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ABSTRACT.—I have studied the population ecology of the Gyrfalcon (Falco rusticolus) since 1981
on a 5,300-km? study area in northeast Iceland harbouring 83 traditional Gyrfalcon territories. The
main questions addressed relate to the predator—prey relationship of the Gyrfalcon and its main
prey, the Rock Ptarmigan (Lagopus muta). Specifically, how does the Gyrfalcon respond func-
tionally and numerically to changes in ptarmigan numbers? Field work involved an annual census
to determine occupancy of Gyrfalcon territories, breeding success, and food. Also, Rock Ptarmi-
gan were censused annually on six census plots within the study area. The Rock Ptarmigan pop-
ulation showed multi-annual cycles, with peaks in 1986, 1998 and 2005. Cycle period was 11 or
12 years based on the 1981-2003 data. The Gyrfalcon in Iceland is a resident specialist predator
and the Rock Ptarmigan is the main food in all years. The functional response curve was just
slightly concave but ptarmigan densities never reached levels low enough to reveal the lower end
of the trajectory. Occupancy rate of Gyrfalcon territories followed Rock Ptarmigan numbers with
a 3—4 year time-lag. Gyrfalcons reproduced in all years, and all measures of Gyrfalcon breeding
success —laying rate, success rate, mean brood size, and population productivity —were signifi-
cantly related to March and April weather and to Rock Ptarmigan density. The Gyrfalcon data
show characteristics suggesting that the falcon could be one of the forces driving the Rock Ptarmi-
gan cycle (resident specialist predator, time-lag). The Iceland Gyrfalcon and Rock Ptarmigan data
are the longest time series on the Gyrfalcon—Rock Ptarmigan relationship, and the only series that
indicate a coupled predator—prey cycle for the falcon and its ptarmigan prey. Received 20 April
2011, accepted 28 July 2011.
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THE GYRFALCON (FALCO RUSTICOLUS) is a large Booms et al. 2008). The breeding habitat is gen-
diurnal raptor with a circumpolar, arctic and  erally harsh, and winter conditions are such that
subarctic distribution (Cramp and Simmons in parts of its range the Gyrfalcon is migratory
1980, Cade et al. 1998, Potapov and Sale 2005, (Poole and Bromley 1988, Burnham 2007). In
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other parts, it is sedentary with just local move-
ments of juvenile birds (Nielsen and Cade
1990a), and in between are partly migratory
populations (Platt 1976). The Gyrfalcon is a
specialized predator, and within most of its
range the main food is one or two species of
ptarmigan, the Willow Ptarmigan (Lagopus
lagopus), and the Rock Ptarmigan (L. muta)
(Figure 24.9. in Nielsen 2003). The Gyrfalcon
is unusual among raptors that prey upon other
birds; they go through the breeding season prey-
ing on the adult segment of the ptarmigan pop-
ulation at a time of year when ptarmigan
abundance is lowest (Hagen 1952a, Cade 1960).
The most common pattern among other diurnal
raptors that prey upon birds is to time their
breeding so that the period of peak food
demand —the nestling period —coincides with
fledging of their prey (Newton 1979, Newton
and Marquiss 1982b) to capitalize on this
annual peak in prey abundance. In contrast, it
has been postulated that the timing of the Gyr-
falcon’s breeding period matches the dispersal
period of juvenile Gyrfalcons with the annual
peak in number of the most vulnerable ptarmi-
gan (Cade 1960, Nielsen 2003). Ptarmigan
chicks enter the diet of the Gyrfalcon when the
ptarmigan are c. four weeks old, and it is only
when they are c. 80 days old that they have
grown their primaries and acquired full flying
capabilities. In Iceland, this window of annual
peak abundance of newly fledged, naive Rock
Ptarmigan with impaired flying capabilities lasts
from late July to early September, coinciding
with the dispersal period of juvenile Gyrfalcons.

Some ptarmigan populations, sympatric with
Gyrfalcons, have multi-year, cyclic fluctua-
tions of numbers. In Fennoscandia, the Willow
Ptarmigan has traditionally had 3- to 7-year
cycles (Myrberget 1984, Andrén et al. 1985,
Angelstam et al. 1985), with 10-year cycles in
the eastern part of Siberia and in North-Amer-
ica (Keith 1963, Bergerud 1970, Andreev
1988, Bergerud 1988). Rock Ptarmigan in Ice-
land (Nielsen and Pétursson 1995) and Alaska
(Weeden and Theberge 1972) have c. 10-year
cycles. Similar cycles are known for many
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other species of Arctic and boreal herbivores
(Elton 1924, Keith 1963). Many believe these
periodic fluctuations to be caused by trophic
interactions (Berryman 2002), either between
the herbivore and its food source (Bryant and
Kuropat 1980, Bryant 1981b, Bryant 1981a),
or the herbivore and its predators (Hanski et al.
1993, Krebs et al. 1995, Korpimiki and Krebs
1996, Turchin et al. 1999), or its pathogens
(Berryman 1996, Hudson et al. 1998, Holm-
stad et al. 2005a, Holmstad et al. 2005b). It
goes without saying that a specialist predator
such as the Gyrfalcon, utilizing a cyclic prey
base, is faced with greatly contrasting food
regimes, alternating between years of plenty
and scarcity. It has been assumed that these
large scale changes in the Gyrfalcon’s prey
base are reflected in the population size and
fecundity of the raptor (Palmer 1988, Cade et
al. 1998, Booms et al. 2008).

Studies have been done on the
Gyrfalcon—ptarmigan relationship in the
Yukon Territory (Mossop and Hayes 1994) and
the Northwest Territories (Shank and Poole
1994) of Canada, in two areas in Norway
(Tgmmeraas 1993, Selas and Kélas 2007), in
Sweden (Nystrom et al. 2005), and in Iceland
(Nielsen 1999). In Iceland, the numerical and
functional response of the Gyrfalcon to
changes in Rock Ptarmigan density was stud-
ied from 1981 to 1997 (Nielsen 1999). In this
paper, I use these same data series extended to
2010 to describe how changes in Rock Ptarmi-
gan density affect food composition of the
Gyrfalcon, how populations of the two species
relate to each other in time, and finally how
Rock Ptarmigan numbers and weather interact
with respect to fecundity of the Gyrfalcons.

METHODS

Study Area.—The study area covers 5,327 km?
located in northeast Iceland and centered on
Lake Myvatn (N65°60', W17°00"). This area is
characterized by rolling hills rising from the
coast to 600-800 m above sea level at the
southern border, 100 km inland. Several
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glaciated valleys, isolated mountains, and
larger mountain masses break this relief (high-
est peak 1,222 m a.s.l.). Two major glacial
rivers border the study area, Skjdlfandafljét in
the west, and Jokulsd 4 Fjollum in the east.

The climate of Iceland is maritime with cool
summers and mild winters. July is the warmest
month and February the coldest. The mean
temperature for these months respectively
from 1981-2010 on the study area was 9.5°C
and —1.0°C on the coast at Manarbakki on
Tjornes Peninsula, and 10.6°C and -3.7°C
inland at Reykjahlid, Lake Myvatn. Average
annual precipitation decreases from the coast
inland. It was 598 mm from 1981-2010 at
Maiénarbakki, and 464 mm at Reykjahlid. At
Lake Myvatn, the last frost in spring on aver-
age was on 12 June, and the first frost in
autumn was on 5 September (Eythorsson and
Sigtryggsson 1971, Einarsson 1979, Icelandic
Met Office http://www.vedur.is).

The dominant vegetation types are heath and
meadow vegetation, which cover 3,003 km?.
Other important types are wetlands of various
kinds, 327 km?; Downy Birch (Betula pubes-
cens) woods and shrubs, 156 km?; and moss
heath, 2 km?. Sparsely- or un-vegetated land
covers 1,659 km?, and lakes and rivers, 180
km? (Vegetation map of Iceland, 1:500,000,
Icelandic Institute of Natural History). Impor-
tant heath plants include species belonging to
the Ericaceae, the Dwarf Birch (Betula nana),
the Tea-leaved Willow (Salix phylicifolia), and
various species of grasses (Poaceae), sedges
(Carex spp.), moss, and lichens. Three species
of terrestrial mammals — Arctic Fox (Vulpes
lagopus), Mink (Mustela vison) and Wood
Mouse (Apodemus sylvaticus)—and 61 avian
species breed in the area.

