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Dispersal is integral to our understanding of the life history and population

biology of many vertebrates, but difficulties in detecting long distance movements have

complicated its study. Moreover, studies of factors affecting dispersal are often unable

to determine the relative contributions of variables such as nesting success, mate

fidelity, and nest site fidelity. I examined the effects of nest depredation on dispersal in

comparison to successful nests and nests that failed for other reasons. Additionally, I

investigated a suite of biological factors affecting within-season and between-season

breeding dispersal by burrowing owls (Athene cunicularia) in California, attempting to

partition the effects of these covariates and to deal with long distance detectibility



issues. For both types of dispersal, I divided dispersal into two components; dispersal

probability and dispersal distance.

I used experimental and observational approaches to investigate within-season

dispersal in two contrasting environments; a large grassland and an agricultural

landscape. I found that the factors affecting dispersal probability and dispersal distance

were different, supporting my decision to examine each separately. Of the factors

investigated, dispersal probability was influenced most by study area, mate fidelity, and

nesting success. The proportion of individuals dispersing tended to be greater for owls

that lost their mate due to death or dispersal (60%, 6 of 10) and owls whose nests were

depredated (50%, 10 of 20) than for owls that did not lose their mates (33%, 6 of 18)

and owls whose nests were successful (17%, 1 of 6), respectively. The results from an

experiment where we removed eggs from pairs of owls to simulate nest depredation

were consistent with the observational results, suggesting that owls whose nests were

depredated may have been more likely to disperse than control owls. The reactions of

owls from depredated nests, however, did not appear to differ from those whose nests

failed for other reasons.

In contrast, owl dispersal distance was most affected by owl gender, and to a

lesser degree by study area and nesting success. Dispersal distance was greater for

female owls (median = 1575 m, n = 13) than male owls (median = 417 m, n 11),

greater for owls from the grassland area (median= 939 m, n = 9) compared to owls from

the agricultural area (median = 829 m, n = 15), and greater for owls whose nests had

failed (median = 1018 m, n = 17) than for owls that successfully bred (median 475 m,



n = 7). Nest depredation, however, did not appear to increase dispersal distance. The

geometric models performed poorly at approximating within-season dispersal distance,

indicating that many owls disperse farther than predicted by a "first is best" model. I

speculate that the distribution of within-season dispersal distances by burrowing owls is

related to the densities of suitable territories and mates, which are more variable than

predicted by a geometric model within a breeding season.

I used data from band resightings and nesting success (1998-2003) to examine

factors related to between-season breeding dispersal by burrowing owls in an

agricultural environment. Of the factors investigated, nesting success appeared to have

the greatest effect on burrowing owl dispersal. The proportion of individuals dispersing

was greater for owls whose nests had failed (68%, 28 of 41) than owls whose nests were

successful (27%, 58 of212). Similarly, dispersal distance was greater for owls whose

nest failed (mean = 745 ± 175 m, n 28) than owls with successful nests (mean = 340 ±

36m,n=58).

The owls exhibited high rates of nest site and mate fidelity between breeding

seasons. There was evidence that previous experience at a breeding site may have

reduced dispersal probability and that unpaired owls may have been more likely to

disperse and dispersed slightly greater distances than those that retained their mates.

Nesting success, however, appeared to be the major factor contributing to burrowing

owl breeding dispersal after controlling for nest site and mate fidelity, particularly for

male owls. Despite the complexity of the dispersal process, a geometric model

provided a reasonably good fit to the distribution of between-season breeding dispersal



distances at relatively short distances, but failed to predict a small percentage of long

distance dispersals. Geometric models appeared to be a better fit for the distribution of

between-season breeding dispersal distances than within-season breeding dispersal

distances.

Factors affecting within-season dispersal were generally similar to those

affecting between-season dispersal. Both within-season and between-season breeding

dispersal were affected by nesting success and mate fidelity, but the effects of these

factors differed between the two types of breeding dispersal, suggesting that time

constraints and competition play a larger role in within-season dispersal than between-

season dispersal. In addition, both studies supported a difference in dispersal behavior,

in which the factors that affected dispersal probability were distinct from those that

affected dispersal distance. These results help determine the relative contributions of

nesting success, mate fidelity, and nest site fidelity to avian dispersal, offer some

evidence that the effects of nest depredation are not distinct from the effects of nest

failure in general, and provide further support for the division of dispersal into dispersal

probability and dispersal distance.
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FACTORS AFFECTING WITHIN-SEASON AND BETWEEN-SEASON BREEDING
DISPERSAL OF BURROWING OWLS IN CALIFORNIA

INTRODUCTION

The interaction of factors that promote dispersal and determine dispersal

distances remain poorly understood, despite its importance to the study of population

dynamics and life-histories. The most commonly used definition of dispersal is that of

Howard (1960): "The permanent movement an individual makes from its birth site to

the place it reproduces, or would have reproduced if it had survived and found a mate."

This definition refers to juvenile dispersal, or natal dispersal, whereas the movements of

adult birds within and between breeding seasons are referred to as breeding dispersal

(Greenwood and Harvey 1982). Breeding dispersal can be divided into two categories;

(1) within-season breeding dispersal, and (2) between-season breeding dispersal

(Greenwood 1980, Greenwood and Harvey 1982). Within-season breeding dispersal is

a movement to another breeding site that occurs within a single breeding season,

whereas between-season breeding dispersal is a movement to a new breeding site

between consecutive breeding seasons (Greenwood 1980, Greenwood and Harvey

1982).

Gender and nesting success often explain some of the variation in dispersal of

vertebrates. In most avian species, females tend to disperse greater distances than

males. Wolff and Plissner (1998) suggested that the gender that chooses and defends a

territory should practice nest site fidelity. There is some evidence that male birds with

breeding experience on a territory are more desirable to potential mates (Yasukawa
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1981, Korpimaki 1988), which could explain higher nest site fidelity in male birds.

Female birds base their decisions on evaluations of mate and territory quality; these two

factors, however, are closely related and difficult to separate (Greenwood and Harvey

1982, Korpimaki 1988, Goodburn 1991, Choudhury 1995). Poor nesting success often

is related to increased dispersal probability and distance, especially in female birds

(Greenwood and Harvey 1982). Many studies have focused on predator avoidance as

an explanation for patterns of breeding dispersal (Sonerud 1985, Hakkarainen et al.

2000). Some evidence, however, indicates that while birds will disperse greater

distances following nest depredation, the increase in dispersal distance may not

decrease the chance of depredation at the subsequent nest (Grieg-Smith 1982, Powell

and Frasch 2000).

The factors affecting within-season and between-season breeding dispersal

appear to be similar, but within-season dispersal tends to be more constrained than

between-season dispersal, suggesting some differences in causative factors for the two

(Greenwood and Harvey 1982). In addition, the time constraints involved in renesting

within a breeding season may increase fidelity to both mate and nest site, thus

decreasing dispersal (Darley et al. 1971).

Despite the volume of previous work on avian dispersal, several issues remain

unresolved. For instance, most studies have measured dispersal as a continuous

response variable (Greenwood and Harvey 1982). Recent work by Forero et al. (1999)

supported the division of dispersal into two distinct components, territory change and

dispersal distance. Another issue with many dispersal studies is the inability to
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distinguish the relative effects of interrelated variables such as nesting success, mate

fidelity, and nest site fidelity (Forero et al. 1999). Nesting failure could be related to

mate quality and/or territory quality (Goodburn 1991), and the factors governing mate

fidelity are poorly understood (Choudhury 1995). Consequently, the effects of these

factors on dispersal are often difficult to disentangle.

The factors affecting dispersal often will vary in different environments as well,

offering the possibility for a deeper understanding of these factors. Previous radio-

telemetry work at a grassland site (Carrizo Plain National Monument, California)

measured a maximum within-season breeding dispersal distance for burrowing owls

(Athene cunicularia) of 53 km (median value of 3.1 1cm; Rosier et al., unpubl.

manuscript). Resighting efforts for the same species in an agricultural environment

(Imperial Valley, California) suggested much lower between-season breeding dispersal

distances, with a maximum of 3-4 km (Rosenberg & Haley 2004). Rosier et al.

(unpubl. manuscript) suggested that nest failure due to depredation was the likely cause

of breeding dispersal at the grassland area and proposed that burrowing owls may

initiate breeding dispersal to avoid subsequent nest depredation. In the agricultural

area, however, nest depredation was an infrequent cause of nest failure (Haley 2002).

I attempted to meet five objectives with my thesis:

to investigate the role of nest depredation in the difference between within-season

dispersal at two contrasting habitats in California;

to examine the effects of nest depredation on dispersal in relationship to other types

of nest failure and nesting success;
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to determine the relative contributions of nesting success, mate fidelity, and nest site

fidelity to dispersal;

to evaluate the validity of dividing dispersal into dispersal probability and dispersal

distance;

to compare and contrast the factors affecting the two types of breeding dispersal.

In particular, I studied the dispersal of burrowing owls in the previously

described agricultural and grassland populations to meet these objectives. Little is

known about breeding-season dispersal in burrowing owls, classified as a species of

special concern in California and of management concern throughout its North

American range (Klute et al. 2003). The burrowing owl is a small ground-dwelling owl

widely distributed throughout western North America, Florida, Central and South

America, and on several islands in the Caribbean (Haug et al. 1993, Clark 1997). Their

habitat includes grasslands and deserts (Haug et al. 1993, Clark 1997), but the owls may

also inhabit agricultural and urban areas (Millsap and Bear 1997, Rosenberg and Haley

2004). An understanding of burrowing owl dispersal is needed, especially in light of

recent population declines.
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Abstract

We used both experimental and observational approaches to test the hypothesis

that nest depredation is a primary factor influencing within-season dispersal in

burrowing owls (Athene cunicularia). We tested the hypothesis with data from

burrowing owls nesting in two study areas in California during the 2002 breeding

season: a grassland area characterized by high nest depredation rates, low density of

owls, and relatively long dispersal distances, and in a highly modified agricultural area

characterized by low nest depredation rates, high density of owls, and relatively short

dispersal distances. We placed radio transmitters on owls in both areas (n = 39 and n =

62, respectively), and we removed eggs to simulate nest depredation from a subset of

owls in the agricultural area. Study area, nesting success, and mate fidelity best

explained dispersal probability, but the results were inconclusive except for study area.

Birds whose nests failed due to nest depredation were more likely to disperse (50%, 10

of 20) than those that were successful (17%, 1 of 6), as were those that failed because of

abandonment (44%, 4 of 9); our experimental results were consistent with these results.

Owls that lost their mate were more likely to disperse (60%, 6 of 10) than owls that did

not lose their mate (33%, 6 of 18). Owl gender, study area, and nesting success were

the best explanatory variables in determining dispersal distance, but the results were

inconclusive except for gender. Female owls (median = 1575 m, n = 13), owls from the

grassland area (median = 939 m, n = 9), and owls whose nests had failed (median =

1018 m, n = 17) dispersed farther than male owls (median = 417 m, n = 11), owls from

the agricultural area (median = 829 m, n = 15), and owls that successfully bred (median
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= 475 m, n 7), respectively. Nest depredation, however, did not appear to increase

dispersal distance. While nest depredation may have increased the incidence of within-

season dispersal, the effects were not different from those from other sources of nesting

failure, and it did not increase dispersal distances.

Key Words Athene cunicularia, nest depredation, avian dispersal, mate fidelity

Introduction

Dispersal is an important life history characteristic but poorly understood for

many vertebrates. There are two types of breeding dispersal, within-season and

between-season (Greenwood and Harvey 1982). Most of the work in avian dispersal

has focused on between-season dispersal (Greenwood and Harvey 1982), but the

amount of empirical and theoretical knowledge has steadily increased for within-season

dispersal, particularly in terms of the relationship between dispersal and nest

depredation (e.g. Jackson et al. 1989, Howlett and Stutchbury 1997, Powell and Frasch

2000). Factors such as nest failure can promote dispersal (Greenwood and Harvey

1982). Nesting failure may be an indication of poor territory quality or mate quality

(Goodburn 1991). Nest failure due to depredation, in particular, has been cited as a

primary factor promoting avian dispersal (Grieg-Smith 1982, Jackson et al. 1989,

Hakkarainen 2001, but see Howlett and Stutchbury 1997), especially in the case of a

predator that revisits nests (Sonerud 1985). Longer distance movements, however, may

not reduce the probability of subsequent nest depredation (Grieg-Smith 1982, Powell



8

and Frasch 2000), which questions what if any benefit there is to dispersing greater

distances following nest depredation.

Gender also appears to be a determining factor for the patterns of avian

dispersal; female birds are more likely to disperse and disperse longer distances than

male birds (Greenwood and Harvey 1982, Wolff and Plissner 1998). Male birds appear

to be more closely tied to nesting sites, possibly because they gain experience with

resources on a territory and thus become more desirable to potential mates (Yasukawa

1981, Korpimaki 1988). Female avian dispersal, however, may be driven by both

territory quality and mate selection, explaining why they appear less attached to nesting

sites (Korpimaki 1987, Korpimaki 1988).

