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Abstract Dietary exposure of house wrens
(Troglodytes aedon), tree swallows (Tachycineta
bicolor), and eastern bluebirds (Sialia sialis)
to polychlorinated dibenzofurans (PCDFs) and
polychlorinated dibenzo-p-dioxins (PCDDs) near
Midland, Michigan (USA) was evaluated based
on site-specific data, including concentrations of
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residues in bolus samples and individual
invertebrate orders and dietary compositions by
study species. Site-specific dietary compositions
for the three species were similar to those
reported in the literature, but differed in their
relative proportions of some dietary items. Oligo-
cheata (non-depurated) and Brachycera (Diptera)
contained the greatest average concentrations of
�PCDD/DFs of the major site-specific dietary
items collected via food web-based sampling.
Average ingestion values of �PCDD/DFs from
site-specific bolus-based and food web-based
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dietary concentrations for nestlings at study areas
(SAs) were 6- to 20-fold and 2- to 9-fold greater
than at proximally located reference areas (RAs),
respectively. Average ingestion values of total
2,3,7,8-tetrachlorodibenzo-p-dioxin equivalents
(TEQWHO−Avian) from site-specific bolus-based
and food web-based dietary concentrations for
nestlings at SAs were 31- to 121-fold and 9- to
64-fold greater than at proximally located RAs,
respectively. Estimates of �PCDD/DFs and
TEQWHO−Avian tissue concentrations based on
nestling dietary exposures were greater than those
measured. Plausible explanations include nestling
metabolism of 2,3,7,8-tetrachlorodibenzofuran
and assimilation rates of less than the 70%
assumed to occur over the nestling growth
period. Profiles of the relative concentrations of
individual PCDD/DF congeners in samples
of invertebrates and bolus at SAs on the
Tittabawassee River downstream of the source of
contamination were dominated by 1,2,3,4,6,7,8,9-
octachlorodibenzo-p-dioxin (22% to 44%) and
2,3,7,8-tetrachlorodibenzofuran (18% to 50%).

Keywords Furans · Dioxins · Bolus · Birds ·
TEQs · Invertebrates

Introduction

Site-specific dietary exposure to polychlorinated
dibenzofurans (PCDFs) and polychlorinated
dibenzo-p-dioxins (PCDDs) was determined
for three cavity-nesting, insectivorous passerine
species downstream of Midland, Michigan (USA).
Tree swallows (Tachycineta bicolor), which
eat primarily emergent aquatic invertebrates
(McCarty 1997; McCarty and Winkler 1999;
Mengelkoch et al. 2004), have been shown to
have exposure links to contaminated sediments
(Custer et al. 1998; Echols et al. 2004; Maul et al.
2006; Neigh et al. 2006c; Papp et al. 2007; Smits
et al. 2005). House wrens (Troglodytes aedon) and
eastern bluebirds (Sialia sialis) have been used
to assess the contaminant exposure of terrestrial
insectivores at locations with contaminated soils
(Neigh et al. 2006a). Both species primarily feed

on terrestrial invertebrates (Beal 1915; Guinan
and Sealy 1987). However, they have different
habitat preferences and foraging strategies which
may influence contaminant exposure.

PCDFs, and to a lesser extent PCDDs,
are present at elevated concentrations in the
Tittabawassee and Saginaw rivers downstream of
Midland, Michigan and appear to have originated
from the production, storage, and disposal of or-
ganic chemicals prior to the establishment of mod-
ern waste management protocols (Amendola and
Barna 1986). Total concentrations of PCDD/DFs
(�PCDD/DFs) in floodplain soils and sediments,
from the study area (SA), ranged from 1.0 × 102

to 5.4 × 104 ng/kg dry weight, while mean
�PCDD/PCDF concentrations in soils and sed-
iments in the reference area (RA) upstream of
Midland were 10- to 20-fold less (Hilscherova
et al. 2003).

Usually, PCDD/DFs, polychlorinated biphe-
nyls (PCBs), and similar chlorinated hydrocar-
bons occur in the environment as mixtures. The
mixture of chlorinated hydrocarbons in the SA
is dominated by a few PCDF congeners, which
makes it distinctive compared to other loca-
tions contaminated with PCB mixtures or PCDDs
(Custer et al. 2002, 2005, 2006; Froese et al. 1998;
Harris and Elliott 2000; Neigh et al. 2006b, c;
Secord et al. 1999; Shaw 1983; Smits et al. 2005;
Spears et al. 2008). Furthermore, based on chem-
ical characteristics and best estimates of historical
production data, it is likely that this unique mix-
ture has been in place for almost a century, with
most of the materials being released prior to the
1950s (ATS 2007, 2009).

PCDFs and related chlorinated hydrocarbons
are persistent and lipophilic (Mandal 2005) and
have a great potential to accumulate through the
food web (Blankenship et al. 2005; Custer et al.
1998; Kay et al. 2005; Maul et al. 2006; Russell
et al. 1999; Smits et al. 2005; Wan et al. 2005). Be-
cause of the elevated soil and sediment concentra-
tions in the SA (Hilscherova et al. 2003) and low
avian dietary exposure thresholds (Custer et al.
2005; Eisler 2000; Nosek et al. 1992), the authors
investigated the potential for the accumulation of
PCDFs and PCDDs from invertebrates to resident
insectivorous birds.
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Complex relationships exist between site-
specific contaminant concentrations, dietary
exposure pathways, and resulting tissue concen-
trations. In particular, concentrations of chlori-
nated hydrocarbons and the congener profiles
of the relative concentrations of congeners have
been shown to be site-specific (Custer and
Read 2006; Maul et al. 2006; Papp et al. 2007).
Site-specific dietary composition is related to
the prevailing invertebrate abundance (Custer
et al. 2005; Echols et al. 2004; Neigh et al. 2006a;
Nichols et al. 1995; Quinney and Ankney 1985;
Smits et al. 2005; Wayland et al. 1998) and the
timing of nest initiation (Custer et al. 1998; Maul
et al. 2006; Papp et al. 2007), especially for tree
swallows that prey primarily on emergent aquatic
invertebrates to feed nestlings (Blancher and
McNicol 1991; Johnson and Lombardo 2000;
McCarty and Winkler 1999). Site-specific residue
concentrations in egg and nestling tissues have
been studied for a variety of chlorinated hydrocar-
bons and species (Ankley et al. 1993; Bishop et al.
1995; Custer et al. 1998, 2003, 2005; Froese
et al. 1998; Henning et al. 2003; Neigh et al.
2006a, b, c; Spears et al. 2008). Fewer studies have
investigated accumulation via the diet or deter-
mined uptake rates (Echols et al. 2004; Nichols
et al. 1995, 2004).

The primary objectives of this study were
to characterize dietary exposure of adults
and nestlings of three insectivorous passerine
species representing different feeding guilds with
different pathways of exposure to PCDD/DFs and
to compare concentrations and congener profiles
of composited site-specific food web-based
dietary samples to bolus samples. Bolus samples
are actual dietary samples collected by the adult
birds for comparison to the dietary concentrations
estimated using residue concentrations of inver-
tebrates collected at each site. By comparing
the bolus-based dietary samples with the food
web-based dietary estimates based on site-specific
percent dietary compositions and concentrations
in food web items, it can be determined whether
invertebrates collected in the biological sampling
areas (BSAs) are truly representative of the
congener profile and concentrations fed to on-site
nestlings. A secondary objective was to determine

how well estimates of dietary exposure based on
site-specific dietary composition and accumu-
lation factors from the literature correspond to
measured concentrations in nestlings (Fredricks
et al. 2010a).

