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ABSTRACT: We studied 347 nesting attempts on 107 nesting territories of northern goshawks 
4 

(Accipiter gentilis) on 1,732 km2 of the Kaibab Plateau, Arizona from 199 1-1 996. Mark and 

recapture methodology was used to estimate survival probabilities, territory and mate fidelity, 

turnover on territories, and dispersal. Territories were regularly spaced at a mean nearest- 

neighbor distance of 3.88 krn (n = 100, P = 0.98, Cramer-von-Mises). An estimate of the total 

breeding population on the study area (146 territories) suggested that about 73 percent of the 

breeding population was located during the study. Annual proportion of pairs that laid eggs, 

production of fledglings, nesting success, fecundity, and recapture rates varied from highs in 

199 1-1 993 to a low in 1994; there was partial recovery in these parameters in 1995 and 1996. 

Declines appeared to be associated with variation in abundance of several prey species, 

especially the red squirrel (Tamisciurus hudsonicus). 

Territory and mate fidelity was high for both sexes, but territory fidelity of males (9 1.7 YO) 

exceeded that of females (78.6 %); two males and five females changed territories during the 

study and none retained their mates in the& moves. Only one case of divorce (both hawks 

confirmed alive in subsequent years) was recorded. Mean breeding dispersal distances were 

slightly greater for females (5.2 km, SD = 2.66) than for males (2.8 krn, SD = 1.06); in all cases, 

both sexes moved to territories either adjacent to their original territory or two territories distant. 

Natal dispersal distances also tended to be greater in females (n = 2 1.5 krn, SD = 9.18) than 

males (n = 15.9, SD = 6148). Males were an average'obe year older than feeales when first 
. . 

- found breeding. Overall annial replacement (mover)  rates of heeding . . hawks on-territories 
. . . . 

was 32 percent, with males being replaced at a higher rite (42 %) than females (25 %). 

. . 

Six of 256 nestlings banded during the study were recaptured in subsequent years -- too few to 

estimate survival rates for juveniles. All hawks aged 2 1-year-old when first captured were 

pooled into a noq-juvenile age class for survival estimation. Goodness-of-fit tests on the capture- 

recapture data from non-juveniles in program RELEASE (Pollock et al. 1985. Burnham et al. 

1987) indicated the appropriateness of Cormack-Seber-Jolly open population models for 

estimating survival and recapture .rates. Of 64 capture-recapture models examined in program . 
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SURGE (Pollock et al. 1990, Lebreton et al. 1992, Burnham et al. 1999, the most parsimonious 

(lowest AIC values) model {Phi,, P,} showed that while survival differed between the sexes, it 

was constant for each sex during the study period (males = 0.688, SE = 0.062; females = 0.866, 

SE = 0.05 1). Estimates of recapture probabilities from the model with the best fit to the data 

showed that recapture rates varied with time but not sex, and ranged annually from 0.149 (1994) 

to 0.662 (1992). Time effects on recapture rates corresponded with the variable proportions of 

goshawk pairs laying eggs each year -- for the most part only nesting hawks were captured. 

Lambda (I) could not be estimated for the population because we were unable to determine the 

survival rates of the juvenile age class. Estimates of juvenile survival required to maintain a 

stable population (i.e, I = I), given the adult survival and fecundity rates determined during the 

study period, were 0.305 for females and 0.709 for males. The survival rate for juvenile females 

is similar to rates in other raptors, but the required rate for juvenile males is unrealistic and may 

reflect an artificially low estimate of survival of adult males.due to. an insufficient number of 

adult males included so far in the capture-recapture study and/or too few recapture occassions. 

Regular spacing territories shorter nearest-neighbor distances then reported elsewhere for 

goshawks and the high annual rate of occupancy of territories by hawks suggested that the 

Kaibab goshawk population was saturated. Some evidence also suggested the population was 

' -relatively stable: 1) low . . recruitiint'rate and age of hawks f&t recruited into the breeding .- . . 
.- . . . 

popiilation suggested that most territories were already occupied and young hawks had to wait 
. . . .  . . - .  - .  . 

for years before a territory became available, and 2) high fidelity ofgoth adult sexes tp temtones 

suggested that other breeding areas on the Kaibab were occupied and not available; if a hawk . 

abandoned a territory it might not find an available territory and therefore lose its own. Not all 

temtories were equal, however, in numbers of years in which the territorial pair nested and 

numbers of young produced. 

Adequate methods and sampling levels are necessary for accurate estimates of demographic 

variables and identifying population trends in avian monitoring programs. Minimum number. of 



nesting pairs needed in a goshawk monitoring program to accurately estimate means and 

standard errors of annual number of fledglings produced per nest and proportion of active nests 

that were successful was 35-40 pairs. However, minimum number of territories needed to 

estimate the annual proportion of pairs laying eggs, a critical variable in estimating fecundity, 

was 80-90. Estimating nest density required intensive, systematic searches of large areas for 

nests of goshawks, and searches should be repeated over years to detect pairs that do not breed 

every year. After a sample of territorial pairs has been identified, monitoring programs whose 

objectives include nest productivity, nesting success, fecundity, and nest density require about 

five persons per 40 temtories and between 10-13 persons per 80 temtories. 

Kev Words: Accipiter gentilis, Arizona, capture-recapture, demography, dispersal, fecundity, 

forest management, Kaibab Plateau, nesting success, northern goshawk, reproduction, spatial 

distribution, adult and juvenile survival, turnover, territory and mate fidelity, territory occupancy. 
. . . . 



INTRODUCTION 

The northern goshawk (Accipiter gentilis atricapillus) is the largest member of the genus 

Accipiter in North America. Like other members of the genus, goshawks are morphologically 

and behaviorally adapted to hunt for birds and mammals in forests and woodlands. Their short 

wings and long tails provide maneuverability for capturing prey in forests and their short perch- 

shoa flight foraging tactics (Kenward 1982) are suited for prey searching in environments where 

their visual field is impaired by dense vegetation (Reynolds et al. 1992). Goshawks breed in 

nearly all forest and woodland types found within their geographic range; even open habitats 

such as shrub and tundra communities, where riparian trees or small forest patches provide nest 

sites, are sometimes used (White et al. 1965, Swem and Adam 1992, Younk and Bechard 1994). 

In spite of wide differences in the species composition and structure of occupied vegetative 

communities, forest stands in which goshawks place their nests have a high degree of structural 

similarity; nest sites are typically composed of large trees with relatively high canopy cover and 

open understories ( ~ e ~ n o l d s  et al. 1982, Moore and Henny 1983, Spieser and Bosakowski 1987, 

Hayward and Escano 1989). Radio-telemetry studies showed that goshawks forage in a wide 

range of forest structures but spend a disproportionate amount of time in mature-to-old forests 

(Widen 1989, Bright-Smith and Mannan 1994, Hargis et al. 1994). Use of older forests by 

hunting goshawks might be related to the openness of old forest uilderstories where goshawks 

c& detect and ?apt&e irey and, becake old forests are the prime habitats . . of many prky . 

. species, prey abundance may be greater there (Reynolds and Meslow %984, . . ~eyn'olds et al.. , 

Recent research has focused on the effects of forest management on the viability of goshawk 

populations (Block et al. ,1994). Many studies were of short duration and did not include pre- 

and post-management responses of goshawks. In addition, management of many forest districts 

typically occurs in small, widely dispersed annual treatments that result in relatively slow rates of 

habitat change at landscape-scales, at least within the time frame of most goshawk studies. 

Studies at large spatio-temporal scales, which include many goshawk territories and sufficient 
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years to detect responses of goshawk populations to slow rates of habitat change from natural 
- .  fluctuations (e.g.', weather, prey populations), are needed. 

Habitat change may affect the stability of populations by altering survival probabilities and 

fecundity. Yet, while counts of goshawks might appear stable over time, the stability may only 

result from immigration on to the area. Detection of responses of goshawk populations to 

management requires estimates of population size and other fundamental demographic variables 

such as birth, immigration, mortality, and emigration rates. Capture-recapture models can be 

used to estimate these variables, as well as discriminate between populations that appear stable 

due to immigration from one that is inherently stable due to a balance between births and deaths 

(Raphael et al. 1996). 

We report on the distribution of nesting pairs, annual proportion of pairs laying eggs, nesting 

.success, fecundity, fledgling sex ratio, mate and territorial fidelity, A d  natal and bieeding . 

dispersal of goshawks on the Kaibab plateau in northern Arizona. Estimates of annuql survival 

rates of goshawks in this population based on mark-recapture methodology are also provided. 

We identify annual variation in several of these demographic variables and discuss some of the 

possible sources underlying the variation on the Kaibab Plateau. In the interest of monitoring 

goshawk popu[ations in managed landscapes, we provide estimates sf  the minimum number of 
. . te@tori&.nd.pa& of hawks that need to be included in a monitoring program to' . .  . 

accurately determine &ual temtory occupancy rates, production of fledglings, gnd nesting 
. . 

. 
success in an analysis of these variables from of the Kaibab goshawk population: Finally, we 

estimate the required survival rates of juvenile goshawks under the condition that the Kgibab . - 

population remains stable ( I  = 1) given our estimates of adult survival and fecundity. 

STUDY AREA 

The 1,732 krn2 study area on the Kaibab Plateau in northern Arizona includes all of the Plateau 



above 2,182 n~ elevation. The study area includes both the North Kaibab Ranger District 

(NKRD) of the Kaibab National Forest (KNF) and the Grand Canyon National Park (GCNP), 

and is largely covered by ponderosa pine (Pinla ponderosa), mixed-conifer, and sprucelfir 

(Picea engelmannii-Abies lasiocarpa) forests. 

The Kaibab Plateau is an oval-shaped (95 km x 55 km), limestone plateau that rises from a 

shrub-steppe plain at 1750 m elevation to its highest point at 2800 m, and is dissected by 

moderately sloping valleys (Rasmussen 1941). The Plateau is bounded by escarpments of the 

Grand Canyon of the Colorado River on its southern side, and by steep slopes on the east and 

gentle slopes on the north and west sides that descend to the plain. Pinyon (Pinus edulis)-juniper 

(Juniperus spp.) woodlands occur below the study area at elevations between 1830 and 2075 m. 

Ponderosa pine forests (about 122,400 ha) occur between 2075 to 2450 m, mixedconifer forests 

(about 5 1,600 ha) between 2450 to 2650 m, and spruce-fir forests (about 30,600 ha) from 2650 to 

2800 m (Rasmussen 194 1, White and Vankat 1993) (Fig. 1). At the transition between forest 

types, there typically is an elevation range where, because of slope and aspect differences, 

adjacent forest types intermix. There is a series of narrow meadows on top of the Kaibab Plateau 

containing grasses and herbaceous vegetation. Annual precipitation on the Kaibab Plateau 

averages 67.5 cm, with winter snowpacks of 2.5-3.0 m (White and Vankat 1993). Winters are 

- cold and summers are cool. A drought period typically .occurs in .May and June, followed by a . . 

. - .  ' mid- to late-sunimer rnonsaon seasonwith frequent (2-4 per week) thunderstorms and heavy 
- .  . .  . 

showers. ' 

. . . .  

. . 

Fore.sts in the ponderosa.pine typewere the most . .  open forest types on the study area. This type . 

was dominated by ponderosa pine, but had components of pinyon pine and Utah juniper 

(Jun@erus utahensis) in the lower half, and quaking aspen (Populus tremuloides) at higher 

elevations. Understories consisted primarily of grasses, mainly Poa fenderiana, Sitanion hystrix, 

and Muhlengergia rnontanu (Rasmussen 1 94 1, Merkle 1962). Common understory shrubs were 

Ceanothus fenderli, Robinia neomexicana, Odostemon (=Berberis) repens, Sarnbucus caerulea, 

Ribes inebrians, Chrysotharnus parryi, Sericotheca glabrescens, Symphoricarpos sp., and ' 
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Arctostaphylos patulu. Qtlercus utahensis, Amerlanchier, and Cowania stansburiana are 

abundant only in  OW& ellvati6nS of the pine zone (~kmussen  194 1). 

