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Abstract.  We investigated the departure, transient movement, and local settlement
stages of natal dispersal in a population of Northern Goshawks (Accipiter gentilis) on the
Kaibab Plateau of northern Arizona. The study included 614 color-banded juveniles
produced at 555 nests during 1991-2003, 89 of which were radio-marked during 1998-
2001. Radio-marked juveniles initiated dispersal between 71 and 103 days posthatching,
and spent between 33 and 66 days in the natal territory after fledging. Our best-fitting
proportional hazards models predicted the timing of dispersal as a function of annual
differences in the density of primary bird and mammal prey species, weather conditions,
and natal brood size. Once dispersal was initiated, most juveniles moved into the more
open habitats that surrounded the study area and few eventually returned to breed; first-
year fidelity to the local natal population was 28%, and only 69 (11%) color-banded
juveniles had entered the territorial population by 2004. Median natal dispersal distance
on the Kaibab Plateau was 15.0 km (range = 0.1-58.1 km), a distance equivalent to about
four times the diameter of an average breeding territory (3.8 km). Local settlement
behavior of Northern Goshawks appeared to be driven by a combination of intraspecific
competition for a limited number of breeding opportunities and inbreeding avoidance.
However, much of the natal dispersal process operated at broad spatial scales beyond our
study population, indicating a potentially high level of demographic connectivity among
naturally fragmented breeding populations in the American Southwest.

Key words:  Accipiter gentilis, Arizona, fidelity, gene flow, inbreeding avoidance, natal
dispersal, Northern Goshawk.

Movimiento Juvenil y Dispersion Natal de Accipiter gentilis en Arizona

Resumen. Investigamos la partida, el movimiento de paso y las etapas del
asentamiento local de la dispersion natal en una poblacion de Accipiter gentilis en la
Meseta Kaibab del norte de Arizona. El estudio incluyé 614 juveniles marcados con
anillos de color producidos en 555 nidos entre los afios 1991 y 2003, 89 de los cuales fueron
marcados con radios entre 1998 y 2001. Los juveniles marcados con radio iniciaron la
dispersion entre 71 y 103 dias luego de eclosionar, y pasaron entre 33 y 66 dias en el
territorio natal luego de emplumar. Nuestros modelos de riesgo proporcional con el mejor
ajuste predijeron el momento de la dispersion como una funcion de las diferencias anuales
en la densidad de las principales especies de presas, tanto aves como mamiferos, de las
condiciones del tiempo y el tamafo de la nidada. Una vez iniciada la dispersion, la
mayoria de los juveniles se mudaron a los ambientes mas abiertos que rodearon al area de
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estudio y pocos eventualmente regresaron a criar. La fidelidad del primer afio a la
poblacion local natal fue de 28% y solo 69 (11%) juveniles marcados con anillos de colores
entraron en la poblacion territorial hasta 2004. La distancia mediana de dispersion natal
en la Meseta Kaibab fue de 15.0 km (rango = 0.1-58.1 km), una distancia equivalente
a aproximadamente cuatro veces el diametro de un territorio de cria promedio (3.8 km). El
comportamiento de asentamiento local de A. gentilis parece estar condicionado por una
combinacion entre competencia intraespecifica por un numero limitado de oportunidades
de cria y evitar el entrecruzamiento. Sin embargo, gran parte del proceso de dispersion
natal ocurrio a escalas espaciales mayores que la de nuestra poblacion de estudio,
indicando un nivel potencialmente alto de conectividad demografica entre las poblaciones
de cria naturalmente fragmentadas en el sudoeste de los Estados Unidos de América del

Norte.

INTRODUCTION

Natal dispersal, defined as movement between
the natal area and the site of first breeding
(Greenwood and Harvey 1982), is a complex
process involving a series of individual deci-
sions regarding when, where, how far, or even if
to disperse. Such decisions can be cued by
environmental (Byholm et al. 2003, Kennedy
and Ward 2003), physiological (Verhulst et al.
1997, Dufty and Belthoff 2001), or social
(McCarthy 1997, Pasinelli and Walters 2002,
Serrano et al. 2003) conditions experienced
during the departure, transient movement, or
settlement stages of the dispersal process. Natal
dispersal behavior can therefore vary extensive-
ly among individuals, populations, and land-
scapes. This highly variable dispersal behavior,
coupled with a general lack of correspondence
between the spatial and temporal scales at
which many populations are studied and the
scales at which dispersal often operates (Koenig
et al. 1996, 2000), make it difficult to examine
the mechanisms that shape the natal dispersal
profile of a species. Consequently, natal dis-
persal is a poorly understood ecological pro-
cess, particularly for wide-ranging, highly mo-
bile birds occurring in low densities.

Dispersal ensures habitat connectivity in
naturally fragmented landscapes. The direct
consequences of this key life-history process
are therefore of vital importance to the conser-
vation and management of threatened species in
light of human-induced habitat alteration and
fragmentation (Simberloff 1988, Walters 2000).
For example, large-scale conservation and
management planning efforts have demonstrat-
ed the importance of accurate estimates of
dispersal distances to evaluate alternative re-
serve designs for the Spotted Owl (Strix
occidentalis, Murphy and Noon 1992, Noon
and McKelvey 1992, Lamberson et al. 1994).

Like Spotted Owls, Northern Goshawks (Ac-
cipiter gentilis) select nest sites within mature or
old-growth coniferous forest (Squires and
Reynolds 1997). The fragmentation and alter-
ation of these forests through management
activities such as timber harvest and fire
suppression has led to considerable concern
for the viability of goshawk populations (Ken-
nedy 1997, Peck 2000). As a result, many
national forests in the U.S. have adopted
management plans to conserve and protect
areas used by breeding goshawks (e.g., Rey-
nolds et al. 1992). Adult goshawks exhibit high
(75%-94%) site fidelity once they begin to breed
(Detrich and Woodbridge 1994, Reynolds and
Joy 20006), so high reported rates of gene flow
over large geographic areas are likely being
maintained by natal dispersal (Sonsthagen et al.
2004, Wiens et al. 2006). As goshawk conser-
vation strategies become increasingly relevant
to regional forest planning efforts, a better
understanding of natal dispersal is needed.
The overall goal of this study was to
document the onset and completion of natal
dispersal in goshawks based on relocations of
radio-marked and color-banded hawks. We
considered the natal dispersal process as three
interdependent stages: departure from the natal
site (the departure stage), movement between
the natal site and the site of first breeding (the
transient movement stage), and eventual settle-
ment on a breeding site (the settlement stage;
Ims and Hjermann 2001). Our study of natal
dispersal was part of a 14-year (1991-2004)
demographic study of a population of
goshawks inhabiting an island-like patch of
coniferous forest on the Kaibab Plateau of
northern Arizona (Reynolds et al. 1994, 2004,
2005). This broader study provided a context
for examining natal dispersal parameters rela-
tive to environmental, demographic, and social
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FIGURE 1.