The study examined four endpoints: (1)
site-specific dietary composition by species;
(2) concentrations of �PCDD/DF and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) equivalents
(TEQWHO−Avian) based on World Health Orga-
nization (WHO) TCDD equivalency factors for
birds (TEFWHO−Avian; van den Berg et al. 1998) in
food web-based composited invertebrate samples
and bolus samples for each species; (3) spatial and
species-specific trends in concentrations; and (4)
patterns of relative concentrations of individual
congeners. Comparisons of congener-specific
concentrations stratified by feeding pathway
and area were made to provide insight into the
contaminants source and species-specific expo-
sures. This information can be used to estimate
exposure of other species to the contaminants.

Methods

Site description

Study locations were selected on the
Tittabawassee, Chippewa, and Saginaw Rivers
in the vicinity of Midland, Michigan (Fig. 1).
Nest boxes were placed and prey items were
collected from within the 100-year floodplain
of the individual rivers. Two RAs were located
upstream of the putative sources of PCDD/DFs
(Hilscherova et al. 2003) on the Tittabawassee
(R-1) and Chippewa (R-2) Rivers (Fig. 1). Study
areas downstream of the putative sources of
PCDD/DFs include approximately 72 km of free-
flowing river from the upstream boundary defined
as the low-head dam near Midland, Michigan
through the confluence of the Tittabawassee and
Saginaw Rivers to where the Saginaw River enters
Saginaw Bay. The SAs within the Tittabawassee
River area included four locations (T-3 to T-6)
approximately equally spaced and locations
(S-7 to S-9) which are at the initiation, median,
and terminus of the Saginaw River. The seven
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Fig. 1 Study site locations within the Chippewa,
Tittabawassee, and Saginaw River floodplains, Michigan,
USA. Reference areas (R-1 to R-2), Tittabawassee River
study areas (T-3 to T-6), and Saginaw River Study Areas

(S-7 to S-9) were monitored from 2005 to 2007. Direction
of river flow is designated by arrows; suspected source of
contamination is enclosed by the dashed oval

SAs (T-3 to S-9) were selected based on the
necessity to discern spatial trends, ability to gain
access privileges, and maximal receptor exposure
potential based on floodplain width and measured
soil and sediment concentrations (Hilscherova
et al. 2003). Nest box trails within RAs and SAs
each contained between 30 and 60 nest boxes and
spanned a continuous foraging area of between
1 and 3 km of river. S-8 was an exception and
was only used for sediment and dietary food web
sampling. No studies of birds were conducted at
this location.

Tissue collections

Detailed site descriptions and protocols for col-
lecting and handling samples of eggs and nestlings

have been previously presented (Fredricks et al.
2010a). Briefly, nest boxes were monitored daily
from mid-April through the end of the breeding
season from 2005 to 2007. Eggs and nestlings were
collected for quantification of PCDD/DFs. Nest
boxes were randomly selected from the active
nest boxes at a given location for either live egg
or nestling collections, but not both. Abandoned
and addled eggs were salvaged opportunistically.
Fresh and addled eggs were collected from 49
house wren, 50 tree swallow, and 35 eastern blue-
bird nests during the 2005–2007 breeding sea-
sons. Nestlings were collected from 48 house wren
nests at 10-day post hatch, while nestlings were
collected from 45 tree swallow and 30 eastern
bluebird nests at 14-day post hatch. Nestlings col-
lected were of similar mass to adult birds and
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approximately 3 to 5 days before the typical fledge
date for each species. Adult passerines were not
collected for quantification of residues because
part of the research focused on long-term adult
and nestling survival and recruitment.

Measurement endpoints associated with pro-
ductivity (Fredricks et al. 2010b) included egg
mass, clutch size, hatching success, fledgling suc-
cess, total productivity, and nestling growth.
Masses of nestlings were made 3-, 6-, 9-, and 10-
day post-hatch for house wrens and 4-, 8-, 12-,
and 14-day post-hatch for tree swallows and east-
ern bluebirds. Species- and site-specific nestling
growth curves were utilized in the dietary expo-
sure assessments presented.

Food web sampling

Collection of invertebrates occurred at nine pre-
determined BSAs that were located within the
RA and SA locations. Each BSA included two
30 × 30-m grids proximal to the river bank, one for
terrestrial sampling and one for aquatic sampling.
Study area BSA locations were selected based on
maximizing the potential for collecting food items
with the greatest contaminant concentrations for
a given nest box trail given the available soil and
sediment data.

Site-specific sampling of invertebrates took
place during 2003 at R-1, R-2, T-4, and T-6, 2004
at R-1, R-2, and T-3 to T-6, and 2006 at S-7 to S-9.
Temporal variation in the composition of sampled
species and potential concentration differences
were accounted for by collecting samples at mul-
tiple times throughout the breeding season (mid-
May, June, and August). During each sampling
period, all samples for that period were collected
within a 6-day window to minimize temporal vari-
ation. All collected invertebrates were transferred
to a labeled, chemically clean glass jar (I-CHEM,
Rockwood, TN). Sampling was terminated upon
the collection of approximately 5 g or more bio-
mass per order. Samples were stored on wet ice
while in the field and transferred to a −20◦C
freezer until categorization and homogenization.
Sampling methods were designed to target aquatic
emergent insects, benthic invertebrates, and ter-
restrial invertebrates through specific methodolo-

gies that maximized invertebrate biomass and di-
versity of collected samples.

Collection of aquatic emergents

Aquatic emergent insects were collected with a
modified form of aerial trap called a light screen,
which targeted flying adult aquatic insects. Collec-
tions began at dusk and continued for 1 to 3 h
at each location or until invertebrate encounter
frequency declined. A metal halide light attracted
invertebrates to a white sheet, and invertebrates
were collected in Insect Vac Collection Cham-
bers and Insect Vacs (Bioquip Products, Rancho
Dominguez, California). Aerial nets were used to
collect airborne invertebrates that did not land on
the sheet.

Collection of benthic invertebrates

Aquatic macroinvertebrates were collected by use
of several different methods depending on the
habitat type at each collection location. Sampling
methods used included individual picking with
forceps from submerged woody debris; cobble
and aquatic vegetation; sieve bucket; and D-frame
kick net. Sampling occurred during daylight hours
at all locations.

Collection of soil, terrestrial plants,
and invertebrates

Sampling techniques used to collect soil and ter-
restrial plants and invertebrates at each location
employed a four-tiered approach: (1) a 1 × 1-m
plot was randomly selected from within a BSA
and one or more composite plant samples were
collected based on plant diversity; (2) soil was ex-
cavated by hand digging to a depth of 15 cm; a soil
composite sample and all resident Oligocheata
were collected; (3) forceps were used to collect
surface-dwelling terrestrial invertebrates from the
soil surface and leaf litter; and (4) aerial or plant
perching invertebrates were collected using sweep
nets and/or aerial invertebrate nets. Oligocheata
were rinsed in distilled water prior to chemical
analyses.
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Sorting of invertebrates

Invertebrates were categorized taxonomically to
the order level for each life stage collected dur-
ing each sampling period per site. For emergent
insects, the order Diptera was divided into the
suborders Nematocera (primarily aquatic) and
Brachycera (primarily terrestrial) to account for
possible exposure differences during the larval
life stages (Merritt and Cummins 1996). Samples
were then homogenized and stored at −20◦C until
extraction.

