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Abstract: Peregrine Falcon (Falco peregrinus) populations declined globally during the latter 
half of the twentieth century from widespread use of organochlorine pesticides. The popula-
tion of cliff-nesting Arctic Peregrine Falcons (F. p. tundrius) on the Colville River in northern 
Alaska reached lows in abundance and productivity in the 1970s. We documented the recov-
ery and stabilization of this population, which followed restrictions on the use of DDT and 
related compounds, by surveying the same 347 km of the Colville River annually from 1981 
to 2002 and intermittently thereafter until 2011. The population increased from 23 pairs in 
1981 to 61 in 1994, growing at an average rate of about 8% per year, then stabilized around 
a mean of 57.4 pairs. Though declining throughout the study period, productivity during the 
recovery (1981–1994) and post-recovery (≥1995) periods did not differ. The number of young 
that pairs produced was negatively related to year, location (with pairs downriver producing 
fewer young than those upriver), and hatching date, and positively related to how frequently 
territories were occupied. The number of young produced was not related to the density of 
nearby pairs of peregrines, how well nest sites were protected from above, or how accessible 
they were to mammalian predators. Hatching dates got later over time, counter to expectations 
associated with a warming climate, and were earlier in more frequently occupied territories. 
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The dramatic and thoroughly documented 
decline of Peregrine Falcon (Falco peregri-

nus) populations in North America, Europe, and 
elsewhere resulted from organochlorine pesticides 
such as DDT and dieldrin, which affected repro-
duction and survival in the peregrine and other 
predatory birds (Cade et al. 1971, Peakall et al. 
1975, Risebrough and Peakall 1988, Ratcliffe 
1993). Restrictions on the use of DDT and 
related pesticides, implemented in Canada in 
1969 and the United States in 1972, resulted in 
population recoveries and a significant conserva-
tion success story.

Three subspecies of the Peregrine Falcon are rec-
ognized in North America: the American Peregrine 
(F. p. anatum), Arctic Peregrine (F. p. tundrius), and 
Peale’s Peregrine (F. p. pealei). Arctic and American 
Peregrine Falcons that breed in Alaska migrate 
south in September, return to Alaska in April or 
May, and winter from southern Canada south to 
Brazil and Argentina, with no apparent differences 
in migratory routes or winter distribution between 
the two subspecies (Ambrose and Riddle 1988).

In the United States, the entire species was 

classified as endangered in 1970 under the 
Endangered Species Conservation Act of 1969, 
and later the American and Arctic Peregrines as 
subspecies were designated endangered under the 
Endangered Species Act of 1973 (ESA). Peale’s 
Peregrine did not suffer significant population 
declines and was not classified as threatened or 
endangered under the ESA. Significant resources 
were allocated to the conservation of peregrines, 
including captive propagation and release of at 
least 4680 individuals in the United States and 
1541 in Canada (Enderson et al. 1995).

In North America, the Arctic Peregrine and 
the northernmost populations of the American 
Peregrine declined significantly during the mid-
20th century, but they survived the pesticide era 
and recovered without substantial augmentation 
with captive-bred birds. In 1992, Canada reclas-
sified the Arctic Peregrine from “threatened” 
to “special concern,” a lower level of protection 
(COSEWIC 2007). In 1994, the Arctic Peregrine 
was removed from the list of threatened and 
endangered wildlife in the United States (USFWS 
1994).

Western Field Ornithologists
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Studies by Cade (1960), White and Cade 
(1971), White and Boyce (1978), and others pro-
vided information on the peregrine’s abundance, 
breeding performance, ecology, and broad-scale 
distribution in Alaska before the decline. The 
recovery plan for the Alaska population (USFWS 
1982) guided steps taken toward its conservation 
and recovery, including intensive surveys in four 
“index areas” with pre-decline information: the 
Colville and Sagavanirktok rivers for the Arctic 
Peregrine and the upper Yukon and Tanana rivers 
for the American Peregrine. These surveys’ pri-
mary objectives were to document trends in the 
species’ abundance, breeding performance, and 
contaminant loads; secondary objectives included 
banding of nestlings and adults when possible 
(Ambrose et al. 1988). Studies elsewhere in Alaska 
further inventoried populations, delineated their 
distribution, and, to a limited extent, evaluated 
effects of human activities on breeding perfor-
mance (e.g., overflights of military jets; Palmer 
et al. 2003). Here we report on long-term trends 
in the abundance and reproduction of Arctic 
Peregrines in the Colville River index area gener-
ated from annual surveys from 1981 to 2002 and 

intermittent surveys thereafter until 2011. We 
also evaluate possible differences in breeding per-
formance during the recovery (1981–1994) and 
post-recovery (1995–2011) periods. Finally, we 
report observations of general breeding biology, 
including phenology, clutch and brood sizes, and 
factors affecting breeding performance.

study area and methods
The Colville River is the largest river on the North 
Slope of Alaska, running nearly 700 km from the 
Brooks Range to the Beaufort Sea and draining an 
area of about 64,000 km2. The main study area 
included all bluffs and cliffs within 3 km of the 
main river channel, from the mouth of the Etivluk 
River (~68° 57′ N, 155° 57′ W; elevation 260 
m) downstream 347 km to Ocean Point (~70° 
05′ N, 151° 25′ W; elevation 23 m) (Figure 1). 
Additional observations of clutch and brood sizes 
were made upstream of the main study area on the 
Colville River and along lower reaches (<35 km 
from the mouth) of selected tributaries.