The mixed-conifer forest on the Kaibab Plateau contained a diversity of tree species whose 

proportional mixing in a stand depended on elevation and topographic position. White and 

Vankat (1993), using basal area dominance of tree species in the GCNP on the Plateau, 

recognized four mixed conifer forest types, and we found approximate representatives of these 

mixed conifer types on the NKRD. These included the PINCrS PONDEROSA - PSEUDOTSUGA 

MENZIESII type, with relatively open canopies and understories dominated by ponderosa pine, 

especially in the larger size classes, but with some co-dominance of Douglas-fir in the canopy. 

White fir and quaking aspen were limited to the smaller size classes (White and Vankat 1993). 

Common understory plants included Muhlenbergia montana, Carex siccata, Lotus foenea, Rosa 

arizonica, Berberis repens, Antennaria aprica, and Fragaria ovalis (White and Vankat 1 993). 

This forest type occurred on dry, warm ridgetops and steep south, southeast, and southwest 

exposures up to 2600 rn as1 (White and Vankat 1993). The PINUS PONDEROSA -.ABIES . 

CONCOLOR type had greater canopy and understory cover. White fir was abundant, but had a 

lower basal area than ponderosa pine, and was especially abundant in the small and medium size 

classes. Understories species were Muhlenbergia montana, Carex siccata, Lotus utahensis, 

Achillea lanulosa, Rosa arizonica, Berberis repens, Antennaria aprica, and Fragaria ovalis 

- (White and'vankat 1993). This forest type- occurred on gentle, southern exposure6,'flgt . . 

ridgeto& &d on steep eastern Ad western exposures up to 2700 m &l (Whiteand van& . . 
. . 
1993).   he PICEA.PUNGENS- PINUS PONDEROSA type had lbwko-medium 6anopy cover 

and highbderstory cover. -Bhc spruce was.dominant with highest basal area, folloyed by ' : 

quaking aspen and.ponderosa pine. Blue spruce was represented in all size classes, while 

ponderosa pine was mainly in the medium-to-large size classes. Quaking aspen was important in 

the intermediate size classes, and white fir and subalpine fir were abundant in the-smaller size 

classes. Common understory plants were Muhlenbergia montana, Lotus utahensis, Achillea 

lanulosa, Rosa arizonica, Castillea lanulosa, and Fragaria ovalis (White and Vankat 1993). 

This forest type occurred on lower slopes near meadow edges and on middle and lower slopes . 



with eastern and western exposures up to 2700 n~ as1 (White and Vankat 1993). The ABIES 

CONCOLOR - PINUS PONDEROSA - PSEUDOTSUGA MENZIESII type had a high canopy 

cover and sparse understory cover. White fir was dominant and ponderosa pine and Douglas-fir 

was intermediate. Each of these species was co-dominate in the large size classes, but white fir 

was most abundant in the smallest classes. Common understory species were Berberis repens, J. 

communis, Poa fenderleriana, Sitanion hystrix, Carex foenea , Achillea lanulosa, Pedicularis 

centranthera, and Pryola virens (White and Vankat 1993). This forest type occurred on middle 

and upper gentle slopes with eastern, southern, and western exposures and flat ridgetops up to 

2700 m as1 (White and Vankat 1993). 

The spruce-fir forest type had the highest canopy cover and lowest understory cover of forest 

types on the Plateau. Engelmann spruce was dominant in the number of trees and basal area, and 

was well represented in all size classes. Subalpine fir was co-dominant with intermediate basal 

area and high density, especially in the intermediate-to-small size classes. Ponderosa pine was a 

common tree, especially on warmer and drier sites, where it occurred in the older-age classes. 

Quaking aspen had intermediate basal area and number of trees, and was most abundant in the 

intermediate and small size classes; there were sparse to moderate levels of Douglas-fir, white 

fir, and blue spruce, and there was little shrubby and herbaceous cover (Merkle 1962, White and 

Vankat 1993). Below 2,500 m asl, this forest type occurred only on steip, north and east slopes 

and narrow valleys (Merrkte 1962, White and.Vankat 1993.). Understory species were Berberis 

repens, J. cokrnunis, Sitanion hystrir, Achillea lanulosa, Ligusticum porteri, . . Fragaria ovalii, 

and Pyrola virens (White 'md Vankat 1993). . 

In 1893 the Grand Canyon Forest Reserve, which included the Kaibab Plateau and the South 

Rim, was established. GCNP was established in 191 9 and included the southern third of the 

Kaibab Plateau south of the NKRD. The Kaibab Plateau was spared the extensive logging that 

occurred elsewhere on the Colorado Plateau and Southwest during the railroad logging era (late 

1800's-early 19001s), primarily because of its isolation from southern rail heads on the south side 

of the Grand Canyon (Pearson 1950,J. Hanson m. m.). 
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Organized tree harvests on the NKRD did not begin until the early 1920's and until the 196O1s, 

tree cutting was limited to dead and dying trees'(sanitation cuts) (Bumett 199 1). In the late 

1960's clear-cutting began in mixed-conifer forests but was discontinued in the early 1970's (total 

cut = 922 ha); single tree cutting in ponderosa pine continued through the mid- 1980's. Intensive 

management at the forest stand level began in the mid-1 980's with even-aged silvicultural 

treatments in the pine and mixed-conifer forests and continued until 199 1. From the 1940's to 

1990, the total volume of wood removed from the NKRD increased by a factor of five, fiom 

9077 to 48,412 boardfeet per ha (1992 Kaibab National Forest Timber Atlas, J. Ellenwood, m. 
comm.). While early sanitation cutting occurred over much of the NKRD, the application of 

stand-level management beginning in 1986 resulted in a reduction of the total area harvested 

(1 986- 1 99 1) to 12,632 ha (1 992 Kaibab National Forest Timber Atlas, J. Ellenwood, pers. 

comm.) . 

Extensive livestock grazing began in 1885-86 and continued until the mid 19001s, except in the 

GCNP where it likely ceased in 19 19 (Rasmussen 194 1, Merkle 1962). Predator control in the 

1920's may have resulted in an enlarged deer population and subsequent overgrazing in the 

1 9201s, 1 93 O's, and 1950's (Rasmussen 194 1, Merkle 1962). Reduction of ground fuels by 

grazing, increased discontinuity of fuels resulting fiom road construction, and suppression of 
. . 

fires on the Kaibab' Plateau, which began in the early 1900Ls, resulted in the reduction of . 

- - . historically f i e q ~ & , . l ~ ~ - ~ e ~ q ~ r i t y  s d a c e  fires (R&nussei 1 94 1, White and Vankat 1993). 
. . . . 

Frequent, low intensity fires maindned ponderosa pine and some mixed-conifer forests in open 

. tree conditions. Frequent fires &o favoiid fire-to1ek.int spkciC like ponderosa pine and 

Douglas-fir. White fir, a fire intolerant species, was less abundant in the canopy (White and . 
L Vankat 1993). On the Plateau, fire suppression has resulted in an increase in the number of 

sapling and pole-sized ponderosa pine and white fir by afactor of almost eight in ponderosa pine 

forests and by 1 1 (mostly white fir) in mixed-conifer forests (1 992 Kaibab National Forest 

Timber Atlas, J. Ellenwood, pers. comm.). 



Although mixed-conifer and spruce-fir forests on the Kaibab Plateau naturally burned less 

frequently, fires affected the composition and structure of these forests through differences in the 

degree of fire- and shade-tolerance among tree species (Rasmussen 194 1). The presence of 

ponderosa pine and Douglas-fir in only the largest size classes on many mixed-conifer and 

spruce/fir sites on the Kaibab Plateau suggest the lack of fire is changing the composition in 

these forests. Some of these changes may affect the distribution and abundance of goshawks by 

altering the composition and abundance of prey resources. 

METHODS 

Field Methods 

A "nesting territory" is an area used by. a single. pair of goshawks during the nesting season. 

While sizes of goshawk territories were unknown, in some areas nests in adjacent territories were 

spaced at 3.0 to 5.6 km (Reynolds and Wight 1978, Reynolds et al. 1994). Goshawk territories 

typically contain multiple alternate nests, generally in the central portion of territories, used by 

the resident goshawks over years (Reynolds et al. 1994). An "occupied territory" is a territory in 

which a pair or single hawk bas been observed on two or . more . occasions, usually in the vicinity 

of a historic nest, in a breeding season; the hawk's presence iStypically coupled with abundant 

feces, molted feathers, or fresh coktruction on a nest. "~raditional territories" are occupbd. - 
. . 

. . . 
t&ritories found' in pripr yeari; the occupancy'aid reproductive status of tradiiional territories 

could, therefore, be monitored throughout a current breeding seasan. An "active nest" is a nest in . . 

which eggs were laid, and "failed nests" are nests in which eggs or nestlings were lost (= no. 

nestlings fledged). "Nest area" is a 15-20 ha.area surrounding a nest that typically includes prey 

plucking sites and tree-roosts of the adult goshawks. A nest area may contain one or more 

alternate nests. ~ o s t  territories have several nest areas. 

In 199 1, we began searches for goshawk nests in the northwest portion of the, Kaibab Plateau. In 



subsequent years (1 992- 1996), nest searches were expanded toward the north, east, and south, 

resulting in an annual expansion of the study area. By the close of the 1996 breeding season, 

about 80 percent of the Plateau had been searched; only the extreme south and southeast portion 

of the Plateau had not received searches. Nest searches were conducted by systematically 

searching large areas (1,600-2,400 ha) for goshawk nests (Reynolds 1982) and by broadcasting 

goshawk vocalizations from predetermined broadcast stations on transects in 2,400-4,800 ha 

areas using procedures and a broadcast-station distribution described by Joy et al. (1 994) and 

Kennedy and Stahlecker (1993). Each year nest searching began in April and ended after the 

post-fledging dependency period (August). 

Each spring, all nests used by goshawks in prior years were visited in attempts to determine the 

occupancy status of territories. If goshawks were not using a "historic" nest within a territory, 

foot searches (Reynolds 1982) were conducted within 800 m radii centered on the most recently- 

used nest within a territory. If an active nest was not located during foot searches, areas of 1,500 

m radii were broadcasted as described above. 

Visits to nests during a breeding season were made on a weekly basis to determine the status of 

nesting attempts and to trap, band, or resight breeding adults. Nests were climbed 1 to 2 times 
. . 

during the nestling period to determine the number of young, causes of nest failure, and to band 

, nestlings. In studies with seasonal . nest . searche?, nesting success is ofien.oyerestimated.because , ... 
. . 

nests failing early in a season are leks likely to. be detected th&successfbl . . nests (~teenhof and 

Kockert -1 982): To control foiethis; we determined annual nesting success only for temtories 

discovered in . a . prior year (= . traditional . .  territories). Thus, a year's nesting success was.only 

determined for those nests where monitoring began at or near egg laying. We compared annual 

estimates of nesting success from traditional territories to annual estimates determined with the 

Mayfield (1 96 1) method. The Mayfield method estimates nesting success based on "days of 
. . 

exposure" and daily nest survival rates from all breeding attempts checked twice or more during 

a nesting season, regardless of when in a breeding season nests were found. "Mayfield visits" to 

nests -were made weekly in 1992-1 996. Beginning and ending dates of incubation and nestling 



periods were determined by back- and fore-dating from ages of nestlings (Boa1 1994) and known 

dates of egg laying, hatching, and fledging: Average dates were determined for egg laying, 

hatching, and fledging each year. Days of exposure were calculated using a 32-day incubation 

period and a 35-day nestling period (Reynolds and Wight 1978). Standard errors of the Mayfield 

estimates of nesting success were calculated after Johnson (1 979). 

Nesting adults were trapped in nest areas with dho-gaza traps arranged in a "V" around a live 

great homed owl (Bubo virginianus) during the nestling and fledgling stages (Bloom .1987), or 

with "falling-end" Swedish goshawk traps (Kenward and k arc st dm 1983) baited with domestic 

pigeons (Columba livia) and placed in nest areas or along "trap-lines" away from nests. The age 

(juvenile = 0 years, adult 1 = 1 year, adult 2 = 2 years, adult 3> 3 years) of goshawks was 

determined by plumage, and its sex by behavior prior to capture and morphometrics (Reynolds et 

al. 1994). Fledglings were captured during the list two weeks of the nestling period by climbing 

to nests. Adults and fledglings were weighed, measured, and fitted with USFWS aluminum leg 
. 

bands and colored leg bands with unique 2-character alpha-numeric codes that were readable to 

50-80 m with 20-40 power spotting scopes (Reynolds et al. 1994). Nestlings were sexed on the 

basis of body mass and tarus-metatarsus length. 

