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ABSTRACT: We measured variations in stable isotope signatures (813C and 815N) and concentrations 
of mercury (Hg) in breast feathers from pairs of common terns Sterna hirundo and their chicks at a 
breeding site in Buzzards Bay, northwestern Atlantic Ocean. By collecting 2 sets of feathers from the 
same adult birds, we compared values of 813C, 815N and Hg in feathers grown in the wintering area 
in the South Atlantic Ocean ('southern' feathers) and in the breeding area ('regrown' feathers). 
Regrown feathers had lower 813C, higher 815N and higher Hg than southern feathers. Values of 813C, 
815N and Hg were much more variable in adults than chicks. Within families, 813C and 815N were cor­
r.elated between parents and chicks; Hg was correlated between male and female parents. Among 
regrown feathers, Hg was positively correlated with 813C and negatively correlated with 815N. These 
findings suggest that high individual exposure of common terns to Hg results from consumption of. 
inshore prey at low trophic levels in restricted parts of Buzzards Bay and that members of pairs have 
similar diets in the breeding season but not in winter. They demonstrate the power of stable isotope 
analyses in revealing individual differences in foraging habits, diet and contaminant exposure in 
generalist predators. 
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INTRODUCTION 

Changes in proportions of stable isotopes of carbon 
and nitrogen have been used to elucidate trophic rela­
tionships within marine food webs (Dunton et al. 1989, 
Hobson & Welch 1992, Rau et al. 1992, Hobson 1993, 
Hobson et al. 1994, Sydeman et al. 1997, Thompson et 
al. 1999) and to investigate the relationship of conta­
minant uptakes to trophic position within these webs 
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(Cabana & Rasmussen 1994, Jarman et al. 1996, 1997, 
Atwell et al. 1998, Bearhop et al. 2000b). Generally, 
nitrogen-15 e5N) is enriched at each successive level in 
a trophic web (Hobson et al. 1994, Michener & Schell 
1994), whereas carbon-13 (13C) is enriched in inshore or 
benthic feeders relative to offshore or pelagic feeders. 
Stable isotopes have also been used to estimate the al­
location of stored nutrient reserves to reproduction fol­
lowing the migration of seabirds from marine wintering 
areas to fresh-water breeding sites (Hobson et al. 1997, 
2000) and seasonal or secular changes in diets (Thomp­
son & Furness 1995, Thompson et al. 1995). However, 
they have rarely been used to investigate inter-
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individual variation in diets or exposure to contami­
nants (Thompson et al. 1998, Bear hop et al. 1999, 2000b). 

This paper reports a study of individual variation in 
diets and mercury (Hg) exposures among common 
terns Sterna hirundo. The common tern is a small 
inshore feeding seabird with a socially monogamous 
breeding system, biparental care, and generalized and 
opportunistic feeding habits (Nisbet 2002). The birds 
included in this study breed in Buzzards Bay, a shallow 
bay west of Cape Cod in the northeastern USA, and 
winter mainly on the coasts of eastern Brazil and north­
eastern Argentina (Hays et al. 1997). Common terns 
moult their body feathers in March-April, so that feath­
ers taken from breeders soon after migration reflect 
dietary intakes in the winter quarters during that 
period, whereas feathers regrown in May-June reflect 
dietary intakes in the breeding area (Burger et al. 
1992). We measured stable isotopes and Hg concentra­
tions in regrown feathers to characterize and compare 
the trophic positions and Hg exposures of individual 
birds and mated pairs in the breeding area. We ana­
lyzed feathers from their chicks to compare the trophic 
positions and Hg exposures of parents and offspring. 
We also analyzed feathers grown by the same individ­
uals in winter quarters to compare the trophic positions 
and Hg exposures of breeding and wintering birds. 