Sampling of food bolus

Dietary food items were collected as bolus sam-
ples from nestling house wrens, tree swallows, and
eastern bluebirds following the methods described
by Mellott and Woods (1993). Briefly, nestlings
between the ages of 3- and 9-day post-hatch for
house wrens or 4- and 12-day post-hatch for tree
swallows and eastern bluebirds were fitted with
a black electrical cable tie (10.2-cm size) around
the base of their neck. The use of a cable tie
allows finite adjustments and maximizes collec-
tion potential while minimizing bias associated
with loss of smaller invertebrates (McCarty and
Winkler 1991) and nestling mortalities. Ligatured
nestlings were observed for 20–30 s to observe for
unnatural behaviors such as pronounced gasping
or struggling. Bolus sampling occurred throughout
the day to account for any temporal variation in
invertebrate abundance or activity. Bolus samples
were collected from nestlings 1 h after ligature ap-
plication. Bolus material found in the nest cavity
was also collected. Nests were randomly selected
for bolus sampling, and nests were not sampled
on consecutive days. Nest boxes were concur-
rently sampled for nestling growth and reproduc-
tive parameters. Both this and other studies have
shown that there is no discernable difference in
growth of nestlings from boxes that do or do not
have samples of boluses collected (Neigh et al.
2006a). Additionally, adult tree swallows deliver
food to the nest approximately18 times per hour
throughout the day (McCarty 2002), so dietary
sampling should only represent a small portion of
a nestling’s daily food requirements.

Estimation of site-specific diet

The site-specific diet was based on the relative
proportion of the total mass represented by each
invertebrate order identified in the bolus samples.
Invertebrates in each bolus sample were classified
to order (Merritt and Cummins 1996), and the
total number and mass of each order was recorded
for each sample. The site-specific diet obtained
from the bolus samples was used in the estimate
of food web-based dietary exposure described
subsequently.

Bolus sample residue analysis

Where possible, bolus samples were recombined
for residue analyses based on the clutch from
which they were collected. For clutches lacking
sufficient biomass of bolus for residue analyses
(∼3–5 g), bolus samples were combined within
a study area from proximally located nest boxes
until the necessary biomass was obtained. Due to
limited biomass from house wren bolus samples at
R-1, samples from this area were combined from
2005 and 2006.

Identification and quantification
of PCDD/DF congeners

Concentrations of seventeen 2,3,7,8-substituted
PCDD/DF congeners were measured in all in-
vertebrate and bolus samples that had enough
biomass to meet analytical requirements. Based
on the contribution of PCBs to the total
TEQsWHO−Avian in the soil/sediment samples col-
lected from the Tittabawassee River during the
screening level assessment (Hilscherova et al.
2003), PCBS were not analyzed in passerine
dietary items. PCDD/DFs were quantified in
accordance with EPA Method 8290 with mi-
nor modifications (US Environmental Protec-
tion Agency (USEPA) 1998). Briefly, samples
were homogenized with anhydrous sodium sulfate
and Soxhlet-extracted in hexane/dichloromethane
(1:1) for 18 h. Before extraction, known amounts
of 13C-labeled analytes (15 of the seventeen
2,3,7,8-substituted PCDD/DF congeners; OCDF
and 1,2,3,4,7,8-HxCDD were not included) were
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added to each sample as internal standards. The
extraction solvent was exchanged to hexane and
the extract was concentrated to 10 mL. Ten
percent of this extract was removed for lipid
content determination. Extracts were initially pu-
rified by treatment with concentrated sulfuric
acid. The extract was then passed through a silica
gel column containing silica gel and sulfuric acid
silica gel and eluted with hexane. The extract
received additional column chromatography by
elution through acidic alumina, which resulted in
two fractions. The first elution contained most
of the PCBs and pesticide compounds, while the
second fraction contained dioxins and furans. This
second fraction was then passed through a car-
bon column packed with 1 g of activated carbon-
impregnated silica gel. The first fraction of the
silica gel was combined with the first fraction
from the acidic alumina column and was retained
for possible co-contaminant analyses. The second
fraction of the silica gel, eluted with toluene, con-
tained the 2,3,7,8-substituted PCDD/DFs. Com-
ponents were analyzed using HRGC-HRMS, a
Hewlett-Packard 6890 GC (Agilent Technologies,
Wilmington, DE) connected to a MicroMass®
high-resolution mass spectrometer (Waters Cor-
poration, Milford, MA). PCDF and PCDD con-
geners were separated on a DB-5 capillary
column (Agilent Technologies) coated at 0.25 μm
(60-m × 0.25-mm i.d.). The mass spectrometer
was operated at an EI energy of 60 eV and an
ion current of 600 μA. Congeners were iden-
tified and quantified by use of single ion mon-
itoring at the two most intensive ions of the
molecular ion cluster. Concentrations of 2,3,7,8-
tetrachlorodibenzofuran (TCDF) were confirmed
using a DB-225 (60-m × 0.25-mm i.d., 0.25-μm
film thickness) column (Agilent Technologies).
Chemical analyses included pertinent quality as-
surance practices, including matrix spikes, blanks,
and duplicates.

Dietary exposure calculations

Dietary exposures of adult house wrens, tree swal-
lows, and eastern bluebirds were estimated using
the USEPA Wildlife Exposure Factors Handbook
(WEFH; USEPA 1993) equations for passerine

birds. Major factors influencing dietary expo-
sure included daily food intake rate [IR; gram
wet weight food/gram body weight (BW)/day],
nestling or adult mass (BW), dietary concen-
trations (C), and uncertainty factors associated
with availability of contaminants for absorption
to the bird from the diet. United States EPA
WEFH Equation 3-4 was used to calculate IR
for adults. Equations to estimate food ingestion
rate based on bioenergetics techniques (Nichols
et al. 1995, 2004) were utilized for nestlings since
USEPA WEFH Equation 3-4 is based on free-
living passerines.

Site-specific mean (±standard deviation) adult
masses used to calculate IR for house wrens, tree
swallows, and eastern bluebirds were 11.2 g (±1.3;
n = 349), 20.9 g (±1.6; n = 235), and 31.2 g (±2.1;
n = 83), respectively. Species-specific nestling
growth curves (Fredricks et al. 2010b) were used
to estimate daily IR over the nesting period.
Species-specific dietary concentrations in food
items were estimated using two methods: (1) food
web-based diet: multiplying study-specific dietary
compositions for major (>1% by mass) prey items
by respective area-specific (R-1 to R-2; T-3 to
T-6; S-7 to S-9) average, minimum, and maxi-
mum concentrations of �PCDD/DFs in associ-
ated prey items for each study species and (2)
bolus-based diet: area-specific average, minimum,
and maximum concentrations from actual bolus
samples collected from nestlings of each species
studied. Minimum and maximum concentrations
were chosen to cover the range of possible inverte-
brate concentrations found on-site, which the au-
thors expected to include the worst-case scenario
for dietary exposure.

Assimilation efficiency has been estimated to
be 70% to 90% based on the results of a study of
PCB exposures in which 70% was used (Nichols
et al. 2004). Potential average daily dose (ADDpot;
nanograms per kilogram per day) was calculated
using Equation 4-3 (USEPA 1993) assuming that
100% of the foraging range for each species was
within the associated study area (McCarty and
Winkler 1999). Average nestling concentrations
of �PCDD/DFs were estimated for house wren
nestlings up to 10 day post-hatch and for tree swal-
low and eastern bluebird nestlings up to 14 day
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post-hatch since these are the respective days that
nestlings were collected. Predictions of nestling
body burdens incorporated maternal transfer of
contaminants to the nestlings via the egg. Dietary
exposure estimates apply only to the nesting pe-
riod for both adults and nestlings because foraging
habits and range are likely more variable outside
the nesting period.

