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ABSTRACT

Life history theory predicts that fithess will be maximized by balancing
production of offspring with the parentsO residual reproductive value. Whether this
balance is achieved dite expense of parental or nestling condition is not clear for species
with intermediate lifehistory characteristics, such as the southeastern American kestrel
(Falco sparverius paulysWe provided food supplements to 61 nesting kestrel pairs that
were m&ched with 63 control pairs in 2008 and 2009 in naehtral Florida, USA. We
analyzed betweeypear effects on reproductive decisions for the next yearOs first nest,
such as timing of incubation, clutch size, and apparent nest success, along with annual
adult female survival and nestling mass at time of fledging, with Bayesian hierarchical or
capturemarkrecapture models. Treatment effects varied by year: in 2008, nestlings were
similar in mass regardless of treatment, but Esogplemented adult femalssrvived at
very high rates. However, in 2009, feedpplemented nestlings were heavier than their
control counterparts, and survival of supplemented adult females decreased. Weather and
changes in nesting phenology, regardless of treatment groups, sdghes2009 was
more energetically demanding than 2008. We interpret the variable response of kestrels
to our food supplement as evidence for a fixed investment in nestlings, such that in
challenging years, adult females were unwilling to sacrifice tveir condition for their
nestlings.

Reproduction is thought to be costly, leading to a hypothesized tradeoff between
investment in a current reproductive attempt and investment imsgttenance and

future reproduction. The outcome of reproductive attsrigptrequently assessed by



shortterm measurements of investment, such as number of offspring at time of
independence or body condition of offspring; however, a more appropriate measure in the
context of lifetime reproductive strategy is the eventualituent of offspring to the
breeding population. We used Bayesian nradapture models to evaluate the effects of

a food supplementation experiment on the {targn survival of American kestrels that

had fledged from experimental nests. Although nestlingshad received the food
supplement tended to fledge with higher body conditions than control counterparts, their
higher rate of survival was better explained by treatment group independent of the
difference in body condition. The food supplementatimtess likely affected nestling
survival and recruitment through mechanisms not quantified here, such as changes in
parental behavior during the pdkdging period or nutritional effects not measured by a
sizecorrected mass index. Our study demonstitad@sfood supplementation can result

in a longterm demographic consequence for offspring. Moreover, this difference was
greatest in a year when breeding adult survival was not positively affected by the food
supplement, providing support for the hypothesditradeoff.

Integrated population models (IPMs) offer enhanced abilities to explore
population dynamics, especially when considering sparse data sets commonly associated
with threatened or endangered populations. We analyzed the recent populatioofteends
population ofSoutheastern American Kestralssociated with a network of nest boxes in
north-central Florida, USA. Although the subspecies is considered of conservation
concern, little is known about demographic vital rates or population trajectdfeessed
Bayesian IPMs that simultaneously considered meackpture data sets, fledgling

production, and population surveys to assess recent population growth rates, productivity,



i
and demography. We further evaluated the potential of the nest box pmptdaderve
as a source to the surrounding population that used natural cavities by comparing local
and overall population growth rates, apparent survival probabilities, and recapture
probabilities between an IPM that explicitly modeled immigration amdloat did not
Overall population growth rates suggested that the population was stadsiehough
immigration was apparently important with approximately 0.3 female immigrants per
resident female kestrel each ydaxplicitly modeling immigration restgd in lower
estimates of juvenile kestrel apparent survival probability, suggesting that a large
proportion of locally produced juveniles emigrated rather than recruited locally. These
results emphasize the utility of data sets from the monitoring obo&st, as well as the
potential contribution of juveniles fledged from nest boxes to the regional population.
The IPM approach allowed effective modeling of +&akld data sets, including sparse
data that are typically characteristic of threatened ptipoga

Despite the recent rapid decline of many grassland bird species, the relative

importance of open habitat extent versus habitat configuration for population persistence
is unclear. Although many studies have attempted to address the effects ¢fanahijta
edge, or landscape context on open habitat Passerine birds, few have considered other
taxa such as raptors. Most studies also consider static assessments of bird populations,
such as abundance indices or raw presence estimates, rather than gyoeesises of
population expansion or contraction. We used southeastern American kestrels-in north
central Florida as a model system to explore the relative influence of landscape metrics
on site occupancy patterns at two spatial scales, and for two diffene periods. We

modeled the occupancy of kestrel nest boxes with Bayesiarsptte models that



separated the latent and partially observed process of true occupancy probability from the
detection probability. Results from reversible jump Markov rciddnte Carlo

(RIMCMC) algorithms suggested that the continued occupancy of nest boixesasr
negatively influenced by disaggregation of open habitats rather than the extent of that
land cover during the later time period (2€@&L0). None of the landape metrics

appeared to influendeduring the early time period (1993) or"3, the probability of
colonization of nest boxes between time periods. Our results indicate that continued
fragmentation of open habitat would be deleterious for this threhserEspecies, but

that many of the recommended land cover management practices, such as frequent low

intensity controlled burns, may help conservation attempts.
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INTRODUCTION

The American KestreHalco sparveriuswas the focus of a symposium at the
2007 Raptor Research Foundation Conference due to widespread concern about potential
population decline, althoughig still considered the most abundant and widely
distributed falcon in North Amerig@mallwood and Bird 2002 Already granted special
conservation status in the states of Florida, Georgia, and Alabama, the subspecies
endemic to the southeastern Unitedt&s (the Southeastern American Keskes.
paulug has decreased throughout the past cerf&mallwood and Bird 2002)n the
mid 1980s, this subspecies was determined to have declined by at least 82% in north
central Florida, and is currently considd Threatened and a Species of Greatest
Conservation Nee(Collopy 1996; Florida Fish and Wildlife Conservation Commission
2005; Hoffman and Collopy 1988pespite such concerns, little is known about
population regulation in eithéine continentalK. s sparveriu3 or southeastern
subspeciesand no quantitative study of kestrel population trends in Florida has been
published since the study of Hoffman and Coll¢}988)

Throughout Florida, kestrels, along with other threatened species such as red
cokaded woodpecker®icoides borealisand gopher tortoise&ppherus polyphemys
are closely associated with sandhill habitat, a xeric upland vegetation community
dominated by longleaf pin€®{nus palustri¥ and turkey oakQ@uercus laeviswith an
otherwse open grass stratyidoffman 1983) Florida sandhilhabitatis considered to
face a OVery High Threat,O due in great part to widespread destruction since European

settlement of the once extensive longleaf pine commuriiiesida Fish and Wildlife



Congrvation Commission 2005fandhill habitat destruction continues through present
times; from 19889 to 2003, 53,3556 ha or 15.5% of FloridaOs sandhill habitat was lost,
with 72% of this converted to urban or other developed ((sastz et al. 2007)

However, it is unclear whether all forms of sandhill conversion are detrimental to

kestrels. Longleaf pine trees or other nest sites are necessary for kestrel reproduction, and
their removal from agricultural fields was linked to loss of breeding kegHeffman

1983; Hoffman and Collopy 1987Kestrel presence, however, appeared little affected by
mechanical or fire restoration treatments of sandhill forest patches, as they prefer open
pastures, clearcuts, and natural clearings within sandhill hé®dbal-Wood and

Collopy 1986; Provencher et al. 200Zherefore, as suggested for other bird species,
kestrel population response might depend on the form and nature of habitat fragmentation
as well as the quantity of habitat I¢€hapaVargas and Robinson @6; Koper and
Schmiegelow 2006; Sergio et al. 2006; White et al. 2005)

The quantification of correlative relationships between habitat features and
demographic parameters may effectively predict system responses, but does not
illuminate the underlying soce of causatio(Romesburg 1981 Experimental
manipulation of habitat components, such as food and predators, is necessary to
understand what drives population response to habitat change. Rather than replicate past
observational studies, we integttto investigate the effects of manipulating parental
effort via food supplementation during the breeding season on reproductive decisions and
the reproductive value of offspring during the following year.

A substantial population of Southeastern American iékssis supported by the

long-term nest box project ae Gainesville, FL, which presentad ideal opportunity to



gain insight into the population dynamics and habitat use of this subs(diiesand
Smallwood 1997; Smallwood and Smallwood 19%8cord of nest box occupancy

begin in the early 1990s, and kestrels have been banded and/or fitted with patagial tags
until the present. Like its larger relative, the European Ke$ird¢inhunculuy, the

American Kestrel is amenable to studies of reprodustinaegies, as this small raptor

has short generation times, produces clutches ranging in size from 1 to 7 eggs, and is
sexually dimorphic in size and pluma@@aan et al. 1990; Smallwood and Bird 2002)
Furthermore, natal dispersal distances of locanile kestrels (median distance = 4.9

km) tend to be shorter than those of the migratory subspecies, reducing the potential
effects of permanent emigration on estimation of population vital {sliéer and

Smallwood 1997)This kestrel population can alserve as a model species to analyze

the influence of sandhill habitat loss and fragmentation on wildlife distribution, as
published satellite imagery and land cover maps represent conditions during the early part

of the project and more current timgsutz et al. 2007)



CHAPTER SUMMARIES
Tesktdhypotheses concerning tradeoffs between current reproductive attempts
and future reproductive decisions by manipulating parental energy
expenditure
a. for manipulated breeding birds, asssbshether treatment affied
annual survival (markecapture analysis) and subsequent breeding
attempts (timing, clutch size, success rates; nest box monitoring)
Tesktdhypotheses concerning tradeoffs between current reproductive attempts
and future reproductive decisions by npanating parental energy
expenditure
a. for offspring of treatment nests, assabsrhether treatment affected
survival andrecruitment (markrecapture analysis)
Determiredrecent population trends of the Southeastern American Kestrel in
north-central Florida
a. estimatecpopulation vital rates (survival, recruitment, and population
growth rate) fromntegrated population model
b. assessed the role of immigration in maintaining population stability
Quantifiedeffects of sandhiland other opehabitat loss and/or cearsion on
kestel nest box occupancy patterns
a. estimate probabilities of nest bogccupancy and colonization
relation to habitat changes surrounding each box
I. focused on landscape structure (ibabitat configuration) in

addition to habitat loss
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Chapter 1: Reproductive decisions by the American kestrel: experimental evidence

that females follow a fixed investment strategy

Jessi L. Browh® and Mchael W. Collopg

!Dept. of Natural Resources and Environmental SciandeEcology, Evolution and
Conservation Biology Graduate Prograddmniversity of Nevada, Reno, 1000 Valley
Road, Reno, NV 89512, USAAcademy for the Environment, University of Negad

Reno,202 Ross Hall, Rend\V 89557USA

Abstract Life history theory predicts that fithess will be maximized by balancing
production of offspring with the parentsO residual reproductive value. Whether this
balance is achieved at the expense of parentestling condition is not clear for species
with intermediate lifehistory characteristics, such as the American kestrel. We provided
food supplements to 61 nesting kestrel pairs that were matched with 63 control pairs in
2008 and 2009 in nortbential Florida, USA. We analyzed betwegear effects on
reproductive decisions for the next yearOs first nest, such as timing of incubation, clutch
size, and apparent nest success, along with annual adult female survival and nestling
mass at time of fledgingyith Bayesian hierarchical or captumeark-recapture models.
Treatment effects varied by year: in 2008, nestlings were similar in mass regardless of
treatment, but fodgsupplemented adult females survived at very high rates. However, in
2009, foodsupplenented nestlings were heavier than their control counterparts, and

survival of supplemented adult females decreased. Weather and changes in nesting



phenology, regardless of treatment groups, suggested that 2009 was more energetically
demanding than 2008. Wieterpret the variable response of kestrels to our food
supplement as evidence for a fixed investment in nestlings, such that in challenging
years, adult females were unwilling to sacrifice their own condition for their nestlings.
Key words: AmericaRestel; Bayesian statistics; betwegear effectsFalco sparverius;

food supplement; life history; reproductive decisions; survival; timing of reproduction

INTRODUCTION

Individual fitness can be considered in generatifgory theory as the
combinationof two components: the contribution from the current reproductive attempt
and that expected from future reproductive oufpigher 1930)Logically there follows
a tradeoff between these components, which manifests as a negative covariance between
investrrent in the current reproductive attempt and allocations to future survival or
reproductionWilliams 1966, Roff 1992, Stearns 199@bservations of unmanipulated
natural systems cannot always test predictions of life history theory, as individuals are
believed to allocate available resources to best optimize their fitBesst and Daan
1980, Van Noordwijk and Dejong 1986, Rowe et al. 19%4Agrefore, experimental
studies that manipulate costs outside of the individualOs control are a more effective
metlod to test the predictions inferred from observati@eznick 1985)

Most previous experiments involving manipulations of food supply or brood size
of birds during breeding activities have focused primarily on effects apparent during the
same year, sudds changes in adult or fledgling condition, fledging success, or parental

behavior(KorpimSki 1987, Aparicio 1994, Preston and Rotenberry 200®)se that do
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consider potential betwegrear effects on adults find conflicting delayed effects of
treatmentsSome detect higher return rates, a proxy for survival, for-fumpblemented
or broodreduced individuals, while others do ribrpimSki 1988, Dijkstra et al. 1990,
Daan et al. 1996, KorpimSki and Rita 1996, Dawson and Bortolotti 2Pa#&)of the
discrepancy may be due to different strategies adopted byliled)versus shoilived
species: because individuals of ldinged species may expect greater contributions of
future reproductive events to lifetime reproductive success, they would be expdmed to
less likely to sacrifice somatic condition for the current reproductive €¥fégtnham
and Bryant 1998, Golet et al. 2004, Erikstad et al. 20009)s, the two main strategies to
explain reproductive behavior in birds are the Ofixed investment hgméheescribing
the fixed level of investment in the current reproductive attempt bylieed birds
(Ricklefs 1987, Mauck and Grubb 1995, Navarro and GonZaiéiz 2007) and the
Oflexible investment hypothesisO which expects-bhedtbirds to altetheir level of
investment in offspring depending on requiremghiisden and M¢ ller 1989)The
dividing line between Oshet and OlodiyedO is unclear since most of the manipulative
studies have focused on the clear extremes oflivad seabirds andhert-lived small
passerines. Studies of species with more intermediatkisifery characteristics could
provide new insights into the evolution of these two strategies. Therefore, we investigated
the effects of manipulating parental effort via food sapm@ntation during the breeding
season on southeastern American kestkak¢ sparverius paulys

Like its larger relative, the European kestfeltfnnunculu$, the American
kestrel (hereafter, OkestrelO) is amenable to studies of reproductivees(isegi et al.

