lake, and Paul’s Lake
(Giggleman et al. 2004). In this study, sediment THg collected from the Muleshoe NWR
were also less than this previous DL (ranged 0.002-0.027 ppm THg dry weight), but more
sensitive (lower DL) direct mercury analysis instrumentation used in this study provided
more precise THg concentration data. Moreover, an earlier sediment contaminant
survey conducted in 1990 reported 0.020 ppm THg dry weight for Private Lake B,
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remarkably similar to ranges (0.010-0.021 ppm THg dry weight) reported in this research
from the same lake basin. Together, despite differences in instrument sensitivity, not
only do current THg concentrations remain much lower than any adverse effect
threshold, they have remained remarkably similar for the same environments for at
least 20 years.
Moisture content was identified as the most important parameter impacting
sediment THg concentrations. While baseline sediment THg levels ultimately derive
from many factors, moisture content particularly influences Hg environmental
availability and speciation (Davis et al. 1997, Pan et al. 2011). Warm temperatures and
wet-dry cycling at saline lakes may increase Hg release from sediments, particularly
during the summer breeding season (Ullrich et al. 2001). However, sites possessing
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greater sediment moisture contents may be more likely to retain and biomagnify THg
because of geochemical parameters and environmental conditions conducive to
anaerobic microbial activity and abiotic Hg methylation (Davis et al. 1997, Ullrich et al.
2001, Weir et al. 2010). This research only investigated sediment THg concentrations
without regard for Hg methylation, phase transitions, or speciation. Ultimately,
sediment moisture content derives from factors relating to soil particle size and texture,
hydrologic cycles, and wet-dry cycling periods, which are particularly germane in
wetland environments (Ullrich et al. 2001, Scheuhammer et al. 2007). Sediment THg
levels and moisture content tend to be positively correlated with fine-grain soil particles
(<63-µm) due to geochemical properties that enhance Hg reactionary processes (greater
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Hg retention and available bonding sites) and surface to volume ratios (greater water
retention and adhesion; Smith et al. 1973, Domagalski 2001, Boszke et al. 2004, Hung
and Chmura 2006, Conaway et al. 2007, Pan et al. 2011).
From a strict Hg-risk perspective, in a recent Hg study across multiple habitat
types, Perkins et al. (2016) reported that the greatest Hg concentrations occurred in
shorebirds foraging in wet to aquatic microhabitats, implicating increased sediment Hg
methylation rates for heightened bioaccumulation in such environmental conditions.
While regional artesian spring flow originates from underlying groundwater sources,
groundwater discharge rates may vary across fine spatial scales (Krabbenhoft et al.
1998). Moreover, groundwater inflows may contribute solutes or influence water
chemistry parameters beyond the scope of this study (see Krabbenhoft et al. 1998).
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Future contaminant research conducted in seepage systems should also account for
groundwater discharge and biogeochemical modifiers that may influence sediment
MeHg production and baseline THg concentrations (Krabbenhoft et al. 1998; see above).
Snowy plover nesting activity was associated with sediment THg concentrations,
where study sites where snowy plovers were not found nesting exhibited greater
sediment THg levels and moisture content than sites in which they were nesting.
Consequently, regional breeding snowy plovers may be less susceptible to Hg
bioaccumulation and biomagnification at present nesting sites. However, this direction
is confounded in three manners. For example, despite greater concentrations in those
study sites, if snowy plovers do not nest there, then their exposure is minimal (or
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avoided altogether) because they do not occur (nesting nor foraging) there in the first
place. Similarly, because there were no snowy plovers “available” to be captured at
non-nesting sites, no blood samples can be used to calibrate any of these THg
relationships in these study site in which sediment THg levels were greater. Finally,
sediment sampling conducted at Salt Plains NWR (see below) may have unintentionally
underestimated sediment THg concentrations and moisture contents for an active
nesting site.
Actively functioning artesian springs would obviously be more likely to possess
greater moisture content, than those that now exist as former springheads.