Apart from the factors that may promote dispersal, many avian species are

relatively philopatric. There is evidence reproductive success increases within familiar

breeding pairs (Schieck and Harmon 1989), and there may be some benefit to having

experience on a territory as a male bird. Additionally, spatial variation in food

availability decreases the incidence of dispersal (Korpimaki 1993). Dispersal can also

be costly in terms of time; finding a new mate within a breeding season may limit pair

splitting and dispersal (Darley et al. 1971).

From these factors, we formulated several hypotheses in an effort to investigate

and explain the apparent differences in dispersal distances of burrowing owls (Athene

cunicularia) between an agricultural population characterized by low nest depredation

rates (Haley 2002, Rosenberg and Haley 2004) and a grassland population with higher

nest depredation rates (Rosier et al. unpubl. manuscript). The burrowing owl is a small
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ground-dwelling owl widely distributed throughout western North America, Florida,

Central and South America, and on several islands in the Caribbean (Haug et al. 1993,

Clark 1997). They occupy grasslands and deserts (Haug et al. 1993, Clark 1997), but

the owls may also inhabit agricultural and urban areas (Millsap and Bear 1997,

Rosenberg and Haley 2004). We hypothesized that nest depredation would increase the

probability and distance of dispersal. The generally low nest depredation rate in the

agricultural area allowed us to test our hypotheses pertaining to nest depredation and

breeding dispersal in burrowing owls. As possible alternatives, we examined how

factors such as nesting success (regardless of nest depredation), owl gender, study area,

mate fidelity, nest site fidelity, and current pairing affected dispersal.

In addition to multiple linear regression models, simple mathematical models

have been fitted to observed vertebrate dispersal distances (Waser 1985, Buechner

1987). Waser (1985) and Buechner (1987) presented a model for dispersal distances

based on a geometric distribution. This distribution is dependent on the probability of

an individual stopping at a certain number of territories away from the beginning point,

and it decreases asymptotically as the numbers of territories increases. We compared

the observed distributions of dispersal distances to a geometric distribution to describe

the observed pattern of dispersal distances and to evaluate the adequacy of such models.

We hypothesized that owls would disperse no farther than the first suitable, available

territory or mate and that the geometric model would be a reasonable approximation of

this behavior.
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Methods

Study Areas

We examined dispersal in non-migratory populations at two contrasting

environments during April to August 2002. The Imperial Valley site (ca. 30 km2) was

located within the Sonny Bono Salton Sea National Wildlife Refuge Complex and

nearby, private agricultural lands in southeastern California. This system is within the

Colorado Sonoran Desert region, characterized by extreme summer temperatures and

low precipitation. The study area is an intensive-use agricultural region, supporting

crops throughout the year. Natural owl burrows and artificial owl nest boxes existed

primarily along canals and drains within the agricultural matrix, and nest depredation in

this area was characteristically low (Haley 2002, Rosenberg and Haley 2004).

The Carrizo Plain National Monument, ca. 80 km southwest of Bakersfield,

California, is a broad grassland plain between the Tremblor Mountains and the Caliente

Range and is the largest remnant of arid grassland in the San Joaquin Valley,

encompassing approximately 1000 km2 (Schiffman 2000). Our study was confined to

areas < 800 m elevation. Carrizo is characterized by cool, moist winters and hot, dry

summers. Burrowing owls nested primarily in burrows constructed by California

ground squirrels (Spermophilus beecheyi) throughout the area (Ronan 2003).

Field Techniques

Band and Radio Application. We used radio-telemetry to estimate within-season

dispersal probability and distance. We trapped and radio-tagged 101 owls (62 in the
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agricultural area, 39 in the grassland area) that were in the process of or had finished

laying clutches of eggs from April to August, 2002. Fifteen of these owls died soon

after receiving transmitters (<28 days; 13 agricultural area, 2 grassland area), 4 nests

from the agricultural area were buried by road maintenance (8 owls), 16 owls were not

relocated during the breeding season (2 agricultural area, 14 grassland area), and 16

owls continued to move during the breeding season and did not meet our definition of

dispersal (4 agricultural area, 12 grassland area; see Definition of Terms); these owls

were not included in the analyses. Survival analyses of radio-tagged owls indicated that

the radios increased mortality for adult owls (Gervais et al., in review). The resultant

sample sizes were 35 and 11 owls from the agricultural and grassland areas,

respectively (21 males, 25 females). The radio transmitters had a Ca. 400-day battery

life (American Wildlife, Florida), a harness mount, and a 5.08 ± 0.02 g (mean values are

presented as mean ± 1 SE; n 36) total assembly weight. We fitted each bird with a

metal, colored, alphanumeric band (Acraft Sign and Nameplate Co., Canada) and a

USGS numeric metal band (size 4). Adult owls were trapped using 2 methods: spring-

loaded traps and 2-way burrow traps (Rosenberg and Haley 2004). A subset of owls in

the agricultural area had been banded in previous years (1997-2001; Rosenberg and

Haley 2004), and some were captured and radio-tagged in this study. Previously

banded owls allowed us to investigate the effects on dispersal of a previous year's

experience with a mate or territory.

Experimental Depredation. We used the nests of 18 pairs of radio-tagged owls to test

hypotheses related to dispersal and nest depredation at the agricultural area. There were
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no artificial burrows at the grassland area, which precluded predator simulation at that

site. We identified potentially active nests using behavioral observations. Each of these

potential nests was checked weekly using an infrared probe (Sandpiper Technologies,

Manteca, California); the final designation as a nest was based on observing eggs. To

ensure that experimental and control treatments were distributed equally in time and

space, we paired nests by location and timing, and randomly assigned one to the

experimental group and the other to the control group. We removed eggs from the

experimental nests no sooner than 4 days following clutch completion and attempted to

remove each subsequent clutch throughout the season. In all analyses of within-season

breeding dispersal, however, we only used the reaction of the owls following the first

experimental treatment. Eggs were used for a toxicological study (Gervais and Catlin,

in press) or were deposited in the egg collection of the Western Foundation of

Vertebrate Zoology (Camirillo, CA). This experimental treatment resembles nest

depredation by weasels, skunks, and snakes and is unlike that of coyotes and badgers

that dig up and essentially destroy the burrows. The control nests were opened in the

same fashion and for the same amount of time as the experimental nests, but the

clutches were left intact and untouched. From the 18 pairs of owls (9 experimental, 9

control), we did not include 14 owls in the analysis; 8 of these owls were mentioned

above, 1 pair of control owls experienced natural nest depredation, we were unable to

capture 2 of the mates of experimental owls and 1 mate of a control owl, and I control

owl continued to move until its death and did not meet our definition of dispersal. This

resulted in a total of 15 pairs, 8 experimental and 7 control; n = 22 owls because of
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mates that died, mates that were not radio-tagged, and one owl that was classified as a

wanderer. Control nests acted as controls against nest depredation and were not

excluded if they failed for reasons other than nest depredation.

Owl Relocation. We used ground and aerial surveys to locate radio-tagged owls during

the 2002 breeding season, 5 April to 30 August. The receiving antenna was mounted to

the bed of a truck and consisted of two 4-element Yagi antennae (Cushcraft Corp.,

Manchester, New Hampshire; Gervais et al. 2003). Because most nests were not

located adjacent to roads in the grassland area, searches were often performed with a

hand-held H-antenna (Telonics, Mesa, Arizona). The ground surveys started at the last

known location of each owl, but if we were unable to locate a radio-tagged owl at this

location, we covered a 1 km diameter circle, checking at 500-rn increments in each of

the four cardinal directions around the last known location. After we located an owl via

radio-telemetry, we attempted to confirm visually the owl's status (alive, dead,

renesting). In the case of owls that were found in the nest burrow, we used the infrared

probe to confirm the status at each weekly interval. Owls that could not be located

using the ground methods were searched for via aerial surveys from a fixed wing

aircraft. At both sites, we consistently searched an area of ca. 2250 km2, providing a

maximum area of detection of ca. 23-27 km from each nest at the agricultural area, and

15-25 km at the grassland area. The same North-South transects with 6 km spacing

were performed approximately every two weeks throughout the 2002 breeding season.

At the agricultural area, our flights went well beyond the greatest observed dispersal

distance, and the fates of only 2 radio-tagged owls were unknown. We were less
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successful in relocating owls at the grassland area; 36% of the owls were, not relocated

by the end of the breeding season. Many of these owls may have been within the area

of the flights, but equipment problems reduced detectibility.

Statistical Analyses

Definition of Terms. We considered a bird to have dispersed if it was found> 100 m

from its nest for> 3 weeks and to have been < 100 m from its new nest during the next

3 weekly checks. If an owl was> 100 m from its nest for? 3 weeks and did not settle

at a new nest within the breeding season (prior to the last week in August) or prior to

death, the owl was classified as a wanderer. If the location of an owl was not known at

the end of the season, and the owl had not settled at a new nest previously the owl was

classified as missing. Owls classified as missing, wanderers, or that did not survive?

28 days with a transmitter were not used in the analyses. We chose 100 m because it

was approximately the median nearest neighbor distance for nests at the agricultural

area (Rosenberg and Haley 2004), and this distance included satellite burrows used by

nesting owls (Green and Anthony 1989, Ronan 2003). If the exact location of the

burrow to which an owl dispersed was not known, dispersal distance was calculated by

averaging the weekly distance from the initial nest. We used a minimum of 3 weeks as

a criterion for dispersal because the mean number of days between clutch collection and

clutch completion for experimental renesting attempts was Ca. 21 days (see results),

indicating that a bird that was at a site for 3 weeks could have been attempting to renest.

Successful owls that met this definition most likely did not attempt a second brood; they

may have abandoned the nest, leaving it to the chicks (D. Catlin, pers. obs.), their chicks
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may have died after they were 21-28 days old, or, for male owls, they may have had

another nest with another female (see Discussion). The definition of dispersal was

based on known renesting attempts of experimentally depredated nests and other studies

of burrowing owls. This definition approximated within-season breeding dispersal. For

the analyses of experimental nest depredation, additional information on nesting

locations was used when available.

Modeling. We divided dispersal into dispersal probability and distance. These events

are likely separate decisions by the owls and could be related to different factors (Forero

et al. 1999). For the observational data, dispersal probability was examined using

logistic regression, and we used multiple linear regression to examine the relationship

between log dispersal distance and the explanatory variables (PROC GENMOD, SAS).

Maximum rescaled r-squared (Nagelkerke 1991, Allison 1999) and r-squared values are

presented for each of the analyses' best models for dispersal probability and dispersal

distance, respectively.

We used an information theoretic approach rather than null-hypothesis testing

for analyses of observational data. This approach uses biologically founded a priori

hypotheses and Akaike's Information Criterion, corrected for small sample bias (AICc),

to evaluate the relative likelihood of each of the models given the data (Bumham and

Anderson 1998). We ranked models using AICc, and competing models were defined

as those with AICc values within 2 units of the smallest value (Burnham and Anderson

1998), i.e. AAICc 2.0. We calculated model averaged parameter estimates using the

model weights from the AICc values and unconditional standard errors (Burnham and
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Anderson 1998); the calculation for model averaged parameter estimates and

unconditional standard errors did not include non-estimated zero values from the

models in which a particular parameter did not appear.

Factors included in models of dispersal probability included owl gender, nesting

success, and study area, and the analyses for dispersal probability at the agricultural

area also included variables for nest depredation (both natural and experimental), loss of

a current mate to death or dispersal, a previous year's experience with a mate, a

previous year's experience at a nest site (< 100 m away), and "days with transmitter."

All of the grassland owls whose current mate retention was known dispersed, and we

did not have data on the other variables for owls in the grassland area. We separated

nest depredation into three categories: successful (? 1 chick survived to ? 21-28 days),

depredated (where eggs or chicks were depredated), and other failures (mostly

abandonment). Nesting success referred to the first nesting attempt for a given owl.

The parameter "days with transmitter" was added to the analysis to estimate and control

for the potential effect of mortality associated with radio-tagging on dispersal

probability and controlled for mortality decreasing dispersal probability. The variables

used for dispersal distance were the same as those for probability to disperse except that

the analysis that included the loss of a current mate included owls from the grassland

area. We did not perform separate analyses for each gender because 23 % of the total

sample for the analyses came from owls whose mates were also in the set, and we were

particularly interested in the biological question of differences in dispersal behavior

between the genders. Consequently, the standard errors we report are approximate
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standard errors. For the analyses of dispersal distance, 1 pair were included in the

analyses where both the male and female owl were used in the analysis, thus we expect

little effect on our estimates of standard error.

The suites of models containing nest depredation, the loss of a current mate,

same mate as previous year, and same nest as previous year each had to be analyzed

separately because of sample size limitations for these variables; this amounted to 5

separate analyses for dispersal probability and 5 separate analyses for dispersal distance.

