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Abstract Animals are exposed to natural and anthropogenic stressors during reproduction that may individually or interactively influence reproductive success and
offspring development. We examined the effects of
weather conditions, exposure to element contamination
from a recently remediated fly ash spill, and the interaction between these factors on reproductive success and
growth of tree swallows (Tachycineta bicolor) across
nine colonies. Females breeding in colonies impacted by
the spill transferred greater concentrations of mercury
(Hg), selenium (Se), strontium, and thallium to their
eggs than females in reference colonies. Parental provisioning of emerging aquatic insects resulted in greater
blood Se concentrations in nestlings in impacted colonies compared to reference colonies, and these concentrations remained stable across 2 years. Egg and blood
element concentrations were unrelated to reproductive
success or nestling condition. Greater rainfall and higher
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ambient temperatures during incubation were later associated with longer wing lengths in nestlings, particularly in 2011. Higher ambient temperatures and greater
Se exposure posthatch were associated with longer wing
lengths in 2011 while in 2012, blood Se concentrations
were positively related to wing length irrespective of
temperature. We found that unseasonably cold weather
was associated with reduced hatching and fledging success among all colonies, but there was no interactive
effect between element exposure and inclement weather.
Given that blood Se concentrations in some nestlings
exceeded the lower threshold of concern, and concentrations of Se in blood and Hg in eggs are not yet
declining, future studies should continue to monitor
exposure and effects on insectivorous wildlife in the
area.
Keywords Element . Interactive effects . Nestling
growth . Reproductive success . Tree swallow . Weather

Introduction
Animals are exposed to a variety of natural and anthropogenic stressors that can affect the number and/or
quality of offspring that they produce. Natural stressors
include variation in biotic and abiotic factors such as
food availability (Zanette et al. 2006; Brown and Shine
2007), exposure to parasites (Brown and Brown 1986;
Gooderham and Schulte-Hostedde 2011), and weather
conditions (Pipoly et al. 2013; McDonald et al. 2004).
Anthropogenic stressors include exposure to
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contaminants (Savage et al. 2002; Berglund et al. 2010),
habitat loss and fragmentation (Nystrom et al. 2007;
Hinam and Clair 2008), and global climate change
(Salafsky et al. 2008; Cunningham et al. 2013; Plard
et al. 2014). These sources of stress may interact to
further affect health and reproduction in the wild
(Fischer et al. 2013; Holmstrup et al. 2010; Barrett
et al. 2013). Of particular concern is the interaction
between global climate change and contaminants
(reviewed in Moe et al. 2013; Hooper et al. 2013; Noyes
et al. 2009). Climate change will directly influence
physiology and behavior due to increased frequency
and intensity of droughts, storms, and other extreme
weather events (IPCC 2013). Environmental changes
associated with climate change may in some cases increase the availability of contaminants (Gouin et al.
2013), alter degradation rates (Noyes et al. 2009), increase contaminant toxicity (Holmstrup et al. 2010), or
simply subject wildlife to the cumulative insults of both
anthropogenic changes. These interactive effects could be
especially important for developing young who may be
more sensitive to stressful conditions than adults. Thus, it
is important to determine how weather conditions may
interact with contaminant exposure to affect wild populations so that these interactions can be considered in
future risk assessment frameworks (Hooper et al. 2013).
Avian species are excellent models for addressing the
individual and interactive effects of contaminant exposure and climatic conditions on reproduction because
they are frequently used in studies of the effects of
contaminants or climate change on reproductive biology
(Saether et al. 2004; Møller 2013; Custer 2011). Only a
few studies have addressed the combined effects of
contaminant exposure and weather conditions on avian
reproduction, and these studies indicated that natural
variation in weather conditions may intensify or mask
the effects of contaminant exposure on reproduction.
For instance, unfavorable environmental conditions,
such as periods of intense cold, drought, or high temperatures, may increase the effect of contaminant exposure on reproduction (Eeva and Lehikninen 1995;
Gentes et al. 2006; Hallinger and Cristol 2011; Hill
et al. 2008; Brasso and Cristol 2008). Alternatively,
unfavorable weather conditions may mask the effects
of contaminants by reducing reproductive success
equally in reference and contaminated areas (Custer
et al. 2003). Further research is needed on a greater array
of pollutants and ecological contexts to determine
how weather, and potentially climate change, may
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interact with contaminant exposure to affect avian
reproductive success.
Inorganic contaminants, such as metals and metalloids (hereafter collectively referred to as elements), are
globally widespread contaminants and have diverse effects on reproduction in birds and other taxa. Maternal
exposure to elements such as arsenic (As), cadmium
(Cd), and selenium (Se), can reduce egg size in European songbirds (Nyholm and Myhrberg 1977; Eeva and
Lehikninen 1995). Some elements can be maternally
transferred to eggs, exposing developing young to element contamination (Bryan et al. 2003; Harding 2008;
Weech et al. 2012; Brasso et al. 2010). Maternally
transferred Se and mercury (Hg) can reduce hatching
success and cause severe developmental malformations
(Ohlendorf 2011; Heinz and Hoffman 2003; Burger and
Gochfield 1997; Heinz et al. 2011). Growth abnormalities, such as malformed tarsi or wings, are associated
with exposure to As, copper (Cu), nickel (Ni), Se, lead
(Pb), and zinc (Zn) (Eeva and Lehikninen 1996;
Janssens et al. 2003; Ohlendorf and Heinz 2011). Maternally transferred elements and/or dietary exposure
posthatch can reduce fledging success (Eeva et al.
2009), and nestlings raised in contaminated areas may
exhibit reduced growth or poor body condition which
reduces their likelihood of survival after fledging
(Janssens et al. 2003; Eeva and Lehikninen 1996; Eeva
et al. 2009). The relative importance of maternally
transferred elements and dietary exposure posthatch
are not well understood in birds, particularly if maternally transferred elements continue to influence aspects
of development posthatch. However, in some amphibians and reptiles, maternally transferred elements can
negatively influence offspring body mass and reduce
offspring survival postparturition (Hopkins et al. 2006;
Bergeron et al. 2011). Thus, it is important to determine
if exposure prehatch and posthatch, coupled with weather conditions throughout development, influence reproductive success or offspring phenotype.
The coal fly ash spill in Kingston, TN, provided an
opportunity to examine the combined consequences of
element exposure and weather conditions on avian reproduction and offspring development. In December 2008, a
coal fly ash impoundment wall at the Tennessee Valley
Authority fossil plant ruptured releasing 4.13 million m3
of coal fly ash slurry into the Emory River, part of which
subsequently flowed into the Clinch and Tennessee Rivers (TVA 2009). Fly ash contains elevated concentrations
of a complex mixture of elements (Table 1) including
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many that are associated with reproductive impairment in
birds (Rowe et al. 2002; NRC 2006; Ohlendorf 2011). In
the 2.5 years between the spill and initiation of our study,
most of the fly ash was removed from the river, but
approximately 400,000 m3 remained in the system
(TVA 2011b). Thus, birds and other wildlife may be
exposed to residual concentrations of some elements,
particularly As, Se, and Tl, which are elevated above
normal background levels (Beck et al. 2014), but in most
cases below those typically associated with adverse reproductive effects (reviewed in Ohlendorf and Heinz
2011; Shore et al. 2011). Because element exposure is
relatively modest following remediation of the site but
will likely remain above background for the near future, it
is important to determine if variation in other environmental conditions, such as unfavorable weather, could
exacerbate their effects.
In this study, we examined the effects of exposure to
modestly elevated concentrations of elements, local
weather conditions, and their interaction on offspring
growth, and measures of reproductive success in tree
swallows (Tachycineta bicolor). We first determined if
tree swallows were exposed to elevated concentrations
of elements near the fly ash spill site and if those
elements were maternally and trophically transferred to
offspring during egg production and nestling provisioning, respectively. We then determined if element exposure, temperature, rainfall, and female age influenced
reproductive parameters. We predicted that exposure to
modestly elevated element concentrations, low temperatures, and heavy rainfall would be associated with
reduced hatching and fledging success and offspring
growth. We further predicted that under poor weather
conditions (low temperatures and heavy rain), we would
detect greater reductions in reproductive success in
swallows exposed to higher concentrations of elements
(i.e., additive effects) compared to optimal conditions
(mild weather and no impact from the spill).

