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Abstract—Necropsy-observable cardiac deformities were evaluated from 283 nestling passerines collected from one reference site
and five polychlorinated biphenyl (PCB)–contaminated sites around Bloomington and Bedford, Indiana, USA. Hearts were weighed
and assessed on relative scales in three dimensions (height, length, and width) for externally visible deformities. Heart weights
normalized to body weight (heart somatic index) were decreased significantly at the more contaminated sites in both house wren
(Troglodytes aedon) and tree swallow (Tachycineta bicolor). Heart somatic indices significantly correlated with log PCB concen-
trations in Carolina chickadee (Parus carolinesis) and tree swallow and with log 2,3,7,8-tetrachlorodibenzo-p-dioxin toxic equivalent
values in tree swallow alone. Ventricular length was increased significantly in eastern bluebirds (Sialia sialis) and decreased
significantly in Carolina chickadee and tree swallow from contaminated sites versus the reference site. Heart length regressed
significantly against the log PCB concentrations (Carolina chickadee and tree swallow) or the square of the PCB concentrations
(red-winged blackbird [Agelaius phoeniceus]) in a sibling bird. The deformities that were observed most at the contaminated sites
included abnormal tips (pointed, rounded, or flattened), center rolls, macro- and microsurface roughness, ventricular indentations
on the ventral or dorsal surface, lateral ventricular notches, visibly thin ventricular walls, and changes in overall heart shape. A
pooled heart deformity index regressed significantly against the logged contaminant concentrations for all species except red-winged
blackbird. These results indicate that developmental changes in heart morphometrics and shape abnormalities are quantifiable and
may be sensitive and useful indicators of PCB-related developmental impacts across many avian species.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) were produced com-
mercially in the United States for nearly 50 years. They were
sold and used as varying mixtures of 209 congeners, all of
which are relatively lipophilic and relatively slow to environ-
mentally degrade or be metabolized. Although the sale of PCBs
in the United States was banned in 1977 because of health
and environmental concerns, PCBs have continued to be re-
leased into the environment. Polychlorinated biphenyl releases
have declined dramatically in the past several decades, but
PCBs remain ubiquitous in environmental media and continue
to pose problems from both health and regulatory perspectives
[1] (http://www.atsdr.cdc.gov/DT/pcb007.html).

Of the different congeners, the coplanar, or laterally (meta-,
para-)substituted, congeners tend to be toxicologically similar
to polychlorinated dibenzodioxins (PCDDs) and have poten-
cies that are assessed relative to the ‘‘standard’’ PCDD, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD; also known as dioxin)
[2]. These normalized dioxin-like potencies are expressed as
TCDD toxic equivalents (TEQs). Most dioxin-like effects are
thought to be mediated by the interaction of the congener with
the aryl hydrocarbon receptor. Such effects include induction
of cytochrome P4501A–related enzymes [2], thymic atrophy
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and immunotoxicity [3], reproductive and developmental tox-
icity [4], developmental induction of brain asymmetry [5],
cardiac teratogenicity [6–8], and nongenotoxic carcinogenicity
[9].

The non-coplanar congeners (mono- and di-ortho-substi-
tuted) do not bind effectively to the aryl hydrocarbon receptor
and have toxicological profiles that are less ‘‘dioxin-like’’ [2].
Health effects of PCB-exposed animals, including wild birds,
are expressed in multiple organs and have been observed in
virtually all species assessed. A subset of these congeners
includes potent neurotoxicants affecting neurochemistry and
behavior [10,11] and second-messenger systems, such as in-
tracellular calcium [11]. Non-coplanar PCB congeners and
PCB mixtures also disrupt the immune system [11] as well as
the homeostatic functioning of several hormonal feedback con-
trol systems, including the estrogen [11], thyroid [12], corti-
costeroid [13], and retinoid [14] hormone and growth-regulator
feedback systems. Most of these effects have been observed
in birds as well as in mammals. The passerine PCB literature
is limited and tends to focus on exposure evaluations, although
a few studies have documented reproductive [15,16] and be-
havioral anomalies [17] as well as plumage and hormonal
changes in response to PCB exposure in tree swallows
[13,14,18].

In addition to differences related to chemical structure, the
life stage of the organism at the time of exposure greatly
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impacts the toxicity of PCBs. Developing organisms are more
sensitive to the effects of PCBs, and these effects can persist
into adult life [1,10]. For example, PCBs competitively bind
to the serum proteins that carry thyroid hormones, reducing
serum thyroid hormone levels. Increased rates of gross and
subtle neurological abnormalities are induced by reduced thy-
roid hormone levels (hypothyroid) during development, be-
cause the developing brain is highly sensitive to the level of
available thyroid hormone [19].