The results for these variables are presented separately to emphasize the different

analyses. We did not include interaction terms in our models because of small sample

sizes.

We used a Fisher's exact test to evaluate the effects of experimental nest

depredation. The response was positive if at least one owl from a pair dispersed and

negative if none dispersed. Summary statistics for dispersal probability, dispersal

distance, timing of dispersal, time between experimental depredation and renesting, and

clutch size for experimentally depredated owls are presented. We also used repeated

measures regression (PROC GENMOD, SAS) with an unstructured covariance matrix

and subject effects representing specific pairs of owls to examine clutch size as a

function of the number of clutches attempted for experimentally depredated nests. Our

assumption was that the effort (i.e. clutch size) should decrease with each subsequent

nesting attempt. The timing of dispersal represented the number of days following

experimental depredation before an owl dispersed. The date of dispersal was calculated

as the midpoint between the last date an owl was located at its initial nest and the date



of the subsequent search when the owl was not found, found between nesting sites, or

found at its new nesting site.

Geometric Model. We used a geometric model to explain the pattern of dispersal

distances as a simple alternative to highly parameterized linear regression models and to

determine if a geometric model was an adequate fit for dispersal distributions (Waser

1985, Bueclmer 1987, Porter and Dooley 1993). These models express the distribution

of dispersal distances in terms of a single parameter and are appropriate when an animal

disperses no farther than is necessary to avoid competition (Waser 1985). We fitted the

observed distances dispersed, separated by study area and by sex, to a geometric

distribution, calculating the probability parameter (g) upon which the distribution is

based (PROC NLIN, SAS 1999). The geometric distribution that the data were fitted to

was g(y) = g(Jg)), where each y integer, y = 1, 2,..., n, represents a multiple of 400

m, and the data consisted of the number of birds that dispersed a distance within the 400

m interval. The mean (pt) and variance (2) of the geometric distribution are given by, j.t

= hg, and 2 = (1 -g)/g2. Lower values for g are associated with larger estimated mean

values for dispersal.

Results

Experimental Depredation

We found that experimental nest depredation tended to increase the probability

of within-season dispersal. Five of 11 owls with experimentally depredated nests (45%)

18
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dispersed (mean = 2802 ± 2553 m, range: 148-13012 m), while 1 of the 11 control birds

dispersed 1575 m (9%). In terms of pairs, 4 of 8 experimental pairs (50%) had at least

one owl from the pair disperse, and 1 of the 7 control pairs (14%) had at least one owl

disperse. The one control owl that dispersed was a female owl that abandoned her nest

with the clutch intact. Our results suggest that experimental nest depredation did

increase the probability that one or more of the owls in a pair will disperse, but the

results were inconclusive (Fisher's exact 2-sided p-value 0.28, n 15 pairs). Owls

from experimentally depredated nests that dispersed did so within 8 4 ± 4.5 days

following experimental egg removal, demonstrating that dispersal was not an immediate

response to nest depredation. The average time between egg removal and clutch

completion for 6 renesting attempts where we knew the clutch completion date for the

pair's subsequent clutch was 21 ± 3 days. The owls showed an ability to produce

several clutches within a breeding season regardless of dispersal: 1 pair produced 3

clutches in the same nest burrow, while another pair produced 4 clutches in 4 separate

nest burrows. There was a decreasing trend in the number of eggs produced in each

attempt. The average number of eggs for first, second, third, and fourth clutches were 7

(range 5-10, n = 8), 6 (range 3-9, n = 3), 5 (range 4-6, n = 2), and 4 (n = 1), respectively.

The within-pair correlation of clutch size ranged from 0.67-0.91, and the change in

number of eggs produced at each subsequent nesting attempt was -1.94 eggs (95% CI: -

2.01 -1.87).
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Dispersal Probability

A total of 24 of 46 owls (52%; 21 males, 25 females) dispersed within the

breeding season. Study area had the greatest effect on dispersal probability, whereas

there was less evidence in support of an effect from nesting success and owl gender.

We identified 3 competing models that were supported by the data, which included

subsets of all of the parameters tested (Table 2.1), indicating that there was some

evidence for effects on dispersal probability from all of these parameters. Owls from

the grassland area were more likely to disperse (9 of 11, 82%) than owls from the

agricultural area (15 of 35, 43%). Owls that successfully nested had a similar dispersal

probability as those that failed; 7 of 13 successful breeders (54%) dispersed while 17 of

33 failed breeders (52%) dispersed (Fig. 2.1). After controlling for study area, however,

there was some evidence that owls whose nests failed were more likely to disperse than

those whose nests were successful, but the estimate was imprecise (see below),

indicating that the reaction to nesting failure was highly variable. Female and male

owls also had similar observed rates of dispersal; 13 of 25 female owls (52%) dispersed,

and 11 of2l male owls (52%) dispersed (Fig. 2.2). Estimates for the change in odds-

ratio associated with grassland owls, owls whose nests had failed, and female owls

showed a decreasing amount of evidence and were 7.56 (95% CI: 1.15-49.73), 2.45

(95% CI: 0.43-13.81), and 1.66 (95% CI: 0.44-6.25), respectively.



Table 2.1 Evaluation of logistic regression models for dispersal probability in
burrowing owls from an agricultural area (Imperial Valley, California) and a grassland
area (Carrizo Plain, California). Analysis includes all owls from both areas (n = 46, 25
females and 21 males).

ModeI' AICcb A AICcC AICc r2e

weights"
Area 62.5 0.0 0.42 0.15
Success, Area 63.7 1.2 0.23
Gender, Area 64.3 1.8 0.17
Gender, Success, Area 65.5 3.0 0.10
Intercept (no effects) 65.8 3.3 0.08
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a Factors in the model may include study area (Area), nesting success (Success), and
owl gender (Gender).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Burnham and Anderson 1998)
C The difference between the minimum AICc value and that of the model (Burnham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)
e Maximum rescaled r-squared (Nagelkerke 1991, Allison 1999)
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Figure 2.1 Comparison of the distribution of burrowing owl within-season breeding
dispersal distances by nesting success. Data were collected throughout the breeding
season, April to August, 2002 at two areas in California: an agricultural area (Imperial
Valley) and a grassland area (Carrizo Plain National Monument). The frequency at the
0-100 m interval represents those owls that did not disperse.
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Figure 2.2 Comparison of the distribution of burrowing owl within-season breeding
dispersal distances by gender. Data were collected throughout the breeding season,
April to August, 2002 at two areas in California: an agricultural area (Imperial Valley)
and a grassland area (Carrizo Plain National Monument). The frequency at the 0-100 m
interval represents those owls that did not disperse.
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A total of 15 of 35 owls from the agricultural area (43%) dispersed during the

breeding season, and we used these owls to further examine dispersal probability. Owls

that lost their mates tended to be more likely to disperse from their initial nest than

those that remained paired, particularly female owls. Six of 10 owls (60%; 3 of 3

females, 3 of 7 males) that lost their mate dispersed while 6 of 18 owls (33%) that did

not dispersed. Two of 4 competing models included mate loss as a parameter, but the

intercept model received the highest ranking (Table 2.2). Owls that lost their current

mate were 3.15 (95% CI: 0.55-18.00) times more likely to disperse than birds that did

not lose their mate.

Owls whose nests were depredated tended to be more likely to disperse than

those that nested successfully, but there was little evidence that the reaction of owls to

nest depredation differed from that of owls whose nest failed for other reasons. Ten of

20 owls whose nests were depredated (50%) dispersed, while 4 of 9 owls whose nests

failed for other reasons (44%) dispersed, and only 1 of 6 successful birds (17%)

dispersed. Depredation, however, did not appear among the competing models (Table

2.3), but the parameter estimates did offer some evidence that nesting failure in general

was related to an increase in dispersal probability. The weighted estimates indicated

that birds whose nests were depredated were 5.44 (95% CI: 0.52-57.11) times more

likely to disperse than successful birds. Birds whose nests failed because of

abandonment were estimated to be 4.39 (95% CI: 0.34-56.6 1) times more likely to

disperse as birds that were successful. There was little evidence, however, that the

dispersal probability differed between owls whose nest were depredated and those that
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failed for other reasons (1.24, 95% CI: 0.25-6.07). The estimate for the "days with

transmitter" effect was 1.002 (95% CI: 0.997-1.008); this parameter represents the

increase in dispersal probability associated with an increase in the number of days that

an owl survived with a radio. The inclusion of this variable in the models controlled for

its effect on dispersal probability.

We found some indication that mate fidelity and nest site fidelity from the

previous year affected dispersal probability at the agricultural area in the current year,

particularly mate fidelity. Of the 11 owls that were mated to the same mate as the

previous year at the beginning of the breeding season, 7 (64%) dispersed, and 4 of 13

owls that were not with the same mate (31%) dispersed. The mate fidelity parameter

was included in 4 of the 7 competing models, but the "no effects" model also appeared

(Table 2.4). The support for an effect from mate fidelity was relatively strong (same

mate: 5.95, 95% CI: 0.68-5 1.93), suggesting that mate fidelity had some effect on

dispersal probability. There was less support for the hypothesis that nest site fidelity

affects dispersal probability; owls that bred at the same nest site as the previous year

were 2.11(95% CI: 0.32-13.84) times more likely to disperse than those that did not.

Eight of 15 owls that nested at the same nest as the previous year (5 3%) dispersed, and

3 of 8 owls that were at new nest sites (3 8%) dispersed. The variable for same nest as

the previous year did appear among the competing models, but the "no effects" model

was the highest ranked model (Table 2.5). Although both estimates had wide

confidence intervals, their point estimates were in a direction opposite to our



hypotheses, suggesting that previous experience with a mate or territory may increase

dispersal probability within the next breeding season.

Table 2.2 Evaluation of logistic regression models for dispersal probability in
burrowing owls from an agricultural area (Imperial Valley, California). Analysis
includes owls with known mate retention (n = 28, 15 females and 13 males).
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a Factors in the model may include study area (Area), nesting success (Success), owl
gender (Gender), and whether the bird remained paired with its current mate (Current).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Burnham and Anderson 1998)

The difference between the minimum AICc value and that of the model (Burnham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)
e Maximum rescaled r-squared (Nagelkerke 1991, Allison 1999)

Modela AICc' A AICcC AICc
weights'

r2e

Intercept (no effects) 40.4 0.0 0.29 0.00
Current 40.9 0.5 0.23
Success 41.3 0.9 0.18
Gender, Current 42.3 1.9 0.11
Gender 42.5 2.1 0.10
Gender, Success 43.6 3.2 0.06
Gender, Current, Success 44.5 4.1 0.03



Table 2.3 Evaluation of logistic regression models for dispersal probability in
burrowing owls from an agricultural area (Imperial Valley, California). Analysis
includes owls with known nest depredation (n = 35, 22 females and 13 males).

Modela AICcb A AICCC AICc r2e

weightsd

Intercept (no effects) 49.9 0.0 0.50 0.00
Days 51.8 1.9 0.20
Depredation, Failure 52.3 2.4 0.16
Depredation, Failure, Days 53.7 3.8 0.08
Gender, Days 54.1 4.2 0.06
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a Factors in the model may include owl gender (Gender), whether a bird's nest was
depredated (Depredation), whether a bird failed for reasons other than depredation
(Failure), and the number of days before a bird died (Days).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Burnham and Anderson 1998)
C The difference between the minimum AICc value and that of the model (Burnham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)
e Maximum rescaled r-squared (Nagelkerke 1991, Allison 1999)



Table 2.4 Evaluation of logistic regression models for dispersal probability in
burrowing owls from an agricultural area (Imperial Valley, California). Analysis
includes owls with known mate fidelity (n 24, 14 females and 10 males).
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a Factors in the model may include owl gender (Gender), nesting success (Success), the
number of days before a bird died (Days), and whether the owl was with the same mate
as the previous year (Mate).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Bumham and Anderson 1998)
C The difference between the minimum AICc value and that of the model (Burnham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)
e Maximum rescaled r-squared (Nagelkerke 1991, Allison 1999)

Modela AICc' A AICCC AICc r2e

weightsd

Success, Days, Mate 34.3 0.0 0.21 0.41
Mate 35.0 0.7 0.15
Intercept (no effects) 35.3 1.0 0.13
Days, Mate 35.4 1.1 0.12
Success, Days 35.8 1.5 0.10
Success 35.9 1.6 0.10
Success, Mate 35.9 1.6 0.09
Days 36.4 2.1 0.07
Gender, Days 38.9 4.6 0.02



Table 2.5 Evaluation of logistic regression models for dispersal probability in
burrowing owls from an agricultural area (Imperial Valley, California). Analysis
includes owls with known nest site fidelity (n = 23, 13 females and 10 males).

Dispersal Distance

We found the strongest evidence for owl gender affecting dispersal distance.