Methods

Sample size

Study species

a

Concentrations of As, Cd, Cr, and V were also quantified but were below the detection limit in over half of the samples from all of the colonies in both years and were not considered further.
Colonies that share the same superscript did not differ significantly from each other in that year of the study for that element while colonies that do not share a letter differ significantly from
each other at p<0.05. Concentrations of Cu and Zn did not differ significantly among colonies
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Tree swallows are extensively used in ecotoxicology
studies because they are secondary cavity nesters (Robertson et al. 2011), and both sexes typically forage
within 300–500 m of their box during the breeding
season (Dunn and Hannon 1992; Quinney and Ankney
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1985). Thus, strategic placement of nest boxes in contaminated and reference areas ensures that swallows are
exposed to local contaminants through the diet (Beck
et al. 2013). They are aerial insectivores and feed extensively on emerging aquatic insects in riparian areas
(Custer et al. 2010; Custer 2011; Beck et al. 2013).
Maternal transfer and dietary exposure to low concentrations of a number of elements including Cu, iron (Fe),
Hg, Se, and Zn did not affect hatching success or nestling survival in tree swallows (Custer et al. 2006, 2008).
However, exposure to elevated concentrations of Hg,
particularly coupled with hot or dry weather, can reduce
fledging success (Brasso and Cristol 2008; Hallinger
and Cristol 2011).
Temperature has strong effects on fledging success in
tree swallows. Cold temperatures and rainfall reduce the
availability of flying insects, leading to reduced foraging
success during a time of high energetic demands for
adults and developing young (Winkler et al. 2013;
Nooker et al. 2005). Cold temperatures and rainfall are
associated with reduced growth, poor body condition,
and short wing lengths (McCarty and Winkler 1999;
Nooker et al. 2005; Dawson 2008), and cold temperatures can lead to pronounced reductions in fledging
success in comparison to warmer weather (Winkler
et al. 2013).
Field methods
We studied tree swallows in Roane (35.9° N, 84.5° W)
and Loudon (35.8° N, 84.3° W) Counties, TN, USA,
from March to July 2011 and 2012. Our study site
encompassed an element contamination gradient that
ranged from background exposure at reference colonies
to modestly elevated exposure near the site of the ash
spill and in areas where ash was not removed during
remediation efforts (Fig. 1). We placed nest boxes in two
colonies along the Emory River (spill site (SS) and
downstream 1 (D1)), two colonies along the Clinch
River (downstream 2 (D2) and downstream 3 (D3)),
and one colony downstream on the Tennessee River
(downstream 4 (D4)). We had three reference colonies,
two located approximately 30.5 km east of Kingston at
Ft. Loudoun Dam (reference 1, R1) and at Tellico Dam
(reference 2, R2). Reference 3 (R3) was located upstream on the Tennessee River from the confluence with
the Clinch River, at Long Island. We also placed boxes
at Melton Hill Dam (MD) on the Clinch River which
served a role analogous to a positive control because
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preliminary data gathered prior to this study indicated
that tree swallows are exposed to ash-related elements
such as Se at this colony (ARCADIS 2011). The
source(s) of this contamination is unclear but could
include the Bull Run Fossil Plant (TVA 2011a; Stantec
2009), a former coal ash storage pond associated with
the Y-12 Security Complex (Cook et al. 1999), and/or
other nonpoint sources (USDA 2009).
We placed or maintained nest boxes in each area in
late February or early March, when tree swallows were
arriving and prospecting for nest sites. All of the boxes
were located within 70 m of the shore to facilitate
foraging on emerging aquatic insects. We spaced nest
boxes 15 m apart when in a single row, or 20 m apart
with a staggered alignment when there were two or
more rows. We checked nest boxes every 4 days beginning in late March for signs of nesting activity so that we
could accurately record clutch initiation dates. We recorded the final clutch size, number of eggs that
hatched, and the number of young that survived to
day 17.
We captured adults using mist nets or trapped them in
the nest box while incubating or provisioning young.
Adults were sexed by the presence of a brood patch
(females) or cloacal protuberance (males) or, if these
were absent, by measuring the wing length, with wings
shorter than 113 mm being indicative of females and
wings longer than 122 mm being indicative of males
(Stutchbury and Robertson 1987). Females were aged as
second year (SY) or after second year (ASY) based on
plumage coloration; SY females were primarily brown
and ASY females were iridescent blue. Adults were
banded with a combination of one metal band and one
colored leg band placed on opposite legs to help us
distinguish individuals breeding in neighboring boxes
and between males and females. We obtained small
(<120 μL) blood samples from all adults by puncturing
the brachial vein after cleansing the area with 90 %
ethanol. Whole blood was frozen at −20 °C for element
analysis (see below). From each adult, we measured left
and right tarsus length (each tarsus was measured
twice), wing chord, and body mass. When nestlings
were 13 days old, we obtained morphological measurements and a blood sample (as described for adults) and
banded them with a metal leg band. All bird banding
was conducted under US Geological Survey Bird
Banding Lab permit 23513 and approved by the Virginia Tech IACUC committee under protocol 11-043-FIW
and 12-072-FIW.
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Fig. 1 Tree swallow colonies located near Kingston, TN. The
study area consisted of two highly impacted colonies located on
the Emory River. One was located at the site of the spill (spill site,
SS, N=94) and the second at the confluence of the Clinch and
Emory River (downstream 1, D1, N=31). Moderately impacted
colonies were located on the Clinch River at downstream 2 (D2,
N=31) and downstream 3 (D3, N=43) and a low impacted colony
was located downstream on the Tennessee River (D4, N=51). We

used three reference colonies; two were located near Lenoir City,
TN 30.5 km east of Kingston. Reference 1 (R1, N=46) was located
at Ft. Loudoun Dam on the Tennessee River and reference 2 (R2,
N=53) at Tellico Dam on the Little Tennessee River. Reference 3
was located on Long Island (R3, N=53) on the Tennessee River
upstream from the confluence with the Clinch River. We also
placed boxes at Melton Hill Dam (MD, N=68) on the Clinch
River which served a role analogous to a positive control

Weather conditions

nestling growth variables measured at day 13), and from
hatch to nestling age 17 (for fledging success, evaluated
as survival to day 17).
We also examined the effects of unseasonably cold
and challenging weather conditions along with element
exposure on hatching and fledging success. Maximum
daily temperatures below 18.5 °C reduce the availability
of flying insects and three or more consecutive days
with highs below this temperature reduces fledging
success in tree swallows (Winkler et al. 2013). We used
these criteria to identify periods of challenging weather
at our study site (Supplementary Table 1). We identified
two periods in 2011 and three in 2012 where temperatures met these requirements; however, only in 2011

We obtained meteorological data from two small weather stations located near the SS on the Emory River and
near MD on the Clinch River (Fig. 2). We used weather
data from the Emory River station for the colonies SS,
D1-D4, and R3 and used the Clinch River data for MD,
R1, and R2. Because cold temperatures and rainfall can
reduce the availability of flying insects (McCarty 2001;
Winkler et al. 2013), we calculated the average ambient
temperature and total rainfall for each nest over four
stages of breeding: 5 days prior to clutch initiation
(prelaying), laying through the end of incubation (laying
plus incubation), from hatch to nestling age 13 (for
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24.0 °C, and from May 12th to May 19th, it is approximately 26.7 °C. From May 3rd to 7th in 2011, the
average high temperature dropped to 19.6 °C, and from
May 15th to 19th, the average high temperature was
only 13.3 °C. Because nests that contained nestlings
during the May 15th–19th cold period in 2011 also
experienced cold conditions during incubation from
May 3rd to 7th, we treated these as a single event and
primarily used May 15th–19th nest conditions to categorize nest fates. We categorized nests as affected or
unaffected by the unseasonably cold weather at the egg
or nestling stage. Nests were considered affected at the
nestling stage if the box contained young hatched on or
before May 15th (no young were present May 3rd–7th)
and one or more nestling(s) were subsequently found
dead in the box from May 15th to May 20th. We also
considered nests affected during the egg stage if >50 %
of the eggs failed to hatch in clutches scheduled to hatch
May 7th–May 23rd. Nests were considered unaffected
by the cold period if all of the nestlings present in the
brood on May 15th survived through to May 20th or if
more than half of the clutch hatched.
Maternal transfer of elements
We assessed maternal transfer of elements to eggs by
randomly collecting a single egg from each clutch within 2 days of clutch completion. Eggs were placed in
plastic bags, labeled with a unique sample id, and
protected in plastic containers lined with bubble wrap.
Samples were placed in a cooler until transported back
to the lab, where eggs were weighed to the nearest
0.001 g. Eggs were frozen and stored at −20 °C until
being prepared for element analysis.
Sample preparation and element analysis
Fig. 2 Average daily temperature (a) and total rainfall (b) from
March 1st through July 18th in Kingston, TN. We present weather
data collected at the SS for both years because weather data from
the two stations were quite similar. Temperature (a) solid line
2011, dotted line 2012, dashed line 30-year average. In a, the
black square indicates the two cold periods that occurred in 2011
and the three circles indicate the cold periods that occurred in
2012. Total rainfall (b) solid circle 2011, open circle 2012, filled
triangle 30-year average