Nesting habitat comprises 80 more or less 
distinct cliffs and bluffs between the mouth of the 
Etivluk River and Ocean Point (White and Cade 

Figure 1. Arctic Peregrine Falcon survey area along approximately 350 km of the Colville River in northwest 
Alaska, 1981–2011.
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1971); these range from ~5 to 150 m in height 
and 5 m to 7.5 km in length. In the upstream 
portion of the study area (approximately 225 
km along the river’s course above Umiat), cliffs 
and bluffs occur on both sides of the river and 
are generally smaller, more widely separated, and 
composed of consolidated sedimentary material 
(Figure 2). Bluffs used for nesting in the down-
stream portion (~122 km along the river’s course 
below Umiat) are exclusively on the left (north or 
west) bank, tend to be higher and longer, gener-
ally comprise poorly consolidated sedimentary 
material, and accompany the river for about 60% 
of its course (Figure 2). The river generally runs 
west to east in the upper reaches, but about 25 
km downstream from Umiat it bends north to the 
Arctic Ocean (Figure 1).

The floodplain includes alluvial deposits of 
gravel, sand, or silt of up to several square kilo-
meters. Some stretches are bare, while others have 
riparian vegetation dominated by willows (Salix 
spp.). Arctic tundra and wetlands of varying size 
and structure lie outside the riparian corridor. 
Topography in the upstream (south and west) 
portion of the study area is gently rolling tussock-
covered foothills of the Brooks Range, whereas 
the downstream (north and east) portion is flatter 
and wetter coastal plain. Summers are short and 
cool with continuous daylight during the nesting 
season. Details on the geography, geology, climate, 
and ecological communities of the area are found 
in Kessel and Cade (1958) and Cade (1960).

deFinitions
In general we followed conventions in methods 
and terminology recommended for raptor surveys 
by Steenhof (1987) and Steenhof and Newton 
(2007) but deviated as follows:

Nesting territory: An area that was occupied 
at least once during this study and where no more 
than one pair was known to have nested in any 
year. In many cases, particularly along the upper 
river, cliffs were discrete and too small to support 
more than one pair of peregrines, so nesting ter-
ritories were simple to define. Along the lower 
river, several bluffs were long enough to support 
multiple pairs simultaneously, so occupied nest 
sites were more fluid over time, making subdivid-
ing nesting habitat into territories more subjective. 
There, we defined territories as segments of cliffs 
or bluffs (often delineated by topographic features) 
that were never occupied by more than one pair 
in any year.

Occupied territory: An area containing potential 

nesting habitat to which one or two adult Peregrine 
Falcons showed an affinity.

Productivity: The average number of young 
per pair, based on the number of nestlings present, 
regardless of age, during the productivity survey. 
This definition differs from standard (Steenhof 
and Newton 2007) use of this term because, dur-
ing the productivity survey in many cases young 
had not yet reached 28 or 34 days of age, which 
correspond to 65% or 80% of the average age at 
first flight, standard metrics of success of raptor 

Figure 2. Top: Arctic Peregrine Falcon nestlings in a 
protected (overhung) nest on a cliff near the upstream 
end of the study area. Habitat in the background 
includes unvegetated gravel alluvium, wetlands in 
abandoned river channels, and rolling tussock-covered 
foothills of the Brooks Range. A pair of falcons occu-
pied this particular cliff during 17 of 24 study-years. 
Bottom: Arctic Peregrine Falcon nestling and an invi-
able egg in an open nest on a bluff along the lower 
Colville River near the transition of the Brooks Range 
foothills and the Arctic Coastal Plain (background). 
Habitat in the background includes extensive vegetated 
and unvegetated alluvial deposits and flat tundra with 
numerous wetlands. Three or four pairs of falcons 
(spaced at about 1-km intervals) occupied this 5-km-
long bluff throughout the study. Photos by Ted Swem.
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nests (USFWS 2003, Steenhof and Newton 2007, 
respectively).

Successful pair (or nest): A pair (or nest) with 
at least one nestling, regardless of age, during the 
productivity survey.

Brood size: The number of young, regardless 
of age, in a nest during the productivity survey.

surveys
Each year, two observers floated twice through 
the entire study area in an inflatable raft powered 
by a small outboard engine. The first “occupancy” 
survey lasted 14–20 days (usually 16–17 days), 
from ~15 June to 4 July; the second “productiv-
ity” survey took a similar time from ~15 July to 
4 August. During both surveys each year, observ-
ers (to which we refer as “we,” even though the 
authors did not make all observations reported 
here) searched all cliffs and bluffs for peregrines 
and evidence of nesting. We generally checked 
small cliffs lining the river from the boat, but 
checked larger cliffs and those set back from the 
river by walking along the base or top of the bluff 
or by approaching suitable nest sites and nearby 
perches. In most cases, the presence of peregrines 
was evident from a prominently perched or incu-
bating adult, or from a defensive response to the 
observers by one or more adults. When we did 
not detect peregrines but the suitability of the 
habitat, distance to adjacent pairs, or history of 
previous use suggested potential occupancy, we 
searched on foot or observed the area for up to 
4 hours. Sites occupied by peregrines were noted 
on standardized maps that delineate the river’s 
course by distance (in km) from the headwaters 
(the study area runs from km 265 to km 612). We 
chose this metric (“river kilometer”) as the index 
of a site’s location because of pronounced changes 
from upriver to downriver (see above), including 
changes in the geomorphology of bluffs, the sur-
rounding foraging habitat, latitude, distance from 
the Beaufort Sea, and weather. We considered a 
territory to be unoccupied if we saw no peregrines 
showing affinity for the cliff or bluff during either 
survey.

We timed the occupancy survey to coincide 
with mid-to-late incubation; its primary purpose 
was to determine if a pair was present and nesting 
and if so the location of the nest. At about 10 
nests per year chosen on ease of access, weather, 
or other factors, we counted eggs by climbing to 
view the nest’s contents. Though these nests were 
not randomly selected, we assumed they were rep-
resentative of the population.