1990) This small raptor has short generation times with 80% of birds estimated to breed
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after their first winterclutches from 1 to 6 eggs, but a potentially long lifespan of at least
14 yeardHenny 1972, Smallwood and Bird 2002, Lutrriagdand Love 2010)We were
interested in determining whether the food supplement was allocated to the nestlings
rather than the parents, and further focused on the potential bepeareeffects of food
supplementation on the breeding adults. These batyes effects included adult

survival and changes in reproductive strategy, hence we considered nesting attempts in
the years following treatment that were by the same known individual female or found in
the same nest boxes (either of the previous ybae€ding adults could be the same, but

the males were often unknown).

Hypothesis and predictions

We hypothesized that kestrels would tend to provide a fixed level of investment in
offspring, having apparently intermediate dliestory characteristics armbing closely
related to larger, longdived raptorq Griffiths et al. 2004)We predicted that
manipulation of parental energy expenditure during nestling rearing via food
supplementation would change some combination of current and future reproductive
outcomes. Specifically, if kestrels followed a fixed investment strategy, any surplus food
would be used by the adults so that supplemented adult kestrels would survive winter at
higher rates, or initiate reproduction earlier and produce more offsprihg following
year, and nestlings would not differ in condition at fledging (Fig. 1, Table 1). If
supplemented food did not provide a surplus, we predicted that supplemented kestrels
would allocate the extra food to their nestlings so that they wouldefliedgetter

condition than their unsupplemented counterparts. However, if kestrels followed a



12

flexible investment strategy, they would tend to work as hard as necessary to provision
nestlings in response to demand. Whether the food supplement was trijua s/ould
depend on overall food availability and energetic demands on the parents: although we
were unable to measure prey populations directly, meteorological conditions can serve as
a proxy for the general conditions experienced by kestrels withéngls of

precipitation expected to negatively impact foraging efficigii@wson and Bortolotti

2002) During our study, weather conditions were fairly typical in 2008 and 2010.
However, in both May and November of 2009, the monthly total precipitatsn w
significantly greater than the losigrm average in both counties in the study area,
suggesting that 2009 was a demanding year for keflialde 2; Florida Automated

Weather Network 2010)

METHODS
Study area and field protocol

We studied American Istrels in 200810 using a network of approximately 150
nest boxes first placed in nortlentral Florida during 19991 (Smallwood and Collopy
2009) Our study area fell within Levy and Marion counties, and was centered at
approximately 29; 210 N, 82; 230Halbitat around nest box locations could be
generally classified as either sandhill or hamm@&kutz et al. 2007)Sandhill habitat, a
xeric upland vegetation community dominated by longleaf ghneu§ palustriy and
turkey oak Quercus laevis predomnated throughout Levy County, whereas hammock,
characterized by hardwoods including live 0@k Yirginiang and laurel oakQ.

laurifolia), was more widespread in Marion Counjost of the nest boxes were
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continuously maintained until the start of owrdst: in summer 2008, we replaced 32
boxes at historical locations where the boxes had disappeared and added 6 boxes to new
sites within the study area. Nest boxes were constructed fream2c®dar or cypress
lumber and placed-Bm high on roadside utilitgoles or live trees.

Each yeain February, all nest boxes were first visited, cleangghired, and
filled with a 5cm layer of wood shavings. Boxes were checked for occupahdyat
intervals, and the presence of any marked adult kestrels noted during each visit. Because
kestrels lay eggs approximately every second day, and the mé&ansiie observed
during this study was 4.63 = 0.56 eggs, all nesting attempts, or nests, were found during
laying or early incubatiogSmallwood and Bird 2002Nest initiation date (date the first
egg was laid) was thus observed directly or bealkulaed from the number of eggs first
observed in the nest box. Nest status was checkedlatdintervals throughout
incubation. Near the end of the typicat@@hcubation period, we attempted to trap all
adult females inside the boxes with a custoade neon an extendable painterOs pole.
Newly-captured adults were banded with USGS leg bands and individually marked with
unique combinations of colored patagial tags, one per (@nwallwood and Natale
1998) We measured mass, unflattened wing chord, taespssed culmen, and tail
length; took digital photographs; and sampled breast and primary covert feathers from all
captured kestrelfesearch and handling protocols (#00329) were reviewed and
approved by the Institutional Animal Care and Use Committdeediniversity of

Nevada, Reno.
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Experimental design

For the first two years of the study (2008 and 2009), breeding kestrel pairs were
selected at random from the monitored population, and paired by nest initiation date and
clutch size. Within pairs, neswere randomly assigned to either a food supplementation
(hereafter, OsupplementO) or control treatment. We attempted to achieve a sample size of
30 nests per treatment, per year, for a total of 60 nests per treatment. Nests assigned to the
supplement gatment were provided with commercially acquired whole domestic mice to
supply the daily energy needs of one female nestling kestrel depending on their age
specific requirementgAnderson et al. 1993Bupplemental food was placed directly in
the nest boxvery third day after the oldest nestling reached 2dmBage, and control
nests were also visited every third day to equalize investigator disturbance. Those nests
not assigned to either experimental treatment group (hereafterepwimentalO) wer
typically checked twice during the nestling stage. All nestlings were bandeelét 21
days, with the same morphometric data recorded as for adults. Because disturbing
nestling kestrels beyond 2% days of age may result in premature fledging, nestlings
were designated as successfully fledged at banding, and those nests which fledged at least
one young were determined to be succegSiidenhof and Newton 2007)
Statistical analyses

Analyses, either Bayesian hierarchical or captoegkrecapture (CMR) mdels,
were performed in R 2.12.0 and WinBUGS 1.4.3, using the R package OR2WinBUGSO
(Lunn et al. 2000, Sturtz et al. 2005, R Development Core Team.281L06pntinuous
predictor variables were standardized to means of zero and unit vaRaioce were

intentionally uninformativé Appendix A) Convergence of the Markov chain Monte
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Carlo (MCMC) runs was assessed by visualization of the trace, and the Raftasy
and GelmarRubin diagnostic tests implemented in the R package Ogddian and
Rubin 1992 Spiegelhalter et al. 2002, Plummer et al. 200&)dels were run for
120,000 to 60,000 iterations after discarding the initial 10,000 to 20,000 runs as-a burn
in to ensure complete mixing. We selected competitive models either from a suite of
priori models by deviance information criterioRIC) values, or by examining the
posterior probability of each model as estimated by a reversible jump Markov chain
Monte Carlo (RIMCMC) algorithm implemented through the WinBUGS JUMP interface
(Spiegelhalter et a002, Lunn et al. 2009Models with the lowest DIC scores were
considered most competitive. Individual variables with high marginal posterior
probabilities (>0.85) as estimated through RIMCMC were considered potentially
influential, and the posterior goability of their beta coefficients examined for lack of
overlap with zero. Final parameter estimates are presented as means of the posterior
probability distributions with 95% Bayesian credible intervals unless otherwise specified.
Within-year effect: nstling mas$\ We modeled nestling mass at banding with
Bayesian hierarchical general linear mixed models. Nestling mass (normal response) was
modeled as the linear combination of the quadratic effect of wing chord length, to
account for nestling age anddyosize(Costantini et al. 2009a random effect of brood
identity, and covariates including treatment group, year of study, sex, day of year, and
their interactions. Models were ranked according to DIC value, and predicted mass of
hypothetical nestlingfemale and male nestlings in each treatment group, of average
wing length in years 2008 and 2009) estimated from the model with the lowest DIC

score.
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Betweeryear effect: female survivl. We estimated annual survival of adult
female American kestrels daped or resighted during breeding attempts with rstiite
CormackJolly-Seber models in WinBUGS. The marcapture models were
parameterized to estimate apparent annual survival (S), detection probability (p), and the
probabilities #) of transitioningoetween treatment groufSchofield et al. 2009)

Survival was modeled as varying with both time and state (supplemented, control, or
nonexperimental), with additional random effects for survival parameters. Because
exploratory models showed no indicatiof differences in p between states or years, p

was modeled as constant. The transition parameters were not of interest, being somewhat
under control of the investigator, but necessary for proper accounting of unobserved
states.

Betweeryear effects: tinmg of reproduction, clutch size, apparent nest sugcess
and productivityNl Changes in reproductive behavior between years, including onset of
incubation (timing of reproduction), clutch size, apparent nest success, and productivity
were modeled as Bayesiganeral(ized) mixed models. We fitted models to two datasets,
either of repeated observations of nesting attempts at the same nest box regardless of
attending parent identity, or nesting attempts by the same female kestrel. Most but not all
of the repeaid observations of females were represented in the ned¢bedataset,
due to rare movements between boxes by marked females. The posterior probabilities of
models in all model sets were estimated using the RIMCMC approach.

Values for the onset of incabon were standardized to the yearly median, and the
change in incubation date between years calculated by subtracting the standardized

incubation date in the first year from that observed in the second year. Thus, a female
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who nested earlier in her secbattempt would have a negative change in incubation

date. Only known first attempts for that year were considered here. Change in maximum
clutch size was calculated by subtracting clutch size in the preceding year from clutch
size in the following year. pparent nest success in the years following an initial
observation of a nesting attempt was noted as a binary response, either 1 to indicate a
successful nest (at least one nestling fledged) or 0 for a failed nest. Productivity was
represented by the nunmef fledglings, ranging from 0 to 5, produced by each nesting
attempt. We modeled change in incubation date, change in clutch size (both normal
response), apparent nest success (binomial response, with a logit link for the covariates),
and productivity (Bisson response, log link) as functions of a random effect of female
identity or nest box (depending on dataset) and covariates. The fixed effect covariates
included previous treatment group, year, study site, previous incubation date and its
guadratic eféct, previous clutch size, and the interactions between previous treatment
and year, previous treatment and previous incubation date, previous incubation date and

year, and previous treatment and clutch size.

RESULTS
Nest monitoring and experimental mamgtions

We supplemented food at 61 nests (27 in 2008 and 34 in 2009) and treated 63
nests as controls (29 in 2008 and 34 in 2009). An additional 189 nests were monitored as
nonrexperimental nests (42 in 2008, 47 in 2009, and 100 in 2010). Mean cl@@nsdiz
initiation date were similar between treatment groups. We observed 38 consecutive

breeding attempts by 32 marked female kestrels, and 112 consecutive breeding attempts
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in 78 nest boxes (nests associated with some of the same females and/or nesti@oxes
observed for three years in a row).

Within-year effect: nestling ma$é.We banded, measured, and weighed 461
nestlings from 136 broods in 2008 and 20@ass of nestlings at banding was best
modeled as a function of assigned treatment, quadragict eff wing chord length,
nestling sex, year of study, and the interactions between sex and treatment, and year and
treatment. This more complex model was 1.07 DIC units less than the next best model,
which dropped the year terms (Table 1, Appendix A).t@bmestlings were slightly
heavier at fledging in 2008: the mass of a control group female nestling with average
wing chord length was predicted as 1.33g greater than that of a supplemented nestling
(mass of control nestling, 109.25¢g [95% CI, 10866119]; mass of supplemented,
107.91g [105.5110.6]). However, supplemented nestlings were markedly heavier in
2009, with the predicted mass of a supplement group female nestling 2.34g more than a
control group equivalent (mass of control nestling, 108[68§.0D111.3]; mass of
supplemented 110.97g [1088.13.5]).

Betweeryear effect: female survivil. We captured 113 adult female American
kestrels attending nest boxes in 2008 and 2009, and recaptured or resighted 45 of these
individuals at least onc@ 2009 or 2010. Our mulstate Cormackolly-Seber model
estimated the detection probability p as 0.865 (0BU®96). Supplemented female
kestrels survived from 2008 to 2009 at higher probabilities than control females (Fig. 1;
mean S for supplementéeimales, 0.575 [0.34B0.865]; mean S for control females,

0.462 [0.271D0.714]). In contrast, survival of supplemented females from 2009 to 2010

dropped markedly from the previous year, while the survival probability of control
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females did not changeamtly (Fig. 1; mean S for supplemented females, 0.305 [D.139
0.536]; mean S for control females, 0.388 [0.2@B647]). The survival probabilities of
nonrexperimental female kestrels were intermediate to those of the experimental groups,
although estimais were more imprecise due to small sample size (mean S fror®2008
0.530 [0.269D0.847]; mean S from 20080, 0.347 [0.1430.606]).

Betweeryear effects: timing of reproduction, clutch size, apparent nest success
productivityN None of the responsedserved were directly influenced by experimental
treatment. There were changes in reproductive behavior, and they were different
depending on whether known females or nesting attempts in the same nest box was the
focus of analysis. When considering tltiibutes of nesting attempts in the same nest
boxes, RIMCMC analysis indicated that timing of the start of incubation was influenced
by the previous nesting attemptOs incubation date, the interaction between previous
incubation date and year, and clutctegTable 2, Appendix A). Generally, if a nesting
attempt was early in the first year, the next yearOs nesting attempt was somewhat later. In
contrast, late nests were followed by earlier nests in the next year. However, this pattern
was only strong in 21D, when nests initiated early in 2009 were followed by nests
delayed by nearly 17 days (Fig. 2). In 2009, the timing of nesting attempts was similar to
that of the previous yearOs nesting attempt, and the 95% ClI for the predicted start of
incubation inclded the 1:1 ratio of previous yearOs timing to current year. When the
previous yearOs clutch was small, the subsequent nesting attempts were relatively later.
For example, the incubation start following-a@y clutch was predicted to be 10 days

later tharthat following a 5egg clutch. When we examined the timing of incubation by
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known females, we found that females tended to time their reproduction consistently
between years regardless of measured covariates (Table 3, Appendix A).

For both data sets, weund that changes in clutch size were best predicted only
by the previous yearOs clutch size (Tables 4 and 5, Appendix A). Full clutches of 5 eggs
were predicted to be followed by clutches the same size or slightly smaller (mean
decrease of 0.31 egg®9]53 - -0.31] for known females, and 0.35 eg¢gs48- -0.22] for
nest boxes). Smaller clutches were likely to be followed by larger clutches (for a 3 egg
clutch, mean increase of 1.36 eggs [0.9477] for known females, 1.63 eggs [1&2
1.84] for nest bxes).

Apparent nest success did not change in response to any measured variables for
subsequent attempts in the same nest boxes (Table 6, Appendix A). However, the timing
of the previous yearOs nesting attempt was an important predictor of the apparent nes
success for a known femaleOs following nest (Table 7, Appendix A). Those females that
had nested early the previous year were predicted to have highly successful next nests,
average to somewhat late nesters were less successful the next year, lmgtthedtdrs
were quite successful in their subsequent nesting attempt. However, estimates for later
nesting females were uncertain, as the subsequent nestoéstitey females was
observed rarely. Productivity in subsequent attempts did not changpanse to any of
the measured variables for either data set (Tables 8 and 9, Appendix A).