Several landfills and a former wastewater treatment plant
in Bloomington, Indiana, USA, are contaminated with PCBs
that originated from a capacitor manufacturing plant that used
PCBs (primarily 1242) from 1958 to 1977 [20] (http://
www.state.in.us/idem/). Of hazardous materials detected at the
landfills, only PCBs have been detected at high-enough con-
centrations to be of concern to state and federal regulatory
agencies. Polychlorinated biphenyls were released directly
from the plant to the sanitary sewer and leaked from capacitors
disposed of at local landfills and dump sites. In addition, his-
toric, on-site disposal of spent hydraulic fluid containing PCBs
(primarily 1242) at a manufacturing plant in Bedford, Indiana,
USA, is the source of contamination at one of our study sites
[21] (http://www.bedfordpowertraincorrectiveaction.com/
docrepository/). Although many of these sites have been or
are being remediated (or are capped) residual PCBs continue
to move from the remnants of the contaminated sites into the
surrounding environment, entering the food chain and con-
tributing to wildlife exposures. The heart is susceptible to di-
oxin and dioxin-like chemical exposure [6–8,22–29]. Previous
work by our laboratory demonstrated that developmental
TCDD exposure increased the incidence and severity of ter-
atogenic heart deformities in chicken embryos [7,22–24] ex-
posed throughout the incubation period. Observed anomalies
from these and other studies included increased heart weight
[6,8], pericardial edema, cardiomyopathy [6,8,25], abnormal
valve and vessel development [6], and decreased contractile
response [25,28]. Our preliminary evaluations of heart devel-
opment in passerines environmentally exposed in ovo to mix-
tures of PCBs (through maternal deposition in the yolk) in-
dicated that virtually all the passerines (eastern bluebirds, Car-
olina chickadees, house wrens, red-winged blackbirds, and tree
swallows) were sensitive to the cardiotoxic effects of PCBs
[15,29]. Therefore, this study was conducted to quantify and
provide a detailed evaluation of the PCB-induced cardiac ter-
atogenicity in the five passerine species exposed in ovo under
field conditions. Our goals were to characterize systematically
the site-associated suite of necropsy-observable cardiac de-
formities and changes in gross heart shape and size in avian
wildlife and to correlate quantitatively each deformity and
change with total PCBs and dioxin-like TEQs by species, es-
tablishing the relative sensitivity of each passerine species.

MATERIALS AND METHODS

Field collection

Approximately 30 to 60 nest boxes per site (standard size
for bluebirds and tree swallows, hole dimensions of 3.5 cm
[width] 3 5.7 cm [height]) were placed adjacent to contami-
nated waterways at five contaminated sites (Conard’s Branch
[CB], Illinois Central Springs [ICS], Pleasant Run [PR], Rich-
land Creek [RC], and Winston-Thomas wastewater treatment
plant [WT]) at or downstream of sites where the U.S. Envi-
ronmental Protection Agency is requiring extensive remedia-
tion of soil, water, and sediment because of PCB contamina-

tion. Four of these sites—CB, ICS, RC, and WT—are in
Bloomington, Indiana, USA (ICS and WT), or in the surround-
ing county (CB and RC; Monroe County, IN, USA). Pleasant
Run is in Bedford, Indiana, USA, in Lawrence County. A
reference site (Goose Pond [GP]) was located in an adjacent
watershed in Monroe County, Indiana, USA, with no known
sources of PCB contamination. Nest boxes were monitored
daily during nesting and active-laying periods throughout the
spring and summer of 1995 and 1996. Passerine species used
for the present study included eastern bluebird (Sialia sialis),
Carolina chickadee (Parus carolinesis), house wren (Trog-
lodytes aedon), red-winged blackbird (Agelaius phoeniceus),
and tree swallow (Tachycineta bicolor). The number of nests
sampled by species and site and the mean total PCB and TEQ
concentrations for each are listed in Table 1. Red-winged
blackbird eggs and nestlings were collected from nests near
the nest boxes at GP, RC, and WT. Egg laying and hatching
dates were recorded to monitor reproductive and hatching suc-
cess (unpublished data). Nestling birds were collected before
fledging, which was approximately day 7 for red-winged black-
bird, day 11 for house wren, and day 14 for eastern bluebird,
Carolina chickadee, and tree swallow. Nestlings were rapidly
transported to the laboratory at Indiana University (Bloo-
mington, IN, USA) in ventilated plastic trays placed inside
coolers for protection and to minimize heat stress. Nestlings
were in transit no more than 60 min.

Laboratory protocols

At the laboratory, nestlings were weighed individually on
a balance (accuracy, 60.001 g; Mettler Model PM4000; Met-
tler-Toledo, Columbus, OH, USA) and killed by decapitation.
One sibling nestling from each nest was placed in a chemically
clean glass jar after death and frozen for later chemical analysis
(Table 1). These individuals were sent either to the U.S. Fish
and Wildlife Service’s Patuxent Analytical Control Facility
(Laurel, MD, USA) or to the Geochemical and Environmental
Research Group at Texas A&M University (College Station,
TX, USA), which is under contract to the Patuxent Analytical
Control Facility. These samples were analyzed for total PCBs
and more than 70 different PCB congeners, including con-
geners with di-, tri-, tetra-, penta-, hexa-, hepta-, and octa-
chlorine substitutions. Specific congeners are referred to ac-
cording to the International Union of Pure and Applied Chem-
istry (IUPAC) standard numbering system for PCBs. For
example, IUPAC congener PCB 126 is 3,4,5,39,4,9-tetrachlo-
robiphenyl, and PCB 153 is 2,4,5,29,49,59-hexachlorobiphenyl.
Chemical extractions of samples followed procedures devel-
oped by the National Oceanic and Atmospheric Administration
Status and Trends Program [30] with minor revisions [30,31].
Quantification of PCBs was performed by capillary gas chro-
matography with electron-capture detection [32]. Polychlori-
nated biphenyl congeners 77, 126, and 169 were analyzed by
high-resolution gas chromatography/high-resolution mass
spectrometry using U.S. Environmental Protection Agency
method 8290 [33]. The 2,3,7,8-tetrachlorodibenzo-p-dioxin
TEQs were determined using toxic equivalency factors for
each congener as listed in Van den Berg et al. [34] (Table 1).