We timed the productivity survey to coincide 

with the mid-to-late nestling stage; its primary 
objectives were to determine productivity, band 
young, and locate pairs or nests not detected dur-
ing the occupancy survey. We entered nests to 
count, band, and age nestlings and to collect tis-
sue samples (e.g., blood or buccal swabs for DNA 
analysis) and addled eggs or feather samples for 
contaminants analysis. Prior to 1986 and in 2011, 
we banded nestlings with only standard alumi-
num leg bands (n = 301), but from 1986 to 2005 
we banded them with both the standard band and 
a blue riveted anodized aluminum band with an 
alphanumeric code (n = 1236). We estimated the 
age of nestlings by comparison to photographs of 
Peregrine Falcon (Clum et al. 1996) and Prairie 
Falcon (Falco mexicanus; Moritsch 1983) nestlings 
of known age, and derived the date of hatching 
for each nest from the estimated age of the old-
est nestling. We also counted unhatched eggs, 
considering them to be inviable if the nest also 
contained live young ≥10 days old or if the nest 
was no longer being attended by adults. In the five 
cases of eggs remaining in nests with young <10 
days old, we did not assume the unhatched eggs 
were inviable.

Surveys in 1983, 1984, and 1986 were coor-
dinated by the U.S. Fish and Wildlife Service 
(USFWS) to ensure consistency in methods, 
timing, and effort but were conducted by other 
biologists; Swem conducted all other surveys. 
During occupancy surveys in three different years 
(between 1984 and 1995), we randomly collected 
presumably viable eggs (one egg each from a total 
of 15 nests) for contaminants analysis, but did 
not adjust statistical analyses on the assumption 
that the effects of removal of this number of eggs 
are minimal.

data analysis
We approximated spacing among pairs by divid-
ing the number of intervals between pairs (e.g., 
two intervals between three pairs) by the length 
of the segment, using the straight-line (Euclidean) 
distance between pairs or the endpoints of inter-
vals containing multiple pairs. We calculated 
spacing along the entire river on the basis of the 
approximate length of the floodplain in the study 
area (~275 km), not the more convoluted course 
of the river within the floodplain (347 km).

We estimated the probability of detection of a 
peregrine in an occupied territory from territories 
that we checked during both surveys and that were 
occupied by a pair during either or both surveys. 
After estimating the probability of detecting a pair 
occupying a territory on the first (p1) and second 
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survey (p2), we estimated the probability of failing 
to detect a pair occupying a territory during both 
surveys as (1 – p1) × (1 – p2). We modeled prob-
ability of detection with program MARK (White 
and Burnham 1999), using closed-population 
Huggins models (Huggins 1989) with parameters 
for survey (occupancy or productivity) and year. 
A closed-population Huggins model assumes that 
the population is closed geographically (no move-
ment into or out of the survey area) and demo-
graphically (no births or deaths) between periods 
of sampling (Lukacs 2016)—in our case between 
the two surveys each year. We included year as a 
linear, continuous variable to evaluate whether a 
trend in detection occurred over time, possibly in 
response to the population’s recovery. We assessed 
three competing models (detection constant, 
detection modeled separately for first and second 
surveys, and detection modeled separately for first 
and second surveys and changing over time) via 
likelihood-based information-theoretic methods 
(Akaike 1973, Burnham and Anderson 2002).

We used other statistical analyses to investigate 
two general questions. First, did abundance and 
breeding performance change over time, and, 
second, were there other factors that affected 
breeding performance? We used general linear 
models (GLM, SYSTAT 13.0) to evaluate trends 
in abundance (number of pairs) and average 
annual breeding performance (proportion of pairs 
with young), productivity (number of young per 
pair), and brood size over time. To consider differ-
ences in population dynamics between the recov-
ery and post-recovery periods (1981–1994 and 
1995–2011, respectively), we constructed models 
that included a term for interaction between 
year (continuous) and period (recovery or post-
recovery; categorical) as an independent variable; 
a significant (α = 0.05) interaction term would 
indicate a statistically significant difference in 
regression coefficients (i.e., slope of the regression 
lines) of the variable of interest over time between 
the two periods. If the interaction term was not 
significant, we simply evaluated trends over time 
with year as a continuous variable representing 
time, with significant trends indicated by p < 0.05.

To evaluate factors other than population 
recovery that might have been related to repro-
ductive performance, we used three generalized 
linear mixed models (GLMM), with the number 
of young as the response variable, “territory” as 
a random-effect variable (because measures in 
multiple years within the same territory were 
not independent), and a logit link function. We 
used separate models because the pairs within 

the samples, the sample sizes, and the range in 
the number of young varied with the fixed effects 
being evaluated. In the first model, we examined 
broad-scale factors that might have affected breed-
ing performance; the sample included all pairs 
(pairs that presumably failed to nest, pairs that 
nested but failed, and successful pairs; n = 1152), 
and the number of young ranged from 0 to 4. In 
the second model, we examined two characteris-
tics of nest sites; the sample included only nesting 
pairs (pairs that nested but failed and successful 
pairs; n = 681), and the number of young ranged 
from 0 to 4. In the third model, we examined the 
relationship between hatch date and the number 
of young. For this analysis the sample included 
only those pairs that nested successfully, and 
because estimating hatch date required live young 
(n = 405), the number of young ranged only from 
1 to 4. In each model, the number of young was 
assumed to follow a multinomial distribution, 
and fits were made with the R package ‘ordinal’ 
(Christensen 2015) coded with 25 integration 
points for Gaussian quadrature-based numerical 
integration to approximate the log likelihood (see 
the package’s help files for details).

