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• We characterized the land use and land cover (LULC) of 11 riverine study sites.
• We examined selenium (Se) and mercury (Hg) concentrations in riparian swallows.
• Relationships were evident between LULC and contaminant concentrations.
• Contaminant concentrations were higher in adult than in juvenile birds.
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Recent research has highlighted the transfer of contaminants from aquatic to terrestrial ecosystems via predation of
aquatic emergent insects by riparian consumers. The influence of adjacent land use and land cover (LULC) on
aquatic-to-terrestrial contaminant transfer, however, has received limited attention. From 2010 to 2012, at 11
river reaches in the Scioto River basin (OH, USA), we investigated the relationships between LULC and selenium
(Se) andmercury (Hg) concentrations in four species of riparian swallows. Hg concentrations in swallowswere sig-
nificantly higher at rural reaches than at urban reaches (t = −3.58, P b 0.001, df = 30),whereas Se concentrations
were positively associated with adjacent land cover characterized bymature tree cover (R2 = 0.49, P = 0.006). To
an extent, these relationships appear to bemediated by swallow reliance on aquatic emergent insects. For example,
tree swallows (Tachycineta bicolor) at urban reaches exhibited a higher proportion of aquatic prey in their diet, fed at
a higher trophic level, and exhibited elevated Se levels. We also found that both Se and Hg concentrations in adult
swallowswere significantly higher than those observed in nestlings at both urban and rural reaches (Se: t = −2.83,
P = 0.033, df = 3; Hg: t = −3.22, P = 0.024, df = 3). Collectively, our results indicate that riparian swallows in-
tegrate contaminant exposure in linked aquatic–terrestrial systems and that LULC may strongly regulate aquatic
contaminant flux to terrestrial consumers.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Movement of materials across the landscape has been central to the
study of food webs (Polis et al., 1997, 2004). At the aquatic–terrestrial
interface, ecological subsidies, or the flux of material from one habitat
or ecosystem to another (Nakano and Murakami, 2001) has emerged
as a central theme of cross-boundary linkages (Akamatsu et al., 2004;
Vander Zanden and Sanzone, 2004; Ballinger and Lake, 2006).Whereas
the contribution of terrestrial systems to aquatic foodwebs via inputs of
nutrients and organic matter is well recognized, recent investigations
have focused on the importance of aquatic prey subsidies to the energy
budgets of riparian consumers (reviewed in Baxter et al., 2005).
rights reserved.
A classic example is the reliance of grizzly bears (Ursus arctos horribilis)
on fish as an important nutrient source (Mattson and Reinhart, 1995;
Varley and Schullery, 1996). Others have shown that aquatic prey
represent important food sources to riparian bats (Fukui et al., 2006;
Hagen and Sabo, 2012), raccoons (Procyon lotor) (Bigler et al., 1975;
Lord et al., 2002), piscivorous birds (Vessel, 1978; Hamas, 1994), lizards
(Sabo and Power, 2002), and terrestrial arthropods (Henschel et al.,
2001; Paetzold et al., 2005; Dreyer et al., 2012).

In particular, aquatic insects that emerge from the stream as adults
(hereafter, ‘aquatic emergent insects’) can be a critical food source for
insectivorous riparian bird species (Keast, 1990; Iwata et al., 2003).
For example, Sweeney and Vannote (1982) found that swarming
activity by mayflies attracted nighthawks (Chordeiles minor) to areas
of emergence, and Iwata et al. (2003) reported that flycatchers and
gleaners foraged intensively on aquatic emergent insects in a pattern
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that mirrored aquatic insect distribution, suggesting that the dynamics
of insect emergence can influence avian foraging behavior.

Within the context of the energetic pathways that link aquatic and
terrestrial ecosystems, there is growing interest in food-web studies
at the land–water ecotone. Many investigators have found that the
high reliance of riparian birds on aquatic prey resources can expose
them to contaminants found in aquatic systems (see Sullivan and
Rodewald, 2012). Cristol et al. (2008) demonstrated that mercury
(Hg) can bioconcentrate in terrestrial bird species living near contam-
inated water sources, while Wada et al. (2009) found that adreno-
cortical responses and thyroid hormones were suppressed in tree
swallows (Tachycineta bicolor) living near a river contaminated
with mercury. In the Chilliwack River of southern British Columbia,
resident American Dippers (Cinclus mexicanus) (i.e., those birds who
remain in the mainstem Chilliwack River year-round and have high
proportions of contaminated salmon fry in their diet) were found to
have higher polychlorinated biphenyl (PCB) and Hg concentrations
than their migratory counterparts (i.e., those birds who are found
on the Chilliwack mainstem only during the winter and that have
a significantly smaller proportion of fish fry in their diet; Morrissey
et al., 2004). Several studies have described the bioconcentration of
PCBs in tree swallows from aquatic insect prey (Echols et al., 2004;
Maul et al., 2006). Echols et al. (2004), for instance, found that PCB
concentrations in tree swallow nestlings closely tracked concentra-
tions in aquatic insects. Maul et al. (2006) implicated aquatic insects
of the family Chironomidae as the key vector of PCBs to nestling
tree swallows from a lake in Illinois, USA.