were conditions unseasonably cold based on 30-year
average temperatures at Kingston, TN (Supplementary
Table 1). The 30-year average high temperature in
Kingston, TN, from May 3rd to 7th is approximately

Egg samples were prepared for element analysis at
Virginia Tech. Eggs were slightly thawed, and a single
incision was made in the shell, and all shell fragments
were removed. The still frozen yolk and albumin were
transferred to a 5-mL plastic container and weighed to
the nearest 0.1 mg. Frozen egg contents were dried to
asymptotic mass in a freeze dryer. After drying, egg
contents were homogenized by stirring vigorously with
a Teflon spatula that was cleaned between samples with
metal-free detergent (Citranox®) and Millipore water
and dried with a Kim Wipe. We transferred 50–
100 mg of homogenized egg to a preweighed Eppendorf
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tube, and samples were stored in a desiccator until being
shipped for element analysis. Blood samples required no
preparation.
Samples were shipped overnight on dry ice to the
Trace Element Analysis Core at Dartmouth College.
Concentrations of elements present in blood and egg
samples were quantified using inductively coupled plasma mass spectrometry (ICP-MS). Concentrations of As,
barium (Ba), Cd, chromium (Cr), Cu, Fe, manganese
(Mn), Hg, Se, strontium (Sr), thallium (Tl), vanadium
(V), and Zn were quantified for each sample. Samples
were digested by open vessel digestion with 0.5-mL 9:1
HNO3/HCl (Optima, Fisher Scientific, St Louis MO)
using microwave heating at 105 °C for 45 min. After
cooling, 0.1 mL H2O2 was added to the samples, and
they were taken through a second heating step. The
samples were then diluted to 10 mL with deionized
water. The digested samples were analyzed for element
concentrations by collision cell ICP-MS (7700x,
Agilent, Santa Clara, CA). Concentrations of As,
Ba, Cd, Cr, Cu, Fe, Mn, Sr, Tl, V, and Zn, (He
collision mode), Se (reaction mode), and Hg (normal mode) were quantified in each sample. Digestion quality control measures included digestion
blanks, fortified blanks, and reference materials
(NIST 2976, mussel tissue) at a frequency of 1
each per 20 samples. For eggs, digestion and analytical sample duplicates and spikes were performed at a frequency of 1 each per 20 samples,
but there was insufficient blood to allow for digestion of duplicates or spikes. Additional quality
control consisted of reporting limit checks, interference checks, and initial and continuing calibration checks and blanks.
Detection limits for each sample varied because the
mass of each sample used in the analysis varied (Supplementary Table 2). If the element concentration was
below the detection limit, we assigned that sample a
concentration of half of the detection limit for statistical
comparisons. Arsenic, Cd, Cr, and V concentrations in
eggs and As, Cd, Cr, Hg, Tl, and V concentrations in
blood samples were below the detection limit in over
half of the samples from each colony and were not
considered further. Average relative % difference between duplicates for eight elements over five analyses
was 12±2 %. Average % recovery for 13 elements in
spiked samples over five analyses was 97±21 %. For
egg digestion duplicates, average relative % difference
between duplicates for 9 elements over 24 analyses was
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14±4 %. Average % recovery for eight elements in
matrix spiked samples over 17 analyses was 108±
13 %. Average % recovery for Mn, Fe, Cu, Zn, As,
Se, Sr, Cd, and Hg was 100±13 % for five separate
digestions of NIST 2976, but Cr recovery averaged
48 %, presumably because the Cr was in a form that is
not solubilized by the open vessel acid digestion used
here. Other elements were not certified in the NIST
standard.
Data analysis
We were specifically interested in the effects of elements
associated with the fly ash spill on tree swallow reproduction. Therefore, we included elements that were
found in significantly higher concentrations at the SS
compared to the three reference colonies in at least 1 year
of the study in our analyses of reproductive effects. To
determine this, we used separate MANOVAs to compare log-transformed egg and blood element concentrations among colonies followed by univariate ANOVAs
and Tukey post hoc tests to determine if the SS had
significantly elevated element concentrations. When
multiple elements were associated with the spill, we
performed principal components analysis (PCA) on
log-transformed element concentrations to capture relative variation in element concentrations while reducing
the dimensionality of the data set. This approach was
necessary because of issues with multicollinearity
among elements associated with fly ash that prohibited
the inclusion of multiple elements in statistical models.
Retaining the elements in mixtures in the analyses is
preferred because it reduces the number of statistical
comparisons, and many elements have interactions
among them (Garcia-Barrera et al. 2012; Zwolak and
Zaporowska 2012; Marmiroli and Maestri 2008). After
running the PCA, we compared PC scores among colonies using an ANOVA to determine if exposure to the
mixture of elements changed between years and among
colonies.
Preliminary analyses indicated that clutch initiation
date was highly, positively correlated with average temperature throughout the nesting cycle (both r2 >0.46,
df=578, both p<0.001). This confounding relationship
prevented us from including clutch initiation date in
models because our focus was on the effects of ambient
temperature and element exposure on reproductive parameters and nestling development. Because prior work
indicated that young females lay smaller clutches and
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have reduced hatching and fledging success early in the
season compared to ASY females (Stutchbury and
Robertson 1988), we included female age (second year
or after second year) in all models. To determine how
element exposure and weather conditions affected reproductive parameters, we used generalized linear
models with appropriate error distributions and link
functions. We evaluated the fit of each model using
Akaike’s information criteria (AIC) adjusted for small
sample sizes (AICc) (Akaike 1973). Models included
year, female age, weather conditions relevant for the
reproductive stage, element PC scores or concentrations,
and interactions between weather conditions and element exposure. First, we examined the effects of
prelaying (5 days prior to clutch initiation) weather
conditions and the other independent variables on clutch
initiation date, clutch size, and egg mass. We included
clutch size as a covariate in models examining egg mass
because we detected a significant positive relationship
between these two variables in preliminary analyses
( r 2 = 0 . 1 3 , d f = 5 8 4 , p < 0 . 0 0 1 ) . To a v o i d
pseudoreplication, we only evaluated the mass of a
single egg in each clutch (the one we collected for
element analysis). We calculated hatching success as
the proportion of eggs that hatched in the nest after
accounting for the single egg removed for element analysis. Hatching success models included weather conditions from the prelaying period through the day nestlings hatched. For analyses of nestling growth, we
randomly selected a single nestling from each clutch to
avoid issues with pseudoreplication and quantified
blood element concentrations for that individual. To
determine if maternally transferred elements had
longer-term effects on offspring development, we ran
models that included egg elements, prehatch weather
conditions, and the other independent variables on nestling wing length, residual mass, and reproductive success. We calculated reproductive success as the number
of young present at day 17 out of the number of eggs
laid after adjusting for our collection of a fresh egg
because this analysis focused on the influence of conditions from laying to fledging on the number of young
produced. For evaluating conditions during the nestling
period only, we used weather conditions from the day
the first egg hatched through day 13 for wing length and
residual mass models and used weather conditions from
hatch to day 17 in fledging success models. In these
models, we calculated fledging success as the proportion of young present in the nest at day 17 out of the
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number of young that hatched because we were solely
focused on the influence of environmental conditions
posthatch. We used the residuals from the regression of
nestling body mass on average tarsus length as a
measure of residual body mass (mass controlling
for structural size). While the use of residuals as a
measure of body condition is controversial (Green
2001), studies have shown that residuals do correlate well with lipid reserves (Ardia 2005; SchulteHostedde et al. 2005) and thus can be representative of body condition. The number of young
present in the nest box was unrelated to wing
length and residual body mass (both p>0.74) and
thus was not included in our models. In cases
where independent variables during incubation
and the nestling stage influenced the same dependent variable, we used partial correlations to try to
tease apart the relative influence of prehatch and
posthatch conditions on offspring. To focus on the
unseasonably cold weather in 2011, we used a
likelihood ratio test to determine if the number of
nests affected by challenging weather differed
among colonies.
We calculated the Akaike weight for each generalized linear model and summed these from largest to
smallest to identify the 90 % confidence set of models
(Burnham and Anderson 2002). The 90 % confidence
set should include all of the models that have some
meaningful support and permits the calculation of model
averaged parameter estimates and standard errors
(Burnham and Anderson 2002; Anderson 2008). Parameter estimates indicate the extent and direction of change
in the dependent variable given a one unit change in that
parameter while all other parameters are held constant
(Liao 1994). We also calculated parameter weights for
each term that appeared in the 90 % confidence set by
summing the model weights for all of the models in the
90 % confidence set that included that term. Parameter
weights above 0.70 indicate a relatively strong relationship with the dependent variable. Further, the occurrence of model terms in a greater number of models in
the 90 % confidence set is indicative of their relative
explanatory power (Burnham and Anderson 2002).
Sample sizes differed between egg and nestling analyses
because of predation, nest abandonment, and incomplete sampling of eggs or young. All statistical tests
were two-tailed and alpha=0.05. All analyses were performed with PASW 18 (Predictive Analytics Software
version 18).
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Results
Egg element concentrations and PCA among colonies
We quantified egg element concentrations in a single
egg from 247 nests in 2011 and 338 nests in 2012 for a
total of 585 nests. We detected significantly elevated
concentrations of Hg, Se, Sr, and Tl in eggs from the SS
compared to all three reference colonies in at least 1 year
of the study (Table 1). Post hoc tests revealed that Hg,
Se, and Tl concentrations were elevated at the SS above
concentrations found at reference colonies in both years
(all p<0.001), while Sr concentrations declined in the
second year to concentrations that did not differ significantly from those at two of the reference colonies (both
p>0.23, Table 1). Within the SS, concentrations of Se,
Sr, and Tl all declined significantly between years (all p
<0.001) while egg Hg concentrations increased significantly between years (p=0.001). Egg concentrations of
Ba, Cu, Fe, Mn, and Zn were not significantly different
between the SS and the three reference colonies and
were not considered further (Table 1). We included
Hg, Se, Sr, and Tl concentrations in a PCA that produced a single principal component that explained a
total of 56.0 % of the variance in egg element concentrations and received strong, positive loadings for all
four elements (Supplementary Table 3). When we compared PC scores among colonies, we found that year
(F(1, 567) =129.9, p<0.001) and colony (F(8, 567) =159.0,
p<0.001) significantly influenced PC scores, and the
interaction between year and colony was nearly significant (Fig. 3, F(8, 567) =1.89, p=0.06). At the SS in 2011,
EggPC scores were significantly greater than at any other
colony and in either year of the study (all p<0.001).
EggPC scores declined significantly at the SS between
2011 and 2012 (p<0.001), but in 2012, the SS continued
to have significantly greater EggPC scores than all of the
other colonies (all p<0.001).
Effects of prehatch weather and maternal transfer
of elements on swallows
For clutch initiation date, the 90 % confidence set
consisted of seven models, with year, female age, and
prelaying temperature appearing in all seven models and
receiving the highest parameter weights (Supplementary
Table 4). The top two models received over 55 % of the
model weights and only differed from the other five in
their inclusion of rain. There was a positive association