. . 
. Locations of nest trees were determined using a global.positioning . . system (GPS: Trimble 

- 

Navigation Ltd. 1992, 1 994). GPS coordirktes for each. nest tree were generated in-the ~&ersa l  

Transverse ~erca to ;  (UTM) projection and verified using field plots, topographical knowledgk, 

and 'site visits. Digital el&ation models (DEMs) of '32 7.5-min USGS quadrangles we& lattidid 

together in a geographical information system (GIs) to produce an single DEM . . of the Kaibab , . 

Plateau. 

~ a t a  Analysis 

We used UTM coordinates from GPS-determined locations of all nests and ARC INFO (ESRI) 
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to calculate distances between alternate nests within territories, nearest-neighbor distances among 

nests of adjacent pairs of hawks, and natal and breeding dispersal distances. Mean distances 

between alternate nests within territories were calculated as the mean of distances among all 

possible combinations of alternate nests within a territory (e.g., nest A-B, B-C, C-A). The 

nearest-neighbor distances among nests of adjacent pairs of hawks was calculated as distances 

between geometric centroids of territories, where territory centroids were the geographic mean of 

coordinates between alternate nests in a territory (generated in ARCIINFO, ESRI 1991). The 

geographic mean was weighted by the number of times a given nest was used; if a nest was used - 
during 2 years in the study and another during one year, the centroid was closer to the nest used 

twice. In temtories in which only one nest was used, the single nest was the centroid for that 

territory. Nearest-neighbor distances between territory centroids were calculated with and 

without duplicate measures between reciprocal nearest-neighbors (Diggle 1983). Nearest- 

neighbor distances, measured with duplicate measures between reciprocal nearest pairs in a 

population, provides estimates of a minimum average distance between individuals (Diggle . 

1983). Nearest-neighbor distance without duplicate measures between reciprocal pairs provides 

a more realistic estimate of territory spacing because more of the actual variability in spacing of 

neighbors is taken into account. 

. Ripley's K fhction mpley 198 1; S-Plus i 995) was used to model the distribution of 100 

temtory centroids (excluding 4'centroids in.southeastern GCNP where searches had been , 

incomplete).: This procedure cot& centroids that fall within a desighated . . distance of each 

centroid to provide a measure of dispersion, corrected for edge effects (~ress ie  1991). Observed .. . 
. . 

. counts [L(t)] were plotted against the distances at which the counts were made and compared 

with 95% dispersion (confidence) envelopes estimated from 100 populations of 100 points 

simulated underhcomplete spatial randomness ("CSR" process). Data below the envelopes reflect 

regular ["Simple Sequential Inhibition" (SSI)] spacing, within the envelopes reflect random 

spacing, and data above envelopes reflect aggregated spacing ("Neyman-Scott"). We modeled 

the K function of centroids to 15,000 m to capture all possible inter-territory distances. 



The Cran~er-von-Mises goodness-of-fit statistic (Cressie 199 1) was used to test the null 

hypothesis that the data came from aCSR process at'the a = 0.05 level. Rejection of the null . 

required fitting the data to the alternative K function of a regular (Pielou 1960, Strauss 1975) or 

aggregated process (Neyman and Scott 1957) and comparing the centroids' distribution against 

the appropriate simulation envelope. Alternate distributions were followed by a Cramer-von- 

Mises goodness-of-fit (Cressie 199 1) test of suitability of the alternate process. All spatial 

analyses were performed using S-Plus (1995) and the spatial library developed for S-Plus by 

Reich and Davis (1 996). 

Territory fidelity is the occupancy, in subsequent breeding seasons, of the same territory by the 

I 

same hawk, or pair of hawks. We tallied territory i

nfi

delity only when hawks that abandoned a 

territory were found alive in the year of abandonment, or in subsequent years. Mate fidelity is 

the retention of the same mate in two or more breeding seasons. Mate infidelity (divorce sensu 

Rowley 1983) was tallied only when both members of a pair were found in subsequent breeding 

seasons to be paired with different mates, or when one mate was paired with a new mate and its 

original mate was found alive in subsequent years. Turnover is the replacement of a marked 

goshawk that nested on a territory in a previous breeding season by a new hawk in a current 

season. A hawk may be replaced on a territory due to its death, breeding dispersal, or expulsion 

by another hawk. "Turnover opportunities" were cases where the identities of a male or female 

on a territory was known in consec&e years. . , 

The demographic design of this study consisted of capturing, banding, and releasing nesting 

goshawks, and then recapturing or resighting them in subsequent. breeding seasons. . . Age, sex, 

and reproductive status of individuals were determined as described above. We used field counts 

of the number of young in nests within the two weeks of fledging as estimates of productivity 

and fecundity. July 15, the average date of fledging among all years, was considered the date of 

"birth." All nests were visited within 14 days prior to fledging to band and count nestlings. 

Number of young produced per nest was the number of young counted during that 14-day period. 

For-nests found late in a breeding season (mostly in new territories), productivity was estimated 
. . 



by counting fledged young during the post-fledgling dependency period. 
. . .  . . 

The capture-recapture history of individual goshawks provided the basis for parameter estimation 

and hypothesis testing in capture-recapture analysis of survival. Capture is defined as the 

capturing or resighting (reading a hawk's alpha-numeric color band from a distance) of individual 

goshawks. Estimates of annual survival rates were calculated using Cormack-Seber-Jolly open 

population models in Program SURGE (Pollock et al. 1990, Franklin et al. 1996). Akaike's 

Inforination Criterion (AIC) was used to identify models that best fit the data (Akaike 1973, 

Burnham and Anderson 1992, Anderson et al. 1994, Franklin et al. 1996). Goodness-of-fit tests 

(Tests 1-3 in Program RELEASE) were used to evaluate how well the data met the assumptions 

in the capture-recapture models (Pollock et al. 1985, Burnham et al. 1987). 

Fecundity is defined as the mean number of female offspring produced per territorial female on a 

study area (Caughley 1977): Estimates of fecundity are based on the assumption that non-egg 

laying females were present on territories; an assumption that potentially underestimates 

fecundity. Annual fecundity was calculated on the current year's proportion of females that 

nested on the study area in the prior year. An analysis of variance (ANOVA) was performed on 

a year's reproductive output as the response variable using the general linear models (GLM) 

pocedme in SAS (SAS Institute 1988) to test for significant time effects. Fecundity was 

. .. 
calculaied for each territorial female by dividing the nestlings produced by 2 (based on 1 : 1 sex . 

. . ratio of fledglings, bee belbw), and. adjusting the standard error of the ahnua1' mean number of 

fledglings accordingly. ~onfidehce limits (95%) for annual proportions of feniales breeding
4 . ' . . 

were calculated, after Snedecor and Cochran (1969). Sex ratio of nestling goshawks was . . 

determined by counting the male and female nestlings in broods at the time of banding; only 

broods where the sex of all brood members was determined were included. 

. . 

We attempted to investigate whether the Kaibab Plateau goshawk population was decreasing, 

stable, or increasing by calculating the finite rate of population change, lambda (1). We 

estimated values of male and female juvenile survival necessary to-obtain a value for n of 1, or a 
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stationary population, using the equation So = (1 -S)/b, where So = necessary juvenile survival, S 

= adult survival, and 5 = fecundity (Noon and Biles 1990). Adult survival and fecundity values 

used in this equation were the survival and fecundity estimates for female and male non-juveniles 

on the Kaibab Plateau during the study period. 

We determined the mii~imum number of temtories andlor pairs of goshawks needed in a 

monitoring program to estimate nesting success, production of fledglings, and territory 

occupancy. We used bootstrap analyses (Efion and Tibshirani 1993) to assess possible bias and 

loss of precision in these estimates in reduced samples of territories and breeding pairs on the 

Kaibab Plateau in 1994-96. Actual data for each year represented the target population being 

estimated in bootstrap samples. Hypothetical samples were drawn with replacement fiom the 

observed data, and an estimate and associated standard error were computed for each sample. 

Samples (n =1000) were drawn for each sampling level (i.e., n 4 ,  10, 15 territories, etc.), and 

the distributions of estimates and standard errors displayed in box plots in which the observed 

(true) mean estimate and standard error were plotted. The potential bias and 1ack.of precision 

associated with reduced samples of goshawk reproductive data is assessed in box plots by 

comparing the media hypothetical estimates with the "true" estimate, whether the box is 

symmetric about the "true" estimate, the width of the box (equivalent to 50% of the hypothetical 

estimates), and the'size of potential large deviations fiom the "true" estimate as represented by 
. .. 

the length of the yiskers (bounded by brackets) and presence of outlier estimates (asterisks). . 
. . . . 

N e b e r  and Occupancy of Territories 

Numbers of territories included in the study increased each year as we annually expanded the 

study area (Table 1). In 199 1, the majority (76%) of nests were located during searches in 

temtories identified prior to 1991 (Reynolds et al. 1.994). Subsequent to 199 1, the majority of 



new territories were located in broadcasts and foot searches in areas between known territories 

and nest seaiches to expimd the study area (see Figs. 1-6). By the end of the 1996 breeding 

season, about 95 percent of the National Forest lands, and about 30 percent of the GCNP (mostly 

in the northern and western portions) within the study area, had been searched for goshawk nests. 

A total of 107 territories were located and studied annually for a total of 478 territory-years 

(Figs. 1-7). All but three of the 107 territories contained pairs that laid eggs in one or more 

breeding season. The three exceptions were territories occupied two or more years by hawks that 

either built new nests or reconstructed old nests, but did not lay eggs. 

From 199 1 through 1993, the number of territories with active nests increased proportional to 

increases in total temtories under study (Tables 1 and 2). In 1994 the number with active nests 

declined to 21, increased to 53 in 1995, and declined again to 46 in 1996 (Table 1). Annual 

increases in territories with "unknown status1' reflected the difficulty of unambiguously 

determining the occupancy status (presence or absen.ce) of goshawks onterritories in years when . . 

they do not breed (Table 1). This ambiguity exists in spiteof 8-10 person-days of foot and 

broadcasting searching for'pairs in 800 m and 1,500 m radius circles around nests, respectively; 

territory occupancy can be demonstrated, but non-occupancy by the hawks cannot. Large 

numbers of territories with "unknown" status in 1994 reflects the number (n = 54) of temtories in 

ivhich active nests were not found and, because there were so many of these territories, we were 

unable to spend sufficient time in each to unambigously determine their occupancy status. 

Nesting S.ucess and Productivity . . 
. . 

Table 2 displays the number and proportion of territories with active and failed nests and two 
. . 

measures of nesting success of traditional territories (excluding territories found in a current . 

year). Because of their discovery in prior years, we were able to monitor nests in these territories 

from prior to egg laying, reducing bias due to variation in date of discovery in )the current year. 

The annual proportion of territories with active nests followed the same annual pattern as with 



total territories monitored each year (Table 1); while slightly lower in all years, the highest 

propoitions of territories with active nests occurred in '1 99 1 and 1992, followed by a.decline in . . 

1994, slight recovery in 1995, and another small decline in 1996. Percent of nests failing during 

the study was 3 1.3 percent in 1991, 18.4 percent in 1993,27.8 percent in 1994, and 23.3 percent 

in 1995, and 25.6 in 1996. Annual estimates of nesting success were similar for the "traditional 

territory" and "Mayfield" visits for estimating nesting success; the two estimates differed by no 

more than 3 percentage points in any year, and neither was consistently higher or lower than the 

other (Table 2). 

The 1991, 1992, and 1993 cohorts of temtories had six, five, and four years of data, respectively 

(Table 3). In these cohorts, between 7-1 1 percent were active every year and between 4-28 

percent were occupied for one year only. The majority (3 1 %) of territories were active for 5 

years in the 199 1 cohort, 3 years (4 1 %) in the 1992 cohort, and 2 years (50 %)'in the 1993 

cohort. 

Brood size on the Kaibab Plateau ranged fiom 1 to 3 nestlings (median = 2 for all years); 28 

percent of a total 224 successfbl broods (fledged at least 1 young) had one young, 50 percent had 

two young, and 22 percent had three young. The mean annual number of fledglings produced 
. . 