Consequently, strong positive relationships linking sediment Hg concentration and
sediment moisture likely increases Hg levels in saline lakes and alkali flats with active
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artesian springs. While this research reported similar mean sediment moisture contents
between active and former springs, active springs demonstrated a greater moisture
content range than former springs, where maximum sediment moisture contents were
sampled from active spring sites. However, the conservation relevance here is that
those study sites in which active artesian springs persist are those with greatest snowy
plover nesting activity (Conway et al. 2005a, b, Saalfeld et al. 2013, Ashbaugh 2016). So,
if some risk of Hg exposure exists for regional snowy plovers, they are likely greatest in
saline lake/alkali flat areas that contain active artesian springs. Ashbaugh (2016)
similarly reported elevated Se and As concentrations in similar scenarios – in sediment
and water located in close proximity to active artesian springs, where snowy plovers
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were most likely to nest. These parallels between studies, where the greatest potential
risk of contaminant exposure to snowy plovers in what is presumed to be the best
nesting habitats regionally is arguably the greatest conservation concern emanating
from these research efforts. Future efforts, focused simultaneously upon the
interrelationships among Hg form and modification in the presence of elevated Se,
would potentially formalize the specific risk probabilities of these potential
contaminants in presumably the highest quality snowy plover nesting habitat that
remains in the SGP.
In contrast to the patterns observed in the Texas study sites, Salt Plains NWR
also possesses spring-fed streams, but exhibited the lowest average sediment THg
concentration and moisture content. Large numbers of snowy plovers nest on the alkali
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flats and riparian zones of the refuge each summer, and Salt Plains NWR is arguably the
most important single nesting area for snowy plovers east of the Great Salt Lake
(Thomas et al. 2012). Sediment transects at Salt Plains NWR were overlain by the
greatest volume of flowing surface water (Salt Fork of the Arkansas River and
Cottonwood Creek) in this study, while Texas active spring sediment transects possessed
minimal actual spring flow, even when active (L. Duffie, personal observation). Spring
and stream discharge rate is a major driver in sediment transport and particle size
distribution (Boszke et al. 2004), and the Salt Plains sediment transects were positioned
along the stream thalweg, which may have sampled coarse-grained bed load in lieu of
fine-grained clay and silt particles distributed in the littoral zone (Boszke et al. 2004).
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Greater stream velocities and discharge at Salt Plains likely had a greater effect on
sediment transport and particle size distributions, whereas low spring discharge in Texas
may be less affected. Consequently, samples from Salt Plains transects represented
limnetic zones while samples from Texas transects represented littoral zones. While
individual particle size classes were not considered in this study, all sediment samples
were sieved in the field to 1,000-µm. If sediment transport processes impacted Hg
dynamics, then some coarse-grained (i.e., sandier) sediment sampled along stream
thalwegs may have unintentionally lowered sediment moisture content and Hg sorption
capacities, underestimating sediment THg concentrations at Salt Plains NWR nesting
sites (Boszke et al. 2004).
Surprisingly, sediment THg concentrations were negligibly influenced by
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geographical location (site). Saline lakes represent closed basin systems, but sediment
is highly mobile via regional eolian processes. Local hydrology, sediment particle size,
and other geochemical properties are seemingly better predictors of sediment THg
levels than geologic compositions of regional formations (Smith et al. 1973). Moreover,
changes in surface water or porewater availability in these systems will also impact
salinity levels and other water chemistry parameters that influence MeHg methylation
rates (Ullrich et al. 2001).
Beyond geologic sources, aquifer groundwater quality may be compromised
through percolating nonpoint pollutants, such as herbicides, heavy metals, or solutes,
that can be transferred to recharge basins through overland flow or eolian transport
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(Brüne 1981, Irwin et al. 1996, Wood 2002). Closed basin aquatic systems, including