The avifauna is characterised by large popula-
tions of waders, waterfowl, and seabirds. In
summer, the Rock Ptarmigan is common on
heath and grassland habitats. Winter habitats
include alpine areas, lava fields and birch
shrubs (Nielsen 1993). Natural predators of
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adult Rock Ptarmigan are the Gyrfalcon,
Raven (Corvus corax), Arctic Fox, and Mink.
The Rock Ptarmigan is a game bird and is har-
vested in autumn; in 2010 the open season was
18 days from 29 October to 5 December. The
Rock Ptarmigan is the only ptarmigan species
breeding in Iceland.

Rock Ptarmigan Population.—Each spring,
territorial Rock Ptarmigan cocks were counted
on six plots within the Gyrfalcon study area.
The combined size of these plots was 26.8 km?
(range 2.4-8.0 km?). Each plot was censused
once during May (mean date 20 May, SD =
5.49, range 7 May —6 June). The census was
usually conducted by two observers in the late
afternoon (time 17:00-24:00) or the early
morning hours (time 05:00—10:00). The posi-
tions of territorial cocks were plotted on a map,
as were the locations of all kills. A “kill” was
the remains of a Rock Ptarmigan killed and
eaten after arrival on the census plot in spring.
The total number of cocks in spring was meas-
ured as the sum of the number of territorial
cocks censused and killed (for a detailed
description of census plots and methods, see
Nielsen 1996). The Rock Ptarmigan index
used for this study was the annual mean den-
sity of cocks on the six plots.

Gyrfalcon Population.— Gyrfalcons have tra-
ditional nesting territories (Tgmmeraas 1993,
Burnham et al. 2009). The term ‘“nesting terri-
tory” refers to the area defended by the Gyrfal-
cons around the nest, usually only the nesting
cliff and its immediate surroundings. The nest-
ing territory was the unit surveyed in this study.
Information on the location of Gyrfalcon nest-
ing territories in the study area already existed
at the start of the study in 1981, from local
knowledge and the archives of the Icelandic
Institute of Natural History (IINH). A nesting
territory always had several nest sites. A “nest
site” referred to the actual location of the nest.
Nest sites belonging to the same nesting terri-
tory could be on different cliffs, with the terri-
torial pair alternating between them in different
years. Whether adjacent nest cliffs were
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regarded as belonging to the same nesting ter-
ritory or not was based on their history of occu-
pancy. By definition, only one Gyrfalcon pair
could use a specific nesting territory at any one
time. At the start of the study in the 1980s, there
were 81 traditional Gyrfalcon nesting territories
recognized in the study area (Nielsen 1986). By
2010, there were 83 Gyrfalcon nesting territo-
ries recognized in the study area. Nest sites in
two different nesting territories (3.4 and 4.2 km
apart respectively), and used by the same
banded females at the start of the study, have
since been split among four pairs.

Field work was conducted between May and
mid-August from 1981 to 2010. During the first
visit in spring, the nesting territory was deter-
mined either as “unoccupied” if no signs of
Gyrfalcons were found at any of the known
nest sites, roosts, and perches within the terri-
tory, or “occupied” if definite signs of activity
were observed. To be classified as occupied,
the territory had to have a breeding pair, or in
case of non-breeders, an active roost with some
combination of bird sightings, new food
remains, fresh droppings, moulted down and
feathers, or pellets. Occupied territories could
hold: (1) successful breeding pairs; (2) unsuc-
cessful breeding pairs; (3) non-breeding pairs;
and (4) unknown occupants. Successful pairs
fledged at least one young. Unsuccessful pairs
laid eggs but failed at some stage before fledg-
ing young; proof of breeding was observation
of eggs or chicks, or an incubating adult. Terri-
tories with non-breeding pairs included territo-
ries where sightings were made of adult pairs
or where proof was found of courtship feeding.
Territories with unknown occupants included
territories where clear signs of occupancy were
found but no indications of courtship activities
and only single birds observed. Classification
into any of the four occupancy categories could
be based on signs alone. Brood size was deter-
mined when the nestlings were 4—-6 weeks old.
Most of the nests were revisited after young
had fledged. Nestlings found at that time, and
dead since the last visit, where taken into
account when calculating mean brood size.

24

I used the following variables to describe the
relative size of the territorial Gyrfalcon popula-
tion and its fecundity (cf. Newton and Marquiss
1982a, Steenhof et al. 1997, Mclntyre and
Adams 1999): (1) occupancy rate, the propor-
tion of nesting territories surveyed that were
occupied by Gyrfalcons; (2) laying rate, the
proportion of occupied territories where eggs
were laid; (3) success rate, the proportion of
laying pairs that fledged chicks; (4) mean brood
size, the average brood size at fledging for suc-
cessful pairs; and (5) population productivity,
mean number of fledglings per occupied nesting
territory, calculated as the product of variables
no. 2, 3 and 4 above. Population data for 1993
were not included in the current analysis as only
48 territories were visited, the territories visited
were not chosen randomly, and they were
biased towards “good” territories.

Gyrfalcon Diet.—Gyrfalcons started to bring
prey to the nesting territory at the onset of
courtship feeding in the 2" half of March to
the 1* half of April. During courtship, laying,
and incubation, prey remains accumulated at
plucking locations within the territory some
distance away from the nest site itself. These
plucking sites were usually on top of the nest-
ing cliff, on the slope below it, or on either rim
if the nesting territory was centered within a
gorge. It was only after the young had hatched
that prey remains started to accumulate in the
nest. During the nestling stage, most prey
remains were found in the nest or at the bottom
of the cliffs below it. When the young fledged,
they used many of the same plucking locations
as their parents’ in spring, but also many new
sites so prey remains were much more spread
out than in spring.

The food study was based on collections of
prey remains and pellets from successful nest-
ing territories only. Nest sites were visited two
or three times during the summer to collect
remains. The final visit was always made after
young had fledged. Prey collections from ter-
ritories with aborted breeding attempts were
excluded from this analysis, as were prey col-
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lections from successful territories where col-
lecting was not possible within the nest itself.
These exclusions were made because of pre-
dictable changes in prey selection over the
course of a season (Nielsen 2003). The only
way to have comparable samples of diet was to
collect prey remains at all sites where they
accumulated, and over the course of the entire
breeding season, courtship through fledging.
Complete prey collections were made at 71
nesting territories, representing 521 successful
breeding attempts. A total of 45,014 individu-
als were identified in the prey collections.

A prey collection consisted mostly of skeletal
remains, but also feathers and pellets. Identifi-
cation of most prey items was done in the field.
Problematic specimens were brought back to
the lab and identified with the aid of a reference
collection. Each prey collection was separated
into species and age groups, and the minimum
number of individuals belonging to each group
found by counting the most frequently occur-
ring bone representing one individual. For the
Rock Ptarmigan, this was nearly always the
sternum (Langvatn 1977), but for smaller
species this item was more often either one of
the wings or the feet. Feather pattern or bone
structure was used to distinguish between
young of the year and adults. Pellets were only
analysed for legs and bones of small birds,
mainly young waders and passerines. Masses
of prey items were taken from IINH files, and
Nielsen (1986, unpubl. data).