. per active and succe~sful nest on the Kaibab Plateau declined fiom the best years (highest 

proportion *of pa;irs .laying . . eggs) in '199 111 993 to lows- in 1994- 1996 (Table 4). Annual in 
. . 

. . 

, fledgling . production . (Table 4) reflected the &nual pattern in the iropor&n of territories with 

active nests (Table 2) except that the'number of fledgling prodficed did not?ecdver to the same 

extent as did the proportion of pairs breeding in the two years after 1994. 

Annual nesting success (propoition of nests fledging at least 1 oh the Kaibab ranged 
. . 

between 72-86 percent for traditional territories (Table 2). Estimates of nesting success from 

traditional territories were similar to the' May field estimates -- both were within 1-3 percentage 

points each year (Table 2). Annual variations in nesting success followed the same patterns of 

variations in proportions of territories with active nests and annual production of young. -- from. 



highs in the early years (1 991-1 992) to lows in 
. . . .. . . . 

1994-1995. 

Of 273 nesting attempts in which eggs were laid on the Plateau, 46 (16.8 %) were known to have 

failed. Of the 46 failures, 16 (34.8 %) failed during the incubation period and 30 (65.2 %) failed 

during the nestling period. Of clutches that failed during incubation, four contained both fertile 

and infertile eggs, three contained only fertile eggs, and 12 contained only infertile eggs. Mean 

clutch size of these failed nests was 1.6 eggs (SD = 0.63, range = 1-3 eggs). Failures during the 

nestling period typically occured in the two weeks after hatching. We were unable to determine 

the causes of failure at these nests. Eggs buried in nests were recovered &om 15 nests that 

fledged young; three nests contained fertile eggs, and 12 contained infertile eggs. 

Fledgling Sex Ratio 

We were able to determine the sex of all bkod members in 125 broods. Combining yews, sex 

ratio in broods was 126 females (54.3 %) to 106 males (45.7 %), not significantly different fiom 

a 1 : 1 sex ratio ( X 2  = 0.867, df = 1, P = 0.352). There are no reports of unequal sex ratios of 

nestling goshawks in North America. However, in Wisconsin Cooper's hawks (A. cooperii) a sex 

ratio significantly skewed in'favor of males (54%) over fkmales (46%) (n = 372 broods) was 

reported (Ros~nfMd et al. 1996). A significantiy skived sex fati* in'favor df males has also . 
. . 

been reported in ~ a k i s ' s  hawk ( ~ k a b u t e o  unicinchcr) in New Mexico (Bednaiz h d  Hayden 
. . 

1991): . . . 

Distribution of Territories 

I 

Ripley's K function (Fig. 8) showed that centroids were spaced regularly at distances of 1,354- 

2,500 m, distributed randomly at inter-centroid distances of 2,500-5,000 m, and appeared 

aggregated at distances .>8,500 m. We rejected (Cramer-von-Misses, P=O.OO) the null hypothesis 



of a CSR process in overall distribution. Because clustering evident at large (>8,500 m) inter- 

centroid distices was assumed to teflett the shape of the study area and riot:true territory 

aggregation, we tested only the alternative spatial distribution of centroids between distances of 

0-2,500 m. This latter range of distances was correctly modeied using the SSI process (Crarner- 

von-Mises, P=0.98; Fig. 9) indicating a regular distribution of centroids at these distances. The 

minimum distance between territory centers was 1,3 54 m. 

Nearest-neighbor distances among the centroids of 103 (excluding 4 territories in the GCNP 

where intensive nest searches were not completed) with duplicate measures was 2.45 km (SD = 

0.832 km). This is 0.6 km less than reported for nests in 59 temtories on the Kaibab Plateau in 

1 99 1 - 1992 (Reynolds et al. 1994), and reflects the addition of 44 territories in an area only 

slightly larger than the area containing the 199 1-92 sample of 59 temtories. Nearest-neighbor 

spacing of the same 103 centroids above, without duplicate measures, was 3.88 km (SD = 0.322 

We estimated the potential total number of nesting pairs of goshawks on the Kaibab study area 

by calculating an exclusive circular area occupied by an "average" pair of goshawks using one- 

half of the mean nearest-neighbor distances without duplicate measures (3.88 km) as a radius and 
. . 

dividing the study area (1 . 73,168 . ha) by the exclusive area (1,182 ha); The estimated total 

breeding population on the study area. is about 146 pairs. Thk 107 territories identified d-g the . . - 

study therefore represent about 73 percent of the potential nesting population on the ~ a i b a b  - 
. . 

. . 
Plateau study area. 

Movements Among and Spacing of Alternate Nests 

Territorial pairs of goshawks often move from year-to-year to alternate nests within their 

territories (Reynolds and Wight 1978, Reynolds et al. 1994, Detrich and Woodbridge 1994). On 

the Kaibab Plateau, Reynolds et al. (1994) showed that colored-marked goshawks moved up to 



635 111 to nest in alternate nests. Of the 104 Kaibab territories in which eggs were laid, 59 

contained alternate nests used during the study: 43 (4 1 %)'contained tiyo alternate nests, 12 (1 2%) 

contained three alternate nests, and 4 (4%) contained four alternate nests. Of course, the more 

years territories are studied the greater the probability of'discovery of additional alternate nests. 

The mean distance among alternate nests within territories was 489 m (SD = 541, min = 2 1 m, 

max = 3,410 m, median = 285 m, n = 103 territories). The frequency distribution of inter- 

alternate nest distances was strongly skewed to the right; 89.3 percent of alternate nests were 

within 900 m, and 95 within 1400 m, of one another (Fig. 10). On the Kaibab Plateau, the 

proportion of pairs that moved annually to alternate nests ranged between 52-73 percent (n = 

60.4 %, SD = 8.53) (Table 5). On average, 20.3 percent of annual movements were to alternates 

used earlier in the study. 

Natal and Breeding Dispersal 

Natal dispersal is movement fiom a natal site to the site of fust breeding (Greenwood and Harvey 

1982). Of 256 goshawks marked as nestlings on the Kaibab Plateau, only 6 (3 males and 3 

females) were subsequently recaptured as breeding adults on the study area (Table 6). Males 
. . 

were 3-5 years-old (n = 4.0 yrs-old) when first recaptured as breiders akd had dispersed 10.3- 

. 23.6.km (n =. 15.9 krn, SD = 6.48 km), a distanck eq*ival&nt to moving four territories fiom the * . . 

natal site. Females were 2-4 ye.ars-dd (n = 2.7 yrs-old) when fiat  reiaPtured.as breeders and -; 

had dispersed 1 5.0-320 km (z = 2 1 -5 km, 'SD = 9.1 8 kk), a distance'eqii+alk,nt to. five'territories 
. . 

from the'nata; site. Because the minimum distance to. forest habitats from the ~ a i b i b  Plateau 
. .  . 

was 16 krn, any juvenile dispersal to breeding sites off the Plateau would greatly increase the 

dispersal distance. No natal dispersal off the Plateau was detected; however, the recovery of a 

goshawk banded as a fledgling on the Plateau at 306 km suggests that long-distance natal 

dispersal could occur. 

Breeding dispersal is movement between subsequent breeding territories (Greenwood and 
, ' 
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Harvey 1982). Seven instances of breeding dispersal (2 males, 5 females) were recorded on the 

Kaibab Plateau during the study (Table 7). Mean male breeding dispersal distance was 2.8 km 

(SD = 1.06 km), a distanceequivalent to moving to an adjacent territory, and 5.2 km (SD = 2.66 

km) for females, a distance of about two territories from their first breeding territory. None of 

the dispersing breeders that changed territories moved more than once. All cases of breeding 

dispersal occurred between 199 1 - 1 993, the better breeding years of the study. Two of the 

dispersants were 2-year-old females, and the remainder were 2 3-year-old adults. Three of the 

dispersing hawks were recaptured on their new territories the year after the dispersal, while four 

others were recaptured 3-5 years after they were last seen on their original territory. Among the 

latter, it was possible that they established themselves on new temtories in the year subsequent 

to their move but were not detected until later years. 

Fidelity to Mate and Territory . 

Both male and female goshawks on the Kaibab Plateau showed a high degree of fidelity to their 

territories and mates (Table 8). Tenure on territories on the Plateau by females and males ranged 

from 1-6 years. Mean number of years goshawks in the 199 1 cohort (n = 36 territories, 6 years 

of study) remained on territories was 1.42 years for males and 1.88 ydars for females. ' For the . A 

1992 cohort of territories (n  = 27' territories, 5 yrs of study), males remained on territories for a 

mean of 1.57 i e k  and 1.77 years for fimalis. Hawks in cohorts beyond 1992 were excluded . 

- because,there were insufficient opportunities to show fidelity. . 

Overall, there was no significant- difference in fidelity to territories in male and female goshawks 

on the Kaibab ( X 2  = 6.76, df = 1, P <0.05, Binomial Proportion test). Breeding males remained 

faithful to their territories in 91.3 percent of cases, while females remained faithful in 77.8 

percent of cases. In 50 known opportunities'to change territories, seven adults (2 males, 5 

females) changed territories, and none.of these retained the same mate. ~e.detected only one 

case of divorce, although we suspect two additional cases but were not certain of the status of 
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mates. Overall, there was no difference in mate retention between the sexes (x' = 7.49, df = 1, p 

<<0:05, Binomial Proportion test). . . ' . L 

Turnover on Territories 

On the Kaibab Plateau the annual turnover rate varied from 0-40 percent for males and from 0-50 

percent for females (Table 9). For both sexes, the year with fewest turnovers was 1994 -- the 

year with the lowest proportion of pairs laying eggs. The year of highest turnover for males was 

1992 and 1995 for females. That no turnovers were detected for either sex in 1994 was probably 

related to the fact that so few pairs bred in 1994; also in 1994, recapture probabilities were low 

and there were few opportunities for detecting turnovers. With the exception of the high rate in 

1992, annual turnover of males was relatively constant at about 20 percent; in contrast, female 

tumover rates lacked any annual consistency. The high tumover rate for females. in 1995 may 

have been the result of increased mortality during the poor breeding year of 1994; there were no 

female breeding dispersals detected between in 1994 and 1995. Overall turnover rates for males 

and females during the 6-year study was 25 percent and 16 percent, respectively (Table 10). 

~ o ~ d l a t i o n  Estimation 

. .. 
sample Size and ~oodness-df- it . 

. t 

. . 

. . 

During 199 1 - 1996 ~ W a n d e d  449 goshawks on the study area, including 86 males and 87 

females that were 2 3-years-old, 8 males and 12 females that were 1 - or 2- years-old, and 256 
. . 

nestlings (Table 11). Because only six of the banded nestlings were recaptured on the study area 

in subsequent years, we were unable to conduct goodness-of-fit tests and to estimate survival and 

recapture rates for the juvenile age class (4-year-old). In addition, only 8 male and 12 female 1- 

or 2-year-old hawks were captured, too few to estimate survival rates for these age classes, we . 



combined the 1- and 2-year-old hawks with the 2 3-year-old into a "non-juvenile" age class and 

defined the combined age class as hawks 2 1 -year-old. Total sample of 2 1-year-old goshawks 

included in the capture-recapture analysis was 193 (94 males, 99 females). Number of times 

these hawks were captured (or resighted) and released (R,) is presented in the capture-recapture 

M-array (Table 12). Annual recapture and resighting rates, as defined by Burnham et al. (1 987), 

were 1 1-75 percent for male and female hawks 2 1 -year-old (Table 12). The annual percentage 

of goshawks detected that were marked in previous years increased fiom 36 percent in 1992 to a 

mean of 49 percent (SD = 12.9) per year in 1993- 1996 (Fig. 12). 

Goodness-of-fit tests in program RELEASE (Bumham et al. 1 98 7) showed that there were no 

differences in survival or recapture probabilities of 2 1 -year-old male and female goshawks 

(Table 13). Test 3 indicated that goshawks within cohorts had similar hture survival 

probabilities; Test 2 indicated that all marked hawks were equally trapable. Thus, there was no 

lack of fit to assumptions of Comack-Seber-Jolly open population models. 