In the first model, we included four fixed effects 
at the scale of the territory or landscape: location 
(by river kilometer), frequency of territory occu-
pancy, an index of peregrine density nearby, and 
year. Frequency of territory occupancy was the 
number of years that each territory was occupied 
during the study (range 1–24); higher-quality ter-
ritories are presumably occupied more frequently 
(Hickey 1942). To index density, we summed 
the reciprocals of the distances to all other ter-
ritorial pairs in the study area in that year. Using 
the reciprocals of distances to other pairs gave the 
closest pairs the greatest influence on the index, 
and the influence attenuated proportionately with 
increasing distance (i.e., distant pairs contributed 
minimally to the index). This method allowed us 
to include more than just the single nearest pair 
(as when nearest-neighbor distances are used), and 
avoided the need to assume that beyond an arbi-
trary distance or number of pairs, interference or 
exploitative competition ceases. We compared the 
full model—including all fixed effects—to models 
with each fixed effect dropped, and the null model, 
by Akaike’s information criterion (AIC) weight.

In the second model, fixed effects included 
the degree to which an overhang protected the 
nest site (which could have provided shelter from 
weather and debris slides) and accessibility of the 
nest to mammalian predators. We subjectively 
classified the degree to which nests were overhung, 



137

Natural History and Recovery of Arctic Peregrine Falcons along the Colville River, Alaska, 1981–2011

considering a nest completely overhung if the 
entire ledge containing the nest bowl was covered 
overhead, partially overhung if some of but not 
the entire ledge containing the nest bowl was 
covered, and not overhung if the entire ledge was 
exposed. We considered nests on open slopes that 
we entered with little challenge to be easily acces-
sible to mammalian predators, nests on steep ter-
rain where our entry required careful selection of 
route and cautious maneuvering to be moderately 
accessible, and nests on vertical faces that required 
rappelling equipment for our entry to be inacces-
sible. In the third model, date of hatching was the 
only fixed effect. We used univariate GLMs (p ≤ 
0.05) to evaluate the relationship between hatch 
date and the frequency of territory occupancy, and 
whether hatch date changed over time.

results

abundanCe
During the 24-year (1981–2011) study period, 
peregrines occupied 107 separate nesting territo-
ries, with frequency of occupancy varying from 1 
to 24 years. Peregrines occupied 32 territories in 
≥16 years and 5 in ≥23 years. The most frequently 
occupied territories were spread widely through-
out the study area.

In 91.7% of cases (1155 of 1259 occupied 
territories) we observed a pair of peregrines or 
evidence of nesting indicating a pair was present 
(Table 1). We found only a single adult and no 
evidence of nesting in the remaining 104 cases 
(8.3%). The proportion of occupied territories 
where we saw only a single adult during the recov-
ery (1981–1994, 7.9%) and post-recovery (1995–
2011, 8.6%) periods did not differ substantially.

From 1981 to 1994, the population increased 
significantly from 23 to 61 pairs, with a mean 
increase of 8.3% per year (Tables 1 and 2, 
Figure 3). In the post-recovery period (1995–
2011), the population fluctuated between 52 and 
62 pairs (mean 57.4, SD 3.10) and between 56 
and 69 total sites occupied (mean 62.8, SD 4.16). 
There was a statistically significant increase over 
time in number of pairs (GLM; F1,20 = 87.99; p < 
0.001), and the rate of increase during the recov-
ery (1981–1994) and post-recovery (1995–2011) 
periods differed (GLM; F1,20 = 132.15; p < 0.001; 
Figure 3), as indicated by the significant interac-
tion term (GLM; F1,20 = 132.30; p < 0.001).

sPaCing
After the population reached relative stability in 
abundance in 1994 (Figure 3), average spacing 

along the floodplain was roughly one pair per 4.9 
km (mean of 57 pairs in ~275 km). Near Killik 
Bend, where five separate bluffs are closely spaced 
within 4.9 km, five pairs (average spacing ~1.2 
km) nested in multiple years. On the lower river, 
where bluffs are continuous for several kilometers, 
pairs nested as close as 370 m apart in multiple 
years, and very rarely as close as 300 m. During 
multiple years, we found four occupied territories 
(three pairs and one single adult) along 1.9 km on 
upper Shivugak Bluff, and six occupied territories 
(five pairs and one single adult) along the entire 
5.75 km of Shivugak Bluff. In multiple years we 
also found five pairs on an unnamed bluff 5.5 km 
long just downstream of Shivugak Bluff. Thus, 
where bluffs were continuous and offered numer-
ous nesting sites, pairs generally spaced themselves 
about 1 km apart but occasionally closer.

We rarely saw second-year peregrines (identi-
fied by retained juvenal plumage); all were in 
flight and none occupied or defended nesting 
territories. We knew the age of 113 adults (69 
females; 44 males) when they were first found 
occupying breeding territories in our main study 
area because they had been previously banded as 
nestlings or first-year migrants in juvenal plum-
age. All were in their third year or older when first 
found in breeding territories. The average age at 
first detection in a breeding territory, for all adults 
and across all years, was 3.7 years (SD 1.84; n = 
113). This age did not differ by sex (mean 3.63 
for males and 3.80 for females; GLM; F1, 110 = 
0.30; p = 0.58; n = 44 males and 69 females) or 
by recovery (1994 and earlier; mean 3.63; n = 72) 
versus post-recovery (1995 and later; mean 3.93; 
n = 41) period (GLM; F1, 110 = 0.80; p = 0.37).

deteCtion Probability
We estimated the probability of detection from 
the 1143 cases where we observed a pair during 
one or both surveys, 1981–2011. In 869 cases, a 
pair was present during both surveys, 176 had a 
pair during the first but not the second survey, and 
98 had a pair during the second but not the first 
survey. Our best-supported model included sepa-
rate parameters for probability of detection during 
the occupancy and productivity surveys; the prob-
ability of detecting a pair in an occupied territory 
during the occupancy survey (p1) was 0.90 (SE 
0.010), while during the productivity survey (p2) 
it was 0.83 (SE 0.012). Adding year as a parameter 
did not improve the model, thus there was no sig-
nificant trend over time. The probability of failing 
to detect a pair occupying a territory during both 
surveys (1 – p1) × (1 – p2) was 0.017, suggesting 
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table 1. Territory occupancy and breeding performance of Peregrine Falcons along the Colville River, 
Alaska, 1952–2011a.