Gyrfalcon Functional Response.—The number
of adult Rock Ptarmigan consumed by Gyrfal-
cons during the breeding season (PC) was cal-
culated using the formula:

(FC + MC + YC) x PGD
PC =

WG x 100

where FC = consumption by female Gyrfalcons
= number of females x 111 days (the length of
breeding season) x daily food requirements
(301 g day™"); MC = consumption by male Gyr-
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falcons = number of males x 111 days x daily
food requirements (241 g day™'); YC = con-
sumption by young = 54 days x daily food
requirements (169 g day~'); PGD = proportion
of adult Rock Ptarmigan biomass in the diet of
Gyrfalcons; WG = mean weight of Rock
Ptarmigan in spring 537 g (unpubl. data). The
per capita consumption was calculated by
dividing PC by the total number of falcons. It
was assumed that all territories were occupied
by pairs. Daily food requirements were calcu-
lated in accordance with Lindberg (1983).
These figures included waste (estimated at
20%), and gross energy intake (estimated
assimilation efficiency 70%). Daily energy
expenditure was taken as 2.5 x basal metabolic
rate (BMR) for adults and 1.7 x BMR for
young. Weights used for calculations of BMR
were 1,355 g for adult males, 1,831 g for adult
females, 1,262 g for young males and 1,573 g
for young females (Cade et al. 1998). The sex
ratio of young was taken to be equal (Nielsen
1986), and consumption by young used in the
calculations was the average value for the two
sexes. The breeding season as represented by
the food data was taken as 111 days long,
including 14 days for courtship, 43 days for
laying and incubation, 47 days for nestling
period, and seven days post-fledging period.
Both the courtship-period and the post-fledging
period were longer than stated above. I used a
conservative estimate of what fraction of those
periods my food collections covered, namely
the last two weeks of the courtship period and
the first week of the post-fledging period. It
was assumed that the estimated number of prey
items consumed equalled the number hunted,
i.e., there was no surplus killing. The data, per
capita consumption, was graphed against Rock
Ptarmigan densities and the Holling’s type two
functional response function (Holling 1959)
was fitted to the data using the solver applica-
tion in Excel (Liengme 2000).

Weather.— Weather data used in the analysis
was collected during the years 1981-2010 at
six weather stations within or bordering the
study area (courtesy of the Icelandic Met
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Office http://www.vedur.is/). The stations
were: Grimsstadir, Manarbakki, Myri, Myvatn,
Modrudalur, and Stadarholl. The weather vari-
ables studied were for the months January
through April, or for the following combina-
tions of months: January and February, Janu-
ary through March, January through April,
February and March, February through April,
and March and April. The variables were: (1)
mean temperature (°C); (2) accumulated pre-
cipitation (mm); (3) days with wind = 18 m per
sec; (4) days with precipitation = 1 mm; (5)
days with precipitation as snow; (6) days with
100% snow cover; and (7) mean percentage
SNOW COVer.

Statistical Analysis.— All statistical tests were
run using the software STATISTICA
(http://www.statsoft.com/). Statistical signifi-
cance level was set at P < 0.05 for all tests. I
used ANOVA to test for differences in Rock
Ptarmigan density among years (6 observa-
tions x 30 years) and among decades (60
observations x 3 decades). The variance was
homogenous (Levene test, Fyg 59 = 1.206, P =
0.233), but the distribution was right-skewed
and did not conform to normality. I used the
natural logarithm (In) to transform density val-
ues prior to analysis to normalize the fre-
quency distribution. I used Chi-square to test
for differences in occupancy rate, laying rate,
and success rate among years. For success rate,
cells (years) with fewer than five observations
were added to adjacent cells prior to analysis.
To test for differences in mean brood size
among years [ used ANOVA. To test for a rela-
tionship between occupancy rate, laying rate or
success rate as dependent variables, and spring
Rock Ptarmigan density and spring weather as
explanatory variables, I used a logit regression
with binomial distribution and logit link func-
tion (Hill and Lewicki 2006). For model selec-
tion I used “best subset,” and the AIC criteria
to select amongst models. Wald statistics were
used to test the significance of the regression
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coefficients. Forward stepwise multiple linear
regression was used to test for a relationship
between mean brood size or population pro-
ductivity (dependent variables), and spring
Rock Ptarmigan density and spring weather
(explanatory variables) (Hill and Lewicki
2006). The linear regression was evaluated
with the F-test, and model parameters with the
t-test. I used autocorrelation and partial auto-
correlation, a time series analysis technique, to
study the lag process in the Rock Ptarmigan
time series (Chatfield 1989). Autocorrelation
measured the degree of association between
numbers in a time series. Autocorrelation coef-
ficients plotted against their lag gave the auto-
correlation function that provided an objective
estimate of the dominant cycle period. Partial
autocorrelation gave the correlation between
current population and the population at some
time in the future, but controlled for years
between the points. Partial autocorrelation
coefficients plotted against the lag gave the
partial autocorrelation function and revealed
the process order or the number of lags needed
to model the population fluctuations. Similarly,
I applied cross-correlations to assess the
degree of temporal synchrony of the Rock
Ptarmigan population and the Gyrfalcon occu-
pancy rate, laying rate, and importance of
Rock Ptarmigan in Gyrfalcon diet (Chatfield
1989). Correlation coefficients, r, were calcu-
lated with different time-lags, t. Correlation
coefficients calculated between synchronously
fluctuating parameters yielded high positive
values with t = 0 years, and rapidly decaying
values with an increasing time-lag. Non-syn-
chronous parameters did not correlate strongly.
Fluctuating parameters in opposite phases
yielded high negative correlation with t = 0
years. Prior to analysis, time series were
detrended using trend subtract (x =x —(a+b
% t)) in the Time Series module, and standard-
ized to zero mean and unit variance. Data
points for 1993 were interpolated using adja-
cent values.
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RESULTS

Rock Ptarmigan Numbers.—Rock Ptarmigan
densities in spring varied significantly among
years (Fyg 50 = 3.159, P < 0.001). During the
years 1981-2003 there were two cycles of
Rock Ptarmigan numbers with peaks in abun-
dance in 1986 and 1998 (Figure 1). The differ-
ence between highest (1986) and lowest
(2003) mean annual density observed was 5 .4-
fold. The cyclic nature of these changes was
further revealed by the autocorrelation func-
tion, which suggested a cycle period of 11-12
years (Figure 2b). The partial autocorrelation
function gave a more detailed description of
the lag process involved, which in this case
was a negative 4-year lag (Figure 2a). The
dynamics of the Rock Ptarmigan population
changed with the closure of the game bird
hunting season in the autumn of 2003 and
2004, resulting in a peak in 2005, seven years
after the peak in 1998. There was a significant
difference in mean Rock Ptarmigan density
between the three decades of the study (F, 7,
=12.300, P < 0.001); the high numbers in 1998
and 2005 were 65% of the 1986 peak, and
mean densities in 1991-2000 and 2001-2010
were 56% and 61% respectively of the mean
density in 1981-1990.

Gyrfalcon Food Habits and Functional
Response.— A total of 59 bird species, two
mammal species and one fish were found in
the Gyrfalcon prey remains. Adult Rock
Ptarmigan were the most important food item
in all years, with a mean importance of 66.9%
(range 41.0-84.4%) and 67.8% (39.8—86.0%)
of prey numbers and prey biomass respectively
(Tables 1 and 2). Other important prey groups
were waterfowl, alcids, and shorebirds (Tables
1 and 2). A cross-correlation analysis of annual
Rock Ptarmigan density lagged by the impor-
tance of Rock Ptarmigan in the Gyrfalcon’s
diet, expressed either as a percentage of prey
number or biomass, was significant (P < 0.05)
for both data sets with no time-lag. Thus, Rock
Ptarmigan were the main prey of the Gyrfalcon
in all years, and change in the importance of
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Figure 1. Changes in density of Rock Ptarmigan
in the Gyrfalcon study area in northeast Iceland
1981-2010. Densities are mean values from six
census plots.
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Figure 2. Partial autocorrelation function (a) and
autocorrelation function (b) for spring densities of
Rock Ptarmigan in northeast Iceland 1981-2003.
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Table 1. Food habits of Gyrfalcons in northeast Iceland 1981-2010. Importance of prey is expressed