The regional distribution of Northern Goshawk breeding habitats (shaded areas) in the

southwestern United States and the Kaibab Plateau study area showing the centers of 121 Northern Goshawk
territories (dots), weather stations (stars), and the boundary between the Kaibab National Forest and Grand
Canyon National Park. A 10 800 km? area in which radio-marked juveniles could be reliably detected during

aerial surveys is indicated by a dashed ellipse.

conditions within the local natal population.
Our specific objectives were to: (1) estimate the
relative importance of factors hypothesized to
affect the timing of natal dispersal, (2) describe
juvenile movements and estimate first-year
fidelity to the natal population, and (3) examine
patterns of local settlement and natal dispersal
distance for goshawks produced and recruited
on the Kaibab Plateau.

METHODS

STUDY AREA AND POPULATION

The 1732 km? study area encompassed all of
the coniferous forests on the Kaibab Plateau of
northern Arizona (Fig. 1). The Kaibab Plateau
is an oval-shaped limestone plateau that rises
from a shrubsteppe plain (elevation 1750 m) to
a maximum elevation of 2800 m (Rasmussen
1941), and includes the northern sections of the
Kaibab National Forest and the Grand Canyon
National Park. Forests on the study area are
completely surrounded by unsuitable goshawk
nesting habitat (Reynolds et al. 2005) and

include three principal types: pinyon-juniper
(Pinus edulis—Juniperus spp.) woodland occurs
between 1830 and 2075 m, ponderosa pine
(Pinus ponderosa) forests occur from 2075 to
2450 m, and mixed-conifer forests (Picea en-
gelmanii, Abies concolor, Pseudostuga menziesii,
P. ponderosa, and Populus tremuloides) occur
from 2450 to 2800 m (Rasmussen 1941, White
and Vankat 1993). Annual precipitation on the
Kaibab Plateau averages 67.5 cm (White and
Vankat 1993). Mid to late summers are
characterized by frequent (2-4 per week)
thunderstorms with heavy rainfall.

In 1991, studies of goshawk demographics
and habitat were established on the Kaibab
Plateau (Reynolds et al. 2005). Protocols used
to locate and monitor nesting goshawks are
described in detail elsewhere (Reynolds et al.
1994, 2005). Goshawks on the Kaibab Plateau
exhibit temporally invariant survival (75%;
Reynolds et al. 2004) and strong site fidelity
(94%; Reynolds and Joy 2006) once settled on
a breeding territory. A “territory’” was defined
as an area used, but not necessarily defended
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against conspecifics, by a single pair of
goshawks during a breeding season (Reynolds
et al. 2005). Territories contained multiple
alternate nests that were used (eggs laid) one
or more times during the study by color-marked
goshawks. The number of territories monitored
increased from 37 in 1991 to 121 in 2004
(Appendix). By 2004, a high density of regularly
spaced breeding areas had been identified on
the Kaibab Plateau with a mean interterritory
distance of 3.8 km (Reich et al. 2004, Reynolds
et al. 2005).

BANDING DATA

From 1991 to 2004, capture-recapture studies
of adult and nestling goshawks were conducted
on the Kaibab Plateau. Nesting adults were
captured near nests using dho-gaza traps
(Reynolds et al. 1994); nestlings were captured
by climbing nest trees during the last week of
the nestling period (mid to late June). All
captured goshawks were fitted with a U.S.
Geological Survey leg band and an anodized
colored leg band with a unique alphanumeric
code. Colored leg bands could be read from
80 m using 40-60X spotting scopes so that
hawks could be identified in subsequent years
without recapture. For each nestling captured,
we measured age (number of days posthatch-
ing) using a photographic and behavioral guide
(Boal 1994), body mass (g), and gender (de-
termined by body mass, tarsometatarsal length,
and foot length, the span from the outer halix
pad to the outer second toe pad). All known
territories were searched annually to determine
the location and reproductive status of territo-
rial pairs and to detect previously banded
hawks. A goshawk was considered to have
been locally recruited if it had been banded as
a nestling on the study area and was later
observed breeding within the study population
(Wiens and Reynolds 2005). Such cases were
used to investigate patterns of local settlement
and natal dispersal distance.

TELEMETRY DATA

In addition to observations of natal dispersal
based on recaptures of color-banded nestlings,
we radio-marked 89 nestlings (42 females, 47
males) at 48 nests during 1998-2001 to in-
vestigate the timing of dispersal and juvenile
fidelity. Nests targeted for radio-marking
young were randomly selected from a stratified

sample of nests in the Kaibab National Forest
containing one, two, or three young each.
Nestlings were captured 2-6 days before fledg-
ing (32-35 days posthatching) and fitted with
17-g backpack-style radio-transmitters (model
LPB 2380M, Wildlife Materials, Inc., Murphys-
boro, IL). Radio-transmitters were attached
using four separate reinforced nylon straps with
a “weak link™ cotton attachment that allowed
the harness to fall off without entanglement
~1 year after capture (modified from Klavitter
et al. 2003). Radio-transmitters had a mean life
expectancy of 500 days.