We also found some evidence that study area and nesting success affected dispersal

distance, but the results were inconclusive. The 24 within-season breeding dispersals

ranged from 124 m to 14070 m (mean = 2616 ± 823 m; n = 15 from the agricultural

area and 9 from the grassland area). The results indicated that female owls, owls from

the grassland area, and owls with failed nests dispersed farther than male owls, owls

from the agricultural area, and owls that successfully bred, respectively (Table 2.6).
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a Factors in the model may include owl gender (Gender), nesting success (Success), the
number of days before a bird died (Days), and whether the owl was at the same nest site
as the previous year (Nest).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Bumham and Anderson 1998)
C The difference between the minimum AICc value and that of the model (Burnham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)
e Maximum rescaled r-squared (Nagelkerke 1991, Allison 1999)

Modela AICc' A AICcC AICc r2C

weightsd

Intercept (no effects) 34.0 0.0 0.33 0.00
Success 35.4 1.4 0.17
Days 35.9 1.9 0.13
Nest 35.9 1.9 0.13
Success, Days 37.0 3.0 0.07
Days, Nest 37.3 3.3 0.06
Success, Nest 37.7 3.7 0.05
Gender, Days 38.4 4.4 0.04
Gender, Success, Days 39.9 5.9 0.02



30

Variables for owl gender and study area appeared among the competing models, but the

"no effects" model received the highest ranking (Table 2.7). The median dispersal

distance for female owls was 3.73 (95% CI: 1.22-11.45) times greater than that for

males (Fig. 2.2). The median dispersal distance for owls from the grassland area was

2.55 (95% CI: 0.70-9.24) times greater than for owls from the agricultural area (Fig.

2.3). The median dispersal distance for owls whose nests failed was 2.31(95% CI:

0.48-11.11) times greater than that for successful birds after controlling for gender and

study area (Fig. 2.1).

In contrast to dispersal probability, we found little evidence that dispersal

distance was affected by the loss of a current mate. The parameter for mate retention

did not appear among the competing models (Table 2.8), and the estimate for the effect

of mate loss on dispersal distance was 1.75 (95% CI: 0.40-7.74).

Similarly, there was little evidence to indicate that nest depredation increased

dispersal distance. Nest depredation did appear among the competing models, but

gender was the highest ranked model (Table 2.9). The median dispersal distance for

owls whose nests were depredated was 0.41(95% CI: 0.15-1 .13) times smaller than that

for owls whose nests were successful or failed for other reasons, suggesting that, if

anything, these owls dispersed shorter distances than successful owls or owls that failed

for other reasons, contrary to our predictions.



Table 2.6 Comparison of within-season dispersal distances (m) in relationship to
gender and nesting success at two contrasting areas in California: a grassland (Carrizo
Plain National Monument, California) and an agricultural environment (Imperial
Valley, California).
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Dispersal
Distance (m)

Summary Sex of Owl Nesting Success Study Area
Statistics

Male Female Success Fail Agricultural Grassland
N 11 13 7 17 15 9

Range 148- 124- 124- 148- 148- 124-9320
9320 14070 5911 14070 14070

Mean 1670 3417 1745 2975 2472 2857

SE 918 1297 879 1107 1171 1084

Median 417 1575 475 1018 829 939
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Table 2.7 Evaluation of multiple linear regression models for distances burrowing owls
dispersed at two contrasting sites: an agricultural area (Imperial Valley, California) and
a grassland area (Carrizo Plain, California). Analysis includes all dispersing owls from
both areas (n 24, 13 females and 11 males).

Modela AICcb A AICcC AICc r2
weightsd

Intercept (no effects) 91.3 0.0 0.43 0.00
Gender, Area 91.5 0.2 0.38
Gender, Success, Area 93.8 2.5 0.12
Success, Area 95.0 3.7 0.07

a Factors in the model may include study area (Area), nesting success (Success), and
owl gender (Gender).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Burnham and Anderson 1998)
eThe difference between the minimum AICc value and that of the model (Burnham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)
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Table 2.8 Evaluation of multiple linear regression models for burrowing owl dispersal
distances at two contrasting areas: an agricultural area (Imperial Valley, California) and
a grassland area (Carrizo Plain, California). Analysis includes owls with known mate
retention (n 18, 10 females and 8 males).

ModeP AICc' A AICcC AICc r2

weights'
Intercept (no effects) 72.5 0.0 0.39 0.00
Gender, Area 72.8 0.3 0.34
Current 75.2 2.7 0.10
Gender, Current, Area 75.4 2.9 0.09
Gender, Success, Area 76.7 4.2 0.05
Success, Area 77.8 5.3 0.03

a Factors in the model may include study area (Area), nesting success (Success), owl
gender (Gender), and whether the bird remained paired with its current mate (Current).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Burnham and Anderson 1998)
cThe difference between the minimum AICc value and that of the model (Burnham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)
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Table 2.9 Evaluation of multiple linear regression models for burrowing owl dispersal
distances at an agricultural area (Imperial Valley, California). Analysis includes owls
with known nest depredation, and number of days before a bird died (n = 15, 10 females
and 5 males).

Modela AICc' A AICcC AICc r2
weightsd

Gender, Days 53.8 0.0 0.66 0.53
Gender, Depredation, 55.8 2.0 0.25
Days
Intercept (no effects) 58.2 4.4 0.07
Days 60.5 6.7 0.02

a Factors in the model may include owl gender (Gender), whether a bird's nest was
depredated (Depredation), and the number of days before an owl died (Days).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Burnham and Anderson 1998)
C The difference between the minimum AICc value and that of the model (Burnham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)
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We found little evidence of an effect of mate fidelity or nest site fidelity on

dispersal distance. Neither of the variables appeared among the competing models

(Tables 2.10 and 2.11). The effect of having a new mate on median dispersal distance

was 1.51 (95% CI: 0.34 to 6.64), and the estimate for the nest fidelity parameter was

1.47 (95% CI: 0.38 to 5.65), showing little evidence for either mate fidelity or nest site

fidelity affecting dispersal distance.

Table 2.10 Evaluation of multiple linear regression models for burrowing owl dispersal
distances at an agricultural area (Imperial Valley, California). Analysis includes owls
with known mate fidelity (n = 11, 7 females and 4 males).

Modela AICc" A AICcC AICc r2
weightsd

Gender, Days 45.3 0.0 0.57 0.61
Intercept (no effects) 46.5 1.2 0.31
Days 50.1 4.8 0.05
Gender, Depredation,
Days 50.8 5.5 0.04
Gender, Mate, Days 52.4 7.1 0.02
Depredation, Days 53.9 8.6 0.01

a Factors in the model may include owl gender (Gender), whether a bird's nest was
depredated (Depredation), the number of days before an owl died (Days), and whether
the owl was with the same mate as the previous year (Mate).
b Akaike's Information Criterion, corrected for small sample bias for each model (AICc;
Bumham and Anderson 1998)
C The difference between the minimum AICc value and that of the model (Bumham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Bumham and Anderson 1998)
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Table 2.11 Evaluation of multiple linear regression models for burrowing owl dispersal
distances at an agricultural area (Imperial Valley, California). Analysis includes owls
with known site fidelity (n 11, 6 females and 5 males).

Modela AICcb A AICcC AICc r2

weights'

a Factors in the model may include owl gender (Gender), whether a bird's nest was
depredated (Depredation), the number of days before an owl died (Days), and whether
the owl was at the same nest site as the previous year (Nest).
b Akaike' s Information Criterion, corrected for small sample bias for each model (AICc;
Bumham and Anderson 1998)
C The difference between the minimum AICc value and that of the model (Bumham and
Anderson 1998)
d Relative likelihood of the model from AICc value (Burnham and Anderson 1998)

Gender, Days
Intercept (no effects)
Gender, Depredation,
Days
Gender, Nest, Days
Depredation, Days

46.0
47.3

51.9
53.0
53.2

0.0
1.3

5.9
7.0
7.2

0.61
0.32

0.03
0.02
0.02

0.61
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Figure 2.3 Comparison of the distribution of burrowing owl within-season breeding
dispersal distances in two contrasting environments in California: an agricultural area
(Imperial Valley) and a grassland area (Carrizo Plain National Monument). Data were
collected throughout the breeding season, April to August, 2002. The frequency at the
0-100 m interval represents those owls that did not disperse.
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Geometric Model

The geometric models did not fit well to our data; these models displayed a

reasonably large lack of fit, particularly for grassland owls and female owls and for

relatively long distance movements in all of the models (Figs. 2.4, and 2.5). The

geometric models fitted to our empirical data, however, supported the conclusions that

female owls dispersed greater distances than male owls, and owls from the grassland

area dispersed greater distances than owls from the agricultural area, but the results

were weaker for study area (Table 2.12).

Table 2.12 Parameter estimates from geometric models fitted to burrowing owl
dispersal distance at two contrasting areas: an agricultural area (Imperial Valley,
California) and a grassland area (Carrizo Plain, California).

38

a Data used to fit the geometric probability model and related sample sizes
b Estimated parameter upon which the geometric distribution is based. Lower values are
associated with a larger mean value for dispersal distance.

Modela Geometric
Probabilityb

95% Confidence
Interval

Agricultural (n 15) 0.31 0.24-0.38
Grassland (n = 9) 0.24 0.13-0.34
Females (n = 13) 0.16 0.08-0.24
Males(n= 11) 0.49 0.43-0.55
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Figure 2.4 Comparison of the fitted geometric model for distribution of burrowing owl
within-season breeding dispersal distances. Data include owls that moved >100 m. The
predicted distribution was calculated using non-linear regression (PROC NONLIN,
SAS Inst., 1999) from the number of owls that dispersed within each 400-m interval.
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Figure 2.5 Comparison of the fitted geometric model for distribution of burrowing owl
within-season breeding dispersal distances and sex of owl. Data include owls that
moved >100 m. The predicted distribution was calculated using non-linear regression
(PROC NONLfl', SAS Inst., 1999) from the number of owls that dispersed within each
400-rn interval.
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Discussion

Many studies treat dispersal as a single metric, distance (Greenwood and Harvey

1982), but this method may misrepresent the dispersal process (Forero et al. 1999).

Forero et al. (1999) found that separate factors affected between-season territory change

and dispersal distance in black kites (Milvus migrans). Similarly, we identified a

distinct suite of explanatory variables for dispersal probability and dispersal distance for

within-season dispersal in burrowing owls, supporting our decision to treat the two as

distinct components of dispersal. This approach may more closely approximate the true

pattern of avian dispersal.

Nest Depredation

We hypothesized that the incidence of dispersal would increase with nest

depredation. Both our observational and experimental data lent some support to the

hypothesis that nest depredation increases the probability of dispersal. Despite a trend

of increased dispersal probability following nest depredation, wide confidence intervals

suggested that reaction to nest depredation was highly variable and inconclusive. Haas

(1998) reported similar but less variable results for between-season breeding dispersal,

finding that both American robins (Turdus migratorius) and brown thrashers

(Toxostoma rufum) were more likely to return to the same nest site following a

successful nesting attempt the previous year than following experimental nest failure.

Dispersal following nest depredation could reduce the probability of losing a second

clutch to depredation (Jackson et al. 1989, Powell and Frasch 2000), especially in the

case of predators that revisit nests (Sonerud 1985). The most frequent nest predator for
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burrowing owls in the agricultural area was the striped skunk (Mephitis mephitis),

which often followed the linear waterways, depredating most nests along a 500 m

section of road (D. Catlin, pers. obs.). Coulombe (1971) also found that skunks

depredated burrowing owl nests in the Imperial Valley, suggesting that skunks are

common nest predators in some years. In this case, a burrowing owl could potentially

avoid further nest depredation by dispersing from the immediate area prior to renesting.

The lack of differentiation between the dispersal patterns of owls whose nests were

depredated and owls whose nests failed for other reasons, however, suggests that

predator avoidance alone does not explain burrowing owl dispersal following nest

depredation.

We also hypothesized that the difference in dispersal distances between the

grassland and agricultural study areas was due to a greater rate of nest depredation in

the grassland area (Rosier et al. unpubi. manuscript, Rosenberg and Haley 2004). The

results of the observational study, however, did not support the hypothesis; dispersal

distances for owls whose nests were depredated appeared to be shorter than dispersal

distances for successfully breeding owls and owls that failed for other reasons after

controlling for the effects of gender. Although we do not have data from 2002 on nest

depredation from the grassland area, the results from the agricultural area suggest that

nest depredation rates do not explain the difference in observed dispersal distances at

the two study areas. The maximum distance dispersed at the agricultural area (ca. 14

km) was still well below the maximum observed distance at the grassland area (ca. 50

km, Rosier et al., unpubl. manuscript). Grieg-Smith (1982) found that stonechats
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(Saxicola torquata) dispersed farther following nest depredation than birds whose nests

were not depredated, but greater dispersal distance did not decrease the probability of

depredation at the subsequent nest. This finding could explain why we failed to detect

differences in dispersal distances between owls whose nests were depredated and those

whose nests failed for other reasons; there may be no benefit to longer distance

dispersal in terms of nest predator avoidance (Grieg-Smith 1982, Powell and Frasch

2000).