Differences in age-related contaminant exposure patterns among
birds have also been documented. For example, Malinga et al. (2010)
noted a positive correlation between age and biomagnification of
contaminants in Glaucus gulls (Larus hyperboreus) in the Arctic. Like-
wise, Evers et al. (2005) found that concentrations of methylmercury
(MeHg) in adult tree swallows were higher than in nestlings. The au-
thors suggest that differences in prey intake between adult and juvenile
birds, as well as the ability of young to transfer MeHg from blood into
feathers during rapid growth,may account for such age-based variation.

Given the widespread contamination of aquatic systems
(Fitzgerald et al., 1998; Hammerschmidt and Fitzgerald, 2005;
Blocksom et al., 2010), the amount of currently available informa-
tion on aquatic-to-terrestrial contaminant fluxes does not reflect
the potential scale of the problem. In particular, although the impacts
of land use and land cover (LULC) on riparian birds have beenwidely in-
vestigated (Sullivan et al., 2007; Luther et al., 2008; Pennington et al.,
2008; Oneal and Rotenberry, 2009), the relationships between LULC
and contaminant exposure to riparian birds from aquatic systems is
poorly understood. For example, riparian swallow species [e.g., bank
(Riparia riparia), northern rough-winged (Stelgidopteryx serripennis),
tree, and cliff (Petrochelidon pyrrhonota) swallows] are susceptible
to biomagnification of contaminants because of their dependence on a
mixture of stream, riparian, and terrestrial food sources and habitats
(Harris and Elliot, 2000; Dods et al., 2005; Custer, 2011). During the
reproductive season, riparian swallows tend to forage within several
hundred meters (m) of their nest sites (Quinney and Ankney, 1985;
Dunn and Hannon, 1992), making them apt bioindicators of local
stream and riparian conditions. Land-management practices that alter
aquatic resource utilization by swallows might be expected to strongly
influence their exposure to aquatic contaminants. Roux and Marra
(2007), for instance, found that lead (Pb) concentrations in urban
passerine birdswere significantly higher than in their rural counterparts,
which corresponded with relative Pb concentrations found in soils.

Our objective was to explore the relationships between adjacent
(to the river) patterns in LULC and the magnitude of Hg and Se
concentrations in four species of riparian swallows as mediated by
aquatic-to-terrestrial contaminant fluxes. Because of historic and
contemporary differences in land-management and chemical use, we
hypothesized that concentrations of contaminants in river sediments,
aquatic emergent insects, and riparian swallows would be greater at
urban than at rural reaches. Consequently, we anticipated that contam-
inant exposure to swallows would also differ by LULC class, but would
be mediated by the degree of aquatic resource utilization such that
swallows feeding at rural reaches (i.e., comprised of a mixture of forest,
grassland, and agriculture) would exhibit greater reliance on aquatic
emergent insects than swallows feeding at urban reaches, where aquatic
emergent insect communities have been shown to exhibit reduced
diversity (Stepenuck et al., 2002) and biomass (Lenat and Crawford,
1994; Meyer and Sullivan, in press). Finally, we expected that adult
swallows would exhibit greater biomagnification of contaminants than
nestlings at both urban and rural reaches.

2. Materials and methods

2.1. Study system and experimental design

The Scioto River is a multiuse river that drains ~16,882 km2 in
central and southern Ohio, flowing for 372 km through agricultural
(69%), forested (21%), and urban (9%) landscapes (White et al.,
2005; Blocksom and Johnson, 2009). The Olentangy River meets the
Scioto in Columbus, the 15th largest city in the US by population
(1,178,899 people; USCB, 2010). Once downstream of the city, the
Scioto is free-flowingandexhibits riparian zonesdominatedbydeciduous
forest, row crops (corn and soybean), and smaller urban centers.

From 2010 to 2012, we conducted coordinated sampling of ripar-
ian swallows, riverine sediment and aquatic insects, and aquatic and
riparian vegetation at eleven river reaches [defined as a river seg-
ment based on similar valley features and channel geomorphology
(~1 kilometer [km] for this study)] of the Scioto River watershed,
representing a gradient of urban to rural (i.e., mixture of forest,
grassland, and agriculture) landscapes (Fig. 1). Study reaches were
distributed along the length of the river and were separated by an
average distance of 18.4 river kilometers (km), although there was
significant variability (SD = 16.8 km). Because of the spatial distri-
bution of LULC patterns in the basin, a degree of clustering among
LULC types was unavoidable. We used ArcGIS 10.1 (ESRI, Redlands,
CA, USA) to calculate percent cover by vegetation class within
500 meters (m) of the channel following Zelt and Johnson (2005),
and performed ground-based surveys to document bridge crossings,
vegetation structure, and vegetation composition.

2.2. Field and laboratory methods

2.2.1. Sediment
In either 2010 or 2012, we collected five sediment cores (~10 cm

in depth) from each reach at approximately equidistant locations
along the length of the reach (Walters et al., 2010). We collected
sediment cores by push-coring approximately 2 cmwith apolycarbonate
coring device. We sealed sediment composite samples in plastic sleeves,
placed them on ice, and froze them at−20 °C until analysis (Lutz, 2008).