Immediately after death, the liver and brain were rapidly
removed, covered with 10% neutral-buffered formalin in glass
vials, and archived at 48C. After at least two weeks, fixed
organs were necropsied and weighed on a semiultra balance
(accuracy, 60.00001 g; Mettler Model AE240). Bodies were
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Fig. 1. Representative passerine hearts illustrating heart measure-
ments. A. Width refers to the heart width, measured at the widest part
of the ventricles. Measurement is taken across the heart just under
the atria near the point of the atrioventricular junction (AVJ). B.
Length refers to ventricular height, measured from where the ventri-
cles begin (just under the atria near the AVJ) to the apex (tip of the
heart). C. Depth refers to the lateral ventricular depth, measured from
the lateral perspective, where the ventral side of the heart near the
AVJ transects the width measurement.

placed individually into 120-ml plastic containers, covered
with 10% neutral-buffered formalin, and archived at 48C.

External heart morphology

Mechanical calipers (accuracy, 60.05 mm) were used to
measure each of three morphological features of the heart—
width, length, and depth—using standardized protocols de-
veloped from classic morphometric techniques (Fig. 1). Each
measurement was made to the nearest 0.05 mm. Two measurers
were co-trained to ensure that intersample measurement var-
iation was no greater than 5% on any individual measurement
in the training set. Training sets consisted of a sample of at
least 10 hearts from each species, covering a range of sites,
when appropriate. After the training period, both measurers
carried out the full set of measurements independently and
were blind to the sample site. Resulting measurements from
each measurer were averaged for the final measurement used
in subsequent analyses. For all measurements, the caliper point
rested slightly on the region of the heart associated with the
appropriate morphological measurement and was slowly
closed until both points were just touching the predetermined
landmark. The caliper points lightly touched the hearts at the
point of measurement, ensuring that the heart could easily slide
out of the calipers, thus preventing artificial compression of
the hearts.

Heart morphometrics

Fixed, individual hearts were digitally photographed and
assessed for external deformities by the same person. In a given
heart, each of 10 deformities was assessed according to a se-
verity scale. These deformities, their associated severity scales,
and a description of each deformity are listed in Table 2.

Statistical analysis

All measurements and deformity ratings were initially
graphed (Microsoft Excelt 2003; Redmond, WA, USA) and
then evaluated statistically (SAS System, Ver 8; SAS Institute,
Cary, NC, USA). Statistical analysis using SAS included anal-
ysis of variance (ANOVA) in the general linear model pro-
cedure (PROC GLM) to compare the data by site. (The PROC
GLM algorithm corrects for an unbalanced study design.) In-
dividual comparisons within models testing multiple cofactors
were evaluated using multivariate ANOVA and the least-
squared-means t test within PROC GLM. The data were cor-
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related with contaminant levels in sibling nestlings using the
SAS regression procedure (PROC REG). The t test procedure
(PROC T-Test) was used to compare group means of the ref-
erence site versus the pooled contaminated site data, by spe-
cies, for the deformity analysis (Fig. 2). Throughout the anal-
ysis, statistical significance was defined by p # 0.05, whereas
marginal significance was defined by 0.05 , p , 0.10xx.

RESULTS

PCBs and toxic equivalents

For all species, the site ranking of mean total PCB con-
centrations in nestlings was WT . PR . ICS . CB . RC .
GP (Table 1). For all species, the order of mean PCBs in
nestlings at WT (the one site where all five species were pres-
ent) was tree swallow . red-winged blackbird . eastern blue-
bird . house wren . Carolina chickadee. No house wrens
were collected at GP; thus, CB was used as the reference site
for house wren, for the ANOVA based on overall site con-
tamination. The mean total PCB concentration for eastern blue-
bird, red-winged blackbird, and tree swallow was two to four
orders of magnitude higher ( p # 0.05) at WT or PR than at
GP.

In general, TEQs were highest at WT (eastern bluebird,
red-winged blackbird, and tree swallow) or ICS (Carolina
chickadee and house wren). The order of mean TEQs in nest-
ling birds at WT was eastern bluebird . red-winged blackbird
. tree swallow . Carolina chickadee . house wren. The most
contaminated nestlings, however, were tree swallows (2,504
ppt), which were more contaminated than the most contami-
nated eastern bluebird (2,347 ppt) at the same site (WT). The
mean ratio of TEQs to PCBs (mg TEQs:g PCBs) in all species
is highest at our reference site and declines as the total PCB
contamination level increases: GP (6,235:1) . RC (863:1) .
CB (166:1) . WT (139:1) . ICS (39:1) . PR (26:1).

Heart somatic index

The heart somatic index is the heart weight normalized by
body weight. Mean heart somatic indices for all species at all
sites collected are summarized in Table 3. Of the five species,
only Carolina chickadee, house wren, and tree swallow had
changes in mean heart somatic indices that were statistically
different between at least one contaminated site and the re-
spective reference site. For both house wren and tree swallow,
the mean heart somatic index was statistically significantly
smaller at the more highly contaminated sites. House wren
heart somatic indices were, on average, 18% (ICS) and 26%
(WT) smaller at the two more contaminated sites compared to
the reference site (CB). Tree swallow heart somatic indices
were, on average, 9% smaller at the more contaminated site
(WT) compared to the cleanest site (GP). By contrast, the
changes in Carolina chickadee heart somatic indices were not
consistent among sites, and the only statistically significant
change was an increased mean heart somatic index (26%) at
a moderately contaminated site (CB) compared to the reference
site (GP). Although not statistically different from the data for
the reference site (GP), the red-winged blackbird mean heart
somatic index also increased (13%) at a highly contaminated
site (WT).

