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Abstract. Ten-day-old mallards (Anas platyrhynchos) and
northern bobwhite quail (Colinus virginianus) were fed per-
fluorooctanesulfonate (PFOS) in their diet for 5 days. The
birds were then observed for 3 days while being given
uncontaminated feed, and half of the birds were sacrificed on
Day 8 of the trial. The remaining birds were maintained for an
additional two weeks prior to being euthanized on Day 22 of
the trial. Birds were assessed for growth, rate of feed con-
sumption, behavior, physical injury, mortality, and gross
abnormalities. Liver weight and concentrations of PFOS in
blood serum and liver were also assessed. Based on the
average daily intake (ADI) of PFOS calculated over the 5-day
exposure period, the LD50 for juvenile mallards was deter-
mined to be 150 mg PFOS/kg body weight (bw)/day, equiv-
alent to a total cumulative dose of 750 mg PFOS/kg bw
calculated over a 5-day period. For juvenile quail, the LD50
based on the ADI was 61 mg PFOS/kg bw/day, equivalent to a
total cumulative dose of 305 mg PFOS/kg bw. Reductions in
weight gain and body weight were observed in quail from the
141 mg PFOS/kg treatment, but these measures returned to
control levels by Day 22. The no-mortality dietary treatments
were 70.3 and 141 mg PFOS/kg feed for quail and mallards,
respectively. Both mallards and quail accumulated PFOS in
blood serum and liver in a dose-dependent manner. The half-
lives of PFOS in mallard blood serum and liver were estimated
to be 6.86 and 17.5 days, respectively. In quail, the half-life of
PFOS in liver was estimated to be 12.8 days, while the half-life
of PFOS in quail blood serum could not be estimated. Con-
centrations of PFOS in juvenile mallard and quail liver asso-
ciated with mortality are at least 50-fold greater than the single
maximum PFOS concentration that has been measured in
livers of avian wildlife.

Perfluorinated alkyl acids (PFAAs) are synthetic, fully
fluorinated, straight chain, or branched fatty acid analogues
with terminal sulfonate or carboxylate groups, which can
result from degradation of materials containing amine,
amide, or alcohol groups (Giesy and Kannan 2001; Kissa
2001). One PFAA of particular interest is perfluorooc-
tanesulfonate (PFOS). PFOS is a fluorine-saturated, eight-
carbon acid with a terminal sulfonate that has been found to
be resistant to hydrolysis, photolysis, microbial degradation,
and metabolism by animals (Giesy and Kannan 2002). PFOS
has unique properties such that it is both oleophobic and
hydrophobic, and, as a result, does not mix well with either
water or oil. PFOS or its precursors have been used in
numerous products and applications including stain-resistant
coatings for fabrics and carpet, oil-resistant coatings for
paper products, fire-fighting foams, mining and oil well
surfactants, floor polishes, and insecticide formulations (Gi-
esy and Kannan 2002). PFOS and related compounds that
can degrade to PFOS have been released into the environ-
ment from product manufacturing processes, supply chains,
product use, and disposal.
In global monitoring studies, PFOS and related chemicals

have been observed in both human and wildlife populations
(Giesy and Kannan 2001; Kannan et al. 2002a, 2004; Inoue
et al. 2004; Olsen et al. 2003, 2004). In samples collected from
remote oceanic locations, the blood sera of Laysan and Black-
footed albatrosses contained 3–26 ng PFOS/ml (Kannan et al.
2001). PFOS concentrations in the blood of cormorants and
herring gulls taken from the North American Great Lakes were
approximately 10-fold greater than those found in albatrosses
collected from Midway Atoll. In juvenile bald eagles from the
Midwestern United States, blood plasma contained PFOS
concentrations up to 2570 ng PFOS/ml, while detectable PFOS
concentrations greater than 100 ng PFOS/ml have been found
in other fish-eating birds, such as the common loon and brown
pelican (Kannan et al. 2001). Overall, the results of these
studies show that the presence of PFOS in wildlife is wide-
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industrialized regions tend to be greater than those measured in
wildlife from remote areas, but overall the concentrations tend
to be low compared to other compounds such as polychlori-
nated biphenyls (PCBs), dioxins, or DDT. Predatory animals
such as polar bears, mink, and eagles tend to contain greater
concentrations of PFOS than other wildlife (Martin et al.
2004), although at generally low concentrations except in in-
stances of potential localized sources.
The toxicity of PFOS to mammals has been investigated in

