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ABSTRACT.—Climate change is a global pollution issue with the potential to affect raptor popula-
tions at scales greater than those caused by the last great contaminant threat, DDT. Climate change
effects are already apparent in northern ecosystems, including those where Gyrfalcons (Falco rus-
ticolus) breed. A changing climate may influence contaminant fate and transport, release contam-
inants currently stored in abiotic media such as permafrost soils, and increase natural resource
extraction, transportation, and other human activities in northern systems that were previously
less accessible. Of particular concern for raptors are the potential liberation of sequestered per-
sistent pollutants from melting glaciers and permafrost, increased methylation of mercury in wet-
lands formed by thawing permafrost, and increased deposition of emerging persistent organic
pollutants to polar areas via changes in wind and ocean transport. We found low levels of persist-
ent organic pollutants and metals, including mercury, in eggs and feathers of Gyrfalcons from
western Alaska, reviewed current and historical data on contaminants in Gyrfalcons, their prey,
and their habitats, and hypothesized scenarios whereby contaminants levels that are currently of
low concern could increase and affect Gyrfalcon breeding populations. In particular, switching to
greater proportion of aquatic or higher-trophic level prey from ptarmigan (Lagopus spp.) will
increase concentrations of mercury and persistent organic pollutants in breeding Gyrfalcons, with
potential subsequent effects on populations. Received 28 July 2011, accepted 5 August 2011.
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SIGNIFICANT NEGATIVE EFFECTS on raptor popu-
lations during the last century have resulted
from many human activities, including inten-
tional (e.g., pesticide) and unintentional (e.g.,
industrial byproduct) contaminant releases.
Indeed, the widespread use of dichlorodiphenyl-
trichloroethane (DDT) and other environmen-
tally persistent organochlorine pesticides
resulted in the near-extinction of multiple raptor
species in North America and western Europe.
Global climate change, another significant eco-
logical event linked to anthropogenic release of
chemicals (IPCC 2007) could rival DDT as the
greatest contaminants threat ever faced by rap-
tors at high latitudes.

Most of the observed increase in global aver-
age temperatures since the mid-20th Century is
very likely due to observed increases in anthro-
pogenic greenhouse gas concentrations (IPCC
2007). Global atmospheric concentrations of
carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N2O) have increased markedly
as a result of human activities since 1750 and
now far exceed pre-industrial values, as deter-
mined from ice cores. Global increases in CO2
concentrations are due primarily to fossil fuel
use, with land-use change providing a signifi-
cant but smaller contribution. Increased CH4
concentrations are very likely due to agricul-
ture and fossil fuel use, and increased N2O
concentrations are primarily attributed to agri-
culture (IPCC 2007). 

The mechanism of DDT toxicity to raptors was
relatively direct (eggshell thinning) compared
to the large array of hypothesized exposure and
effect scenarios associated with climate
change. For example, we do not anticipate
direct effects of the industrial pollutants con-
tributing to climate change, such as CO2.
Instead, changes in climate may affect the
mobilization, transport, and availability of
toxic contaminants, particularly persistent
organic pollutants (POPs) and mercury, to
biota including raptors, and cause changes in
food webs that may influence biomagnification
of persistent pollutants. 

Arctic and sub-arctic ecosystems are currently
undergoing a system-wide response to an
altered climatic state (Hinzman et al. 2005)
affecting physical and biological processes.
Projected increases in temperature will
enhance contaminant influxes to aquatic sys-
tems, and increase the susceptibility of aquatic
organisms to contaminant exposure and
effects, resulting in higher contaminant loads
and biomagnification in ecosystems (ACIA
2005). Climate change also has the potential to
alter the primary and secondary release of per-
sistent organic pollutants, alter food webs and
alter exposure of human and wildlife popula-
tions to these contaminants (UNEP/AMAP
2011). Temperature changes fundamentally
influence contaminant fate and transport, since
water solubility and propensity for atmos-
pheric transport of contaminants are mediated
by temperature. In general, under warmer cli-
matic conditions, chemicals will more readily
partition from soil to air, increasing the amount
of atmospheric transport and net transport to
the Arctic (AMAP 2003).