Occupancy Reproductive performance

Year Pairs Singles
Total sites 
occupied

n (%) 
pairs with 

youngb No. of young

Productivity 
(young per 

pair) Brood size

1952c 32 5 37 21 (66) 44 1.38 2.10
1959c 35 5 40 25 (71) 50 1.43 2.00
1967d,e 27 5 32 18 (67) 34 1.26 1.89
1968d,e 32 1 33 15 (47) 34 1.06 2.27
1969d,e 33 0 33 13 (39) 26f 0.79 2.00
1971e 25 5 30  9 (36) 14 0.56 1.56
1973g 14 1 15  4 (29) 9 0.64 2.25
1978h 15 9 24  8 (53) 4 0.93 1.75
1979 16 5 21  6 (38) 15 0.94 2.50
1980 21 2 23 12 (57) 29 1.38 2.42
1981 23 5 28 12 (52) 29 1.26 2.42
1982 25 3 28 17 (68) 45 1.80 2.65
1983 26 1 27 15 (58) 49 1.88 3.27
1984 32 4 36 18 (56) 47i 1.47 2.61
1985 29 4 33 18 (62) 50 1.72 2.78
1986 33 3 36 18 (55) 48 1.45 2.67
1987 33 3 36 23 (70) 64 1.94 2.78
1988 46 3 49 28 (61) 69 1.50 2.46
1989 52 2 54 31 (60) 77j 1.48 2.48
1990 50 6 56 36 (72) 100 2.00 2.78
1991 55 4 59 29 (53) 75 1.36 2.59
1992 58 4 62 29 (50) 82 1.41 2.83
1993 58 5 63 32 (55) 73 1.26 2.28
1994 61 3 64 28 (46) 76 1.25 2.71
1995 56 4 60 30 (54) 74k 1.32 2.47
1996 57 5 62 27 (47) 70 1.23 2.59
1997 61 5 66 29 (48) 69 1.13 2.38
1998 62 4 66 24 (39) 62 1.00 2.58
1999 57 5 62 25 (44) 56 0.98 2.24
2000 61 6 67 34 (56) 68 1.11 2.00
2001 57 12 69 25 (44) 63 1.11 2.52
2002 56 6 62 24 (43) 58 1.04 2.42
2005 52 4 56 30 (58) 79 1.52 2.63
2011 55 3 58 28 (51) 78 1.42 2.79
Summary statistics
Mean 48 4.3 52 25 (54) 65 1.40 2.58
SD 13 2.0 14 6.1 (8.5) 15 0.29 0.25
Range 23–62 1–12 27–69 12–36 (39–72) 29–100 0.98–2.0 2.0–3.37
aPre-1981 data are provided for historical context, and include only years in which all cliffs and bluffs in the entire main 
study area were surveyed twice, once during incubation and once during brood rearing.

bIncludes young of any age observed during the productivity survey.
cFrom Cade (1960).
dFrom Cade et al. (1971).
eFrom White and Cade (1971).
fUnknown number of eggs collected for pesticide analysis.
gFrom Haugh (1976).
h1978–1980 data from Ambrose et al. (1988).
iEight eggs collected for pesticide analysis.
jFive eggs collected for pesticide analysis.
kTwo eggs collected for pesticide analysis.
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we may have missed an average of about one pair 
per year in this population of 50–60 pairs.

breeding PerFormanCe and Phenology
Paired falcons occupied breeding territories within 
the main study area on 1155 occasions from 1981 
to 2011 (Table 1); 610 of these pairings (52.8%) 
produced 1561 young, while 545 (47.2%) pro-
duced no young. The proportion of pairs with 
young, their productivity, and brood sizes all 
declined significantly over time from 1981 to 
2011 (Figure 4), but the rate of change during the 
recovery and post-recovery periods did not differ 
(Table 2). We recorded clutch and brood sizes in 
285 and 634 nests, respectively (including some 
nests just outside the main study area; Table 3).

Of 603 nests we visited that contained young 
≥10 days old, 44 (7%) also contained one, and 10 
(2%) two, unhatched eggs. Thus, 9.0% of nests 
contained at least one inviable egg. We also found 

seven abandoned nests, each with three eggs. We 
rarely saw dead nestlings in or below nest sites, but 
we caused two nestlings (in different nests, both 
estimated to be 26 days old) to fatally fall from 
cliffs when we entered nests to band nestlings 
(with 1442 nestlings banded).

We built three GLMMs to relate the number 

table 2. Results of analysis of trends in breeding performance of a recovering Peregrine Falcon 
population on the Colville River, Alaska, 1981–2011.

Measure Factor F-statistic df p R2 Direction of change 

Proportion of pairs successful Year  7.37 1,22 0.009 0.22 Decline
Young per pair (productivity) Year 10.3 1,22  0.003 0.29 Decline
Young per successful pair (brood size) Year  4.67 1,22 0.042 0.14 Decline
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Figure 3. Number of pairs of the Arctic Peregrine Falcon along the segment of the Colville River surveyed from 
1952 to 2011. Data for 1952 and 1959 from Cade (1960), for 1967–1969 from Cade et al. (1971) and White and 
Cade (1971), for 1973 from Haugh (1976), for 1978–1980 from Ambrose et al. 1988, and for 1981–2011, this study.

table 3. Sizes of clutches and broods in Peregrine 
Falcon nests along the Colville River, Alaska, 1981–
2011. 