Radio-marked hawks were monitored with
model R4000 ATS receivers (Advanced Telem-
etry Systems, Inc., Isanti, MN). Status of young
goshawks (location, alive, dead) was recorded
4-5 times week ! between fledging and dispers-
al. Once young goshawks venture beyond 2 km
from the nest, they are generally not recorded
within that radius on subsequent occasions
(Kenward et al. 1993a, but see Kennedy and
Ward 2003). We therefore defined dispersal as
the first day a juvenile spent more than two
consecutive days =2 km from its nest. After
juveniles dispersed, ground crews attempted to
record their locations daily but were often
unsuccessful due to high movement rates or
inaccessible terrain. Dispersal locations were
estimated by quietly approaching on foot until
the hawk was sighted, a change in signal
strength was recorded, or a signal could be
detected without an antenna (i.e., antenna cable
or receiver only), indicating the hawk was
within 10-20 m of the observer. Each hawk
location was recorded using a Global Position-
ing System accurate to =3 m. When a radio-
transmitter signal was lost, searches were
conducted throughout the study area using
omnidirectional antennas mounted on trucks
and from fire lookout towers in the study area.
We also used fixed-wing aircraft to obtain
locations of dispersing goshawks and to search
for missing signals within 60-70 km of the
study area boundary (aerial survey area =
10 800 km?; Fig. 1). Tracking flights followed
a series of transect lines spaced 10 km apart
within the survey area, and were conducted
regularly at bimonthly (September and Octo-
ber) and monthly (November-May) intervals
during 1999-2002. The probability of detecting
radio-marked hawks by aircraft was estimated
as the proportion of 22 radio-transmitters



TABLE 1.

NATAL DISPERSAL OF GOSHAWKS 257

Covariates used to model the timing of natal dispersal (1998-2001) and local natal dispersal

distance (1991-2004) of Northern Goshawks on the Kaibab Plateau, Arizona.

Covariate Level®

Response variable®

Description

Prey density Cohort T

Precipitation Cohort T

Proportion of pairs Cohort D

breeding (POPB)

Relative hatch date Territory T

Brood size Territory T

Body condition Individual T. D

Sex Individual T, D

Annual summation of red squirrel, Kaibab
squirrel, Northern Flicker, and Steller’s Jay
density (ha™') on the Kaibab National
Forest, 1998-2001.

Cumulative precipitation (cm) during 1 July—
30 September, 1998-2001, recorded daily at
four weather stations on the study area and
averaged among stations to obtain annual
estimates.

Annual number of territories with used (eggs
laid) nests divided by the total number of
territories under study in the year of
fledging.

Nest hatch date, estimated from nestling ages
at the time of capture. Nest hatch dates
were transformed to relative values with
respect to median hatch dates, 1998-2001
(Appendix).

Number of young fledged per nest, including
the focal individual.

Mass (g) of focal individual at time of capture
(5-7 days prefledging).

Determined by body mass, tarsometatarsal
length, and foot length.

* Biological level at which each covariate was measured.

® T = timing of dispersal, expressed as the age (number of days postfledging) and date (1-365; day 1 = 1
January) at which radio-marked young initiated dispersal, 1998-2001; D = local natal dispersal distance,
measured as the straight-line distance between the natal nest and nest site of first breeding for goshawks
produced, color-banded, and recruited within the study population.

placed at random locations and heights (05 m)
throughout the survey area that could be
relocated by a naive observer. This test in-
dicated that the probability of detecting a func-
tioning radio-transmitter within the aerial
survey area was 0.91 (95% CI: 0.79-1.00).

MODEL DEVELOPMENT

We developed statistical models to represent the
potential influences of individual, social, and
environmental conditions on local natal dis-
persal behavior of goshawks. These conditions
were expressed as individual-, territory-, and
cohort-level covariates and assessed relative to
the onset and completion of natal dispersal in
the study area. Our selection of covariates was
guided by previous studies of natal dispersal
(see below), existing knowledge of goshawk
ecology on the Kaibab Plateau (Reynolds et al.
1994, 2005), and field observations.

Timing of dispersal. Variation in the timing of
natal dispersal by raptors is often explained by

individual characteristics such as gender and
body condition (Kenward et al. 1993a), char-
acteristics of the natal area such as hatching
date and brood size (Strickland 1991, Ellsworth
and Belthoff 1999, Forero et al. 2002, Byholm
et al. 2003), or environmental conditions such
as food availability (Bustamante 1994, Willey
and van Riper 2000, Kennedy and Ward 2003).
We selected six covariates to represent these
effects in our assessment of the timing of natal
dispersal in goshawks (Table 1). Of particular
interest was our prediction that the abundance
of several primary bird and mammal goshawk
prey species on the Kaibab Plateau (Boal and
Mannan 1994, Salafsky 2004) would be posi-
tively related to the timing of dispersal. We
examined this prediction using annual density
(ha™") estimates of Northern Flickers (Colaptes
auratus), Steller’s Jays (Cyanocitta stelleri), red
squirrels (Tamiasciurus hudsonicus), and Kai-
bab squirrels (Sciurus aberti kaibabensis) ob-
tained on the Kaibab National Forest during
the goshawk breeding season (28 May-14
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August, 1999-2001) using line-transect distance
sampling methods (Salafsky 2004, Salafsky et
al. 2005). Based on prey remains collected at
211 nest sites, these four species represented
~65% of total diet biomass for goshawks
breeding in the Kaibab National Forest during
1998-2001 (S. Salafsky, Colorado State Uni-
versity, unpubl. data). We also anticipated that
dispersal may have been delayed by prolonged
periods of heavy rainfall that occurred during
the later stages of the fledgling dependency
period in 1998 and 1999. To examine our
prediction, we acquired daily precipitation
records from July to September (1998-2001)
from four weather stations on the study area
(Fig. 1).

Local natal dispersal distance. Natal dispersal
distance in goshawks may be directly related to
local resource conditions (Byholm et al. 2003,
Kennedy and Ward 2003). On the Kaibab
Plateau, annual differences in goshawk breed-
ing density are highly correlated with food
abundance (Salafsky 2004). We therefore con-
sidered the proportion of territorial pairs
breeding in the year of fledging to be a good
indicator of resource abundance for that year,
and assessed this effect relative to local natal
dispersal distance (the distance between the
natal nest and the nest site of first breeding for
locally recruited hawks). Inbreeding avoidance
may also influence local natal dispersal distance
(Greenwood 1980, Newton and Marquiss 1983,
Wheelwright and Mauck 1998). To investigate
the effect of inbreeding avoidance on local natal
dispersal, we used the capture histories of adult
goshawks to determine if local recruits settled
farther from their natal area when their
opposite-sex parent still occupied their natal
territory in the year of recruitment. Finally,
because natal dispersal distance may be influ-
enced by gender (Greenwood 1980) or physio-
logical differences among individuals (Paradis
et al. 1998, Dufty and Belthoff 2001), we
included gender and prefledging body mass as
covariates in our assessment (Table 1).