Statistical analyses

Total concentrations of the seventeen 2,3,7,8-
substituted PCDD/DF congeners are reported as
the sum of all congeners (nanograms per kilogram
wet weight (ww)). Individual congeners that were
less than the limit of quantification were assigned
a value of half the sample method detection limit.
Concentrations of TEQWHO−Avian (nanograms per
kilogram ww) were calculated for PCDD/DFs by
summing the product of the concentration of each
congener, multiplied by its avian TEFWHO−Avian

(van den Berg et al. 1998). Samples of inverte-
brates from the food web were composites of all
individuals of an order collected per location per

sampling period. Arithmetic means (range) are
presented (Tables 1 and 2).

Statistical analyses were performed using
SAS® software (Release 9.1; SAS Institute Inc.,
Cary, NC, USA). Prior to the use of parametric
statistical procedures, normality was evaluated us-
ing the Shapiro–Wilk’s test, and the assumption of
homogeneity of variance was evaluated using the
Levene’s test. Data that were not normally distrib-
uted were transformed using the natural log (ln) of
(x + 1) before statistical analyses. Concentrations
in bolus samples by species studied and inverte-
brates by orders were tested for effects of study
area on concentrations of both �PCDD/DFs and
TEQWHO−Avian. The generalized linear model pro-
cedure (PROC GLM) was used to make compar-
isons for invertebrate orders when represented in
the RA, Tittabawassee River SA, and Saginaw
River SA. When significant differences among
locations were indicated, Bonferroni’s t test was
used to make comparisons between study areas.
The t test procedure (PROC TTEST) was used
to make comparisons between bolus samples by
species studied collected at RAs and SAs. For all

Table 1 Potential average (range) �PCDD/DFs and
TEQWHO−Avian daily dose (ADDpot; ng/kg body
weight/day) calculated from site-specific bolus-based and
food web-based dietary exposure for adult house wrens,

tree swallows, and eastern bluebirds breeding during 2004–
2006 within the Chippewa, Tittabawassee, and Saginaw
River floodplains, Midland, Michigan, USA

Study area Bolus Food web

�PCDD/DFs TEQ a
WHO−Avian �PCDD/DFs TEQWHO−Avian

House wren
R-1 and R-2b 26 (12–45)c,d 1.1 (0.73–1.7) 36 (10–76) 1.5 (0.54–3.0)
T-3 to T-6 360 (160–630) 150 (38–430) 180 (64–340) 68 (13–140)
S-7 and S-9 –e – 140 (20–710) 16 (5.9–34)

Tree swallow
R-1 and R-2 53 (16–90) 4.9 (1.4–8.8) 120 (20–370) 6.1 (1.3–13)
T-3 to T-6 340 (58–1000) 200 (24–800) 570 (130–1400) 250 (34–630)
S-7 and S-9 – – 200 (130–370) 70 (40–120)

Eastern bluebird
R-1 and R-2 12 (4.2–20) 0.88 (0.44–1.9) 35 (10–92) 1.1 (0.47–2.2)
T-3 to T-6 250 (54–790) 110 (13–450) 310 (100–740) 77 (24–180)
S-7 and S-9 – – 240 (84–720) 41 (6.2–110)

aTEQWHO−Avian were calculated based on the 1998 avian WHO TEF values
bR-1 to R-2: Tittabawassee and Chippewa rivers reference area; T-3 to T-6: Tittabawassee River study area; S-7 to S-9:
Saginaw River study area
cValues were rounded and represent only two significant figures
dFood ingestion rate was calculated from equations in The Wildlife Exposure Factors Handbook (USEPA 1993)
eResidue analyses were not conducted on bolus collected invertebrates at S-7 and S-9
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Table 2 Average (range) calculated nestling concentra-
tions of �PCDD/DFs and TEQWHO−Avian (ng/kg ww)
determined from site-specific bolus-based and food web-
based dietary exposure for nestling house wrens, tree

swallows, and eastern bluebirds within the Chippewa,
Tittabawassee, and Saginaw River floodplains during
2004–2006, Midland, Michigan, USA

Study area Bolus Food web

�PCDD/DFs TEQ a
WHO−Avian �PCDD/DFs TEQWHO−Avian

House wrenb

R-1 and R-2c 92 (39–170)d,e 5.7 (2.8–13) 120 (35–260) 7.0 (2.2–17)
T-3 to T-6 1300 (530–2800) 570 (130–1700) 750 (230–1,900) 310 (54–810)
S-7 and S-9 –f – 490 (79–2,400) 81 (25–230)

Tree swallow
R-1 and R-2 380 (110–700) 47 (13–88) 810 (140–2,400) 54 (12–120)
T-3 to T-6 2100 (360–6200) 1300 (150–4900) 3,600 (790–8,500) 1500 (210–3,900)
S-7 and S-9 – – 1,200 (830–2,300) 440 (250–790)

Eastern bluebird
R-1 and R-2 91 (31–160) 8.1 (3.4–20) 250 (72–650) 9.4 (3.6–22)
T-3 to T-6 1800 (380–5600) 760 (93–3200) 2,200 (710–5,300) 560 (160–1,300)
S-7 and S-9 – – 1,700 (590–4,900) 290 (48–790)

aTEQWHO−Avian were calculated based on the 1998 avian WHO TEF values
bHW = 10-d nesting period; TS and EB = 14-d nesting period
c R-1 to R-2: Tittabawassee and Chippewa rivers reference area; T-3 to T-6: Tittabawassee River study area; S-7 to S-9:
Saginaw River study area
dValues were rounded and represent only two significant figures
eFood ingestion was calculated from equations in Nichols et al. (2004)
fResidue analyses were not conducted on bolus collected invertebrates at S-7 and S-9

hypotheses tests, differences were considered to
be statistically significant at p = 0.05.

Results

Dietary composition

Sampling of boluses resulted in the collection
of at least one invertebrate from nestlings in
86%, 93%, and 86% of attempted bolus sampling
events at selected house wren (n = 135), tree swal-
low (n = 96), and eastern bluebird (n = 51) nest-
ing attempts, respectively. Sampling intensity and
success were greatest in 2006, in part because
of additional collection locations (S-7 and S-9)
combined with greater sampling proficiency. The
greatest number of individual invertebrates col-
lected was from tree swallow nestlings, while
the fewest were from eastern bluebird nestlings
(Fig. 2). Eastern bluebirds consume fewer large
invertebrates, tree swallows consume greater
numbers of small invertebrates, and house wrens
are intermediate. Invertebrate orders represented
in bolus samples include Amphipoda, Araneae,

Coleoptera, Diptera, Dermaptera, Diplopoda,
Ephemeroptera, Gastropoda, Hemiptera, Hy-
menoptera, Isopoda, Lepidoptera, Mantodea,
Neuroptera, Odonata, Oligocheata, Opiliones,
Orthoptera, Plecoptera, Thysanura, and Trichop-
tera. Stones/grit, vegetation, and egg shell frag-
ments were also identified in bolus samples.

