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eabirds often carry elevated contaminant loads as a result of
biomagniﬁcation and bioaccumulation through the marine
foodweb (1). As a result of their gregarious nature and propensity
to form large breeding colonies, seabirds can create localized
“hotspots” of contamination by shunting marine-derived contaminants from the ocean to the land via their guano and mortality
(2). This biological transport pathway can lead to contaminant
concentrations that far surpass those conducted by abiotic processes alone (e.g., winds, ocean currents) and, in some instances,
reach toxic levels. For example, Brimble et al. (3) studied several
ponds located near a large colony of northern fulmars (Fulmarus
glacialis) on Devon Island, Nunavut, in High Arctic Canada, and
recorded sedimentary metal concentrations that exceeded Canadian environmental guidelines for protecting wildlife. Likewise,
in the Norwegian Arctic, Evenset et al. (4) recorded higher
than background concentrations of persistent organic pollutants
(POPs) in aquatic organisms from a seabird-affected lake, providing evidence that seabird-transported contaminants were entering local foodwebs. Similar results have been recorded for
Antarctic penguin populations (5, 6).
The contaminant burden of seabirds is inﬂuenced by a variety of
factors including physiology, metabolism, organism age, stage of
annual cycle, and diet (7), with organisms that occupy the highest
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trophic levels generally containing the greatest concentrations.
Evenset et al. (8) measured polychlorinated biphenyl (PCB)
concentrations in guano samples from three seabird species representing a range of trophic levels, including little auks (Alle alle),
black-legged kittiwakes (Rissa tridactyla), and glaucous gulls
(Larus hyperboreus), and recorded order of magnitude increases
with each trophic level increase. Mallory et al. (9) showed that top
predators, such as glaucous gulls and northern fulmars, had higher
hepatic concentrations of bioaccumulating metals, including As,
Cd, and Hg, relative to common eiders (Somateria mollissima),
which feed lower in the marine food chain. These data suggest
that, depending on trophic position, seabirds will vary in their
efﬁcacy as contaminant biovectors.
Here, we explore whether seabird species that feed at different
trophic levels differentially affect sedimentary metal burdens in
Arctic ponds via biovector transport. We studied two nearby
ponds (approximately 1 km apart; Fig. 1) in the Canadian High
Arctic, one of which is affected primarily by Arctic terns (Sterna
paradisaea), and the other mainly by common eiders. Arctic terns
feed predominantly on nearshore ﬁsh, and thus occupy a higher
trophic level than eiders, which feed mainly on marine benthic
mollusks (10). The different positions of terns and eiders on the
marine foodweb should result in different concentrations of bioaccumulating metals, and other contaminants, in the tissues and
waste products of these seabirds. We tracked these differences by
measuring metal concentrations in dated sediment cores from the
tern- and eider-affected sites (hereafter referred to as Tern Pond
and Eider Pond, respectively).
The unique set of circumstances that led to the segregation of
the tern and eider seabird colonies into separate drainage basins
of the two study ponds has created a rare situation that allows for
a quasi-experimental approach to paleolimnology. The closeness
of the two ponds (only approximately 1 km apart) and near
identical elevations (within approximately 15 m above sea level of
each other) negates variability related to site-speciﬁc differences
such as local climate effects, geology, and atmospheric deposition.
This allowed us to make more deﬁnitive conclusions on metal
contributions from different seabird species. In addition to the
metal analyses, we measured the sediment cores for stable isotope
ratios of nitrogen (δ15N), a proxy that can be used to track marinederived nutrients and characterize trophic structure. We also explored the inﬂuence of seabird-derived nutrient inputs on pond
limnology and ecology by examining water chemistry and fossil
diatom (Bacillariophyceae) assemblages.
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Seabirds represent a well documented biological transport pathway of nutrients from the ocean to the land by nesting in colonies
and providing organic subsidies (feces, carcasses, dropped food)
to these sites. We investigated whether seabirds that feed at
different trophic levels vary in their potency as biovectors of
metals, which can bioaccumulate through the marine foodweb.
Our study site, located on a small island in Arctic Canada, contains
the unique scenario of two nearby ponds, one of which receives
inputs almost exclusively from upper trophic level piscivores (Arctic
terns, Sterna paradisaea) and the other mainly from lower trophic
level molluscivores (common eiders, Somateria mollissima). We
used dated sediment cores to compare differences in diatoms,
metal concentrations and also stable isotopes of nitrogen (δ15N),
which reﬂect trophic position. We show that the seabirds carry
species-speciﬁc mixtures of metals that are ultimately shunted to
their nesting sites. For example, sediments from the tern-affected
pond recorded the highest levels of δ15N and the greatest concentrations of metals that are known to bioaccumulate, including Hg
and Cd. In contrast, the core from the eider-affected site registered
lower δ15N values, but higher concentrations of Pb, Al, and Mn.
These metals have been recorded at their greatest concentrations
in eiders relative to other seabirds, including Arctic terns. These
data indicate that metals may be used to track seabird population
dynamics, and that some metal tracers may even be speciesspeciﬁc. The predominance of large seabird colonies on every continent suggests that similar processes are operating along coastlines worldwide.
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Table 2. Summary statistics for TP, DOC, and lakewater pH for
more than 400 lakes and ponds in the Canadian High Arctic
Statistic
Mean
SD
Median
Mode
Maximum
Minimum