Erosion rates in coastal Alaska and along some
major river systems have increased dramati-
cally in recent years and other sites have expe-
rienced encroachment by surface waters.
These changes threaten release of pollutants
from contaminated sites such as landfills and
drilling mud pits. The containment of contam-
inated sites which depend on permafrost stabil-
ity such as sewage lagoons, dumps, tailings
ponds, and oil-contaminated soils are at risk
from loss of permafrost (AMAP 2003, Mac-
donald et al. 2005). Permafrost loss can also
affect pollutant transport, resulting in a shift
toward dendritic drainage patterns that will
allow more efficient transport of contaminants
into ponds and lakes and possibly re-mobilize
contaminants entrained in tundra soils (Mac-
donald et al. 2005). 

Persistent Organic Pollutants.—Glacial ice
mass is currently shrinking due to climate
warming (Hinzman et al. 2005), which can
release contaminants accumulated over many
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years of deposition (Blais et al. 1998). Glacial
streams contain unusually high proportions of
persistent organic pollutants in solution,
because of the low potential for these com-
pounds to adsorb to suspended sediments in
the glacial stream, which are characterized by
low organic matter content. The prevalence of
organochlorine compounds in the dissolved
phase (rather than being tightly bound to sus-
pended sediments), coupled with the low dis-
solved organic carbon concentrations in the
lake water, indicates a high potential for
bioavailability of these compounds to aquatic
biota (Blais et al. 2001). 

In 2005, Bettinetti et al. (2008) observed a
sharp increase in p’p’-DDT and its metabolites
in Zebra Mussels (Dreissena polymorpha) and
fish from two glacier-fed southern alpine lakes
in Italy. Total DDT (the parent compound plus
metabolites) in Zebra Mussels were more than
150 times higher than 2003 levels, and concen-
trations in pelagic fish exceeded the Italian
safety threshold for human consumption. The
authors concluded that glacial meltwater was
the main cause of the pollution peak observed
in biota of downstream lakes (Bettinetti et al.
2008). Other studies in the Alps have found
chlorinated pesticide concentrations (HCHs
and DDTs) in a glacial stream to be about one
order of magnitude higher than a stream in a
non-glacial catchment (Bizzotto et al. 2009a)
and contaminant concentrations in macroinver-
tebrates from the glacial-fed stream were gen-
erally higher, but more variable, than in the
non-glacial stream (Bizzotto et al. 2009b).
Dated sediment cores from a glacier-fed lake in
Switzerland showed high organochlorine con-
centrations in the 1960s–1970s, when atmos-
pheric inputs were greatest. Concentrations
decreased in the 1980s–1990s, with a sharp
increase in recent years. Current inputs to the
lake are similar to those from the peak air emis-
sion years, with the exception of total DDT and
γ-HCH, which exhibit flux rates that exceed
past inputs by factors of five and two, respec-
tively (Bogdal et al. 2009). Subsequent dated
sediment core sampling in paired catchments

conducted at a similar altitude only 8 km apart,
confirmed these results. Cores from a glaciated
system showed a bimodal concentration pattern
(peak air emissions and recent glacial melt)
while the non-glaciated catchment showed a
single peak during peak air emission periods
(Schmid et al. 2011). Meltwater from glaciers
may contribute high concentrations of pesti-
cides to cold aquatic ecosystems for decades or
centuries (Donald et al. 1999).

Mercury.—Northern peatlands accumulate
organic carbon and contaminants such as mer-
cury, sometimes over thousands of years. Sam-
pling of peat cores from a Swedish mire and
nearby lake sediment cores show that during
past periods of warming (e.g., 1400s to mid-
1500s), lake sediment mercury concentrations
increased due to transport of organic matter
and mercury (Rydberg et al. 2010). Current
thawing of permafrost is again increasing
themokarst erosion, resulting in a wetter mire
and transport of mercury to the lake. Rydberg
et al. (2010) concluded that while these obser-
vations are from a single site, climate-related
erosion of organically rich mires have the
potential to influence mercury levels in other
freshwater ecosystems within the subarctic and
Arctic and mercury dynamics should be stud-
ied in other systems. Similar observations have
been made for lead in subarctic Sweden, with
increased transport of lead to lakes in areas
experiencing permafrost melt, and lesser trans-
port in boreal or birch-forest catchment lakes
(Klaminder et al. 2010). 