rats, mice, rabbits, and monkeys (3M 2003; Case et al. 2001;
Lau et al. 2003, 2004; Seacat et al. 2002, 2003; Thibodeaux
et al. 2003). Exposure to PFOS has resulted in reduced body
weight, hepatocellular hypertrophy, and a decrease in serum
cholesterol and triglycerides in rats (Seacat et al. 2002, 2003).
In an oral gavage two-generation study, the no observed ad-
verse effect level (NOAEL) and lowest observed adverse ef-
fect level (LOAEL) based on alteration in body weight gain
and feed consumption of adult rats were 0.1 and 0.4 mg PFOS/
kg bw/day, respectively (Christian et al. 1999). The repro-
ductive NOAEL based on pup viability and growth was 0.4 mg
PFOS/kg bw/day, while exposure of dams to 1.6 mg PFOS/kg
bw/day resulted in statistically significant pup mortality. In
addition, exposure of pregnant rats and mice to PFOS resulted
in significant physiologic alterations including maternal,
developmental, and postnatal toxicities (Lau et al. 2003;
Thibodeaux et al. 2003). While the mode of action of PFOS is
still under investigation, it has been suggested to interfere with
mitochondrial bioenergetics, gap junctional intercellular
communication, and fatty acid protein binding in the liver
(Berthiaume and Wallace 2002; Hu et al. 2002; Luebker et al.
2002; Sohlenius et al. 1993; Starkov and Wallace 2002;
Shipley et al. 2004).
To conduct ecological risk assessments, information is

needed on the effects of both acute exposures and chronic
exposures in birds. We have evaluated the acute and chronic
effects of PFOS on two avian species, the mallard (Anas
platyrhynchos) and the northern bobwhite quail (Colinus vir-
ginianus). The chronic effects on survival, growth, reproduc-
tion, and changes in histology are reported elsewhere
(Newsted et al. 2005). Here we report the short-term accu-
mulation kinetics, disposition, and acute lethality of PFOS to
quail and mallards. This information is necessary to assess the
potential effects of short-term exposures. In addition, we have
examined the rates of clearance and recovery so that a com-
plete assessment of such acute exposures can be made.

Materials and Methods

Test Material

A production lot of potassium perfluorooctanesulfonate (PFOS) was
obtained from 3M Company, Specialty Materials Manufacturing
Division (St. Paul, MN). The white powder was identified as FC-95
(Lot No. 217). Purity was determined to be 86.9% by liquid chro-
matography/mass spectrometry and other elemental analysis
techniques. All PFOS concentrations in the feed and standards were
adjusted to reflect purity.

Quail and Ducks

Fertilized mallard and northern bobwhite quail eggs were obtained
from Whistling Wings, Inc. (Hanover, IL) and Wildlife Interna-
tional Ltd. (Easton, MD), respectively. Individuals from each spe-
cies were from the same hatch and were phenotypically
indistinguishable from wild mallards or bobwhites. Once hatched,
individuals from both species were acclimated to the holding
facilities. Throughout the acclimation, exposure, and recovery
phases of the study, birds were fed a game bird diet formulated to
Wildlife International, Ltd. specifications (Gallagher et al. 2004a).
Feed specifications included a minimum of 27% protein and 2.5%
crude fat, a maximum of 5% crude fat, and a vitamin mix. To
ensure the health of the birds, all housing and husbandry practices
were conducted as established by the National Research Council
(NRC 1996).
Following acclimation, 10-day-old bobwhite chicks and mallard

ducklings were sorted by weight and randomly assigned from each
weight class to either the control (30 birds) or treatment (10 birds/
treatment) group. The groups were housed in brooding pens con-
taining five birds each. Bobwhite quail chick pens (72 cm · 90 cm ·
23 cm) were located in a thermostatically controlled room having a
mean (€ SD) daily temperature and relative humidity of 27.3oC (€
1.2oC) and 31% (€ 14%), respectively. Mallard duckling pens (62 cm
· 90 cm · 25.5 cm) were located in a room with mean (€ SD) daily
temperature and relative humidity of 25.2�C (€ 0.7oC) and
53% (€ 18%), respectively. Each group of birds was identifiable by
pen number and test concentration and leg bands identified individual
birds. A 16-h light and 8-h dark photoperiod was maintained for both
acclimation and test phases. Both water and feed were provided ad
libitum during acclimation and test phases.

Dietary Dosing

Each dose was prepared independently by mixing PFOS as a solid
directly into the ration in a Hobart mixer (Model no. AS200T). Target
nominal diet concentrations for mallards were 8.7, 17.6, 35.1, 70.3,
141, 281, 562, and 1125 mg PFOS/kg feed. For quail, nominal con-
centrations were 17.6, 35.1, 70.3, 141, 281, 562, and 1125 mg PFOS/
kg feed. To evaluate homogeneity, stability, and verification of
nominal concentration, dose preparations were extracted using a
methanol extraction method and analyzed by high-pressure liquid
chromatography/mass spectrometry (HPLC/MS) (Gallagher et al.
2004a, b). The limit of quantitation (LOQ) for these analyses was set
at 1.15 parts per million (ppm, mg/kg feed). Dose preparations were
found to be homogeneous, stable, and on average all dose mixtures for
each dose group were found to be within 10% of the nominal dose
(data not shown).