Samples of boluses delivered by adults to
nestling house wrens, tree swallows, and east-
ern bluebirds contained 22,706 individual inverte-
brates. Site-specific bolus samples contained 95%
and 94% terrestrial invertebrates by mass for
house wren and eastern bluebird nestlings, respec-
tively, while only 43% of invertebrates sampled
from tree swallow nestlings were of terrestrial
origin (Fig. 2). Dipterans composed 52% of bo-
lus samples by mass from tree swallow nestlings
(Fig. 2). Nestling house wrens and eastern
bluebirds were fed primarily Lepidoptera and
Orthoptera, respectively, and secondarily Or-
thoptera and Lepidoptera, respectively (Fig. 2).
Oligocheata composed a greater percentage of
nestling eastern bluebird diets in several clutches
at T-4 in both 2005 and 2006, as opposed to all
other locations in which it was a minor dietary
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Fig. 2 Percent mass dietary compositions for house wrens,
tree swallow, and eastern bluebirds collected in 2004–
2006 from Chippewa, Tittabawassee, and Saginaw River

floodplains near Midland, Michigan, USA. Percentages for
orders over 5% and invertebrate sample size by species are
indicated

component. Generally, nestling tree swallows
were fed fewer Trichoptera and more Coleoptera
at downstream SAs relative to upstream RAs.
Otherwise, species-specific dietary compositions
between study sites were similar.

�PCDD/DFs and TEQsWHO−Avian

Concentrations of �PCDD/DFs and
TEQsWHO−Avian in the majority of invertebrate
orders were different among study areas, except
concentrations of �PCDD/DFs were spatially
similar for the orders Araneae and Orthoptera.
Eight invertebrate orders were classified as
“important” based on dietary composition for
each species studied and composed approximately
92%, 76%, and 90% of the invertebrates
consumed on-site by nestling house wrens,
tree swallows, and eastern bluebirds, respectively
(Fig. 2). Mean concentrations of �PCDD/DFs

and TEQsWHO−Avian in primarily aquatic orders
were <1- to 10-fold and 5- to 59-fold greater at
Tittabawassee River SAs than RAs, respectively,
while concentrations at Saginaw River SAs
were intermediate. Mean concentrations of
�PCDD/DFs and TEQsWHO−Avian in primarily
terrestrial orders were <1- to 29-fold and 7- to
220-fold greater at Tittabawassee River SAs
than RAs, respectively, while concentrations at
Saginaw River SAs were intermediate. Concen-
trations of �PCDD/DFs in the primarily
aquatic invertebrate orders of Trichoptera and
Nematocera were significantly greater at SAs
(F = 75.76, p < 0.0001 and F = 10.74, p =
0.0055, respectively) compared to RAs, while
concentrations in Ephemeroptera were similar.
One Ephemeroptera sample from R-1 was greater
than the rest with a �PCDD/DFs concentration of
2.5 × 103 ng/kg ww. However, this difference from
other samples was no longer apparent when the
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sample contaminant concentration was reported
as �TEQsWHO−Avian (3.0 × 101 ng/kg ww).
Concentrations of �PCDD/DFs in the primarily
terrestrial invertebrate orders of Brachycera,
Lepidoptera, and Oligocheata were significantly
greater at SAs (F = 5.66, p = 0.0447, F = 17.63,
p = 0.0005, and F = 200.53, p < 0.0001, respec-
tively) compared to RAs, while concentrations in
Araneae and Orthoptera were similar. Concen-
trations of TEQsWHO−Avian for all invertebrate
orders that were predominant in the diets were
significantly greater at SAs compared to RAs.
Maximum concentrations of TEQsWHO−Avian

ranged from 2.3 × 101 ng/kg ww at T-3 in
Nematocera to 1.4 × 103 ng/kg ww at T-3 in
Oligocheata (additional descriptive statistics are
presented for predominant orders by site in Elec-
tronic supplementary material, Tables 3 to 10).

Minimum, mean, and median concentrations
of TEQsWHO−Avian followed a similar trend as
�PCDD/DFs for all species. Mean concentrations
of TEQsWHO−Avian in food web-based dietary esti-
mates for house wrens, tree swallows, and eastern
bluebirds were 53-, 40-, and 72-fold greater at
Tittabawassee River SAs than RAs, respectively.
The maximum concentration of TEQsWHO−Avian

in food web-based dietary estimates for house
wrens, tree swallows, and eastern bluebirds were
1.6 × 102, 7.6 × 102, and 2.3 × 102 ng/kg ww,
respectively.

Concentrations of �PCDD/DFs and
TEQsWHO−Avian in samples of boluses collected
from nestling house wrens, tree swallows, and
eastern bluebirds were greater at Tittabawassee
River SAs compared to RAs. Mean concen-
trations of �PCDD/DFs and TEQsWHO−Avian

in boluses collected from nestlings from all three
species ranged from 6- to 21-fold and 41- to
136-fold greater at Tittabawassee River SAs than
RAs, respectively. The maximum concentrations
of TEQsWHO−Avian in bolus samples collected
from nestling house wrens, tree swallows, and
eastern bluebirds occurred at T-6 and were
4.7 × 102, 9.5 × 102, and 5.7 × 102 ng/kg ww,
respectively.

Concentrations of �PCDD/DFs in food web-
based dietary estimates varied by species when
compared to bolus-based dietary estimates. Mean
and median concentrations of �PCDD/DFs in

food web-based dietary estimates were greater
for tree swallows (1.7- and 3.1-fold, respectively),
similar for eastern bluebirds, and lesser for house
wrens (2.0- and 1.7-fold, respectively) compared
to those in bolus-based dietary estimates (Fig. 3).

Relative proportions of mean PCDD/DF con-
centrations contributed by individual conge-
ners for invertebrates collected during food
web sampling varied among sampling areas and
among individual invertebrate orders. At RAs,
mean PCDD/DF congener profiles for inverte-
brates were dominated by 51% to 78% 1,2,3,4,
6,7,8,9-octachlorodibenzo-p-dioxin compared to
SAs that only contained 19% to 47%. Mean
PCDD/DF congener profiles for Trichoptera, Ne-
matocera, Ephemeroptera, and Brachycera were
dominated by 2,3,7,8-TCDF at Tittabawassee
River SAs, while Oligocheata averaged only 14%
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Fig. 3 Comparison of ranges, median, and mean
�PCDD/DF concentrations (ng/kg ww) of site-specific
bolus-based (Bolus) and food web-based (Insect) dietary
exposure estimates for house wren, tree swallow,
and eastern bluebird diets collected in 2004–2006 at
Tittabawassee River study areas (T-3 to T-6) downstream
of Midland, Michigan, USA. Insect was calculated from
composite samples of invertebrates from food web
collections weighted by dietary composition. Bars indicate
ranges; dots indicate means; and dashes indicate median
values
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2,3,7,8-TCDF (Fig. 4). Five congeners contributed
77% to 90% of relative proportions of PCDD/DF
congener concentrations in bolus-based and food
web-based dietary estimates at both RAs and SAs.
Relative proportions of PCDD/DF concentrations
contributed by TCDF were 17% and 14% less
for food web-based dietary estimates compared
to bolus-based estimates for tree swallows and
eastern bluebirds, respectively, while house wren
proportions were similar. Relative proportions of
PCDD/DF concentrations in bolus samples for
all species varied by site, with T-6 generally hav-
ing 20% greater 2,3,7,8-TCDF than other Tit-
tabawassee River SAs (Fig. 5).