2.2.2. Periphyton and vegetation
Following methods used in Bartel et al. (2010) and Pennington

and Blair (2011), we surveyed riparian vegetation along three 100-m
transects (upstream,middle, downstream) along both banks (perpen-
dicular to the stream, n = 6/reach) at each reach. At each transect, we
established three 5 m × 5 m quadrats, located at 0, 50, and 100-m
from the river's edge. We then estimated vegetation cover by height
(b3 m, 3–5 m, and >5 m) and identified all trees, shrubs, grasses,
and other herbaceous plants to species. We visually estimated the
percent coverage of vegetation overhanging the water's edge along
both banks and counted standing dead trees of diameter at breast
height (dbh) >10 cm.

For stable isotope analysis, we collected five terrestrial vegetation
samples per transect on both sides of the river (along survey transects):



Fig. 1. Eleven study reaches of the Scioto River basin, Ohio, USA. Open circles in popouts indicate study reaches. Circles in right-hand popout represent nest box locations.
Popouts are not to scale.
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three samples from the numerically dominant tree species and two
samples from the dominant species among the shrubs, grasses, herbs
and sedges. We stored leaf samples in paper bags until further process-
ing in the laboratory. We collected periphyton by scrubbing a 25-cm2

section of the dominant hard substrate (cobble) at each of the five
transects within each reach following Reavie et al. (2010). The samples
were composited by reach into a single polyethylene jar and preserved
in 70% ethanol solution until analysis.

2.2.3. Riparian swallows
We selected a suite of riparian swallow species (tree, cliff, bank,

and northern rough-winged swallows) that were common to the
study system. These swallow species are obligate aerial insectivores
that naturally breed in riparian habitats (riparian tree cavities,
riverbanks, cliffs and bridges, etc.) (Robertson et al., 1992; Brown and
Brown, 1995; DeJong, 1996; Garrison, 1999). Given potential differ-
ences in species-specific exposure patterns to contaminants, we ideally
would have focused our efforts on one riparian swallow species.
However, the distribution of swallow species in the study system
precluded this option, as there was no one species of swallow found
at all the study reaches. Others have also used a foraging guild-based
approach to investigate contaminant exposure in birds (e.g., Jackson
et al., 2011). We conducted all sampling during the swallow reproduc-
tive season (May–early August in 2011 and 2012).

At seven of the eleven research reaches,we captured swallows using
mist nets set over the river or in the riparian zone. We erected six nest
boxes at each of four additional reaches, following design protocols set
by the Golondrinas de las Américas (2011) project at Cornell University.
All nest boxes were placedwithin or along the edge of the riparian zone
and were within 100 m from the river on the average. We equipped
each box with an external trapping mechanism (i.e., wig-wag), which
allowed the capture of adult tree swallows while they were inside the
nest box. At first capture, we banded all birds with aluminum USFWS
size 0 bands for tree, bank, and northern rough-winged swallows, and
size 1 bands for cliff swallows. We drew blood from the jugular vein
to be used for stable isotope and contaminant analyses (Ardia, 2005;
Sullivan and Vierling, 2012). We collected blood from a minimum of
three adults and four nestlings during the second week after hatching
at each of the experimental nest box reaches, where at least two
nests were sampled per reach. At all other reaches, variability in
the accessibility and abundance (i.e., colony-nesting cliff swallows
at some reaches, couple/few pairs of northern rough-winged swal-
low at others) of swallows constrained sample size. However, we
collected blood from a minimum of four swallows at all non-nest
box reaches, except at the study reach “Mosquito”, where we were
only able to capture three birds. Once drawn, we immediately trans-
ferred blood samples to centrifuge tubes where it was stored in 70%
ethanol for later stable isotope analysis. We placed additional blood
on Dried Blood Spot cards (PerkinElmer, Waltham, MA, USA) for
contaminant analysis. DBS cards are an appropriate technique
to sample blood from small-bodied animals (b20 g; mean weight
of birds in our study at collection was 16.6 g, SD = 3.8 g), from
which adequate sample volume can preclude traditional methods
(Shlosberg et al., 2011).
2.2.4. Invertebrates
Adult tree swallows typically return to the nest with a bolus of

invertebrate prey carried in their beaks, which we removed from their
mouths before the parent fed the nestlings at nest box reaches
(McCarty and Winkler, 1999; Echols et al., 2004). At all other reaches,
we deployed six floating aquatic emergent insect traps (i.e., pyramid
traps) per reach as described by Aubin et al. (1973). We deployed
traps along both banks of the reach such that they represented
dominant flow habitats (i.e., riffle, pool/run). For terrestrial insects, we
suspended half-sized Malaise traps (1-m high, 1-m long, 0.6-m wide,
0.5-mm mesh, MegaView Science Co., Taichung, Taiwan; Townes,
1972) from trees at 10 mand50 m from the active river channel approx-
imately in the middle of the study reach, on both banks. We collected all
invertebrates five and ten days after trap deployment.