DiscussIiON
Within-year effect
Nestlings were similar in mass at fledging regardless of treatment in 2008, but in

2009, supplemented nestlings were heavier thanalargstlings. Other studies on
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raptors have either found no difference in nestling mass in response to food supplements
(Wiehn and KorpimSki 1997, Dawson and Bortolotti 2002, Brommer et al. 2004,
Eldegard and Sonerud 2010) observed larger nestling masselation to supplements
or reduced brood siZ®ijkstra et al. 1990, KorpimSki and Rita 1996, Dewey and
Kennedy 2001, Hipkiss et al. 2002Yiebe and Bortlott{1995)found that the mass
difference between supplemented and control American kestrehgestas greatest
during the year of lowest small mammal abundance, the primary prey of kestrels in that
region.
Betweeryear effects

We observed different responses of apparent annual survival of breeding female
kestrels to our food supplementation iffetent years. Both treatment groups survived at
relatively high rates after the first year of the experiment, with-Eagaplemented
females surviving at the highest rates. Mean survival probabilities decreased for both
groups after the second year, the decrease was greatest for the food supplemented
group. Our observations after the first year are consistent with other studies of the
betweenyear effects of food supplementation or overall food availability, in that female
passerines or small raptdhat received food supplements during breeding or had their
brood size artificially reduced tended to return at higher (Btglsstra et al. 1990, Daan
et al. 1996, KorpimSki and Rita 1996, Dawson and Bortolotti 260&)ever, our results
for the secongear suggest that the effect of the food supplement differed depending on
annual food availability or energy requirements for-sadintenancéMeijer et al. 1988,
Reynolds et al. 2003, Schoech 200®Yeduction in investment in nestlings by female

kestrés whose nesting attempts had been artificially extended suggested that they were
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sensitive to increased demands by nestlings, and unwilling to bear the extra costs
(Dawson and Bortolotti 2008n our experiment, the mean survival probability of food
suppemented adult females after the second year was surprisingly the lowest of all
groups. We suggest that our provision of food may have initiated an evolutionary trap, in
which a previously adaptive decision based on certain environmentdiecase
maladative in the presence of anthropogenic influeffehlaepfer et al. 2002, Schmidt
et al. 2010)In this case, the food supplement provided a cue that appeared to mislead the
female parents into allocating excessive resources to their nestlings.

We found nasupport for changes in kestrel reproductive behavior in direct
response to our experimental treatment. When considering subsequent nesting attempts in
the same nest box, which could have been by the same female or male parents but always
incorporated theame local habitat influences, the timing of the second yearOs attempt
was more delayed from the previous yearOs nest in 2010 than in 2009. This may be
interpreted as coarseale environmental conditions being less favorable for
reproduction in 2009 tha2008(Marshall et al. 2002)This would result in more costly
early reproduction in 2009, so that early nesters needed more time the following season
to mobilize resources to initiate reproduct{@olet et al. 1998, Milonoff et al. 2004,
Inger et al. 2010 Alternatively, kestrels may have a flexible Odecision ruleO regarding
timing of reproduction that is affected by past experience, so that the conditions
experienced during 2009 amended the decisions made in 2010, overruling any experience
due to food spplementatior{fNager and Vannoordwijk 1995, Grieco et al. 200¥¢
were unable to directly measure prey availability during the study, but the inclement

weather patterns observed during 2009 (see Introduction, Table 2) indicated that 2009



23

was a difficultyear for kestrels. We additionally observed high rates of nest failure
during the extended rain events (unpublished data) suggesting that parent kestrels were
challenged to provide for their offspring.

Our observation that early nesting females tendee tudhly successful during
their following yearOs nesting attempt agrees with the supposition that early breeding
individuals tend to be of higher qualiidjamel et al. 2009, Inger et al. 2010) addition,
our analysis of changes in timing showed thalydareeding females tended to nest early
again in following years (no support for changes in incubation timing between years), so
the extrinsic effect of favorable timing is confounded with latent individual quality
(Verhulst and Nilsson 2008, Wilson aNdissey 2010)Again, we did not detect an effect
of treatment on the following yearOs apparent nest success regardless of focus on known
females or nest boxes.
Synthesis and conclusions

Female American kestrels appear to follow a fixed investment strategjpcate
resources to nestlings up to some threshold of general food availability, past which excess
resources are then allocated to themselves. The year 2009 appeared to be more difficult
for kestrels in our study area than 2008. Nesting was moreedethag following year
after early nesting attempts in the same nest boxes in 2010 than in 2009. Annual survival
of breeding female kestrels was reduced for all treatment groups after 2009 in
comparison to 2008. Females who had received food supplemewisdstie greatest
difference in survival rates between years. Nestling mass differed most greatly by
treatment in 2009. Unfortunately, we did not have the resources to directly assess food

availability in the environment during the food supplementationrexpeat. However,
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when climate, demographic, and phenological responses are considered together, our
results suggest that in a moderate or good year, female southeastern American kestrels
allocated the food supplement towards their ownmsalintenance, redting in relatively

high survival rates. But in a poor year, such as 2009, the supplemented food was used to
produce heavier nestlings. Unsupplemented breeding pairs were unable to draw upon this
resource and apparently did not increase their foragiog &ff their own expense, so

their nestlings were in poorer condition. Despite being small raptors with intermediate
life-history characteristics, American kestrels appear to follow a reproductive strategy

more consistent with lonived species.
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Chapter 1, Table 1. Predictions of response by American kestrels to food suppiementat
during and following the breeding season depending on investment strategy used. O+0O
indicates an increase in nestling condition at fledging, annual adult survival probability,
clutch size and fledging success for the following yearOs nesting attearpgdvance in
timing of incubation for the following yearOs ne<h @presents the opposite effect, and
0-0 indicates that the effect size is larger th@n OGood yearsO are ones that are
energetically less demanding, possibly due to greater oteodllavailability or more

benign weather.

Good year Bad year
Fixed Flexible Fixed Flexible
Nestling condition (fed) = =or+ + =
Adult survival (fed) + +or= = -
Adult survival (control) = = = -
Timing of reproduction (fed) + +or= = -
Clutchsize (fed) + +or= = -
Fledging success (fed) + +or= = -
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Chapter 1, Table 2. Unusual precipitation totals (cm) observed during study of the effects

of food supplementation on American kestrel reproduction in Florida. Total monthly

rainfall in Levy Gunty (Bronson) and Marion County (Citra) are compared to medians

observed during 206@7 and 2007 respectively. Test statistics reported from-one

tailed Wilcoxon signed rank tests.

Bronson Citra
2009 Median P 2009 Median P
May 19.05 4.01 0.031 22.8 3.22 0.007
November 11.91 5.14 0.015 7.04 4.13 0.004
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Figure Legends

Figure 1. Schematic illustrating predicted allocation of resources by parents in years that
were either good or bad but supplemented, or years that were bad. Predictions in top row
carrespond to a flexible level of investment, hypothesized to be characteristic ef short
lived species, whereas predictions in bottom row reflect a fixed level of investment,
associated with lonived species.

Figure 2. Posterior probability density plofsapparent annual survival for breeding

female American kestrels in either food supplement or control treatment groups, as
estimated by a Bayesian multistate Cormacky-Seber model.

Figure 3. Incubation date of first nesting attempt versus incubadienod following

yearOs nesting attempt for nesting attempts of American kestrels in the same nest box.
Dates are standardized to the annual mean incubation date, and relationships plotted for
each year following experimental treatments. Error bars areBifdsian credible

intervals, points are offset slightly for clarity, and thin dotted line represents 1:1

correspondence between first and second yearOs incubation date.
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Chapter 1: Appendix A
Prior probabilities
All prior probabilities were seleatieto be uninformative.
Nestling mass.
Mu.int (intercept of random effect) ~ Normal(0, 0.001)
SD of random effect ~ Uniform(0, 60)
Tau (precision of regression equation) ~ Gamma(0.01, 0.01)
Beta coefficients for wing chord, wing chord2, sex, year, sexmeat sex:year, day of
year ~ Uniform{25, 25)
Beta coefficients for treatment ~ Unifors@5, 50)

Beta coefficients for year:treatment ~ Uniford(, 40)

Female survival.

p (resighting probability) ~ Beta(1, 1)

mu (random effect for logit of survival) ~ogistic(0, 1)

SD (precision of error term for logit of survival) ~ Uniform(0, 7)

alpha (alpha in dirichlet prior for transition probability for treatment group) ~ 1

RJIJMCMC analyses; timing of reproduction, clutch size, apparent nest success, and
productivty.

K ~ Binomial(0.5, number of covariates [10])

Beta.prec <0.1

mu.int ~ Normal(0, 0.001)



Sigma (SD of random effect of box or female) ~ Uniform(0, 20)
Taueps (precision of RJ) ~ Gamma(0.01, 0.01)

Tau (precision of regression) ~ Gamma(0.01, 0.01)
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Chagper 1, Appendix ATable 1 Deviance information criterion (DIC) rankings of model
suite describing mass of nestling American kest@tsariates include OWingO = wing
chord length (cm); OTreatmentO = control,fgquplemented, or neexperimental
treatrrent group; OYear,O either 2008 or 2009; and ODay of Year,O day of year that

nestling was banded. All models also contain a random effect of brood ID.

Variables DIC $DIC

Wing + Wing + Treatment + Year + Sex + Treatment:Year +

Treatment:Sex 2749.70 0
Wing + Wing’ + Treatment + Sex + Treatment:Sex 2750.77 1.07
Wing + Wingdf + Treatment + Year + Sex + Day of Year +

Treatment:Year + Treatment:Sex 2750.89 1.19
Wing + Wind + Year + Sex 2751.15 1.45
Wing + Wind + Treatment + Year + Sex + Day of Year + Da

of Year + Treatment:Year + Treatment:Sex + Day of Year:Yt 2751.35 1.65
Wing + Wingd + Sex 2751.70 2.0
Wing + Treatment + Year + Sex + Treatment:Year +

Treatment:Sex 2795.46 45.76

wing + Wind 3085.23 335.53
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Chapter 1, Appendix ATable 2 Marginalposterior probabilities of variables from
reversible jump variable selection analysis (RIMCMC) of timing of reproduction of the
next yearOs American kestrel nest in the same nestHmprevious nesting attempt
could have received a food supplementesved as a control. No single model received

0.05 posterior probability.

Variable Marginal Probability
Previous Clutch Size 0.888
Previous Incubation Date: Year 2010 0.880
Previous Incubation Date 0.770
Study Site (County) 0.588
Previous Treatmentear 2010 0.580
Previous Treatment: Previous Incubation Date 0.465
Previous Treatment: Previous Clutch Size 0.460
Previous Treatment 0.437
Year 2010 0.433

Previous Incubation Date 0.269
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Chapter 1, Appendix ATable 3 Marginal posterior probaliies of variables from
reversible jump variable selection analysis (RIMCMC) of timing of reproduction of the
next yearOs American kestrel nest by the same adult f@nalprevious nesting attempt
could have received a food supplement or served as kdhd models receivet 0.05

posterior probability.

Variable Marginal Probability
Previous Incubation Date: Year 2010 0.618
Previous Clutch Size 0.529
Previous Incubation Date 0.528
Study Site (County) 0.489
Previous Treatment: Year 2010 0.489
Previous Treatment: Previous Incubation Date 0.486
Previous Treatment: Previous Clutch Size 0.475
Year 2010 0.475
Previous Treatment 0.470

Previous Incubation Date 0.374
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Chapter 1, Appendix ATable 4 Marginal posterior probabilities of variablesrro
reversible jump variable selection analysis (RIMCMC) of clutch size of the next yearOs
American Kestrel nest in the same nest Adwe previous nesting attempt could have
received a food supplement or served as a control. A model containing only tioeprev
clutch size as a variable received a posterior probability of 0.500; the next most likely
model, with both previous clutch size and study site had a posterior probability of 0.268.

No remaining models receivéd0.05 posterior probability.

Variable Marginal Probability
Previous Clutch Size 1.0
Study Site (County) 0.349
Previous Treatment: Year 2010 0.062
Previous Treatment 0.042
Previous Treatment: Previous Incubation Date 0.042
Year 2010 0.033
Previous Incubation Date 0.028
Previous Incubatin Date: Year 2010 0.025
Previous Incubation Date 0.018

Previous Treatment: Previous Clutch Size 0.011
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Chapter 1, Appendix ATable 5 Marginal posterior probabilities of variables from
reversible jump variable selection analysis (RIMCMC) of cluizd af the next yearOs
American Kestrel nest by the same adult female.

The previous nesting attempt could have received a food supplement or served as a
control. A model containing only the previous clutch size as a variable received a

posterior probabity of 0.396. No remaining models receive@.11 posterior

probability.

Variable Marginal Probability
Previous Clutch Size 0.999
Previous Treatment: Previous Incubation Date 0.173
Previous Treatment 0.133
Study Site (County) 0.109
Previous IncubatioDate 0.107
Previous Treatment: Previous Clutch Size 0.091
Previous Treatment: Year 2010 0.084
Year 2010 0.071
Previous Incubation Date: Year 2010 0.046

Previous Incubation Date 0.025
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Chapter 1, Appendix ATable 6 Marginal posterior probabiligis of variables from
reversible jump variable selection analysis (RIMCMC) of apparent nest success for the
next yearOs American Kestrel nest in the same nesEtimprevious nesting attempt

could have received a food supplement or served as a contrmdd@l containing only

the previous clutch size as a variable received a posterior probability of 0.500; the next
most likely model, with both previous clutch size and study site had a posterior

probability of 0.268. No remaining models receiVe@d.05 postrior probability.

Variable Marginal Probability
Year 2010 0.527
Previous Incubation Date: Year 2010 0.521
Previous Treatment: Year 2010 0.498
Previous Treatment: Previous Clutch Size 0.492
Study Site (County) 0.491
Previous Incubation Date 0.488
Previous Treatment 0.486
Previous Treatment: Previous Incubation Date 0.481
Previous Clutch Size 0.462

Previous Incubation Date 0.432
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Chapter 1, Appendix ATable 7 Marginal posterior probabilities of variables from
reversible jump variable seleati analysis (RJIMCMC) of apparent nest success for the
next yearOs American Kestrel nest by the same adult fdrhalprevious nesting attempt
could have received a food supplement or served as a control. A model containing only
the previous clutch size asvariable received a posterior probability of 0.500; the next
most likely model, with both previous clutch size and study site had a posterior

probability of 0.268. No remaining models receiVe@d.05 posterior probability.

Variable Marginal Probability
Previous Incubation Date 0.818
Previous Incubation Date 0.665
Previous Treatment: Previous Incubation Date 0.519
Previous Treatment: Previous Clutch Size 0.462
Previous Incubation Date: Year 2010 0.450
Previous Treatment: Year 2010 0.441
PreviousTreatment 0.439
Year 2010 0.434
Study Site (County) 0.433

Previous Clutch Size 0.295
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Chapter 1, Appendix ATable 8 Marginal posterior probabilities of variables from
reversible jump variable selection analysis (RIMCMC) of productivity (number of
fledglings) of the next yearOs American kestrel nest in the same n&gdidprevious
nesting attempt could have received a food supplement or served as a toetrualll
model had a posterior probability of 0.4208e next most likely model, witpear2010 as
an effecthad a posterior probabilitgf 0.172. None of the remaining modedseived'

0.05 posterior probability.