The optimal single variable regression of heart weight and
heart somatic index against total PCBs, total PCBs corrected
for lipid content, and TCDD TEQs are presented in Table 4.
Of the five species, only the tree swallow heart somatic indices

?2
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Fig. 2. Percentage of severe deformities at the least contaminated (reference) site (Goose Pond, Monroe County, IN, USA) and at all the more
contaminated sites pooled in (A) eastern bluebirds, (B) Carolina chickadees, (C) house wrens, (D) red-winged blackbirds, and (E) tree swallows.
CR 5 center rolls on ventral and dorsal surface of ventricles; Indent 5 dorsal and ventral surface ventricular indentations; Mac 5 macrosurface
roughness, a cobblestone appearance; Mic 5 microsurface roughness, sandpaper-like surface; Notch 5 lateral ventricular notches; Shape 5 gross
shape deformities including C-shaped heart, stubby heart, triangular heart; Tip 5 abnormal tips including pointed tip, flattened tip, rounded tip.
An asterisk indicates a statistically significant difference (p # 0.05) between percentage response of pooled contaminated sites and percentage
response at Goose Pond (t test). Two asterisks indicate a statistically significant difference at the p # 0.01 level. Dotted fill indicates reference
site; solid fill indicates contaminated sites (pooled data).

Table 3. Mean (6 standard deviation) heart somatic indices (SI; heart wt adjusted for body wt 3 1,000) of passerines collected from reference
(GP) or polychlorinated biphenyl contaminated sites

Sitesa

Eastern bluebird

n Heart SI

Carolina chickadee

n Heart SI

House wren

n Heart SI

Red-winged blackbird

n Heart SI

Tree swallow

n Heart SI

GP 6 7.8 6 0.9 2 9.8 6 0.8 — — 8 8.2 6 0.8 63 10.2 6 1.5
RC
CB
WT
JCS
PR

3
20

7
—
4

7.7 6 0.5
8.6 6 1.9
7.3 6 0.8

—
7.9 6 1.1

—
9
3
2
9

—
12.3 6 1.6*

8.9 6 0.6
9.2 6 1.2
9.4 6 2.7

—
8
4

58
—

—
8.5 6 1.8
6.3 6 0.8**
7.0 6 1.3**

—

5
—
9

—
—

7.9 6 1.1
—

9.3 6 1.7
—
—

—
—
61
—
—

—
—

9.3 6 1.5*
—
—

a Goose Pond (Monroe County, IN, USA); RC, Richland Creek (Monroe County, IN, USA); CB, Conard’s Branch (Monroe County, IN, USA);
WT, Winston-Thomas (Bloomington, IN, USA); ICS, Illinois Central Springs (Bloomington, IN, USA); PR, Pleasant Run (Bedford, IN, USA).
* Statistically significantly (p # 0.05) different from GP; ** statistically significantly (p # 0.05) different from CB.

correlate significantly with the untransformed contaminant
concentrations (not shown; PCBs: p 5 0.0014, r2 5 0.0817;
lipid-corrected PCBs: p 5 0.0046, r2 5 0.0644; TEQs: p 5
0.0010, r2 5 0.0859). When analyzed using a variety of con-
taminant concentration transformations in the model (loga-

rithms, squares, and square roots, specifically), the heart
weights and somatic indices of Carolina chickadee, red-winged
blackbird, and tree swallow were significantly correlated with
at least one transformation of the contaminant concentration
in a sibling chick. Both red-winged blackbird and tree swallow
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Table 4. Species-specific optimal single variable linear regressions correlating sensitive developmental heart indicators with total polychlorinated
biphenyls (PCBs), lipid-corrected total PCBs (PCBlipid), and tetrachlorodibenzo-p-dioxin (TCDD)

Species Equation p r2

Heart weight
Eastern bluebird
Carolina chickadee

No correlation was significant or marginally significant.
Heart wt 5 20.02·log PCB 1 0.10
Heart wt 5 20.02·log PCBlipid 1 0.09

0.0152
0.0188

0.2303
0.2173

House wren No correlation was significant or marginally significant.
Red-winged blackbird Heart wt 5 21.2E-4·PCB2 1 0.25

Heart wt 5 24.2E-4·PCBlipid 1 0.25
Heart wt 5 21.2E-8·TEQ2 1 0.26

0.0755
0.0499
0.0937

0.1650
0.1971
0.1877

Tree swallow Heart wt 5 20.01·log PCB 1 0.14
Heart wt 5 20.02·log PCBlipid 1 0.16
Heart wt 5 20.03·log TEQ 1 0.16

,0.0001
,0.0001
,0.0001

0.1355
0.1640
0.1621

Heart somatic index (SI)
Eastern bluebird
Carolina chickadee

House wren
Red-winged blackbird

No correlation was significant or marginally significant.
Heart SI 5 21.0E-3·log PCB 1 0.01
Heart SI 5 20.002· 1 0.012½PCBlipid

No correlation was significant or marginally significant.
No correlation was significant or marginally significant.