Upon collection, we placed all invertebrates in jars, put them
on ice for transport, and froze them at −20 ° C until analysis (Lutz,
2008). In the laboratory, we identified all individuals to family
using Johnson and Triplehorn (2004). For bolus invertebrates, we
also classified all individuals by their origin (i.e., aquatic or terrestrial
according to their larval habitat). Following identification, we dried
and weighed invertebrates by family (total dry mass per reach
[mg m−2 d−1]; Iwata et al., 2003).



Fig. 2. Relationship betweenHg concentrations (log10) in riparian swallows and sediment
(log10) (ppb). The slope for the regression model was significant (y = 0.39x + 3.25,
R2 = 0.33, P = 0.008). Twodata points (open circles)were considered outliers andomitted
fromtheanalysis, although the regressionwas also significantwith these twopoints included
(y = 0.46x + 2.95, R2 = 0.23, P = 0.030). Dashed lines represent confidence curves at
α = 0.05.
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2.2.5. Contaminant and stable isotope analysis
All sediment, bolus, and swallow blood samples were analyzed for

Hg and Se concentrations [parts per billion (ppb) dry weight] at
the Diagnostic Center for Population and Animal Health, Toxicology
Section, Michigan State University. ICP-AES (Varian Vista, now part
of Agilent, Santa Clara, CA) and ICP-MS (Agilent 7500ce) instruments
were calibrated with standards derived from NIST-traceable stock so-
lutions for each element (GFS Chemicals, Inc., Cincinnati, OH). Quality
was assured in each sequence run by analyzing lab reagent blanks,
NIST (National Institute of Standards & Technology, Gaithersburg,
MD)-traceable Multi-mix (Alfa Aesar Specpure, Ward Hill, MA) and
digests of NIST Standard Reference Materials (SRM), including Mussel
Tissue 2976, Trace Elements in Water 1643e and/or Montana II Soil
2711a, as appropriate. Mercury was analyzed by cold vapor atomic
absorption spectrometry (CETAC CVAA, Omaha, NB) with similar
calibration and QC. Analysis of blood was performed by methods
outlined in Lehner et al. (in press) with reference to BioRad (Hercules,
CA) Lypochek 2 and 3 standards for verification of accuracy.

Terrestrial vegetation, terrestrial insects (Curculionidae, Doli-
chopodidae, and Cicadellidae), periphyton, aquatic emergent insects
(Chironomidae, Hydropsychidae, and Heptageniidae), and bird blood
sampleswere analyzed for 13C and 15N stable isotopes using continuous
flow isotope ratio mass spectrometry (EA-IRMS) at the University of
Washington Stable Isotope Core (Pullman, WA, USA). The isotopic
composition of samples was expressed using the δ13C notation
defined as follows:

δ13C ¼ Rsample=Rstandard

� �
–1

h i
� 1000; where R is 13C=12C ð1Þ

where parts per thousand (‰) are the atomic ratios of the number
of atoms in the sample or standard. Typical analytical precision
was +/-0.2‰ for δ13C determination.

2.2.6. Numerical and statistical analyses
Because of the largely longitudinal distribution of our study reaches

along the river system,we considered testing for spatial autocorrelation
of all measured variables. However, the focus of our study was on the
role terrestrial environmental characteristics played in mediating fluxes
of contaminants to riparian consumers, and not on the distribution of
river contaminants themselves. Therefore, we used Moran's I (1950)
statistic (Cliff and Ord, 1973) to describe spatial patterns of swallow
contaminant concentrations only. Positive and significant (P b 0.05)
Moran's I values indicate a more spatially-clustered distribution than
would be expected if the underlying spatial processes were random,
whereas negative values indicate greater spatial dispersion.

Because we observed no differences in δ13C and δ15N values be-
tween adult and nestling swallows based on paired t-tests, we grouped
nestlings and adults by species for each study reach. We then analyzed
the contributions of aquatic and terrestrial food sources to riparian
swallows at each study reach using (1) dual isotope plots of δ13C and
δ15N, (2) linear regression between δ13C of swallows and periphyton
(i.e., gradient approach; Jardine et al., 2012), and (3) invertebrates
from bolus samples. For dual-isotope plots, spatial correspondence
between δ13C and δ15N values in swallows and aquatic prey indicates
greater use of aquatic prey (DeNiro and Epstein, 1978, 1981).We created
one plot for each land-use class (i.e., urban and rural) and plotted δ13C
and δ15N values for swallows by species, given potential variability in
isotopic signatures among species. Because of an unbalanced number
of swallows at each reach, we used weighted linear regression to deter-
mine the degree to which swallow δ13C tracked periphyton δ13C across
all study reaches.We used invertebrate composition from bolus samples
to further inform aquatic:terrestrial prey use by tree swallows.