Feathers provide a convenient and non-intrusive way 
to obtain repeated samples from the same individual 
birds. Although feathers are often used as markers of 
exposure to metals (Burger 1993, Furness 1993), they 
have not often been used for stable isotope studies of 
diet (but see Thompson et al. 1998, Bearhop et al. 
2000b). In captive American crows Corvus brachy­
rhynchos, Hobson & Clark (1992a) found that o13C (the 
%o difference in the proportions of 13C between the 
sample and a standard reference material) in feathers 
reflected the dietary intake at the time of feather 
growth, diet-feather fractionation factors being +3.5 to 
+4.4 %o. In captive ring-billed gulls Larus delawarensis, 
Hobson & Clark (1992b) found that diet-tissue fraction­
ation factors were +0.2%o for o13C and +3.0%o for o15N 
in feathers versus + 0.3 %o for o13C and + 1.4 %o for o15N 
in muscle. In free-living great skuas Catharacta skua, 
Thompson et al. (1998) found that 15N was significantly 
higher in flight feathers than in body feathers, presum­
ably because these were grown at different stages of 
the moult cycle. After growth, feathers are essentially 
inert structures with no further isotopic exchange with 
body constituents (Hobson & Clark 1992a). Hence, we 
assume that breast feathers are an appropriate tissue 
for monitoring differences in diets at the times of 
feather growth, with an averaging time of a few days 
(Hobson & Clark 1992a). whereas Hg in feathers re­
flects cumulative intake over a period of weeks to 
months (Furness et al. 1986, Bear hop et al. 2000a). 

Based on previous studies of common terns in Buz­
zards Bay, we formulated several predictions and con­
jectures about individual variability in foraging habits, 
diet and Hg exposure in this species. Available data 
indicate that adults feed their chicks mainly on fish, 
whereas adults themselves feed on varied mixtures 
of fish, crustaceans, insects and other invertebrates 
(Nisbet 1973, 1983, 2002). Hence, we predicted that 
isotope patterns would show that the diets of adults are 
lower in the trophic web and more variable than those 
of chicks. 

Birds breeding at our study site disperse widely to 
feed in varied habitats around Buzzards Bay; pairs 
often occupy exclusive feeding territories (Nisbet 
1983). so that there is opportunity for considerable 
variation among birds and pairs in diets and contami­
nant exposures. Accordingly, we predicted that isotope 
patterns and Hg levels would be correlated between 
parents and chicks. 

A previous study at the same site had shown that Hg 
levels in regrown feathers were much higher and 
somewhat more variable than those in feathers grown 
by the same birds in winter quarters (Burger et al. 
1992). Because Hg levels are generally low in sedi­
ments in open parts of Buzzards Bay (Sears & Battaglia 
1990), we conjectured that the high levels and variabil­
ity in contamination of terns might reflect enhanced 
formation of organomercury compounds in limited 
parts of the ecosystem, perhaps localized in some of 
the many eutrophied or low-oxygen inlets and harbors 
around the bay. Accordingly, we conjectured that Hg 
levels in regrown feathers might be correlated with 
consumption of inshore prey (high 13C). However, 
there is insufficient information about terns' diet in 
these places to formulate an a priori hypothesis about 
the relationship between Hg levels and trophic level 
(high or low 15N). 

Both members of common tern pairs feed in the same 
places during the egg laying and incubation periods 
(Nisbet 1983). Accordingly, we predicted that Hg lev­
els and isotope patterns in feathers regrown during 
these periods would be correlated within pairs. How­
ever, during the egg laying period, males tend to eat 
the smaller items that they catch (including inverte­
brates) and to carry the larger items (mainly fish) to 
their mates (Taylor 1979, Nisbet 2001). Accordingly, 
we predicted that females would be higher in the 
trophic web (higher o15N) than their mates. 