STATISTICAL ANALYSES

Model selection. Candidate model sets for both
the timing of dispersal and local natal dispersal
distance included a fully specified general model
with all main effects, reduced forms of the
general model, and a base model without main
effects. A base model without main effects was

useful for assessing the relative explanatory
power of models containing covariates of
interest. Candidate model sets were constrained
by a priori considerations (e.g., correlation
among covariates) and by sample size: models
containing more than n/10 parameters were
excluded (Burnham and Anderson 2002). We
ranked, compared, and evaluated candidate
models using information-theoretic methods
(e.g., AIC. Burnham and Anderson 2002).
We also assessed the degree to which 95%
confidence intervals (CI) of slope coefficients
(B;) overlapped zero to supplement AIC,
evidence of important effects. In cases where
there was substantial uncertainty in model
selection results, parameter estimates were
averaged across models containing a covariate
and standard errors were calculated from
unconditional variances (Burnham and Ander-
son 2002). In such cases, the relative importance
of each covariate (X) was assessed using
cumulative Akaike weights (w,[X]; Burnham
and Anderson 2002). Variables with strong
support have cumulative Akaike weights near 1.
All analyses were performed using program
SAS version 8.02 (SAS Institute 2000), and
estimates are presented as means * SE.

Timing of dispersal. We used proportional
hazards regression (PROC PHREG; SAS In-
stitute 2000) to evaluate covariates relative to the
date (1-365; day 1 = 1 January) and age
(number of days posthatching) that radio-
marked juveniles initiated dispersal. The
PHREG procedure performs failure-time anal-
ysis (Cox 1972), which is often used to analyze
the effects of covariates on the time until an
event, such as dispersal, occurs (Muenchow
1986, Bennetts et al. 2001, Kennedy and Ward
2003). Model fit to individual observations and
assumptions of proportionality was evaluated
using deviance and martingale residual plots
(SAS Institute 2000).

Juvenile fidelity. Based on relocations of
radio-marked juveniles, we used the Kaplan-
Meier estimator (Kaplan and Meier 1958) to
determine juvenile fidelity to the natal popula-
tion during the first 11 months postfledging
(Bennetts et al. 2001). We defined fidelity as the
cumulative probability of detecting a radio-
marked juvenile within the aerial survey area
between fledging (time ¢ = 0) and month 11
postfledging (time ¢ = 11). A juvenile was
considered to have dispersed beyond this area



at time ¢ if it was not detected during an aircraft
survey. Hence, juveniles classified as “‘dis-
persed” included hawks that moved beyond
the survey area and lived, hawks that moved
beyond this area and died, and hawks present
within this area but not detected as a result of
radio-transmitter malfunction or other, un-
known causes. The detection probability within
our survey area was high (0.91), so we were
confident that the majority of radio-marked
hawks not detected by aircraft (i.e., censored)
had dispersed beyond the Kaibab Plateau.
Nonetheless, the number of juveniles censored
during each time interval was multiplied by the
signal detection rate to adjust for uncertain
relocation. Hence, fidelity was estimated as: 1 —
(the adjusted number of censored hawks at time
t divided by the number of hawks available for
detection at time ¢), and we approximated the
variance using the delta method (Oehlert 1992).
The number of juveniles available for detection
at time ¢ consisted of those hawks remaining in
the sample after hawks that had died or shed
their radio-transmitters in the previous time
interval were removed.

Local natal dispersal distance. We measured
local natal dispersal distance as the straight-line
distance from the natal nest site to the nest
site of first breeding for a goshawk that was
produced, color-banded, and recruited within
the local breeding population. As a simple
measure of territory spacing between the natal
and breeding sites, we calculated the “‘effective
dispersal distance™ (Shields 1983) as the median
local natal dispersal distance divided by the
mean interterritory distance among 121 territo-
ry centers (3.8 km; Reynolds et al. 2005). We
used generalized linear models with an identity-
link function (PROC GENMOD; SAS Institute
2000) to obtain maximume-likelihood estimates
of local natal dispersal distance as a linear
function of six covariates (Table 1). Distances
were log-transformed to obtain a normal dis-
tribution of errors.

RESULTS

TIMING OF DISPERSAL

All 89 radio-marked nestlings successfully
fledged from 48 nests located in 36 distinct
territories. Young goshawks fledged between 28
June and 12 August (X = 16 July) at 40.3 =
0.4 days posthatching (range = 30-50 days).
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Excluding hawks that died (n = 8) or pre-
maturely shed their radio-transmitters prior to
dispersal (n = 10), juveniles spent an average of
46.3 = 0.8 days in the natal territory (range =
33-66 days, n = 71). Annual means for the
duration of this period varied from 43.7 = 2.1
(95% CI: 38.9-48.4) days in 2001 to 49.1 = 1.7
(95% CI: 45.5-52.8) days in 1998. Radio-
marked juveniles initiated dispersal from their
natal areas between 30 July and 15 September
(x = 30 August) at 86.5 = 0.8 days posthatch-
ing (range = 71-103 days).

Dispersal date. The date of dispersal varied
among years, as indicated by a comparison
between a base model without annual variation
and a model incorporating a year effect (AAIC,
between models = 18.3; Table 2). Model-
averaged parameter estimates and uncondition-
al 95% confidence intervals indicated that
dispersal date was positively influenced by prey
abundance (f,., = 0.60; Wald 95% CI: 0.14-
1.06), and negatively influenced by total pre-
cipitation during the July-September period of
each year ( Bpyrecipitation = —0-11595% CI: —0.16
to —0.06). Individual- and territory-level co-
variates received moderate to poor support with
respect to dispersal date (Table 3).