We performed principal component analysis (PCA) on riparian
LULC variables that we had selected a priori as candidate predictors
of riparian swallow prey utilization. PCA axes with eigenvalues > 1
were retained for use in subsequent linear regression models
(Rencher, 1995; Sullivan andWatzin, 2008). We used weighted linear
regression to examine the best LULC predictors of contaminant
concentrations in swallows. We used two-sample t-tests to test for
potential differences in (1) the contribution of aquatic resources to
swallows and (2) contaminant concentrations in sediment, aquatic
insects, and riparian swallows between LULC types. We used paired
t-tests to test for differences between contaminant concentrations
in (1) adult and nestling swallows and (2) aquatic and terrestrial in-
sects from bolus samples. To avoid potential pseuodreplication at nest
box reaches where multiple nestlings were sampled from the same
box, mean contaminant concentrations of nestlings per nest box
were used in the analysis. Data were tested at the α = 0.05 level.
However, given multiple regression tests, the Bonferroni adjustment
for α was α / k = 0.05 / 5 = 0.010, where k is the number of tests
(Wright, 1992). Prior to the analysis, concentrations of Se and Hg
were log10 were transformed to normalize data and eliminate
heteroscedasticity (Zar, 1984).
3. Results

Sediment concentrations of Se ranged from 367 to 2440 ppb,
while sediment Hg ranged from 31 to 137 ppb. Neither Se (t =1.14,
P = 0.327, df = 7) nor Hg (t = 0.157, P = 0.881, df = 7) in sediment
was significantly different between urban and rural reaches. Likewise,
neither Se (t = 1.77, P = 0.160, df = 7) nor Hg (t = 0.31, P = 0.766,
df = 7) in aquatic emergent insects was different between urban and
rural reaches. Concentrations of Se and Hg in riparian swallows varied
widely across study reaches (Supplemental Data Table 1). Hg con-
centrations in swallows were positively related to Hg concentrations
in sediment (Fig. 2), although no relationship was evident be-
tween Se in swallows and in sediment. Se concentrations were
greater in aquatic (mean = 3956 ppb, SD =2039) than in terres-
trial (mean = 1132 ppb, SD = 1089) invertebrate swallow prey
(t = −4.11, P = 0.027, df = 2). A similar, but weaker relationship
was found for Hg (aquatic: mean = 66.3 ppb, SD = 28.3, terrestrial:
mean = 32.7 ppb, SD = 10.8; t = −2.17, P = 0.081, df = 2). Moran's
I indicated that there was no spatial clustering of swallow contaminant
concentrations (P > 0.05 in all cases), suggesting that observations
from nearby study reaches were independent from one another.



Fig. 3. Dual isotope plots of δ13C and δ15N values (mean ± 1 SE) for the Scioto River
basin (Ohio, USA) aquatic and terrestrial food-web components of the Scioto River
basin (Ohio, USA) in (a) rural and (b) urban reaches.
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3.1. Contribution of aquatic resources to swallow diet

Isotopic values (Table 1) for riparian swallows ranged from−26.77
to −20.29‰ for δ13C and from 6.63 to 12.74‰ for δ15N. Signatures for
aquatic emergent insect δ13C ranged from −28.27 to −27.04‰, while
δ15N ranged from 10.04 to 12.31‰. Terrestrial insect δ13C ranged from
−25.84 to −22.47‰ whereas δ15N of terrestrial insects ranged from
5.10 to 8.74‰. Terrestrial vegetation δ13C ranged from −31.53 to
−28.00‰, and δ15N from 2.72‰ to 4.68‰. Periphyton exhibited
the greatest variation, ranging from −21.46 to −11.26‰ for δ13C,
and from 6.14 to 12.39‰ for δ15N. We found no significant dif-
ferences for either δ13C (t = −0.12, P = 0.455, df = 3) or δ15N
(t =1.33, P = 0.137, df = 3) between adult (δ13C: mean = −24.2,
SD = 0.99; δ15N: mean = 10.1, SD = 1.35) and juvenile (δ13C:
mean = −24.4, SD = 0.72; δ15N: mean = 10.4, SD = 1.06) swallows,
although the sample size was small (n = 10).

Swallows at both rural and urban reaches are plotted within the
stream–riparian food web (Fig. 3a & b). For rural (Fig. 3a) and urban
(Fig. 3b) reaches, isotope plots indicated that swallows were reliant
on a mixture of aquatic and terrestrial food resources, although swal-
lows were presumably more δ15N enriched at urban reaches (based
on the lower δ15N enrichment of primary producers at urban reaches
along with the invariant swallow δ15N signatures for swallows at both
urban and rural reaches). Swallow δ13C negatively tracked periphyton
δ13C at urban, but not rural, reaches (Fig. 4), indicating that swallows
were not heavily reliant on instream primary productivity at urban
reaches. However, this relationship does not preclude swallow reliance
on aquatic emergent insects, which can be highly reliant on terrestrial
inputs of vegetation, as in this study (Fig. 3a and b). The variability
explained by this regression serves as our minimum contribution of
aquatic emergent insections to swallow diet (Fig. 4).

Bolus results from the four nest box reaches indicated that
swallows at urban locations relied more heavily on aquatic insects
than at rural locations (Fig. 5). By weight, aquatic emergent insects
comprised 84.0% of swallow diet (vs. 16.0% from terrestrial inverte-
brates) at urban locations, whereas aquatic emergent insects comprised
only 46.4% of swallow diet (vs. 53.6% from terrestrial invertebrates)
at rural nest box locations. Individuals of the family Coenegrionidae
(narrow-winged damselflies)made up nearly 30% of all aquatic individ-
uals collected, whereas Aeshnidae (hawkers or darners) represented
the largest-bodied prey item.