Fig. 3 Egg PC scores at tree swallow colonies impacted by a
recently remediated fly ash spill and at nearby reference sites. In
2011 (filled bars), the SS had significantly greater PC1 scores, and
hence greater maternal transfer of Hg, Se, Sr, and Tl than any other
colony. In 2012 (clear bars), the SS still had significantly greater
maternal transfer of contaminants to eggs than any other colony in
that year, but PC scores decreased significantly at this colony
between 2011 and 2012

between clutch initiation date and temperature (Table 2).
In 2012, clutch initiation dates were earlier than in 2011
and ASY females began breeding earlier than SY females (Table 3).
For clutch size, the 90 % confidence set consisted of
31 models, but the individual model weights were quite
low and the intercept-only model appeared in the 90 %
confidence set suggesting that these models had
weak explanatory power. Year, female age,
prelaying temperature, prelaying rainfall, and
EggPC scores appeared in over half of the top
models (Supplementary Table 5). Female age and
prelaying temperature received the highest parameter weights (Table 2), and model averaged parameter estimates indicated that both variables were
negatively related to clutch size (Table 2). We
found that SY females laid smaller clutches than
ASY females and slightly larger clutches were laid
in 2011 than those in 2012 (Table 3).
The 90 % confidence set for egg mass consisted of 28
models (Supplementary Table 6). The top model included clutch size, female age, prelaying temperature and
rainfall, and the temperature × rainfall interaction term.
Rainfall appeared in 27 of the 28 models while
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Table 2 Model averaged parameter estimates and parameter
weights from the 90 % confidence set of models examining the
relationship between year, female age, ambient temperature,
Variable
Clutch initiation date

Parameter

Parameter estimate

Standard error

Parameter weight

Year

−3.127

0.617

1.000

Age

3.198

0.629

1.000

Temp

2.125

0.094

1.000

Rain

−0.417

0.461

0.542

0.121

0.222

0.344

Temp × EggPC

−0.001

0.004

0.046

Rain × EggPC

−0.023

0.037

0.058

Temp × rain

−0.005

0.016

0.100

EggPCa

Clutch size

Year

0.013

0.010

0.469

Age

−0.042

0.019

0.847

Temp

−0.004

0.002

0.717

Rain
EggPC

Hatching success

3.2×10−4
−0.001

0.005

0.311

0.007

0.303

Temp × EggPC

6.18×10−5

0.0002

0.051

Rain × EggPC

4.09×10−5

0.0001

0.007

Temp × rain
Egg mass

rainfall, element exposure (EggPC score), and interactions between
element exposure and weather on clutch initiation date, egg mass,
clutch size, and hatching success in tree swallows

−1.5×10−5

0.0002

0.041

0.121

0.079

1.00

Year

−0.002

0.033

0.324

Clutch size
Age

−0.014

0.002

0.814

Temp

0.002

0.006

0.900

Rain

0.012

0.001

0.991

EggPC

0.0004

0.007

0.380

Temp × EggPC

0.0001

0.003

0.114

−5

Rain × EggPC

3.06×10

0.0001

0.083

Temp × Rain

0.004

0.0005

0.819

Year

−0.004

0.004

0.369

Age

−0.041

0.012

1.000

Temp

−0.001

0.001

0.488

Rain
EggPC

0.002

0.003

0.392

−0.001

0.004

0.360

Temp × EggPC

0.0003

0.0002

0.086

Rain × EggPC

−0.0003

0.0002

0.035

5.68×10−5

0.034

Temp × Rain

1.71×10−5

Clutch size was also included as a factor in egg mass models. Bold terms appeared in the top two models and in more than half of models in
the 90 % confidence set and had parameter weights in excess of 0.70 indicating that they are related to the dependent variable
a

Principal component (PC) score for egg elements received high positive factor loading for Hg, Se, Sr, and Tl

Temp temperature

temperature appeared in 21 of the models, and their
interaction term appeared in 17 models. Clutch size
was included in all of the models because of its significant relationship with egg mass and thus received the

highest parameter weight (Table 2). Female age,
prelaying temperature, prelaying rainfall, and their interaction term also received high parameter weights.
However, the model averaged parameter estimates for
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Table 3 Mean and standard errors of reproductive parameters between years and female age classes
Year
2011
Clutch initiation date
Clutch size