Dispersal age. There was substantial uncer-
tainty in model-selection results regarding the
age of dispersal, and weak evidence of annual
variation in this parameter (Table 2). Of the
covariates considered, brood size received the
strongest support (w,[brood size] = 0.83),
whereas total precipitation, hatch date, and
sex covariates received moderate support (Ta-
ble 3). Model-averaged parameter estimates
and unconditional 95% confidence intervals
showed that dispersal age was negatively
influenced by brood size (fio0qsize = — 0-45;
95% CI: —0.82 to —0.07; Fig. 2), and total
precipitation (fprecipitation = —0.05; 95% CL:
—0.09 to —0.01). Large differences among
years in prey density (Appendix) and differ-
ences among individuals in prefledging body
mass had little influence on dispersal age.
Observations of dispersal rates within the same
brood may not be strictly statistically indepen-
dent (Albercio et al. 1992, Massot et al. 1994).
To see if intrabrood dependency unduly biased
our results, we conducted a separate analysis
using one randomly selected young per nest
(Massot et al. 1994). This brood-randomization
process was repeated over 60 iterations, result-
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TABLE 2. Ranking of proportional hazards regression models used to explain variation in the timing of
natal dispersal for Northern Goshawks on the Kaibab Plateau, Arizona, 1998-2001. Models are ranked from
most plausible (AAIC,. = 0.00) to least plausible. All models with AAIC,. = 2.50 are listed, as well as the base
model without covariates and the model containing a year effect for comparisons. See Table 1 for a description

of covariates.

Number of
Covariates in model Log likelihood parameters AAIC, Akaike weight
Dispersal date
Prey, Precipitation —225.84 4 0.00 0.25
Prey, Precipitation, Sex —224.98 ) 0.60 0.19
Year —225.48 5 1.59 0.11
Prey, Precipitation, Brood —225.83 5 2.31 0.08
Prey, Precipitation, Sex, Body mass —224.65 6 2.33 0.08
Year, Sex —224.67 6 2.37 0.08
Base model (no covariates) —239.06 1 19.89 0.00
Dispersal age

Brood, Precipitation, Hatch date —233.34 5 0.00 0.12
Brood, Precipitation —234.52 4 0.04 0.12
Brood, Precipitation, Sex, Hatch

date —232.23 6 0.16 0.11
Brood, Precipitation, Sex —233.55 5 0.41 0.10
Brood —236.35 3 1.45 0.06
Brood, Hatch date —235.44 4 1.86 0.05
Brood, Precipitation, Prey —234.34 5 1.99 0.04
Brood, Sex —235.58 4 2.14 0.04
Brood, Precipitation, Sex, Body mass —233.31 6 2.32 0.04
Brood, Sex, Hatch date —234.53 5 2.36 0.04
Base model (no covariates) —239.38 2 5.32 0.01
Year —237.47 5 8.25 0.00

TABLE 3. Likelihoods, parameter estimates, and unconditional 95% confidence intervals (CI) for covariates
modeled relative to the timing of natal dispersal for Northern Goshawks on the Kaibab Plateau, Arizona,

1998-2001. See Table 1 for a description of covariates.

Covariate Covariate likelihood* Parameter estimate® 95% CI¢
Dispersal date
Precipitation 0.73 —0.11 —0.16 to —0.06
Prey density 0.67 0.60 0.14 to 1.06
Sex 0.51 0.26 —0.33 to 0.85
Year 0.28
Brood size 0.20 0.05 —0.34 to 0.45
Body mass 0.16 <-0.01 —0.01 to 0.00
Dispersal age
Brood size 0.83 —0.45 —0.83 to —0.07
Precipitation 0.55 —0.05 —0.09 to —0.01
Hatch date 0.50 0.04 —0.01 to 0.09
Sex 0.49 0.33 —0.26 to 0.91
Body mass 0.12 <-0.01 —0.01 to 0.00
Prey density 0.12 0.13 —0.37 to 0.63
Year 0.03

* Calculated as the summation of Akaike weights across all models containing the covariate.
® Weighted average from all models containing the covariate (Burnham and Anderson 2002).
¢ Unconditional 95% confidence interval, calculated using unconditional variances to adjust for model

selection uncertainty.
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FIGURE 2. The effect of brood size on the
probability of staying within the natal area (a 2 km
radius surrounding the nest) between 70 and 105
days posthatching for Northern Goshawks on the
Kaibab Plateau, Arizona, 1998-2001.

ing in a distribution of log-likelihood values for
each model considered. Median values were
then used for AIC, model selection. A re-
duction in sample size (45 broods vs. 71
individuals) decreased the precision of param-
eter estimates and increased model selection
uncertainty. Nonetheless, cumulative Akaike
weights and model-averaged parameter esti-
mates calculated under this approach were
similar to those obtained using all individuals
(wy[brood size] = 0.71, Pproodsie = —0.39;
95% CI: —0.83 to 0.00).

JUVENILE MOVEMENT AND FIDELITY

We obtained dispersal data on 48 of the 89
radio-marked juveniles. The remaining 41
juveniles either died before dispersal (n = 8),
prematurely shed their radio-transmitter before
dispersal (n = 10), or were immediately lost
upon the initiation of dispersal due to long-
distance movement, radio failure, or other
unknown causes (n = 23). Maximum dispersal
distances (straight-line distance between the
natal nest and farthest postindependence loca-
tion recorded for a radio-marked hawk) ranged
from 2.7-79.1 km (x = 25.2 *= 1.2 km, median
= 22.9 km), but was clearly constrained by the
size of the aerial survey area (Fig. 1). As
indicated by the fidelity function (Fig. 3), the
cumulative probability of detecting a radio-
marked juvenile within the aerial survey area by
month 11 postfledging was 0.28 (95% CI: 0.19—
0.37). By November (5 months postfledging),
72% of radio-marked juveniles had dispersed
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FIGURE 3. Kaplan-Meier estimates (* 95% CI) of
Northern Goshawk fidelity to the natal population
on the Kaibab Plateau, Arizona, over the first
11 months postfledging. Fidelity was estimated as
the cumulative proportion of radio-marked juveniles
detected within a 10 800 km? aerial survey area
during 1999-2002. The dashed vertical line indicates
the average age at which juveniles initiated dispersal.
Increases in the function resulted from previously
undetected juveniles returning to the survey area
between successive time intervals.

beyond the Kaibab Plateau with a large sur-
ge of movement beyond this area occurring
three to five months postfledging. During
winter months (December—February), radio-
marked juveniles were predominantly relo-
cated in pinyon-juniper woodland and shrub-
steppe cover types at lower elevations. The
slight increase in the fidelity function during
months 8-10 postfledging resulted from pre-
viously undetected juveniles moving back into
our survey area between monthly flight inter-
vals. By their first spring (10 months postfled-
ging), five radio-marked juveniles had settled
into temporary home ranges at lower elevations
and three others were relocated on the Kaibab
Plateau. Four radio-marked hawks (two fe-
males, two males) eventually recruited to the
study population by 2004. We also received
information on five color-banded juveniles that
were recovered dead in their first year 52—
442 km beyond the study area boundary.