Variable Marginal Probability
Year 2010 0.300
Study Site (County) 0.100
Previous Clutch Size 0.091
Previous Treatment: Year 2010 0.085
Previous Treatment 0.075
Previous Incubation Date 0.063
Previous Incubatio Date: Year 2010 0.048
Previous Treatment: Previous Incubation Date 0.035
Previous Treatment: Previous Clutch Size 0.031

Previous Incubation Date 0.015
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Chapter 1, Appendix ATable 9 Marginal posterior probabilities of variables from
reversible ymp variable selection analysis (RIMCMC) of productivity (number of
fledglings) of the next yearOs American kestrel nest by the same fEheapeevious
nesting attempt could have received a food supplement or served as a toetrualll
model had a paerior probability of 0.206the next most likely model, witthe date of
the previous nesting attempt initiation as an efffiact a posterior probabilityf 0.191,
and the third most likely model with the interaction between treatment and previous
initiation had a posterior probability of 0.111. None of the remaining moeletsved'

0.05 posterior probability.

Variable Marginal Probability
Previous Incubation Date 0.381
Previous Treatment: Previous Incubation Date 0.232
Previous Treatment 0.145
Study Site (County) 0.108
Previous Treatment: Year 2010 0.092
Previous lcubation Date: Year 2010 0.086
Previous Treatment: Previous Clutch Size 0.070
Year 2010 0.065
Previous Clutch Size 0.033

Previous Incubation Date 0.028




49

Chapter 2: Consequences of food supplementation for muliiear survival of

American kestrel neslings

Jessi L. Browh and Michael W. Collop}

!Dept. of Natural Resources and Environmental SciandeEcology, Evolution and
Conservation Biology Graduate Prograddmniversity of Nevada, Reno, 1000 Valley
Road, Reno, NV 89512, USAAcademy for the Erivonment, University of Nevada,

Reno,202 Ross Hall, Rend\V 89557USA

Summary

1. Reproduction is thought to be costly, leading to a hypothesized tradeoff between
investment in a current reproductive attempt and investment imsgttenance and

future reoroduction.

2. The outcome of reproductive attempts is frequently assessed byeshort
measurements of investment, such as number of offspring at time of independence or
body condition of offspring; however, a more appropriate measure in the context of
lifetime reproductive strategy is the eventual recruitment of offspring to the breeding
population.

3. We used Bayesian markcapture models to evaluate the effects of a food
supplementation experiment on the ldegm survival of American kestrelsglco

sparveius) that had fledged from experimental nests.



50

4, Although nestlings that had received the food supplement tended to fledge with
higher body conditions than control counterparts, their higher rate of survival was better
explained by treatment group indepenidef the difference in body condition.

5. The food supplementation process likely affected nestling survival and
recruitment through mechanisms not quantified here, such as changes in parental
behavior during the pos$kedging period, or nutritional effect®ot measured by a size
corrected mass index.

6. Our study demonstrates how food supplementation can result in-telomg
demographic consequence for offspring. Moreover, this difference was greatest in a year
when breeding adult survival was not positivefgeted by the food supplement,

providing support for the hypothesized tradeoff.

Keywords: Bayesian statistics, body condition, cost of reproduckaito sparverius

life-history tradeoff, mark-recapture model, survival
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Introduction

WilliamsQ(1966 cost of reproduction hypothesis proposed that there should be a
tradeoff between parental investment in a current reproductive attempt and the allocation
of resources to future survival or reproduction. Organisms are thought to balance these
components of fitness by conforming to one of two potential hypotheses: edt@fixbd
investment hypothesisO in which ldivgd species should reserve enough resources
during the current reproductive attempt so as to maximize their owrtdamgsurvival
(Ricklefs 1987, or the Oflexible allocation hypetsisO which predicts that parents will
change their investment levels depending on the needs of their offspring regardless of
detrimental effects on their own survival or future reprodudfiemden & Mg ller 1989.

Those species that are longiged and have multiple opportunities to recruit young

would be expected to follow the fixed investment strategy, whereas slvetespecies

with fewer chance at successful reproduction should be more flexible in their investment
in their current reproductive attemiavarro & Gonzalesolis 2007.

Despite cost of reproduction hypotheses becoming central to life history theory,
only rarely have investigators attempted to quantify whether apparent changes in parental
investment restéd in changes in offspring fitness measured robustly, such as the
recruitment of offspring to the breeding population rather than the more easily detected
immediate effects on final brood size or nestling condition at fledgtoff 1992
Stearns 199ZPettifor, Perrins & McCleery 2001Although condition obffspring at
time of independence would appear to be an appropriate proxy for their eventual
recruitment, it has been suggested that any such effect might be nonlinear, or vary

between species, years, or local environm@svson & Bortolotti 2002Byholm &
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Kekkonen 2008 Therefore, estimation of recruitment rates would be a more defensible
assessment of fitneisan any samgear observation@ettifor, Perrins & McCleery
2007). Similarly, experimental studies that manipulate reprbdecosts can better
reduce potential confounding influences because individuals are thought to dynamically
allocate resources and make reproductive decisions to best optimize thein Direes .
Daan 1980Reznick 1985k

We investigated the possible effeof food supplementation during the breod
rearing phase of southeastern American kedtadt sparveriugpaulug nesting
attempts on the eventual annual survival and recruitment of nestlings. This population of
kestrels is particularly suited to stuslief reproductive strategy becawsgiches range in
size from 1 to @ggs,most birds (estimated as 80%) breed after their first winter, but
individuals have a potentially long lifespan of up to 14 yéamallwood & Bird 2002
Lutmerding & Love 201) Furthermore, natal dispersal distances of local juvenile
kestrels (median = 4.9 kmappeato be shorter than those of the migratory subspecies,
reducing the potential effects pérmanent emigration on estimation of population vital
rates(Miller & Smallwood 1997. Rather than simply repting raw return rates, the
potential bias of emigration was further reduced by modeling survival using Bayesian
CormackJolly-Seber models, which can estimate both apparent survival and detection
probability (Schofield, Barker & MacKenzie 20DAlthough our approach cannot
account for the effects of any differential dispersal rates as effectively as a study with
multiple sources of resighting @& our models can explicitly test for differences in
detection probability due to experimental treatment or other covafiandigezet al.

2002 Tinbergen 200p We hypothesized that kestrels would tend to follow a strategy of
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fixed investment in their offspring, due to phylogenetic influences and their potentially
long lives. Furthermore, this strategy wid be manifested by differences in fitness as
measured by recruitment and survival rates. We predicted that when no effect of food
supplementation was seen on adult survival, ryaiéir survival would be higher for

those birdghat received supplementdigod in the nest, as such a situation would

indicate that the resource had been allocated to the nestlings.

Materials and methods
FIELD STUDY
Study site

American kestrels using a network of 150 nest boxes were monitored in north
central Florida, USA, fnm 200810. The nest box network was first established during
199091, and many boxes were continuously maintained until the start of our study
(Smallwood & Collopy 200p In summer 2008, we added 6 boxes to novel sites and
restored boxes to 32 historical sites where box maintenance had lapsed. Nest boxes were
in open upland habitat, either sandhill which is chareasd bylongleaf pine Pinus
palustri9 and turkey oakQuercus laevis or pastures interspersed with hammock
habitat, which includebardwoodssuch adive oak Q. virginiang and laurel oak@.
laurifolia; Kautz, Stys & Kawula 2007 Nest boxes were constructed from-2rb cedar
or cypress lumber and mounted® high on roadside utility poles or livenigleaf pine

trees.
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Experimental Design

We conducted a food supplementation experiment during the first two years
(2008 and 2009) of fieldwork. Nesting attempts were selected at random from the
monitored population and paired by nest initiation datechutdh size. Within nest pairs,
either a food supplementation (hereafter, OsupplementO) or control treatment was
randomly assigned, with a goal of 30 nests per treatment gragch year. Every third
day after the oldest nestling was32l old, we placedommercially acquired domestic
mice directly in supplement nest boxes. The amount of food provided was sufficient to
meet the daily energy needs of one female kestrel nestling at that stage of development
(Andersoret al.1993. Control nests were also visitedegy third day to equalize
disturbance rates and document any nestling mortality. Those nests which were not
assigned to any experimental treatment group (i.e. -&qmrimental nestsO) were
visited twice more during broeckaring.
Nest box and individuahonitoring

Throughout the field season, we attempted to remotely identify any marked
kestrels encountered, regardless of their association with a nest box. All nest boxes were
first visited in February for cleaning, repairs, and refilling with@rblayerof cypress
wood shavings. We then checked boxes for occuparicyQad intervals.Once kestrel
eggs were observed, nest status was reassessed4t 16tervals throughout
incubation. We attempted to capture all incubating females during the finaldelsof
incubation with a custormade net on an extendable pole. Previously unmarked adult
kestrels were banded with USGS leg bands and uniquely marked with combinations of

colored patagial tags, one per wifmallwood & Natale 1998 Nesting attempts were
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visited near the expected tiro€hatching, and some nests in which at least one egg
hatched were assigned to treatment groups as detailed above.

Nestlings were banded and fitted with unique patagial tags 24-8lof age. We
measured the unflattened wing chord, tail, tarsus, apdsexi culmen; and recorded
mass to the nearest 0.1 g with a digital balance. All nestlings banded were considered
successfully fledged, as disturbing kestrels beyonr@@& of age can result in premature
fledging (Steenhof & Newton 20Q7Research and handling protocols (#00329) were
reviewed and approved by the Institutional Animal Care and Use Committee at
University of Nevada, Reno.
STATISTICAL ANALYSES

Body condition of nestlings at fledging was evaluated by correcting mass for body
size and age using the allometric method of Peig and G2668), as other size
corrected mass condition indices have b&®wn to be biasedPeig & Green 2010
Wing chord was chosen as an integrated measure of body size and age because primary
length increass with age in American kestrels, and the measurement is thought to be
highly replicable under field conditiorfgVinker 1998 Smallwood & Bird 2002 A
standardized axis regression (SMA) otlarsformed mass on wing chord was
performed separately by sex for all kestrel nestlings banded from220@8 in R version
2.12.1 using the package Olmodél2gendre & Legendre 199R Development Core

Team 201Q The scaled condition indek () was calculated for each bird:

Mo ![!!—!!]!SMA
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with its measured mass and wing chord asu L, the mean observed wing length as

Lo, and the slope of the appropriate SMA regression line as the expengiiPbig &

Green 2009 Each individualOs scaled condition indes when subtracted from the

observed mean mass by sex to give the difference from the mean in g, so that a nestling
that was lighter than expected for its body size and age would have a negative condition
score. Because nestling condition was correlatdid tneatment, year, and their

interaction (Brown and Collopy in review), we regressed those variables on the condition
scores to statistically remove their effects. The residuals of this regression then served as
a measure of condition independent of tre&it and annual effects.

Annual survival of experimental nestlings after fledging was then modeled using
Bayesian capturenarkrecapture models in WinBUGS 1.4.3 via the R package
OR2WinBUGSQ@.unn et al.200Q Sturtz, Ligges & Gelman 2005The CamackJolly-

Seber models were parameterized to assess-gaadpndividuallevel covariates as well

as time effect¢Schofield, Barker & MacKengi2009. Priors were intentionally

uninformative with priors for both survival and recapture rates drawn from the beta (1,1)
distribution, and priors for the beta parameters for the condition index effect and intercept
drawn from a normal distributionith mean=0 and precision=0.00#lodels were run for
120,000 to 360,000 iterations after discarding the initial 10,000 to 20,000 runs as a burn
in to ensure complete mixinGonvergence of the Markov chain Monte Carlo (MCMC)

runs was assessed by visualizatof the trace, and the Raftdrgwis and GelmaiiRubin
diagnostic tests implemented in the R package O¢Géhian & Rubin 1992

Spiegelhalteet al.2002 Plummeret al.2006. We used deviance information criterion

(DIC) scores to assess our suiteagdriori models, such that the models with thevést
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DIC scores were considered the most compet{egelhalteet al.2002). Final
parameter estimates are presented as means of the posterior probability distributions with

95% Bayesian edible intervals unless otherwise specified.

Results

Food was supplemented at 61 kestrel nests (27 in 2008 and 34 in 2009), and an
additional 63 nests were treated as controls (29 in 2008 and 34 in 2009). The unequal
sample sizes in 2008 were due totbenplete failure of two of the intended food
supplement nests during hatching, with appropriate replacements not available.
Regardless, mean clutch size (4.62 £ 0.58 eggs for control, 4.64 £ 0.55 eggs for
supplement) and initiation date (day 82.48 + 1@ ¢ontrol, day 83.10 £+ 10.39 for
supplement) were similar between treatment groups (sequential analysis of deviance of
Poisson glm for clutch size, difference in deviance = 0.0828,9581; Gaussian linear
model for initiation datek11,=0.1114,P=0.7391). We designated 385 nestlings (196
from control nests, 189 from supplement) as successfully fledged from experimental
nests. An additional 189 nesting attemp&se monitored as neexperimental nests (42
in 2008, 47 in 2009, and 100 in 2010).

In 2008and 2009, 461 nestlings from 136 broods were banded and measured. The
slopes of the SMA regressions, @R, of In-transformed wing chord on mass for 228
females and 233 males were 0.637 (95% CI 6&8&5) and 0.713 (95% CI 0.637
0.798), respectively.Ae scaled condition index was calculated with the observed mean
wing chord lengths of 100.978 and 98.635 mm @®itfemales and males respectively.

The observed mean mass of 107.160 g for females or 97.473 g for males was then
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subtracted from the scaledndition index for a final condition score. Treatment group,
year, and their interaction were then regressed onto the final condition score (Fig. 1;
adjusted R= 0.0679F3 3g1= 10.32,P < 0.001), and the residuals extracted to serve as a
measure of audition statistically independent from the explanatory variables.

Despite documenting relatively few recruited nestlings (2 from control nests, and
5 from supplemented nests), we found support for effects of treatment group and year on
annual survival (Tlle 1). Although inference is justifiably guarded due to the sparseness
of this data set, it is important to emphasize that the Bayesian models produced posterior
probability estimates that quantified and clearly expressed the inherent substantial
uncertanty (Ellison 2004. Unlike frequentist methods, our Bayesian approach did not
rely on asymptotic assumptions that can be strongly biased for small samp(&&izes
2010. The effects of treatment group and year were present in five of the eight most
competitive (DIC values within 3 units of each other) models. Examination of the
posterior probability estimates for the survival and recapture rates showed that annual
suwival was always lowest for kestrels that had been in the control group as nestlings
(Table 2). The supplement group survived at higher rates, possibly much higher between
2009 and 2010. The multiple chains of the model testing the effect of body condition
independent of year and treatment group failed to converge to a similar space, indicating
that the model fit was very poor and that the body condition covariate was not related to
annual survival. The probability of resighting birds (p) did not vary batvieeatment
groups or over time, as models holding this term constant outperformed those with

covariates. Also, observed dispersal distances (distance from natal nest to first nesting
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attempt as an adult) did not vary by treatment group (mean dispestsalogi for control

nestlings=10.67 + 0.04 km, for supplement nestlings=7.42 + 3.85m1.51,P=0.29).