as percent of the total number of prey items identified each year.
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1981 71.7 0.2 14.8 5.6 5.1 2.3 0.4 0.0 100.0 1,708 15
1982 76.7 0.1 14.2 4.2 3.6 1.2 0.0 0.0 100.0 1,603 15
1983 84.4 0.1 6.6 3.1 3.8 1.8 0.1 0.0 100.0 738 9
1984 78.3 1.4 9.3 5.6 3.8 1.1 0.2 0.3 100.0 1,780 19
1985 82.1 1.3 11.0 2.4 2.0 0.7 0.1 0.3 100.0 2,755 29
1986 81.2 1.8 8.0 2.8 4.5 1.5 0.1 0.1 100.0 1,411 15
1987 71.3 2.5 111 5.7 52 3.0 0.6 0.6 100.0 2,656 31
1988 66.4 54 12.9 8.9 2.4 2.5 1.0 0.5 100.0 1,966 20
1989 79.1 0.9 10.2 4.0 0.8 3.4 1.5 0.1 100.0 2,374 25
1990 70.3 3.6 9.5 8.4 3.4 3.2 1.3 0.3 100.0 1,443 17
1991 64.2 1.3 14.7 8.5 3.1 52 2.3 0.8 100.0 620 11
1992 50.7 1.5 22.6 121 71 3.9 1.8 0.4 100.0 1,712 23
1993 56.2 0.8 18.7 14.5 5.7 3.3 0.6 0.2 100.0 1,077 17
1994 571 3.0 17.7 1.5 6.0 2.4 2.1 0.1 100.0 1,279 13
1995 64.5 0.8 16.6 11.2 3.4 2.1 1.2 0.1 100.0 1,832 20
1996 59.4 0.7 18.2 9.6 4.5 6.3 1.0 0.3 100.0 1,439 15
1997 68.2 0.4 171 7.4 3.4 2.9 0.4 0.2 100.0 1,641 19
1998 72.0 0.9 9.8 6.5 9.0 1.7 0.1 0.1 100.0 1,607 17
1999 58.0 7.6 12.3 71 1.7 2.6 0.3 0.3 100.0 924 12
2000 65.0 3.0 20.6 5.1 4.7 1.1 0.5 0.0 100.0 1,248 17
2001 41.0 1.3 30.9 8.2 13.4 4.1 0.9 0.1 100.0 685 11
2002 59.9 1.4 24.4 71 4.2 2.1 0.8 0.0 100.0 716 10
2003 60.5 0.7 21.8 8.5 4.9 2.9 0.6 0.1 100.0 1,604 20
2004 58.9 0.8 21.4 10.9 3.1 4.2 0.6 0.1 100.0 1,553 20
2005 715 1.2 14.3 9.1 1.0 1.2 1.6 0.1 100.0 1,932 22
2006 57.5 0.5 25.2 6.3 6.6 3.4 0.2 0.3 100.0 647 9
2007 60.3 0.2 15.8 7.2 10.8 4.9 0.4 0.3 100.0 1,760 17
2008 49.0 1.7 24.3 10.7 10.0 3.3 1.0 0.1 100.0 1,211 18
2009 54.2 1.6 17.0 12.4 12.8 1.6 0.3 0.0 100.0 1,481 18
2010 66.1 1.1 19.4 4.9 6.6 1.4 0.4 0.2 100.0 1,612 17
Total 66.9 1.6 15.5 7.4 5.1 2.6 0.7 0.2 100.0 45,014 521
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Table 2. Food habits of Gyrfalcons in northeast Iceland 1981-2010. Importance of prey is expressed
as a percent of biomass of prey items identified each year.

2
= o
E: 3 S
& & =
o o @
£ £ _ %) 0 ©
S S : £ £ 5
N o o H @ 3 3 5 3 = =
$¢ & & & 5§ % 5 & 5 g &
1981 719 0.1 19.9 2.0 5.4 0.8 0.0 00  100.0 915
1982 755 00 196 13 3.4 0.3 0.0 00  100.0 875
1983  86.0 0.0 8.9 1.0 3.7 0.4 0.0 00  100.0 389
1984  80.2 04 135 15 3.7 0.3 0.0 04  100.0 932
1985  82.4 04 141 0.8 19 0.1 0.0 02 1000 1475
1986 829 05 107 0.8 4.4 0.6 0.0 00  100.0 742
1987  74.4 08 153 2.8 5.1 0.7 0.0 10 1000 1,368
1988 72.8 18 190 26 25 0.7 0.1 06  100.0 963
1989 821 03 145 1.6 0.7 0.6 0.1 02 1000 1,228
1990  75.1 1.1 145 4.1 3.4 1.1 0.1 05  100.0 725
1991 675 04 241 3.0 3.0 0.8 0.1 1.0 1000 316
1992 518 04 343 4.8 6.9 1.0 0.2 05  100.0 900
1993  57.8 03 271 8.0 5.6 1.1 0.0 03 1000 562
1994  60.2 10 278 3.6 6.2 10 0.2 0.1 100.0 651
1995  64.8 02 241 6.6 3.3 0.8 0.1 0.1 100.0 980
1996 61.1 02 276 3.7 45 2.6 0.0 03 1000 752
1997  67.2 0.1 24.3 3.8 3.3 0.9 0.0 0.4  100.0 895
1998 725 03 147 3.2 8.8 0.6 0.0 0.1 100.0 858
1999  62.3 24 194 25 12.1 0.9 0.0 04  100.0 462
2000 618 08 310 16 45 0.3 0.0 00  100.0 705
2001 398 04 432 29 126 0.6 0.3 0.1 100.0 379
2002 594 04 329 25 41 0.6 0.0 00  100.0 388
2003 59.1 02 313 4.1 46 0.6 0.0 00  100.0 882
2004 588 02 314 5.4 2.9 0.9 0.2 0.1 100.0 836
2005 716 04 214 5.2 0.9 0.3 0.1 01 1000 1,035
2006 516 0.1 38.6 3.0 5.6 0.7 0.0 0.4  100.0 387
2007 608 0.1 23.4 4.0 106 1.0 0.0 02  100.0 938
2008 49.2 05 363 3.3 9.8 0.8 0.1 02  100.0 647
2009 566 05 256 4.0 128 0.4 0.0 00  100.0 762
2010 646 03 264 1.6 6.3 0.4 0.0 02  100.0 885
Total  67.8 05 226 3.1 5.0 0.7 0.1 02 1000 23829
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Figure 3. The functional response of Gyrfalcons
to change in Rock Ptarmigan density, northeast
Iceland 1981-2010. The fitted line is the Holling’s
type-two functional response curve (R? = 0.27).

Table 3. Occupancy categories for Gyrfalcon
territories in northeast Iceland 1981-2010.

Number Percentage
Successful breeding pairs 730 30.4
Unsuccessful breeding pairs 128 5.3
Non-breeding pairs 340 14.2
Unknown occupants 293 12.2
Not active 908 37.9
Total 2,399 100

Note: Successful pairs fledged at least one young.
Unsuccessful pairs laid eggs but failed at some stage
before fledging young; Territories with non-breeding
pairs included territories where sightings were made of
adult pairs or where proof was found of courtship
feeding. Territories with unknown occupants included
territories where clear signs of occupancy were found
but no indications of courtship activities and only single
birds observed.
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Rock Ptarmigan in the Gyrfalcons’ diet was
correlated with Rock Ptarmigan density.

The functional response of Gyrfalcons to Rock
Ptarmigan density, expressed as the number of
Rock Ptarmigan consumed per Gyrfalcon over
the breeding season, did not change much over
the range of Rock Ptarmigan densities observed
(Figure 3). It was only at the lower end of the
observed Ptarmigan density that there was a
slight indication of reduction in per capita Rock
Ptarmigan consumption by Gyrfalcons.

Gyrfalcon Numbers: Territory Occupancy.—
The occupancy status of Gyrfalcon territories
was determined for 2,399 territory years. Ter-
ritories were occupied by Gyrfalcons in 1,491
(62.2%) of territory years. Territories were
most commonly occupied by successful breed-
ing pairs (30.4%), but other occupants
included failed breeders, courting pairs, and
unknown occupants (non-courting pairs or sin-
gle birds) (Table 3).

The mean annual occupancy rate of Gyrfalcon
territories was 61.9% (range 48.1-76.3%) and
varied significantly among years (Table 4; > =
57.44,df =28,P < 0.001). The pattern of occu-
pancy rate showed two distinct periods with
peaks in 1987-1991 and 2001, and lows in
1981-1982, 1994—-1996 and 2006—2007 (Fig-
ure 4a). In 2008—-2010, the occupancy rate was
increasing again.

The autocorrelation function for occupancy
rate of Gyrfalcons gave a cosine-shaped trajec-
tory with significant negative coefficients at
six- and seven-year lags, indicating a 12—14
year cycle. The partial autocorrelation function
showed a significant negative coefficient with
a five-year lag. The two series, Rock Ptarmi-
gan density and occupancy rate of Gyrfalcon
territories, related to each other in time and
showed a repetitive pattern, both rising and
falling, with Gyrfalcons tracking Rock Ptarmi-
gan (Figure 4a). The cross-correlation function
for the two series showed that a high number
of Gyrfalcons (= occupied territories) was pre-
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Table 4. Population parameters for Gyrfalcons in northeast Iceland, 1981-2010.