LOCAL SETTLEMENT AND NATAL
DISPERSAL DISTANCE

We banded 614 nestling goshawks during 1991-
2003 (Appendix). Of these, 69 (11%) were
relocated as breeding adults within the study
population, 39 (13%) females and 30 (10%)
males. The annual percentage of goshawks
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FIGURE 4. Percent of adult Northern Goshawks
breeding during 1992-2004 on the Kaibab Plateau,
Arizona, that were nestling recaptures (banded
recruits), new adult captures (unbanded recruits), or
previously banded adults (banded residents). Num-
bers above bars indicate the total number of pairs
breeding (laid eggs) in each year.

breeding that were nestling recaptures (banded
recruits) increased over the years of our study
(Fig. 4). The overall percentage of new recruits
(nestling recaptures and new adult captures)
accounted for 27% of goshawks breeding
during the study period, with percentages
ranging from 12% to 36%. By 2004 the ratio
of banded to unbanded recruits was nearly
equal (Fig. 4). Nestling return rates based on
ages at first recapture (2, 3, 4, or =5 years) were
17%, 26%, 26%, and 31%, respectively. Assum-
ing that banded recruits were detected on their
first breeding attempt, mean age at first
breeding was 4.2 = 0.3 years for females (range
= 2-9years) and 3.9 = 0.3 years for males
(range = 2-11 years). Due to their elusive
behavior, most adult goshawks could only be
observed if they were breeding. As a result, the
ages at first breeding may overestimate the age
when goshawks first occupied a territory.
Local natal dispersal distance on the Kaibab
Plateau ranged from 0.1-58.1 km (¥ = 16.7 =
1.2 km, median = 15.0 km; Fig. 5). To examine
the extent to which the size of our study area
constrained the dispersal distances we could
detect, we calculated the maximum distance
between the natal nest of each observed
dispersal event and every other nest that had
been located in the study area by 2004. Possible
maximum dispersal distances that we could
detect within our study area ranged from 37.2—
72.3 km (¥ = 52.6 = 8.9 [SD] km, median =
51.1 km). Thus, we were generally able to detect
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FIGURE 5. Distributions of local natal dispersal

distances for male and female Northern Goshawks
on the Kaibab Plateau, Arizona, 1991-2004. Local
natal dispersal distance was the straight-line distance
between the natal nest and the nest site of first
breeding for goshawks (n = 69) that were produced,
color-banded, and recruited on the Kaibab Plateau.

local dispersal events at greater distances than
the distances we actually observed. Estimates of
effective dispersal distance indicated the site of
first breeding was an average of four territories
distant from the natal site (4.2 territories for
females, 3.6 territories for males). Two females
banded as nestlings were reported breeding in
forests beyond the Kaibab Plateau, one on the
south rim of the Grand Canyon (natal dispersal
distance = 55 km; T. Bowden, Grand Canyon
National Park, pers. comm.) and one in Utah
(natal dispersal distance = 107 km; R. Rodri-
guez, U.S. Forest Service, pers. comm.). These
two hawks were omitted from our analysis of
local natal dispersal distance. The best-fitting
model (AAIC, = 0.00) was the base model
(intercept only), evidence that our covariates
were weak in predicting local natal dispersal
distance. Univariate models containing the
effects of sex, prefledging body mass, and
brood size were somewhat competitive (AAIC.
< 2.00), but we did not consider these models
to be informative since they failed to sub-
stantially improve upon a base model without
covariates.

Inbreeding avoidance. Of 69 banded recruits,
only 12 initiated breeding within two territories
of their natal site. Only one hawk settled on its
natal territory, where it constructed a new nest
only 75 m from its natal nest. However, this
female did not initiate breeding until 8 years of
age, by which time both her parents had



disappeared from the study. This was the single
case in 605 breeding attempts over a 14-year
period of a goshawk settling on its natal
territory, and no cases of close inbreeding
between parent-offspring or full siblings were
documented. There were six cases in which full
siblings nested during the same years, but
siblings settled between one and seven territo-
ries apart (mean distance between siblings =
10.4 km). Inbreeding avoidance data (i.e.,
opposite-sex parent known) were available for
63 of 69 banded recruits. Only 12 recruits
initiated breeding while their opposite-sex
parent still occupied the original natal territory,
but none of these settled within one territory of
their natal site. Despite this evidence, the
presence of an opposite-sex parent in the year
of recruitment was a pogr predictor of local
natal dispersal distance (f = —0.04; 95% CI:
—0.29 to 0.19).

DISCUSSION

Three general findings characterized natal
dispersal of goshawks on the Kaibab Plateau.
First, annual differences in local environmental
conditions (prey abundance, weather) and
social conditions of the natal site (number of
siblings) most strongly influenced when juve-
niles initiated dispersal. Second, most (72%)
radio-marked juveniles dispersed >80 km be-
yond the natal population during their first year
and few (11%) color-banded nestlings eventu-
ally returned to gain a local breeding territory.
Third, local recruits initiated breeding at
a delayed age and typically settled between
three and five territories away from their natal
site. In general, natal dispersal behavior of
goshawks on the Kaibab Plateau appeared to
be driven by a combination of local environ-
mental conditions, intraspecific competition for
a limited number of breeding opportunities,
and inbreeding avoidance. As much of the
natal dispersal process operated at broad
spatial scales beyond our study area, we suspect
that movement among naturally fragmented
goshawk populations in the southwestern Unit-
ed States is common.