lakes and reservoirs, may display increased methylation rates via runoff from terrestrial
areas upstream in the watershed (Scheuhammer et al. 2007; note Irwin et al. 1996,
Venne et al. 2006). Land use surrounding saline lakes in the SGP is characterized by
intensive cultivation of row-crop cotton monocultures, which readily erode during the
non-growing season (Rollo and Bolen 1969, Luo et al. 1997). Nearby agricultural rowcrop activities may augment Hg concentrations in saline lake watersheds, exacerbating
potentially harmful environmental effects in these ecosystems (Luo et al. 1997, Babiarz
et al. 1998, Gochfeld 2003). Because playas and saline lakes represent low-lying
topographic areas in their respective watersheds, both ecosystems are prone to
sediment accumulation from upland sources (Luo et al. 1997). When Hg binds to soil
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particles, it may be transported by water or eolian processes and concentrate in basins
(Irwin et al. 1996, Babiarz et al. 1998). Consequently, saline lakes may serve as a natural
sink for Hg and other contaminants (Hung and Chmura 2006). Whereas sediment cores
across depths describe temporal Hg trends deriving from differential sedimentation
rates, surficial sediment sampling (as collected in this research) is the best method to
capture Hg spatial variability and identify environments acting as a contaminant sink
(Hung and Chmura 2006, Conaway et al. 2007).
Sediment accumulation dramatically increases surface-to-volume ratios and
evaporative potentials for these systems, compromising wetland volume, hydroperiod,
and vegetative communities conducive to snowy plover breeding habitat quality (Luo et
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al. 1997, Conway et al. 2005a, b). Furthermore, as Hg methylation occurs
predominantly in wetland sediments, aquatic ecosystems exhibit more elevated MeHg
concentrations than terrestrial environments and may pose greater MeHg toxicity risk
to avifauna in wetland environments (Ullrich et al. 2001, United Nations Environment
Programme 2013, Perkins et al. 2016). While Irwin et al. (1996) and Venne et al. (2006)
failed to observe differences in playa sediment heavy metal concentrations located near
agricultural operations, little research has investigated the impact of surrounding land
use on saline lakes, particularly for Hg (Ashbaugh 2016).
Theoretically, once present in a playa or sinkhole, pollutants may dissolve in
percolating surface water as it slowly recharges the aquifer, creating a contaminant
plume below the basin (Wood 2002). In effect, contaminants introduced into the
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Ogallala Aquifer through playa recharge may eventually discharge through artesian
spring flow to impact saline lake contaminant availability for snowy plovers (MacRae et
al. 2001, Ashbaugh 2016); however, the temporal time-scale in which that process
happens may be on century or millenial scales. Consequently, groundwater processes
may dictate surface water quality and potential contaminant bioaccumulation and
biomagnification into area biota (MacRae et al. 2001). In some areas of the SGP,
groundwater pollutant levels have led to poor water quality that fail to meet established
drinking water standards (Wood 2002, MacRae et al. 2001), but whether those
contaminants (mainly Pb and As) derive from natural or anthropogenic sources remain
largely unresolved.
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Management Implications
Regional breeding snowy plovers are likely at low risk of Hg toxicity. However,
the greatest conservation threat to interior snowy plovers breeding on the SGP derives
from anthropogenic modification of breeding environments through excessive
groundwater mining and resulting deterioration of artesian spring flows, reducing site
quantity and quality critical for nesting success (Fellows et al. 2001, Conway et al.
2005b, Andrei et al. 2009). The presence and location of water, the extent of its
availability, and its associated quality levels are integral to processes shaping the SGP
environment (Haukos and Smith 1992, Wood 2002, Rosen et al. 2013). Groundwater
accounts for the calcrete availability that dictates regional topography, provides
hydrologic inputs through artesian spring flow to groundwater-dependent ecosystems
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at the surface, and supports the livelihoods of hundreds of thousands of residents
through irrigation and municipal use (Osterkamp and Wood 1987, Haukos and Smith
1992, Wood 2002). However, the inherent value of groundwater lies in its accessibility,
but excessive pressures on the Ogallala Aquifer have contributed to chronic water table