Female Age
n

2012

n

SY

126.4±1.16

247

5.22±0.05

247

n

ASY

122.9±0.99

338

5.12±0.05

338

n

133.8±1.49

138

121.5±0.83

447

4.75±0.07

138

5.29±0.04

447

Egg massa

1.80±0.01

247

1.80±0.01

338

1.77±0.01

138

1.80±0.01

447

Hatching success

0.85±0.02

237

0.88±0.01

297

0.80±0.02

127

0.88±0.02

407
344

Wing length

48.0±0.46

224

51.6±0.42

269

49.3±0.56

149

50.2±0.38

−0.26±0.17

224

0.36±0.15

269

−0.38±0.21

149

0.28±0.14

344

Reproductive success

0.68±0.02

180

0.76±0.02

251

0.69±0.03

93

0.74±0.02

338

Fledging success

0.82±0.03

180

0.83±0.02

251

0.80±0.03

93

0.83±0.02

338

Residual mass

a

LS means are reported for egg mass because clutch size was included as a covariate in those models

these variables were relatively small suggesting that
they have a weak relationship with egg mass.
For hatching success, the 90 % confidence set
consisted of 24 models (Supplementary Table 7). The
best model contained only female age, and this variable
appeared in all of the models in the 90 % confidence set
and thus received a high parameter weight (Table 2). SY
females had slightly lower hatching success than ASY
females, particularly in 2012 (Table 3). Year, temperature, rainfall, and EggPC appeared in more than half of
the models, but their occurrence in these models is likely
due to their co-occurrence with female age because they
each received low parameter weights and model averaged parameter estimates (Table 2).
We examined the influence of weather conditions
experienced during incubation and egg element concentrations on nestling growth and reproductive success as
well. For wing length, the 90 % confidence set of
models consisted of nine models, and all of these models
included year, rainfall and temperature during incubation, and the interaction between rainfall and temperature (Supplementary Table 8), and all of these terms
received high parameter weights (Table 4). An additional seven models also included EggPC scores, and five
included female age while the remaining models differed in their inclusion of the interaction between
EggPCscores and temperature or rain. Nestling wing
length was greater in 2012 than that in 2011, and older
females had nestlings with longer wings than younger
females (Table 3). Across both years, cold temperatures
and greater rainfall were associated with shorter wing
lengths while warm temperatures and heavy rainfall or
cold temperatures and no rainfall were associated with

longer wing lengths (Fig. 4a). These effects were particularly pronounced in 2011 (Fig. 4b), but in 2012,
ambient weather during incubation had little effect on
nestling wing length (Fig. 4c).
For residual body mass, the 90 % confidence set
consisted of 30 models, and the top model included year
and female age (Supplementary Table 9). Female age
appeared in 29 of the 30 models while year appeared in
20 of the 30 models, and these two terms received the
highest parameter weights (Table 4). Both weather variables and EggPC appeared in over 19 models, but these
variables had moderate parameter weights and low
model averaged parameter estimates and likely little
influence on residual body mass (Table 6). Nestlings
reared by SY females had lower residual body mass than
those reared by ASY females, and nestlings reared in
2011 had lower residual body mass than those reared in
2012 (Table 5).
For reproductive success, the 90 % confidence set
consisted of 38 models; rainfall during incubation appeared in 31 of these and appeared in the top model
along with year (Supplementary Table 10). Rainfall
during incubation received a high parameter weight
(Table 4), but year and the remaining terms appeared
in fewer than 22 of the 38 models (Supplementary
Table 10) and did not receive high parameter weights.
Nestling blood element concentrations among colonies
We quantified element concentrations from a single
nestling in 493 nests: 224 nestlings in 2011 and 269
nestlings in 2012. We compared concentrations of elements in nestling blood and found that only Se
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Table 4 Model averaged parameter estimates from the 90 %
confidence set of models examining the relationship between year,
female age, ambient temperature during incubation, rainfall during
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incubation, egg element exposure, and interactions between element exposure and weather on nestling size and reproductive
success in tree swallows

Variable

Parameter

Parameter estimate

Standard error

Parameter weight

Wing

Year

−1.19

0.326

1.000

Age

−0.33

0.274

0.595

0.16

0.064

1.000

Inc temp
Inc rain

−0.08

0.222

1.000

EggPCc

−0.03

0.158

0.515

Inc temp × EggPC

0.02

0.015

0.239

Inc rain × EggPC

−0.03

0.036

0.150

0.25

0.044

1.000

Year

−0.22

0.109

0.823

Age

−0.34

0.127

0.983

Inc temp

0.02

0.015

0.634

Inc rain

0.03

0.047

0.553

EggPC

−0.05

0.060

0.505

Inc temp × EggPC

−0.01

0.004

0.172

Inc rain × EggPC

0.02

0.015

0.166

Inc temp × Inc rain
Residual body mass

Inc temp × Inc rain
Reproductive success

0.01

0.006

0.362

Inc temp × Inc rain × EggPC

−0.0002

0.0002

0.012

Year

−0.019

0.010

0.598

Age

0.299

−0.010

0.008

Inc temp

0.002

0.002

0.536

Inc rain

−0.018

0.009

0.868

EggPC

−0.002

0.005

0.317

0.000

0.030

0.001

0.049

0.001

0.408

Inc temp × EggPC
Inc rain × EggPC
Inc temp × Inc rain

4.19×10-05
−1.43×10

-04

0.002

Bold terms appeared in the top two models and in more than half of models in the 90 % confidence set and had parameter weights in excess
of 0.70 indicating that they are related to the dependent variable
Inc incubation, Temp temperature
c

Principal component (PC) score for egg elements received high positive factor loading for Hg, Se, Sr, and Tl

concentrations were significantly elevated at the SS
compared to the reference colonies (Table 5, Fig. 5,
F(8, 480) =23.9, p<0.001). Concentrations of Ba, Cu,
Fe, Mn, Sr, and Zn at the SS were similar to the three
reference colonies and were not considered further
(Table 5). Nestlings at the SS had significantly greater
blood Se concentrations than nestlings in the three reference colonies in both years (Fig. 5, all p<0.001). In
2011, concentrations of Se at the SS were significantly
greater than those at D1-4 (all p<0.03), and in 2012
remained significantly greater than D2 and D3 (both p<
0.002). Se concentrations did not differ significantly

between years (F(1, 480) =1.9, p=0.17), and Se concentrations did not decrease significantly between 2011 and
2012 at the SS (p=1.0). The year by colony interaction
was statistically significant (F(8, 480) =9.4, p<0.001) and
is largely attributable to the decrease in Se concentrations that occurred at MD between 2011 and 2012.
Effects of dietary elements and weather on nestling size
and fledging success
The 90 % confidence set of models for wing length
consisted of eight models; year, temperature, rainfall,
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Fig. 4 The relationship between weather conditions during incu-b
bation and wing length in nestling tree swallows. Overall (a) and
in 2011 (b) greater rainfall and colder temperatures during incubation were associated with shorter wing lengths in nestlings while
warmer temperatures and greater rainfall were associated with
longer wing lengths. In 2012 (c), there was a subtle decrease in
wing length at either low or high temperatures and no rainfall, but
the relationship was not as pronounced as in 2011

blood Se concentration, and the temperature × Se interaction appeared in every model (Supplementary Table 11) and received high parameter weights and model
averaged parameter estimates (Table 6). Female age and
the temperature × rain interaction appeared in half of the
top models and the rain × Se interaction in five of the top
models (Supplementary Table 11) but only female age
received a moderate parameter weight (Table 6). Nestlings had shorter wings in 2011 than those in 2012
(Table 3). With both years of data combined, we found
that nestlings grew longer wings at higher temperatures
and greater blood Se concentrations (Fig. 6a). We also
examined this interaction separately in each year and
found that in 2011, the longest wing lengths were associated with high temperatures and high blood Se concentrations (Fig. 6b). However, in 2012, nestlings with
greater blood Se concentrations grew longer wings,
irrespective of the temperature (Fig. 6c).
We attempted to determine the relative importance of
prehatch and posthatch weather conditions on nestling
wing length by focusing on a single weather variable
while controlling for the other weather variables and
blood Se concentrations in partial correlations. We
found that the influence of weather conditions on nestling wing length varied between years. We first focused
on temperature during incubation; in 2011, we found a
negative relationship between ambient temperature during incubation and wing length (r=−0.17, df=219, p=
0.01), while in 2012, we found a weak positive relationship (r=0.12, df=264, p=0.05). In 2011, rainfall during
incubation was unrelated to wing length (r=0.03, df=
219, p=0.72), but in 2012, we found a weak positive
relationship between rainfall during incubation and
wing length (r=0.15, df=264, p=0.01). Ambient temperature during the nestling period had a strong positive
association with wing length in 2011 (r=0.47, df=219,
p<0.001), while in 2012, there was a weak negative
relationship (r=−0.15, df=264, p=0.02).
For residual body mass, the 90 % confidence set
consisted of 18 models; year, temperature, and rainfall
appeared in all of the models (Supplementary Table 12)

and had the highest parameter weights (Table 6). Female
age appeared in ten models and also had a high