Model Selection 

Of the 64 models examined, the five most parsimohious models (those with the lowest AIC . 

values) allhad some time variation; . . and two had sex ahd time variation, associated pith 

recapture probabilities (Table 14j. Survival rates varied with sex in all except in one of the five 
. . 

best rnbdds. Three of the.m&d&ls had time effeCts op survival. The model .with the lowest AIC 

. . :value had seven parameters (2 sex, and 5 time parameters). Survival was a hnction.of sex in this 

model ((phi,, P,)) and was constant over years (Fig. 13). The model with the second lowest AIC 

value ((Phi,+,r, PJ) had eight parameters and showed a sex and linear time trend increasing over 
. . 

years (Fig. 14). The top 4 models were nested, allowing likelihood ratio tests (LRT) for 

significance of differences among models. The LRTs showed no significant difference in model 

fit (differences in deviance) between any of the top 4 models. In the second and third models, 

survival varied over time, while there was no time variation in the first and fourth models. 



Because the fit of these 4 models is not significantly different (P values, Table 14), there is no 

annual variation in survival, evidenced also by the wide confidence intervals in Figs. 14 and 15. 

Thus, although there may be some evidence for variation in survival over time, we were unable 

to detect it. 

The constant annual survival estimates from the best model for the non-juvenile age class was 

0.688 (SE = 0.06 1 8) for males and 0.866 (SE = 0.05 14) for females (Fig. 13). The linear time 

trend in survival rates of the second best-fitting model ranged from 0.540 (SE = 0.127) in the 

first year to 0.943 (SE = 0.1 18) in the last year for males, and from 0.825 (SE = 0.077) in the first 

year to 0.985 (SE = 0.036) in the last year for females (Fig. 14). All models with sex effects on 

survival had lower survival rates for mde than females. The model with the fourth lowest AIC 

value (Phi,,, P,) had 10 parameters and a no-sex effect survival estimate of 0.8 17 (SE = 0.048, 

both males and females) (Fig. 15). 

The best five models had similar patterns of variable time effects on recapture probabilities. In 

all of these models recapture probabilities ranged from highs of 0.7 in 1992 to lows of 0.2 in 

1994, followed by increases to 0.35 in 1996. Time effects on recapture probabilities correspond 

to the variable proportions of goshawk pairs laying eggs over years -- for the most part only 

nesting goshawks were captured or resighted. . 

. 
Fecundity . 

Goshawks that do not lay eggs in a given year spend little time after the courtship period within . 

the nest area. Consequently, it is often difficult to determine whether non-laying goshawks are 

occupying their territory. However, in most territories in years when goshawks do not lay eggs 

(Table I), some evidence (observations of the hawks, feces, molted feathers, prey remains, fresh 

nest contruction) of occupancy is obtained, provided visits to nest areas occur early in the nesting 

period and/or enough time i s  spent in the-cores of territories searching for the hawks. Physical 



evidence, combined with the frequent recapture of banded hawks at nests on their territories 

following a year of non-breeding, indicates that most non-laying goshawks continue to occupy 

their territories on the Kaibab Plateau. 

Numbers of 1- and 2-year-old females were too few to calculate separate estimates of fecundity 

for these age classes. Therefore, the 1- and 2-year-old females were pooled with the 2 3-year-old 

females in estimates of fecundity. Estimates of mean fecundity of non-juvenile females during 

the study was 0.44 (SE = 0.35) (Fig. 16). Fecundity on the Kaibab was high in 1992-1993 and 

low in 1994-1 996. Among-year variation in fecundity appeared to result fiom annual variation 

in proportion of pairs breeding. Some variation, however, may reflect among-year differences in 

nest failure rates (Table 2). 

Estimation of Population Trends . 

Lambda ( A ) ,  the annual rate of population change, is computed from the adult and juvenile (age- 

specific) survival rates and fecundity rates (Franklin et al. 1996). Because too few juvenile 

goshawks were recaptured subsequent to their banding as nestlings on the Kaibab Plateau, we 
. . 

were wiable to determine the survival rates of the juvenile'age class and, therefore, &uld not 

calculate 1 for the Kaibab goshawk population. Estimates of male and female juvenile survival 

values necessary to obtain a value for A of 1, or a stationary population, . given . female (0.866) and 

male(0.688) non-juvenile survival rates and fecundity (0.44) bn the ~aibal; Plateau d&rig the 
* 

study, were 0.305 for juvenile females and 0.709 for juvenile males. The estimate . .  of . .  the . . 

necessary survival values for both sexes of juveniles when the survival of non-juvenile males and 

females are averaged (0.777), was 0.507. 



Estimation of Sample Size 

Plots of bootstrap sampling of the numbers of goshawks produced per nest (Figure 17) shows 

that a minimum of about 40 nesting pairs are needed to accurately estimate both the mean and 

standard error of the mean number of young, although occassional extreme mean and standard 

error values were generated in samples of 40 or more pairs. Likewise, a minimum of about 40 

territories are needed to accurately estimate the proportion of nests that successfully fledge at 

least one young, although again a few extreme outlers in both means and standard errors were 

generated in samples of 40 or more territories (Fig. 18). Minimum number of territories needed 

to accurately estimate the proportion of pairs laying eggs range between 80 to 100 (Fig. 19). 

DISCUSSION 

While the mean annual numbers of fledglings produced per active nest an the Kaibab Plateau 

were within the range of values reported in other studies of North American goshawks, they 

tended towards the lower end of reported values. For example, Lee (198 1) reported a mean per 

active nest of 3.8 young in Utah, McGowan (1975) reported 2.5 young in Alaska, and Younk and 
. . 

Bechard (1994) reported annual xkans of 2.0-2.8 young per active nest in Nevada. Mean 
. 

nurnbers.of y&g produced per successful nest on the Kaibab Plateau were also within the range 

of reported vilues, but were again atthe lower end of the range. Doyle Smith (1994) . . . . . 

reported a mean of 3.9 young per successful nest in Canada, Lee (198 1) 3.6 young in Utah, and 

McGowan (1975).2.3-3.0 young per succ~essful nest in Alaska. Mean annual nesting success on 

the Kaibab Plateau (77.2 %, Mayfield method) was also within the range of values reported for 

other goshawk populations but were low compared to other populations. For example, Reynolds 

and Wight (1978) reported nesting success of 90 percent in Oregon and Younk and Bechard 

(1 994) reported success ranging from 84- 100 percent in Nevada. 

Mean natal dispersal distance on. the Kaibab Plateau was similar to the mean (20.0 h) for two 
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females in the California Cascades (Detrich and Woodbridge 1994). Age of first breeding of the 

six hawks on the Kaibab suggest that males enter the breeding population at an older age than 

females. Delayed breeding in males is also suggested by the rare reports of nesting juvenile 

males compared to more common reports of nesting juvenile females (Reynolds and Wight 1978, 

McGowan 1 975, Younk and Bechard 1 994). The greater natal dispersal distances of females is 

similar to observations in other avian species of females dispersing farther than males 

(Greenwood and Harvey 1982). Mean breeding dispersal distances on the Kaibab Plateau (4.5 

km, both sexes combined) were somewhat less than means for male (n =6.5 km, SD = 2.7 km, n 

= 3) and female (n = 9.8 krn, SD = 2.7 h, n = 4) goshawks in California (Detrich and 

Woodbridge 1994). Breeding dispersal in other raptors is usually to nearby territories (Reynolds 

and Linkhart 1987, Newton and Wyllie 1992). Fidelity to territory among Kaibab goshawks 

was somewhat higher than for male (76.5 %) and female (7 1.4 %) goshawks in California 

(Detrich and Woodbridge 1 994), and for the congeneric European sparrowhawk (A. nisus) (70- 

75%) (Newton and Wyllie 19.92). . 

Survival rates varied with sex in all except one of the five best models and with time in three of 

the best models. Survival for adult males was lower than for females in all models that had sex 

effects on survival. A similar difference in survival probabilities between the sexes was also 

reported for goshawks h Califomia (DeStefano et al. 1994). The best five models had variable 

time .effects on red,apture probabi1ities;reflecting the variable quai proportion of pairs breeding 
. 

_ I .  . . 
and oppo&'ities for recapturing hawks. 

'we* were unable to recapture a sufficient number of juvenile hawks ?n the Kaibab plateau to 

estimate juvenile survival, and a radio-tracking study of dispersal and juvenile survival was 

discontinued due to insufficient h d i n g  in 1993. However, estimates of the necessary juvenile 

survival to obtain a 1 = 1 (a stationary population), given the female and male non-juvenile 

survival rates and mean fecundity on the Kaibab Plateau, for juvenile females were within the 

'reported range of juvenile survival in other raptors (Forsman et al. 1996). Thus, both the adult 

female survival and estimates juvenile female survival rates seem reasonable. However, the high 



survival rate for juvenile males needed to maintain a stationary population is biologically 

unrealistic. As a result, we have little confidence in our estimate of adult male survival rates on 

the Kaibab Plateau. Our estimates of survival include the capture-recapture histories of nearly 

200 adult goshawks over six years, yet there were small numbers of recaptures in some years, 

especially 1994. While the limited recaptures did not result in overall model rejection, the 

marginally-significant survival probabilities for male goshawks suggests the need for additional 

years of capture-recapture study. 

Our capture-recapture estimate of adult male survival on the Kaibab may have been biased low 

by a higher emigration rates of male versus females fiom our study area. However, greater 

territory fidelity and a shorter (detected) breeding dispersal distances of males suggest that a 

higher emigration rates of males is not likely. It is also possible that lower male survival reflects 

their greater age (senescence) on entering the breeding population and the capture-recapture data 

set. Whether older hawks have lower survival probabilities is unknown. Finally, males may also 

have lower survival because they do most of the foraging during nesting and are as a 

consequence exposed to high rates of accidents, predation, and exhaustion. 

In spite of low male survival, there is evidence that the goshawk population on the Kaibab is 

both saturated and relatively stable. Regular spacing of territories at relatively short nearest- ' - 

neighbor distances (Reynoldiand .. . Wight 1978, Woodbridge and . .  Detrich . 1994), and the high 

ainual Ate of occupancy of territories by hawks, is suggestive. of a saturated population. Low 

recruitment and the age of hawks when first recruited into the biieding suggest that . 

most territories are occupied.and hawks must wait 2-5 years before territories become available. . 
\ .  

High fidelity of both adult sexes to mates and territories also suggests that other breeding areas 

on the Kaibab are occupied. If there is competition for territories, hawks that abandon a territory 

may not find an available territory and may give up their own. In spite of the above, not all 

territories were equal in numbers of years in which the territorial pair nested and numbers of 

young produced during the study. 



Annual variation in the proportion of pairs laying eggs, nest success, productivity, fecundity, and 

recapture rates of goshawks on the Kaibab Plateau appeared to be related to annual variations in 

at least one main goshawk prey species, the red squirrel (Tarniasciurus hudsonicus). In 1991 and 

1992 red squirrels increased in abundance. At the end of the 1992 breeding season, red squirrels 

were very abundant and had spread into ponderosa pine and pinyon-juniper forests at lower 

elevations. In early summer of 1992, the populations of the Abert's squirrel (Sciurus aberti 

kaibabensis) and the golden-manteled ground squirrel (Sperrnophilius lateralis) also appeared to 

be higher than in 199 1. By late summer of 1993, observations indicated that at least red squirrels 

began to decline, and in spring and summer of 1994, observations of red squirrels in any of the 

forest types on the Kaibab Plateau were rare. After goshawk eggs hatched in 1994, the few 

female goshawks that laid eggs were seldom in their nest areas during our regular nest visits -- 
presumably to supplement the males foraging. In 1995 and 1996, red squirrel populations 

seemed to recover somewhat. 

Fluctuations in numbers of nesting goshawks occur in other Northern American goshawk 

populations, notably in Alaska and Canada, where important goshawk prey such as snowshoe 

hare (Lepus americanus), red squirrel, and grouse (Dendragopus spp.), are subject to extreme 

population fluctations (McGowan 1975, Doyle and Smith 1994). Populations of tree squirrels 
, . 

and other prey species dependent on conifer seed can fluctuate similarily depending on - 
. . fluctations in conifer cone crops, which exhibit &multaneous variation over l&e geograph& . .- . 