(7] >

o 2 @ =

£ 2 £ g - g
$§ = g 5 2 2 T 2
2 & ¢ g £ & £ T 4 g ¢
5 8 2 2 g s £ 3 £ 8 3 £
9 & 5 C 5 5 ks 8 5 - 3 g
1981 23 2 5 10 37 77 51.9 62.5 92.0 1.65 2.88
1982 18 2 7 11 41 79 481 52.6 90.0 1.45 3.06
1983 10 5 15 15 34 79 57.0 33.3 66.7 0.49 2.20
1984 20 7 17 9 28 81 65.4 50.9 741 1.02 2.70
1985 30 3 5 11 31 80 61.3 67.3 90.9 1.69 2.76
1986 34 1 6 10 28 79 64.6 68.6 971 2.16 3.24
1987 36 1 10 11 22 80 725 63.8 97.3 1.78 2.88
1988 27 7 19 8 20 81 75.3 55.7 79.4 1.21 2.73
1989 32 5 12 12 19 80 76.3 60.7 86.5 1.57 3.00
1990 22 11 14 10 22 79 72.2 57.9 66.7 1.10 2.85
1991 23 5 21 12 19 80 76.3 459 82.1 0.89 2.37
1992 28 10 9 10 24 81 70.4 66.7 73.7 1.29 2.63
1993 21 3 9 4 11 48 2.31
1994 13 2 15 16 35 81 56.8 32.6 86.7 0.80 2.85
1995 23 1 12 13 33 82 59.8 49.0 95.8 1.27 2.71
1996 20 7 12 8 35 82 57.3 57.4 741 1.33 3.12
1997 28 3 10 8 32 81 60.5 63.3 90.3 1.71 3.00
1998 25 3 15 7 31 81 61.7 56.0 89.3 1.40 2.80
1999 22 5 14 9 30 80 62.5 54.0 815 1.15 2.61
2000 20 4 16 7 32 79 59.5 511 83.3 1.14 2.68
2001 20 7 17 12 27 83 67.5 48.2 741 0.87 2.44
2002 17 7 16 13 30 83 63.9 45.3 70.8 0.78 2.42
2003 34 2 4 11 31 82 62.2 70.6 94.4 1.93 2.89
2004 29 7 1 10 36 83 56.6 76.6 80.6 1.90 3.07
2005 33 4 5 6 35 83 57.8 771 89.2 1.73 2.52
2006 16 3 14 8 42 83 49.4 46.3 84.2 0.95 2.44
2007 22 3 10 7 41 83 50.6 59.5 88.0 1.64 3.14
2008 27 3 11 5 37 83 55.4 65.2 90.0 1.26 2.15
2009 28 4 10 9 32 83 61.4 62.7 87.5 1.46 2.67
2010 29 1 9 11 33 83 60.2 60.0 96.7 1.74 3.00
Mean 61.9 57.3 84.6 1.36 2.74
SD 7.8 10.9 9.0 0.40 0.29
CcVv 12.6 19.0 10.7 29.6 10.5

Note: in 1993, a smaller proportion of territories were visited than usual, n = 48; further, the sample was biased
towards “better” territories, and therefore is not used to calculate the different rates and population productivity for
this study. SD=standard deviation. CV=coefficient of variation.
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Figure 4. (A) Rock Ptarmigan density and occupancy rate of Gyrfalcon territories; the series are
detrended and standardized. (B) Cross-correlation function for Rock Ptarmigan densities lagged by
occupancy rate of Gyrfalcon territories. (C) Rock Ptarmigan density and total number of Gyrfalcons in
late summer (sum of adults and fledglings). (D) Cross-correlation function for Rock Ptarmigan densities
lagged by total number of Gyrfalcons (adults + fledglings). Northeast Iceland 1981-2010.

ceded by high numbers of Rock Ptarmigan two
to five years previously, and succeeded by low
numbers of Rock Ptarmigan two to five years
into the future (Figure 4b).

Gyrfalcon Numbers: Reproduction.—Gyrfal-
cons reproduced in all years. The average
annual laying rate was 57.3% (range
32.6-77.1%), and varied significantly among
years (> = 65.7,df = 28, p < 0.001; Table 4).
The average annual success rate was 84.6%
(range 66.7-97.3%), and showed significant
inter-annual changes (x> =36.48,df = 16, P =
0.002; Table 4). Annual mean brood size aver-
aged 2.74 fledglings per successful pair (range
2.15-3.24), and varied significantly among
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years (Fyg 65 = 1.843, P =0.005; Table 4). Pop-
ulation productivity was 1.36 fledglings per
occupied territory (range 0.49-2.16; Table 4).
Population productivity was much more vari-
able than mean brood size. There was a signif-
icant positive correlation between mean laying
rate and brood size (r = 0.39, P = 0.034), and
these two variables determined to a large
extent the high variability in population pro-
ductivity.

There were no significant correlations between
Rock Ptarmigan densities and parameters of
Gyrfalcon breeding performance (Table 5).
Weather variables for January through April
were studied in relation to Gyrfalcon breeding
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Table 5. Correlation coefficients between breeding performance of Gyrfalcons (columns), and spring
Rock Ptarmigan density and seven April weather parameters (rows) in northeast Iceland 1981-2010.

Population Mean
Laying rate Success rate productivity brood size

Rock Ptarmigan density 0.23 0.23 0.32 0.18
Mean temperature 0.51** 0.30 0.55** 0.42*
Cumulative precipitation -0.37* -0.38* -0.44* -0.38*
Days with wind > 18 m/sec -0.17 -0.45* -0.29 -0.14
Days with precipitation > 1 mm -0.18 -0.22 -0.24 -0.29
Days with snowfall -0.54** -0.36 -0.64*** -0.54**
Days with 100% snow cover -0.55** -0.38* -0.63"** -0.47**
Mean snow cover (%) -0.53** -0.29 -0.58*** -0.45*

*P =0.01-0.05; * P = 0.001-0.05; *** P < 0.001

performance. No relationship was found for
January and February weather and breeding
performance (only one of 56 correlation coef-
ficients was significant). A better relationship
was established between Gyrfalcon breeding
performance and March (six of 28 coefficients
significant), and especially April weather (18
of 28 coefficients significant; Table 5). The
combinations of these four months,
January—April, did not provide a better relation
with Gyrfalcon performance than April alone,
so only April weather data was used in further
analysis. Important weather variables with
respect to Gyrfalcon breeding performance
were mean temperature, accumulated precipi-
tation, days with snowfall, and measures of
snow cover. Most of the weather variables
were correlated, i.e., mean temperature and all
measures of snow, also precipitation and num-
ber of days with rain > 1 mm or snowfall, and
precipitation and number of days with wind
stronger than 18 m per sec. Therefore, the two
weather variables that were not inter-corre-
lated, mean temperature and cumulative pre-
cipitation (for April, r = -0.121, P = 0.526),
were used in all analyses.

Both laying rate and success rate were affected
by Rock Ptarmigan abundance and weather in
combination (Table 6). In both cases, the two
weather variables, temperature and precipita-
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tion, were retained in the best model, along
with Rock Ptarmigan density. Mean brood size
(F3,6=3.919, P =0.020), and population pro-
ductivity (F; 55 =15.549,P <0.001), were also
affected by weather and Rock Ptarmigan abun-
dance (Table 7). Here also, mean temperature
and precipitation were retained in the model.
In both models, the weather variables
accounted for more of the explained variance
than Rock Ptarmigan density (Table 7).

The numerical response of the Gyrfalcon pop-
ulation was examined further by calculating
the total number of Gyrfalcons present in late
summer from the sum of the total number of
territorial birds (occupancy rate x 2, assuming
all territories were occupied by pairs) and the
total number of fledglings produced (occu-
pancy rate x population productivity). The
autocorrelation function for the total number
of Gyrfalcons in late summer generated a sinu-
soidal trajectory but none of the coefficients
were significant. The partial autocorrelation
function showed a significant negative coeffi-
cient with a four-year lag. The two series,
Rock Ptarmigan density and total number of
Gyrfalcons in late summer, did not show the
same clear lag-effect as did the series for Rock
Ptarmigan density and occupancy rate of Gyr-
falcon territories. We saw a lag during the first
cycle in the 1980s, synchrony during the
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Table 6. Logit regressions for the effects of spring Rock Ptarmigan abundance and April weather on
Gyrfalcon laying rate and success rate, northeast Iceland 1981-2010.