TP (n = 404),
μg L−1

DOC (n = 404),
mg L−1

pH (n = 407)

17.9
79.3
8.6
3.3
1520
0.1

4.84
5.4
3
1.8
40.1
0.2

8.1
0.6
8.2
8.3
9
3.6

Data are from more than 400 lakes and ponds in the Canadian High
Arctic collected by our laboratories (53). Note that some of our Arctic sites
recorded erroneously high TP lakewater values as a result of resuspended
particulate matter (54), which is not bioavailable for uptake by organisms.
When these sites are removed, the mean TP concentration decreases to
<10 μg L−1.

Fig. 1. Map showing the location of Tern Island in the Canadian High Arctic.

Results and Discussion
Nutrient subsidies, in the form of seabird guano, delivered to the
study ponds have resulted in production-related variables that
are among the highest recorded in Arctic regions (Table 1; see
Table S1 for full suite of limnological variables). The elevated
total phosphorus unﬁltered (TP) concentrations recorded in the
study ponds are atypical (Table 1), especially in nutrient-poor
Arctic regions where ultra-oligotrophic freshwaters are the
norm. In fact, TP concentrations in the study ponds are severalfold greater than values typically recorded in High Arctic lakes
and ponds (Table 2). The only TP concentrations recorded in the
Arctic that are comparable to the Tern Island sites are from
ponds that are similarly affected by ornithogenic inputs (11, 12),
and sewage oxidation ponds used for facultative treatment of
domestic human wastes (13, 14).
Lakewater pH, especially in the tern-affected site, is also high
relative to seabird-free sites in the Canadian Arctic (Table 2). The
elevated pH levels are a likely result of increased photosynthetic
drawdown of limnetic CO2 (thereby increasing lakewater pH),
driven by the elevated nutrient concentrations. Sedimentary δ13C

Table 1. Selected physical, biological, and chemical variables
from the Tern Island study ponds
Variable

Tern

Eider

pH
Temp, °C
Cond, μS cm−1
TN, mg L−1
TP, μg L−1
TP (ﬁlt.), μg L−1
Chl a, μg L−1
DIC, mg L−1
DOC, mg L−1
POC, mg L−1
As, μg L−1
Cd, μg L−1