Potential average daily dose

ADDpot for adult house wrens, tree swallows,
and eastern bluebirds were greater at SAs com-
pared to RAs when based on either bolus sample
concentrations or food web-based concentrations
for both �PCDD/DFs and TEQsWHO−Avian.
ADDpot based on bolus sample concentrations
of �PCDD/DFs and TEQsWHO−Avian for adult
house wrens, tree swallows, and eastern bluebirds
were 14- and 136-fold, 6- and 41-fold, and 21- and
125-fold greater at Tittabawassee River SAs than
RAs, respectively (Table 1). ADDpot based on
food web-based concentrations of �PCDD/DFs

Fig. 4 Mean percent �PCDD/DF congener profiles for
predominant dietary aquatic and terrestrial invertebrate
orders for house wrens, tree swallows, and eastern
bluebirds collected during 2004 at Tittabawassee River
study areas (T-3 to T-6) downstream of Midland,
Michigan, USA. Mean ± SD �PCDD/DF concentrations
presented by order; scale on the y-axis varies. Sample
size indicates number of composite invertebrate samples

from food web collections. TCDF tetrachlorodibenzo-
furan, PeCDF pentachlorodibenzofuran, HxCDF hexa-
chlorodibenzofuran, HpiCDF heptachlorodibenzofuran,
OCDF octachlorodibenzofuran, TCDD tetrachloro-
dibenzo-p-dioxin, PeCDD pentachlorodibenzo-p-dioxin,
HxCDD hexachlorodibenzo-p-dioxin, HpCDD hepta-
chlorodibenzo-p-dioxin, OCDD octachlorodibenzo-
p-dioxin
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Fig. 5 Mean percent
�PCDD/DF congener
profiles for dominant
congeners in nestling
house wren (a), tree
swallow (b), and eastern
bluebird (c) bolus
samples by site collected
from the Chippewa
and Tittabawassee
Rivers floodplains in
2004–2007, Midland,
Michigan, USA. 2378-
tetrachlorodibenzofuran
(black); 23478-
pentachlorodibenzofuran
(angled stripe); 12378-
pentachlorodibenzofuran
(dark gray); 1234678-
heptachlorodibenzo-p-
dioxin (horizontal stripe);
12346789-
octachlorodibenzo-p-
dioxin (light gray); n = 1
for house wren at R-1 and
tree swallow at T-5; n = 3
for eastern bluebird at
T-3 and T-6; n = 4 for
tree swallow at R-2; and
n = 2 for all other sites

a

b

c

or TEQsWHO−Avian for adult house wrens, tree
swallows, and eastern bluebirds were 5- and 45-
fold, 5- and 41-fold, and 9- and 70-fold greater
at the Tittabawassee River SAs than RAs, re-
spectively (Table 1). ADDpot based on food
web-based concentrations of �PCDD/DFs and
TEQsWHO−Avian for adults of all studied species
were less for Saginaw River SAs compared to Tit-
tabawassee River SAs (Table 1). ADDpot ranges
for concentrations of both �PCDD/DFs and
TEQsWHO−Avian overlapped for adult tree swal-
lows based either on bolus-based or food web-
based dietary concentrations, whereas ADDpot

ranges were greater for bolus-based compared to
food web-based dietary concentrations for both
house wren and eastern bluebird adults (Table 1).

Total predicted residue concentrations
in nestlings

Total predicted concentrations of �PCDD/DFs
and TEQsWHO−Avian in nestling house wrens, tree
swallows, and eastern bluebirds were greater at
SAs compared to RAs for either bolus-based or
food web-based diets. Average predicted concen-
trations of �PCDD/DFs and TEQsWHO−Avian for
bolus-based diets in nestling house wrens, tree
swallows, and eastern bluebirds were 14- and 100-
fold, 6- and 28-fold, and 20- and 94-fold greater
at Tittabawassee River SAs than RAs, respec-
tively (Table 2). Average predicted concentra-
tions of �PCDD/DFs and TEQsWHO−Avian for
food web-based diets in nestling house wrens, tree
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swallows, and eastern bluebirds were 6- and 44-
fold, 4- and 28-fold, and 9- and 60-fold greater at
Tittabawassee River SAs than RAs, respectively
(Table 2). Ranges of predicted concentrations of
�PCDD/DFs and TEQsWHO−Avian in nestlings of
all species were comparable between bolus-based
or food web-based dietary exposures (Table 2).

Predictions of nestling body burdens
(�PCDD/DFs) at fledge based on bolus ADDpot

were greater than those measured (Fredricks
et al. 2010a) for all species studied regardless
of study area. Nestling body burdens equaled

the sum of the total ingestion of bolus-based
dietary �PCDD/DFs over the nesting period and
measured average total �PCDD/DFs per egg
divided by the average nestling mass (Fredricks
et al. 2010b). Mean ± SD total picograms
�PCDD/DFs per egg of house wren, tree swallow,
and eastern bluebird eggs was 1.2 × 102 ±
7.8 × 101 (n = 12), 1.3 × 103 ± 7.6 × 102 (n = 14),
and 2.8 × 102 ± 2.2 × 102 (n = 12) in the RAs
and 2.2 × 103 ± 1.4 × 103 (n = 21), 1.9 × 103 ±
1.6 × 103 (n = 28), and 8.7 × 102 ± 3.9 × 102

(n = 23) in the SAs, respectively (Fredricks et al.

a

b

c

Fig. 6 Predicted nestling body burdens based on ad-
justed dietary accumulation of �PCDD/DFs from mean
bolus-based concentrations and food intake equations (line
connected points) and measured mean with range of con-
centrations in eggs and nestlings (f loating points) for
house wrens (a), tree swallows (b), and eastern bluebirds
(c) collected in the Chippewa and Tittabawassee River

floodplains during 2004–2007 near Midland, Michigan,
USA. Predicted nestling body burdens were adjusted based
on 0.7 assimilation efficiency (Nichols et al. 2004). Open
symbols are from reference areas (R-1 and R-2); closed
symbols are from Tittabawassee River study areas (T-3 to
T-6); egg concentration ranges from Tittabawassee River
study areas are of fset to the left
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2010a). Mean ± SD concentration (nanograms
per kilogram ww) of �PCDD/DFs in nestlings
of house wrens, tree swallows, and eastern
bluebirds at reference areas and Tittabawassee
River SAs was 2.0 × 101± 7.5 × 100 (n = 12)
and 5.6 × 102 ± 4.0 × 102 (n = 26), 9.4 ×
101 ± 4.9 × 101 (n = 12) and 8.7 × 102 ± 1.5 × 103

(n = 21), and 3.8 × 101 ± 2.4 × 101 (n = 12)
and 7.6 × 102 ± 5.7 × 102 (n = 16), respectively
(Fredricks et al. 2010a). Maternal transfer of total
�PCDD/DFs per egg contributed <15% of the
predicted nestling body burdens at fledge for all
species studied regardless of study area or diet
type, with the exception of the house wren food
web-based exposure where maternal transfer
contributed approximately 25%. Therefore,
predictions of nestling body burdens (Fig. 6)
were largely determined by dietary ingestion of
�PCDD/DFs and selection of dietary exposure
estimates.

Discussion

Dietary composition

Passerines have a limited foraging range when
feeding nestlings (Pinkowski 1977; Quinney and
Ankney 1985) and preferentially may select the
most beneficial invertebrates rather than the most
abundant (Guinan and Sealy 1987; McCarty and
Winkler 1999; Quinney and Ankney 1985). Prey
selection also depends on the age of the nestlings
(Luttenton 1989; Morton 1984), with smaller in-
vertebrates with less chitin and relatively higher
caloric content selected which facilitates diges-
tion and growth of younger nestlings (Pinkowski
1978).

Bolus sampling was initiated 3–4 days post-
hatch, which possibly limited the presence of
some orders from our analyses. Additionally, in-
cidental soil and sediment ingestion were not
considered for dietary exposure for several rea-
sons: (1) deionized water-rinsed non-depurated
Oligocheata were used and likely represent the
most probable source of soil exposure; (2) field-
collected invertebrates were not rinsed prior to
analyses so any incidental soil or sediment would
be included in their analyses; (3) concentrations
of �PCDD/DF in soil and sediment were greater

than those in invertebrates and even small per-
centages could skew estimated dietary exposures;
and (4) PCDD/DFs are less bioavailable when
bound to soil or sediment and are likely not assim-
ilated to the same degree as in biota (Alexander
2000; Budinsky et al. 2008; Froese et al. 1998;
Stephens et al. 1995).