Analytical Monitoring

Analysis of PFOS concentrations in serum and liver was by HPLC-
MS/MS according to published methods (Hansen et al. 2001).
Quantitation of PFOS was based on comparisons of a single ion peak
area to the response of a standard curve with midlevel calibration
checks. Due to small amounts of sera and liver available for some
birds, standard curves were prepared in methanol instead of the spe-
cific matrix. Additionally, when serum samples were too small, rabbit
serum was used as a surrogate for matrix spikes. The results from
these analyses were considered quantitative to € 30% based on the
precision and accuracy of the standard curves.
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Procedures

Ten-day-old juvenile mallards and quail were fed the appropriate
PFOS-treated or control feed for five days. Following the exposure
period, all groups were given untreated basal diet for three days. On
Day 8, one-half of the treatment and control birds were euthanized
and tissue, liver, and blood samples were collected for analysis. The
remaining birds were fed basal ration until Day 22 when the surviving
birds were euthanized. Birds were observed daily for abnormal
behavior, physical injury, or mortality. Body weights were measured
at test initiation and on Days 5 and 8 for all birds, and the remaining
birds were also weighed at Days 15 and 22. Feed consumption was
measured as the difference in the amount of feed given to each pen at
the start and end of each study phase. The amount of the feed wasted
by the birds was not measured; therefore, the measured feed con-
sumption values are presented as an estimate of total feed consump-
tion. All birds that died during the test were subjected to gross
necropsy. In addition, liver weight and tissue, as well as blood, were
collected from birds euthanized on Days 8 and 22 and, when possible,
from birds that died during the study.

Statistics

LC50 and LD50 (the concentration or dose that results in 50% mor-
tality of a population for a given exposure time) and LT50 (the
exposure time that results in 50% mortality of a population for a given
dose) values were calculated by Probit analysis using the Statistical
Analysis System (SAS 1999). For LC50s, values were based on PFOS
feed concentrations (mg PFOS/kg feed), while LD50s were based on
ADI (mg PFOS/kg bw/d). The sample units for statistical analyses
were the individual pens within each treatment group for feed con-
sumption, while for body and liver weight, the sample unit was the
individual bird. Body weight and feed consumption data were ana-
lyzed by Dunnett�s test using TOXSTAT software (Gulley 1990).
Average Daily Intake (ADI) of PFOS for each treatment group was
estimated on a pen basis. Feed consumption and bird body weight data
were averaged over the duration of the exposure period and the ADI
was calculated as follows:

ADI ¼ Average Feed Consumption
Average Body Weight

�Feed Concentration ð1Þ

where: ADI is in units of mg PFOS/kg body weight/day, feed con-
sumption is in g feed/bird/day, body weight is in g/bird, and feed
concentration is in mg PFOS/kg feed.

Results

Dietary PFOS Characterization

PFOS concentrations measured in feed samples collected
during the study ranged from 92 to 119% of nominal values.
Mean PFOS concentrations in the feed were 9.41, 18.7, 38.6,
71.5, 167, 279, 516, and 1148 mg PFOS/kg feed for nominal
test concentrations of 8.7, 17.6, 35.1, 70.3, 141, 281, 562, and
1125 mg PFOS/kg feed, respectively. Analyses of the control
feeds did not indicate the presence of PFOS or other co-eluting
compounds. For mallards, the estimated ADI values associated
with the nominal exposures were 2.71, 5.74, 12.0, 61.3, 74.2,

149, and 229 mg PFOS/kg bw/day. For quail, estimated ADI
values associated with the nominal exposures were 4.83, 8.52,
23.8, 44.7, 76.4, 193, and 225 mg PFOS/kg bw/day.

Toxicity to Mallard

In the acute dietary study, treatment-related mortalities were
observed in juvenile mallards from the 281, 562, and 1125 mg
PFOS/kg feed treatments starting at Days 7, 5, and 4 of dosing,
respectively (Figure 1). Overt signs of toxicity in mallards
from the 281, 562. and 1125 mg PFOS/kg feed treatment were
observed starting at Days 4, 3, and 2 of dosing, respectively.
Signs of toxicity included ruffled appearance, reduced reaction
to stimuli, lethargy, loss of coordination, prostrate posture,
convulsions, and lower limb weakness. After Day 8, no further
mortality was observed in the study. Mortality and signs of
toxicity were not observed at doses of 141 mg PFOS/kg feed or
below at any phase in the study.
LC50 and LT50 values were a function of cumulative dose