10.4
9
366
4.82
97.3
57.3
1.7
11.8
39
2.52
2.79
0.046

8.7
6
206
0.845
33.3
18.8
0.6
18.9
8.6
0.792
0.84
0.012

TN, total nitrogen; TP (ﬁlt.), total phosphorus ﬁltered; POC, particulate
organic carbon. The full suite of water chemistry variables, including all
metals is reported in Table S1. All water chemistry data are from one sampling event on July 25, 2008.
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values provide additional information on aquatic production.
Increased delivery of nutrients from seabird inputs enhances algal
productivity, which draws down the supply of limnetic dissolved
inorganic carbon (DIC) and decreases algal discrimination in
favor of 12C and ultimately results in an enrichment of δ13C values
in the sediment (15). The mean δ13C value in the Tern Pond
sediment core is −20.09 ± 1.48 (Table S2), whereas in the Eider
Pond core it is −21.7 ± 0.76 (Table S3). Although these values are
not as high as recorded in sediment from other seabird-affected
ponds (16), they are higher than in Arctic lake sediments unaffected by marine nutrient inputs (17).
The seabird-derived nutrients have also boosted terrestrial
production as evidenced by the abundant growth of grasses and
mosses in the catchments of the study ponds (Fig. S1). Catchment
vegetation can inﬂuence limnological variables, especially dissolved organic carbon (DOC), which increases in heavily vegetated catchments. DOC concentrations, especially in Tern Pond,
are high for Arctic regions (Table 2), even in comparison with
other seabird-affected sites (12).
The fossil diatom assemblages recorded in the Tern Island
study ponds have been documented elsewhere in the Canadian
High Arctic (18), but rarely in such high relative abundances. In
the sediment core from Tern Pond, Nitzschia perminuta typically represented more than 50% of the entire diatom assemblage, and was the only dominant species that was common to
both study ponds (Fig. 2). Although this taxon is ubiquitous in
Canadian High Arctic freshwaters (18), and thus its mere
presence does not denote eutrophication, it typically does exceedingly well in sites with high nutrient levels and elevated
lakewater pH. For example, N. perminuta is one of the most
abundant species recorded in seabird-affected ponds at Cape
Vera on Devon Island (12). Likewise, N. perminuta was the
dominant taxon recorded in periphyton samples from Meretta
Lake on Cornwallis Island, Nunavut; a lake that had received
human sewage efﬂuent for more than 40 years. When sewage
inputs into Meretta Lake declined and nutrient levels decreased, so too did the relative abundances of N. perminuta
(19). The greater relative abundances of N. perminuta in the
Tern Pond core compared with the Eider Pond core (Fig. 2)
probably reﬂect the higher nutrient concentrations in the ternaffected site (Table 1).
The sediment core from Eider Pond contains many diatom
taxa, in high relative abundances, that are indicative of elevated
nutrient and pH levels (Fig. 2). For example, Fragilaria capucina
var. vaucheriae is known to be tolerant of organic pollution and
domestic sewage (20). Achnanthidium minutissimum, although
often considered a generalist, occurs more commonly in Arctic
lakes and ponds with elevated nitrogen concentrations (21).
Amphora libyca often occurs in sites with high pH and conducMichelutti et al.
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tivity, whereas Navicula radiosa appears to increase with elevated
nutrient concentrations (22). The presence of eutrophic indicator
taxa in both study sites reﬂects the marine-derived nutrients
transported by the seabirds and demonstrates the central role of
seabirds in structuring freshwater diatom assemblages on Tern
Island. Furthermore, the relatively complacent proﬁles of eutrophic assemblages documented in both study ponds suggest that
seabirds have been present on Tern Island for at least the time
period encompassed by the sediment cores (approximately 100 y
or more).
The diatoms, together with the limnological data, demonstrate
that seabirds have had a marked effect on the water quality and
Michelutti et al.

ecological characteristics of the study ponds. However, isotope
data are central to demonstrating trophic level differences between the two seabird species and whether they are differentially affecting the sedimentary metal burdens of their respective
ponds. Stable isotopes of nitrogen (δ15N) are commonly employed
to examine food web dynamics and trophic structure in ecosystems, as δ15N is typically enriched by 3 to 5 per mil (‰) with
each trophic level increase (23). Other research, including
paleolimnological studies, has also used δ15N to track marinederived nutrients, and ultimately populations of the animals that
transport the nitrogen (24, 25), as δ15N is enriched in marine
PNAS | June 8, 2010 | vol. 107 | no. 23 | 10545
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Fossil diatom proﬁles of the most common taxa from Tern Pond (A) and Eider Pond (B).
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Fig. 2.