. . 

. arek ( ~ & r n a i ~  1.95 1, Smith 1968, Smith 1970). -. 
. . 

. . . . 

Monitoring: Procedures, Sample Sizes, and Effort 

A likely objective of a goshawk monitoring program is to measure, with adequate reliability, 

changes in goshawk poppulation size and associated demographic variables such as survival, 

recruitment, and reproduction. Each of these demographic variables can be affected by hawk 

abundance, the quality and availability of their foods, rates of emigrationand immigration, 



weather, habitat quality, and anthropogenic habitat modification. Because most avian 

monitoring programs are motivated by concerns for the effects of habitat changes on species, 

many monitoring programs also focus on the habitat of species. However, in most cases there is 

insufficient information on the specific demographic or habitat variables of interest, sample sizes 

required for accurate population estimates, sizes of sampling areas, timing of sampling, and 

sampling effort, to specify suitable monitoring designs and sampling protocols. 

The following recommendations for monitoring goshawk populations are focused on a few 

demographic variables typically assessed in an avian monitoring program. The 

recommendations are based on our six year "pilot study" (1 99 1 - 1996) of goshawks on the Kaibab 

Plateau on which other parts of this report are based. Recommendations on the timing of 

monitoring activities, the sample of required territories, and skills and number of field pkrsons 

are specific to the the conditions on the Plateau -- the local density of goshawks, accessibility to 

their territories, and the local breeding season phenology. However, with adjustments for nesting 

phenology, nest density, terrain and road densities, the recommendations should have general 

applicability for other goshawk populations. We recommend procedures, sample sizes, and 

levels of effort required to estimate reproductive status of hawks on territories, production of 

young, nesting success, and proportion of territorial pairs that lay eggs. 

. Reproductive status of territories. -- Most . . pairs of goshawks appear to attempt to lay eggs every 
. . 

year and their pre-egg laying activities an5 typically associated with ii nest stryctufe: However, 

many pairs fail to lay eggs and non-laying hawks spend littIe additional time after failing to lay 

' . in their nest area. Therefore, estimating the occupancy status of territories in which eggs are not 
. ' :. . . . . 

laid requires regular visits to nests in the period between three weeks prior to, and.one week 

after, the egg laying. The more frequent the visits to known nest areas, the greater the probability 

of detecting occupancy. Three, half-day visits to known nest.structures during this period are 

recommended. Evidence for occupancy should include two or more visual or auditory 

observations of hawks and/or at least three of the following: abundant feces, molted feathers, 

prey remains, and freshly reconstructed nests in nest areas. Thorough searches for evidence 



within 200 m radius of all nest structures should be conducted during this period (Reynolds 

1982). Because non-occupancy of territories by goshawks is almost impossible to prove, 

occupancy rate may be a poor estimate of the status of a goshawk population. 

Between 50 and 73 percent of territorial pairs move to altemate nests within their territories 

annually. Searching for pairs that may have moved often amounts to the largest investment of 

time in a goshawk monitoring program. If annual searches for pairs of hawks that have moved 

are not made, then a "decay" in a known sample of goshawks will occur, suggesting of a 

population decline when it may be stationary. On discovering that a pair of hawks are not using 

known altemate nests, we recommend some combination of foot and broadcast searching within 

a circular area of 1,500 m radius centered on the last-used nest tree. Searching within that radius 

should detect of 90-95 percent of altemate nests. Both nest-search procedures can be used 

through the breeding season. However, because broadcasting is least effective at eliciting 

responses from goshawks during the incubation and early nesting periods, foot searching is the 

most effective procedure during the first half of the breeding season. Foot search requires 

greater observer experience with goshawks and signs of their presence than does broadcast; for 

less skilled field crews broadcast is the preferred procedure. In the latter case, the standardized 

transect and broadcast station procedure should be used (Joy et al. 1994). 
. . 

Nest productivity. -- Productivity, can be measured by clutch size or  numbers of nestlings The 
. . 

most &curate estimate of productivity is a count ofnestlings at or near the end of the nestling 
' period: Accurate estimates of productivity typically require tiee ciimbs to nests. To avoid 

. . 
disturbing adults during the disturbance-sensitive incubation and early nesting periods, and to, . 

. . 
minimize the possibility of forcing nestlings to prematurely jump from nests, climbs should be 

limited to the fourth week of the nestling period, when nestling are 25-30 days-old. Counts of 

hawks after fledging underestimate productivity due to the likelihood of miss-counting 

fledglings. 



Nesting success. -- Either the monitoring of traditional nests or the Mayfield method gives 

accurate estimates of nesting success. However, in the first years of a monitoring program, when 

territorial pairs are still being added to the sample throughout a season, the Mayfield method is 

superior because it allows all nests to be included in an estimate of success. When the 

reproductive status of a large (> 35 territories) sample of territories can be monitored from egg 

laying, the traditional temtory method is more easily implemented. Regular (weekly) visits to 

nests are recommended so that the timing and possible causes of losses can be determined. 

Sample size. -- Bootstrap analyses suggested that about 35-40 territorial pairs of goshawks are 

needed for precise estimates of nest productivity and nesting success. However, estimates of the 

proportion of pairs laying eggs, a variable required for estimating fecundity, requires between 80 

and 100 pairs. These large samples and the degree of difficulty of fmding nests of goshawks are 

the main cost components'of a goshawk monitoring program. 

Density. -- Numbers of pairs of goshawks per unit area can be determined only in intensive, 

systematic searches of large forests areas. Nest searches must be repeated over years to avoid 

missing non-breeding pairs. Once an estimate of local nest spacing is determined, inter-nest 

distances help focus searches in "holes" where pairs have not been found. These distances, 

however, . should . serve only as guides. Years of repeated intensive searches result in a complete 

count of territories 0n.m assessment area. A benefit o f  a completecdunt is the capability of . 

; associating gaps in the distribution of goshawk pairs with local habitat conditions. Using the. 

spacing of nests bi the plateau as a basis, approximately 500 km2 of forest habitat is 

needed to contain about 40 pairs of goshawks, and 1,000 km2 is needed for 80 pairs of goshawks. . . 

. . 
Survival. -- The capture-recapture method for estimating survival probabilities requires &nually 

capturing or resighting of hawks at their nest areas. Our estimates of survival are based on six 

years of capturinglresighting (5 recapture occasions) efforts and included 94 adult males and 99 

adult females. Our estimate of juvenile male survival (1.03 1) necessary to maintain I = 1 is 

biologically unattainable, yet a number of attributes of the Kaibab goshawk population suggests 
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that it is stable. This led us to suspect that the survival estimate for adult males was biased low 

and that additional years of capturehesighting are needed for more reliable estimates. Thus, for a 

monitoring program in which adult survival is to be estimated, we recommend a minimum of six 

recapture occasions (years) and the inclusion of at least 100 individuals of each sex. 

Effort. -- The combined activities associated with initial visits to territories to determine 

reproductive status of pairs, searches for pairs that may have moved to alternate nests, weekly 

visits to active nests, and assessments of productivity required about one field person per 8 

goshawk territories. Thus, 5 persons are needed to monitor 40 temtories and between 10- 13 

persons to monitor 80 to 100 territories. Additional persons are required to conduct the initial 

searches for pairs during the early years to increase the sample of pairs. If capture-recapture 

estimates of survival are required, than one to two 2-person trapping crews are needed for 40 

temtories, and three trapping crews are needed for 80 to 100 temtories. 

ACKNOWLEDGMENTS 

This research was h d e d  by the USDA Forest Service, southwestern Regional Office, the 

Kaibab National Forest, the ~ o r t h  Kaibab ~ & ~ e r  District, the Rocky Mountain Forest and 

Range Experiment Station, and a Heritkge Program grant from the ArizonaGhe and Fish 

~&mtment .  For help with n& searching, capturing and measuring goshawks, climbing nest 
. . 

. . 
trees, radio-tracking goshawks, censusing prey 'populations, and denting trucks, we tha.& S. .  

. . 

. Bedard (5 yrs). C. Boam, C. Erickson, M. Gavin, D. Laing, D. Leslie, J. Seyfried, J. Wiens (4 ' , 

yrs); R. Brogel, J. Burns, B. Hunt (3 yrs); P. Clark, G. Dilworth, T. Gamberg, L. Hunt, D. 

Rubinoff, S. Salafsky (2 yrs); A. Alfonso, R. Albers, G. Bayluss, K. Boden, R. Brunotte, J. 

Dudley, S. Dudley, I. Gilmore, K. Kalin, T. Kelley, J. Kolosqr, T. Rice, L. Schultz, M. 

Sherman, J. Sneva, S. Spidle, D. Strait, J. Whittier, and D. Worthington (1 yr). S. Bedard, R. 

Brogel, M. Gavin, S. Salafsky helped with data entry and analysis. E. Forsman and J. Reid 

provided imput on running programs RELEASE and SURGE and interpretating results. R. King 



36 

advised on subsampling and J. Williams performed the bootstrap analysis of the reproductive 

data. V. Thomas helped develop graphics with ARCIINFO, R. ~ e i c h  provided guidance with S- . 

PLUS programming, and D. Dean helped with Geographic Information Systems theory. 



LITERATURE CITED 
. . 

Akaike, H. 1973. Information theory and an extension of the maximum likelihood principle. 
Pp. 267-28 1 in B. N. Petran and F. Csaki (eds.), International symposium on information 
theory. Second edition. Akademiai Kiadi, Budapest, Hungary. 

Anderson, D. R., K. P. Burnham, and C. G. White. 1994. Problems in estimating age-specific 
survival rates from recovery data of birds ringed as young. J. Animal Ecol. 54:89-98. 

Bednarz, J. C., and T. J. Hayden. 1991. Skewed brood sex ratio and sex-biased hatching 
sequence in Harris's hawks. Am. Nat. 1 3 7: 1 1 6- 1 1 32. 

Block, W. M., M. L. Morrison, and M. H. Reiser, eds. 1994. The northern goshawk: ecology and 
management. Studies in Avian Biol. No. 16. 

Bloom, P. H. 1987. Capturing and handling raptors. Pp. 93-123 in B. A. Pendleton, B. A. 
Milsap, K. W. Kline, and D. M. Bird. (eds.), Raptor management techniques manual. 
Natl. Wildl. Fed. Sci. Tech. Ser. No. 10. I 

Boal, C. 1994. A photographic and behavioral guide to aging nestling northern goshawks. 
Studies in A v i a  Biol. 16: 32-40. 

Bright-Smith, D. J., and R. W. Mannan. 1994. Habitat use by breeding male northern goshawks 
in northern Arizona. Studies in Avian Biol. 16: '58-65. 

Burnett, H. 199 1. Green island in the sky. Am. For. 97:44-47,62. 
. C . . 

Burnham, K. P. and D. R. Anderson. 1992. Data-based selection of an appropriate biological 
model: the key to modem datq analysis.. Pp. 16-30 in.D. R. McCullough and R. H. 

. , 

Barrett (eds.). wildlife 2001 : popul&&. ~lsevier Applied Science, -London. 

Bumham, K. 'P., D: R. ~ n d e r ~ o n ,  G. C. White, C. Brownie, and K. H. ~oll&k. 1987. . Design , . 

and analysis methods for fish survival expe

r

iments based on-release-recapture. Am. Fish. 
- Soc. Monogr. 5.. . . .  

. . 

Burnham, K. P., D. R. Anderson, G. C. White. 1995. Model selection strategy in the analysis of 
capture-recapture data. Biometrics 5 1 : 88-898. 

Caughky, G. 1977. Analysis of vertebrate populations. John Wiley and Sons, .New York. 

Cressie, N. 199 1. Statistics for spatial data. John Wiley and Sons, New York. 900 pp. 



DeStefano, S., B. Woodbridge, and P. J. Detrick. 1994. Survival of northern goshawks in the 
southern Cascades ofCalifomia. Studies in Avian Biol.. 16: 133- 136. 

Detrich, P. J., and B. Woodbridge. 1994. Territory fidelity, mate fidelity, and movements of 
color-marked northern goshawks in the southern Cascades of California. Studies in 
Avian Biol. 16: 130-1 32. 

Diggle, P. J. 1983.' Statistical analysis of spatial point patterns. Academic Press, London, U.K. 