Estimate SE Wald - Stat. Lower 95% CL Upper 95% CL P

Laying rate

Intercept 0.312 0.185 2.825 -0.052 0.675 0.093

Ptarmigan density 0.060 0.021 8.072 0.019 0.102 0.004

April mean temp 0.115 0.027 18.043 0.062 0.169 0.000

April precipitation -0.012 0.004 7.620 -0.021 -0.004 0.006
Success rate

Intercept 1.563 0.340 21.080 0.896 2.230 0.000

Ptarmigan density 0.116 0.042 7.692 0.034 0.198 0.006

April mean temp 0.128 0.050 6.497 0.030 0.226 0.011

April precipitation -0.018 0.008 4,998 -0.034 -0.002 0.025

Table 7. Stepwise multiple regressions for the effects of spring Rock Ptarmigan abundance and April
weather on Gyrfalcon mean annual brood size and population productivity, northeast Iceland

1981-2010.
b SE R? t P
Mean brood size
Intercept 2.712 0.153 17.691 <0.001
April mean temp 0.057 0.024 0.107 2.416 0.023
Ptarmigan density 0.036 0.018 0.067 2.005 0.056
April precipitation -0.007 0.004 0.058 -1.738 0.094
Population productivity
Intercept 1.334 0.161 8.293 <0.001
April mean temp 0.116 0.024 0.276 4.895 <0.001
Ptarmigan density 0.070 0.019 0.171 3.774 0.001
April precipitation -0.013 0.004 0.162 -3.433 0.002

Note: The variables are ordered by the variation explained (R?), calculated as the difference in R? with and without

that variable in the complete model.

1990s, and the Gyrfalcon series leading the
Rock Ptarmigan series in the 2000s (Figure
4c¢). The cross-correlation function for the two
series showed significant coefficients for cur-
rent year and one and two years back, and sig-
nificant negative coefficients three to five
years into the future (Figure 4d).
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DISCUSSION

In this study I have described how Gyrfalcon
population parameters in Iceland relate to
Rock Ptarmigan abundance. I will discuss
these results both with reference to the practi-
cal aspects of studying the Gyrfalcon, and also
with reference to population ecology, i.e., the
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predator—prey relationship and the possible
role of the Gyrfalcon in driving cyclic changes
in Ptarmigan numbers.

Gyrfalcon Population Studies.— Gyrfalcon
population studies have traditionally been
plagued by small sample sizes, short time
series and inadequate abundance data for the
main prey. These handicaps relate to the
remoteness of the breeding habitat and low
breeding density of Gyrfalcons. Gyrfalcons
have traditional nesting territories (Poole and
Bromley 1988, Nielsen and Cade 1990a, Tgm-
meraas 1993) that can be used for decades,
centuries or even millennia (Burnham et al.
2009). Some nesting territories are occupied in
most years, but others only intermittently
(Nielsen and Cade 1990a). This long tenure
applies to cliff-nesting Gyrfalcons, but terri-
tory tenure of tree-nesting Gyrfalcons remains
to be quantified. Studies both in Iceland
(Nielsen 1991) and Alaska (Booms 2010)
show that adult Gyrfalcons are faithful to their
territories. Until now, visiting these nesting ter-
ritories and recording occupancy is the only
way scientists have been able to keep track of
Gyrfalcon numbers. I discuss, below, some of
the problems associated with how Gyrfalcon
observers have established occupancy, and
also problems associated with small sample
sizes, and quantification of prey numbers.

The Iceland study showed that breeding pairs
of Gyrfalcons were the occupants of nesting
territories for only about half the time (Table
3). It is harder to determine territory occu-
pancy if Gyrfalcons are not breeding; then the
decision to classify a territory as occupied is
based on observations of birds and their behav-
ior and other signs, or, as in this study, on signs
alone. In this study, birds were observed on
only 45% of nesting territories judged as being
occupied by failed-breeders or non-breeders.
Non-breeding birds can be hard to detect, and
after the courtship period they may be away
from the nest area for most of the day, only
coming back in the evening to roost. This
problem of having to judge occupancy on
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signs alone for a significant portion of the Gyr-
falcon nesting territories in the Iceland study
was probably accentuated by how late in the
season I determined occupancy. Most com-
monly I did this in June, long after aborted
courtship attempts and most breeding failures
had taken place. When the observer is faced
with signs only, reading them correctly and in
a consistent way is important. I used roost sites
with fresh mute stains, perches on the cliff
with fresh mute stains, and perches and pluck-
ing locations on top of the cliff as signs of
occupancy. If Gyrfalcons have gone through
courtship, the signs are obvious—Kkills at the
plucking sites; the hard thing then is to estab-
lish whether or not they laid eggs, and this can
only be done by checking known nest sites. If
no signs of courtship were found, I used as
proof of occupancy molted down and feathers,
freshly cast pellets, and fresh droppings, along
with active roost sites. The best place to look
for these signs (down, feathers, and pellets)
was in the roost itself or on any of the fre-
quented perches on top of the cliff. There were
certain sites on the cliff, and on top of the
cliff — “look-out posts” —that were only fre-
quented by Gyrfalcons during late winter and
spring (at productive territories these posts
were used through summer). They were the
sites that the pair, and especially the female,
frequented, and this usage related to territorial
activity and courtship. Fresh mute stains at
these look-out posts were always a clear sign
of occupancy. A confounding variable was
other raptorial birds that frequented the same
nesting territories as the Gyrfalcons, and left
their marks behind. In my study, I only had to
deal with Ravens, which were rather easy to
tell apart from Gyrfalcons based on signs such
as droppings, pellets, food remains, and molted
feathers. For other geographic regions this may
become more confusing when species like
Golden Eagle (Aquila chrysaetos), White-
tailed Sea Eagle (Haliaeetus albicilla), Pere-
grine Falcon (Falco peregrinus), and
Rough-legged Hawk (Buteo lagopus), use the
same nesting territories as Gyrfalcons.
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How Gyrfalcon researchers tackle the non-
breeding segment of the territorial Gyrfalcon
population greatly affects the outcome of their
census, and also the relationship one can
expect to find with ptarmigan. From published
literature I have tabulated results from 10 stud-
ies with 5-30 years of Gyrfalcon population
data (Table 8). Researchers reported different
categories for occupancy of territories. All
studies, except the Iceland and Yukon studies,
used observations of adult Gyrfalcons as the
definite proof of territory occupancy. Further,
there was considerable difference between
studies as to what segments of the territorial
population were reported. In Iceland, I
assumed it to be composed of four parts: suc-
cessful breeding pairs, unsuccessful breeding
pairs, non-breeding pairs, and single birds or
unknown occupants. In two studies, only
breeding birds were counted (Colville River,
Seward Peninsula), and in another study it was
stated that territories with single birds were
omitted when calculating occupancy (Norrbot-
ten). Also, occupancy categories were lumped
in seven studies. In three cases, territories with
successful breeders and failed breeders were
lumped (Colville River, Seward Peninsula,
Borgefjell), and in three cases, territories with
failed breeders and non-breeders were lumped
(Yukon, Kangerlussuaq, Norrbotten). In the
Thule study, all four occupancy categories
were lumped. One possible explanation for this
tendency to lump categories, i.e., failed breed-
ers and other occupants, was the observation
platform. Observations from a helicopter or
fixed-wing aircraft makes closely detailed
search for signs, such as shed down and feath-
ers, pellets, fresh droppings, and food remains,
difficult or impossible. Timing of the census is
another important factor. Late visits should
bias results both with respect to occupancy rate
(underestimates the rate), and composition of
occupancy (overestimates successful breed-
ers). Booms et al. (2010) suggested a solution
to this problem by repeated visits to territories
to calculate detection probability estimates so
as to derive unbiased measures of occupancy
rate. My study shows that the relation one can
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expect to find between the Gyrfalcon and
ptarmigan depends on what components of the
Gyrfalcon population we record. I only found
a time-lag between occupancy rate of Gyrfal-
con territories and Rock Ptarmigan population
numbers when I used the occupancy rate
derived from the sum of all four variables of
the Gyrfalcon population (Figure 4).