0.73
(0.60–1.13)

0.31a
(0.30–0.33)

0.37a
(0.31–0.50)

404.6b
(370.4–453.5)

431.3a
(358.2–588.5)

0.04a
(0.04–0.05)

0.05a
(0.04–0.08)

0.82ab
(0.61–1.28)

0.75a
(0.62–1.12)

0.08ab
(0.06–0.10)

0.06a
(0.05–0.08)

6.03a
(5.51–6.78)

7.23a
(5.86–10.06)

0.69
(0.61–0.78)

0.27a
(0.26–0.29)

0.32a
(0.28–0.37)

351.5ab
(334.8–372.1)

363.5a
(339.5–402.4)

0.04a
(0.03–0.06)

0.05ab
(0.04–0.07)

0.83a
(0.73–1.02)

0.73a
(0.64–0.98)

0.08a
(0.08–0.09)

0.06a
(0.05–0.07)

6.40a
(6.11–6.75)

6.33a
(6.06–6.67)

18

21

2012

Cu 2011

2012

Fe 2011

2012

Mn 2011

2012

Se 2011

2012

Sr 2011

2012

Zn 2011

2012

Na 2011

2012

18

19

7.38a
(6.11–10.15)

6.00a
(5.71–6.35)

0.06a
(0.05–0.09)

0.09ab
(0.08–0.11)

0.75a
(0.59–1.18)

0.71ab
(0.60–0.96)

0.05a
(0.04–0.07)

0.04a
(0.03–0.06)

407.1a
(332.0–560.2)

342.5ab
(317.7–383.9)

0.31ab
(0.26–0.42)

0.29a
(0.27–0.32)

0.64
(0.55–0.84)

0.63
(0.56–0.74)

R3

50

40

6.33a
(6.18–6.53)

5.94a
(5.64–6.44)

0.05a
(0.05–0.06)

0.08ab
(−0.16–0.73)

0.99a
(0.92–1.36)

1.90c
(1.87–2.84)

0.06a
(0.05–0.07)

0.04a
(0.03–0.07)

389.6a
(379.2–406.3)

354.5ab
(338.9–382.1)

0.32a
(0.31–0.34)

0.29a
(0.28–0.31)

0.61
(0.59–0.64)

0.76
(0.71–0.90)

MD

64

49

6.25a
(5.30–8.37)

6.77a
(6.51–7.23)

0.06a
(0.06–0.08)

0.10b
(0.10–0.12)

1.77b
(1.72–2.16)

1.68c
(1.61–1.87)

0.03bc
(0.03–0.04)

0.04a
(0.04–0.05)

356.4a
(345.8–375.1)

351.9ab
(339.2–380.2)

0.30ab
(0.29–0.33)

0.33a
(0.31–0.37)

0.67
(0.65–0.73)

0.78
(0.73–0.96)

SS

21

21

6.18a
(5.91–6.50)

6.06a
(5.61–6.72)

0.06a
(0.05–0.07)

0.10ab
(0.05–0.23)

1.41b
(1.28–1.66)

0.98a
(0.89–1.12)

0.05a
(0.05–0.06)

0.04a
(0.04–0.06)

351.1a
(329.0–383.5)

365.1ab
(339.8–404.2)

0.30ab
(0.28–0.32)

0.31a
(0.29–0.33)

0.67
(0.63–0.74)

0.71
(0.64–0.82)

D1

22

26

6.16a
(5.92–6.46)

5.66a
(5.15–6.98)

0.05a
(0.04–0.05)

0.08ab
(0.07–0.09)

1.04a
(0.96–1.17)

1.03a
(0.93–1.22)

0.03c
(0.02–0.04)

0.04a
(0.04–0.05)

348.8a
(332.1–370.4)

328.8ab
(307.1–366.4)

0.29a
(0.27–0.31)

0.31a
(0.30–0.34)

0.62
(0.57–0.70)

0.75
(0.67–0.92)

D2

24

27

6.88a
(6.50–7.51)

6.22a
(5.69–7.07)

0.06a
(0.05–0.07)

0.07a
(0.04–0.15)

1.02a
(0.91–1.33)

1.09a
(0.98–1.31)

0.04abc
(0.04–0.05)

0.04a
(0.03–0.05)

391.8a
(366.4–444.5)

300.0a
(284.8–323.9)

0.34a
(0.30–0.42)

0.27a
(0.26–0.29)

0.63
(0.59–0.74)

0.63
(0.59–0.72)

D3

25

9

9.73b
(7.64–15.52)

5.67a
(4.92–6.61)

0.06a
(0.05–0.10)

0.06ab
(0.05–0.09)

1.21ab
(0.96–1.91)

0.40b
(−0.18–2.42)

0.06a
(0.04–0.11)

0.03a
(0.03–0.05)

566.2b
(464.3–839.9)

390.6ab
(272.1–558.4)

0.46b
(0.29–1.15)

0.32a
(0.26–0.40)

0.83
(0.66–1.33)

0.74
(0.58–0.97)

D4

a

Sample size

Concentrations of As, Cd, Cr, Tl, and V were also quantified but were below the detection limit in over half of the samples in both years and concentrations of Hg were BDL in 2012 and were
not considered in analyses. Colonies that share the same superscript did not differ significantly from each other in that year for that element while colonies that do not share a letter differ
significantly from each other at p<0.05. Concentrations of Ba did not differ significantly among colonies

27

17

0.72
(0.58–0.99)

0.66
(0.61–0.72)

Ba 2011

R2

R1

Element

Table 5 Geometric means and 95 % confidence intervals for nestling blood element concentrations (μg/g wet weight) among tree swallow colonies
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temperatures and no rainfall but lowest at cold
temperatures with greater rainfall (Fig. 7b). However, in 2012, fledging success increased slightly
with greater rainfall and was not strongly influenced by temperature (Fig. 7c). Year, female age,
and blood Se concentrations also received high
parameter weights and appeared in at least nine
of the models (Table 6). Fledging success was
slightly higher in 2012 than that in 2011 and in
ASY females than that in SY females (Table 3),
and blood Se concentrations were negatively associated with fledging success (Table 6).