If Arctic precipitation increases as predicted,
mean annual river discharge will also
increase—by about 20% for the Yenisei, Lena
and Mackenzie Rivers (Macdonald et al.
2005), causing increased contaminant flux,
particularly of mercury. In the Mackenzie
River system in Canada, Leitch et al. (2007)
found high concentrations of mercury in
marine mammals and other biota in the river
delta and Beaufort Sea were positively corre-
lated with river flow, with increased mercury
concentrations that may in part reflect



increased surface inundation and bank erosion.
Mercury concentrations were also greatest dur-
ing spring freshets and high flow events. For
the period 2003–2005, the mercury flux from
the Mackenzie River to the Beaufort Sea aver-
aged 2.2 tons/yr (and 15 kg/yr of methylmer-
cury), the largest known mercury source to the
Beaufort Sea, and freshet season discharges
accounted for more than 50% of the annual
mercury flux (Leitch et al. 2007). Unfortu-
nately, spring—freshet season—coincides with
a period of high marine biological activity,
which results in increased potential for biota to
be exposed to mercury. Climate-related hydro-
logical changes presumably will also affect
large Russian rivers that carry significant con-
taminant loads and flow to the Arctic Ocean
(e.g., Zhulidov et al. 2000, Carroll et al. 2008). 

The fire data record for Alaska suggests an
increase in large fires in response to recent cli-
mate warming (ACIA 2005). While the record
is insufficient to determine definitively
whether the increase is outside the range of
natural variability, various models predict that
a warming climate will lead to more and
larger fires, and that warmer and wetter sce-
narios will produce more very large fires com-
pared to the warmer and dryer scenarios. The
warmer and dryer climate scenario resulted in
more frequent medium-sized fires, which pre-
vented fuels from building up across the land-
scape and limited the number of large fires
(ACIA 2005). Recent data show a signifi-
cantly increasing trend in total area burned
within Alaska and Canada over the past 30
years, and both fire frequency and severity are
expected to increase in northern boreal forests
with continued climate change (Flannigan et
al. 2009). Of special concern for boreal rap-
tors, Friedli et al. (2009) suggested that
increasing temperatures in boreal regions,
where the largest global soil mercury pool
resides, will exacerbate regional and global
mercury emissions due to more frequent,
larger, and more intense wildfires.

The association of mercury emissions with
wildfires is well studied. For example, Turet-
sky et al. (2006) found that mercury formerly
sequestered in cold, wet peat soils was released
to the environment during fires in Canadian
boreal forests, which presented a growing
threat to aquatic habitats and northern food
chains as the climate warms. Estimates of cir-
cumboreal mercury emissions presented in this
study are 15-fold greater than estimates that
did not account for mercury stored in peat
soils. Boreal areas with greater peatland abun-
dance are correlated with the size of large fire
events (Flannigan et al. 2009). Weidinmeyer
and Friedli (2007) estimated mercury emis-
sions from wildfires in Alaska and the lower
48 States from 2002–2006 to average 44 met-
ric tons per year, roughly equivalent to 30% of
the total mercury emissions permitted by the
US Environmental Protection Agency in 2002.
In 2004, a high fire year, fire-related mercury
emissions in Alaska (32 metric tons) exceeded
the combined total amount from the lower 48
states (23 metric tons) (Weidinmeyer and
Friedli 2007). Both total and methyl mercury
have been found to increase in passive precip-
itation collectors following fires in northern
Minnesota, with post-fire methyl mercury con-
centrations up to 8.75 times higher than the
pre-burn average and even greater deposition
in conifer-dominated areas (Witt et al. 2009). 

These documented and predicted post-fire mer-
cury increases raise concern over potential
impacts to lakes, streams and wetland areas
surrounding wildfires (Witt et al. 2009). Mer-
cury concentrations in fish have been shown to
increase following fires in Alberta, Canada
(Kelly et al. 2006), by increasing mercury
inputs and more importantly by restructuring
food webs through greater productivity and
increasing piscivory, with a 5-fold increase in
whole-body mercury accumulation in Rainbow
Trout (Oncorhynchus mykiss). Collectively,
these studies suggest that fire-related mercury
emissions, with the potential to impact aquatic
biota and those who feed on them, will con-
tinue or increase with a warming climate. 
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Mercury is of particular concern in the Arctic
since numerous studies have shown stable or
increasing temporal trends in biota, including
Gyrfalcons (Falco rusticolus) (Dietz et al.
2006). Macdonald et al. (2005) suggested that
physical factors such as ice cover, permafrost
melting and organic carbon cycling may be
driving these observations, since gaseous mer-
cury concentrations have not shown similar
changes. Mercury dynamics are particularly
complex in the Arctic, as well documented
mercury depletion events associated with the
spring “polar sunrise” result in a pulse of mer-
cury to wetland systems, which foster methy-
lation of mercury, in turn increasing its
bioavailability (Lindberg et al. 2002, Loseto et
al. 2004). Increased temperature, greater
organic loadings and increased lake productiv-
ity may enhance bioaccumulation of
methylmercury through increased methylation
and reduced photodegradation (Hammer-
schmidt et al. 2006). Aquatic food webs in the
Arctic are further susceptible to changes in
mercury inputs because methylmercury bio-
magnifies readily, exhibiting a 1000- to 3000-
fold concentration increase from particulate
organic matter to apex predators in some sys-
tems (AMAP 2003). 