organisms relative to nitrogen from terrestrial and atmospheric
sources (26).
The δ15N values recorded in the Tern Island cores are higher
than values commonly recorded in Arctic lakes with no marine
inﬂuence, which typically range from 1 to 4‰ (Fig. 3; refs. 27 and 28).
In fact, the only other sites with comparable δ15N values in Arctic
freshwaters are from ponds that have received marine inputs
from seabirds (29) and whale carcasses (27). The elevated δ15N
values not only conﬁrm the inﬂux of marine-derived nutrients to
the study ponds, but also appear to track differences in the trophic
levels of the two seabirds. The Tern Pond core records δ15N
values that are approximately 5‰ greater than in the Eider Pond
core (Fig. 3), which is exactly what we would have predicted given
the higher trophic level of Arctic terns relative to common eiders
(23). Although there are no δ15N data for eider and tern feces,
δ15N values recorded in early egg tissues taken from Tern Island
show differences between the two species, with signiﬁcantly (P <
0.05) greater δ15N values in terns (range, 13.9–17.3‰) relative to
eiders (range, 13.3–14.9‰) (30). The higher δ15N values recorded
in tern eggs is consistent with that species occupying a higher
trophic position than eiders.
The comparatively high δ15N values recorded in the sediment
cores conﬁrm the input of marine-derived nutrients and support
inferences from the water chemistry and fossil diatom analyses
that seabird inputs are structuring the limnological and biological
characteristics of the ponds. Based on the relatively complacent
fossil diatom proﬁles, we infer that seabirds have been present on
Tern Island for at least the period encompassed by the sediment
cores. This inference is strongly supported by the consistently
high sedimentary δ15N values recorded in both ponds (Fig. 3).
The use of δ15N proﬁles in pond sediment cores have been used
to track shifts in seabird populations near Cape Vera on Devon
Island, Nunavut (25), with increased δ15N values suggesting an
increase in population, and vice versa. The relative stability and
lack of any clear trends in the δ15N proﬁles from the study ponds
suggests that seabird-derived N inputs (and presumably population numbers) on Tern Island have not ﬂuctuated greatly
during the past approximately 100 y.
The successful application of δ15N in the study cores to track
differences in seabird trophic structure suggests that there should
be detectable differences in sedimentary metal concentrations,
as many metals, whether from natural or anthropogenic sources,
are known to bioaccumulate. In fact, the sediments from the two
study ponds show a clear separation in the Principal Components
Analysis (PCA) ordination, indicating distinct differences in
metal composition between the two cores (Fig. 4). Variations in
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Fig. 3. Sedimentary δ15N proﬁles from the Tern and Eider pond sediment cores.
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geology and atmospheric deposition are not likely responsible for
the recorded differences in sedimentary metals because the two
study sites are separated only by approximately 1 km and occupy
similar geologic settings. Likewise, research from seabird-affected ponds on nearby Cape Vera (Devon Island, Nunavut), all
of which occupy identical geological environments, has shown
marked differences in sediment geochemistry depending on the
degree of ornithogenic inputs (3, 12, 16, 29). Thus, we conclude
that dietary and physiological differences between the common
eiders and Arctic terns have led to variations in the quantity and
type of metals that they accumulate and subsequently deposit.
Dietz et al. (31), Mallory et al. (10), and Campbell et al. (32)
measured metal concentrations in tissues from several seabird
species representing a range of trophic levels in Greenland and
Canadian Arctic marine foodwebs. They recorded higher concentrations of bioaccumulating metals including total Hg, Cd, and
As in top predators such as glaucous gulls and northern fulmars,
as well as black guillemots (Cepphus grylle), the latter of which are
analogous to Arctic terns in that they are primarily nearshore
piscivores. This is consistent with our data, which show that the
tern-affected sediments are characterized by higher concentrations of Hg and Cd, although As is greater in the Eider Pond