Dietary items collected in site-specific bolus
samples from nestling house wrens, tree swal-
lows, and eastern bluebirds represented similar
orders as expected from literature-based diets,
while relative proportions of invertebrate orders
varied. When feasible, it is important to quantify
site-specific dietary composition since variations
in prey selection can influence dietary exposure
estimates (Neigh et al. 2006a; Papp et al. 2007;
Smits et al. 2005). Literature-based estimates of
tree swallow ingestion of Dipterans were 15–20%
(ww; Johnson and Lombardo 2000; McCarty and
Winkler 1999; Neigh et al. 2006a) compared to
52% in the current study. Nestling eastern blue-
birds from this study were fed primarily Or-
thoptera (44% ww) and Lepidoptera (28% ww),
while nestlings from other studies in Michigan
were fed primarily Orthoptera (45% ww) and Tri-
choptera (30% ww; Neigh et al. 2006a), and Lep-
idoptera (40% ww), Orthoptera (20% ww), and
Oligocheata (20% ww; Pinkowski 1978). Similar
numbers of Lepidoptera larvae and adults were
fed to house wren nestlings (52%) compared to
nestlings in Ohio (57%; Luttenton 1989), but were
greater than numbers fed to house wren nestlings
in Illinois (22%; Morton 1984) and Michigan
(30%; Neigh et al. 2006a). However, despite the
lesser frequency of Lepidoptera in the Michigan
study, the order still accounted for approximately
80% of the diet by mass (Neigh et al. 2006a).

There was a greater prevalence of Trichoptera
in the diet of tree swallows at upstream RAs
compared to downstream SAs. Although Tri-
choptera abundance was not quantified at study
sites; tree swallow foraging and dietary composi-
tion is related to prey abundance (McCarty 1997).
Therefore, the lower Trichoptera abundance at
SAs was likely due to site-specific habitat and
river flow differences. Trichoptera depend on suit-
able riverbed substratum for attachment (Wiggins
1996), and downstream SA substrata are domi-
nated by a sandy bottom with limited submerged
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vegetation or debris. Additionally, greater sedi-
mentation and poorer water quality at SAs could
also influence the presence of Trichoptera since
they are considered a sensitive order to these
types of disturbance (Hachmöller et al. 1991).

Eastern bluebird foraging on Oligocheata was
primarily limited to T-4 in both 2005 and
2006. Similar habitat characteristics and rainfall
patterns were present in the vicinity of nest
boxes at other sites in both the RAs and SAs.
Pair/individual feeding specialization did not ap-
pear to be a factor as different adult pairs bred
at T-4 between years. It is possible that soil con-
ditions at T-4 contributed to greater Oligocheata
presence than at other sites, but specific measure-
ments were not made. A similar pattern of hit-
or-miss Oligocheata foraging by eastern bluebirds
has been observed in other Michigan studies. On
the Kalamazoo River, Oligocheata were not col-
lected in bolus samples from nestling eastern blue-
birds (Neigh et al. 2006a), but were identified in
adult feeding trips and bolus samples from eastern
bluebirds in Macomb County (Pinkowski 1978).
In the current study, adult eastern bluebirds that
fed Oligocheata to nestlings did so early in the
nesting season, and Oligocheata were limited to
the first brood, which was similar to observations
in previous research (Pinkowski 1978).

�PCDD/DFs and TEQsWHO−Avian

Concentrations of �PCDD/DF and
TEQsWHO−Avian varied among invertebrate
orders at Tittabawassee River SAs. Since food
web-based invertebrate samples represented
composite samples of multiple individuals, there
was likely some small-scale spatial integration due
to movement of invertebrates into the sampling
grids from nearby areas. General relationships
at SAs indicated some large-scale spatial trends.
Invertebrates at T-6 consistently contained maxi-
mum concentrations as compared to other SAs.

Habitat use by invertebrates also resulted in
concentration differences between and within or-
ders. Of the predominant invertebrate orders that
made up the majority of the dietary composi-
tion for all three study species, terrestrial or-
ders had the greatest concentrations (Brachycera
and Oligocheata). Within one order, terrestrial

Dipterans (Brachycera) had two times greater
�PCDD/DF concentrations and TEQsWHO−Avian

than aquatic Dipterans (Nematocera) at SAs.
Concentrations in Lepidoptera and Orthoptera,
major contributors to both house wren and east-
ern bluebird diets (72% for both), were the
least of all the predominant orders. Sex-specific
differences within invertebrate orders were be-
yond the scope of our research, but Maul et al.
(2006) separated the genus Chironomus from
other Nematocerans and analyzed the sexes sepa-
rately for PCB concentrations. Male Chironomus
had greater concentrations compared to females,
and differences were attributed to sex-dependent
life history factors. It is likely that similar sub-
tle differences in order-specific life history fac-
tors can influence exposure and assimilation of
PCDD/DFs.

Similar to individual invertebrate orders, bolus
samples collected from all species had greatest
residue concentrations at T-6. Additionally, rel-
ative proportions of mean 2,3,7,8-TCDF concen-
trations in bolus samples were greatest at T-6
for all study species. The relative proportion of
2,3,7,8-TCDF increases in bolus samples from T-3
to T-6, which mirrors the pattern of increas-
ing �PCDD/DF concentrations in bolus samples
(Fig. 5). These trends are similar to house wren,
tree swallow, and eastern bluebird tissues col-
lected from the same sites (Fredricks et al. 2010a).
One possible explanation for greater values in
both food web items and bolus samples at the T-
6 location involves the natural hydrology of the
Tittabawassee River. When at flood stage, the
river flows across the large bends near T-6 instead
of following the normal river channel (Fig. 1). The
water loses momentum and energy quickly and
deposits large amounts of sediment over those ar-
eas, creating a “sink” location for sediment-bound
contaminants.

Food web dietary exposure estimates were
based on site-specific dietary composition, de-
rived from bolus sample composition, combined
with concentrations in respective invertebrate or-
ders. While ranges of �PCDD/DF concentrations
(Fig. 3) and TEQsWHO−Avian estimated dietary
exposure varied among species, similar concen-
tration trends were present between �PCDD/
DFs and TEQsWHO−Avian. In eastern bluebirds,
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however, the lesser TEQWHO−Avian concentrations
in Orthoptera and Oligocheata (Fig. 4) resulted
in lesser food web-based dietary TEQsWHO−Avian

than the �PCDD/DF concentrations would sug-
gest due to the relatively low TCDD potency as-
sociated with these orders. Approximately 50% of
the �PCDD/DF concentrations in eastern blue-
bird food web-based dietary exposure estimates
were from Oligocheata, which only occurred in
a few nests at T-4. The presence of Oligocheata
explains the difference between �PCDD/DF con-
centrations and TEQsWHO−Avian food web-based
dietary exposure estimates.

For house wrens and eastern bluebirds, the
range of food web-based dietary exposure esti-
mates was less than the exposure estimates based
on bolus samples, while tree swallows had sim-
ilar ranges. Species-specific foraging strategies
between tree swallows and the terrestrial forag-
ing species, combined with sampling protocols
for food web collections, can account for this
difference. Tree swallows primarily forage near
or over bodies of water (McCarty 1997; McCarty
and Winkler 1999), while house wrens and eastern
bluebirds forage in close proximity to their nest
box (Guinan and Sealy 1987; Pinkowski 1977).
Since food web collections occurred in one loca-
tion (30 × 30 m) per site adjacent to the river, it
is unlikely that terrestrial foraging species would
forage exclusively in the same area. Tree swal-
lows, meanwhile, are drawn to the river to feed
where, due to river dynamics, concentrations are
expected to be more uniform. Differences in PCB
concentration between dietary samples (bolus or
gut contents) and site-specific invertebrate sam-
ples (collected with nets) have been previously
documented for passerines (Echols et al. 2004;
Maul et al. 2006; Smits et al. 2005).