Concentrations of Se in riparian swallows were linked with both
δ15N and δ13C isotopic values (Fig. 6a and b). Swallow Se concentrations
increased with δ15N enrichment and δ13C depletion, both of which are
isotopic signals indicative of a shift toward aquatic prey resources in
our system. Concentrations of Hg were not related to either swallow
δ15N (P = 0.971) or δ13C (P = 0.152) signatures.
Table 1
δ13C and δ15N values for riparian swallows, periphyton, riparian vegetation, aquatic emerg
Ohio, USA. Reaches are presented upstream to downstream. Note: CLSW= cliff swallow, BA

Study reach Land use Swallows Periphyton

Species δ13C δ15N δ13C

1 (Highbanks) Rural TRSW −24.69 10.016 N/A
2 (Wetlands) Urban TRSW −24.55 11.00 −18.49
3 (Fawcett) Urban TRSW −24.42 10.80 N/A
4 (Horseshoe) Urban CLSW −23.24 9.04 −17.69
5 (Berliner) Urban TRSW −26.14 12.39 −11.26
6 (Mosquito) Rural NRWS −24.61 11.77 −18.79
7 (Darby) Rural TRSW −24.07 10.00 N/A
8 (Gravel Bar) Rural BANS −24.42 10.37 −11.68
9 (Piketon) Rural CLSW −23.35 7.91 −21.46
10 (Treefall) Rural BANS −25.15 10.87 −14.82
11 (Last) Rural BANS −23.98 11.13 −13.41

Note: N/A = not applicable because diet composition was analyzed directly using bolus sa
3.2. Influence of LULC

Principal component analysis of eleven LULC measures identified
three axes with eigenvalues > 1 (Table 2). The first principal com-
ponent (PC1) captured 54.4% of the variance, and was mainly driven
by factors related to urbanized landscapes (e.g., population density
[r2 = 0.91, + correlation], % impervious surface coverage [r2 = 0.86,
+], % agriculture [r2 = 0.86, −]). Accordingly, this PC was named
‘Urbanization Axis’. The second principal component explained about
19% of the variation that remained and was driven almost solely by %
tall tree cover (r2 = 0.86, +), and is hereafter referred to as “Mature
Trees Axis”. No other metric within this axis had a correlation > 0.32.
The third PC, “Shoreline Habitat Axis”, explained about 14% of the
ent insects, and terrestrial invertebrates for all study reaches in the Scioto River basin,
NS = bank swallow, TRSW = tree swallow, NRWS= northern rough-winged swallow.

Terrestrial
Vegetation

Aquatic
Emergent Insects

Terrestrial Insect

δ15N δ13C δ15N δ13C δ15N δ13C δ15N

N/A N/A N/A N/A N/A N/A N/A
6.88 −30.96 2.72 −27.41 11.29 −27.78 11.15
N/A N/A N/A N/A N/A N/A N/A
6.14 −30.37 3.08 −27.51 10.04 −27.97 12.31
7.35 −30.81 4.22 −28.27 11.09 −27.99 12.66
8.42 −28.06 4.68 −27.04 11.55 −27.34 11.83
N/A N/A N/A N/A N/A N/A N/A
12.39 −28.00 3.74 27.78 11.15 −25.09 6.79
8.66 −31.52 4.53 −27.97 12.31 −25.09 7.74
8.78 −31.53 3.27 −27.99 12.66 −23.83 8.31
9.64 −30.56 2.89 −27.34 11.83 −25.42 7.64

mples.



Fig. 4. Relationship between riparian swallow and periphyton δ13C at urban (solid line,
closed circles) and rural (dotted line, open circles) reaches. The slope for the regression
model was significant for urban reaches (y = −0.25x − 28.8, R2 = 0.54, P = 0.001),
but not significant for rural reaches (y = −0.07x − 25.4, R2 = 0.10, P = 0.132).

Fig. 6. Relationship between swallow Se concentration (log10) and (a) swallow δ15N
and (b) swallow δ13C. The slopes for the regression models were significant for
both δ15N (y = 0.55x + 3.26, R2 = 0.76, P b 0.001) and δ13C (y = −0.30x − 1.90,
R2 = 0.27, P = 0.032). Dashed lines represent confidence curves at α = 0.05.
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remaining variance and was strongly influenced by standing dead trees
(r2 = 0.69, +) and % overhanging vegetation (r2 = 0.48, +).

At a coarse landscape resolution, we found that swallow Hg
concentrations were significantly higher in rural than in urban
reaches (t = −2.96, P = 0.003, df = 24), and marginally so for
Se (t = −1.54, P = 0.068, df = 24). A combination of urban char-
acteristics and minimal agricultural activity in the riparian zone
appeared to be, in part, driving this association, as we found that
the Urbanization Axis was negatively related to both Hg (Fig. 7a)
and Se concentrations in swallows (Fig. 7b). Urbanization was
also negatively related to δ15N enrichment (Fig. 8), which in our
system indicates a decreasing reliance on aquatic prey along this
axis.