Dispersal Probability

There was some evidence that study area, owl gender, and nesting success

affected dispersal probability, but the results were inconclusive except for study area.

The parameter estimates for study area and nesting success offered evidence that birds

from the grassland area were more likely to disperse than birds from the agricultural

area, and owls whose nests failed may have been more likely to disperse than those with

successful nests, but the estimates for nesting success were imprecise, suggesting that

nesting success only weakly affected dispersal probability. Six of 7 successful owls that

dispersed during the study were from the grassland area, suggesting that the effects of

nesting success may differ between the two study areas. It is also possible that our

definition of dispersal was not adequate for owls from the grassland area. The

grassland owls also appeared less likely to settle during the breeding season; 12 of 39

grassland owls became wanderers during the breeding season, whereas only 4 of 63

owls from the agricultural area did. Moreover, the number of owls that were missing

was greater at the grassland area (14 of 39) than at the agricultural area (2 of 63). This
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result lends further support to our hypothesis that grassland owls have a greater

propensity for movement than the agricultural owls. Poor nesting success is often

related to increased dispersal (Greenwood and Harvey 1982), but it did not appear to

explain the difference in dispersal probability between the two areas. In general, the

estimates had wide 95% confidence intervals, resulting in largely inconclusive results

regarding the factors affecting dispersal probability.

Mate loss within a breeding season did appear to affect dispersal probability;

birds that lost their current mates tended to be more likely to disperse than those that did

not lose their mate, consistent with other avian studies. Schieck and Harmon (1989)

found that unpaired male willow ptarmigan (Lagopus lagopus) had a higher probability

of dispersal than paired males. Additionally, Darley etal. (1971) suggested that the

time constraints involved in finding a new mate in the middle of the breeding season

could make pair splitting rare. Such time constraints could explain why paired owls

were less likely to disperse than single owls. Although we did not examine interaction

terms within our models, the effect of mate loss appeared to be more pronounced in

female owls, which would support the general hypothesis that males are more closely

tied to territories than females (Wolff and Plissner 1998).

Previous experience with a mate or a territory, particularly with a mate, may

have increased the incidence of dispersal within a breeding season. This result was

contrary to our hypotheses that experience would decrease dispersal probability and

may have been related to other variables not in these models. With such small sample

sizes, it is also possible that our results were spurious.
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Overall, we did not find any conclusive effects for dispersal probability other

than study area. Several factors may have contributed to the lack of precision. First,

our sample sizes were small as a result of radio related mortality, nest destruction by

maintenance activities, and equipment problems at the grassland area. Second, for

nesting success, excluding experimentally depredated nests, 14 of 19 of first nesting

attempts from owls included in the analyses from the agricultural area (74%) failed;

only 3 of these were caused by the death of a radio-tagged mate. If the failure rate is

consistently this high, owls may be acclimated to failure and thus dispersal probability

may be only weakly affected by nesting success. Lastly, the time constraints proposed

by Darley et al. (1971) could be extended from finding mates to finding new territories

as well. In such a case, the fidelity to a breeding site within the breeding season may be

strong enough that few factors have a strong effect on a burrowing owl's dispersal

probability.

Dispersal Distance

Gender seemed to be a primary factor that influenced dispersal distance. The

effect of gender agrees with the literature (Greenwood and Harvey 1982, Wolff and

Plissner 1998). In many avian species, dispersal distances are greater for female birds

than males (Greenwood and Harvey 1982). One hypothesis to explain these differences

is that the fitness of male owls is more affected by familiarity with a site or territory

(Yasukawa 1981, Korpimaki 1988, Wolff and Plissner 1998). By remaining closer to

their initial nests, male owls increase their familiarity with their territory and thus may

increase their ability to attract a mate (Yasukawa 1981, Korpimaki 1988).
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Study area also affected within-season dispersal distance. As predicted, owls

from the grassland area may have dispersed farther than those from the agricultural

area, but small sample sizes led to inconclusive results. As an alternative to our nest

depredation hypothesis, one possible explanation for the difference in dispersal

distances between the two study areas was differing owl densities; the agricultural area

had an average density of Ca. 8.3 pairs km2, while the grassland area had a density of

Ca. ipair kni2 (Kiute et al. 2003: p. 42). If female owls disperse as far as the next

available territorial male owl, dispersal distances would tend to be greater in areas with

a lower density of owls, such as the grassland study area. For male owls, a more likely

explanation for dispersal distance would be the availability of suitable territories,

because male birds generally select the breeding territory; they may disperse as far as

the next suitable territory. The greater dispersal distances observed for male owls at the

grassland area may also be a result of the low density population, especially if a

prerequisite of a suitable territory was the presence of other burrowing owls in the

vicinity. In support of this assumption about suitability, the distribution of burrowing

owl nests within the grassland area did appear to be clustered despite a very large extent

of apparently suitable habitat that contained nest burrows (D. Rosenberg, unpubi. data).

Similar clustering has been observed in other populations of burrowing owls; Desmond

and Savidge (1996) found clustered distributions within populations of burrowing owls

in Nebraska.

Dispersal distance appeared to be associated with nesting success at the two

study areas, but the results were inconclusive because of a small number of successful
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birds (n = 7) that dispersed. The nesting success parameter was not included among the

top-ranked models, but the parameter estimate did suggest that birds whose nest failed

may have dispersed greater distances than successful birds. This result, coupled with a

lack of evidence to support that owls whose nests were depredated reacted differently

than those that failed for other reasons could be explained by a lack of benefit to longer

dispersal distance following nesting failure in general. Larger sample sizes, however,

are needed to estimate accurately the effect of nesting success. Similar to our results,

many studies have linked nesting success to longer dispersal distances, both in response

to high nesting success (Grieg-Smith 1982, Howlett and Stutchbury 1997) and in

response to nest depredation (Grieg-Smith 1982, Hakkarainen 2001). These studies,

however, dealt with birds that produced multiple broods within a season. We did not

find any successful pairs attempting a second clutch; burrowing owls rarely attempt a

second brood after an initial success (Gervais and Rosenberg 1999). Since the median

date of clutch completion was 22 April, it would have been possible for the birds to

have reared a clutch and attempted another clutch; Rosenberg and Haley (2004) found

owls breeding as late as mid-July at the agricultural area. Most likely, only owls whose

initial nests failed will attempt a second clutch. The one successful owl from the

agricultural area that dispersed was believed to be a philanderer and raised a second

brood with another female owl 475 m from his initial burrow.

Our data did not appear to fit the geometric curves that were created by the

regression. The reasoning behind the geometric model is that an animal disperses only

as far as is necessary to avoid competition (Waser 1985). The lack of fit between the
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fitted models and the empirical data could indicate that the availability of suitable

territories and territorial males within the breeding season was more variable than the

geometric model predicted. It is possible that the competition for territories and mates

during the breeding season is high, such that available territories and mates are widely

dispersed and non-uniformly distributed. Results from a study of between-season

breeding dispersal of burrowing owls offered evidence that a geometric model was an

adequate approximation of dispersal distances (Chapter 3, this thesis), supporting our

conclusion that the competition for suitable territories and mates is greater within the

breeding season than between breeding seasons. Furthermore, the dispersal distances

observed were greater for within-season breeding dispersal than for between-year

dispersal, which may also reflect the reduced competition, assuming that owls are only

traveling as far as is necessary to find a suitable mate or territory. Often, during this

study, we were able to determine that an owl had died or dispersed before the next radio

survey because another owl was sighted at the nest, indicating that vacancies were

quickly filled. Simple mathematical models are often used as approximations for

dispersal when empirical data are absent. Our results suggest that such models should

not be used to describe within-season breeding dispersal of burrowing owls. Moreover,

considering the large difference between the fitted models for both study areas,

geometric models should not be applied across populations, as results are likely to

differ.

Porter arid Dooley (1993) expressed concern about the use of simple

mathematical models to describe the distribution of dispersal distances when
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detectibility is low at relatively great distances. Our radio flights were designed

specifically to allow for equal detectibility at all distances covered. There was,

however, an issue of detectibility at the grassland area, but this issue was probably

related to equipment problems. The reduced probability of detection should have

existed at all distances surveyed, which should not bias the observed distribution,

lending further weight to the conclusion that geometric models are poor approximations

to burrowing owl within-season dispersal.

In summary, within-season breeding dispersal of burrowing owls appears to be a

function of nesting success, time constraints associated with finding a new mate,

possibly previous breeding experience with a mate, and potentially the density of

available breeding sites and mates. Nesting failure in general, the loss of a current

mate, and previous breeding experience with a mate were associated with increased

dispersal. Gender, study area, and nesting success had the greatest effect on dispersal

distance, and we speculate that these differences could be related to the density of

breeding owls in the population. The difference in the factors affecting dispersal

probability and dispersal distance suggested that dispersal may be more accurately

described as multiple events rather than a single event, distance. Further

experimentation, however, is needed to determine the factors affecting variation in

avian dispersal distributions, particularly those factors related to dispersal probability.
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Abstract

We examined the interrelation of nesting success, nest site fidelity, and mate

fidelity with avian dispersal. We used 5 years of band resighting data to investigate

between-season breeding dispersal of burrowing owls (Athene cunicularia) in an

unusually dense population nesting in an agricultural landscape of southern California.

We explored the relative effect of nesting success, mate fidelity, and nest site fidelity on

dispersal patterns. During the 5-year period, 86 of 253 owls (34%) dispersed an

average of 472 ± 65 m (mean ± 1 SE). Owls whose nests failed were more likely to

disperse and dispersed longer distances than owls with successful nests; 28 of4l owls

with failed nests (68%) dispersed an average of 745 ± 175 m, and 58 of 212 owls with

successful nests (27%) dispersed an average of 340 ± 36 m. Additionally, owls that

were divorced from their previous mate were more likely to disperse and dispersed

slightly greater distances than owls that remained paired. Similarly, both female owls

and male owls may have been more likely to disperse following the death of a mate than

those that remained paired, and dispersal distances increased slightly following the

death of a mate. The effects of mate loss, however, were more pronounced for female

owls. Failed nesting attempts were also associated with a relatively high rate of

subsequent divorce. The dispersal behavior of both male and female owls was similar,

and both genders appeared to be responding primarily to nesting success, but, to a lesser

degree, females were also responding to mate fidelity. Despite the many factors

affecting dispersal, simple mathematical models were adequate approximations of the
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distributions of dispersal distances at relatively short distances, but they failed to predict

rare, relatively long distance dispersals.

Keywords Athene cunicularia, avian dispersal, mate fidelity, nest site fidelity,

geometric model

Introduction

The study of dispersal is integral to population dynamics, both by explaining the

movements of individuals in specific populations and by providing insight into the

factors affecting animal movements. Avian dispersal is affected by differing levels of

nest site fidelity and mate fidelity that often vary between the sexes. In general, male

and female birds differ in their patterns of dispersal (Greenwood and Harvey 1982,

Wolff and Plissner 1998); a system in which male birds select and defend territories

may lead to shorter dispersal distances in male birds (Wolff and Plissner 1998). Male

birds may exhibit greater nest site fidelity because of the fitness advantage of

experience with food resources in a territory, thereby increasing their chances of

obtaining and keeping a mate (Yasukawa 1981, Korpimaki 1988). Female birds,

however, may be more likely to change breeding sites based on both mate and territory

quality (Greenwood and Harvey 1982, Korpimaki 1987, Korpimaki 1988).

In relation to nest site and mate fidelity, many studies have found an association

between reproductive failure and increased between-season breeding dispersal (Dow

and Fredga 1983, Schieck and Hannon 1989, Payne and Payne 1993, Wiklund 1996,
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Gowaty and Plissner 1997, Haas 1998, Forero et al. 1999.). Remaining with a mate or

on a territory, however, may be beneficial because familiar pairs may have higher

reproductive success than unfamiliar pairs (Schieck and Hannon 1989), and increased

dispersal distances may result in reduced reproductive success following dispersal (Dow

and Fredga 1983, Schieck and Hannon 1989).

Few studies have identified the relative contributions of nest site fidelity, mate

fidelity, and nesting success to avian dispersal. Differentiating between the effects of

these factors is difficult because of their close association with one another (Greenwood

and Harvey 1982, Korpimaki 1988, Forero et al. 1999). Nesting failure could be related

either to a territory or to a mate (Goodburn 1991), which could affect nest site fidelity

as well as mate fidelity (Choudhury 1995) and consequently dispersal.