0.0929
0.0734

0.1179
0.1327

Tree swallow Heart SI 5 24.7E-4·logPCB 1 0.01
Heart SI 5 24.3E-4·log PCBlipid 1 0.1
Heart SI 5 29.7E-4·log TEQ 1 0.1

0.0002
0.0002

,0.0001

0.1105
0.1201
0.1201

Length
Eastern bluebird
Carolina chickadee

House wren
Red-winged blackbird

No correlation was significant or marginally significant.
Length 5 20.48·log PCB 1 7.04
Length 5 20.49·log PCBlipid 1 6.77
No correlation was significant or marginally significant.
Length 5 20.002·PCB2 1 10.022

0.0091
0.0071

0.0139

0.2605
0.2748

0.2918
Length 5 20.007· 1 9.9982PCBlipid

Length 5 22.1E-7·log TEQ2 1 10
0.0139
0.0190

0.2919
0.3342

Tree swallow Length 5 20.19·log PCB 1 9.15
Length 5 20.19·log PCBlipid 1 8.99
Length 5 20.41·log TEQ 1 10.15

0.0079
0.0062
0.0048

0.0564
0.0599
0.0632

Width
Eastern bluebird
Carolina chickadee

House wren
Red-winged blackbird

Width 5 20.002·PCB2 1 6.866
Width 5 20.08·PCB 1 5.26
Width 5 20.36·PCBlipid 1 5.29
No correlation was significant or marginally significant.
No correlation was significant or marginally significant.

0.1075
0.0837
0.0620

0.0651
0.1244
0.1433

Tree swallow Width 5 4.13E-4·PCB2 1 6.60
Width 5 1.10E-7·TEQ2 5 6.59

0.0453
0.0417

0.0324
0.0335

Depth
Eastern bluebird
Carolina chickadee

House wren
Red-winged blackbird
Tree swallow

No correlation was significant or marginally significant.
Depth 5 20.09·PCB 1 4.24
Depth 5 20.40·PCBlipid 1 4.27
No correlation as significant or marginally significant.
No correlation was significant or marginally significant.
Depth 5 20.01· 1 5.382PCBlipid

0.0765
0.0593

0.0003

0.1301
0.1462

0.1001

Deformity index
Eastern bluebird Deformity index 5 1.81·log PCB 1 5.71

Deformity index 5 1.97·log PCBlipid 1 6.95
Deformity index 5 2.10·log TEQ 1 1.26

,0.0001
,0.0001

0.0079

0.3873
0.4174
0.1803

Carolina chickadee Deformity index 5 1.48·log PCB 1 6.23
Deformity index 5 1.64·log PCBlipid 1 7.15
Deformity index 5 4.06·log TEQ 2 2.04

0.0756
0.0448
0.0417

0.1309
0.1637
0.1682

House wren Deformity index 5 1.18·log PCB 1 6.75
Deformity index 5 1.49·log PCBlipid 1 7.24

0.0476
0.0185

0.0557
0.0801

Red-winged blackbird No correlation was significant or marginally significant.
Tree swallow Deformity index 5 1.98·log PCB 1 4.45

Deformity index 5 1.78·log PCBlipid 1 5.99
Deformity index 5 3.64·log TEQ 2 4.39

,0.0001
,0.0001
,0.0001

0.4691
0.4338
0.4042

Macrosurface roughness
Eastern bluebird Macrosurface roughness 5 0.69·PCB½ 1 0.67

Macrosurface roughness 5 1.52· 1 0.62½PCBlipid

Macrosurface roughness 5 1.11·log TEQ 2 0.53

0.0001
,0.0001

0.0034

0.3240
0.3430
0.2151

Carolina chickadee

House wren

Macrosurface roughness 5 0.71·log PCB 1 1.91
Macrosurface roughness 5 0.75·log PCBlipid 1 2.33
Macrosurface roughness 5 0.47·log PCB 1 2.2
Macrosurface roughness 5 0.54·log PCBlipid 1 2.40

0.0448
0.0329
0.0504
0.0318

0.1638
0.1830
0.0544
0.0669

Red-winged blackbird

Tree swallow

Macrosurface roughness 5 0.06·PCB 1 0.65
Macrosurface roughness 5 0.31·PCB½ 1 0.51
Macrosurface roughness 5 0.97·log PCB 1 1.47
Macrosurface roughness 5 0.87·log PCBlipid 1 2.23
Macrosurface roughness 5 1.79·log TEQ 2 2.88

0.0802
0.0910

,0.0001
,0.0001
,0.0001

0.1604
0.1505
0.5719
0.5257
0.4986
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correlated with a transformation of both PCBs and TEQs,
whereas Carolina chickadee only correlated with the total PCB
transformation.

Heart morphometrics

Mean heart morphometric data are summarized by species
and site in Table 5. Of the heart measurements evaluated, mean
ventricular length was significantly changed most frequently
across the species (eastern bluebird, Carolina chickadee, and
tree swallow). Mean heart width was significantly different
(decreased by 9%) for only one species (red-winged blackbird)
at a moderately contaminated site (RC) compared to the ref-
erence site (GP). Mean heart depth was the most variable
measurement of all and was not significantly different between
any two sites for any species. Therefore, the remainder of the
results presented will emphasize changes in heart length by
species.

Mean ventricular length changes by species and site

Mean ventricular length decreased statistically significantly
and consistently for both Carolina chickadee and tree swallow
at the contaminated sites compared to the reference site (GP).
Maximal mean heart length decreased 15% for Carolina chick-
adee (PR) and 4% for tree swallow (WT) compared to GP. The
maximal mean heart length decrease for red-winged blackbirds
was also 4% (WT) compared to GP, and this decreased heart
length was similarly consistent across both RC and WT but
was not statistically significant.