(concentration and duration). The dietary, 8-day LC50 was 603
mg PFOS/kg feed with a 95% confidence interval of 431–938
mg PFOS/kg (Table 1). The 8-day LD50 based on average daily
intake (ADI) was 150 mg PFOS/kg bw/day with a 95% confi-
dence interval of 117–201 mg PFOS/kg bw/day. This represents
a cumulative dose over five days of 750 mg PFOS/kg bw. The
least LT50, estimated from the 1125 mg PFOS/kg dietary group
data, was 4.97 days. This result agreed with the data from the
1125mg PFOS/kg dietary groupwhere the cumulativemortality
was 20% and 90% at Day 4 and Day 7, respectively.
PFOS treatment-related effects on body weight and body

weight gain of juvenile mallards were observed throughout the
study (Table 2). At Day 22, statistically significant reductions
in total body weight (p < 0.05) were observed in birds exposed
to dietary concentrations of 141 mg PFOS/kg feed or greater
when compared to controls. On Day 5, statistically significant
effects on body weight change were noted among mallards
exposed to dietary concentrations of 70.3 mg PFOS/kg feed or
greater (p < 0.05). However, by Day 22 no treatment-related
effects on body weight gain were observed in mallards ex-
posed to PFOS in the feed at any treatment level. When
compared to controls, there was a statistically significant re-
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Fig. 1. Survival of juvenile mallards exposed to the three greatest
doses of PFOS in the diet
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duction in feed consumption in mallards from 281 mg/PFOS
kg feed or greater dietary treatments through Day 8 of the
study (Table 3). This reduction in feed consumption was ob-
served through Day 15 but returned to approximately 80% of
control levels by Day 22.
Necropsy results for mallards that survived to Days 8 and 22

were unremarkable when compared to control birds. However,
for mallards that died during the study necropsy, findings in-
cluded thin condition, loss of muscle mass, altered spleen
color, empty crops, and empty gastrointestinal tracts. These
findings were considered to be treatment-related.

Mallard Tissue PFOS Analyses

Samples of liver and serum collected from surviving mal-
lards on Days 8 and 22 indicate that PFOS was retained in
the exposed mallards following the exposure period (Fig-
ure 2). The average ratio of PFOS concentrations in the
blood serum to that in the liver was 1.7 on Day 8 and 1.6 on
Day 22. There were no significant differences in the serum-
to-liver ratio between male and female mallards. Liver
samples collected from birds that died during the study
indicated a potential relationship between PFOS concentra-
tions and mortality (Table 4). In these samples, mallard
mortality was associated with liver PFOS concentrations that

exceeded 119 lg PFOS/g wet weight (ww). In contrast, the
Day 8 average liver concentration associated with the no
mortality treatment (141 mg PFOS/kg feed) was 38.8 lg
PFOS/g ww. However, because some birds were sampled on
Day 8 (3 days after the end of dosing) and others were
sampled when they died prior to Day 8, the comparison
could be affected by time of sampling and possible elimi-
nation of PFOS during the nondosing period.
Postexposure, PFOS concentrations in liver and serum de-

creased throughout the recovery period. This decrease was
most likely due to two factors, growth dilution and excretion
(Wagner 1979). Assuming the biological mechanism for
elimination was the same at lower body burden levels, a simple
one-compartment model was employed to estimate the loss of
PFOS from liver due to depuration from the mallards (Equa-
tion 2). The following model evaluates the rate of loss of PFOS
from liver:

CA ¼ C0 � exp�k2t ð2Þ

where: CA is the concentration at time (t) during elimination
phase, C0 is the concentration at the onset of elimination (lg
PFOS/g ww), k2 is the overall elimination rate constant
(day)1), and t is time (day).
Using the measured liver or serum PFOS concentrations and
growth rates estimated from postexposure body weights,

Table 2. Average body weight and body weight change (g) of juvenile mallards exposed to PFOS in the diet

Body weight (g)a Body weight change (g)

Treatment (ppm) Day 0 Day 5 Day 8 Day 15 Day 22 0–5 5–8 8–15 D 8–22

Control 135 € 24 279 € 42 380 € 30 640 € 56 823 € 49 144 € 22 101 € 16 230 € 47 413 € 42
8.7 119 € 14 226* € 36 317* € 66 575 € 32 773 € 38 108* € 23 91 € 33 230 € 20 427 € 34
17.6 146 € 14 277 € 26 377 € 32 625 € 42 811 € 81 131 € 18 100 € 11 241 € 22 427 € 62
35.1 147 € 16 275 € 32 375 € 37 620 € 44 828 € 73 128 € 22 100 € 12 243 € 40 451 € 71
70.3 143 € 30 260 € 55 343 € 90 579 € 97 782 € 135 117 € 33 82 € 42 216 € 21 418 € 56
141 143 € 19 242 € 37 331 € 48 564 € 56 688* € 86 100* € 21 89 € 16 232 € 22 356 € 106
281 129 € 17 161* € 28 220* € 55 467* € 51 701* € 41 32* € 33 57 € 44 256 € 35 490 € 54
562 144 € 23 137* € 27 175* € 34 394* € 82 613* € 91 )6* € 26 36 € 41 221 € 37 439 € 47
1125 147 € 25 112* € 28 185b 373b 634b )37* € 13 31b 198b 449b

a Body weight and body weight change are reported as means and standard deviations. Body weight gain is reported as the difference between
body weights measured on the indicated days and are based on individual bird measurements.
b Since n = 1, data could not be evaluated statistically.
* Statistically different from control group at p < 0.05 (Dunnett�s t-test).