While North American mercury emissions
have declined with time, overall global mer-
cury emissions are projected to rise as more
coal-fired facilities are built in Asia, a region
directly upwind of the Bering Sea, Alaska, and
the Western Arctic. In 2000, the largest emis-
sions of mercury to the global atmosphere
occurred from combustion of fossil fuels,
mainly coal in utility, industrial, and residential
boilers. As much as two-thirds of the total
emission of approximately 2190 tons of mer-
cury emitted from all anthropogenic sources
worldwide in 2000 came from combustion of
fossil fuels (Pacyna et al. 2006). Emissions of
mercury from coal combustion are between
one and two orders of magnitude higher than
emissions from oil combustion, depending on
the country. Asian countries contributed about
54% to the global mercury emissions from

anthropogenic sources in 2000. China had the
highest mercury emissions from anthropogenic
activities, contributing about 28% of the global
emissions of mercury in 2000 (Pacyna et al.
2006). Approximately 45% of the mercury
emissions in China in 1999 came from non-
ferrous metals smelting, 38% from coal com-
bustion, and 17% from miscellaneous
activities, of which battery and fluorescent
lamp production and cement production are
the largest contributors (Streets et al. 2005).

Ecological Shifts.—Climate change is already
affecting, and will continue to affect, contami-
nant fate, transport, and mobility in Arctic and
subarctic systems. However, increased ecosys-
tem loading will not necessarily affect an indi-
vidual species, unless the changes are manifest
within the species’ own ecological niche. The
Hutchinsonian niche, an n-dimensional space
occupied by a species within its ecosystem and
defined by the axes of abiotic and biotic vectors
that influence birth and death rates (Holt 2009),
is a useful construct for evaluating species
response to rapid environmental change (Holt
2009), such as increased pollution. The abiotic
axis of contaminant loadings in the ecosystem
will likely change with increasing Arctic tem-
peratures and other physical factors, but will
climate-change induced alterations in biotic
vectors shift the Gyrfalcon’s realized niche and
result in increased contaminant exposure and
effects for Gyrfalcons? 

For example, aquatic food webs often contain
greater concentrations of contaminants than do
co-located terrestrial food webs, because an
aquatic system can concentrate contaminants
found throughout an entire watershed. Were
Gyrfalcons diet to change to include a much
greater proportion of aquatic species (e.g.,
waterfowl) from their current primary prey
base of terrestrial ptarmigan, we may expect
increased exposure and effects from persistent
contaminants. This would occur with declines
in ptarmigan populations, such as might be
expected with greater human access and hunt-
ing. Also, any diet change that would elevate



trophic status would allow for greater contam-
inant accumulation, such as from herbivorous
to piscivorous prey (e.g., from ptarmigan to
fish-eating waterfowl or seabirds). A third rel-
evant prey base change is the potential to eat
more migratory prey, which themselves are
exposed to greater contaminant loadings by
virtue of spending time in areas of the globe
which have far greater relative inputs from
industrial and agricultural sources. 

Changes in arctic and subarctic food webs are
already occurring, with implications for con-
sumers at higher trophic levels. Some authors
have investigated climate-driven changes in
aquatic productivity, suggesting increased
scavenging of mercury from the water column
by algae or suspended detrital algal matter (the
algal-mercury scavenging hypothesis) (Out-
ridge et al. 2007, Stern et al. 2009), although
the existence of this phenomenon has been
questioned (Kirk et al. 2011). 

Climate-mediated changes in productivity
have in turn been related to increased mercury
concentrations in Daphnia-dominated zoo-
plankton communities (Chételat and Amyot
2009) and Burbot (Lota lota) over a 20+ year
period despite declining atmospheric inputs
(Carrie et al. 2010). Increased primary produc-
tion has also been invoked to explain increased
population size at Northern Fulmar (Fulmarus
glacialis) colonies in the Canadian high arctic
and associated increases in contaminants con-
centrations (Michelutti et al. 2009). 