declines throughout the SGP (Sophocleous 2000). Consequently, continued reductions
in water table levels and artesian spring flow will permanently alter surface water
availability, acting as an ecological driver by forever shifting species compositions of
characteristic floral and faunal communities in these unique SGP wetland ecosystems
(Luo et al. 1997, Conway et al. 2005b, Andrei et al. 2008, Rosen et al. 2013). Snowy
plover breeding environments possessing active springs could transition to population
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sinks if drastic reductions in surface water availability occur following nest initiation,
particularly in west Texas (Irwin et al. 1996; see also Ashbaugh 2016).
Reduced groundwater mining may prolong artesian spring flow at regional saline
lake and alkali flat environments utilized by breeding snowy plovers (Conway et al.
2005a, b, Andrei et al. 2008, Rosen et al. 2013) while also diluting potential
groundwater contaminant levels (MacRae et al. 2001, Ashbaugh 2016). Aquifer
groundwater use requires sustainable management to safeguard the integrity of the
Ogallala Aquifer and the discharge wetlands it sustains (Sophocleous 2000). Therefore,
the Ogallala Aquifer should be managed as a non-renewable resource to ensure
environmental water availability for both present and future generations (Sophocleous
2000).
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Compared to playas, regional saline lakes are poorly studied, although they may
be the most imperiled wetland habitat in the SGP due to their rarity and increased
susceptibility to natural and anthropogenic modifications (Rosen et al. 2013). Large
numbers of migratory and breeding waterfowl and shorebirds are highly dependent on
both dynamic ecosystem types during their annual life cycles (Haukos and Smith 1992,
Conway et al. 2005a, Andrei et al. 2008). Therefore, both playas and saline lakes should
be considered biogeographic hotspots of species diversity in an otherwise agriculturized
region in the United States (Haukos and Smith 1992, Rosen et al. 2013, Ashbaugh 2016).
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Figure 3.1. Locations of alkali flats at Salt Plains National Wildlife Refuge (Oklahoma) and
individual study site saline lakes (Texas) used to collect sediment samples to estimate
environmental Hg concentrations in potential and actual snowy plover nesting habitats,
May-August 2014. Privately owned saline lakes identified using an alphabetical notation
(A, B, C) within associated Texas counties. Sediment was not collected from Bitter Lake
National Wildlife Refuge (New Mexico).
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Figure 3.2. Transect layout for sediment collection associated with active artesian
springs on saline lake and alkali flat environments used to estimate sediment THg
concentrations in potential and actual snowy plover nesting habitats, Southern Great
Plains of Oklahoma (Salt Plains NWR) and Texas, May-August 2014.
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Figure 3.3. Transect layout for sediment collection associated with former artesian
springs (inactive) on saline lake and alkali flat environments used to estimate sediment
THg concentrations in potential and actual snowy plover nesting habitats, Southern
Great Plains of Oklahoma (Salt Plains NWR) and Texas, May-August 2014.
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Figure 3.4. Box plot of sediment-mercury concentration (ppm) in samples (n = 34) collected along transects at 0 m (n = 8), 50
m (n = 10), 100 m (n = 10), or 150 m (n = 6) from the spring head at saline lake and alkali flat environments in the Southern
Great Plains of Oklahoma (Salt Plains NWR) and Texas, 2014. Linear active spring transects were sampled at 0 m, 50 m, 100
m, and 150 m whereas ray former spring transects (labeled with F) were sampled at 0 m, and 50 m and 100 m along each ray.
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Figure 3.5. Box plot of sediment-mercury concentration (ppm) in samples (n = 34) collected from active (n = 24) or former (n
= 10) springs at saline lake and alkali flat environments in the Southern Great Plains of Oklahoma (Salt Plains NWR) and
Texas, 2014. The horizontal line indicates reported toxicity concentration threshold (0.20 ppm) for mercury in sediment.
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Figure 3.6. Box plot of sediment-mercury concentration (ppm) in samples (n = 34) collected from snowy plover non-nesting
sites (n = 18) or nesting sites (n = 16) at saline lake and alkali flat environments in the Southern Great Plains of Oklahoma
(Salt Plains NWR) and Texas, 2014. The horizontal line indicates reported toxicity concentration threshold (0.20 ppm) for
mercury in sediment.
147