Discussion

To the best of our knowledge, our study is the first to analyze betyszen
survival, rather than raw return rate, of birds that fleidgem nests that had received
experimental food supplementation. In addition to a witfg@ar effect on body condition,
we found evidence that the food supplementation treatment positively influenced annual
survival after fledging. Similar samgear effets on body condition have been noted for
other populations of American kestrels, goshawtczipiter gentili3, TengmalmOs owls
(Aegolius funereysand Eurasian kestref#/iebe & Bortolotti 1995KorpimSki & Rita
1996 Dewey & Kennedy 20QIHipkisset al.2002), but other studies on the same
species in addition to Ural owlSifix uralensi} failed to detect such a differen@&iehn
& KorpimSki 1997 Dawson & Bortolotti 2002Brommer, Karell & Pietiainen 2004
Eldegard & Sonerud 20).0However, when differencegtween fooesupplemented and
control nestlings were not detected, either breeding adult mass incf@asebd &
KorpimSki 1997 Brommer, Karell & Pietiainen 200&Idegard & Sonerud 20)0r
adult return rates were higher for those tending supplementedDastson & Bortolotti
2002. We also noted higher annual survival for fesapppemented adult female kestrels
following the year that their nestlings were similar in condition to control nestlings
(Brown and Collopy in review).

However, the effect of food supplementation on survival did not seem to be

directly related to the diffence in body condition, as a model assessing the importance
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of body condition, having controlled for treatment group and year influences, performed
very poorly. We did not find any other studies of birds which attempted to separate the
potential influencesn annual survival of increased body condition from a food
supplementation treatment. In parasitic jaeg8tsr€orarius parasiticys increased
survival of supplemented pefedged birds on the breeding colony before dispersal
(from 20 d to 40 af age)was attributed to their greater mass rather than the treatment
effects per se, but there was no attempt to statistically separate the two(Bects
Nager & Furness 2005Pied flycatcher nestlings that had received food Isapgnts
were not heavier at time of fledging, but returned at higher rates than control counterparts
(Verhulst 1994. In other studies, foedupplemented adult female American kestrels,
European kestrels, and TengmalmOs owls reduced their hunting effort or provisioning rate
(Wiehn & KorpimSki 1997Dawson & Bortolotti 2002EIdegard & Sonerud 20).0
Presumably the resources previously allocated to these effaitsthen be used for
other activities that would increase the future survival of their nestlings, such as improved
defense or increasing the duration of parental provisioning during thélguirgng
period.

We did not quantify behavior during the breaghring or postledging period,
and therefore we can only speculate on the mechanisms driving the difference in survival
rates between treatment groups. Breeding adult Eurasian kestrels thought to be of higher
quality due to larger mass and earlier tighof reproduction provided care to their
fledged offspring for a longer time than lowguality individuals(Vergara, Fargallo &
MartinezPadilla 2010. In this same population, food supplementation during the post

fledging period extended the @dion of care, leading the authors to conclude that food
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supply was the link between parent quality and-flesiging dependence period. Adult
female goshawks that had received a food supplement remained closer to their nest site
throughout the early pofiedging period than controls, but fledgling locations were not
simultaneously determind®ewey & Kennedy 2001 In contrast, broogbrovisioning
rates were not different during pgitdging for control and foodupplemented
TengmalmOs owls, although they were different during phases of theéadad period
(Eldegard & Sonerud 20)0

Alternatively, our method of estimating body condition may not have adeguatel
characterized the nutritional benefit of the food supplement, which may have had a direct
impact on nestling health or improved the abilities of parents to provide higher quality
wild prey. In kestrels, measures of body condition calculated from bodyandssize do
not always correlate well with other techniques of measuring health or nutritional status.
Growth rate, but not residual body mass at fledging, was related to glycated hemoglobin
(GHD) levels in American kestrels, but the reverse was trugldod albumin levels
(Ardia 2006. Two measures of oxidative stress, reactive oxygen metabolites and serum
antioxidant barrier, did not correlate with body condition in nestling Eurasian kestrels
(Costantiniet al.2006. Sizecorrected mass suggested different responses to a brood sex
ratio manipulation experiment in Eurasian kestrels than did other indicatoestbhg
condition, such as hematocrit level, the ratio of heterophils to lymphocytes, and innate
immune system response as measured by the phytohaemagdrui?iiA) injection
assay(Laaksoneret al.2004). These observations suggest that alternative measures of
nestling health or condition could have helped clarify the relationship between our food

supplementation treatmeand its demographic effect.
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Regardless of the mechanism driving the relationship between food
supplementation and future survival of nestlings that had fledged from experimental
nests, our results indicate that adult American kestrels balanced Hesimirent in
current reproductive attempts with other components of fithess. Supplemented kestrel
offspring always survived at higher rates than their control counterparts, but the
difference was less pronounced in a year that supplemented adult kestrelisraived at
markedly higher rates (Brown and Collopy, in review). This observation is consistent
with the allocation of surplus food to the adults, in adherence to a strategy of fixed
allocation of resources to nestlings. Similarly, following the ofear of the experiment,
the supplemented adult kestrels survived at similar rates to the controls, but supplemented
nestlings survived at much higher rates than control counterparts. Control adult kestrels
were apparently willing to sacrifice future prosiseof survival of their nestlings rather
than jeopardize themselves. To the best of our knowledge, our study is the first to link
ultimate demographic consequences of annual survival for both parents and offspring to a

proximate experimental manipulation.
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Chapter 2Table 1 Bayesian capturenarkrecaptue models of American kestrel annual
survival ranked by DIC (deviance information criterion) scdree model with DIC =
N/A was unacceptably sensitive to initial values, and replicate chains failed to converge

to similar posterior probability estimatesiggesting that the model was very poor.

Model DIC #DIC

Survival Recapture

Treatment Constant 84.7 0
Treatment and year Constant 85.0 0.3
Year Constant 85.9 1.2
Treatment and year Treatment 86.1 14
Treatment Treatment 86.2 15
Constant Constant 86.5 1.8
Year Treatment 86.7 2.0
Treatment and yea Year 87.6 2.9
Constant Treatment 87.8 3.1
Treatment Year 89.0 4.3
Treatment and year Treatment and year 91.4 6.7
Year Year 91.7 7.0
Constant Year 92.0 7.3
Condition Constant N/A N/A
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Chapter 2Table 2 Posterior probability estimates of appar@miual survival (S) and
recapture probabilities (p) for American kestrels following a food supplementation
experiment during their nestling phakstimates are from the top two Bayesian capture

markrecapture models, and intervals are 50% Bayesian teadtbrvals.

Parameter Survival by Treatment Grou Survival by Treatment Grou

and Year

Mean 25%Cl 75%ClI Mean 25%CIl 75% CI

S, Control, 2008 0.227 0.096 0.311 0.338 0.154 0.479
S, Control, 2009 0.227 0.096 0.311 0.339 0.153 0.481
S, Supplement, 2@ 0.485 0.284 0.672 0.436 0.240 0.608
S, Supplement, 200 0.485 0.284 0.672 0.684 0.530 0.852

p 0.086 0.016 0.102 0.050 0.030 0.060
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Figure 1. Box percentile plot of difference between average and observed standardized
mass index (g) of American kedtreestlings by food supplementation treatment group

and year.
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Abstract

Integrated population models (IRMoffer enhanced abilities to explore

population dynamics, especially when considering sparse data sets commonly associated

with threatened or endangered populations. We analyzed the recent population trends of a

population of Southeastern American KelstEalco sparverius paulysassociated with
a network of nest boxes in nortientral Florida, USA. Although the subspecies is

considered of conservation concern, little is known about demographic vital rates or
population trajectories. We used Bayesiak$Rhat simultaneously considered mark
recapture data sets, fledgling production, and population surveys to assess recent

population growth rates, productivity, and demography. We further evaluated the
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potential of the nest box population to serve as ecedo the surrounding population

that used natural cavities by comparing local and overall population growth rates,
apparent survival probabilities, and recapture probabilities between an IPM that explicitly
modeled immigration and oreat did not Overdl population growth rates suggested

that the population was stabéjen though immigration was apparently important with
approximately 0.3 female immigrants per resident female kestrel eaclieyplcitly
modeling immigration resulted in lower estimgatd juvenile kestrel apparent survival
probability, suggesting that a large proportion of locally produced juveniles emigrated
rather than recruited locally. These results emphasize the utility of data sets from the
monitoring of nest boxes, as well ag thotential contribution of juveniles fledged from
nest boxes to the regional population. The IPM approach allowed effective modeling of
realworld data sets, including sparse data that are typically characteristic of threatened

populations.

Keywords: Bagsian analysig;alco sparveriusimmigration, open population,

threatened species
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1. Introduction

Due to their precarious status, populations of threatened and endangered
organisms are often the targets of concern, study, and manag@aswell 2001;
Williams et al. 2002)Yet the very attributes associated with their conservation status,
such as rarity across the landscape, difficulty of detection, and sensitivity to disturbance,
make the assessment of these populations logistically and computgtehffiehlilt
(Norris 2004; Schaub et al. 200Data sets describing the various population metrics of
interest, such as population size and demographic vital rates, may be of varying quality,
sparse, or missing outright. Although traditional independeadiyses of these data sets
may provide adequate resulinouvrier et al. 2003; Schaub et al. 20@#gthods of
deriving composite parameters such as overall population growth rate may present
difficulties in estimating defensible confidence intervalsawaciances between
component parametef®oak et al. 2005; Schaub and Abadi 2010)

Integrated population models, or IPMs, offer an attractive alternative method for
assessing the attributes and stability of populations of co(Rédes et al. 2011,
Schaib and Abadi 2010)This set of models uses a coherent framework to
simultaneously analyze multiple data sets that describe some portion of the demographics
of a population, resulting in composite demographic parameters such as population size
and growth ate that might be more useful for management or monitoring than vital rates
like survival probabilitiegFig. 1; Brooks et al. 2004Because some components are
informed by separate but linked data sets, final parameter estimates are often more

precise ad accurate than those from independent analy$mge and Maunder 2004)
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Derived demographic parametateng with their confidence intervals, such as numbers
of individuals per age class or population growth rates, are straightforward to model
(King et d. 2008) Even unobserved yet important demographic processes, such as
immigration, can be addressed using this framevbadi et al. 2010b)Thus, the
flexibility and robustness of the IPM approach make it ideal for analysis of the often
sparse and digpct data associated with threatened and endangered populations.

The Southeastern American Kestifealco sparverius paulyds one example of a
species of concern amenable to analysis using IPMs. The subspecies is considered
threatened in the state ofofida, USA, because of steep declines in population size since
the 1940s due to habitat loss, especially of standing dead longleaf pin®iness (
palustrig that serve as nesting substratésffman and Collopy 1988)he loss of the
onceextensive lonkpaf pine community has been nearly comps$étee European
settlement, with less than 1% of old growth stands remaining throughout the southeastern
USA (Simberloff 1993) Longleaf pine continues to disappear from Florida, as 15% of
the sandhill habitat doinated by this species was converted to other land cover types
between 1989 and 20QRBautz et al. 2007)

The declines of kestrel populations were inferred from surveys, because basic
demographic rates such as agkated survival were not yet estimatesiing robust mark
recapture method$mallwood and Bird 2002Continued monitoring using surveys
appears problematic, as surveys designed for passerines such as the Breeding Bird Survey
tend to perform poorly with territorial and irregularly distributepitoas like kestrels
(Farmer et al. 2007However, breeding kestrels readily occupy nest boxes providing an

opportunity to closely monitor reproductive output and a means to individually mark
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nestlings and adults. Establishing the potential importancesbfoox networks, often
maintained primarily by volunteers, to regional kestrel population status has clear future
management implications.

We studied the recent population dynamics of Southeastern American Kestrels
occupying a network of 106 nest boxesarth-central Florida, USA. The nest boxes
were originally placed in the early 1990s, and the provision of large numbers of nest
boxes in good quality habitat that was otherwise deficient in nesting substrates appeared
to lead to overall increases in pdgion numbergSmallwood and Collopy 20097 his
suggested that the population of kestrels using the boxes served as a source of emigrants
to the surrounding population that relied on naturally occurring cavities. We proposed to
examine recent populatigrowth and demographic vital rates by analyzing our mark
recapture, nest box use, and nest box productivity data sets with IPMs. We hypothesized
that the nest box network might be functioning as a source to the surrounding general
population. We attempted address this possibility by using a parameterization of an
IPM that explicitly models immigration, so that we could estimate the contribution of
kestrels fledged from these nest boxes to overall population growtl{Aated et al.

2010D)

2. Materials and methods

2.1 Study organism, site, and field methods
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We studied the American kestrels associated with a network of nest boxes placed
throughout Levy and Marion counties in nedéntral Florida, USA (29 210 N, 82; 230
W), from 20082010(Smallwoal and Collopy 2009)Nest boxes were placed in either
sandhill or hammock habitat. Nest box sites in Levy County were generally sandhill
habitat, a xeric upland vegetation community characterized by longleaf pine and turkey
oak Quercus laevis whereas hmmock patches dominated by live o0&k {irginiang
and laurel oak@. laurifolia) were frequently found in Marion Counti{autz et al.

2007) Most of the nest boxes were originally placed in 1991and continuously
maintained from then through our studythough we added 39 nest boxes during the
course of this study to other sites in the study area, analyses here are restricted to the
same 106 nest boxes that we first monitored in 2008. All nest boxes were plated 6
high on roadside utility poles are trees, and were constructed similarly from@b

cedar or cypress lumber.