sediments (Fig. 4).
Mallory et al. (10) recorded the highest concentrations of Pb,
Mn, and Al in tissue samples from common eiders. Of particular
note is that Pb was found in 75% of all eider livers, but not in any
other birds. Accordingly, our data show that the higher Pb, Al,
and Mn concentrations are associated with the eider-affected site
(Fig. 4). The elevated levels of Pb, Mn, and Al in eiders relative
to terns and other seabirds may be related to several factors,
including greater concentrations of these trace elements at eider
wintering sites or along migration routes. However, high concentrations of these same metals reported in marine waterfowl
from other regions (33–35) suggest that dietary and/or physiological differences are the most likely mechanisms behind the
differential accumulation.
The metal analyses on the Tern Island sediment cores reveal
species-speciﬁc differences in metal biotransport, but they also
provide information on which metals may be affecting pond biota,
as sediments act as an important route of exposure for aquatic
species. Cadmium is of particular interest as it has been shown to
reach high concentrations in seabird-affected regions (3, 36), and
has adverse biological effects on benthic organisms such as decreased invertebrate abundance, increased mortality, and behavioral changes (37). The surface sediment Cd concentrations
recorded in our study ponds (0.71 and 4.4 μg g−1 for Eider and Tern
ponds, respectively) are greater than the mean background concentration recorded in Canadian lake sediments of 0.32 μg g−1. In
fact, both cores record Cd concentrations that exceed the Canadian
sediment quality guidelines for the protection of aquatic life (38).
In the case of Tern Pond, Cd concentrations exceed the “probable
effects level” of 3.5 μg g−1, above which adverse biological effects
frequently occur. The complete dataset of sedimentary metals, as
well as stable isotopes of C and N, are reported for Tern and Eider
Ponds in Tables S2 and S3, respectively.
The potential of biovectors to focus large quantities of metals to
toxic concentrations necessitates their consideration in identifying
environmental risks of bioaccumulating contaminants. At present,
few contaminant models incorporate a biological transport component (2). The Arctic may be especially prone to biovector
transport in part because of its relatively pristine ecosystems, but
also because these regions host throngs of migratory animals every
season, many of which form densely clustered populations, creating
ideal situations for highly localized focusing of contaminants. Biological transport of metals and other contaminants is of global
concern and seabirds are of particular importance as they are
a dominant form of wildlife along coastlines worldwide. The
nutrients deposited by seabird colonies create small oases of bioMichelutti et al.
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Materials and Methods
The two study ponds are located less than 1 km from each other on Tern
Island (unofﬁcial name; 75°50′N, 96°20′W), a small (3 km2) island situated
northwest of Cornwallis Island, Nunavut, Canada (Fig. 1). The nearest
meteorological station at Resolute Bay (approximately 130 km away;
Fig. 1) has recorded mean January and July temperatures of −32.4 °C and
4.3 °C, respectively, and mean annual precipitation of 150 mm (39). The
catchments of both study ponds are uncharacteristically vegetated for the
High Arctic (a result of the nutrient-rich guano inputs), with mosses and
sedges surrounding their peripheries outwards to about 10 m. Snow covers
the ground from October to May, during which time the ponds are frozen.
The surrounding sea is ice-covered from October to July, except for small
patches of open water (polynyas), which are important feeding areas for
marine birds (40).
The pond that is inﬂuenced primarily by Arctic terns (Tern Pond) is located in the southern portion of the island and has approximate dimensions
of 18 × 5 m, with a mean depth of approximately 30 cm (Fig. S1). Approximately 300 pairs of Arctic terns nest within the catchment of this
pond, arriving in late June, and leaving with chicks in mid- to late August.
Arctic terns are primarily piscivores, feeding on immature shoaling ﬁsh,
but also feed on crustaceans, mollusks, and insects (41).