No. eggs or young No. clutchesa No. broodsb

1 12 98
2 39 195
3 119 229
4 115 112
Mean (SD) 3.18 (0.82) 2.56 (0.95)

aIncludes 17 clutches counted outside the main study area.
bIncludes 45 broods counted outside the main study area.
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of young produced per pair to other variables, 
such as large-scale factors that vary across the land-
scape or by territory, small-scale characteristics of 
the nest site, and hatch date. In our first GLMM, 
the model that included year, number of years 
the territory was occupied, and location along the 
river (km from headwaters) was the best-fitting 
model with a weight of 0.64 (Table 4). We found 
negative relationships between number of young 
and year (–0.02, 95% CI –0.04 to –0.01) and 

location along the river (–0.29, 95% CI –0.43 to 
–0.16). The number of years a territory was occu-
pied had a positive relationship with the number 
of young observed (0.22, 95% CI 0.09 to 0.36). 
Including density did not improve the model’s 
ability to explain the observed variation in the 
number of young.

Neither the degree to which nests were over-
hung nor their accessibility to mammalian preda-
tors, as measured in this study, was a significant 
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Figure 4. Young per pair (open squares), brood size (filled circles), and proportion of pairs successful (filled triangles) 
for the Arctic Peregrine Falcon along the segment of the Colville River surveyed from 1981 to 2011.

table 4. Results of models examined for influence of variables on productivity (number of young 
per nest) in a recovering Peregrine Falcon population along the Colville River, Alaska, 1981–2011. 
Models were ranked using Akaike’s information criterion (AIC). ∆AIC = difference in score relative to 
highest-ranked model; wi = Akaike weight, indicating relative support for model; LL = log-likelihood; 
and K = number of parameters. Fixed effects included Density (an index of density of pairs in the 
area), Kilometer (location along the river), Year (for linear time trend), and # Years occupied (an index 
of quality); Territory was included in all models as a random effect to account for nonindependence.

Model ∆AIC  wi –2 LL K

Full minus Density 0.0 a 0.64 3136.2 8
Full: Young ~ Density + Kilometer + Year + # Years occupied 

+ 1|Territory
1.6 0.29 3135.8 9

Full minus Year 5.1 0.05 3141.2 8
Full minus # Years occupied 8.4 0.01 3144.7 8
Full minus Kilometer 8.9 0.01 3145.0 8
Null: Young ~ 1 + 1|Territory 25.7 0 3167.9 5
aAIC = 3152.2.
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predictor of the number of young. Nests with 
overhangs were comparatively rare, however, with 
only 13.5% and 7.2% of nests having a partial or 
a complete overhang, respectively.

Later hatch dates were associated with fewer 
young (–0.43, 95% CI –0.62 to –0.24; Figure 5). 
Mean hatch dates became later over time (F1,573 = 
26.15, p < 0.001; Figure 6), but were earlier in ter-
ritories that were occupied more frequently (F1,573 
= 11.53, p < 0.001; Figure 7).

inCidental observations
We observed Peregrine Falcons kleptoparasitizing 
prey from Northern Harriers (Circus cyaneus) and 
Short-eared Owls (Asio flammeus) on numerous 
occasions. In one instance, where harriers nested 
several hundred meters from a peregrine nest, the 
incubating peregrine repeatedly left her nest to 
take prey from the male harrier returning to his 
nest. Rough-legged Hawks (Buteo lagopus), which 

outnumbered peregrines in the study area, fre-
quently nested within tens of meters of peregrine 
nests and were commonly seen carrying prey to 
their own nests, but we never observed them klep-
toparasitized by peregrines.

We observed a brown bear (Ursus arctos) 
approach within meters of a Peregrine Falcon nest 
minutes after we had banded nestlings and left the 
nest. Both adults repeatedly stooped, screaming 
loudly, within one meter of the bear’s head. The 
bear spent several minutes foraging near the nest, 
never reacting to the stooping adults or indicating 
awareness of the nearby nest, which was readily 
accessible. On another occasion, we saw a red fox 
(Vulpes fulva) walk along the base of a bluff where 
Peregrine Falcons had nested but failed earlier 
that year. The adult male peregrine was nearby 
and aggressively stooped at the fox and struck 
it from behind in the hindquarters so hard the 
fox tumbled over. The fox then hid in rubble for 
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Figure 5. Mean productivity (young per pair) of Arctic Peregrine Falcons by hatch date, 1981–2011. 

Figure 6. Mean hatch date (ordinal date + SE; n above error bars) of Arctic Peregrine Falcons along the segment 
of the Colville River surveyed from 1981 to 2011. The period 1–10 July is shaded.
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several minutes before escaping at a full run. We 
also observed peregrines “dust bathing” in loose 
silt on bluffs on three occasions.

disCussion
Historical studies followed by long-term monitor-
ing of Peregrine Falcons nesting along the Colville 
River have provided the opportunity for popula-
tion changes to be observed over a 60-year period. 
Measuring breeding performance and abundance 
in the 1950s was prescient, as exposure to organo-
chlorine pesticides impaired the peregrine’s repro-
duction worldwide and caused the collapse of this 
and many other populations. Observations during 
the pesticide era, followed by our more recent 
monitoring during and after population recovery, 
provide a means to estimate the magnitude of 
population decline and the rate and timing of 
recovery, as well as a basis for comparison with 
observations elsewhere in the species’ range. Our 
observations during and after recovery also pro-
vide information on breeding performance, and 
the factors affecting it, in the post-pesticide era.

abundanCe
Peregrine populations in Alaska, including that 
along the Colville River, began to increase in 
abundance in the mid- to late 1970s (Ambrose 
et al. 1988), which is generally consistent with 
the onset of recovery in populations of the Arctic 
and American Peregrine in Canada (Holroyd 
and Banasch 2012) and the contiguous 48 states 
(Enderson et al. 1995). The rate of popula-
tion growth along the Colville River during 
recovery, averaging ~8% per year from 1981 to 