Another obvious problem was sample size, and
also how territories for monitoring are
selected. Gyrfalcon nesting territories were not
occupied at random, some were preferred and
used almost all years, while others were only
used intermittently (Nielsen and Cade 1990a).
Four of the studies cited in Table 8 had small
annual sample sizes (4—18 territories), which
in itself was a problem with regard to all cal-
culations and comparisons. Further, when not
all territories on a study area were visited to
determine occupancy, there was the danger of
selecting “good” territories for monitoring, ter-
ritories that are nearly always occupied regard-
less of Gyrfalcon numbers.

Any study addressing population ecology of
Gyrfalcons should also include density esti-
mates of the main prey. I found six studies in
the published literature, including the present
one, where indices of ptarmigan numbers were
used to interpret Gyrfalcon population dynam-
ics (Table 9). The methods used to enumerate
the ptarmigan have been varied. Three studies
used plot counts to estimate ptarmigan density.
One study used incidental observations of
ptarmigan collected during other field work.
Two studies used indirect indices of abun-
dance, namely pellet counts and ptarmigan
wing collections.

I caution against using indirect indices with
unknown relation to ptarmigan numbers, and
discuss the two cases further. Ptarmigan wings
were collected from hunters, not to get a pop-
ulation size index, but to derive age ratios for
the population (Framstad 2004). The sample
could not be standardized with respect to
effort, and it was not known how it related to
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Table 9. Methods used to derive population indices for Rock Ptarmigan and Willow Ptarmigan in

Gyrfalcon studies within different parts of the Gyrfalcons’ range.

Period Prey index Prey index used in
Location Species* (years) Methods relates to Gyrfalcon study
Nearctic
Yukon Territories, 1975-90 . .
Canada WP (16) Plot counts Spring Numerical response
Northwest
e 1983-91  Plot counts, on foot ’ '
Territories, RP i Spring Numerical response
Canada 9) or from a helicopter
Palearctic
1981-10 . Numerical and
Northeast Iceland RP (30) Plot counts, on foot Spring functional response
Alta-Kautokeino, 1982-91  Incidental observations . '
Norway LP (10) during other field work Spring and summer  Numerical response
Borgefiell, 1987-05 Wings collected from Autumn and early '
Norway LP (19) hunters winter Numerical response
Most probably .
Norrbotten, 1996-00 ) ’ Numerical and
Sweden LP (5) Pellet counts on transects spring and previous functional response

winter, and fall

*WP = Willow Ptarmigan; RP = Rock Ptarmigan; LP = lumped Rock and Willow Ptarmigan.

Source: Yukon Territories (Mossop and Hayes 1994); Northwest Territories (Poole and Bromley 1988, Shank and
Poole 1994); northeast Iceland (Nielsen 1999, this study); Alta-Kautokeino (Temmeraas 1993, and pers. comm.);
Borgefiell (Selas and Kelas 2007); Norrbotten (Nystrom et al. 2005).

the number of ptarmigan hunted, let alone
ptarmigan population size. Also, in Scandi-
navia the relationship between bag size and
population size of Willow Ptarmigan was not
linear (Willebrand et al. 2011). I have a large
collection of Rock Ptarmigan wings from
hunters in northeast Iceland (1995-2002 and
1995-2010, n = 19,239) but found no signifi-
cant relationship between the number of wings
acquired and the spring population index of
Rock Ptarmigan in year t (r = 0.210, P =
0.471), or year t+1 (r = 0.280, P = 0.355;
unpubl. data). One of the problems with using
ptarmigan pellet counts was interpreting for
what season the collections described density.
On the one hand, if the counts were done after
spring thaw, they could give an integrated view
of relative density from fall to spring. On the
other hand, if pellet counts were done before
spring melt, they should, depending on last
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snow or advancement of melt, give a more
instantaneous picture of relative density.
Unfortunately, the timing was not stated in the
paper (Nystrom et al. 2005). Another problem
with pellets is how they were deposited. Piles
with dozens of pellets are found where the
birds have roosted during the night. At daytime
rest sites, pellets also pile up but to a lesser
extent. When the birds are active—walking,
flying, foraging—they defecate at regular
intervals. The observer in the field is faced
with huge piles, small piles, and single drop-
pings scattered all over, and the detection prob-
ability depends on pile size. The problem with
evaluating such data is obvious: how do you
treat piles versus single droppings; how do you
correct for detectability? Further, in both of
these studies it was not possible to tease apart
the two species of ptarmigan, Rock Ptarmigan
and Willow Ptarmigan. Gyrfalcons did not
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necessarily prey indiscriminately on the two
species of ptarmigan where they were sym-
patric with the Gyrfalcon (Nystrom et al.
2006), and also the dynamics of the two
ptarmigan species need not be in synchrony on
a local scale (Maria Hornell-Willebrand pers.
comm.).

The problem with designating to which season
the prey index related also has bearing on other
studies (Table 9). Gyrfalcon counts always rep-
resented occupied nesting territories in spring,
and breeding success of occupants, their food,
etc. Preferably, we would want to have a prey
population index that relates to these same peri-
ods, i.e., late winter and spring (courtship period
into the nestling period). Three of the ptarmigan
counts related to spring, one related to spring
and summer, one to fall to mid-winter, and one
probably to fall through the following spring
(Table 9). Considering both high and greatly
varying mortality rates of ptarmigan during fall,
winter, and spring (Gardarsson 1988, Watson
and Moss 2008), then how much relation can
one expect between Gyrfalcon laying rate, suc-
cess rate and brood size, and the number of
ptarmigan either five to seven months back in
time, or three to four months into the future?
The Iceland study showed that Gyrfalcons were
responding to weather measured in March and
April, i.e., during courtship, egg laying and
early incubation. This should not come as a sur-
prise considering the breeding biology of the
species, i.e. cessation of hunting by the female
at the start of courtship two to four weeks prior
to egg laying (Platt 1989, Nielsen and Cade
1990a), and subsequent build up of body
reserves (Newton et al. 1983, Nielsen 1991).
Accordingly, the most parsimonious way to
look for a connection between food condition
and Gyrfalcon breeding parameters would be to
use an index describing ptarmigan abundance at
the end of winter and in spring. Ptarmigan are
easy to count, and I encourage Gyrfalcon
researchers to use quantitative indices of abun-
dance in spring for their studies.
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To derive the functional response of the Gyr-
falcon, one must have information on food
composition. The easiest way to study food
habits is to collect prey remains in the nesting
territory. Both Nielsen (1999) and Booms and
Fuller (2003) have discussed possible biases
inherent in such an approach. Also, as stated
above in Methods, for samples to be compara-
ble, they should relate to the whole nesting
period, and prey remains must be collected
both in the nest itself and at other places where
remains accumulate, because prey composition
changes as the season progresses. The early
part of the season is dominated by ptarmigan,
while other prey items increase in the latter
half of the breeding season to varying degrees,
depending on the abundance of ptarmigan.

Gyrfalcon and Rock Ptarmigan Dynamics.—
The possible role of predators in generating
regular cycles of numbers in hares and micro-
tine rodents has been much studied (Keith
1963, Krebs and Myers 1974, Finerty 1980,
Norrdahl 1995, Korpimiki and Krebs 1996).
The effects of the different predators vary, and
depend on such factors as prey choice (gener-
alist versus specialist predator), the functional
response, movement pattern (resident, migra-
tory, nomadic), the numerical response (no
response, or track prey with or without time-
lags), and whether their density is limited by
prey numbers (Andersson and Erlinge 1977,
Ydenberg 1987, Korpiméki and Norrdahl
1989, Hanski et al. 1991, Rohner 1995). Pred-
ators capable of driving cycles should be spe-
cialized on the cyclic prey in their food choice
at all times, they should be resident, their den-
sity limited by prey numbers, and show a type-
two functional response and a numerical
response with a time-lag that amounts to % of
the cycle length. This is the “resident specialist
predator,” one of the prerequisites of a coupled
predator—prey cycle (Andersson and Erlinge
1977). The cyclic hares and microtine rodents
are the dominant vertebrate herbivores within
their ecosystems (Angelstam et al. 1985,
Boutin et al. 1995). The changes in their num-
bers, and the numbers of their associated pred-
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ators, affect populations of alternative prey
groups (the alternative prey hypothesis). The
populations of alternative prey are forced,
through predation by the small mammal pred-
ators, to track the cyclic populations of the
dominant herbivores (Siivonen 1948, Hagen
1952b, Marcstrom et al. 1988, Marcstrom et al.
1989). Ptarmigan belong to these alternative
prey groups and, in Fennoscandia and boreal
North America, are thought to track respec-
tively the microtine rodent cycle (Hagen
1952b, Steen et al. 1988) and Snowshoe Hare
(Lepus americanus) cycle (Boutin et al. 1995).