We used a population of burrowing owls (Athene cunicularia) to examine

patterns of avian breeding dispersal in relationship to nesting success, mate fidelity, and

nest site fidelity within a highly modified agricultural environment to evaluate the

relative importance of these factors to burrowing owl dispersal. The burrowing owl is a

Species of Special Concern in California and may be in decline through much of its

North American range (Haug et al. 1993, Klute et al. 2003); their dispersal behavior,

however, is poorly understood. To determine adequately the status of burrowing owl

populations and their ability to reestablish declining or extirpated populations, models

of dispersal are needed.

Previous work on a non-migratory population of burrowing owls in the Imperial

Valley, California found maximum breeding dispersal distances of 3-4 km (Rosenberg
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and Haley 2004). Rosenberg and Haley's (2004) analysis suggested that gender, year,

nesting success, and whether an owl's mate disappeared (assumed dead) affected

burrowing owl dispersal distances. Female owls, owls whose nests had failed, and

those owls whose mates were missing and presumed dead dispersed longer distances

than male owls, owls whose nests were successful, and owls whose mates were still on

the study area, respectively (Rosenberg and Haley 2004). Our study used the data from

this previous study (1997-2000) and augmented it with banding, resighting, and radio-

telemetry data collected through the 2003 breeding season. Rosenberg and Haley

(2004) treated dispersal as a single event; work by Forero et al. (1999) and Chapter 2

(this thesis), however, found that dispersal may be better described as two events.

Consequently, we divided dispersal into dispersal probability and dispersal distance for

this analysis. We hypothesized that dispersal probability and distance would be greater

for female owls and owls that did not remain paired than for male owls and owls that

remained paired. We also hypothesized that failed nesting attempts would be associated

with higher rates of divorce. In addition, we hypothesized that the benefits of nest site

fidelity would reduce subsequent dispersal probability and distance in owls that nested

at a familiar breeding site. Finally, we examined the adequacy of a simple

mathematical model for describing the distribution of between-season breeding

dispersal distances for burrowing owls. We hypothesized that burrowing owls would

disperse no farther than was necessary to find a suitable, available territory or mate and

used a geometric model to represent this pattern.
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Methods

Study Area

Our study area was in the Imperial Valley, California, on the southern shores of

the Salton Sea, ca. 40 km north of El Centro, California (Fig. 3.1; 33° 07' N, 115° 31'

W). The area is characterized by intensive agriculture and a high density of non-

migratory breeding burrowing owls with highly variable reproductive success

(Rosenberg and Haley 2004).

Band Application and Resighting

We banded adult and juvenile burrowing owls during the 1997-2002 breeding

seasons and relocated banded owls during the 1998-2003 breeding seasons (April-July).

Owls were banded within a central area, the Intensive Study Area (ISA, Fig. 3.1). We

fitted each bird with a colored, metal alpha-numeric band (Acrafi Sign and Nameplate

Co., Canada) and a USGS numeric metal band (size 4). We relocated banded birds each

year using two surveys from a truck within the ISA, Refuge, and an area ca. 0.6 km

beyond these areas (area B) at the beginning of the breeding season as well as incidental

relocations throughout the breeding season; the total area of the survey was ca. 30 km2

(Fig. 3.1). For details on the resighting survey, see Rosenberg and Haley (2004).

Active owl nests were monitored throughout the breeding season to determine the

identity of all owls as well as the success of each nesting attempt. These survey

methods resulted in a detection probability within the ISA and area B of 1.0 for male

owls and 0.91 for female owls (Rosenberg and Haley 2004). We also performed a

single driving survey Ca. 1.0 km beyond the ISA, refuge, and area B (area C) during the
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Figure 3.1 Map of agricultural study site (Imperial Valley, Califo senberg and Haley 004). Owls were
banded within the Intensive Study Area (ISA) and the Sonny Bon Sea National Wild fe Refuge (solid whit
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breeding season (Fig. 3.1). We only included owls whose previous year's nesting

success was known, and dispersal distance was calculated from the previous year's nest

to an owl's nest the following year. Owls whose previous year's nests were known to

be destroyed were excluded from the analyses. Because we did not determine nest

activity in 2003, we used the location of owls from the resight survey to calculate

dispersal distance for that year.

Radio-telemetry

During the 2002 breeding season, we radio-tagged 62 breeding adult owls within

the ISA (Chapter 2, this thesis). Seventeen of those owls survived to the following year,

and we recorded the distance moved from their 2002 nest to their 2003 nest; 3 of these

owls were excluded because their 2002 nests were destroyed mid-breeding season. We

used both ground and aerial surveys throughout the year to monitor and relocate these

owls. The ground surveys focused on the last known location of the owl. If the owl

was not present, we searched 500 m increments in each of the cardinal directions,

covering a circle with a 1 km radius. Aerial surveys were performed every two weeks

and were designed to allow for equal detection of all owls at all distances surveyed;

each survey followed the same predetermined pattern of North-South transects with 6

km spacing between them. We conducted aerial searches only for those owls that could

not be located by the two ground survey methods. The aerial surveys covered an area

of Ca. 2250 km2 providing a maximum detectable distance of Ca. 23 - 27 km from each

nest. Only 1 adult owl was not relocated (2%) by the 2003 breeding season, indicating
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that our coverage area was adequate and that there was little bias in the distribution of

dispersal distances from failing to relocate owls.

Statistics

Modeling. We treated dispersal probability and the subsequent dispersal distance as

separate events (Forero et al. 1999, Chapter 2 this thesis). We defined dispersal as

movements of 100 m or greater from the previous nest site between breeding seasons.

One hundred meters was approximately the median nearest neighbor distance for active

burrowing owl nest sites at our study area (Rosenberg and Haley 2004) and has been

used in other studies as the area around a nest that includes satellite burrows used by the

breeding pair (Green and Anthony 1989, Ronan 2003).

We developed 4 apriori models of factors influencing both dispersal probability

and dispersal distance that included variables for nesting success (? 1 nestling survived

to 21-28 days) and year. To examine the influence of nest site fidelity and mate

fidelity, we added the variables for breeding at a familiar nest and retaining a mate

between breeding seasons to the competing models (defined below) from the set of 4 a

priori models. These were 3 separate analyses because data on nest site fidelity and

mate fidelity was not available for all owls. Nest site fidelity refers to previous

experience at a breeding site (year t - 1); an owl received a positive value for nest site

fidelity if it nested at that site ( 100 m) the previous year and zero otherwise. Mate

fidelity was defined as retaining a mate between breeding seasons; owls that bred with a

new mate were classified as "widowed" if their mate was missing from the study area

resumed dead) and "divorced" if their mate was known to be on the study area. The
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mate fidelity models for dispersal probability did not include divorce as a variable

because of the small number of divorced owls throughout the study period. We did,

however, include the divorce variable in the models for dispersal distance. We used a

Fisher's exact test to compare dispersal between paired owls and divorced owls. All

analyses were performed separately for each gender. We used logistic regression to

evaluate the relationship between each variable and dispersal probability. In addition,

we used multiple linear regression (PROC GENMOD, SAS 1999) for the relationships

between the variables and the log transformation of distance dispersed. We employed

an information-theoretic approach to our modeling, using Akaike's Information

Criterion, adjusted for small sample bias (AICc) to determine the relative likelihood of

our models (Burnham and Anderson 1998). Competing models were defined as those

that had a A AICc value <2.0 (Bumham and Anderson 1998) and were used for general

discussion; the variables for nest site fidelity and mate fidelity were added to the

competing models in the second and third analyses, respectively. We used AICc values

to calculate weighted parameter estimates and unconditional standard errors to create

95% confidence intervals for the estimates of the effects of each variable in our suite of

models (Burnham and Anderson 1998). The calculation for model averaged parameter

estimates and unconditional standard errors did include non-estimated zero values from

the models in which a particular parameter did not appear. To assess model fit, we

present the maximum rescaled r-squared (Nagelkerke 1991, Allison 1999) and r-

squared values for the best models for the logistic regression and multiple linear

regression models, respectively. All regression estimates are presented with 95%
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confidence intervals. The estimates from logistic regression analyses represent log

odds-ratios, and the estimates from multiple linear regression represent the

multiplicative change in median distance.

If nesting failure and divorce are related (Choudhury 1995), then the relationship

between the two variables and dispersal could be confounded. In addition to our

analyses on dispersal, we performed a simple logistic regression of mate fidelity

(whether a pair remained intact or divorced) in response to nesting success in an effort

to understand better this possibly confounded relationship.

We also examined collinearity in the dispersal distance models where divorce

and nesting success appeared as explanatory variables to ensure that our estimates were

not affected by a relationship between the two variables. The values for condition

indices, tolerance, and variance inflation factors suggested that collinearity was not an

issue in our sample (Belsley 1990), which allowed us to include both nesting success

and divorce as variables in our models that examined dispersal distance.

Geometric Model. We fitted a geometric model to our data on dispersal distances to test

the adequacy of geometric models to describe the distribution of dispersal distances

(Waser 1985, Buecimer 1987), and to investigate possible bias in our resighting data

(see below). These models express the distribution of dispersal distances in terms of a

single parameter and assume that an animal disperses no farther than is necessary to

avoid competition (Waser 1985). We assumed that an owl would disperse no farther

than was necessary to find a suitable mate or territory. We used all recorded owl

movements> 100 m where reproductive success was known for that year. We fit a
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geometric model to the observed dispersal distances for each gender separately and

estimated the probability parameter (g) upon which the distribution was based (PROC

NLIN, SAS 1999). The form of the fitted model was g(y) = g(]g)). Each y integer,

y=1, 2,..., n, represents a multiple of 400 m, and the data consist of the number of owls

whose dispersal distance was within each 400-rn interval; the mean (p) and variance

(2) of the geometric distribution are given by = hg and 2 = (l-g)1g2. Lower values

for g are associated with larger estimated mean values for dispersal distance.

Study-Area Bias. Some authors have expressed concern over using band resight data to

estimate dispersal distributions because a negative bias could be present if the subjects

disperse beyond the search boundaries of the study (Porter and Dooley 1993, Koenig et

al. 1996). We used the known fate radio-telemetry data to assess the effects of study-

area bias on our results based on resight data, comparing the distances observed using

the two methods. Rosenberg and Haley (2004) calculated that study-area effects would

have caused a sharp decline in the probability of observing movements> 1.2 km in our

study area given their observed dispersal function. If the observed dispersal distribution

declined before 1.2 km, then the study-area had a negligible effect on the observed

distribution, assuming few birds dispersed beyond the maximum detection distance

(Rosenberg and Haley 2004). We were able to test this critical assumption with our

radio telemetry data. Additionally, we compared our geometric distribution calculated

from banded owls to the study-area effects distribution from the earlier study,

examining the probability that an owl would disperse >1.2 km.
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Results

Nesting Success

Nesting failure appeared to be the primary factor increasing dispersal probability

and dispersal distance. From 1998 to 2003, 49 of 152 male owls (32%) and 37 of 101

female owls (37%) whose nesting success was known dispersed an average of 431 ± 68

m and 526 ± 121 m, respectively (Table 3.1). Both female and male owls whose nests

had failed were more likely to disperse, and they dispersed greater distances than owls

whose nests were successful. Seventeen of 26 male owls with failed nests (65%)

dispersed an average of 629 + 166 m, while 32 of 126 male owls with successful nests

(25%) dispersed an average of 326 ± 50 m (Table 3.1). In addition, 11 of 15 female

owls with failed nests (73%) dispersed an average of 924 ± 371 m, and 26 of 86 female

owls with successful nests (30%) dispersed an average of 357 ± 54 m (Table 3.1). The

nesting success variable appeared in the competing model(s) for dispersal probability

and dispersal distance in both genders (Tables 3.2 and 3.3). In both male and female

owls, nesting failure was associated with increased dispersal probability (female: 6.12,

95% CI: 1.81-20.61, male: 5.75, 95% CI: 2.27-14.51) as well as an increase in the

median dispersal distance (female: 1.53, 95% CI: 0.97-2.42, male: 1.49, 95% CI: 1.02-

2.17, Fig. 3.2). Furthermore, nesting success was related to mate fidelity, in terms of

divorce. Of the 5 pairs of owls that were divorced, 4 of them had a failed nesting

attempt in the previous year; pairs whose nests failed were 53.00 (95% CI: 4.73-593.34)

times more likely to be divorced than pairs whose nests had succeeded.
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Parameter
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Table 3.1 Comparison of between-year dispersal distances (m) by burrowing owls in
the Imperial Valley, California. Data were collected by resighting banded birds during
the 1998-2003 breeding seasons.

A. Female Owls (n = 37)

Mate
TotalDivorced Dead Paired Yes No

Parameter
Nesting Previous
Success Mate Fidelity Experience

Mate

a Previous experience refers to whether an owl had bred in the same nest site in year t- 1.