Productivity may not be the only ecological vari-
able influencing climate-mediated changes in
contaminants uptake. For example, climate-
related changes in timing of sea ice breakup have
been linked to Polar Bear (Ursus maritimus)
dietary variation in western Hudson Bay, Canada
(McKinney et al. 2009). Between 1991 and
2007, an increase in consumption of open-water
seals relative to ice-associated seals (particularly
Bearded Seals Erignathus barbatus) was
inferred by stable isotope and fatty acid analyses.
These dietary shifts have in turn influenced con-

taminants concentrations in Polar Bear adipose
tissue, with an increase in most contaminants
such as PCBs, PBDEs and chlordanes, but a
decrease in DDT (McKinney et al. 2009). 

In general, contaminant concentrations in Gyrfal-
cons have always been relatively low compared
to other raptors, because their main prey, ptarmi-
gan, are terrestrial, resident, and low on the food
chain (herbivorous) (Cade et al. 1971, Walker
1977). Where Gyrfalcons have used alternative
prey—marine, migratory, or trophically elevated
(e.g., insectivorous or piscivorous), their persist-
ent contaminant con cen trations were higher
(Lindberg 1984, Jarman et al. 1994, Ólafsdóttir
et al. 1995, Ólafsdóttir et al. 2001). In this
paper, we used historical and current data on
contaminant concentrations in Gyrfalcons and
life history characteristics (trophic status and
habitat use) to hypothesize climate change-
mediated alterations in the ecological niche of
Gyrfalcons, particularly those nesting in
Alaska, that could result in increased contam-
inant exposure and effects.

METHODS

We collected and analyzed addled eggs,
molted adult feathers, nestling feathers, and
blood, liver and kidney from one dead juve-
nile, and the whole body of one newly
hatched chick, at Gyrfalcon nest sites within
the Yukon Delta National Wildlife Refuge in
southwestern Alaska, 2004–2007, under all
appropriate State and Federal permits. Sam-
ples came from three distinct study areas: the
Askinuk Mountains, the Volcanoes, and the
Kilbuk Mountains (described in McCaffery et
al. 2011, this volume). 

Addled (unhatched) eggs were collected sev-
eral weeks after the expected hatch date or
after siblings had hatched. In the field, eggs
were wrapped in chemically clean foil, placed
in padded containers, and kept cool until con-
tents could be removed under laboratory con-
ditions. Egg contents, and liver and kidney
from one juvenile found dead, were removed
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using chemically clean instruments and placed
in chemically clean jars (I-Chem Series 300),
then stored at –20ºC until overnight shipment
on ice to the analytical laboratory. Whole
blood was collected via brachial venipuncture
and stored frozen in glass tubes with sodium or
lithium heparin additive (Vacutainer or equiv-
alent, Fisher Scientific). Whole breast feathers
were plucked from approximately 25-day-old
nestlings and stored in Longmire’s buffer for
DNA extraction; after extraction, the remain-
der of the sample was sent to the laboratory for
analysis, along with samples of the buffer solu-
tion (in which Hg was not detected). Whole
molted adult feathers were collected at or
directly below nests. 

Feathers and blood were analyzed for total Hg.
Kidney, liver, eggs, and the newly hatched
chick were analyzed for a suite of metals and
metalloids (trace elements), including Al, As,
B, Ba, Cd, Cr, Cu, Fe, Hg, Mg, Mn, Mo, Ni,
Pb, Se, Sr, V, and Zn. Liver and eggs were ana-
lyzed for persistent organic pollutants, mostly
organochlorine pesticides and metabolites
(aldrin; alpha, beta, delta, gamma, and total
BHC; alpha and gamma chlordane; cis- and
trans-nonachlor; total DDT and seven metabo-
lites; dieldrin, endosulfan I, II, and sulfate;
endrin; heptachlor and heptachlor epoxide;
mirex; and toxaphene), and total and congener-
specific polychlorinated biphenyls (PCBs).
One egg was analyzed for total and congener-
specific brominated diphenyl ethers (BDEs). 