Table 1. Estimates of lethal concentration (LC50) and lethal time (LT50) of a population of juvenile mallards in a dietary acute toxicity study with
PFOS

Effect metric Day LC50 (ppm) 95% CI Slope

LC50 5 1002 743–2039 5.244
6 799 595–1126 5.832
8 603 431–938 3.655

Nominal dose LT50 (d) 95% CI Slope

LT50 281 ppm 9.23 na 12.39
562 ppm 9.18 7.38–55.5 5.433
1125 ppm 4.97 4.32–5.55 8.403

All statistical measures estimated by Probit analysis (SAS/STAT:PROC PROBIT). na: not applicable. No confidence interval was calculated.
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elimination rate constants were estimated for the 8.7, 17.6,
35.1, 70.3, and 141 mg PFOS/kg feed treatments. The average
elimination rate constant (k2) from liver was 0.0397 day-1 with
an estimated half-life of approximately 17.5 days. Concen-
trations of PFOS in the blood serum decreased in a similar
manner as that observed for liver PFOS concentrations. For
these data, the average elimination rate constant (k2) for PFOS
from serum was 0.101 day-1, with an estimated half-life of 6.86
days.

Toxicity to Quail

No treatment-related mortalities or overt signs of toxicity
were observed in juvenile quail that were exposed to con-
centrations less than or equal to 70.3 mg PFOS/kg feed
(Figure 3). In the 141 mg PFOS/kg treatment group, a single
treatment-related mortality was noted at Day 7 while two
other quail displayed clinical signs of toxicity (wing droop).
In the 281, 562, or 1125 mg PFOS/kg feed treatments,
mortality was first observed at Days 5, 3, and 3 of dosing,
respectively. Signs of toxicity observed prior to death in-
cluded ruffled appearance, reduced reaction to stimuli (sound
and motion), lethargy, wing droop, loss of coordination,
lower limb weakness, and convulsions. However, after Day 9
all surviving quail from the PFOS treatment groups had
recovered and their appearance and behavior returned to
normal. The dietary Day 8 LC50 was 212 mg PFOS/kg feed
with a 95% confidence interval of 158–278 mg PFOS/kg
(Table 5). The LD50 based on the ADI was 61 mg PFOS/kg
bw/day with a 95% confidence interval of 48–77 mg PFOS/
kg bw/day. This represents a cumulative dose over five days
of 305 mg PFOS/kg bw. The LT50 that was estimated from
the 1125 mg PFOS/kg dietary treatment data was 3.06 days.
This result agreed with cumulative mortality data where 30%
mortality was observed at Day 3 and 100% mortality was
observed at Day 4 at this dose (Figure 3).
When compared to controls, there were no apparent

PFOS-related effects on body weight for quail in the 17.6,

Table 3. Average feed consumption (g feed/bird/d) of juvenile mallards exposed to PFOS in the diet

Feed consumption (g feed/bird/day)

Treatment (ppm) 0–5 Daysa 6–8 Daysa 8–15 Daysb 15–22 Daysb

Control 92 € 10 125 € 17 171 € 13 180 € 20
8.7 73 117 172 198
17.6 91 132 186 204
35.1 94 125 165 179
70.3 77 101 148 173
141 105 159 159 164
281 36* 63* 109 132
562 36* 55* 114 143
1125 22* 25* 106 154

Feed consumption is reported as means and standard deviations on a pen basis. Measures are estimates due to unavoidable and variable wastage
by the birds.
a Number of pens in the control and treatments were 6 and 2, respectively.
b Number of pens in control and treatments were 3 and 1, respectively.
* Statistically different from control group at p < 0.05 (Dunnett�s t-test).
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Fig. 2. Serum and liver PFOS concentrations collected from juvenile
mallard on Day 8 and Day 22 (the recovery phase) of a dietary acute
study
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35.1, or 70.3 mg PFOS/kg feed treatments (Table 6). There
was a statistically significant reduction in body weight in the
141, 281, and 562 mg PFOS/kg feed treatments during the
exposure period when compared to controls. However, by
Day 15 this reduction in body weight was no longer
apparent in the 141 mg PFOS/kg feed treatment group.
While body weight was slightly reduced at greater dietary
concentrations, statistical analysis could not be conducted
due to lack of replicates. Statistically significant treatment-
related effects on body weight change were also observed
during the exposure period at concentrations greater than
70.3 mg PFOS/kg feed. Again, treatment-related effects on
body weight change were no longer apparent by Day 15.
There were statistically significant reductions in feed con-
sumption in quail exposed to 281 mg PFOS/kg feed or
greater through Day 5 (Table 7). However, by Day 8 no
PFOS-related effects on food consumption were observed in
quail. By Day 22, feed consumption approximated control
values in quail from the 141 mg PFOS/kg feed treatment
while in the 281 mg PFOS/kg treatment feed consumption
recovered to approximately 70% of the control levels.
Necropsy findings in quail that died during the study in-