Success Fail
N 26 11 5 11 14 4 7 37
Mean 357 924 976 681 293 283 431 526
SE 54 371 542 301 78 112 147 121

Range 133- 194- 148- 143- 133- 133- 143- 133-
1207 3652 3089 3652 1207 607 1207 3652

Median 234 396 478 396 186 196 196 271

Success Fail Divorced Dead Paired Yes No Total

N 32 17 4 19 14 21 11 49
Mean 326 629 1114 382 293 425 294 431
SE 50 166 585 56 78 124 81 68
Range 101- 117- 226- 101- 133- 117- 101- 101-

1207 2771 2771 970 1207 2771 970 2771
Median 187 373 730 341 186 258 183 258

Nesting Previous
Success Mate Fidelity Experiencea



a Models include parameters for nesting success (Success) and year of dispersal (Year)
b Akaike's Information Criterion, corrected for small sample bias (Burnham and
Anderson 1998)
C The difference between the given AICc value and the lowest value of the models
examined; competing models are those with a AAICc value <2.0 (Bumham and
Anderson 1998)
d The relative likelihood of the model given the data (Burnham and Anderson 1998)
e Maximum resealed r-square (Nagelkerke 1991, Allison 1999)
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Table 3.2 Evaluation of logistic regression models for dispersal probability in
burrowing owls from the Imperial Valley, California. Data were from the resighting of
banded owls during the 1998-2003 breeding seasons and included all owls.

Gender Modela AICCb A AICCC Weightd r2C

Female (n = 101)
Success 126.9 0.0 0.92 0.13
Success, Year 132.3 5.4 0.06
Intercept (no effects) 134.7 7.8 0.02
Year 138.9 12.0 <0.01

Male (n = 152)
Success 180.4 0.0 0.84 0.13
Success, Year 183.8 3.4 0.16
Intercept (no effects) 191.1 12.7 <0.01
Year 198.8 18.4 <0.01



Table 3.3 Evaluation of multiple linear regression models for dispersal distance in
burrowing owls from the Imperial Valley, California. Data were from the resighting of
banded owls during the 1998-2003 breeding seasons, and included all owls that
dispersed.

a Models include parameters for nesting success (Success) and year of dispersal (Year)
b Akaike '5 Information Criterion, corrected for small sample bias (Bumham and
Anderson 1998)

The difference between the given AICc value and the lowest value of the models
examined; competing models are those with a AAICc value <2.0 (Burnham and
Anderson 1998)
d The relative likelihood of the model given the data (Bumham and Anderson 1998)
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Gender Modela AICcb A AICCC Weight' r2

Female (n 37)
Success 91.9 0.0 0.72 0.11
Intercept (no effects) 93.8 1.9 0.27
Success, Year 101.6 9.7 0.01
Year 102.9 11.0 <0.01

Male (n = 49)
Success 115.0 0.0 0.65 0.10
Intercept (no effects) 117.8 2.8 0.16
Success, Year 118.1 3.1 0.14
Year 120.2 5.2 0.05
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Figure 3.2 Distribution of adult burrowing owl between-year dispersal distances in the
Imperial Valley, California (1998-2003), separated by nest success and gender. Data
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Nest Site Fidelity

There was some evidence that female owls with previous breeding experience at

a nesting site were less likely to disperse than those that did not. Both male and female

owls exhibited high fidelity to nest sites; 89% moved <400 m between years (Fig. 3.3).

Four of 23 female owls that had previously bred at the same nesting site (17%)

dispersed an average of 283 ± 112 m, while 7 of 17 female owls that did not (41%)

dispersed an average of 431 ± 147 m. Twenty-one of 65 male owls that had a previous

breeding experience at their nesting site (3 2%) dispersed an average of 425 ± 124 m,

and 11 of 28 male owls that did not (39%) dispersed an average of 294 ± 81 m. The

variable for nest site fidelity did appear in the competing models for dispersal

probability in both sexes (Table 3.4). The variable, however, only appeared among the

competing models for male owl dispersal distance (Table 3.5). Owls that did not have

previous breeding experience at a nest site may have been more likely to disperse than

those that did, but the estimates were imprecise (female: 1.86, 95% CI: 0.7 1-4.84, male:

1.11, 95% CI: 0.80-1.53). In contrast, the lack of previous experience appeared to have

little effect on dispersal distance for females, but offered some weak evidence for male

owls (female: 1.05, 95% CI: 0.91-1.20, male: 0.90, 95% CI: 0.73-1.12).
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Figure 3.3 Distribution of burrowing owl dispersal distances from band data (1998-
2003) and radio data (2002-2003). We used all owls where we knew nesting success.
One owl of 14 (7%) of the radio-tagged owls dispersed beyond the greatest ditance
observed for banded owls. The frequency at 0 m represents those owls that did not
disperse (moved < 100 m, see Methods).
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Table 3.4 Evaluation of logistic regression models for dispersal probability in
burrowing owls from the Imperial Valley, California. Data were from the resighting of
banded owls during the 1998-2003 breeding seasons and included owls with known nest
site fidelity.

a Models include parameters for nesting success (Success), year of dispersal (Year), and
nest site fidelity (Nest)
b Akaike's Information Criterion, corrected for small sample bias (Bumham and
Anderson 1998)
C The difference between the given AICc value and the lowest value of the models
examined; competing models are those with a AAICc value < 2.0 (Burnham and
Anderson 1998)
d The relative likelihood of the model given the data (Burnham and Anderson 1998)
e Maximum rescaled r-squared (Nagelkerke 1991, Allison 1999)

Gender Modela AICcb A AICCC Weightd r2e

Female (n = 40)
Nest 48.6 0.0 0.38 0.10
Intercept (no effects) 49.2 0.6 0.29
Success 50.4 1.8 0.16
Success, Nest 50.5 1.9 0.15
Year 54.5 5.9 0.02
Success, Year 56.8 8.2 <0.01

Male(n=93)
Success, Year 111.5 0.0 0.42 0.25
Success 112.3 0.8 0.28
Success, Year, Nest 113.4 1.9 0.16
Success,Nest 114.0 2.5 0.13
Intercept (no effects) 121.8 10.3 <0.01
Year 125.3 13.8 <0.01



Table 3.5 Evaluation of multiple linear regression models for dispersal distance in
burrowing owls from the Imperial Valley, California. Data were from the resighting of
banded owls during the 1998-2003 breeding seasons, and included owls with known
nest site fidelity that dispersed.
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a The models for the dispersal distance include parameters for nesting success (Success),
year of dispersal (Year), and nest site fidelity (Nest)
b Akaike's Infonnation Criterion, corrected for small sample bias (Burnham and
Anderson 1998)
The difference between the given AICc value and the lowest value of the models

examined; competing models are those with a AAICc value <2.0 (Burnham and
Anderson 1998)
d The relative likelihood of the model given the data (Bumham and Anderson 1998)

Gender Modela AICc" A AICCC Weight" r2

Female (n = 11)
Intercept (no effects) 29.6 0.0 0.75 0.00
Nest 33.0 3.4 0.14
Success 33.5 3.9 0.11
Year 41.8 12.2 <0.01
Success, Year 51.6 22.0 <0.01

Male(n=32)
Success 72.8 0.0 0.43 0.12
Success, Nest 73.8 1.0 0.26
Intercept (no effects) 74.4 1.6 0.19
Nest 76.0 3.2 0.09
Success, Year 78.6 5.8 0.02
Year 79.3 6.5 0.01
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Mate Fidelity

We were able to determine the between-year mate fidelity of 272 owls (136

pairs) from 1998-2003. Of these, 114 owls (42%) remained with their mate between

breeding seasons, 74 owls (27%) were presumed dead, 74 owls (27%) were widowed,

and 10 owls (4%) were known to be divorced (mate still alive). Mate fidelity appeared

to affect both dispersal probability and dispersal distance (Table 3.1), but some of the

estimates lacked precision. Of the 114 owls the remained paired between breeding

seasons, 28 (25%) dispersed. In contrast, 5 of 5 divorced female owls (100%)

dispersed, and 4 of 5 of divorced male owls (80%) dispersed. Eleven of 23 female owls

whose mate died (48%) dispersed, and 19 of 51 male owls whose mate died (37%)

dispersed. The variables for mate fidelity appeared among the competing models for

the probability to disperse (Table 3.6) and dispersal distance (Table 3.7). Both male

and female owls that were divorced were more likely to disperse than owls that

remained paired (Fisher's exact 2-sided p-value, male: p = 0.02, female: p = < 0.01, n =

62). The effect for owls whose mate was presumed dead was consistent with that for

divorce, but there was less evidence, particularly for male owls (females: 1.85, 95% CI:

0.84-4.03, males: 1.21, 95% CI: 0.82-1.77). In addition, female owls whose mates were

dead or who were divorced tended to disperse slightly greater distances than females

that remained paired (dead: 1.12, 95% CI: 0.91-1.38, divorced: 1.10, 95% CI: 0.87-

1.38); the estimates for male owls were similar (dead: 1.09, 95% CI: 0.90-1.31,

divorced: 1.32, 95% CI: 0.84-2.06). After accounting for the effects of mate fidelity,

nesting success still affected dispersal probability and dispersal distance. In this case,
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both female and male owls were more likely to disperse following nest failure, but the

evidence was much weaker for female owls (females: 1.59, 95% CI: 0.69-3.65, males:

4.10, 95% CI: 1.20-14.02). Nesting failure also appeared to increase the median

dispersal distance in both genders (females: 2.14, 95% CI: 1.20-3.81, male: 1.80, 95%

CI: 1.07-3.00).

Table 3.6 Evaluation of logistic regression models for dispersal probability in
burrowing owls from the Imperial Valley, California. Data were from the resighting of
banded owls during the 1998-2003 breeding seasons, and included owls with known
mate fidelity.

a The models for dispersal probability include parameters for nesting success (Success),
rear of dispersal (Year), and mate presumed dead (Mortality).

Akaike's Information Criterion, corrected for small sample bias (Burnham and
Anderson 1998)

The difference between the given AICc value and the lowest value of the models
examined; competing models are those with a AAICc value <2.0 (Bumham and
Anderson 1998)
d The relative likelihood of the model given the data (Burnham and Anderson 1998)
e Maximum rescaled r-squared (Nagelkerke 1991, Allison 1999)

Gender Modela AICcb A AICcC Weight' r2e

Female(n=80)
Mortality 99.5 0.0 0.36 0.07
Success, Mortality 100.2 0.7 0.26
Success 100.9 1.4 0.18
Intercept (no effects) 101.4 1.9 0.14
Year 103.8 4.3 0.04
Success, Year 105.2 5.7 0.02

Male (n = 108)
Success 131.3 0.0 0.51 0.07
Success, Mortality 132.0 0.7 0.36
Intercept (no effects) 135.0 3.7 0.08
Success, Year 136.3 5.0 0.04
Year 140.4 9.1 0.01



Table 3.7 Evaluation of multiple linear regression models for dispersal distance in
burrowing owls from the Imperial Valley, California. Data were from the resighting of
banded owls during the 1998-2003 breeding seasons, and included owls with known
mate fidelity that dispersed.
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a The models for the dispersal distance includeparameters for nesting success (Success),
year of dispersal (Year), mate presumed dead (Mortality), and mate alive but divorced
(Divorce)
b Akaike's Information Criterion, corrected for small sample bias (Burnham and
Anderson 1998)
The difference between the given AICc value and the lowest value of the models

examined; competing models are those with a AAICc value <2.0 (Bumham and
Anderson 1998)
d The relative likelihood ofthe model given the data (Burnham and Anderson 1998)

Gender Modela AICcb A AICcC Weighf' r2

Female (n = 30)
Success 75.1 0.0 0.71 0.21
Success, Divorce,
Mortality 77.5 2.4 0.21
Intercept (no effects) 79.7 4.6 0.07
Success, Year 85.6 10.5 <0.01
Year 88.9 13.8 <0.01

Male (n = 37)
Success 83.4 0.0 0.57 0.17
Success, Divorce,
Mortality 84.5 1.1 0.34
Intercept (no effects) 88.0 4.6 0.06
Success, Year 89.1 5.7 0.03
Year 94.2 10.8 <0.01



a
The estimate represents the geometric probability (g) upon which the fitted model is

based. Smaller values represent larger mean values for dispersal distance.
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Geometric Model

The fitted geometric model from observed dispersal distances appeared adequate

at short distances. The model failed, however, to predict dispersal distances> 2400 m

(Fig. 3.4). This result indicated that the fitted model was adequate to describe most of

the observed distribution of dispersal distances. In terms of bias from study-area

boundaries, our observed distribution declined at a shorter distance than predicted by

study-area effects; the geometric parameter for male owls (0.73) and female owls (0.66)

indicated that the probability of an owl having traveled 1200 m was only 0.05 and 0.08,

respectively (Table 3.8). The geometric results, as well as the radio-tracking evidence,

indicated that few owls dispersed beyond our maximum search area, justifying the

direct interpretation of the multiple linear regression estimates because study-area bias

was minor

Table 3.8 Parameter estimates from geometric models fitted to dispersal distance of
burrowing owls from the Imperial Valley, California. Separate models are presented for
each gender. Data are from the resighting of banded owls during the 1998-2003
breeding seasons.