DRAFT

Figure 3.7. Box plot of sediment-mercury concentration (ppm) in samples (n = 34) collected from saline lake and alkali flat
environments in the Southern Great Plains of Oklahoma (Salt Plains NWR; n = 8) and Texas (n = 26), 2014. The horizontal line
indicates reported toxicity concentration threshold (0.20 ppm) for mercury in sediment.
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Figure 3.8. Scatter plot of sediment moisture content (%) and sediment mercury concentrations (ppm) for saline lakes and
alkali flat environments of the Southern Great Plains of Texas (n = 26) and Oklahoma (Salt Plains NWR; n = 8), 2014.
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Figure 3.9. Scatter plot of sediment moisture content (%) and sediment mercury concentrations (ppm) for active (n = 24) and
former (n = 10) springs at saline lakes and alkali flat environments of the Southern Great Plains of Texas and Oklahoma (Salt
Plains NWR), 2014.

150

DRAFT

Figure 3.10. Scatter plot of sediment moisture content (%) and sediment mercury concentrations (ppm) for snowy plover
(Charadrius nivosus) nesting (n = 16) and non-nesting (n = 18) sites at saline lakes and alkali flat environments of the
Southern Great Plains of Texas and Oklahoma (Salt Plains NWR), 2014.
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Figure 3.11. Box plot of sediment moisture content (%) in samples (n = 34) collected
from snowy plover non-nesting sites (n = 18) or nesting sites (n = 16) at saline lake and
alkali flat environments in the Southern Great Plains of Oklahoma (Salt Plains NWR) and
Texas, 2014.
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Figure 3.12. Box plot of sediment moisture content (%) in samples (n = 34) collected
from active (n = 24) or former (n = 10) springs at saline lake and alkali flat environments
in the Southern Great Plains of Oklahoma (Salt Plains NWR) and Texas, 2014.
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Table 3.1. Sediment mercury concentrations (parts per million dry weight [dw]) from prior regional saline lake research at
multiple locations. Non-quantifiable sediment Hg concentrations are designated as BDL (below detection limit) with the
corresponding analytical instrument detection limit noted in parenthesis.
Study Site
Salt Playa 1
Salt Playa 2
Salt Playa 3
Salt Playa 4
Saline Lake 1
a
Saline Lake 2
Saline Lake 3
Saline Lake 4
Grulla NWR (Salt Lake)
Muleshoe NWR (White Lake)
Muleshoe NWR (Goose Lake)
Muleshoe NWR (Paul’s Lake)
a
b

Location
Dawson County, Texas
Dawson County, Texas
Terry County, Texas
Dawson County, Texas
Terry County, Texas
Terry County, Texas
Gaines County, Texas
Gaines County, Texas
Roosevelt County, New Mexico
Bailey County, Texas
Bailey County, Texas
Bailey County, Texas
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Saline Lake 2 was Private Lake B in this research.
Arithmetic Mean
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Concentration
0.030 ppm dw
0.030 ppm dw
0.030 ppm dw
BDL (<0.005 ppm dw)
BDL (<0.005 ppm dw)
0.020 ppm dw
0.010 ppm dw
0.054 ppm dw
b
BDL (<0.110 ppm dw)
b
BDL (<0.100 ppm dw)
b
BDL (<0.110 ppm dw)
b
BDL (<0.110 ppm dw)

Reference
Irwin et al. 1996
Irwin et al. 1996
Irwin et al. 1996
Irwin et al. 1996
Irwin et al. 1996
Irwin et al. 1996
Irwin et al. 1996
Irwin et al. 1996
Giggleman et al. 2004
Giggleman et al. 2004
Giggleman et al. 2004
Giggleman et al. 2004

Table 3.2. Arithmetic and geometric means, standard errors (SE), ranges, frequency of samples greater than detection limit,
and detection limits for sediment sample mercury concentrations (ppm) collected from both active and former springs and
nesting and non-nesting sites in saline lake and alkali flat environments in the Southern Great Plains of Oklahoma (Salt Plains
NWR) and Texas, 2014.
Active
Former
Nesting
Non-Nesting
Overall
(n = 24)
(n = 10)
(n = 16)
(n = 18)
(n = 34)
Mercury
Range

0.0004-0.0268

0.0025-0.0118

0.0004-0.0208

0.0025-0.0268

0.0004-0.0268

Arithmetic mean (SE)