Effects of unseasonably cold weather on hatching
and fledging success
Fig. 5 Nestling blood Se concentrations among colonies impacted by a recently remediated ash spill and at nearby reference sites.
In 2011 (solid bars), concentration of Se at the SS (site of the fly
ash spill) was significantly greater than the three reference colonies
and all of the colonies downstream from the spill. In 2011, only
MD, the colony also impacted by ash-related contaminants from
another source, did not have significantly lower Se concentrations
than the SS. In 2012 (clear bars), the SS had significantly greater
Se concentrations from the three reference colonies, D2, D3, and
MD. Concentrations of Se at the SS in 2012 did not differ significantly from those found at the SS in 2011. All statistical analyses
were performed on log-transformed Se concentrations, but untransformed data are depicted in the figure for clarity

parameter weight while blood Se concentration appeared in 14 models and received a moderate parameter
weight. The results indicated that SY females tended to
produce young with lower residual body mass than
ASY females and that nestlings had greater residual
body mass in 2012 compared to 2011 (Table 3). Model
averaged parameter estimates indicated that greater residual body mass was weakly positively associated with
greater rainfall and higher blood Se concentrations
(Table 6).
For fledging success, we found that the 90 % confidence set consisted of 14 models, with temperature,
rainfall, and their interaction appearing in all of the
models (Supplementary Table 13) and receiving the
highest parameter weights (Table 6). With both years
of data combined, fledging success was lowest at cold
temperatures with no rainfall and greatest at high temperatures and no rainfall (Fig. 7a). We examined these
relationships separately in each year and found that in
2011, fledging success was again greatest at high

Between May 3rd–7th and May 15th–19th 2011, unseasonably cold weather occurred and caused nestling mortality or complete nest failure that killed embryos and/or
nestlings in most of the colonies. These weather conditions were stressful for the swallows and were related to
reduced hatching and fledging success at our site;
19.2 % (25/130) of the nests that were initiated
prior to May15th experienced complete fledging
failure (all of the nestlings died, not attributable
to predation) in 2011. In contrast, only 4.2 %
(9/216) of nests initiated prior to May 15th experienced complete fledging failure in 2012. Across
all of the colonies, 37.5 % (106/283) of nests
experienced some reproductive losses in association with the cold weather. Around 35.6 % of
nests at the egg stage and 40 % of nests with
nestlings on May 15th experienced partial or complete hatching failure or loss of young during or in
the days immediately following the cold snap. We
found significant differences among colonies in the
proportion of broods and clutches that suffered
hatching and fledging losses associated with the
cold snap (Fig. 8, likelihood ratio=37.2, df=24,
p=0.04). Over 50 % of the nests at R1, D2, and
MD experienced reductions in hatching and fledging success around the time of the cold snap
(Fig. 8). Because the SS and majority of downstream colonies did not experience greater reductions in hatching and fledging success than reference colonies during the cold snap, we did not
find evidence of an interaction between modest
element concentrations and inclement weather.
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Table 6 Model averaged parameter estimates from the 90 %
confidence set of models examining the relationship between year,
female age, ambient temperature, rainfall, element exposure, and

interactions between element exposure and weather on nestling
size and fledging success in tree swallows

Variable

Parameter

Parameter estimate

Standard error

Parameter weight

Wing

Year

−1.75

0.304

1.000

Age

−0.324

0.267

0.587

Temp

0.240

0.066

1.000

Rain

0.582

0.225

1.000

Sea

7.44

1.20

1.000

Tempb × Se

1.06

0.249

1.000

Residual body mass

Fledging success

Rain × Se

0.343

0.571

0.358

Temp × rain

0.001

0.016

0.262

Year

−0.345

0.119

1.000

Age

−0.202

0.108

0.773

Temp

−0.074

0.025

1.000

Rain

0.334

0.085

1.000

Se

0.402

0.368

0.646

Temp × Se

0.008

0.017

0.176

Rain × Se

0.038

0.074

0.180

Temp × rain

0.014

0.011

0.454

Year

0.172

0.082

0.859

Age

−0.172

0.078

0.872

Temp

0.077

0.020

1.000

Rain

0.221

0.059

1.000

−0.627

0.758

0.837

Temp × Se

0.129

0.099

0.544

Rain × Se

−0.955

0.833

0.709

Temp × rain

−0.059

0.016

1.000

0.026

0.027

0.175

Se

Temp × Rain × Se
a

Se nestling blood selenium concentration μg/g wet weight

b

temp temperature posthatch

Bold terms appeared in the top two models and in more than half of models in the 90 % confidence set and had parameter weights in excess
of 0.70 indicating that they are related to the dependent variable

Discussion
Exposure to contaminants and global climate change
have the potential to individually and/or interactively
affect reproductive success, offspring development, and
physiology in birds and other taxa (reviewed in Hooper
et al. 2013; Noyes et al. 2009; Moe et al. 2013). As the
effects of climate change will likely be more severe in
the future (IPCC 2013), it is important to address the
current relationships between climate and contaminant
exposure as these studies can serve as a baseline for
examining future interactions. Using a comprehensive

2-year dataset, we examined the relationship between
modest element exposure, weather conditions
throughout the breeding season, and their interaction on measures of reproductive success and
growth of tree swallows. We determined that exposure to residual element contamination had no
negative effect on tree swallow reproduction or
nestling growth. We found that inclement weather
reduced aspects of growth, hatching success, and
fledging success of swallows but did not exacerbate effects of modest exposure to elements from
the remediated spill.
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Fig. 6 The relationship between blood Se concentration μg/g wetb
weight (ww), temperature during the nestling period, and wing
length in nestling tree swallows exposed to elements from a
remediated coal ash spill and at reference colonies. We found that
wing length was influenced by a significant interaction between
nestling blood Se concentration and ambient temperature. For both
years combined (a) and in 2011 (b), nestling wing lengths were
greatest at higher ambient temperatures and greater concentrations
of Se and were shortest at low ambient temperatures and Se
concentrations. In 2012 (c), greater blood Se concentrations were
associated with longer wing lengths, irrespective of ambient temperature during the nestling period

Maternal transfer of elements and egg reproductive
parameters
Female tree swallows near the fly ash spill maternally
transferred Hg, Se, Sr, and Tl to eggs at concentrations
elevated above reference levels, even 2.5 years after the
spill and following extensive remediation efforts. However, these concentrations were below those associated
with toxic effects in other avian species (Janz et al. 2010;
Heinz et al. 2011). Furthermore, EggPC scores, and egg
concentrations of Se, Sr, and Tl, decreased at the SS
between 2011 and 2012 although Hg concentrations
increased at the SS between years. These results suggest
that natural processes such as dilution and offsite transport continue to attenuate exposure postremediation.
Consistent with modest maternal transfer of Hg, Se,
Sr, and Tl to eggs at the SS and other impacted colonies,
we found no evidence of adverse effects of element
exposure on clutch initiation date, egg mass, clutch size,
or hatching success and no evidence of longer-term
effects on nestling growth or reproductive success. Selenium is one of the primary drivers of ecological risk in
systems impacted by fly ash, and egg hatchability is the
most sensitive indicator of Se toxicity in avian species
(Ohlendorf 2003). Egg Se concentrations exceeding
10 μg/g dry weight (dw) are the predicted lower threshold for adverse reproductive effects in birds, though
species vary in their sensitivity (Heinz 1996; Janz et al.
2010). The highest mean egg Se concentrations we
detected were at the SS and were slightly more than
3 μg/g dw (range at SS, 2011: 2.34–5.19 μg/g dw, 2012:
2.20–7.96 μg/g dw), below concentrations that affect
hatching success in most avian species and similar to
concentrations necessary for normal development in
domestic birds (Puls 1994; Janz et al. 2010). Prior work
on tree swallows found no adverse effects of average
egg Se concentrations of 1.2–1.7 μg/g dw (Custer et al.
2006) or 2.1 μg/g dw (Custer et al. 2006). These studies

also found that average egg Sr concentrations of 4.3–
8.2 μg/g dw and Hg concentrations of 0.20–0.25 μg/g
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Fig. 7 The relationship between ambient temperature and rainfallb
during the nestling period and fledging success in tree swallows.
Fledging success was influenced by a significant interaction between ambient temperature and rainfall during the nestling period.
a For both years combined, fledging success was greatest at higher
ambient temperatures and lowest at low ambient temperatures and
no rainfall. b In 2011, a similar pattern was found except that the
lowest fledging success occurred at low temperatures and high
rainfall. c In 2012, greater fledging success was associated with
slightly increased rainfall at all temperatures