Exposure to PCDFs and PCDDs on both
a �PCDD/DF and TEQWHO−Avian basis of
food web invertebrates and bolus samples from
the current study was similar to or greater
than that from other sites contaminated with
chlorinated hydrocarbons. Stomach contents
from tree swallow nestlings and pipers from the
Woonasquatucket River floodplain contained
71 to 219 ng/kg ww 2,3,7,8-TCDD (Custer et al.
2005), while samples from the primarily PCB-
contaminated Housatonic River area (Custer

et al. 2003) had only a few PCDD/DF congeners
with detectable concentrations (2,3,7,8-TCDF,
17–38 ng/kg ww; 1,2,3,7,8-pentachlordibenzofuran
(PeCDF), 15–142 ng/kg ww; 1,2,3,4,6,7,8-
heptachlorodibenzofuran, 14–30 ng/kg ww). Tree
swallows primarily exposed to PCBs in southern
Illinois had dietary TEQWHO−Avian concentrations
that ranged from 0.52 to 35 ng/kg ww for food web
samples and averaged 4.4 ng/kg ww in stomach
contents (Maul et al. 2006).

Average potential daily dose

To gauge exposure and facilitate future assess-
ment of reproductive risks, ADDpot was esti-
mated for adult passerines while breeding on-site.
The TEQWHO−Avian dietary exposures reported
here for the Tittabawassee River are similar
to TEQWHO−Avian dietary exposure estimates re-
ported for insectivorous passerines from the PCB-
contaminated Kalamazoo River, Michigan, USA
(Neigh et al. 2006a). Adult tree swallows (Kay
et al. 2005) and house wrens (Blankenship et al.
2005) had 64% and 56% greater �PCB body bur-
dens, respectively, than nestlings from the same
study sites on the Kalamazoo River. For the cur-
rent study, adult passerines were not collected
for residues analyses because of the concurrent
long-term monitoring study of adult and nestling
survival; however, based on the study from the
Kalamazoo River, greater adult body burdens
would be expected. The relative proportion of
�PCDD/DF to TEQWHO−Avian for adult ADDpot

for bolus-based and food web-based dietary expo-
sures ranged from 4.2% to 9.2% and 2.0% to 3.2%
at RAs, respectively, while at SAs, they ranged
from 42% to 59% and 20% to 38%, respectively.
Greater percentages at SAs are due to greater
proportions of primarily 2,3,7,8-TCDF and secon-
darily 2,3,4,7,8-PeCDF in the congener profiles at
those sites.

Total predicted residue concentrations
in nestlings

Predicted nestling body burdens of PCDD/DFs
prior to fledge were greater than measured
mean nestling tissue concentrations (Fredricks
et al. 2010a) regardless of study area. The most
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plausible explanations for this discrepancy are
overestimates of the daily dietary exposures, over-
estimates of residue assimilation efficiency, or
both. The predicted total ingestion by nestlings
was based on a mean daily dietary dose that was
calculated using residue concentrations in bolus
samples. The bolus sample method was selected
because bolus samples were composed of the in-
vertebrates selected by the adult passerines on-
site. When minimum values for bolus samples
were used, instead of mean values, to estimate
nestling body burdens at Tittabawassee River
SAs, the predicted values were similar to the mea-
sured mean nestling tissue concentrations.

The second and more likely explanation of
the overestimation of predicted nestling body
burdens from bolus-based exposure estimates
is that the assimilation efficiency for the site-
specific mixture of PCDD/DFs is less than the
0.7 suggested for PCBs (Nichols et al. 2004).
Differential metabolism of residues by embryos
and nestlings or selective sequestration of specific
PCDD/DF congeners could account for some
of the difference between the predicted nestling
body burdens from bolus-based exposure esti-
mates and those measured in nestlings. The fact
that house wren and eastern bluebird nestlings
contained lesser percentages of 2,3,7,8-TCDF and
greater percentages of 2,3,4,7,8-PeCDF compared
to dietary exposure estimates suggests a dynamic
metabolism or sequestration mechanism. Simi-
larly, related field and laboratory studies have
noted a short half-life for 2,3,7,8-TCDF in devel-
oping embryos and growing chicks that resulted
in significantly lesser tissue concentrations than
would have been expected (Zwiernik, unpub-
lished data). Based on comparisons of congener-
specific adult biomagnification factors in herring
gulls (Larus argentatus), TCDF was determined
to be rapidly metabolized as opposed to 2,3,4,7,8-
PeCDF in which metabolism was determined
to be variable and possibly linked to species-
specific differences in distribution or metabolism
(Braune and Norstrom 1989). Previous research
on mallards (Anas platyrhynchos; Norstrom et al.
1976) and bald eagles (Haliaeetus leucocephalus;
Elliott et al. 1996) have discussed similar trends in
metabolism for PCDF congeners. Alternatively,

the predicted PCB concentrations based on the
diet and those measured in tree swallow nestlings
along the Saginaw River, Michigan were simi-
lar based on the assimilation efficiency of 0.7
(Echols et al. 2004). Those authors suggested that
differential metabolism of PCBs was not very
important in nestlings. Potential explanations for
the differences between house wren and eastern
bluebird nestlings and dietary exposure estimates
could be unique PCDD/DF bioavailability from
terrestrial invertebrates. However, these adjust-
ments still cannot fully explain the differences
observed between expected and observed concen-
trations in nestlings.

Conclusions

Estimates of dietary exposure for both adult and
nestling passerines were greater at Tittabawassee
River SAs compared to RAs, while exposure at
Saginaw River SAs was intermediate. Though few
studies have investigated avian dietary exposure
of PCDD/DFs based on TEQsWHO−Avian, our re-
sults were in line with other contaminated sites.
Estimates of the dietary exposure of nestlings
were greater than the measured concentrations of
�PCDD/DF in nestlings (Fredricks et al. 2010a).
A combination of (1) metabolism of compounds
prior to hatch, (2) possible overestimation of food
intake rates, (3) positively skewed concentration
data in the diet at SAs, and (4) assimilation of
<70% of the compounds from the diet likely
led to greater predicted concentrations relative
to measured concentrations in nestlings. Charac-
terizing dietary exposure for passerine birds with
either bolus-based sample analyses or food web-
based dietary analyses involves labor-intensive
sampling procedures. Our results indicate that
both methods provide similar exposure estimates
that varied by species. Due to efficient bolus
collection via cable ties, collection of true site-
specific dietary items, and the time savings as-
sociated with not sorting collected invertebrates
to order for analytical analyses, the authors rec-
ommend future dietary exposure assessments to
use bolus sampling for passerines when feasible.
Concurrent work has addressed implications of
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these results by incorporating data from tissue
exposure (Fredricks et al. 2010a) and productivity
(Fredricks et al. 2010b) into aquatic (Fredricks
et al. 2010c) and terrestrial (Fredricks et al. 2010d)
passerine risk assessments. The incorporation of
three lines of evidence into multiple lines of ev-
idence assessment of ecological risk (Fairbrother
2003) will provide site-specific information to
make informed decisions about the potential im-
pact(s) of contaminants and will aid in both the
planning and evaluation of effective remedial
actions.
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