We found that Hg concentrations were significantly higher
in adult swallows (mean = 183.1 ppb) than nestlings (mean =
57.0 ppb) (t = −4.01, P = 0.016, df = 4). Se concentrations in
adults (mean = 9635 ppb) were also significantly higher than in
nestlings (mean = 1997 ppb) (t = −3.10, P = 0.036, df = 4). Age-
dependent trends in contaminant concentration were consistent across
both urban LULC and rural LULC.
Fig. 5. Contribution by weight of aquatic emergent and terrestrial insects to swallow
boluses from nest box reaches (n = 40). Error bars represent ± 1 SE from the mean.
4. Discussion

Aquatic emergent insects serve as important prey items for myriad
riparian consumers (Akamatsu et al., 2004; Ballinger and Lake, 2006).
As a result of these strong, cross-system linkages, terrestrial consumers
are exposed to aquatic contaminants (Akamatsu and Toda, 2011).
Walters et al. (2008), for example, showed that aquatic emergent
insects transported PCBs from contaminated lake sediments into
adjacent riparian food webs. Our understanding of the mechanisms
Table 2
Adjacent (500 m on each side of river) land-use and land-cover (LULC) principal
component analysis: eigenvalues and the percent variance captured by the principal
components (eigenvalues > 1), along with each principal component's loadings and
the proportion of the variance (r2) each variable shared with the PCA axes. Bold type
indicates the axis used as successful predictor variable in regression models.

Urbanization Mature trees Shoreline
habitat

Riparian landscape
composition metrics

Loading r2 Loading r2 Loading r2

% Agriculture −0.38 0.86 0.08 0.01 0.02 0.00
% Shrub cover(1–3 m) 0.34 0.69 0.02 0.00 −0.38 0.22
% Small tree cover (3–6 m) 0.30 0.54 0.31 0.20 0.05 0.00
% Tall tree cover (>6 m) −0.01 0.00 0.64 0.86 0.17 0.04
# Standing dead trees 0.00 0.00 −0.34 0.24 0.67 0.69
Riparian forest width (m) −0.30 0.54 −0.10 0.02 −0.08 0.01
# Bridge crossings 0.30 0.54 −0.39 0.32 −0.17 0.04
% Impervious surface 0.38 0.86 −0.23 0.11 −0.04 0.00
# Canopy layers 0.32 0.61 0.36 0.27 −0.09 0.01
Human population density
(residents/km2)

0.39 0.91 −0.10 0.02 0.13 0.03

% Overhanging vegetation 0.26 0.40 0.13 0.04 0.56 0.48
Eigenvalue 5.98 2.10 1.53
% variance 54.4 19.1 14.0



Fig. 7. Relationship between Urbanization Axis (i.e., PC1) and (a) Hg concentration
(log10) and (b) Se concentration (log10) in riparian swallows. Degree of urbanization
increases from −3 to 4. The slope for the regression model was significant for
both Hg (y = −0.11x − 4.91, R2 = 0.38, P = 0.004) and Se (y = −0.17x + 9.12,
R2 = 0.63, P b 0.001). Dashed lines represent confidence curves at α = 0.05.
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that influence and mediate these exposure pathways remains limited,
but given the geographic range and abundance of aquatic emergent
insects and riparian consumers, and the global proliferation of aquatic
contamination (Menzie, 1980; Walters et al., 2008), an improved
grasp of these cross-boundary flowswill be crucial formanaging terres-
trial exposure risk from aquatic contaminants.

Many investigators have illustrated the variability in swallow
dietary composition. For example, Blancher and McNicol (1991) deter-
mined that the diet of non-egg-laying adult tree swallows was
Fig. 8. Relationship between Urbanization Axis (i.e., PC1) and δ15N in riparian swallows.
Urbanization increases from−3.0 to 4.0. The slope for the regressionmodel was significant
(y = −0.23x + 10.9, R2 = 0.38, P = 0.031). Dashed lines represent confidence curves at
α = 0.05.
comprised of 54.9% aquatic insects by biomass. Similarly, Wayland et
al. (1998) found that insects of aquatic origin made up 50–60% of tree
swallow diet in western Canada. Collectively, our results indicate that
swallows rely on amixture of terrestrial and aquatic insects, but that re-
liance on aquatic insects is likely greater at urban vs. rural reaches
(Figs. 3a & b, 5) despite no significant differences in either aquatic
(t = −0.121, P = 0.477) or terrestrial (t = 0.756, P = 0.908) aerial
insect productivity between rural and urban reaches in the study sys-
tem (Kautza and Sullivan, unpublished data). Many riparian swallow
species tend to forage in open areas (Brown et al., 2002; Ghilain and
Belisle, 2008), indicating a likely preference for feeding over open
water vs. heavily-canopied riparian areas. Our urban reaches were gen-
erally characterized by densely-forested strips in the immediate ripari-
an zone, whichmay encourage foraging directly over water and explain
why urban swallows fed more heavily on aquatic emergent insections
than their rural counterparts.