Doyle, F. I., and J. M. N. Smith. 1994. Population responses of northern goshawks to the 10- 
year cycle in numbers of snowshoe hares. Studies in Avian Biol. 16: 122- 129. 

Efron, B., and R. J. Tibshiriani. 1993. An introduction to the bootstrap. Chapman and Hall, 
New York. 436 pp. 

ESRI. 1991. Arc/Info Data Models, Concepts and Terms. Environmental Research Institute, 
Inc., Redlands, CA. 

Forsman, E. D., S DeStephano, M. G. Raphael, and R. J. Gutierrez, eds. 1996. Demography of 
the northern spotted owl. Studies in Avian Biol. No 17. 

Franklin, A. B., D. R. Anderson, E. D. Forsman, K. P. Burnhani, and F. W. Wagner. 1996. 
Methods for collecting and analyzing.demographic data on the northern spotted owl. 
Studies in Avian Biol. No. 1 7: 1 2-20. 

Garman, E. H. 195 1. Seed production by conifers in the coastal region of British Columbia 
. . related to dissemination and regeneration. B. C. For. Ser., Tech. Pub. No. T. 35. 

.   re en wood, P. J., and P. H. Harvey. 1982. The natal and breeding dispersal in birds. - Ann. Rev. 
- Ecol. Syst. 13: 1-21: ' . . 

. . 

Hargis, C. D., C. McCarthy, and R. D. Perloff.' 1994. Home ranges and habitats on northern 
. . goshawks in eastern California. Studies in.Avian Biol. 1'6: 66-74. , 

. . 

Hayward, G. D., R. E. ~scano.  1989. Goshawkhest-site characteristics in western Montana 
and northern Idaho. Condor 9 1~476-479. 

Johnson, D. H. 1979. Estimating nest success: the Mayfield method and an alternative. Auk 
96:65 1-66 1. 

Joy, S. M., R. T. ~ e ~ n o l d s ,  and D. G. Leslie. 1994. Northern goshawk broadcast surveys: hawk 
response variables and survey costs. Studies in. Avian Biol. 16: 24-3 1. 



Kennedy, P. L., and D. W. Stahlecker. 1993. Responsiveness of nesting northern goshawks to 
taped broadcasts of thee conspecific calls. J. Wildl. Manage. 57: 249-257. 

Kenward, R. E., 1982. Goshawk hunting behavior, and range size as a function of food and 
habitat availability. J. Anim. Ecol. 5 1 : 69-80. 

Kenward, R. E., and V. ~ a r c s t r ~ m .  1983. The price of success in goshawk trapping. J. Raptor 
Res. 17: 84-9 1. 

Lebreton, J. D., K. P. Burnham, J. Clobert, and D. R. Anderson. 1992. Modeling survival and 
testing biological hypotheses using marked animals: a unified approach with case studies. 
Ecol. Monogr. 62: 67-1 18. 

Lee, J.A. 1981. Comparative breeding behavior of the goshawk and the Cooper's hawk. 
Provo, UT: Brigharn Young University. 36 p. M.S. thesis. 

Mayfield, H. F. 196 1. Nesting success calculated from exposure. Wilson Bull. 73:255-26 1.. 

Mayfield, H. F. 1975. Suggestions for calculating nest success. Wilson Bull. 87:456-466.. 

~ c G o w a n ,  J.D. 1975. Distribution, density and productivity of goshawks in interior Alaska. 
Projects W-17-3, W-17-4, W-17-5, k d  W-17-6. Juneau, AK: Alaska Department of Fish 
and Game. 

Merkle, J. 1962. Plant communities of the Grand Canyon area, Arizona. Ecology 43:698-7 1 1. 

Moore, K. R., and C. J; Henny. 1983. Nest. site characteristics of three co-existing . accipiter . 
hawks in northeastern Oregon: J. Raptor Res. 17:65-76. 

~ e w t o n ,  I., and I. ~ i l l i e ;  1992. Fidelity to breeding area and mate in   par row hawks Accipiter. 
. . nisus. J. Anim. Ecol. 5 1: 327-341 ., 

. Neyman, J., and E. L. Scott. 1957; On a mathematical theory of pop~lations conceived as ' 

. _  conglomerations of clusters. Pages 1.09- 120 Cold Spring Harbor Symposia on . . . . , 

Quantitative Biology. Vol XXII. 

Noon, B. R.; and C. M. Biles. 1990. Mathematical demography of spotted owls in the Pacific 
Northwest'. J. Wildl. Manage. 54: 18-27: . 

Pearson, G. A. 1950. Management of ponderosa pine in the southwest. Agric. Monogr. 6. 
Washington, DC: U.S. Department of Agriculture, Forest Service, 2 1 8 p. 



Pielou, E. C. 1960. A single mechanism to account for regular, random and aggregated 
. populations. Ecology 48: 575-5 84. 

Pollock, K. H., J. E. Hines, and J. D. Nichols. 1985. Goodness-of-fit tests for open capture- 
recapture models. Biometries 4 1 : 399-4 1 0. 

Pollock, K. H., J. D. Nichols, C. Brownie, and J. E. Hines. 1990. Statistical inference from 
capture-recapture experiments. Wildl. Monogr. 107. 

Raphael, M. G., R. G. Anthony, S. DeStephano, E. D. Forsman, A. B. Franklin, R. Holthausen, 
E. C. Meslow, and B. R. Noon. 1996. Use, interpretation, and implications of 
demographic analyses of northern spotted owl populations. Studies in Avian Biol. 1 7: 
102-1 12. 

Rasmussen, D. I. 1941. Biotic communities of the Kaibab Plateau, Arizona. Ecol. Monogr. 
1 1 :230-273. 

Reich, R. M., and R. A. Davis. 1996. Spatial library for S-Plus statistical software package. 
Colorado State Univ., Fort Collins. 

Reynolds, R. T. 1982. North American accipiter hawks. Pp. 288-289 in Davis, D.D., ed. CRC 
handbook of census methods for terrestrial vertebrates. CRC Press, BocaRaton, FL. 

Reynolds, R.T., H. M. Wight. 1978. Distribution, density and productivity of accipiter hawks 
breeding in Oregon. Wilson Bull. 90: 1 82- 1 96. 

Reynolds, R. T., and B. D. Linkhart. 1987. Fidelity to territo'j and mate in flammulated~owls. 
Pp. 234-238 in R. W. Nero, R. J:Clark, R. J. Knapton, and R. H. Hamre, eds. ~ i o l o ~ i  
and conservation of northern forest owls. Proceedings of a symposium. USDA Forest . 

Service,  en. ~ e c h .  Rp. .. RM- . 142. . . ' . ' . . 
. . 

Reynolds, R. T., R. ~ . ' ~ r a h a m ,  -M. H: Reiser, R. L. Bassett, P. L. Kennedy, D. A. Boyce, Jr., G. . 

Goodwin,.R. Smith, and E. L. Fisher. 1992. .Management recommendations for the 
northern goshawk in the southwestern United States; U.S. Department of Agriculture, 
Forest Service, Rocky Mountain Forest and Range Experiment ~tation,.~ort  Collins, Co. 
Gen. Tech. Rep. RM-2 17. 90 p. 

Reynolds, R. T., S. M. Joy, and D. G. Leslie. 1994. Nest productivity, fidelity, and spacing of 
- northern goshawks in northern Arizona. Studies in Avian Biol. 16: lO6-Jl3. 

Ripley, B. D. 1981. Spatial statistics. John Wiley and Sons, New York. 252 pp. 



Rosenfield, R. N., J. Bielefldt, and S. M. Vos. 1996. Skewed sex ratios in Cooper's hawk 
-offspring. Auk 1 13 : 957-960. . 

Rowley, I. 1983. Re-mating in birds. Pp. 33 1-360 in Mate choice (P. Bateson, ed.). London, 
Cambridge Univ. Press. 

SAS Institute Inc. 1988. SASISTAT users guide, release 6.30 edition. Carry, NC. 

Smith, C. C. 1970. The coevolution of pine squirrels (Tamiasciurus) and conifers. Ecol. 
Monogr. 349-37 1. 

Smith, M. C .  1968. Red squirrel responses to spruce cone failure in interior Alaska. J. Wildl. 
Manage. 32: 305-3 17. 

Snedecor, G. W, and W. G. Cochran. 1969. S@tistical methods, sixth edition. Iowa State Univ. 
Press, Ames, Iowa. 

Speiser, R., and T. Bosakowski. 1987. Nest site selection by northern goshawks in northern 
New Jersey and southeast New York. Condor 89:387-394. 

, S-PLUS. 1995. Statistical software package for personal computers.. ~ t a t ~ c i  Division, . 

Mathsoft, Inc., Seattle, WA. 

Steenhof, K., and M. N. Kockert. 1982. An evaluation of methods used to estimate raptor 
nesting success. J. Wildl. Manage. 46: 885-893. 

Svauss, D. J. 1975. A model for clustering. Biometrika. 62:467-475. 
. - . . 

. . 
Syem, T., and M. Adarns. 1992. A northern goshawk . . nest in the Tundra Biorne. ~ . . ~ a ~ t o r  . . 

. Res. 26(2): 102. . . . . 

Trirnble Navigation Ltd. ' 1994. Mapping systems general refeience for Trimble global 
. positioning system (GPS) products, Sunnyvale, CA. . 

. . . . 

Trimble Navigation Ltd. 1992. ~ r i m b l e  PFINDER 'sdkware user s pjuide. Trirnble 
Navigation, Ltd., Sunnyvale, CA. 

White, C., G. D. Lloyd, and G. L. Richards. 1965. Goshawk nesting in the upper Sonoran in 
Colorado and Utah. Condor. 67: 269. 

White, M. A., and J. T. Vankat. 1993. Middle and high elevation coniferous forest communities 
of the North Rim region of the Grand Canyon National Park, Arizona, USA. Vegetation. 

. . 109: 161-174. 



Widin, P. 1989. The hunting habitats of goshawks Accipiter gentilis in boreal forests of central 
Sweden. Ibis 13 1: 205-23 1. . . - . . .  . ,  . .. . . 

Woodbridge, B, and P. J. Detrich. 1994. Territory occupancy, and habitat patch size of northern 
goshawks in the southern Cascades of California. Studies in Avian Biol. 1 6: 83-87. 

Younk, J. V., and M. J. Bechard 1994. Breeding ecology of the northern goshawk in high- 
elevation aspen forests of northern Nevada. Studies in Avian Biol. 16: 1 19- 12 1. 



Table 1. Number of territories under study, active, occupied, and unknown status of northern 
goshawks on the Kaibab Plateau,. Arizona, 199 1 - 1.996. - .  . . . . .  . 

- - 

Territories Year 
1991 1992 .E!B l!m 1996 

Total 37 64 82 88 100 107 
Active 36 59 67 21 53 46 
Occupied 1 2 6 13 20 23 
Status unknown 0 3 9 54 27 38 



Table 2. Nesting success of northern goshawks on the Kaibab Plateau, Arizona, 1991-1996. 
.Number of traditional territories (territories included in study from previous years) studied each 
year, number and percent with active nests, number and percent with failed nests, and two 
estimates of nest success. Mayfield (1 975) estimate of nesting success included for comparison. 

-- - - -- -- 

Territories Year 
1992 1993 1994 1995 1996 

Total from previous year 37 64 82 88 100 
Number with active nests 32 49 18 %@+ f lys  
Percent with active nests 86.5 76.6 22.0 p j l  S0.Q 3M43J 

Number with failed nests 10 9 5 10 10 
% failed nests 3 1.3 18.4 27.8 23.3 25.6 
%I success, traditional 81 86 72 74 74 
% success, Mayfield 79 83 75 76 73 

SE, Mayfield 0.002 0.001 0.003 0.001 0.002 



Table 3. Proportion of six cohorts (1 99 1 - 1996) of 104 northern goshawk territories that 
contained active nests for 1,2, 3,4, 5, and 6 years,. not necessarily consecutive, on the Kaibab 
Plateau, Arizona, 199 1 - 1996. Cohorts of territories are territories found in a given year. Number 
of territories are in parentheses. 