Mercury analyses on blood and feathers were
done at Alpha Woods Hole Labs and Research
Triangle Institute, Research Triangle Park, NC.
Briefly, feather samples were homogenized
using a food processor. A portion of the sam-
ples was freeze dried for determination of
moisture content and ground to 100 mesh with
a mill. In a microwave oven, 0.25–0.5 g of
freeze-dried sample was heated in a capped 120
ml Teflon vessel in the presence of 5 ml nitric
acid (Baker Instr-Analyzed) for three minutes
at 120 watts, three minutes at 300 watts, and
fifteen minutes at 450 watts. The residue was

then diluted to 50 ml with laboratory pure
water. Approximately 0.25 g of samples was
introduced into a Milestone DMA-80 Mercury
Analyzer. The sample was dried and chemi-
cally decomposed at 750ºC under an oxygen
atmosphere, liberating any mercury in the sam-
ples. The mercury vapor was collected selec-
tively on a gold amalgam surface. The
amalgamator was rapidly heated to 800ºC and
the oxygen flow carried the mercury vapor
through an absorption cell where the Hg
absorbance (as a function of Hg concentration)
was measured at 253.7 nm. Other samples were
analyzed using cold vapor atomic fluorescence
spectroscopy, where tissue samples were
homogenized, and approximately 1 g was
digested by hot plate in aqua regia. An aliquot
of the digestate was prepared with HCl/BrCl
and hydroxylamine hydrochloride solution.
Mercury in the digested sample was reduced to
elemental mercury, aerated from solution, and
introduced into the spectrophotometer. The
emission was measured and compared to a
multi-level initial calibration for quantification.

Metal analyses were done at Alpha Woods
Hole Labs, Woods Hole, MA by inductively
coupled plasma-mass spectroscopy. Solid sam-
ples (approximately 1 g) were digested by hot
plate or microwave according to EPA Method
3050 (hot plate) or EPA Method 3051
(microwave). An aliquot of digestate was neb-
ulized into a spray chamber where a stream of
argon carried the sample aerosol through a
quartz torch and injected into the radio fre-
quency inductively coupled plasma. The ions
produced in the plasma were introduced to the
mass spectrometer for quantification against a
multi-level initial calibration.

Organic analyses were done at Geochemical
and Environmental Research Group, Texas
A&M University, College Station, TX, and
TDI Brooks International, College Station,
TX. Tissue samples were extracted by the
NOAA Status and Trends Method (MacLeod
et al. 1985) with minor revisions (Brooks et al.
1989, Wade et al. 1988). Samples were



homogenized with a Tissumizer (Teledyne
Tekmar, Mason, OH). A 1 to 10-g sample (wet
weight) was extracted by adding surrogate
standards, Na2SO4, and methylene chloride in
a centrifuge tube. The tissue extracts were
purified by silica/alumina column chromatog-
raphy to isolate the aliphatic and the PAH/pes-
ticide/PCB fractions. The PAH/pesticide/PCB
fraction was further purified by high-perfor-
mance liquid chromatography (HPLC) to
remove interfering lipids. The quantitative
analyses were performed by capillary gas chro-
matography (CGC) with an electron capture
detector for pesticides and PCBs, with confir-
mation and co-eluents (including Endosulfan 1
and PCB congeners 114 and 157) analyzed by
CGC with a mass spectrometer detector in the
SIM mode. Quantification was based on the
primary ion, and two additional masses for
each analyte were also monitored for verifica-
tion of the peak identification. The masses
were based on EPA protocols such as EPA 680
for PCBs and 8270c for pesticides. 

Descriptive statistics were calculated for com-
monly detected and toxic contaminants in Arc-
tic-breeding raptors (e.g., Ambrose et al. 2000)
including mercury (Hg), cadmium (Cd), lead
(Pb), DDT and metabolites, and PCBs. We
report arithmetic means and standard deviation,
calculated with any data less than the limit of
detection (< LOD) substituted with 0.5 x the
LOD (since a small number of such substitu-
tions are unlikely to affect estimation of sum-
mary statistics; Gibbons 1994). The unit of
analysis was the nest, such that data from eggs
or nestlings from the same nest were pooled
prior to statistical analysis, since persistent con-
taminant concentrations are often correlated in
raptor eggs or nestlings from the same nest. In
general, because of low detection rates and low
sample sizes, these data were not amenable to
statistical analyses, although we were able to
compare Hg concentrations in adult and
nestling feathers using ANOVA, with alpha =
0.05. All summary statistics and statistical
analyses were done using SYSTAT 13 (Systat
Software, Inc., Chicago, IL).

RESULTS

We analyzed nestling feather samples from
nine separate nests; molted adult feathers from
eight separate nests; 21 nestling blood samples
from 17 nests (four nests were sampled twice
in two years); organs from one juvenile; eggs
from three separate nests; and one newly
hatched nestling. 