How does the Gyrfalcon fit into the role of the
resident specialist predator?—My study in
Iceland showed the Gyrfalcon was resident
with only local movements of mainly juveniles
(Nielsen and Cade 1990a). The movement pat-
tern was such that Rock Ptarmigan populations
that breed in areas where there were no nesting
Gyrfalcons (i.e., south-west Iceland) were sub-
ject to Gyrfalcon predation from fall through
spring. In essence, the Gyrfalcon was sym-
patric with the Rock Ptarmigan in all seasons.
The food habits of Gyrfalcons in Iceland were
specialized, and Rock Ptarmigan was the main
food in all seasons and all years (Nielsen and
Cade 1990b, Nielsen 2003). The Gyrfalcons’
functional response showed high reliance on
Rock Ptarmigan at all observed ptarmigan den-
sities. It was only at the lowest ptarmigan den-
sities that I saw some reduction in
consumption rate, indicating a convex trajec-
tory. The numerical response showed a time-
lag; with respect to occupied territories, the
time-lag was three to four years, and with
respect to combined adult and fledgling num-
bers, the time-lag was zero to two years. Irreg-
ularities with respect to Rock Ptarmigan
numbers and the combined number of Gyrfal-
cons (adults + fledglings) were caused by the
effect of weather on reproduction. The Gyrfal-
cons produced in all years, and this study
showed that weather had a great effect on pop-
ulation productivity, and weather factors
explained much more of the variation (R* =
0.438) than spring Rock Ptarmigan density (R?
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=0.171) (Table 7). According to this finding
then, depending on spring weather, large Gyr-
falcon cohorts can be produced in both good
and bad Rock Ptarmigan years.

Another fact that suggests a connection
between cyclic changes of the Rock Ptarmigan
population and Gyrfalcon abundance was the
relation between falcon numbers and Rock
Ptarmigan mortality rates. A population model
for Rock Ptarmigan in Iceland included two
lag factors (Magnusson et al. 2004). One fac-
tor, termed additive juvenile mortality,
described mortality suffered by juveniles in
excess of adult mortality during autumn and
winter. This mortality rate, as measured on my
study area, showed a three year time-lag with
respect to changes in Rock Ptarmigan num-
bers, and it was significantly correlated with
the total number of Gyrfalcons at the end of
the breeding season (adults + fledglings).

As I have stated before (Nielsen 1999: p.
1045), I find it hard to conceive that the Gyr-
falcon population on my study area was lim-
ited by anything other than food. It was the
interaction of food-mediated effects on adult
Gyrfalcon survival and juvenile recruitment
into the breeding population that created the
observed time-lag between Gyrfalcons and
Rock Ptarmigan. My conclusion regarding the
Gyrfalcon in Iceland is that it fits the role of
the resident specialist predator (Table 10), and
the Gyrfalcon—Rock Ptarmigan system in Ice-
land could represent a coupled predator—prey
cycle. In Iceland, the Rock Ptarmigan is the
dominant wild vertebrate herbivore and has a
central position within the food web, a role
played by microtine rodents and hares in other
ecosystems. So the “alternative prey hypothe-
sis” does not apply to the population change of
the Rock Ptarmigan in Iceland.

What is the nature of the Gyrfalcon—ptarmigan
relationship in other areas, and are there indi-
cations of coupled Gyrfalcon—ptarmigan
cycles from elsewhere? — All of the tabulated
populations can be considered to be ptarmigan
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Table 10. Observed characteristics of Gyrfalcon populations in areas where the relationship between
the falcon and its ptarmigan prey has been studied.

Numerical response

Ptarmigan Functional Numerical response (population
Site specialist Residency response (territories occupied) productivity)
Nearctic
Yukon Territories, Juveniles . . ’
Canada yes migratory, adults? Not described Time-lag 0-1 year No relation
Northwest Territories, es Migrator Not described No relation No relation
Canada Y 9 y
Palearctic
Resident, local Determined by Rock
Northeast Iceland yes dispersal of Convex Time-lag 3-4 years Ptarmigan number and
juveniles spring weather
Alta-Kautokeino, Juveniles . . ’
Norway yes migratory, adults? Not described No relation No relation
. . Juveniles . ) )
Borgefiell, Norway yes migratory, adults? Not described No relation Not examined
Norrbotten, Sweden yes Juveniles Convex No relation Determined by

migratory, adults?

ptarmigan numbers

Source: Northeast Iceland (Nielsen 1999, this study); Yukon Territories (Mossop and Hayes 1994), Northwest
Territories (Poole and Boag 1988; Shank and Poole 1994); Alta-Kautokeino (Temmeraas 1993); Borgefiell (Selas and

Kalas 2007); Norrbotten (Nystrom et al. 2005)

specialists (Table 10). Only the Gyrfalcon pop-
ulation in Iceland was fully residential. Of the
others, one population was migratory, and at
least the juveniles were migratory among the
rest. The Gyrfalcons’ functional response was
described for only one of those populations and
was similar to the situation in Iceland, with
high per capita consumption of ptarmigan at all
observed ptarmigan densities. Apart from the
Iceland study, only the Yukon study showed a
numerical response by the Gyrfalcon popula-
tion (occupancy rate) to changes in ptarmigan
density. The cross-correlation function of the
Yukon data showed that a high occupancy rate
of Gyrfalcon territories was associated with
high Willow Ptarmigan densities the same year
and one year previously, and low densities three
to five years into the future. This differed some-
what from the results in Iceland, where high
occupancy rate of Gyrfalcon territories was
associated with high Rock Ptarmigan densities
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two to five years previously, and low densities
two to five years into the future (Figure 4b).
Among the other studies, there was no relation
between occupancy rate of Gyrfalcon territories
and ptarmigan numbers. The numerical
response by Gyrfalcons, measured as popula-
tion productivity, showed a relation with
ptarmigan numbers only in Norrbotten, Sweden
and in Iceland (Table 10). In Iceland, weather
also emerged as an important determinant of
population productivity of Gyrfalcons. An
obvious problem with all these time series
describing Gyrfalcon—ptarmigan relationships
was how short the series were. As a rule of
thumb, series should at least be three times the
cycle period to be useful for time series analy-
sis. Only the Iceland series approached this
minimum length.

All these results (Tables 8—10) pertaining to the
Gyrfalcon—ptarmigan relationship demonstrate
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the need for long-term monitoring to describe
this interesting system. Such projects should
include large samples of nesting territories
studied over many years, and also include accu-
rate monitoring of ptarmigan abundance.

CONCLUSIONS

The Gyrfalcon in Iceland is a resident special-
ist predator, and the functional and numerical
responses suggest that the predator—prey rela-
tionship of the Gyrfalcon and the Rock Ptarmi-
gan is a coupled predator—prey cycle. Time
series from other parts of the Gyrfalcons’
range, except perhaps the Yukon Territories,
suggest otherwise. The results emphasize the
need for long-term monitoring of Gyrfalcon
and ptarmigan population parameters to under-
stand the relationship between predator and
prey. Further, to understand the population
process indicated by the monitoring, we need
studies on the demographics of the Gyrfalcon,
on dispersal, and on the non-territorial segment
of the population. Recently Booms (2010) has
shown for the Gyrfalcon the applicability of
genetic methods for addressing questions relat-
ing to the demographics of the territorial pop-
ulation, and both natal and breeding dispersal.
Perhaps this technology could be used further
afield, away from territories, using cast pellets,
feathers, or droppings, to study population size
and composition (Mowat and Strobeck 2000).
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