TIMING OF DISPERSAL

Early dispersers may settle significantly farther
from their natal areas than late dispersers,
suggesting that variation in the timing of
dispersal may be important to exchange rates
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among fragmented raptor populations (Walls
and Kenward 1998, Byholm et al. 2003). We
were unable to assess the influence of the timing
of dispersal on dispersal distance, but our
results did indicate that the timing of dispersal
was a function of local environmental condi-
tions (food availability, weather) and social
conditions of the natal area. Our estimates of
the mean age at fledging, the mean amount of
time fledglings spent in the natal area before
dispersal, and the mean age at dispersal were
similar to those reported for goshawks else-
where (Kenward et al. 1993a, Kennedy and
Ward 2003, Titus et al. 1994). Also similar to
previous studies, there was little evidence of
annual variation in the age of dispersal. In
contrast to previous studies, however, we found
substantial evidence for annual differences in
the date of juvenile dispersal. Although the
early dispersal date observed in 2000 coincided
with the highest prey densities recorded during
our study, large annual fluctuations in food
availability appeared to have little influence on
dispersal age. Thus, environmental and physi-
ological changes associated with the onset of
egg-laying in adults may dictate the time of year
in which juveniles attain independence and
disperse, whereas dispersal age may be more
a function of social conditions or endogenous
factors (Kenward et al. 1993a, Ellsworth and
Belthoff 1999, Kennedy and Ward 2003).

The age at which juveniles dispersed in our
study was highly variable among individuals,
with some dispersing up to 30 days later than
others. Gender-related differences, social con-
ditions of the natal area, and severity of rainfall
near the onset of dispersal were factors that best
explained this wide range of dispersal behavior.
Kenward et al. (1993b) also reported that male
goshawks dispersed at a younger age than
females, but that juvenile males stayed in the
natal area longer when there were few other
young in the brood. We did not rank siblings
within broods by their dominance level, but
intrabrood social patterns appeared to influ-
ence the onset of dispersal in a similar way
to that reported for other raptors (Strickland
1991, Ferrer 1993, Ellsworth and Belthoff
1999). Weather conditions also affected the
onset of dispersal. Daily precipitation records
confirmed that rainfall lasted for several days
longer and was substantially heavier in 1998
and 1999 relative to 2000 and 2001 (Appendix).
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Heavy rainfall near the time of independence
may have suppressed prey availability or the
capacity for juveniles to initiate long-distance
dispersal movements.

TRANSIENT MOVEMENT AND

LOCAL SETTLEMENT

Juvenile goshawks on the Kaibab Plateau
moved rapidly away from their natal territories
during August-September of each year, and
most moved beyond their natal population
shortly thereafter. However, dispersal behavior
was highly variable among individuals—most
hawks moved beyond the Kaibab Plateau into
the surrounding low-desert landscapes immedi-
ately after leaving their natal territory whereas
others made this transition more gradually. The
relatively small number of color-banded nest-
lings that were later found breeding within the
study population provides further evidence that
many juveniles disperse beyond the Kaibab
Plateau and do not return. Thus, both radio-
telemetry and capture-recapture data were
consistent in indicating that only a small
fraction of locally produced juveniles remain
within the vicinity of their natal population to
eventually gain a local breeding territory.

As juvenile goshawks disperse from their
natal areas on the Kaibab Plateau, they are
quickly faced with the decision of whether to
remain in the vicinity of their natal population
and wait (perhaps for several years) for
a territory vacancy to arise, or to disperse into
the surrounding landscape of deep canyons and
shrubsteppe plains and attempt to recruit
elsewhere. Our radio-tracking results showed
that a large fraction of juveniles chose to
emigrate, at least temporarily. The banding
data also showed that only a small fraction of
goshawks either returned or remained close to
their natal population when prospecting for
a breeding site. Thus, similar to other raptors
(Walls and Kenward 1998, Bennetts and
Kitchens 2000), a fraction of goshawks ap-
peared to base their territory settlement deci-
sions on knowledge of their local environment.
Evidence that some goshawks began exploring
their natal neighborhood at an early age was
provided by a small number of radio-marked
juveniles that remained within 5-10 km of their
natal site for several weeks following indepen-
dence. In contrast, several radio-marked juve-
niles returned to the vicinity of their natal

population after their first winter. Goshawks
reach sexual maturity in their first year (Squires
and Reynolds 1997), so return to the natal
population at this time could be used by
immature hawks to assess territory vacancies
and pair-formation possibilities. This pattern of
juvenile goshawks making long-distance move-
ments following independence and subsequent-
ly returning to the vicinity of their natal area
has been noted elsewhere (Ingraldi 1998), and
may be a common territory-prospecting strat-
egy employed by raptors inhabiting fragmented
landscapes (Ferrer 1993).

Although a high proportion of breeding
goshawks in immature plumage has been
reported elsewhere (Reynolds and Wight
1978, Henney et al. 1985, Speiser and Bosa-
kowski 1991), no hawks in immature plumage
have been observed breeding on the Kaibab
Plateau (Wiens and Reynolds 2005). A delayed
age at first breeding can indicate competition
for limited nesting space, food, or mates
(Newton 1979). The predicted effects of in-
traspecific competition on population struc-
ture include: (1) a high density of territories,
(2) a large number of nonterritorial floaters,
(3) a rapid replacement of territorial hawks
following mortality, and (4) replacement by
older individuals. Although the size of the
nonterritorial ‘“‘floater’” population on the
Kaibab Plateau is unknown, the remaining
conditions predicted to arise from competition
are consistent with features reported for our
study population (Reynolds et al. 1994, Reich
et al. 2004, Wiens and Reynolds 2005, Rey-
nolds and Joy 2006). Despite this evidence, our
hypothesis that competition drives local settle-
ment behavior was not supported. However,
a high level of individual variation in breeding
success (Wiens and Reynolds 2005), spatial
differences in habitat quality (Joy 2002), or
inbreeding avoidance may have produced
considerable spatial heterogeneity in the form
of competitive pressure among breeding terri-
tories. We did not account for this form of
heterogeneity in our assessment, so the influ-
ences of competition on settlement behavior
may have been obscured.