Comparison of total Hg in our samples to con-
centrations of concern for birds showed that all
total Hg concentrations were below published
toxic thresholds (Table 1). However, adult
feathers had significantly greater Hg concen-
trations than did nestling feathers (mean + SD
of 0.41 (+ 0.21) and 0.13 (+ 0.08), respec-
tively; p = 0.002). Blood and feather samples
were numerous enough to compare among
breeding areas; mean Hg values from the Ask-
inuk Mountains study area were greater than
those from the Volcanoes and Kilbuk study
area (Figure 1). 

Cadmium was analyzed and not detected in
eggs (n=3, LOD 0.22 mg/kg dw) or in the
newly hatched chick (LOD 0.13 mg/kg dw),
and was detected at low levels in the kidney
(0.49 mg/kg ww) and liver (0.28 mg/kg ww).
Toxic effects for hepatic, renal, or testicular
toxicity in avian species were estimated to
begin at 45 mg/kg in liver, and a 50% proba-
bility of toxicity at 66 mg/kg in kidney (Way-
land and Scheuhammer 2011). Lead was not
detected in eggs, liver, or kidney (LOD 0.03,
0.03, and 0.02 mg/kg ww, respectively). 

When persistent organic pollutants were
detected in eggs, concentrations were generally
low (Table 2). The most commonly detected
DDT metabolite, and one that is largely respon-
sible for eggshell thinning—p,p’-DDE —and
total PCBs were each an order of magnitude
below concentrations that had adverse effects
on productivity of wild birds (Blus 2011, Harris
and Elliot 2011). There were no BDEs detected
in the one egg in which they were analyzed
(total BDE limit of detection 0.046 mg/kg ww).
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Figure 1. Mean mercury
concentrations in Gyrfalcon
samples (a. in nestling whole
blood and b. feathers) from
three breeding areas in
southwestern Alaska, USA,
2005–07. All three breeding
areas were located within the
Yukon Delta National Wildlife
Refuge, but Gyrfalcons in the
Askinuk Mountains study area
consumed a greater proportion
of waterfowl in their diet
compared to Gyrfalcons in the
Volcanoes and Kilbuck
Mountains breeding areas.

Table 1. Mean (+ SD) or actual total mercury (Hg) concentrations (mg/kg, dry weight except where
noted) in Gyrfalcons (Falco rusticolus) from Alaska, USA, 2004–07, compared to avian concentrations
of concern. 

Sample Type Hg (mg/kg) Concentration of Concern, Effects

Nestling feathers (n=9) 0.13 (+ 0.08) > 1–5 mg/kg, various effects, including 
description as “background”1–3

Adult feathers (n=8) 0.41 (+ 0.21) 40.0 ug/g, flight feather asymmetry4

Nestling whole blood (n=21) 0.038 (+ 0.041)5 3.0 ug/g in adults, reproductive failure4

Egg (n=3) 0.16, 0.15, <0.10 0.6 mg/kg, adverse effects in 95% of avian 
species6

Juvenile (n=1)
Liver 0.235 18.4–127 mg/kg ww, death6

Kidney 0.175 76 mg/kg ww, death6

Nestling, newly hatched (n=1) 0.28 0.6 mg/kg, adverse effects in 95% of avian 
species6

1Scheuhammer 1991.
2Berg et al. 1996.
3Lindberg 1984.
4Evers et al. 2008.
5Wet weight; percent moisture not available due to small sample volume.
6Shore et al. 2011.



DISCUSSION

Persistent contaminant loadings in Gyrfalcon
samples from southwestern Alaska were rela-
tively low. Because nestling feather samples
were not collected according to standard pro-
tocol (i.e., they were stored in buffer rather
than stored dry), nestling feather data on Hg
should not be considered definitive. However,
the low concentrations are mirrored in all other
samples, including adult feathers, nestling
blood, and eggs, so our overall conclusion of
low Hg concentrations in Gyrfalcons breeding
in southwestern Alaska is supported. 

Hg concentrations and concentrations of other
persistent contaminants in Gyrfalcons from
Alaska were lower than those reported in
Peregrine Falcons (Falco peregrinus) breed-
ing in Alaska. For example, Hg concentrations
in addled Peregrine eggs averaged 1.5–2.0
µg/kg dry weight (Ambrose et al. 2000), a
conclusion consistent with Cade et al. (1971).
Peregrines also had greater concentrations of
persistent contaminants compared to Gyrfal-
cons in West Greenland (Jarman et al. 1994)
and Sweden (Lindberg 1984), because Pere-
grines consume more aquatic, migratory, and
non-herbivorous prey. 