cluded thin condition, loss of muscle mass, altered spleen
color, autolysis of tissues, and pale organs. These findings
were considered to be PFOS treatment related. In birds sac-
rificed on Day 8, only a single bird from the 293 mg PFOS/
kg feed treatment had treatment-related findings while the
results for all other birds were unremarkable. Similarly,

necropsy findings were unremarkable for all birds sampled
on Day 22.

Quail Tissue PFOS Analyses

Results from liver and serum samples collected at Days 8 and
22 showed that PFOS persisted in quail well past the exposure
period (Figure 4). While liver PFOS concentrations decreased
during the postexposure period, the serum PFOS concentration
data either remained unchanged or increased over the recovery
period. Based on the results of the PFOS concentrations, the
average serum to liver PFOS concentration ratio was 0.515 and
2.42 for Days 8 and 22, respectively. The difference in the
serum to liver PFOS ratio estimated from Day 8 and Day 22
data was due in part to the fact that while liver concentrations
tended to decrease during the recovery period, serum con-
centration either remained constant or actually increased over
the duration of the recovery period. No differences were ob-
served between the serum to liver ratios measured in male and
female quail at either day. Analysis of livers taken from quail
that died during the study indicated that mortality was asso-
ciated with liver PFOS concentrations greater than 111 lg
PFOS/g ww (Table 8). In contrast, the liver concentration in
the no mortality treatment at Day 8 averaged 44 lg PFOS/g
ww. Again, due to differences in sampling time and the po-
tential role of depuration, a direct comparison of liver PFOS
concentrations in birds sampled during the exposure phase and
recovery phase cannot be made with these data.
Based on the same analysis and models used for the

mallard data, elimination rate constants were determined for
liver concentrations in quail. The average elimination rate
(k2) of PFOS from liver was 0.0542 day)1 with the half-life
in liver estimated to be approximately 12.8 days. However,
the trend in serum PFOS concentrations in quail did not
behave in a manner that was consistent with that observed for
liver PFOS concentrations. For instance, during the recovery
period the mean serum PFOS concentrations in quail from
the 17.6 and 35.1 mg PFOS/kg feed treatments increased
from less than LOQ to 5.89 lg PFOS/ml and from 3.04 to
7.27 lg PFOS/ml, respectively. In contrast, serum PFOS
concentrations in quail from the 70.3 mg PFOS/kg dietary
treatment decreased from 41.2 to 26.2 lg PFOS/ml over the
same time period. Due to these inconsistencies and the rel-
atively great variability in the measured serum PFOS con-
centrations (coefficient of variation (CV) greater than 100%)
for all treatment groups, kinetic analyses were not conducted
with the serum data.

Table 4. Average concentrations of PFOS (lg/g ww) in the liver of mallards with treatment-related mortality during the acute dietary study

Nominal PFOS dose (ppm)

Day 281 562 1125

4 No mortality No mortality 119 (N = 2)
5 No mortality 216(N = 1) 160 (N = 4)
6 No mortality 197 (N = l) 126 (N = 2)
7 148 (N = 1) 180 (N = 1) 178 (N = 1)

All PFOS concentrations reported in units of lg/g wet weight. The data represent an average for all mallards that died in a treatment group on a
specified day. The number in parentheses is the number of samples analyzed and not the number of birds that were subjected to analysis. Some
samples were composites.
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Discussion

Species-specific differences in toxicity were observed between
juvenile mallards and bobwhite quail exposed to PFOS in the
feed. The LC50 for bobwhite quail was approximately 3 times
less than that determined for mallards. In addition, the slope of

the dose-mortality curve for quail was approximately 2-fold
greater than that determined for mallards (Tables 1 and 5). The
lethality of PFOS toward quail occurred over a narrower
concentration range when compared to mallards and clinical
signs of toxicity were also observed earlier and were more
pronounced at lesser concentrations in quail than in mallards at

Table 5. Estimates of the lethal concentration of PFOS (LC50) and the lethal time (LT50) of a population of juvenile northern bobwhite quails in a
dietary toxicity study with PFOS

Effect metric Time LC50 (ppm) 95% CI Slope

LC50 Day 3 1,593 na 3.174
Day 5 482 356–672 4.722
Day 6 319 228–448 3.923
Day 8 212 158–278 7.036

Dose LT50 (d) 95% CI Slope

LT50 281 ppm 6.41 5.69–7.61 9.54
562 ppm 4.78 4.17–5.48 8.29
1125 ppm 3.06 na 60.5

All statistical measures estimated by Probit analysis (SAS/STAT: PROC PROBIT).
na, not applicable. No confidence interval was calculated.