We also investigated several questions for which we 
had no a priori hypotheses: (1) the relationship of 
Hg contamination to trophic level of prey, i.e. the 
correlation between Hg and o15N in regrown feathers; 
(2) how isotope patterns would differ between feathers 
grown in the winter quarters and regrown feathers; 
(3) whether males and females of mated pairs remain 
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together in winter and/or have similar cliets; (4) how 
isotope patterns in our coastal, temperate birds would 
differ from those in common terns breeding at a 
fresh-water, subarctic site (Hobson e t al. 2000); and 
(5) whether isotope patterns or Hg levels would vary 
with parental age. 

MATERIALS AND METHODS 

Field work was conducted at Bird Island, Massachu­
setts, USA (41° 40' N, 70° 43' W; Fig. 1) in May-June 
1992. We selected 15 nests at the time of egg laying in 
mid-May, trapped both parents on each nest and 
pulled a small bunch of feathers (about 10) from the 
breast of each bird. We re-trapped 20 of the sam e birds 
at the time of hatching 20 to 23 d later and pulled the 
replacement feathers, w hich were readily identifiable 
because they were still in sheath (not fully regrown) 
and were white instead of gray (Basic instead of Alter­
nate plumage: Nisbet 2002). We enclosed the study 
nests within low wire fences, ringed all chicks at hatch­
ing and checked them a t intervals until they were 
almost ready to fly. We pulled breast feathers from all 
surviving chicks at age 20 to 23 d . For pairs that raised 
2 chicks to fledging, we use data from only the older 
chick. One chick that was adopted and fed by a pair 
other than its original parents is excluded from the 

Fig. 1. Study site (Bird 
Island) in Buzzards Bay, 
Massachusetts, USA, be­
tween Cape Cod and the 
mainland. Note the com­
plex conliguration of the 
shoreline with many shal­
low inlets and harbors, 
some of which are eutro­
phied because of nitrogen 
input from urban or sub-

urban developments 
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study. Adults were sexed based on the presence or 
absence of a palpable egg in the oviduct at the time of 
egg laying, and/or by head length (Nisbet 2002). Our 
data set includes 8 (male+ chick) pairs and 12 (female 
+chick) pairs (5 chicks were included in both). Fifteen 
adults had been banded when chicks and hence were 
of known age (5 to 17 yr). In 3 cases where both m em­
bers of a pair were of known age, we used the mean 
age for comparison with data on chick feathers. 

Feathers were stored at room temperature in paper 
envelopes until analyzed in 1998. At the Department of 
Earth and Planetary Sciences, Harvard University, sam­
ples were prepared by packing a sm all (ca. 0.5 mg) p or­
tion of the distal en d of each feather into a tin capsule, 
w hich was then pelletized for flash combustion in an 
elemental analyzer. Stable isotope abundances were 
measured by continuous flow isotope ratio mass spec­
trometry using a Carlo-Erba NA1800 elemental ana­
lyzer interfaced to a VG Prism II mass spectrometer. All 
isotope abundances are expressed as 815N values rela­
tive to atmosphere or 813C values relative to the PDB 
standard (Peedee Formation), using the definition: 

1)15N = 1000 X e5N/14N[sample)-
15N/14N[ standard)) I ( 15N/14N[ standard ]) 

This was also correspondingly used for 813C. The esti­
mated precision of the isotopic analyses was ±0.15 %o 
for 815N and ± 0.1 %o for 813C. 
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At the Environmental and Occupational Health 
Sciences Institute, Rutgers University, feathers were 
washed vigorously in deionized water alternated with 
acetone to remove loosely adherent external contami­
nation (Burger 1993}, and were air dried overnight. The 
sample was weighed to 0.1 mg. Feathers were then 
digested in 70 % analytic grade HN03 in a microwave 
vessel for 10 min under pressure of 9.16 kg cm-2; sam­
ples were subsequently diluted in deionized water. Hg 
was analyzed by the cold vapor technique (Perkin­
Elmer AA). All concentrations in feathers are expressed 
in parts per million (pg g- 1) dry weight. Instrument de­
tection limits were 2 x 10-4 pg g- 1, but matrix detection 
limits were about an order of magnitude higher. All 
specimens were run in batches that included a standard 
calibration curve and spiked specimens as well as 
NIST (National Institute of Standards and Technology) 
standards. The accepted recoveries ranged from 85 to 
105 %; no batches outside these limits were encoun­
tered in this study. The coefficient of variation on repli­
cate samples ranged from 3 to 6 % . Quality control also 
included periodic blind analysis of an aliquot from a 
large sample of known concentration and blind runs of 
duplicate samples (Burger & Gochfeld 1997). 