As expected, adult Gyrfalcons had greater con-
centrations of mercury in feathers than did
nestlings, because mercury accumulates within
individuals over time. The same difference in
Hg concentrations between adult and nestling
Gyrfalcons was documented in Gyrfalcons
nesting in Sweden in 1972–77 by Lindberg
(1984). 

The three southwest Alaska study areas, which
are located within approximately 200 miles of
each other, nevertheless differ in proportion of
prey (McCaffery et al. 2011, this volume). In
the Askinuk Mountains, which had greater
mercury concentrations in nestling blood – a
site-specific indicator – Gyrfalcons consume
proportionally more migratory birds such as
waterfowl compared to the other study areas.
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Table 2. Arithmetic mean (+ SD) concentrations
(mg/kg wet weight) of organic contaminants
detected in three Gyrfalcon (Falco rusticolus)
eggs from Alaska, 2005–2007. 

Analyte Mean (SD)

beta BHC 0.013 (0.014)

HCB 0.016 (0.018)

heptachlor epoxide 0.003 (0.003)

Mirex 0.004 (0.004)

Oxychlordane 0.008 (0.009)

p,p’-DDE 0.040 (0.042)

Total PCBs 0.211 (0.184)
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In the Volcanoes breeding area, Gyrfalcons eat
almost exclusively ptarmigan, and Kilbuck
Mountain-nesting Gyrfalcons eat primarily
ptarmigan and ground squirrels (McCaffery et
al. 2011, this volume). These differences,
observed within relatively close breeding
areas, emphasize the importance of diet in pre-
dicting, evaluating, or mitigating contaminant
exposure and effects in Gyrfalcons. 

For example, Lindberg (1984) found that Hg
concentrations were greater in Swedish Gyr-
falcon nestlings that were fed even a small
amount of aquatic prey such as waterfowl and
shorebirds, compared to those eating mostly
ptarmigan (Lagopus spp.). Even a 10% change
(biomass-based) from Tetraonidae to Anatidae,
Charadriidae, Solopacidae, or Laridae prey
species resulted in an order of magnitude
increase in Hg concentrations (from 0.03 to 1.2
mean feather Hg/nest (n=2 nests, with two
nestlings in each nest). Of nine prey species
analyzed for pectoral muscle Hg concentra-
tions, Lagopus spp. had undetectable concen-
trations, while Common Greenshanks (Tringa
nebularia), somewhat piscivorous waders, had
mean pectoral muscle Hg concentrations of
0.44 ug/kg dw) (Lindberg 1984). 

In Iceland, where Gyrfalcons had greater con-
centrations of persistent organic pollutants
(Ólafsdóttir et al. 1995), even though eating
primarily ptarmigan (Nielsen and Cade 1990),
Ólafsdóttir et al. (2001) analyzed prey species
and found PCBs and DDTs in increasing con-
centrations from resident terrestrial species
(Rock Ptarmigan Lagopus muta), to resident
freshwater (Mallard Anas platyrhynchos), to
migratory freshwater (Tufted Duck Aythya
fuligula and Golden Plover Pluvialis apri-
caria), to migratory coastal (Purple Sandpiper
Calidris maritima) to resident marine species
(Black Guillemot Cepphus grylle). They con-
cluded that Icelandic Gyrfalcons received most
of their persistent organochlorine burdens from
marine and migratory prey.

These examples, along with our data, support
the basic ecotoxicological argument that Gyr-
falcons preying primarily on resident terrestrial
ptarmigan have relatively low and non-toxic
body burdens of persistent contaminants. A
small change in diet, however, can result in
much higher concentrations, particularly of
mercury, as demonstrated by Lindberg (1984).

Persistent organochlorine contaminants have
declined in Arctic-nesting birds of prey and
have been banned from use. Mercury, how-
ever, has in some cases increased (Ambrose et
al. 2000, Dietz et al. 2006). Therefore, to the
extent that climate change results in changes in
Gyrfalcon diet, particularly to aquatic or
migratory prey, we may expect that Gyrfalcon
contaminant loadings will also increase. We
also expect to see increases in mercury and
persistent contaminants in Icelandic Gyrfal-
cons, which already prey on seabirds, as pollu-
tant transport to the Arctic is increased.
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