0.0090 (0.00)

0.0054 (0.00)

0.0049 (0.00)

0.0107 (0.00)

0.0079 (0.00)

0.0040 (0.00)

0.0050 (0.00)

0.0022 (0.00)

0.0079 (0.00)

0.0042 (0.00)

100

100

100

100

100

≤0.0010

≤0.0006

≤0.0010

≤0.0009

≤0.0010

0.20

0.20

0.20

0.20

0.20

>DL
Geometric mean (SE)
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>DL
Frequency (%) >DL
Detection limit
Adverse effect threshold
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Table 3.3. Arithmetic and geometric means, standard errors (SE), ranges, frequency of samples greater than detection limit,
and detection limits for sediment sample Hg concentrations (ppm) collected on 150 m transects from active springs (n = 24)
in saline lake and alkali flat environments in the Southern Great Plains of Oklahoma (Salt Plains NWR) and Texas, 2014.
0m
50 m
100 m
150 m
(n = 6)
(n = 6)
(n = 6)
(n = 6)
Mercury
Range

0.0004-0.0261

0.0005-0.0248

0.0005-0.0268

0.0005-0.0262

Arithmetic mean (SE) >DL

0.0123 (0.00)

0.0074 (0.00)

0.0075 (0.00)

0.0088 (0.00)

Geometric mean (SE) >DL

0.0056 (0.00)

0.0033 (0.00)

0.0032 (0.00)

0.0043 (0.00)

100

100

100

≤0.0009

≤0.0010

≤0.0008

≤0.0009

0.20

0.20

0.20

0.20

Frequency (%) >DL

100
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Detection limit
Adverse effect threshold
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Table 3.4. Arithmetic and geometric means, standard errors (SE), ranges, frequency of samples greater than detection limit,
and detection limits for sediment sample Hg concentrations (ppm) collected on 100 m transects from former springs (n = 10)
in saline lake and alkali flat environments in the Southern Great Plains of Texas, 2014.
0m
50 m
100 m
(n = 2)
(n = 4)
(n = 4)
Mercury
Range

0.0063-0.0118

0.0025-0.0058

0.0040-0.0055

Arithmetic mean (SE) >DL

0.0091 (0.00)

0.0044 (0.00)

0.0045 (0.00)

Geometric mean (SE) >DL

0.0086 (0.00)

0.0042 (0.00)

0.0045 (0.00)