By contrast, mean eastern bluebird heart length increased
consistently and, for three sites (RC, CB, and WT), statistically
significantly compared to the reference site (GP). The maximal
eastern bluebird heart length increase was 15% at a moderately
contaminated site (RC). The dose–response curve for eastern
bluebird heart length versus contaminant concentration is es-
sentially an inverted U-shape, peaking at the mean site con-
taminant concentration of 54 ppb of total PCBs and 65 ppt of
TEQs. House wren mean heart length also increased somewhat
at the more contaminated sites (WT and ICS) compared to the
more moderately contaminated site (CB), although these dif-
ferences (which peak at 3%) were not statistically significant.

Correlations between external heart morphometrics
and contaminant

When the heart morphometric measurements were re-
gressed against sibling contaminant values (Table 4), at least
one tree swallow correlation was significant for all three mea-
surements (length, width, and depth). Tree swallow ventricular
length and width correlated with a transformation (length, log;
width, square) of the PCB and TEQ values, whereas depth
correlated only with the square of the lipid-corrected total PCB
values. Carolina chickadee heart morphometrics regressed sig-
nificantly (length) or marginally significantly (width and
depth) with only the PCB values. Red-winged blackbird length
was significantly correlated with both PCB and TEQ values,
whereas eastern bluebird heart width was marginally signifi-
cantly correlated with only the square of the PCB concentra-
tion.

Gross heart deformities

External heart deformities that were observed, assessed, and
described, as well as the subsequent severity rating indices,
are summarized in Table 2. Figure 2 summarizes a subset of
these deformities observed at the contaminated sites (pooled)
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Table 6. Summary of external heart deformity no observed adverse effect levels (top lines) and/or lowest-observed-adverse-effect levels (bottom
lines) in nestlings for each species based on at least two criteria being considered to be severe

Site

Eastern bluebird

PCBsa TEQsb

Carolina chickadee

PCBs TEQs

House wren

PCBs TEQs

Red-winged blackbird

PCBs TEQs

Tree swallow

PCBs TEQs

Goose Pondc 0.01 62 0.02 44 Not present
0.006 81

0.04
0.09

41
90

Richland Creekc 0.05 65 Not present Not present 0.28 138 Nest predated
Conard’s Branchc 0.29

0.35
67
14

Not present
1.37 274

Not present Not present

Winston-Thomasd 7.4 569 0.74 223 0.51 15 2.2
9.6

278
1,143

4.4
276

Illinois Central Springsd Not present 1.4 271 1.6 84 Not present Not present
Pleasant Runc 7.7 159 3.9 66 Did not hatch Not present Nest predated

a PCB 5 polychlorinated biphenyl (ppm).
b TEQ 5 toxic equivalency quotient (ppt).
c Monroe County (IN, USA).
d Bloomington (IN, USA).
e Bedford (IN, USA).

and reference site (GP) for each species. The severity cutoff
used for these graphs is three and above for all but the in-
dentation deformity, which was only scaled to two. Therefore,
the graphs show the percentage of hearts at the reference or
contaminated sites that manifest the listed deformities (center
rolls, macro- and microsurface roughness, lateral ventricular
notches, tip deformities, or shape deformities, but not ven-
tricular indentations) with a severity of three or above. Three
tip abnormalities are pooled for these graphs: Flattened tip,
rounded tip, and pointed tip. Tip deformities are judged relative
to the normal tip shape for that species. For example, normal
Carolina chickadee hearts have relatively pointed tips, whereas
in comparison, tree swallow hearts have moderately rounded
tips. Of the tip anomalies, the most common across the species
was the pointed tip.

The shape abnormalities pooled for the graphs included a
C-shaped heart, a short and fat stubby heart (distinct from a
rounded or flattened tip heart), and a very triangular shape that
was distinct from a pointed tip. Of these shape deformities,
the most common across most species was the C-shaped heart.
Of the birds from the pooled contaminated sites, 8.3% of hearts
(17 of 204) were C-shaped. Red-winged blackbird had the
highest occurrence of C-shaped hearts (33.3%), followed by
Carolina chickadee (13.0%), house wren (10.1%), eastern
bluebird (2.9%), and tree swallow (1.6%).

Across all the species, the deformities that seemed to dom-
inate at the contaminated sites were center rolls, macrosurface
roughness, ventricular notching, abnormal tips, and C-shaped
hearts. These scaled ratings were then summed into a deformity
index and correlated against the contaminant values, including
transformations of the contaminant values (Table 4). The de-
formity index regressed significantly against some measure of
contamination for all species except the red-winged blackbirds.
For three of four species (eastern bluebird, Carolina chickadee,
and tree swallow), both PCBs and TEQs correlated signifi-
cantly with the deformity index. Of all the specific deformities
evaluated, only the macrosurface roughness index correlated
significantly (eastern bluebird, Carolina chickadee, house
wren, and tree swallow) or marginally significantly (red-
winged blackbird) with some measure of nestling contami-
nation for all species (Table 4).