Table 6. Average body weight and body weight change (g) of juvenile northern bobwhites exposed to PFOS in the diet

Body weight (g)a Body weight change (g)a

Treatment (ppm) Day 0 Day 5 Day 8 Day 15 Day 22 0–5 5–8 8–15 8–22

Control 20 € 1 30 € 4 38 € 5 59 € 10 82 € 13 10 € 3 8 € 2 23 € 5 45 € 8
17.6 21 € 1 31 € 4 40 € 5 68 € 8 87 € 7 11 € 3 9 € 2 24 € 3 47 € 3
35.1 20 € 1 31 € 3 39 € 3 65 € 5 89 € 7 11 € 2 8 € 1 26 € 2 50 € 4
70.3 20 € 1 30 € 2 37 € 3 60 € 4 79 € 4 9 € 1 7 € 1 24 € 2 44 € 2
141 20 € 1 27* € 3 33* € 3 58 € 3 79 € 2 7* € 3 6* € 2 24 € 1 45 € 1
281 20 € 1 18* € 2 18* € 4 35b 55b )2* € 2 )2* € 4 14b 34b

562 20 € 1 16* € 2 — — — )4* € 2 — — —
1125 20 € 1 — — — — — — — —

a Body weight and body weight change are reported as means and standard deviations. Body weight change is reported as the difference in body
weight between the indicated days and are based on individual bird measures. (—) = No data available due to mortality.
b Since n = 1, data could not be evaluated statistically.
* Statistically different from control group at p < 0.05 (Dunnett�s t-test).

Table 7. Average feed consumption (g feed/bird/d) of juvenile quail exposed to PFOS in the diet

Feed consumption (g feed/bird/day)

Treatment (ppm) 0–5 Daysa 6–8 Daysa 8–15 Daysb 15–22 Daysb

Control 9 € 2 10 € 2 9 € 2 13 € 1
17.6 9 11 10 12
35.1 8 12 14 15
70.3 10 13 13 15
141 9 10 11 14
281 5* 9 8 9
562 6* 19 — —
1125 4* — — —

Feed consumption is reported as means and standard deviations on a pen basis. Measures are estimates due to unavoidable and variable wastage
by the birds. (—) =No data available due to mortality.
a Number of pens in the control and treatments were 6 and 2, respectively.
b Number of pens in control and treatments were 3 and 1, respectively.
* Statistically different from control group at p < 0.05 (Dunnett�s t-test).
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equivalent treatment levels. Therefore, based on the acute ef-
fects, quail were slightly more sensitive to PFOS exposure
than mallards. However, when comparing or extrapolating
toxicity data between species, it is necessary to take into ac-
count differences in size and other physiological variables
(Davidson et al. 1986). When the 8-day LC50 for mallards was
adjusted for body weight using a physiological scaling model,
the difference between the mallard (adjusted LC50 of 253 mg
PFOS/kg feed) and quail (LC50 of 212 mg PFOS/kg feed) was
not significant (Mineau et al. 1996). When reductions in body
weight were evaluated, the NOAEL for mallards and bobwhite
quail were 35.1 mg PFOS/kg feed (12 mg PFOS/kg bw/day)
and 70.3 mg PFOS/kg feed (23.4 mg PFOS/kg bw/day),
respectively. Similar responses were also observed when
changes in body weight gain for both species were evaluated.
Overall, the exposure threshold for PFOS-related effects in
quail and mallard were within a factor of 2, which indicates
that the differences in species-specific sensitivity to PFOS
exposure were not great.

To date, no other laboratory studies have been published on
the toxicity of PFOS to avian species. As a result, the only
comparisons that can be made are to mammalian species ex-
posed orally to PFOS. In an acute study with rats given a single
oral dose, the LD50 and 95% confidence limits were 251 (199–
318) mg PFOS/kg bw (Dean et al. 1978). In our study, the
average 8-day dietary acute LD50 values for mallards and
quail, respectively, were 150 and 61 mg/kg/d, or 750 and 305
mg PFOS/kg bw cumulative dose over five days. This narrow
range seems to indicate an equivalent response between ro-
dents and birds exposed to PFOS.
The total cumulative dose associated with no mortality was