100

100

≤0.0004

≤0.0006

≤0.0006

0.20

0.20

0.20

Frequency (%) >DL

100
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Table 3.5. Analysis of variance for log-transformed Hg concentrations (ppm) in sediment
(n = 34) from potential snowy plover nesting sites at saline lake and alkali flat
environments in the Southern Great Plains, 2014. Sediment Hg concentrations were
compared among two snowy plover nesting levels (yes, no), two spring levels (active,
former), and two sites (Salt Plains NWR, Texas). Moisture content was the covariate.
Degrees of
Sum of
Mean
F
P
Parameter
Freedom
Squares
Squares
Moisture Content
1
0.0015
0.0015
135.00
<0.001
Nesting
1
0.0002
0.0002
18.14
<0.001
Spring
1
0.0001
0.0001
9.39
0.005
Site
1
0.0000
0.0000
3.47
0.074
Moisture Content *
1
0.0000
0.0000
7.26
0.012
Nesting
Moisture Content *
1
0.0000
0.0000
0.28
0.599
Spring
Moisture Content *
1
0.0000
0.0000
0.66
0.426
Site
Residuals
26
0.0003
0.0000
Nesting: Yes/No; Spring: Active/Former; Site: Salt Plains NWR/Texas.
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Table 3.6. Model simplification through stepwise algorithm and AIC comparison for log-transformed Hg concentrations
(ppm) found in sediment (n = 34) from potential snowy plover nesting sites at saline lake and alkali flat environments in the
Southern Great Plains, 2014. Bolded text indicates plausible and competing models where ΔAIC <2.00.
Model
ΔAIC
AIC
Moisture Content + Nesting + Moisture Content*Nesting
0.00
-388.40
Moisture Content + Nesting + Site + Moisture Content*Nesting
1.98
-386.42
Moisture Content + Nesting + Site + Moisture Content*Nesting + Moisture Content*Site
3.15
-385.25
Moisture Content + Nesting + Spring + Site + Moisture Content*Nesting + Moisture
4.97
-383.43
Content*Site
Moisture Content + Nesting + Spring + Site + Moisture Content*Nesting + Moisture
6.60
-381.80
Content*Spring + Moisture Content*Site
Moisture Content + Nesting + Spring + Site + Moisture Content*Nesting + Moisture
6.60
-381.80
Content*Spring + Moisture Content*Site + Nesting*Spring
Moisture Content + Nesting + Spring + Site + Moisture Content*Nesting + Moisture
6.60
-381.80
Content*Spring + Moisture Content*Site + Nesting*Spring + Nesting*Site
Moisture Content + Nesting + Spring + Site + Moisture Content*Nesting + Moisture
6.60
-381.80
Content*Spring + Moisture Content*Site + Nesting*Spring + Nesting*Site + Spring*Site
Nesting: Yes/No; Spring: Active/Former; Site: Salt Plains NWR/Texas.
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Table 3.7. Analysis of variance for log-transformed Hg concentrations (ppm) found in
sediment (n = 34) following model simplification for potential snowy plover nesting sites
at saline lake and alkali flat environments in the Southern Great Plains, 2014. Sediment
Hg concentrations were compared among two snowy plover nesting levels (yes, no) and
moisture content*nesting interaction terms. Moisture content was the covariate.
Degrees of
Sum of
Mean
F
P
Parameter
Freedom
Squares
Squares
Moisture Content
1
0.0015
0.0015
149.48
<0.001
Nesting
1
0.0002
0.0002
20.09
<0.001
Moisture
1
0.0002
0.0002
22.10
<0.001
Content*Nesting
Residuals
30
0.0003
0.0000
Nesting: Yes/No
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Table 3.8. Arithmetic and geometric means, standard errors (SE), ranges, frequency of samples greater than detection limit,
and detection limits for sediment sample Hg concentrations (ppm) collected at 7 study sites (Goose Lake, Private Lakes A, B,
C, Paul’s Lake, Salt Plains NWR-North, Salt Plains NWR-West, White Lake) in saline lake and alkali flat environments in the
Southern Great Plains of Oklahoma (Salt Plains NWR) and Texas, 2014. Two sediment transects were sampled at Salt Plains
NWR due to the vast expanse and multiple surface water resources of the site.
Goose Lake
Lake A
Lake B
Lake C
(n = 5)
(n = 4)
(n = 4)
(n = 4)
Mercury
Range

0.0043-0.0063

0.0025-0.0071

0.0102-0.0208

0.0039-0.0182

Arithmetic mean (SE) >DL

0.0053 (0.00)

0.0048 (0.00)

0.0133 (0.00)

0.0086 (0.00)

Geometric mean (SE) >DL

0.0052 (0.00)

0.0043 (0.00)

0.0127 (0.00)

0.0072 (0.00)
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Frequency (%) >DL
Detection limit
Reported threshold

100

100

100

100

≤0.0006

≤0.0010

≤0.0008

≤0.0007

0.20

0.20

0.20

0.20
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Paul’s Lake
(n = 4)

Salt Plains NWR
- North
(n = 4)

Salt Plains NWR
- West
(n = 4)

White Lake
(n = 5)

Range

0.0248-0.0268

0.0004-0.0005

0.0007-0.0012

0.0025-0.0118

Arithmetic mean (SE) >DL

0.0260 (0.00)

0.0005 (0.00)

0.0009 (0.00)

0.0054 (0.00)

Geometric mean (SE) >DL

0.0260 (0.00)

0.0005 (0.00)

0.0008 (0.00)

0.0047 (0.00)

100

100

100

100

≤0.0009

≤0.0005

≤0.0006

≤0.0005

0.20

0.20

Mercury

Frequency (%) >DL
Detection limit
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Reported threshold

0.20

0.20
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