Effective doses

The lowest-observed-adverse-effect levels (LOAELs) were
determined for all species. For some species, no-observed-

adverse-effect levels (NOAELs) also were determined based
on both PCB concentrations and TEQs (Table 6). The LOAELs
were based on the lowest dose at which any two heart defor-
mities with a severity rating of three or more were noted in
the same nestling heart. Based on these LOAELs and NOAELs,
the relative PCB sensitivity of the five passerine species based
on heart malformations was red-winged blackbird . eastern
bluebird . tree swallow . Carolina chickadee . house wren.
The relative TEQ-related sensitivity of these five passerine
species was eastern bluebird . house wren . Carolina chick-
adee . red-winged blackbird . tree swallow. Because our
sample sizes were limited for some species, however, and be-
cause the actual field-measured contaminant concentrations
were generally higher than a laboratory controlled dosing ef-
fort that would include more low and moderate dose ranges,
these sensitivity comparisons can only be applied generally.

The incidence of external heart deformities was variable
within affected nests (Table 7). At three sites (RC, ICS, and
PR), every nest had at least one nestling with external heart
deformities. At our reference site (GP), six individual nestlings
were affected from each of six different nests (out of a total
of 39 nests studied). At our three most contaminated sites (WT,
PR, and ICS), we had 73 to 80% of all nestling birds with at
least two external heart deformities in the severe range.

DISCUSSION

We evaluated PCB-induced cardiac growth and teratoge-
nicity in five passerine species developmentally exposed to
PCBs (eastern bluebird, Carolina chickadee, house wren, red-
winged blackbird, and tree swallow). We characterized and
quantified necropsy-observable cardiac deformities in five spe-
cies of passerines, and we calculated the statistically significant
relationship between several characteristic cardiac deformities
and mean total PCBs and mean TEQs. Based on our data, we
demonstrate that all five species develop cardiac malforma-
tions in response to in ovo exposure to PCBs. We were not
able to fully evaluate all of our red-winged blackbird samples,
because even though cardiac anomalies were found within all
but a few nests, matching chemistries did not always include
complete congener analysis or did not have a sibling analyzed.
Nevertheless, the red-winged blackbird seemed to express the
most anomalous cardiac response pattern. This may be related
to the fact that in the reference site, red-winged blackbirds had
a ratio of mg TEQ to g PCB of greater than 11,500. Alter-
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Table 7. Incidence of external heart deformities in nestlings for each species based on at least two criteria being considered to be severe

Site

Eastern bluebird

Nestlings
affected

Nests
affected

Carolina chickadee

Nestlings
affected

Nests
affected

House wren

Nestlings
affected

Nests
affected

Red-winged blackbird

Nestlings
affected

Nests
affected

Tree swallow

Nestlings
affected

Nests
affected

Goose Ponda 0/6 0/2 0/2 0/1 Not present 2/8 2/6 5/63 5/29
Richland Creeka 2/3 1/1 Not present Not present 2/5 2/2 Nest predated
Conard’s Brancha 6/20 5/7 2/11 2/4 2/8 2/3 Not present Not present
Winston-Thomasb 7/7 2/2 3/3 1/1 3/4 2/2 4/10 2/4 42/62 25/28
Illinois Central Springsb Not present 2/2 1/1 47/59 14/14 Not present Not present
Pleasant Runc 5/5 3/3 6/9 2/2 Did not hatch Not present Nest predated

a Monroe County (IN, USA).
b Bloomington (IN, USA).
c Bedford (IN, USA).

natively, the natural shape and developmental pattern of red-
winged blackbirds may be very different from those of other
bird species and need further study.

The key malformations that appear most consistently at the
PCB-contaminated sites include a center roll standing out
across the ventral surface of both ventricles, a notch in the
side of the right ventricle, a curved C-shaped heart, a cobble-
stone-like macrosurface roughness, and abnormal heart tip for-
mation. A deformity index developed from the relative scaling
of these five abnormalities correlated significantly with some
measure of PCB contamination (PCBs or TEQs) for all species
except the red-winged blackbird. The macrosurface roughness
index alone generically correlated either significantly or mar-
ginally significantly with PCBs (all species) and TEQs (eastern
bluebird and tree swallow).

The heart measurement results demonstrate species differ-
ences in response to the PCB-associated perturbations in heart
growth and development. Whereas Carolina chickadee, red-
winged blackbird, and tree swallow all manifested statistically
significant decreases in heart length with increasing PCBs,
eastern bluebird hearts were, on average, statistically signifi-
cantly longer at the more contaminated sites compared to those
at the reference site. A second, similar anomaly could be ob-
served in the analyses of heart width. Tree swallow hearts
were wider at higher levels of PCBs based on the regression
analysis, whereas the eastern bluebird and Carolina chickadee
hearts were less wide at higher levels of PCBs (these last two
correlations were only marginally significant). Hearts are sen-
sitive to the effects of PCBs and other polyhalogenated aro-
matic hydrocarbons, notably TCDD. Schmittle et al. [35] and
Firestone [36] were the first to report that a toxic feed additive
(that turned out to be TCDD [36]) induced adverse effects on
the developing heart, causing severe hydropericardium in
young chickens. Cheung et al. [6] was the first to document
TCDD-induced heart malformations in chicken embryos in-
cubated for 14 d of a 21-d incubation period. Malformations
noted included ventricular septal defects, aortic arch anoma-
lies, and conotruncal malformations. The median effective
dose in the study by Cheung et al. was approximately 1 pM
TCDD per egg (0.54 ng of TCDD per 60-g egg; 9 ppt). Other
studies evaluating the developmental effects of TCDD and
PCBs on hearts have demonstrated that teratogenic changes
are detectable as soon as the heart starts to form during em-
bryonic development. Henshel [4,22] as well as Henshel et al.
[23] and Dickerson et al. [37] showed that initial heart de-
velopment was affected adversely by TCDD and that these
delays and early heart malformations were observable at 2 and
10 pg TCDD/g egg (;0.1 and 0.5 ng/egg), the lowest doses