Nest boxes were first visitad February of each year and cleaned, repaired and
filled with a 5cm layer of cypress wood shavings. We subsequently revisited nest boxes
at! 10-d intervals and attempted to identify any marked kestrels attending the boxes.
Once nesting attempts were detected, their status was checked at Ditdetdals
throughout incubation. We attempted to trap all adult females inside boxes with a
custommade net on an extendable painterOs pole near the end of the tyjical 30
incubation period. We confirmed the identity of recaptured adults, and banded and
individually marked all newhcaptured adults with unique combinations of colored

patagial tags, onegp wing(Smallwood and Natale 1998)



80

During 200809, breeding kestrel pairs were assigned at random from the
monitored population to a food supplementation experiment during which commercially
acquired whole mice were placed directly in nest boxes (nededislin Chapter 1). Both
types of experimental nests, receiving either food supplemented or control treatments,
were visited every third day after hatching to equalize investigator disturbance rates.
Non-experimental nests were typically checked twicerduthe nestling stage. All
nestlings were banded, and most fitted with unique patagial tags, at 21l ml@®4These
nestlings, having reached 80% of fledging age (flexging can occur as early as 25 to
26-d age), were then considered as succegdfaliged(Steenhof and Newton 2007)
Research and handling protocols (#00329) were reviewed and approved by the
Institutional Animal Care and Use Committedhat University of Nevada, Reno.

Our markrecapture data sets were derived from the resighindsecaptures of
kestrels both initially marked as adults and as nestlings. Fecundity estimates were derived
from the observations of nesting attempts in the monitored nest boxes. Our population
census data were simply the numbers of confirmed breedimgjde occupying nest
boxes, which was a conservative estimate of the actual size of the breeding population as

pairs sometimes chose natural cavities within their territories rather than nest boxes.

2.2 Modeling framework

We estimated demographic ratpspulation growth rates, and immigration rates

with integrated population models and separate captarérecapture models in R

2.12.1 and WinBUGS 1.4.3, using the R package OR2WinB(IG80et al. 2000; R
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Development Core Team 2010; Sturtz et al. 200%) femalebased IPMs estimated
population dynamics from an agé&uctured statspace model informed by four data
sets: a population census, fecundity estimates, and twene@agture models of our
marked adults and nestlin¢fSig. 1; Abadi et al. 201§) Schaub and Abadi 2010)he
markrecapture sunodels were parameterized as the skatbwn Cormacklolly-Seber
(CJS) model, which uses encounter histories of marked animals to separate detection
probability from apparent survival probabiliformack 184; Jolly 1965; Seber 1965)
We also analyzed the mar&capture data sets independently of the IPM for comparison
with results from the embedded components. Further details of the model structures and
likelihoods are presented in Appendix A, and sampt@dr is in Appendix B. Because a
simulation study by Abadi et gR2010a)examining the impacts of violation of the
assumption of independence suggested minor impacts on the accuracy of parameter
estimates for moderat#zed data sets, we treated our d&tts as independent although

many of the same adult females were represented in multiple data sets.

2.2.1 Statespace model and population census

We modeled the population of kestrels using nest boxes with esptate model
represented by the combirmat of a process model (latent) and observed m@el
Valpine and Hastings 2002Because American kestrels are capable of breeding as
yearlings and breed every year once recruited, and because the effects of age on fecundity
are unknown, we chose a siravo-age projection matrix model considering yearlings
(N;) and adults age 2 and older,g\as our process mod@aswell 2001; Smallwood

and Bird 2002) The expected number of female kestrels in the two age classes attime
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1 (N1+1and Ny t+9) isthe product of the population vector in yéand the projection
matrix, with %y, and%.q, the juvenile and adult apparent survival probabilities,fand
the fecundity or the expected number of female offspring per breeding female tat year
We consi@red two variants of the projection matrix, one that did not consider

immigration,

EQyqlt )t <[!!!-!.”,;;!!'!!p!-””])z’[!é);.'.'# !!! !{"'# ]! [!!!‘{””!!"!"!’!!”!!!!] (1)

and one that explicitly modeled immigration, whemen is the immigration rate, or
number of female immigrants in yeat1 per adult female in the population in yeéar

(Abadi et al. 2010b)

DI ([!!!f, " !!!!_{ ””])! )

o juv ] [N!!! |!!!!!1]
po bimm ! imm! T TR

!
Additional demographic stochasticity was introduced to the population proceskhyode
modeling the number of females in age classes with Poisson and binomial distributions
TN I | (I B R 1 Ry 3)

and

N L LN v B B | N A | (R B PR TR (4)

We modeled the observation process as a Poisson distribution conditional on the state

process

L Po(lyy b e y) (5)
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wherey; was the number of observed breeding females inty®de then calculated the
populationgrowth rate from either the number of individuals produced locally (i.e. local
population growth rate), or the total number of females including immigrants (overall
population growth rate). An overall average growth rate was estimated as the geometric

meanof the annual growth rat€®Villiams et al. 2002)

2.2.2CMR models

We modeled apparent annual survival probabilities of adult female keS8tggls (
and posffledging juvenile kestrel€4.y, both sexes pooled) using separate Cormack
Jolly-Seber models, expressed in terms of the compiati@likelihood, or CDL
(Schofield et al. 2009)rhe advantage of using a CDL parameterization, which includes
missing data components that are typically integrated out of obsaatadikelihood
parameterizations, is that we can cleanly separate nuisance parts of the model from those
that are biologically interesting. Previous analyses suggested that sunbesh afroups
was related to experimental food supplementation (see Chapters 1 and 2). However, here
we were interested in estimating the realized average survival probability within each age
group, and so we modeled apparent survival without explicitly imapihe effect of the
treatment covariate. Apparent survival was otherwise modeled asdnyieg, but
recapture probabilitiep4 andpjuy) were held constant because recapture and resighting

efforts were equal across years.
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2.2.3 Fecundity
Fecundiy, f, was estimated from half of the observed fledglings (assumed sex
ratio of 50:50),J, and the number of reproducing femakRsThus,J; was assumed to

follow a Poisson distribution

L () (6)

2.2.4. Model rurdetails

All prior probabilities were selected to be uninformative, except for initial
population numbers in 2008 (see Appendix A). For each model, we ran two chains for
100,000 iterations, discarding tfiest 5,000 runs as busim, and thinned so that every
12" value was retained. Convergence was assessed by visual inspection of the model
trace,and the Raftery.ewis and Gelma#Rubin diagnostic tests implemented in the R
package Ocod&Gelman and Rubit992; Plummer et al. 2008)e compared the two
IPMs using Deviance Information Criterion (DIC) values, favoring the model at least 10

DIC units lower in scor€Spiegelhalter et al. 2002)

3. Results

We observed 81, 79, and 75 female American kesdtidmpting to nest in our
106 nest boxes in 2068, respectively. From these nesting attempts, we observed 226,
219, and 243 fledglings respectively, providing estimates of 113, 109, and 121 female
fledglings. We captured 113 unique adult female kesatédmnding nest boxes from

200809, and recaptured or resighted 45 of those individuals at least once frorh@®009
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During those same years, 461 nestlings were banded. We subsequently recaptured 9 of

them as recruits attending nest boxes.

3.1Independenand integrated CMR model results

Estimates of adult annual survival and recapture probabilities of American
kestrels produced by both integrated population models were similar to those from the
independent CJS model (Table 1). Point estimates of mearnilgugarvival rates from
the IPM without immigration were similar to the independent model, but the juvenile
recapture probability was lower for the IPM. For both vital rates, confidence intervals
from the IPM were somewhat narrower (Fig. 2, Table 1). trirast, for the IPM with
immigration, juvenile apparent survival rates were markedly lower, again with narrower
confidence intervals, than those from the independent model. However, the juvenile

recapture probability was estimated to be higher, but wehtgr uncertainty.

3.2 Population composition and growth rates from integrated population models with
and without immigration

The IPM with immigration was supported over the IPM without immigration due
to its substantially lower DIC value (DIC of IPM Wwitmmigration = 468.6; DIC of IPM
without immigration = 498.68DIC = 30.0). Parameterizing the IPM to explicitly
consider immigration changed the estimates of population composition and local growth
rates. Immigrants were estimated to replace about hdiedocally produced yearling
kestrels recruited to the population each year, and the immigration rate was estimated at

approximately 0.3 immigrants per breeding female per year (Table 2). Estimated numbers
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of locally produced adults differed somewhatidg year 2, but not during year 3. Total
population sizes were similar from both models.

Estimates of the local and overall population growth rate in year 1 from the IPM
considering immigration suggested that the overall population remained stable. In
contrast, the estimate of overall population growth rate for year 1 from the IPM not
considering immigration was <1.0, suggesting population contraction from year 1 to 2.
Note, however, that all parameter estimates for growth rates were fairly uncertdime and
95% credible intervals of estimates of overall annual population growth rate always
overlapped 1.0. The geometric mean of overall population growth rates was similar
between models, but tended lower for the IPM without immigration (no immigration,

0.928 [95% ClI, 0.796L.056]; with immigration, 0.977 [0.828.123]).

4. Discussion

4.1 Population stability and immigration

We found no strong indications of overall population expansion or contraction
during our study period regardless of which IPM wedi Separation of population
growth rates into local and overall components suggested that recruitment of locally
produced yearlings was sufficient to maintain the population in both years. However,
uncertainty surrounding the local population growth vede high, and immigration was
not insubstantial.

Because the parameter of apparent survival in the CordwiskSeber model is

the confounded product of true survival and the propensity to remain in the study
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population, a decrease in apparent survivay be the result of either increased mortality

or permanent emigratigih.ebreton et al. 1992When immigration was explicitly

modeled, we noted a decrease in estimated apparent survival of juvenile kestrels and the
numbers of locally produced yearlingscruited to the breeding population. This appears

to be due to the information contained in the population census data, which shows similar
numbers of breeding kestrels from year to year, and the robust results of the mark
recapture modeling of adult kesls. The bounds on adult population size and

immigration rate set by this additional information appeared to limit the number of

locally produced juveniles that could be retained in the population. We therefore suggest
that the concurrent decrease in appasurvival probability, increase of detection
probability, and replacement of local yearlings with immigrants reflects a greater role for
permanent emigration of locally produced juvenile kestrels than could be estimated by
the IPM without immigration, lthough differences in mortality cannot be ruled out with

this analysis.

4.2 Precision of demographic rates from independent and integrated population models
Although an increase in precision of demographic vital rates is typically expected
from integraed population models, here we found mixed results depending on the type of
IPM (Abadi et al. 2010a)or apparent survival and recapture probabilities of adult
kestrels, we found no real difference in the precision of estimates whether they came
from theindependent CMR analysis or either IPM. The precision of apparent survival
probabilities of juvenile kestrels was improved with both IPMs, but the uncertainty

surrounding juvenile kestrel recapture probabilities increased with the IPM considering
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immigration. This suggests that the most sparse data set, that of the juvenile kestrel CMR,
was most prone to influence from the additional parameters and information in the

immigration model.

4.3 Broader implications

The demographic vital rates estimated heesmbroad agreement with the few
earlier assessments of American kestrel demography conducted with life tables or visual
examination of banding records. Rogd57)estimated an overall survival rate of 0.43
by pooling band recoveries across age clagséster life table analysis estimated
juvenile survival at 0.30 and adult survival at 0(B&nny 1972) Our independent CMR
analyses and the corresponding components of the IPMs indicated substantial inter
annual variability in these vital rates. As edtelsewhere (Chapter 1), the weather during
both the 2009 breeding season and following winter was unusually harsh, and
hypothesized to be related to decreases in adult survival probability and changes in
reproductive behavior. However, juvenile appasentival probability was estimated to
increase during this same time period. Given the confounding between true survival and
permanent emigration, it is possible that higher rates of local territory vacancy due to
unusually high adult mortality allowed n®local juveniles to recruit.

The overall population trajectory of the kestrels using nest boxes ircenttal
Florida appeared stable. The immigration rates estimated here were similar to those
estimated for little owlsAthene noctuamean immigratiomate = 0.293 [95% CI 0.183
0.418]) and much less than those of eagle oBd#¢ bubomean immigration rate =

1.591 [0.5413.196]) experiencing high rates of anthropogenic mortébadi et al.
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2010b; Schaub et al. 201@onsidering that our populatitvere is defined by those
individuals using nest boxes in a region that often has natural cavities available in close
proximity, we should not be surprised to see at least some immigrants from the
surrounding population that did not originate from neselsox

Our results did not unequivocally support the hypothesis that the nest box
population provides a source to the surrounding population relying on natural cavities,
but neither did we find strong support for it being a population sink. Recognizingehat t
population is open and thus explicitly modeling immigration resulted in a marked
decrease in estimated juvenile apparent survival rates. We contend that this may well be
an indication that a large proportion of the locally produced yearlings emigratedHe
monitored population simply by not usurping territorial adult females that occupied one
of our nest boxes. Distinguishing between the source and sink scenarios could be
logistically straightforward by surveying for marked kestrels who remainduisttdy
area but were not associated with one of the nest boxes, and then analyzing those
resighting records as an additional state in the CJS comp@udfield et al. 2009)

Even though our results did not clearly indicate whether the nest box papusa
a source or sink to the surrounding region, the data sets that originated from monitoring
the boxes and their occupants were straightforward to include as components in a
Bayesian integrated population model. Modeling using an IPM approach allewed
simultaneously characterize American kestrel demography and address several questions
of interest specific to this population of concern. This was possible despite some of the
data sets being sparse, similar to integrated population modeling efitbrtsther

species of concern such as koaRisgscolarctos cinerelislapwings Yanellus vanellus
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and eagle owlgKing et al. 2008; Rhodes et al. 2011; Schaub et al. 20@®thermore,

the IPM approach is flexible so that we could alter our modetgtode alternative
components or components with more complex structures, such as a population index
that models nest box occupancy as a hierarchical occupancy model rather than a simple
numeric coun{Royle and Kery 2007)0ur approach therefore emphasizhe

importance of monitoring several aspects of the demography and population trends of
threatened and endangered species, as incorporating them into a single coherent analysis

is increasingly tractable and worthwhile.
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Figurel. Directed acyclic graph of the integrated population model including

immigration for the Southeastern American Kestrel population in soemitral FL, USA,
showing relationships between sources of information and demographic parameters. Data
are represeed by rectangles, estimated parameters by circles, and dependences between
nodes by arrows. The subscijyt indicates juvenile age class, alindicates adult age

class. Parameters and data setsXreapturerecapture encounter histories;partally

observed alive matriceg, population census datd;number of female offspringg,

number of breeding femalefs;fecundity;%, apparent survival probability, detection
probability;imm, immigration rate; andll, population size.

Figure 2. Survival probabilities for juvenile American kestrels in roeitral Florida,

USA, estimated by a standalone Cormdoky-Seber model,raintegrated population

model (IPM) without explicit immigration, and an IPM with immigration. Error bars are

95% Bayesian credible intervals.
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Chapter 3, Table 1. Demographic rates of American kestrels from independent Bayesian
CormackJolly-Sebemodels and similar models embedded in integrated population
models (IPM), either explicitly considering immigration or not. Apparent survival
probabilities for both age classes were modeled to vary with time, but recapture

probabilities were held consta@YO indicates year of study.