Data were analyzed using STATISTICATM software 
(StatSoft 2001). Differences between groups were ana­
lyzed using paired t-tests, Wilcoxon matched-pairs 
signed-ranks tests, Mann-Whitney U-tests or analysis 
of variance (ANOVA}, with Tukey's tests to control 
for multiple comparisons. Variances were compared 
using F-tests, with the Bonferroni correction for multi­
ple comparisons. Correlations among variables were 
analyzed using Pearson correlation coefficients or (for 
samples~ 10 pairs) Spearman rank correlation coeffi­
cients. Spearman rank correlation coefficients were 
used to test the dependence of Hg levels or isotope 
proportions on parental age. 

Fig. 2. Sterna hirundo. (a) o15N versus o13C; (b) Hg concentra­
tion versus o15N. Adult feathers grown in the Southern Hemi­
sphere (B!}; adult feathers regrown at breeding ground (o}; 

RESULTS AND DISCUSSION 

Feathers grown by adults in the winter quarters are 
referred to as 'southern' ; those regrown by adults in chick feathers grown at breeding ground (• ) 

Table 1. Sterna hirundo. Stable isotope signatures and mercury concentrations in common tern feathers from Bird Island, Massa­
chusetts, USA. Southern: grown in southern hemisphere; Regrown: grown at breeding grounds; Chicks: chick feathers grown at 
breeding ground. Entries in the same column without a letter in common are significantly different. a,b: comparisons of means 

(ANOVA with Tukey's tests, p < 0.05); j,k: comparisons of variances (F-tests with Bonferroni correction, p < 0.05) 

Feather sample n o13c ± so (%ol o15N ± SD (%o) Hg± SD (ppm) 

Southern 30 - 14.6 ± 2.0 a,j + 14.4 ± 1.9 a,j 2.8 ± 2.4 a ,j 
Regrown 20 - 15.6 ± 1.0 a,j +16.3 ± 0.8 b,k 6.7 ± 5.4 b,k 
Chicks 15 - 15.1 ± 0.4 a,k + 15.7 ± 0.4 a,b,k 4 .2 ± 3.1 a ,b,j,k 
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the breeding area are referred to as 'regrown'. Values 
of both o15N and o13C were more variable in feathers of 
adults, especially in southern feathers, than in feathers 
of chicks (Table 1, Fig. 2a). This is consistent with our 
prediction that the diets of adults would be more 
varied than those of chicks. However, mean values of 
o15N were not lower in regrown feathers than in chick 
feathers (Table 1, Fig. 2a). Thus, although parents are 
known to eat more invertebrates and smaller fish dur­
ing the breeding season than those they feed to their 
chicks, the parents were not consistently lower in the 
trophic web, as predicted. 

Values of o13C and o15N in parents and chicks were 
significantly positively correlated; the correlations were 
higher for female parents than for males (Fig. 3a,b). 
This is consistent with our prediction that the diets of 
chicks would reflect the individual feeding locations 
and dietary specializations of their parents. However, 
Hg levels were not significantly correlated between 
parents and chicks, contrary to the corresponding pre­
diction for Hg. This suggests that the factors influenc­
ing exposure of chicks to Hg may differ from those in­
fluencing exposure of their parents. A previous study of 
seabirds also did not show significant correlation be­
tween Hg levels in feathers of parents and their chicks 
(Stewart et al. 1997), but that study used feathers of 
parents grown at sea during the non-breeding period. 