dw had no adverse effects on tree swallow reproduction
(Custer et al. 2006, 2008). A study on tree swallows
exposed to very high concentrations of Hg showed
females transferred Hg to their eggs (average egg Hg=
0.34 μg/g wet weight (ww), approximately 1.34 μg/g
dw), but found no differences in nest initiation date,
clutch size, or hatching success between contaminated
and reference sites (Brasso and Cristol 2008; Brasso
et al. 2010), suggesting that these endpoints may be
insensitive to Hg exposure in tree swallows. However,
the same study demonstrated that these Hg concentrations can reduce egg size (Brasso and Cristol 2008)
while the lower Hg concentrations in our study did not.
Nestling dietary exposure, growth, and fledging success
We found variation among colonies in concentrations of
several of the elements in nestling blood, but only
concentrations of Se were significantly greater at the
SS than at any other colony in both years of the study.
Selenium concentrations in nestling blood at the SS did
not change from 2011 to 2012, suggesting continued
trophic exposure through provisioned emerging aquatic
insects at this colony (Beck et al. 2013, 2014), in contrast to the decline in Se concentrations we detected in
eggs. Nestling blood Se concentrations at the SS averaged 1.82 μg/g ww over both years (range 2011, 0.86–
2.83 μg/g ww; 2012, 0.80–4.84 μg/g ww). Avian blood
Se concentrations of 1.0 μg/g ww are considered a lower
threshold for potential health concern in birds (reviewed
in Ohlendorf and Heinz 2011), and only 4 of the 113
nestlings sampled at the SS had concentrations below
this threshold. However, many studies that found a
relationship between blood Se concentrations and reproduction or survival detected effects at blood Se concentrations much higher than this threshold and following
prolonged periods of exposure (>11 weeks) (Heinz and
Fitzgerald 1993; Franson et al. 2007). In adult mallards
(Anas platyrhynchos), blood Se concentrations of 5–
15 μg/g ww affected survival, but some individuals

survived the entire experiment with blood Se concentrations of 12 μg/g ww (Heinz and Fitzgerald 1993). In
another study, body mass of Se-exposed juvenile
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positive effect on wing growth because of its essential
role in nutrition (Puls 1994; Reilly 2006; Rayman
2012), and these increases in wing length could be
advantageous for nestlings. In nestling tree swallows,
longer wing lengths are associated with the ability to
monopolize parental food delivery, earlier fledging
(Michaud and Leonard 2000), and a greater probability
of survival to adulthood (McCarty 2001) compared to
nestlings with shorter wings.
Influence of weather and elements on growth, hatching
success, and fledging success

Fig. 8 The influence of unseasonably cold weather on reproductive success in tree swallows in eastern TN in 2011. The proportion
of nests that suffered reproductive losses in response to cold
weather events differed significantly among colonies and between
nesting stages. The proportion of nests experiencing hatching
failure (black bars) was lowest at D1 while the proportion of nests
with young (clear bars) that experienced reduced fledging success
was lowest at R3 and D1. The total proportion of nests in both
stages (gray bars) affected by the spill was greatest at R2, MD, and
the SS. Nests affected at the egg stage/total nests, nests affected at
nestling stage/total number in nestling stage at each colony were
R1: 1/28, 5/16; R2: 4/26, 4/9; R3: 5/27, 0/10, MD: 2/35, 10/26;
SS: 6/64, 11/33; D1: 0/16, 1/9; D2: 2/23, 1/7; D3: 2/26, 4/15; D4:
1/27, 3/15

common eiders (Somateria mollissima) did not differ
from controls until blood Se concentrations exceeded
17.5 μg/g ww (Franson et al. 2007). It remains unknown
what blood concentrations of Se pose health concerns to
tree swallow nestlings. Given that Se concentrations in
nestlings near the remediated spill area exceed the
lower threshold for concern and did not decline over
the 2 years of our study, future studies should continue to monitor dietary Se sources (emerging aquatic insects), resultant exposure, and effects on insectivorous wildlife.
The elevated concentrations of Se we detected in tree
swallows at the SS were not associated with residual
body mass or fledging success but were related to wing
length. In 2012, greater blood Se concentrations were
positively associated with wing length irrespective of
ambient temperature and were associated with greater
wing lengths at warmer temperatures in 2011. These
modestly elevated concentrations of Se may have a

Seasonal weather patterns had little influence on nestling condition but were related to nestling wing length
and fledging success in our study population. We found
that unseasonably cold temperatures and high rainfall
during incubation were negatively related to nestling
wing length while warm weather and high rainfall were
associated with the longest wing lengths. But, wing
length was also influenced by an interaction between
ambient temperature and blood Se concentrations during the nestling period. This interaction was particularly
evident in 2011, when lower ambient temperatures during the nestling period were associated with shorter
wing lengths, while in 2012, temperature during the
nestling period had little effect on wing length. We
attempted to disentangle the relative importance of incubation and posthatch conditions and found that ambient temperature during the nestling period had the strongest effect on nestling wing length in 2011, when unseasonably cold weather overlapped with nestling
growth. Thus, it seems that the combination of cold
weather and/or reduced insect availability inhibited
wing growth, similar to other studies on tree swallows
(Dawson et al. 2005; McCarty and Winkler 1999).
While most studies have focused on the influence of
posthatch weather conditions on nestling growth in tree
swallows, a recent study indicated that egg incubation
temperatures are influenced by ambient weather (Coe
et al. 2015) and incubation temperature is related to
nestling growth, including wing length (Coe et al. unpublished data). Our results suggest that wing growth,
which is primarily a measure of feather growth, is a
more sensitive indicator of environmental conditions
experienced during development than residual body
mass. This may be because the development of skeletal
features, such as the tarsus, is more constrained by
access to specific nutrients, such as calcium (Dawson
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and Bidwell 2005), and because tarsus length is
highly heritable in tree swallows (Wiggins 1990),
further reducing the potential effects of weather
conditions or element exposure on its development. Wing growth appears to be more plastic
and less restricted by access to specific nutrients
(Bitton et al. 2006). Allocating resources to wing
growth under favorable environmental conditions
would likely be selectively advantageous given
the benefits of greater wing lengths for tree swallow nestlings (Michaud and Leonard 2000;
McCarty 2001).
Variation in average temperature and total rainfall
during development also influenced fledging success,
and this was particularly the case in 2011 when unseasonably cold weather had adverse consequences for tree
swallow hatching and fledging success. We found that
high temperatures and no rainfall were associated with
the greatest fledging success and this was especially the
case in 2011. During the unseasonably cold weather in
2011, 62 of 272 nests experienced some reduction in
hatching or fledging success during this cold period.
Our results suggest that temperatures dropped to levels
that could impede the foraging success of tree swallows,
and as a result, adult tree swallows may have resorted to
the immediate energy requirements associated with selfmaintenance at the expense of allocating energy toward
incubation, brooding, and feeding young. We predicted
that the combined effects of element exposure and these
severe weather conditions would affect egg and nestling
survival to a greater extent than either factor on its own.
However, we found no evidence to support this prediction. Our results suggest that the modest concentrations
of elements remaining after remediation were insufficient to impair the ability of swallows to cope with this
environmental challenge.

Conclusions
Our results indicated that several years after the 2008
ash spill, tree swallows were still exposed to modestly
elevated concentrations of elements and that parents
transferred some of these elements to their young
through maternal transfer to eggs and provisioning of
insects to nestlings. Selenium concentrations were most
notable but were below levels of toxicological concern
in eggs and just above levels of possible concern in
nestling blood. Low-level exposure after such a large
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spill event is likely attributable to extensive remediation
efforts that occurred in the 2.5 years between the fly ash
spill and the start of our study, and ongoing dilution and
offsite transport of elements. In support of the idea that
attenuation is continuing in the system, many element
concentrations decreased in the spill area from 2011 to
2012, except Se in nestling blood and Hg in eggs which
remained relatively stable. Most importantly, we found
no reductions in hatching or fledging success associated
with low-level exposure to elements. However, the
long-term effects of chronic exposure to low concentrations of contaminants during early development are
largely unknown. Exposure to low element concentrations during development has been shown to have longterm negative effects on reproductive success in adulthood (Baos et al. 2012) indicating that further research
in this area is required. We found that a short period of
inclement weather during a peak reproductive period
was associated with reduced hatching and fledging success at a large proportion of nests across the study area
in 2011 but was not accentuated by exposure to elements. However, the combined effects of exposure to
higher contaminant concentrations and more extreme
weather have affected hatching or fledging success in
tree swallows and other species (Gentes et al. 2006;
Hallinger and Cristol 2011; Hill et al. 2008; Custer
et al. 2003). These interactions will likely become more
pronounced as climate change is expected to increase
the frequency and severity of extreme weather events
(IPCC 2013). This may be particularly important at
species range limits where they are already near the
edge of their physiological tolerance for temperature
and other abiotic factors (Hooper et al. 2013).
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