The pond that is inﬂuenced primarily by common eiders (Eider Pond) is
located in the northern portion of the island. It is the larger of the two study
ponds with approximate dimensions of 118 × 76 m, and a mean depth of
approximately 60 cm (Fig. S1). A colony of approximately 50 to 100 eider
hens nest within the catchment of this pond. Common eiders also arrive at
the island in late June, and typically depart for the sea as soon as ducklings
hatch, generally by early August. On the water, eiders habitually form dense
groups, and many nonbreeding or failed-breeding birds also use the pond
for bathing and social interactions during the breeding season. Common
eiders occupy a lower position in the Arctic marine foodweb than Arctic
terns, with a diet consisting predominantly of benthic mollusks, although
crustaceans, echinoderms, and other marine invertebrates may also be
consumed (42).
Sediment cores were recovered on July 25, 2008, from the centers of both
study ponds by using 7.6-cm-diameter Lexan tubes that were pushed directly
into the sediments. The core tubes were pushed until they met strong resistance, suggesting that in both study ponds the entire sedimentary record
was retrieved. The cores were sectioned at 0.5 cm intervals on-site using
a Glew (43) vertical extruder. Water samples (n = 1) were also taken from
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both study ponds following identical procedures to our laboratory’s previous Arctic limnological surveys originally outlined by Douglas and Smol
(44). Water samples were sent to the National Laboratory for Environmental Testing in Burlington, ON, Canada, for analysis of major and minor
ions, dissolved organic/inorganic carbon, metals, chlorophyll a, silica, and
nutrients including phosphorus and nitrogen. Speciﬁc conductivity, temperature, and pH were measured on-site using a YSI model 33 conductivity
meter, a thermometer, and a Hanna pHEP meter, respectively. Protocols for
bottling, ﬁltering and methods for chemical analyses followed Environment Canada (45, 46).
Sediment cores were dated using excess 210Pb activities (Fig. S2), as well
as 137Cs, in an Ortec germanium crystal well detector following the procedures described in Schelske et al. (47) and Appleby (48). Core chronologies
were developed using the constant rate of supply (CRS) model for Tern Pond
and the constant initial concentration (CIC) model for Eider Pond.
Before metal analysis, sediment samples were pulverized with mortar and
pestle and then subjected to an aqua regia digestion. ICP-MS was used to
analyze 28 metals (limit of detection, μg/g): Ag (0.01), Al (1), As (0.4), Ba
(0.01), Be (0.02), Bi (0.09), Ca (1), Cd (0.02), Co (0.01), Cr (0.5), Cu (0.1), Fe
(0.5), K (1), Li (2), Mg (1), Mn (0.1), Mo (0.1), Ni (0.1), P (5), Pb (0.05), Sb (0.1),
Se (0.7), Sn (0.5), Ti (0.2), Tl (0.02), U (0.002), V (0.1), and Zn (0.7). QA/QC was
performed by running certiﬁed reference materials, internal standards,
blanks, and duplicates with every batch of 20 samples.
Stable isotopes of nitrogen were analyzed at the University of Ottawa
according to the methods described by Yamamuro and Kayanne (49). Diatom
preparation for microscopic analysis followed standard procedures outlined
by Battarbee et al. (50). In general, at least 300 diatom valves were counted
for each interval, although a few intervals (n = 4 for Tern Pond; n = 2 for
Eider Pond) contained low abundances such that only 50 to 100 valves could
be identiﬁed and enumerated. Given the low diatom diversity in both cores
(Fig. 2) these numbers still likely provided reliable counts. Ordination of
sedimentary metals and stable isotopes of nitrogen and carbon by PCA was
used to compare and contrast differences in ornithogenic inputs between
the two study sites. PCA was conducted using Canoco version 4.5a (51). Diatom stratigraphies were created by using C2 (52).
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logical production near their nesting sites. The irony, of course, is
that the contaminant hotspots created by seabird biotransport occur precisely where biological production is greatest.
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Fig. 4. PCA ordination showing patterns in metal concentrations between the two sediment cores collected from Tern and Eider Ponds.
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