NATAL DISPERSAL DISTANCE

Due to a lack of information on the external
recruitment success for goshawks produced on
the Kaibab Plateau, the range of natal dispersal



distances we report here was explicitly con-
strained to a local (population) scale. Our study
area is large, contains nearly contiguous forests
surrounded by unsuitable goshawk breeding
habitat, and 121 (81%) of an estimated 150
possible breeding territories (based on territory
spacing and habitat availability; Reynolds et al.
2005) were monitored by 2004. Thus, breeding
goshawks and their young had a high proba-
bility of being detected on the study area.
However, color-banded young that emigrated
beyond the Kaibab Plateau had very little
chance of being detected, and aerial surveys
for radio-marked juveniles were logistically
constrained to a 10 800 km? area encompassing
the study site. As most radio-marked juveniles
dispersed beyond this area, we conclude that
there was a systematic short-distance bias in the
natal dispersal distance distribution when con-
sidered over a broad geographic scale.

Our radio-tracking results showed a wide
range of dispersal movements for juvenile
goshawks, reflecting great mobility and varia-
tion in dispersal behavior among individuals. A
wide range of juvenile goshawk dispersal
distances was also recorded in Alaska (15.9—
151.1 km; Titus et al. 1994) and in central
Arizona (38.6-186.7 km; Ingraldi 1998). The
long-distance dispersal capabilities of juvenile
goshawks considered with the highly fragmen-
ted nature of suitable breeding habitat in
northern Arizona and southern Utah indicates
that the true distribution of natal dispersal
distances for our study population is multi-
modal. Two cases of juvenile emigration and
five band recoveries of dead juveniles ranging
from 52 to 442 km beyond the study area also
provide evidence that natal dispersal distances
commonly extend beyond the Kaibab Plateau
to other, perhaps distant, forests. Elsewhere
(Wiens et al. 2006), we found that mortality
increased by >13% as radio-marked juveniles
dispersed into the open landscapes that sur-
round our study area, indicating the hazards
involved in long-distance dispersal. Neverthe-
less, young goshawks readily dispersed beyond
the forests of the Kaibab Plateau into the
surrounding matrix of pinyon-juniper wood-
land and shrubsteppe cover types. Such habitats
clearly play an important role in juvenile
survival, dispersal, and recruitment processes
for goshawks inhabiting the fragmented land-
scapes of the southwestern U.S.

NATAL DISPERSAL OF GOSHAWKS 265

We found no support for sex- or age-related
differences in natal dispersal distances that have
been reported in other raptors (Newton and
Marquiss 1983, Marti 1999, Forero et al. 2002,
Forsman et al. 2002), including juvenile
goshawks in Finland (Byholm et al. 2003). It
is therefore possible that such effects act more
heavily on broad-scale, interpatch dispersal
patterns of goshawks than on local recruitment.
On the Kaibab Plateau, local recruits typically
initiated breeding 3-5 territories away from
their natal area. However, the regular size and
spacing of goshawk territories on the study area
(Reich et al. 2004, Reynolds et al. 2005) and the
rate at which adult goshawks fail to return to
reclaim their territories each year (25%, or 1 —
the adult survival rate of 75%; Reynolds et al.
2004) indicated that several territories adjacent
to the natal site would be expected to have
same-sex vacancies the year following fledging.
Despite the fact that local natal dispersal was
not associated with the presence of an opposite-
sex parent in the year of recruitment, no cases
of close inbreeding were documented. This
evidence, and the spatial aggregation exhibited
by local recruits, demonstrates that natal
dispersal resulted in inbreeding avoidance. This
conclusion is also supported by molecular
evidence from goshawks on the Kaibab Pla-
teau, which showed an absence of inbreeding
and a population genetic structure consistent
with that produced by a high rate of gene flow
(Bayard de Volo et al. 2005).

Natal dispersal accounts for nearly all of the
dispersal in the life of goshawks on the Kaibab
Plateau, as fewer than 6% of adult hawks
moved relatively short distances (2-17 km) to
a different territory between successive breeding
attempts (RTR, unpubl. data). This strong site
fidelity of adults considered with the propensity
for juveniles to disperse long distances and
a population genetic structure consistent with
a high rate of gene flow (Bayard de Volo et al.
2005) provides evidence that movement among
fragmented breeding populations in the South-
west is primarily achieved via natal dispersal.
Movements of individuals into and out of
subdivided populations can act to stabilize local
and regional population growth rates and
decrease extinction probability (Johnst and
Brandl 1997, Bowne and Bowers 2004). If
naturally fragmented goshawk populations in
the southwestern U.S. function as a metapopu-
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lation maintained by interpatch movements of
juveniles, a reduction in juvenile movement
among subpopulations could lead to a situation
in which local mortality exceeds that of pro-
ductivity and immigration, leading to a decline
in population viability (Stacey and Taper 1992).
Our study provides evidence that the nonfor-
ested habitats (e.g., shrubsteppe and pinyon-
juniper woodland) used during dispersal be-
tween disjunct mountain forests may play an
important role in maintaining demographic
connectivity among fragmented goshawk pop-
ulations in the American Southwest.
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APPENDIX. Northern Goshawk monitoring effort, breeding proportions, and banding activity on the Kaibab
Plateau, Arizona, 1991-2004. Means = SE are shown for the prey density and precipitation covariates used in
modeling the timing of natal dispersal, 1998-2001. See Table 1 for covariate definitions.

Territories Proportion of Nestlings Median hatch Prey density Precipitation
Year monitored pairs breeding® banded date® (ha™") (cm)
1991 37 0.97 46
1992 64 0.87 32
1993 82 0.77 62
1994 88 0.22 18
1995 99 0.50 52
1996 105 0.40 41
1997 106 0.30 36
1998 109 0.51 84 160 1.9 £ 0.1 209 = 1.2
1999 113 0.51 76 159 23 £0.1 229 = 6.0
2000 120 0.53 111 152 2.7 £ 0.1 9.3 £33
2001 120 0.25 31 161 1.0 £ 0.1 114 = 2.8
2002 121 0.18 16
2003 121 0.08 9
2004 121 0.41

* Calculated from the previous year’s cohort of territories under study (except 1991; Reynolds et al. 2005).
® Annual median hatch date calculated from individual nestling ages at time of capture; day 153 = 1 June.