Contrary to our hypothesis, sediment contaminant concentrations
did not differ between land-use classes. However, Hg and Se concentra-
tions in riparian swallows were lower at urban than at rural reaches,
despite the fact that urban nest box swallows depredated aquatic
insects more commonly than terrestrial insects, and that bolus samples
indicated that aquatic insects exhibited higher concentrations of Se
and Hg than terrestrial insects. Concomitantly, concentrations of Hg
in swallow blood and river sediment were positively related (Fig. 2),
which suggests that riparian swallows are exposed to aquatic contami-
nants via aquatic prey. Likewise, Se concentrations in swallows were
positively linked to both δ15N enrichment and δ13C depletion (Fig. 6),
indicators of reliance on aquatic emergent insects in our study system.
Swallows also fed at a higher trophic level at our urban reaches
(Fig. 3), indicating a potential increase in aquatic prey utilization. One
possible explanation for this apparent discrepancy between contribu-
tion of aquatic prey and contamination patterns is that swallows were
actively selecting prey that were not dominant within the system,
and therefore not included in our isotopic or contaminant analyses.
Blancher and McNicol (1991) for example, found that mayflies were
an important component of tree swallow diet despite composing a
small fraction of the insects caught in emergent traps. It is also possible
that varying bioavailability among metal speciations found within the
sediments leads to unequal transfer to swallows through predation of
aquatic emergent insects. For instance, Langner et al. (2012) observed
that blood Hg concentrations in osprey (Pandion haliaetus) chicks did
not reflect Hg concentrations in river sediments, which they suggested
was due to decreased methylation, and thus bioavailability, of Hg.

Influences of land cover on avian foraging behavior likely explain
patterns we observed in swallow contaminant concentrations.
Ormerod and Tyler (1991) found that gray wagtails (Motacilla
cinerea) changed their diet to incorporate more lepidopteran larvae
in broadleaved forests than in moorlands or coniferous forests in
Wales. Such dietary shifts in response to land-cover variation could
have a profound effect on contaminant uptake. Biomagnification of
aquatic contaminants in tree swallows, for instance, is known to be
linked with their reliance on aquatic emergent insects (Brasso and
Cristol, 2008; Hallinger et al., 2011; Jackson et al., 2011), which is
consistent with our results for Se (Fig. 6).

Our observation that contaminant biomagnification was higher in
adult swallows relative to nestlings aligns with other studies and was
consistent with our hypothesis. Evers et al. (2005), for instance, found
that methylmercury (MeHg) concentrations were five to ten times
higher in adult tree swallows than in nestlings. Although we did not
observe a difference in the dietary composition (aquatic vs. terrestrial)
between adult and immature swallows, nestlings might efficiently
remove contaminants from their blood as they are deposited into
growing feathers (Tsipoura et al., 2008). Alternatively, adult swallows
may feed on larger-bodied aquatic insects, thereby increasing exposure
to aquatic contaminants. In Canada, Quinney and Ankney (1985) found
that Insects 1–6 mm in length made up between 80% and 86% of
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nestling tree swallow diet, whereas McCarty and Winkler (1999)
found that adult tree swallows actively selected for larger-bodied
prey (e.g., Odonata) as compared to smaller-bodied insections (0–3 mm
in length). Temporal disparities between aquatic insect emergence and
terrestrial insect production might also influence prey availability and
feeding behavior (Nakano and Murakami, 2001; Jonsson et al., 2012),
which could result in nestlings ingesting a higher proportion of terrestrial
insects, thereby decreasing their exposure to aquatic contaminants.

5. Conclusions

Overall, our results (1) support recent research examining the
cross-system trophic linkages between aquatic emergent insects and
riparian consumers (Ballinger and Lake, 2006; Fukui et al., 2006;
Daley et al., 2011), and (2) implicate landscape alterations as a key
factor in regulating aquatic-to-terrestrial contaminant transfers. Our re-
sults also provide insight into the role of riparian swallows as integrators
of linked aquatic–terrestrial systems within the context of contaminant
exposure risk. Specifically, the reliance of swallows upon a mixture of
terrestrial and aquatic invertebrate prey makes them highly vulnerable
to contaminants from both terrestrial and aquatic systems. Their ability
to range freely and utilize multiple prey sources makes them excellent
organisms for examination of large, cross-boundary trophic andmaterial
transfer processes.

Building upon previous work (Blancher and McNicol, 1991;
Bishop et al., 1999; Harris and Elliott, 2000; McCarty, 2002), we
suggest that riparian swallow species may capture system-level
mechanisms of contamination. We argue that the trophic dynamics
of riparian swallows and other insectivorous riparian birds represent
a critical pathway for cross-boundary contaminant transfer and
movement across linked aquatic–terrestrial landscapes. Studies across
broader geographical ranges and with increased sample sizes will be
helpful in further testing this hypothesis as will additional research rel-
ative to species-specific swallow feeding behavior, movement patterns,
and resource utilization. The potential role of swallows themselves as
vectors of contaminants (e.g., via feces, feathers, and nesting colonies)
across both local (i.e., nesting) and broader (i.e., migratory) spatial scales
will also be important in further understanding aquatic–terrestrial
contaminant fluxes. Lastly, continued research related to the mediating
role of terrestrial landscapes on transfers of contaminants from aquatic
to terrestrial systems will be critical for improved remediation and
long-term conservation of river ecosystems.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.scitotenv.2013.05.065.
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