Parameter Independent IPM without IPM with
immigration immigration
Mean SD Mean SD Mean SD

Adult survival, Y1 0.518 0.076 0.534 0.078 0.5®@ 0.073
Adult survival, Y2 0.310 0.060 0.312 0.062 0.303 0.0
Adult recapture 0.9 0.085 0.892 0.093 0.910 0.0
Juvenile survival, Y1 0.232 0.172 0.232 0.093 0.126 0.0™
Juvenile survival, Y2 0.530 0.253 0.511 0.140 0.2 0.1%6

Juvenile recapture  0.079 0.077 0.059 0.025 0.13%7 0.103
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Chapter 3, Table 2. Numbers of immigrant anchlcAmerican kestrels by age class and
population growth rates estimated by Bayesian integrated population models (IPM) either

considering immigration or not. OYO indicates year of study.

Parameter IPM withoutimmigration IPM with immigration
Mean SD Mean SD

No. of Yearlings, Y2 28.674 10.177 13.937 8.909
No. of Yearlings, Y3 52.041 10.475 30.255 14.509
No. of Adults, Y2 47.832 8.692 41.271 8.306
No. of Adults, Y3 23.883 6.543 23.315 6.442
No. of Immigrants, Y2 N/A N/A 23.208 13.137
No. of Immigrans, Y3 N/A N/A 24.065 15.128
Total number, Y2 76.506 7.649 78.416 8.341
Total number Y3 75.924 8.573 77.634 8.731
Overall pop. growth, Y1  0.870 0.107 0.968 0.143
Overall pop. growth, Y2  1.001 0.145 1.001 0.153
Local pop. growth, Y1 N/A N/A 1.037 0.616
Local pop. growth, Y2 N/A N/A 1.001 0.323
Immigration rate, Y1 N/A N/A 0.304 0.188

Immigration rate, Y2 N/A N/A 0.326 0.218
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Chapter 3: Appendix A
Joint likelihood and prior probabilities of the integrated population models
Joint likelihood functia

The joint likelihood of our fematbased IPMs was the product of the individual
likelihoods of each of our model components, which were informed by a population
census, fecundity estimates, and Cormaalky-Seber models of our marked adults and
nestlirgs. We treated our data sets as independent although many of the same adult
females were represented in multiple data sets, because a simulation study examining the
impacts of violation of the assumption of independence suggested minor impacts on the
accurcy of parameter estimates. Therefore, under the assumption of independence

between the four data sources, the joint likelihood is

P (O T T T I TR TR TTTR TN [NTRRTEMTRTC I TIORTIN
I R ((' T | N LT [ (I et e ))'
N (R T T T (R TE TI T RI GITR TR AT

DAL (1[0 g 10 1™ )
where Lyver IS the likelihood for the Cormaebkolly-Seber model for juvenile kestrels,
Ladcris the likelihood for the Cormaebolly-Seber model for adult kestrelsy is the
likelihood for the fecundjt model, and b, and Lsy are the likelihoods for the observation

and state process components of the sjaéee model.
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Prior probabilities

All prior probabilities were selected to be uninformative, except for initial
population numbers in 2008. We asged our raw population count in 2008 was less
than, but not by much, the latent number of individuals present. We assumed the
population was composed of roughly equal numbers of yearlings and adults, and slightly
fewer immigrantsTherefore, we adoptedormal(50, 0.00) priors for the initial
populationsizes per age class in 2008 for the model without immigration, and
Normal(40, 0.001) for local yearlings and adults, and Normal(20, 0.001) for immigrants
for the model with immigration; all truncated toThe priors forthe othemodel
parameteswere as follows:
Lo 1"#$%&" (1 )!
e mrEe%&! (P )!
Ly 101" (L)

Ly 10 IS 111
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Chapter 3: Appendix B

Example WinBUGS code for integrated population model (IPM) with immigration

B T I S T T R T T T R R T R
# integrated population assessment of kestrels

# uses multistate CJS model of adult kestrels, CJS model of nestling kestrels

# observed nest box attendance as index of population size

# and observed fecundity in nesixbe

# code written to import and prepare data in R 2.12.1

# and call WinBUGs 1.4.3 using the package R2WIinBUGS

HRB R HHAHHH AR AR R AR AR AR R R

library("R2WinBUGS")

# reading in data

covariates <read.csv("Covs0808sv", header=T, na.strings=c("N/A"))
resights <read.csv("Resight0809.csv", header=T, na.strings=c("N/A"))
first <- read.csv("RecapFirst0809.csv", header=T, na.strings=c("N/A"))
first <- as.vector(first$first)

amatrix < read.csv("amatrix.csv”, header=1g.strings=c("N/A"))

# assigning to vectors

y<-as.matrix(resights)



a<-as.matrix(amatrix)
nind<length(resights$Y08)
nyear<3

ns<3

# making zms (state of adult females) matrix, counting "None" as a valid state

zms08<rep("NA", nind)
zms08[covariates$Tae08=="Control"] < 1
zmsO08[covariates$Treat08=="Fed] X
zms08[covariates$Treat08=="None'] X
zms08 < as.integer(zms08)
zms09<rep("NA", nind)
zms09[covariates$Treat09=="Control'] &
zmsO09[covariates$Treat09=="Fed] X
zms09[covariates$Treat09=Ntne"] < 3
zms09 < as.integer(zms09)
zms10<rep("NA", nind)
zms10[resights$Y10==1]-3

zms10 < as.integer(zms10)

zms < cbind(zms08,zms09,zms10)

## import nestlings recapture

nresights <read.csv("ResightsN.csv", header=F, na.strings=c("N/A"))
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namatix <- read.csv("amatrixN.csv", header=F, na.strings=c("N/A"))

nfirst <- read.csv("FirstN.csv", header=F)

nfirst <- as.vector(nfirst$V1)

# assigning to vectors
ny<-as.matrix(nresights)
namat<as.matrix(namatrix)

nnind<length(nfirst)

# additional input folPM

T <- nyear

# census data, which is observed females
yC3 < ¢(81,79,75)

# nestlings, half of observed nestlings

nestlings3 <¢(113, 109, 121)

# integrated population model with immigration model

sink("IPM_Imm2.txt")

cat("

model {

# nestling CJS coponent
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for (i in 1:nnind) {

}

for (j in nfirst[i]+1:nyear){

# asuse and apuse are required because WinBUGS does not allow

# indexing to begin at 0. Therefore we take a][i,j] = 0 or 1 and make ita 1
#or 2.

nasuseli,j] <namat[i,j1] + 1

napuseli,jl<- namat[i,j] + 1

# This specifies the distribution [a|S]

namat]i,j] ~ dbern(nsv[nasuseli,j];i])

# This specifies the distribution [X]|a,p]

ny[i,j] ~ dbern(npcap[napuseli,j].i,j])

for(j in nfirst[i]:nyear1){

# If you are dead at tinjel then you remain dead
nsv[l1,,j] <0

# If alive then timedependent survival rate
nsv[2,i,j] < Sn[j]

# If dead, then you are unavailable for capture
npcap[l,i,j+1] <0

# If alive then dot capture probability

npcap[2,ij+1] <pn



# prior distribution for S and p for nestlings

pn ~ dbeta(1,1)

for(j in L:nyearl){
Sn[j] ~ dbeta(1,1)

}

# define rt], lambda, and mean pop growth rate
for(t in 1:T-1){
([t] <- (Nad[t+1]+N1[t+1])/(Nad[f]+N1[t])
lambdalt] < Ntot[t+1]/Ntot[t]
logla[t] <- log(lambdaft])
}
MELAM <- exp((1/(T-1))*sum(logla[1:(F1)]))

# priors for population
N1[1] ~ dnorm(40, 0.001)I(0,)
Nad[1] ~ dnorm(40, 0.001)I(0,)

Nadimm[1] ~ dnorm(20, 0.001)I(0,)

# system process, binomial and poisson
for(ttin 2:TYX

meanl[tt]<fec[tt-1]*Sn][tt-1]*Ntot[tt-1]

107



mpoltt] < Ntot[tt-1]<imm[tt-1]
N[tt]~dpois(mean]tt])
Nad{[tt]~dbin(S[tt1], Ntot[tt-1])
Nadimmi[tt] ~ dpois(mpoltt])

}

# observation process for above
for(ttin 1:T){

Ntot[tt]<-Nad[tt] + N1[tt] + Nadimml[tt]

yC3|[tt]~dpois(Ntot]tt])

}

# priors for observation process
for(j in L:nyearl){
imm[j] ~ dunif(0,10)

}

# fecundity
for (tin 1:T){
fec[t] ~ dunif(0,10)

}

# likelihood for reproductive data
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for (tin 1:T){
nestlings3[t] ~ dpois(rhdj)

rho[t] <- yC3|[t]*fec]t]

# CJS model for adults
for (i in 1:nind) {
for (j in first[i]+1:nyear){
asuseli,j] <a[i,j-1] + 1
apuse[i,j]<ali,j] +1
# This specifies the distribution [a|S]
a[i,j] ~ dbern(svlasuseli,jl,kL])
# This speifies the distribution [X|a,p]
y[i.jl ~ dbern(pcap[apuseli,j].i,j])
}
for(j in first[i]:nyear-1){
# If you are dead at timelj then you remain dead
sv[1,i,j] <0
# If alive then timedependent survival rate
sv[2,i,j] <- S[j]
# If dead, then you are unavailable for capture
pcap[l,i,j+1] <0

# If alive then dot capture probability
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pcap[2,i,j+1] < p

# priors for adult CJS model
p ~ dbeta(1,1)
for(j in L:nyearl){
S[j] ~ dbeta(1,1)
}
}

" fill=TRUE)

sink()

# defining data for WinBUGS model
data < list ("a", "y", "first", "nind", "nyear”, "T", "yC3", "nestlings3", "namat", "ny",

"nnind"”, "nfirst")

# defining initial values for WinBUGS model

inits < function(){
list(N1=rnorm(3,50,1), Nad=rnorm(3,50,1), Niawin=rnorm(3,30,1),
fec=runif(3,0.5,2.5), p=runif(1, 0.01, 0.99), pn=runif(1, 0.01, 0.95), Sn=runif(2, 0.05,

0.95), S=runif(2,.05,0.95), imm=runif(2,.05,.95))
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# specifying which parameters to monitor
parameters <c("S", "p", "r", "Ntot", "fec”, "N1","Nad", "rho", "Sn", "pn", "Nadimm",

“imm", "MELAM", "lambda")

# command to call WinBUGS from R
IPM_Imm2.mod < bugs (data, inits, parameters, "IPM_Imm2.txt", n.thin=12,

n.chains=2, n.burnin=5000, n.iter=100000,debug=T, codaPkg=T)

# bringing modeling ragts into coda package

IPM_Imm2.coda <read.bugs(IPM_Imm2.mod)

# exporting posterior probability summaries to csv tables

IPM_Imm2.out < summary(IPM_Imm2.coda, quantiles=c(0.025, 0.25, 0.5, 0.75, 0.975))
IPM_Imm2.hpd <HPDinterval(IPM_Imm2.coda, prob=8b)
write.csv(IPM_Imm2.out$statistics, "IPM_Imm2Stats.csv")
write.csv(IPM_Imm2.out$quantiles, "IPM_Imm2Qs.csv")

write.csv(IPM_Imm2.hpd, "IPM_Imm2HPD.csv")
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Abstract

Despite the recent rapid decline of many grassland bird species, the relative
importance of open habitat extent versus configuration to population persistence is
unclear. Although many studies have attempteatitiress the effects of habitat area,
edge, or landscape context on open habitat passerine birds, few have considered other
taxa such as raptors. Most studies also consider static assessments of bird populations,
such as abundance indices or raw presestima&tes, rather than dynamic processes of
population expansion or contraction. We used southeastern American késtieds (
sparverius paulusin northcentral Florida as a model system to explore the relative
influence of landscape metrics on site o@ngy patterns at two spatial scales, and for
two different time periods. We modeled the occupancy of kestrel nest boxes with
Bayesian statgpace models that separated the latent and partially observed process of
true occupancy probability from the probékiof detection of occupancy. Results from
reversible jump Markov chain Monte Carlo (RIMCMC) algorithms suggested that the
continued occupancy of nest boxes! pwas negatively influenced by disaggregation of
open habitats rather than the extent of that land cover during the later time peried (2008
2010). None of our landscape metrics appeared to influedueng the early time
period (199293) or"3, the prolability of colonization of nest boxes between time
periods. Our results indicate that continued fragmentation of open habitat would be
deleterious for this threatened subspecies, but that many of the recommended land cover
management practices, such asjfient lowintensity controlled burns, may help

conservation attem pts.
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Introduction

Observed changes in animal distribution and abundance are frequently attributed
to changes in land cover across their raffid@ther and Bevers 2002; Herkert 1994)
Patche®f preferred habitats can be either lost outright, or the shape and configuration of
preferred habitat patches can change, with the two processes often closel{Hati&gl
2003; Fletcher et al. 20Q7A growing body of literature suggests that cersgacies
respond strongly to changes in preferred habitat extent, whereas other species may be
more sensitive to landscape cont@xtugh et al. 2008; Watling and Donnelly 2006)
Additional complexity can arise from the observation that species may respihrede
types of land cover changes at different scales, and sometimes multiple scales
simultaneouslfCunningham and Johnson 2006; Desrochers et al. 2D&8pite the
application of various theories to explain observed changes in patterns, suctrea the a
perse effect or souresink dynamicgConnor and McCoy 1979; Pulliam 1988yoper
evaluation of these theories has been complicated by study biases toward certain systems.
Birds have frequently been the focus of studies on area sensitivity, forla¢patnd
matrix composition effectSThornton et al. 2011; Watling et al. 201But within this
class of animals, birds of the order Passeriformes have provided the majority of the
empirical datgBayard and Elphick 2010Preferred habitat types have@hot been
studied equally: for example, most studies of avian area sensitivity focused on forest
habitat types (75%), with fewer on more open habitats such as grasslands (12%) and
scrub(5%; Bayard and Elphick 2010)

The relative lack of studies on thiéeets of land cover change and fragmentation

in grassland and other open habitat systems is particularly surprising given the
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conservation concerns for grasslaas$ociated species, especially birds. Grassland and
open savanna bird species are widely gaexed to be in particular danger from land
cover alteration in various forms, from afforestation of formerly open habitats in the
eastern U.S. to degradation of prairies by overgrazing and conversion to row crop
agriculture(Brennan and Kuvlesky 2005y1lany of the bird species dependent on the

pine savannas that once covered over 25 million hectares of the southeastern U.S. are
considered part of this threatened group, as the grass stratum of this historically open
habitat can function similarly to grasstis lacking a tree overstofylyers and Ewel

1990) However, the mechanisms driving the loss of these birds are poorly understood
(Askins et al. 2007; Ribic et al. 2009)