Model ga 95% Confidence
Interval

Female (n 37) 0.66 0.63-0.69
Male (n=49) 0.73 0.67-0.79
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Figure 3.4 Comparison of the observed distribution of burrowing owl dispersal
distances to a fitted geometric model for A) female owls and B) male owls. All
dispersal movements of banded birds were used for this analysis, where nesting success
of the owl's previous nest was known.
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Discussion

Many studies have found connections among avian dispersal patterns and factors

such as nesting success, mate fidelity, and nest site fidelity (Greenwood and Harvey

1982, Wolff and Plissner 1998). It is often difficult, however, to separate the effects of

mate fidelity and nest site fidelity (Korpimaki 1988, Forero et al. 1999), to determine

what factors affect mate fidelity (Choudhury 1995), and to determine whether nesting

success is related more to territory quality or mate quality (Goodburn 1991). Our study

explored the interrelation of these factors with avian dispersal. While all three factors

appeared to be related to burrowing owl dispersal, the ways in which they affected

dispersal differed and offered some insight into the relative contribution of these factors

to dispersal.

Nesting failure was the major factor contributing to increased burrowing owl

dispersal probability and distance. The effects of nesting failure are consistent with

much of the avian literature (Dow and Fredga 1983, Schieck and Hannon 1989, Payne

and Payne 1993, Wiklund 1996; Gowaty and Plissner 1997, Forero et al. 1999).

Moreover, Hans (1998) showed that experimental nest failure increased the probability

of dispersal in American robins (Turdus migratorius) and brown thrashers (Toxostoma

rufum; also see Chapter 2, this thesis). These responses may be related to the effects of

poor quality habitat or mates (Greenwood and Harvey 1982, Korpimaki 1988). When

mate fidelity is accounted for in the models, however, the effects of nesting success

remain, particularly for male owls, indicating that nesting failure affects dispersal

probability and distance regardless of the presence of a mate. For female owls, some of
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the variation associated with nesting failure may have been attributable to mate loss, but

larger sample sizes are needed to assess this effect.

Although the movements of owls whose nests were destroyed (usually by road

or waterway maintenance) were outside the scope of this paper, understanding such

movements may be important to the management of the species. An average of 2.4

nests per year were known to be destroyed, but the number was variable ranging from 1

to 6 in a given year. Seven of 8 owls seen the year following nest destruction (8 8%)

dispersed, and the median distance dispersed (579 m) was greater than that for any other

group except for divorced male owls (Table 3.1), suggesting that the reaction to nest

destruction is distinct from other dispersal behavior. This reaction may account for

some of the movements of successful owls as well as longer distance dispersal between

breeding seasons, assuming that the reaction to nest destruction is consistent throughout

the year.

Previous experience at a breeding site may have decreased dispersal probability

for female owls. We found similarly high nest site fidelity rates (89% of all owls

dispersed <400m between breeding seasons) as those reported in the literature for non-

migratory populations of burrowing owls (Milisap and Bear 1997). This high nest site

fidelity could reflect either benefits from breeding with a familiar mate (Schieck and

Hannon 1989) or of potential reduced breeding success following dispersal (Dow and

Fredga 1983, Schieck and Hannon 1989). Male owl nest site fidelity did not appear to

be affected by previous breeding experience, suggesting that they had a greater fidelity

to nest sites than female owls that were more likely to disperse if they had not
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previously bred at a nest site. There was some evidence that male owls with previous

experience at a nest site dispersed greater distances than those that did not, contrary to

our hypotheses. Mate fidelity, however, was not controlled for in this analysis, and 10

of the 21 male owls with previous breeding experience at their nest site had lost their

mate to death or divorce. Our estimates lacked precision, indicating the need for larger

sample sizes. Moreover, the number of owls with failed nests was limited for this

analysis, hindering our ability to evaluate the relationship between nesting success and

nest site fidelity. The characteristic increased female dispersal (Greenwood and Harvey

1982, Wolff and Plissner 1998) implied by the nest site fidelity analysis was evident

elsewhere in our results. Although we did not make a direct comparison, there appeared

to be a stronger association between dispersal and mate death for female owls, and the

dispersal distance was greater for female owls as well.

The high mate fidelity observed during the study may also support a hypothesis

of increased success among familiar mates; of 62 pairs of owls where both mates were

alive in the subsequent year, 5 (8%) were divorced. This high mate fidelity was also

similar to that observed in the central Florida population; 8% of pairs were divorced

(Millsap and Bear 1997). Increased dispersal probability and dispersal distance was

associated with divorce in our population, but the small proportion of divorced owls

suggests that it does not greatly affect population dynamics. The death of a mate was

only weakly associated with increased dispersal probability in male owls, suggesting

that they exhibit some nest site fidelity in the absence of their mates. The evidence that

female owls were more likely to disperse following the death of a mate was stronger
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than that for male owls, but the wide confidence intervals indicate the need for larger

sample sizes to evaluate this result. Fourteen pairs of owls dispersed during the study,

and the maximum dispersal distance for a pair of owls was only 1207 m; the maximum

dispersal distance for an owl that did not retain its mate, however, was approximately 3

times greater. These results suggest that it may be more difficult to disperse and remain

paired, especially when dispersing relatively great distances, implying that burrowing

owl mate fidelity contributes to nest site fidelity and decreased dispersal distance. Our

results, however, indicated that nesting success was a better descriptor of dispersal

distance than mate fidelity.

Despite the complexity of the factors affecting dispersal, the data on dispersal

distances in burrowing owls appeared to fit a geometric model over short distances.

The geometric model was adequate to describe much of the variation in burrowing owl

dispersal; a small percentage of burrowing owl dispersal distances were not predicted

by this model. The appropriateness of applying this model depends entirely on its

intended use. If the goal is to have an estimate of emigration or individual movements

within the population, then the geometric model would suffice. If, however, the goal

was to understand and predict long distance movements, such as in the case of

metapopulations and source/sink dynamics, the geometric model would be inadequate.

Another issue with the application of this model is that it should be limited to a single

population and type of dispersal. Applying the geometric model to populations in

different environments would necessitate assumptions of parity that are often

inappropriate. In a study of within-season breeding dispersal of burrowing owls,
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geometric models were poor approximations to the dispersal pattms at two study areas,

and the fitted models for the two areas were very different (Chapter 2, this thesis).

Our results highlight the importance of nesting success to dispersal and to mate

fidelity as well as supporting a hypothesis of greater nest site fidelity in male owls than

in female owls. Further work, preferably experimental, is needed to understand the

factors that contribute to nesting success and what other factors may be affecting mate

fidelity, which would greatly improve our understanding of avian dispersal.
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CONCLUSION

Burrowing owl breeding dispersal, both within-season and between-season, was

related to nesting success, mate fidelity, and gender. Nesting failure and the loss of a

mate were associated with increased incidence of dispersal and increased dispersal

distance, and female owls dispersed greater distances than male owls. These results

supported my hypotheses and agree with much of what is known about avian dispersal

(Greenwood and Harvey 1982, Schieck and Hannon 1989, Wolff and Plissner 1998).

The original impetus for this study was to explain the apparent differences in

dispersal by owls from two contrasting environments in California (Rosenberg and

Haley 2004, Rosier et al., unpubi. manuscript). I hypothesized that, by increasing nest

depredation at the agricultural area, I would observe dispersal rates and dispersal

distances similar to those seen at the grassland area (Rosier et al., unpubl. manuscript).

The experiment offered some evidence that nest depredation influences dispersal, but

there was little evidence that it increased dispersal distance, leading to a rejection of the

hypothesis that the difference in nest depredation pressure between the two areas was

the factor behind the observed differences in dispersal distances. There was still some

evidence, however, of differences between the two areas; owls from the grassland area

were more likely to disperse and dispersed greater distances than owls from the

agricultural area. I hypothesize that the disparity in dispersal distances between the two

study areas was due to differences in population densities and may also help explain the

gender effect on dispersal distance at both study areas. The population density in the
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grassland area was much lower than in the agricultural area, which could account for

the greater dispersal distances observed in the grassland area. Similarly, if suitable

territories are more readily available than suitable mates, then female owls would be

expected to disperse greater distances than male owls.

Several studies of within-season dispersal have focused on nest depredation as a

cause of increased incidence and distance of dispersal (Grieg-Smith 1982, Jackson et al.

1989, Howlett and Stutchbury 1997), but these studies do not always examine the

effects of nest depredation in relationship to other types of nesting failure. Despite

some evidence of an effect of nest depredation on dispersal probability, there was little

evidence to support the conclusion that this effect differed from that of other causes of

nest failure (such as abandonment) for burrowing owls. A primary explanation for

dispersal following nest depredation is that, by moving, the birds can avoid further nest

depredation. Grieg-Smith (1982) and Powell and Frasch (2000) found, however, that

greater dispersal distances following nest depredation did not reduce the probability of

subsequent depredation. These results could explain the lack of a difference in effect

between nest depredation and other types of failure in terms of dispersal probability and

dispersal distance. Burrowing owls responded similarly to nest depredation and other

types of nest failure, which suggests that it was nesting failure in general, and not nest

depredation and predator avoidance, that influenced dispersal. The effect of nesting

success, however, was highly variable, as were the effects of other factors on dispersal

probability.
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Apart from exploring the effects of nest depredation on within-season dispersal,

I also attempted to describe the relative effects of mate fidelity, nest site fidelity, and

nesting success in general on burrowing owl between-season breeding dispersal.

Burrowing owls exhibited relatively high fidelity to both nest sites and mates between

breeding seasons. Nesting success appeared to be the primary factor affecting dispersal,

which was consistent with other studies of avian dispersal (Dow and Fredga 1983,

Schieck and Hannon 1989, Payne and Payne 1993, Wiklund 1996; Gowaty and Plissner

1997, Forero et al. 1999, Rosenberg and Haley 2004). Mate fidelity and nest site

fidelity also appeared to affect burrowing owl dispersal, particularly for female owls.

These results suggest that dispersal by female burrowing owls is more closely related to

mate fidelity than dispersal by male owls; male owl dispersal was closely related to

nesting success, and because the incidence of male owl dispersal did not increase with

the loss of a mate (divorce or death) or in male owls that did not have a previous

experience at a nesting site, male owls may be primarily responsible for the observed

nest site fidelity. In birds, males are generally the gender associated with nest site

selection and nest site fidelity, and female birds are characteristically the dispersive,

mate selecting gender (Greenwood and Harvey 1982, Wolff and Plissner 1998). My

results are consistent with these general patterns. In addition, they offer relative

measurements of several of the factors affecting between-season dispersal, and take

steps toward conceptualizing the interrelation of those factors.

As important as it is to determine the factors affecting dispersal, it is also

important to consider the patterns by which those factors develop into behavior. One of
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the goals of my study was to examine patterns in burrowing owl dispersal, partitioned

into dispersal probability and dispersal distance. Forero et al. (1999) found that

dispersal was better separated into territory change and dispersal distance, despite the

common practice of treating dispersal as a continuous response variable. Both within-

season and between-season breeding dispersal by burrowing owls supported this

partitioning of dispersal behavior, suggesting that the factors influencing dispersal

probability may not be the same as those influencing dispersal distance.

My final objective was to compare within-season and between-season breeding

dispersal, both in terms of the factors affecting them and the patterns characterizing

them. Interestingly, both types of dispersal appeared to be affected by similar factors:

nesting success, mate fidelity, and gender. In addition, both exhibited a pattern in

which the factors that affected dispersal probability were not the same as those that

affected dispersal distance. Despite the similarities, there were several differences

between the two types of dispersal. In particular, the way in which the fitted geometric

models corresponded to the data indicated that between-season dispersal distances more

closely resemble a geometric distribution than within-season dispersal distances. One

reason for this could be that the competition for available mates and territories is greater

during the breeding season, but between breeding seasons, male territoriality declines

and mated pairs may divorce/die, increasing the availability of territories and mates.

The geometric model assumes that an owl will only disperse as far as is necessary to

avoid competition (find an available mate or territory in this case). Increased
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competition within a breeding season may, in some cases, create a non-uniformly

distributed pattern of suitable territories and mates.

These results elucidate the similarities and differences between within-season

and between-season dispersal. In particular, they highlight the increased competition

for available mates and territories within a breeding season. Additionally, these results

do not support the nest depredation hypothesis for within-season dispersal, because

burrowing owls did not respond differently to nest depredation compared to other

sources of nesting failure. The variability in response to nesting failure further suggests

that, within a breeding season, time constraints may limit dispersal. These results also

further our understanding of the relative effects of nesting success, mate fidelity, and

nest site fidelity on dispersal by burrowing owls, and support the hypothesis that

dispersal by male owls is related primarily to nesting success and nest site fidelity,

while dispersal by female owls is related primarily to nesting success and mate fidelity.
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