Hg levels were higher and more variable in regrown 
feathers than in southern feathers (Table 1, Fig. 2b). 
This is consistent with the results of the earlier study at 
the same site (Burger et al. 1992), although the differ­
ences were somewhat less pronounced in this study. 
These results indicate that Hg levels are generally 
higher in the Buzzards Bay ecosystem than in the areas 
where our terns spend the winter (Burger et al. 1992). 
This might reflect either pollution from anthropogenic 
sources of Hg in the northeastern USA, locally en­
hanced methylation rates, or both. 

Hg levels in regrown feathers were positively Corre­
lated with o13C (Table 2). This is consistent with our 
conjecture that high exposures of adult terns to Hg in 
Buzzards Bay would be associated with feeding on 
inshore prey. Chick feathers, however, showed a neg­
ative (although nonsignificant) correlation between 

Table 2. Sterna hirundo. Correlations among stable isotope 
ratios and mercury concentrations among adult common tern 
feathers regrown on breeding grounds. 'p < 0.05, "p < 0.01 
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Fig. 3. Sterna hirundo. Relationships between: (a) 15N, (b) 813C 
from chick feathers, and regrown feathers of their parents. 
Adult male-chick pairs (o); adult female-chick pairs (+). 
Least-squares lines of regression are shown for significant 
relationships: solid line, male-chick pairs; dashed line, 

female-chick pairs 

Hg and o13C (rs = -0.08, n = 15, p = 0.77). Hence, again, 
factors influencing exposure of chicks to Hg appear to 
be different from those operating in adults. 

Within pairs, values of o13C, o15N and Hg in regrown 
feathers were all positively correlated between males 
and females (Fig. 4). The correlation for o15N was not 
statistically significant, but this may have been be­
cause of small sample size (n = 6). These findings are 
consistent with our predictions that diets of female 
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common terns at the time of feather growth would 
reflect the individual feeding locations and dietary 

- specializations of their mates. 
Within pairs, males had significantly lower values of 

815N in regrown feathers than females (range of male 
-female differences -1.5 to +0.1 %o, n = 15, p < 0.05, 
Wilcoxon matched-pairs signed-ranks test). This indi­
cates that females were higher in the trophic web 
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Fig. 4. Sterna hirundo. (a) o13C and (b) Hg concentrations in 
southern and regrown adult feathers from mated pairs. Feath­
ers grown in the southern hemisphere (o); regrown adult 
feathers (+). Least-squares lines of regression are shown 
for regrown feathers (correlations were not significant for 

southern feathers) 

than their mates, consistent with the observation that 
males eat smaller fish than those they bring to their 
mates. No other male-female differences were signifi­
cant. 

The following paragraphs refer to the 5 questions 
for which we had no a priori hypotheses. In regrown 
feathers, Hg was negatively correlated with 815N 
(Table 2), suggesting that the more contaminated prey 
consumed by common terns tend to be those at lower 
trophic levels. However, chick feathers showed the 
opposite (although nonsignificant) correlation (r = 
+0.11, n = 15, p > 0.05), again suggesting that factors 
influencing exposure of chicks to Hg appear to be dif­
ferent from those operating in adults. More informa­
tion is needed to determine whether this is attributable 
to selective feeding of chicks on large or pelagic prey 
items or was caused by a seasonal shift in foraging by 
adults (chick feathers were grown 20 to 25 d later than 
regrown feathers). In great skuas; Hg levels in chick 
feathers were also positively correlated with 815N, but 
in that study the variations were related to individual 
variation in the fraction of seabirds in the diet rather 
than to spatial variability in Hg contamination (Bear­
hop et al. 2000b). In an arctic marine food web, Hg 
levels were positively correlated with 815N across taxa 
(Atwell et al. 1998), but this also appeared to reflect 
trophic biomagnification rather than spatial variability 
in contamination. 