tested in each study. Walker et al. [38] examined hearts from
10-d-old chicken embryos exposed to 1 pM TCDD per egg
(0.54 ng of TCDD per 60-g egg; 9 ppt) from embryonic day
0 to embryonic day 10. They found that TCDD-exposed hearts
had enlarged ventricles, thickened ventricular septa, and thin-
ner left ventricular walls compared to vehicle controls as well
as ventricular septal defects. Walker and Catron [8] exposed
two different strains of chickens to various doses of TCDD,
PCB 126 (3,4,5,39,49-pentachlorobiphenyl), and PCB 153
(2,4,5,29,49,59-hexachlorobiphenyl) from embryonic day 0. Af-
ter embryonic day 10, evaluation of the hearts revealed that
TCDD tended to lengthen the ventricles and to increase the
left and right ventricular cavities.

Overall, our findings demonstrate that passerines and chick-
ens have similar TEQ sensitivities (chickens, 2–10 ppt; eastern
bluebird and house wren, ;15 ppt) and similar patterns of
effects on heart development, although the direction of a mea-
sured change (length and weight) may vary. After hatching,
as the body tries to compensate for inefficient heart function,
the heart somatic index increases. Powell et al. [39] observed
an apparently contradictory dose-dependent effect on heart
somatic indices in hatchling chickens developmentally ex-
posed to PCB 126. At the low dose (0.2 ppb of PCB 126 or
120 ppt of TEQs), the heart somatic index was statistically
significantly lower than in the controls, but at the higher dose
(3.2 ppb of PCB 126 or 1,920 ppt of TEQs), the heart somatic
index was statistically significantly higher than in the controls.
Mean concentrations of PCB 126 alone across all species from
the present study sites were comparable to the dosing used by
Powell et al. (GP, 0.3 ppb; RC, 0.3 ppb; CB, 0.4 ppb; PR, 0.6
ppb; WT, 0.9 ppb; and ICS, 1.1 ppb). with a few individual
nests at WT and ICS exceeding 3 ppb. We also observed
inconsistent changes in some of the passerine heart somatic
indices, especially for the Carolina chickadee. What was more
notable, however, was that some species (house wren and tree
swallow) had a more consistently decreased mean heart so-
matic index at the higher exposure sites, and based on the
regression analysis, the heart somatic index for both tree swal-
low and Carolina chickadee decreased with increasing PCBs.
Passerines are altricial, and chickens are precocial. All the
passerines studied were prefledgling when they were killed.
Thus, the chickens studied by Powell et al. were already mov-
ing around more than the passerines were at the time of anal-
ysis. It is probable that the passerines were only beginning the
stage during which compensatory heart growth would occur
in response to inefficient heart function. When the avian heart
begins developing, it starts as a three-layered tube that bends
and then loops into a S-shaped structure [40]. In chickens,
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looping occurs between the second and third days of incubation
shortly after the heart begins beating and occurs as a leftward
bulging of the right ventricular wall, which eventually forces
the entire structure to rotate to the right [40]. Circulation of
blood through the embryo and the vitelline vasculature, which
transfers nutrients from the yolk to the embryo, is established
by the end of incubation day 2 or the beginning of day 3. The
looped tube becomes divided into the major regions (atria,
ventricles, septum, and valves) between incubation days 3 and
4. Division of the heart into distinct right and left sides occurs
between incubation days 3 and 5 [40]. Passerines, with a short-
er incubation period, experience these events on a slightly
different scale during incubation but at about the same de-
velopmental stages as chickens. Given that PCBs were detected
in the egg, we know that the deformities we observed in the
heart happened concomitantly with PCB exposure throughout
the developmental period of the heart.

All the hearts examined for the present study came from
nestlings that were alive when they were collected from their
nests. This observation implies that the hearts of the nestlings
were sufficiently formed to support the nestlings from hatch
to near-fledge. We cannot comment on the sufficiency of the
hearts to support the nestlings during or after fledge, but the
teratogenic changes we observed were not necessarily lethal
to these passerine nestlings. The types of deformities we ob-
served (Table 2) suggest that while the major regions of the
heart developed, the process of folding into the distinct regions
was disturbed. Notably, center rolls, indentations, ventricular
notches, and shape and tip malformations were statistically
significantly increased in several of the species at the sites
with the highest PCB contamination. These deformities would
seem to develop from anomalous patterning during the process
of folding and shaping the heart.

In summary, the present data provide some key take-home
lessons for environmental assessment. Heart formation clearly
is very sensitive to PCBs across multiple avian species and is
an appropriate endpoint to incorporate into ecotoxicological
assessments. A baseline understanding of the characteristic
species response, however, should be developed for each spe-
cies before developmental heart anomaly assessment is incor-
porated into a suite of PCB-related effects indicators. For the
red-winged blackbird, for example, one effect focus probably
would be macrosurface roughness, whereas in eastern blue-
birds or tree swallows, one also would expect a high incidence
of center rolls and ventricular notching. Finally, PCB-related
changes in the pattern of heart growth do vary between species,
but the most commonly affected heart measurement is length.
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