1994, was within the range of variation found 
in other populations in Alaska and northern 
Canada that recovered without augmentation by 
captive-reared peregrines: 16% annual growth in 
the Yukon–Tanana uplands in east-central Alaska 
from 1995 to 2003 (Ritchie and Shook 2011), 
8.6% in the 1970s and 1980s along the Yukon 
River in east-central Alaska (Ambrose et al. 2016), 
and 10–11% from 1982 to 1991 in the central 
Canadian Arctic (Shank et al. 1993). One notable 
difference among Alaska populations is that Arctic 
Peregrine Falcons nesting along the Colville River 
apparently stabilized in number in the mid-1990s, 
whereas American Peregrine Falcons, breeding 
about 300–500 km to the southeast in interior 
Alaska, were still increasing in abundance until at 
least 2002 in the Yukon–Tanana uplands (Ritchie 
and Shook 2011) and until at least 2017 along 
the upper Yukon River (Ambrose et al. 2016, S. 
Ambrose pers. comm.).

Because the population along the Colville 
River was surveyed in only 5 of 11 years from 
1969 to 1979, when abundance reached its lowest 
level, we do not know precisely when or how far 
the population declined. On the basis of the low-
est documented abundance (14 pairs in 1973), 
however, the number fell to about 25% of current 
numbers, which is comparable to the estimated 
magnitude of decline for American Peregrines on 
the upper Yukon River (20% of current abun-
dance; Ambrose et al. 2016). Since stabilizing 
about 1995, the annual number of pairs (52–62) 
and total number of occupied sites (56–69) on 
the Colville River have varied within about 11% 
of mean values, typical for populations breeding 

Figure 7. Mean hatch date (+ SE n above error bars) calculated by total years of territory occupancy for Arctic 
Peregrine Falcons along the segment of the Colville River surveyed from 1981 to 2011. The period 1–10 July is shaded.
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in North America and Europe, which usually vary 
within 10% of mean values (Newton 1988).

deteCtion Probability
We estimate that with two surveys, one during 
incubation and one during brood rearing, we 
detected a territorial pair ~98% of the time. We 
did not survey during the pre-laying or early-
incubation periods, however, and cannot estimate 
the number of pairs that may have occupied but 
abandoned territories prior to our first survey. 
Also, our models included only territories where 
we saw pairs. We suspect that some territories 
where we detected only a single adult (average 
8% of occupied territories) were actually occupied 
by pairs without nests and we failed to detect the 
second adult. If so, we may have overestimated 
the rate of detection. Despite these limitations, we 
believe we missed very few peregrines that occu-
pied territories in our study area, and our counts 
represent a near census of the population.

breeding PerFormanCe and Phenology
Nest success and productivity are standard mea-
sures used to evaluate the reproduction of raptor 
populations, and much attention has been devoted 
to the process and benefits of standardizing meth-
ods and terminology to enable the assessment 
of trends or comparisons among populations 
(Postupalsky 1974, Steenhof 1987, Steenhof and 
Newton 2007, Brown et al. 2013). In most stud-
ies quantifying raptor reproduction, young are 
counted when they approach fledging, to avoid 
biasing estimates high by including nests that fail 
or nestlings that die before fledging. The USFWS 
(2003) recommended considering peregrine nests 
successful when young reach 28 days of age (65% 
of average age at first flight). We last visited most 
nests when nestlings were days or weeks shy of this 
standard (mean 20 days, range 1–38 days) because 
we also prioritized visiting nests to safely band 
young before they were mobile enough to fledge 
prematurely; Heinrich (1996) recommended that 
peregrine young be banded at 21–35 days of age. 
Thus our measures of productivity were biased 
high and can be compared only to measures from 
other surveys with this qualification. Because the 
timing of our surveys did not vary from year to 
year, however, we believe this bias was consistent 
and did not affect comparison by year within our 
study.

Absent significant anthropogenic interference 
such as pesticide contamination, peregrine popu-
lations generally produce between 1.0 and 1.5 
young per breeding pair per year, with greater 

variation found in cold and wet regions (Newton 
1988). Productivity on the Colville River was 
within this range in the 1950s to mid-1960s, fell 
below this range from 1969 to 1979, rebounded 
in 1980, and has generally remained within this 
range since. Our recent estimates are in line 
with those from elsewhere within the range of 
the Arctic Peregrine Falcon in the post-pesticide 
era, including the Mackenzie River, Northwest 
Territories (Carrière and Matthews 2013), and 
Rankin Inlet, Nunavut (Franke et al. 2010), 
although measures of breeding performance in 
Greenland have generally been slightly higher 
than those from the Colville River and Canada for 
reasons that are not clear (see Mattox and Seegar 
1988, Burnham 2007, Falk and Møller 2014). 
Our other metrics of breeding performance were 
also in line with those found elsewhere, with the 
exception that among 285 clutches we found no 
nests with ≥5 eggs (Table 3). Such clutches have 
been reported by others from Arctic Alaska (Cade 
1960), elsewhere in North America (Hickey 1942, 
Bond 1946), and in Great Britain (Ratcliffe 
1993).

We observed considerable annual variation in 
breeding performance, years differing in the num-
ber of young per pair by a factor of up to 2 (Table 
1). We also found a gradual decline over time in 
three measures of breeding performance, includ-
ing the proportion of pairs that raised young, 
brood size, and productivity (which, as the average 
number of young per pair, is the product of the 
other two measures). At Rankin Inlet, Nunavut, 
Arctic Peregrine Falcons averaged 1.59 young 
per pair from 1982 to 1989 but declined to 0.94 
young per pair from 2002 to 2009 (Franke et al. 
2010). The drop, caused by increasing nestling 
mortality, is thought due in part to changes in 
rainfall patterns (Franke et al. 2010, Anctil et 
al. 2014). The rate of decline in our measures of 
breeding performance in the recovery period did 
not differ from that in the post-recovery periods, 
so we see no indication that the rate of decline has 
accelerated in recent years, whether from climate 
change or other factors. However, our surveys 
were intermittent after 2002, so we may have 
missed episodic weather events in non-survey 
years. Also, we did not examine the potential 
influence of extreme weather or longer-term 
changes in climate upon productivity, although 
we believe that production was poor during years 
when cold, rainy weather coincided with incuba-
tion and brood rearing.