180 mg PFOS/kg bw in a 90-day subchronic rat study
(Goldenthal et al. 1978a), and 135 mg PFOS/kg bw in a 90-day
study of rhesus monkeys (Goldenthal et al. 1978b). In a 6-
month study in cynomolgus monkeys (Seacat et al. 2002),
there was no mortality at 27 mg PFOS/kg bw, and mortality
began to occur at a cumulative dose of 116 mg PFOS/kg bw
(first of 2 mortalities out of 12 monkeys). In quail and mal-
lards, the no mortality cumulative dose was calculated to be
119 mg PFOS/kg bw and 306 mg PFOS/kg bw, respectively.
Likewise, the cumulative PFOS dose associated with effects
on body weight gain and other signs of toxicity was 180 mg
PFOS/kg bw for rats (Goldenthal et al. 1978a) while for quail
and mallards it was 224 and 102 mg PFOS/kg bw, respec-
tively. Thus, while there are differences in dosing interval
between the rat and avian studies and differences in physiol-
ogy and clearance rates of rodents and birds, there is a
remarkable similarity in the total cumulated dose that is
associated with adverse effects across species.
PFOS was accumulated in serum and liver of mallards

and quail in a dose-dependent manner. The distribution of
PFOS between serum and liver appeared to differ slightly
between mallards and quails. However, given the relatively
great variability observed in the quail serum (average
CV = 88%) and liver (average CV= 25%) as determined at
Days 8 and 22 of the study, these differences in mean
values may not be meaningful. The species differences in
measured serum and liver PFOS concentrations were not
statistically significant.
The relationship between serum and liver PFOS concen-

trations in mallards differed from that observed in mammals.
In rodents, PFOS concentrations in the liver were greater than
in serum (Seacat et al. 2003; Thibodeaux et al. 2003), whereas
in mallards, concentrations of PFOS were slightly greater in
blood serum as compared to the liver. Reasons for these dif-
ferences have not yet been investigated but may be related to
several factors. One factor is that the accumulation of PFOS by
tissues is not a lipid partitioning process but rather is based on
protein binding (Jones et al. 2003). If differences in the protein
profiles in liver and serum exist between species, the magni-
tude of PFOS accumulation into these tissues may be a
reflection of these differences. In addition, the levels and
duration of exposure may also influence the overall distribu-
tion of PFOS between liver and blood serum. In mice exposed
to 10 mg PFOS/kg bw via daily gavage, serum concentrations
appeared to reach saturation at 250 lg PFOS/ml, while for
liver saturation occurred at 560 lg PFOS/g ww (Thibodeaux
et al. 2003). Thus, the time to reach saturation may be
dependent on the protein profile of target tissues and differ-
ences in the rate of accumulation by these tissues. Finally, the
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northern bobwhite on Day 8 and Day 22 of the recovery phase of a
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role of enterohepatic circulation of PFOS, known to occur in
mammals (Johnson et al. 1984), has not been characterized in
birds.
Unlike birds, the elimination of PFOS from mammals ap-

pears to be a slow process, likely in part due to enterohepatic
circulation (Johnson et al. 1984; Lau et al. 2004). The elimi-
nation half-life of PFOS has been estimated to be greater than
90 days for male rats and approximately 100–200 days for
male and female cynomolgus monkeys (Seacat et al. 2002;
2003; Noker and Gorman 2003). In contrast, the estimated
half-life of PFOS in mallard and quail livers was 17.5 and 12.8
days, respectively, while the half-life in serum was estimated
to be 6.86 days in mallards. Thus, the overall accumulation of
PFOS over the lifetime or reproductive phase of a bird may not
be as great as that predicted based on mammalian kinetic
values. Therefore, the potential or risk for accumulation to
toxic levels of PFOS in birds may not be as great as that
predicted from mammalian data.
Concentrations of PFOS have been measured in livers of

water birds from various locations across the globe. In Japan,
liver concentrations ranged from less than 19 to 650 ng PFOS/
g ww with the greatest concentrations being measured in
black-headed gulls (mean 294 ng PFOS/g ww). In Korea, liver
concentrations ranged from less than 10 to 500 ng PFOS/g ww
with the greatest concentrations being measured in common
cormorants (mean 387 ng/g ww) (Kannan et al. 2002a). Birds
from various locations in the United States had PFOS con-
centrations in their livers ranging from 8.6 to 1780 ng/g with
an average concentration of 242 ng/g ww (Kannan et al. 2001).
In cormorants from the Italian coast of the Mediterranean Sea,
liver concentrations averaged 61 ng PFOS/g ww (range of 32
to 150 ng PFOS/g). Liver concentrations in white-tailed sea
eagles from the Baltic Sea averaged 38 ng/g ww (range of less
than 3.9 to 127 ng/g ww) (Kannan et al. 2002b). In the present
study, concentrations of PFOS in the livers of mallards and
quail associated with mortality (Tables 4, 8; 111 or 119 ug/g
ww) were more than 50-fold greater than the greatest PFOS
concentration measured in avian wildlife (1.8 ug/g ww in bald
eagles). Thus, the environmental concentrations of PFOS
measured in birds are at levels that are less than the threshold
for PFOS-related effects on avian mortality following acute
exposure.
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