Year Territories 
in cohort 

Years 



P ' r  

Table 4. Number of active (egg laid) and successful (fledged at least 1 young) nests, and mean 
: . number and standard deviatione(SD) of fledglings .per active and successfid nests of northern-. 

goshawks on the Kaibab Plateau, Arizona, 1 99 1 - 1 996. 

Year 
1991 1992 1993 1994 1995 1996 

Active nests 36 59 64 21 49 44 

Fledglingdactive nest 2.0 1.8 1.7 1.2 1.3 1.3 
SD 0.79 1.05 1 .OO 0.93 0.92 0.90 

Successful nests1 34 49 54 15 39 33 

Fledglings/successfu1 nest 2.1 2.2 2.0 1.7 1.6 1.7 
SD 0.64 0.72 0.74 0.62 0.71 0.59 

Number of nests where exact number of fledglings was determined. 



Table 5. Proportion of northern goshawk pairs annually moving to alternate nests within their 
territories on the Kaibab Plateau, Arizona, 199 1 - 1996. Number of cases are in parentheses: 

- - 

Movement Year 

None 

To new 
alternate 

To prior 
altemate 

% Total 
moving 

1992 1993 1994 1995 1996 Total' 



Table 6. Natal dispersal of northern goshawks on the Kaibab Plateau, Arizona, 199 1 - 1996. Sex 
. . .  . . and year nestling was banded, year and age when first found breeding, and dispersal distances. - 

Year banded as Year of 1st Dispersal 
Sex nestling breeding Age distance (lun) 

Male 

Male 

Male 

Female 

Female 

Female 



Table 7. Breeding dispersal in northern goshawks on the Kaibab Plateau, Arizona, 199 1 - 1996. 
. Sex, year, and age when last captured on original territory, year recaptued, and dispersal 
distances. 

- - -- - - - - - 

Yr last captured Age at last Yr captured on Dispersal 
Sex original territory capture new territory distance (h) 

male 

male 

female 

female 

female 

female 

female 1993 2 3-yr-old 1996 4.5 



Table 8. Territory and mate fidelity in northern goshawks nesting on the Kaibab Plateau, 
Arizona, 199 1-1.996. For "different mate" categories, only pairs of hawks known to be alive in 
subsequent years are included. Numbers in parentheses are cases in categories. 

Pattern Percent of males Percent of females Percent overall 

Same territory 

same mate 

different mate 

Different territory 

same mate 

different mate 4.2 (1) 

unknown1 4.2 (1) 

Total cases 24 
'~ncludes males and females who changed territories and paired with a different mates, but status of original mate 
could not be determined (1 male, 2 females), and females who changed territories but identity of original or 

. . 
successive male has unknown (3 females). 



Table 9. Annual turnover of male and female northern goshawks on the Kaibab Plateau, 
Arizonaj 199 1 - 1996. -. . . . . .  

-- 

Turnovers 4 3 3 2 0 0 1 3 1 2 

% turnover 40 16 23 9 0 0 20 50 20 18 
'~pportunities = number of  breeding seasons (subsequent to the year when an individual breeding hawk was first 
captured and banded on a territory) in which either an original or new breeding hawk was captured (identified) on 
that territory. 



Table 10. Total turnover of nesting northern goshawks on territories on the Kaibab Plateau, 
Arizona, 199 1 - 1 996. 

Male Female Overall 

Turnovers 9 10 19 

Opportunities ' 36 63 99 

Percent turnover 25 .O 16.0 19.2 
' ~ ~ ~ o r t u n i t i e s  = number of breeding seasons (subsequent to the year when an individual breeding hawk was first 
captured and banded on a temtory) in which either the original or new breeding hawk was captured (identified) on 
that territory. 



Table 11. Number of northern goshawks captured and banded by year, sex, and age class on the 
Kaibab Plateau, 199 1 - 1995, . . . . 

- -- ppp 

Adult Adult 

(L 3 yrs) ( r  3 yrs) 1-2-yr-old 1 -2-yr-old 

Year females males females males Juveniles 

Totals 



Table 12. Capture-recapture data in M-array format for female and male northern goshawks 
initially captured as 2 1-year-old adults on the Kaibab Plateau, Arizbna, 199 1 - 1996. Ri is the . 

number of hawks marked and released on the ith occasion, M, the number of hawks marked and 
released on occasion i which were recaptured (or resighted) on occasion j, and ri the total number 
of hawks marked and released on occasion i which were later recaptured (= EMIi). 

My for j = 

Age class z Ri 2 3 4 5 6 r , 

Non-juvenile (2 1 yrs) male 

Non-juvenile (2 1 yrs) 
female 



Table 13. Goodness-of-fit tests from program RELEASE (Burnham et al. 1987) for capture- 
recapture data from non-juvenile (2 1 -yr-old ) male and female northern goshawks on the Kaibab 
Plateau, Arizona, 199 1 - 1996. 

Sex TEST 2 

P 

TEST 3 TEST 2+3 ' 

Male 0.5954 0.2452 7.33 9 0.6029 

Female 0.8371 0.9 176 1.97 10 0.9966 
'TEST 2 tests for statistical independence among sex cohorts and individuals. TEST 3 tests whether previously 
captured and released hawks have the same f'uture fates as newly released hawks. 



Table 14. Capture-recapture models for estimating survival of northern goshawks on the Kaibab 
. Plateau, Arizona, 199 1 - 1996. Models that best .fit the data are indicated by lowest AIC values . . 

(Akaike's Information Criterian, Akaike 1973). Models are shown in order of increasing 
Akaike's Information Criterion (AIC) values. K is the number of estimable parameters for each 
model. 

LRT 

Model1 Deviance ,K AIC x d f P 

{ Pk+t9 P J  485.745 10 505.75 . . 

'Subscripts associated with Phi (survival) and P (recapture probability) indicate. these parameters have a linear time 
trend (T), a variable time effect (t), a sex effect (s), or some additive effect. Models of Phi and P without subscripts 
indicate no time or sex effects on survival or recapture rates. 

. . 



Figure 1. Locations of nests in which eggs were laid by northern goshawks on the Kaibab 
. . 

. . -- Plateau, Arizona- in. 1 99 1 . .... . . _ .  . 

Figure 2. Locations of nests in which eggs were laid by northern goshawks on the Kaibab 
Plateau, Arizona in 1992. 

Figure 3. Locations of nests in which eggs were laid by northern goshawks on the Kaibab 
Plateau, Arizona in 1 993. 

Figure 4. Locations of nests in which eggs were laid by northern goshawks on the Kaibab 
Plateau, Arizona in 1994. 

Figure 5. Locations of nests in which eggs were laid by northern goshawks on the Kaibab 
Plateau, Arizona in 1 995. 

Figure 6. Locations of nests in which eggs were laid by northern goshawks on the Kaibab 
Plateau, Arizona in 1996. 

Figure 7. Locations of centroids for alternate nests within of 107 northern goshawk territories on 
the Kaibab Plateau, Arizona, 199 1 - 1 996. 

Figure 8. K function showing the actual distribution (solid line) of northe& goshawk territory 
centroids (1 99 1 - 1 996) 0- 15,000 m compared with the distribution of a hypothetical goshawk 
population (dashed line) modeled under complete spatial randomness (CSR). Regular spacing of 
centroids is indicated at inter-territory distances where the actual distribution falls below the 
co

nfi

dence envelopes for CSR. 
. . . .  . 

Figure 9. K function showing the actual distribution (solid line) of northern goshawk territory 
centroids (1 99 1 - 1996) at inter-centroid distances of 0-5000 m compared .with the distribution of 
a hypothetical goshawk population modekd with a simple sequentid inhibition (SSI) process 

. . 
(dashed line). ?he model correctly captures the regular spacing of centroids between 2500 m a .  

. - 1354.k. No territory centroids occur within 0-1 354 m of other centroids- in the actual . - . . . 

population. Variegated lines represent 95% confidence. liniits bound the SSI population. 
. . 

. . . . . . 
Figure 10. Frequency distfibution'of intei-alternate nest distances within goshawk territories. 

Figure 1 1. Proportion of non-juvenile (2 1-yr-old) northern goshawks detected on the Kaibab 
Plateau banded in previous years, 1 99 1 - 1996. 

Figure 12. Estimates of annual survival for non-juvenile (t 1 -yr-old) northern goshawks on the 
Kaibab Plateau, Arizona, 1 99 1 - 1 996. Horizontal lines represent constant survival estimates for 
males (broken line, Phi, = 0.688, SE = 0.0618) and females (solid line, Phi, = 0.866, SE = 

0.05 14) fkom the best model (Phi,, PJ. 



Figure 13. Estimates of annual survival for non-juvenile ( r  1 -yr-old) male (top) and female 
(bottom) northern goshawks on the Kaibab Plateau,' Arizona, 199 1-1 996. :Line in graph - . .  

represents the nearly linear time trend in survival estimates from the second-best model (Phi,,, 
p3. 

Figure 14. Estimates of annual survival for non-juvenile (2 1 -yr-old) male (top) and female 
(bottom) northern goshawks on the Kaibab Plateau, Arizona, 199 1-1 996. Line in graph 
represents the annual survival estimates from a variable time model (Phi,,, PJ. 

Figure 15. Annual fecundity (with standard errors) and proportions of female northern goshawks 
nesting on the Kaibab Plateau, Arizona, 199 1 - 1996. 

Figure 16. Box plots of bootstrap samples of the target population (number of young fledged/ 
nestlyear from goshawk nests) on the Kaibab Plateau in 1994, 1995, and 1996. Total active 
(eggs laid) nests in target populations (solid verticle line) was 22 in 1994,47 in 1995, and 44 in 
1996. Parameters of the target populations (solid horizontal lines) were mean = 1.19 and SE = 
0.203 in 1994, mean = 1.30 and SE = 0.140 in 1995, and mean = 1.23 and SE = 0.130 in 1996. 

Figure 17. Box plots of bootstrap samples of the target population (proportion of goshawk nests 
producing at least 1 fledglinglyear) on the Kaibab Plateau in 1994, 1995, and 1996. Total active 
(eggs laid) nests in target populations (solid verticle line) was 22 in 1994,47 in 1995, and 44 in 
1996. Parameters of the target populations (solid horizontal lines) were mean = 

p n a n d S E =  0.100 in 1994, mean = 0.77 and SE =&0G6 in 1995, and mean = 0.75 and SE 0.066 in 1996. 
f L & t l  

Figure 18. Box plots of bootstrap samples of the target population (proportion of goshawk 
territories with active nest/year) on the Kaibab Plateau in 1994 1995, and 1996. Total territories 

. . in .target populations (solid verticle line) was Q3 !h i 994, 1 08 m 1995, and 1-07 in 1996. . . 
Parameters of the target populations (solid horizontal lines) were mean = 0.22 and-SE = 0.046 in 
1994, mean = 0.50 and SE = 0.054 in 1995, and mean = 0.39 andSE = 0.049 in 1996. 



20 

KILOMETERS 



20 

KILOMETERS 





KILOMETERS 



LEGEND 

PINYON-JUMPER 

PONDEROSA PINE 

El MLYED-CONIFER 

0 SPRUCE-m 

ACTKVE NEST AREA 





KILO METERS 



K-function of Goshawk Territory Distribution 

P 
Aggregatec 

5000 10000 

Distance (m) 



OOOP OOOE OOOZ. . 





Proportion banded ' o Proportion unbanded 

. . 



Phis ,P, 

YEAR 



/ Non-Juvenile Males 

I Non- Juvenile Females 

1994 

YEAR 



Non- Juvenile Males 7 

I Non-Juvenile Females 

YEAR 



YEAR 








	ABSTRACT
	INTRODUCTION
	STUDY AREA
	METHODS
	Field Methods
	Data Analysis

	RESULTS
	Number and Occupancy of Territories
	Nesting Sucess and Productivity
	Fledgling Sex Ratio
	Distribution of Territories
	Movements Among and Spacing of Alternate Nests
	Natal and Breeding Dispersal
	Fidelity to Mate and Territory
	Turnover on Territories
	Population Estimation
	Model Selection
	Fecundity
	Estimation of Population Trends
	Estimation of Sample Size

	DISCUSSION
	Monitoring: Procedures, Sample Sizes, and Effort

	ACKNOWLEDGMENTS
	LITERATURE CITED
	TABLES
	FIGURES