Values of 813C in southern and regrown feathers 
were not significantly different, but values of 815N 
were lower and much more variable in southern feath­
ers (Table 1, Fig. 2a). These differences could have 
resulted from differences in background levels of 815N, 
differences in diet or both. We have found no pub­
lished information on 815N values in marine food webs 
in the areas of the southwest Atlantic Ocean where our 
birds moult, but 815N values in biota are spatially vari­
able in the tropical South Atlantic off northern Brazil, 
where blooms of nitrogen-fixing cyanobacteria can 
introduce large quantities of isotopically depleted 
nitrogen into the food web (Carpenter et al. 1999). A 
published study of common terns in northeastern 
Argentina indicated that they fed on a wide variety of 
pelagic and inshore fish and terrestrial insects; insects 
were taken in the air, from the shoreline and from estu­
arine waters (Mauco et al. 2001). In the year when that 
study was conducted, insects were taken mainly in 
December, prior to the period when common terns 
moult, but if the birds in our study had consumed ter­
restrial prey in February-March, that could explain the 
low mean value and high variability in 815N in feathers 
grown at that time. 

In southern feathers, there was no significant corre­
lation between values of 813C, 815N or Hg of males and 
females within mated pairs (Fig. 4). This suggests that 
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members of pairs have different diets in winter and 
probably winter in different areas. 

Values of o13C and o15N in muscle tissues of common 
terns breeding at Great Slave Lake, Northwest Territo­
ries, Canada, were -21.8%o ± 0.5 SD and +9.2%o ± 

0.3 SD, respectively, for the post-breeding adult sam­
ple (Hobson et al. 2000). These values are lower and 
much less variable than those in the feathers of our 
coastal common terns (Table 1), even after allowing for 
the small degree of fractionation in o15N expected 
between muscle and feathers (Hobson & Clark 1992b). 
The different mean values presumably indicate that 
the inland birds had reached approximate equilibrium 
with fresh water prey, even though 1 sample was col­
lected within 2 wk of arrival in spring. The low vari­
ability in all samples (comparable to that in our chicks) 
presumably reflects a more restricted diet in Great 
Slave Lake, although there is no direct information on 
terns' diet there. 

Values of o13C in chick feathers were negatively cor­
related with parental age, primarily because of high 
o13C values in chicks of the youngest parents (Fig. 5). 
This suggests that the youngest parents tend to forage 
more inshore than older parents, perhaps because the 
former are less able to compete in foraging flocks over 
schooling fish (Safina et al. 1988). Hg levels tended to 
be higher in regrown feathers of younger adults, which 
is consistent with the same explanation. 

In summary, our data provide an integrative mea­
sure of the feeding behavior of individual common 
terns. In contrast, most previous studies have focused 
on differences among groups rather than among indi­
viduals. Our comparison of feathers grown during the 
winter in the South Atlantic with those grown locally in 
Massachusetts during the breeding season revealed 
significant differences in foraging habitat (inshore vs 
offshore) but not average trophic position of adult 
terns. We found that mated pairs and their chicks 
showed a number of significant correlations and inter­
esting relationships in their isotopic composition and 
Hg content. These patterns reflect subtle differences in 
the diet consumed by individual birds. Our results sug­
gest that terns are exposed to Hg primarily through 
consumption of inshore prey in restricted areas of Buz­
zards Bay and that mated tern pairs have similar diets 
in their summer breeding habitat but not in their 
wintering grounds in the South Atlantic. Our data illus­
trate the value of the regrown feather technique for 
investigating individual and group differences in diets 
and contaminant exposures in migratory birds that 
moult in well-defined areas away from their breeding 
grounds. In addition, our results demonstrate the 
power of stable isotope analyses in revealing individ­
ual differences in foraging habits, diet and contami­
nant exposure in generalist predators. 
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