When examining relationships between the 
number of young raised and other covariates, 
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we found no relationship between the number 
of young and small-scale characteristics of nest 
sites (overhangs and accessibility to mammalian 
predators). This contrasts with observations in 
Scotland, where peregrines’ breeding success from 
1974 to 1982 was heavily dependent on the acces-
sibility of nest sites to human and other mam-
malian predators, and sheltered or overhung nest 
sites fared better than more exposed sites (Mearns 
and Newton 1988). Removal of eggs and young 
from nests by humans was an important factor 
in Scotland, causing at least 10% of nests to fail 
(Mearns and Newton 1988), but such removal 
was essentially nonexistent along the Colville 
River. Also, overhung nests were very rare along 
the Colville River, possibly limiting our ability to 
detect that factor’s effects on productivity.

We found the number of young raised was 
related to year, the location of the territory, and 
the number of years the territory was occupied. 
The negative relationship with year is consistent 
with our univariate linear models that found an 
overall decline over time in three measures of aver-
age annual breeding performance (proportion of 
pairs that raised young, productivity, and brood 
size in successful nests). The positive relationship 
we found with the number of years that the ter-
ritory was occupied is a pattern well documented 
in other peregrine populations (e.g., Hickey 1942, 
Mearns and Newton 1988, Ratcliffe 1993): birds 
more frequently occupy territories that produce 
more young. It remains unclear, however, if this 
pattern results from characteristics of the territory 
or if preferred territories are occupied by fitter 
individuals whose fecundity and survival are great-
er (Mearns and Newton 1988). We also found 
that territories along the upper Colville River were 
more productive than those downriver, which may 
have resulted from instability of bluffs downriver, 
the greater influence of the Beaufort Sea on weath-
er conditions downriver, or other factors.

Several patterns regarding hatch dates emerged. 
Not surprisingly, we found that broods hatching 
earlier were larger, as found in Scotland (Mearns 
and Newton 1988) and Nunavut (Anctil et al. 
2014), and that hatch dates were earlier in the 
more frequently occupied territories. It remains 
unclear whether peregrines preferentially occupied 
territories where cliffs thawed and dried earlier, 
allowing for earlier nesting, or whether the more 
frequently occupied territories were used by fitter 
individuals, which were physiologically capable of 
nesting earlier. Finally and surprisingly, hatching 
dates got later over time, counter to predictions 
associated with a warming climate (see Dunn 

and Winkler 2010, Pearce-Higgins and Green 
2014). In contrast, dates of hatching of Arctic 
Peregrine Falcons along the Mackenzie River, 
Northwest Territories, have advanced 1.5–3.6 
days per decade, depending on latitude (Carrière 
and Mathews 2013).

Newton (1988), in describing mechanisms of 
regulation of peregrine populations, observed that 
all aspects of population dynamics are indepen-
dent of density except age at first breeding. He 
reported that second-year females (those hatched 
in the previous year) breed frequently in depleted 
or increasing populations, but rarely in popula-
tions near their limit. Consistent with this gen-
eralization, Tordoff and Redig (1997) found the 
proportion of second-year peregrines breeding in 
the Midwestern United States declined as recovery 
advanced. Ambrose and Riddle (1988) reported 
several cases of second-year females and a few 
second-year males nesting along the Yukon River 
in the 1980s, and Mearns and Newton (1988) 
found that second-year peregrines represented 2 
of 16 breeding females and 0 of 4 breeding males 
in Scotland from 1974 to 1982. We found no 
second-year peregrines, identified by plumage 
or color bands, occupying breeding territories, 
even in the 1980s when numerous cliffs suitable 
for nesting were still vacant. Also in contrast to 
Newton’s (1988) generalizations, we found no 
evidence that the age at which peregrines first 
bred increased as the population recovered and 
stabilized in abundance. Possibly our sample sizes 
of known-aged birds first occupying breeding 
territories constrained our ability to detect a dif-
ference in ages (n = 72 and 41 in the recovery and 
post-recovery periods, respectively).

Mearns and Newton (1988) found no effect 
of local density on peregrines’ breeding success 
in Scotland. Similarly, we found no relationship 
between the number of young and the density of 
nearby pairs, even though the highly variable spac-
ing of cliffs along the Colville River resulted in 
considerable heterogeneity in density, presumably 
providing an opportunity for such a relationship 
to be detected.

However, we may have observed a more subtle 
form of density dependence with fecundity. The 
habitat-heterogeneity hypothesis (Fretwell and 
Lucas 1969) proposes that a greater proportion 
of individuals occupies poor habitat when a 
population’s density is high than when it is low. 
Possibly, as the peregrine population along the 
Colville River increased, an increasingly larger 
proportion of pairs was relegated to less optimal 
territories, explaining at least part of the decline 
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in mean productivity. This is consistent with our 
observations that less frequently occupied territo-
ries produced fewer young. However, productivity 
continued to decline even after abundance stabi-
lized (at least as measured by the number of pairs 
occupying breeding territories), suggesting that 
the habitat-heterogeneity hypothesis alone can-
not explain the observed decline in productivity. 
Possibly the number and influence of floating, 
non-territorial individuals continued to increase 
after the number of territorial pairs stabilized, 
but we had no means to assess this pressure. 
Discerning whether or not regulation of the 
Colville River’s population of breeding Peregrine 
Falcons is density dependent remains a topic of 
interest.
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