Throughout Florida, USA, open habitats such as sandhill and dry prairies host
many sgcies that are currently considered threatened, such as ShermanQOs fox squirrels
(Sciurus niger shermapiFlorida grasshopper sparrowsifmodramus savannarum
floridana), southeastern American kestréfgalco sparverius paulysand gopher
tortoises Gopheus polyphemys Sandhill is a xeric upland vegetation community
dominated by longleaf pin€{nus palustri¥ and turkey oakQ@uercus laeviswith a
ground cover of wiregrasg(istida strictg that is characterized by an open, phkk
structure(Myers arml Ewel 1990) Florida sandhill is considered to face a OVery High
ThreatO due in great part to widespread destruction since European seffaridat
Fish and Wildlife Conservation Commission 2005gspite recognition of its precarious
status, sandhitabitat destruction continues through present times; from-89856
2003, 53,3556 ha or 15.5% of FloridaOs sandhill habitat was lost, with 72% of this

converted to urban or other developed sesitz et al. 2007)Currently, sandhill is
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primarily monitaed by analyzing remotely sensed imagery to map putative sandhill land
cover. However, this method does not provide information about the condition of the
habitat or the status of the animal communities that depend on the xeric upland vegetation
unique tosandhill. Such information might be better derived from studies of the
distribution of indicator or keystone species across the land§sapberloff 1998)

Because the occurrence of the southeastern American kestrel in Florida is
frequently linked to sadhill habitat, changes in the distribution of this easily detected
bird might provide a clearer picture of the impacts of ceacsde habitat change on
animal populations. However, it is unclear whether all forms of sandhill conversion are
detrimental tkestrels. Longleaf pine trees or other nest sites are necessary for kestrel
reproduction, and their removal from agricultural fields was linked to loss of breeding
kestrelg(Hoffman 1983; Hoffman and Collopy 198 Kestrel presence, however,
appeared litg affected by mechanical or fire restoration treatments of sandhill forest
patches, as they prefer open pastures, clearcuts, and natural clearings within sandhill
habitat(BohalFWood and Collopy 1986; Provencher et al. 2002)erefore, pastures or
certan row crops may provide suitable habitat as long as breeding sites are available. As
suggested for other bird species, kestrel population response might depend on the form
and nature of habitat fragmentation as well as the quantity of habitét dgstr and
Schmiegelow 2006; Sergio et al. 2006; White et al. 2005)

A substantial population of southeastern American kestrels occupies an extensive
nest box network near Gainesville, FL and presents an ideal opportunity to gain insight
into the dynamics of halait use by this subspecigdmallwood and Collopy 2009 the

mid 1980s, this subspecies was determined to have declined by at least 82% in north
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central Florida, and is currently considered Threatened and a Species of Greatest
Conservation Nee(Collopy 1996; Florida Fish and Wildlife Conservation Commission
2005; Hoffman and Collopy 1988Records of nest box occupancy begin in the early
1990s and continued through the presBnblished land cover maps represent conditions
during both the early period the project and more recent times, and document the rapid
urbanization and land cover change of the study rggfiantz et al. 2007)We proposed
to use this population as a model system to compare the influence of loss of open habitats
to open habitatrbgmentation and changes in landscape context on wildlife distribution.
Rather than considering a static measurement such as gradients of kestrel
abundance across the study site, we instead chose to consider the dynamic occupancy
patterns of kestrel neBbxes across time and land cover change. Bayesiarsptate
occupancy models are one method to robustly address such changes in occupancy
patterndMacKenzie et al. 2003; Royle and Kery 200Ihis class of models explicitly
addresses both the occupastate of the sample site and the detection probability of the
focal organism in that site, conditional on the site being truly occupied. Incorporating
detection probability is particularly important, as site occupancy probabilities will be
biased low if inperfect detection is unaccounted (Boyle and Dorazio 2008Ppynamic
occupancy models can also be parameterized so as to more directly address questions of
ecological interest, by investigating the potential influence of covariates on processes
such asige occupancy, or alternatively on the colonization of unoccupied sites or the
abandonment of previously occupied sites. We therefore chose to model occupancy by

considering the initial occupancy state of our sample stfesafd then modeling the

probability of continued occupancy (OsurvivalO) of those sites, and the probability of
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colonization of vacant site8)(over time. Separating the occupancy pattern into these two
processes allowed us to examine the possible influences of habitat covariaelk on e
component.

American kestrels are known to be raptors of open habitats, so we hypothesized
that they would respond negatively to both loss and degradation of sandhill and other
open habitat§Smallwood and Bird 2002Because the extent of sandhill habhas
decreased throughout Florida since the initiation of the kestrel nest box project, we
predicted that some boxes which were once located in sandhill habitat were likely to be
surrounded by less suitable habitats later, with the net result thatdfral occupancy
rates of nest boxes will have decreased over time. We also predicted that the probability
of nest box occupancy would be correlated with open habitat patch fragmentation as well
as habitat loss, so that our covariates that quantifiedahabinfiguration would also be

good predictors of kestrel box occupancy and colonization.

Methods

Study site

We studied American kestrels in 1992 and 2008L0 using a network of 131
nest boxes first placed in nortlentral Florida during 19991 (Smalwood and Collopy
2009) Our study area fell within Levy and Marion counties, and was centered at
approximately 29; 210 N, 82; 230 W (Fig. 1). Habitat immediately surrounding nest box
locations generally could be classified as either hammock, characteyitaadel oak Q.

laurifolia) and live oak Q. virginiang, or sandhill. Most of the nest boxes were
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maintained continuously throughout the study. However, in summer 2008, we replaced
32 boxes at historical locations where the boxes had disappearetokesivere
constructed from 2:8m cedar or cypress lumber and placeththigh on roadside

utility poles or live trees.

Field methods

Each yeain February, all nest boxes were first visited, cleaned, repaired, and
filled with a 5cm layer of wood shamngs. Box occupancy status was determined by
direct observation of box contents ad 3veek intervals in 19993, and at 10-d
intervals in 2008L0. Boxes were considered occupied only if either eggs or nestling
kestrels were found, even though adult kestrels may have been detected in the area. We
checked most boxes through July or August, but here we considevalisns between
March and June as the majority of nesting attempts were initiated in these months
(Smallwood and Bird 2002Research and handling protocols (#00329) were reviewed
and approved by the Institutional Animal Care and Use Committee atnversity of

Nevada, Reno.

Land cover change analysis

Changes in land cover throughout the study area were assessed by analysis of
published land cover maps roughly corresponding to the initiation of the nest box project
(OearlyO) and the later monitofimgject (OlateO) in a geographical information system
(GIS). Maps of vegetation and land cover and@esolution were developed by the

Florida Fish and Wildlife Commission from classification of Landsat Thematic Mapper
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satellite imageryKautz et al. 200)¢ The first map depicted 17 natural and seatural
land cover types and 4 anthropogenic land cover types, based on imagery acquired
between 1985 and 1989. The second map was produced by a similar process, but updated
the land cover map by interpretatiof imagery from 2003 into 44 land cover types.
Although the source imagery did not exactly match the periods of our study, we assumed
that the landscape changes documented by this imagery were representative of the
patterns of changes during our studye Yéclassified the two maps using the Kautz et al.
(2007)common reclassification scheme of land cover types into 17 categories to allow
direct comparisons (Appendix A, Table 1). Changes in overall land cover of the study
area between early and late timexipds were explored by examining the attribute tables
of the land cover rasters and comparing the extent of land cover assigned to each class.
Configuration and form of habitats thought to be important to kestrels in the
reclassified maps were quantifiedthe program FRAGSTAT8VcGarigal et al. 2002)
Moving window analyses generated class and landscape metric surfaces that integrated
landscape characteristics at two biologically relevant saa&fscting a potential home
range size (1 km diameter deg and median natal dispersal distance (4.9 km diameter
circle) respectivelyMiller and Smallwood 1997; Smallwood and Bird 2002)asslevel
landscape metrics included the percentages (PLAND metric in FRAGSTATS) and
interspersion and juxtaposition (&) open habitats (combined sandhill and
grassland/agriculture) and urban land cover (equations for FRAGSTATS metrics
provided in Appendix A). Landscape metrics included contagion (CONTAG), which
estimates patch aggregation and is inversely related todedgéy; and perimetearea

fractal dimension (PAFRAC), a metric that quantifies the complexity of patch shapes.
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Metrics were chosen to represent easily interpretable changes in land cover extent
(PLAND), habitat texture (1JIpr overall land cover comptéy (CONTAG and

PAFRAC) rather than selecting multiple potentially redundant metiashman et al.

2008) Values of these metrics were extracted at each nest box point location with
ArcGIS 10 software by ESRI. Changes in metrics at nest box locatitwedreearly and
late time periods were assessed by subtracting the metric value in the early part of the
study from that calculated for the late time period. Collinearity between the metrics was
assessed by PearsonOs correlation coefficients, and thosg i@t were highly

correlated with others were considered redundant and not retained for analysis in the

occupancy models.

Dynamic occupancy models

We assessed the potential importance of the FRAGSTdeFSed landscape
metrics to kestrel nest box og@ancy patterns with dynamic occupancy models in R
2.12.1 and WinBUGS 1.4.3, using the R package OR2WinB(IG80et al. 2000; R
Development Core Team 2010; Sturtz et al. 208&mple code is provided in Appendix
B. A detection history, directly analogotssan encounter history in a mamkcapture
analysis, was generated for each nest box in which O00 indicated that kestrels were not
using that particular box, and O10 was recorded when evidence of kestrel breeding
activity (eggs or nestlings) was foundm8ar to robust design manecapture models,
the encounter history of boxes within each season contributed to the estimation of the
probability of detecting kestrel breeding activities, because each breeding season was

considered a primary sampling pa&tji@and each month within the breeding season a
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secondary sampling perig¢Bollock 1982) Because visit frequency varied across and
within years, we downsampled our detection histories to monthly sampling periods, with
any one detection within that monthffscient to count the nest box as occupied. If nest
boxes were not checked during any particular month, either because of field personnel
schedules or box unavailability, the occupancy status for that month was recorded as
missing.

With multiple primarysampling periods, two additional parameters can be
estimated to represent the probability of eyowusly unoccupied box being used for
kestrel breeding®or OcolonizationO) and the probability that a box that had hosted
kestrels was occupied again the following yéaof OsurvivalO). The dynamic
occupancy model is therefore composed of two compigurecesses: the observation
model that is conditional on the state process of occupgidy| z(i,), and the state
model that is only partially observed,t) with z= 1 if the site is occupied or O if it is not.
The initial occupancy vector is aBoulli random process of the initial occupancy
probability # ;

PO 'H#$%&"( (w1 n
and in the following primary periods
PAIDOIAIT T D MES%E (N Dy e ranr g
fort=2,3,E,T; ! as the local survival probability, ads the colonizatioparameter.

The observation model is given by

with p; the probability of detection, given the sjitis occupied, at time Although it is

possible to assess covariate influencep,ame didnot expect any influence of habitat or
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other extrinsic variables on our ability to detect eggs or nestlings inside of kestrel boxes.
We therefore chose to modeés only a function of time.

Because animals are thought to assess and select habitat tarehigal process,
andthe relative importance of scales is unclear, we examined occupancy at multiple
scales both separately and concurrefWens 2000) We assessed models iteratively, by
first examining the potential coarseale influences on occupan then assessing fine
scale covariates, and finally comparing a combination of thepee&irming variables
from each scale. Models from each step of the process were selected by examining the
marginal posterior probability of each variable as estimaye@versible jump Markov
chain Monte Carlo (RIMCMC) algorithms implemented through the WinBUGS JUMP
interface(Lunn et al. 2000; R Development Core Team 2010; Sturtz et al..Z00b)
survival and colonization parameters of the occupancy models weregtaraed to
include covariates through a logit link. Here, we specified that

H#$%! ) 1 oy,
and

H$RL L) T
wherea; andb; were the fixed year intercepts for each year interval &am@ehd &, were
nodes Inking the logit statements to the RIMCMC components.

We coded three separate RIMCMC routines into the dynamic occupancy models.
Effects of metrics that described the early land cover were considered tloose
metrics that described land cover lateraveonsidered forz through! 5, and the effect
of the change in landscape metrics was assess&¢ twrthe probability of colonization

between study time periods. All predictor variables were standardized to means of zero
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and unit variance. The RIMCMG@utines were free to update and assess the effects of
their covariate configuration, while the other RIMCMC routines simultaneously updated
and assessed their portions of the model. Individual variables with high marginal
posterior probabilities (>0.85) astimated through RIMCMC were considered

potentially influential, and the posterior probability of their beta coefficients examined
for lack of overlap with zero.

All prior probabilities were selected to be uninformative (see Appendix A). For
each modelwve ran two chains for 240,000 iterations, discarding the first 10,000 runs as
burnin, and thinned so that every"¥alue was retained. Convergence was assessed by
visual inspection of the model tra@nd the Rafter.ewis and GelmaiiRubin diagnostic
tests implemented in the R package Oc(dath et al. 2009)Final predicted parameter
values were generated by simulations from a final model that contained only the variables
deemed important by the iterative process. Final parameter estimates areegrasen
means of the posterior probability distributions with 95% Bayesian credible intervals

unless otherwise specified.

Results

Changes in land cover between time periods in study area

The land cover type, disregarding rare types such as scrub andtealtmarsh,
which decreased the most between time periods was pineland (Table 1). However, when
we examined the maps visually, we saw that large areas that were originally classified as

pineland were later classified as upland forest. Because we sukiiettthe change in
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classification was arbitrary and not reflective of true land cover type change, we
considered land cover change when those two categories were combined. The land cover
type with the greatest decrease over time both in overall arseofl8583.02 ha) and

percent of original extent (91%) was open habitat, the type of land cover expected to be
important to kestrels (Fig. 1, Table 1). The land cover types that increased the most in
absolute area were shrub and brushland, the combinegboatd pineland and upland

forest, and forested wetlands. Analysis of the entire study area in FRAGSTATS
confirmed that the percentage of the study area covered by open habitat decreased over
time (PLAND of early map = 40.60, PLAND of later map = 36.9@) also suggested

that the open habitat land cover became more disaggregated across the landscape (1J1 of
early map = 57.77, 131 of late map = 65.25). However, the overall fractal shape
complexity decreased somewhat (PAFRAC early = 1.54, PAFRAC latery; ant there

was no major change in landscape level contagion (CONTAG early = 42.75, CONTAG

late = 43.04).

Multicollinearity of landscape metrics

At the coarse scale of moving window diameter = 4.9 km, we found that the
percentage of urban land covedaiontagion were strongly correlated with other
variables (Appendix A, Table 2). We therefore chose to examine the potential influences
of the percentage of open habitat, interspersion and juxtaposition (1JI) of open habitat,
and perimetearea fractal she (PAFRAC) ol , and changes in open habitat extent and
PAFRAC on". Similar to the coarsscale variables, there was strong correlation between

many of the finerscale (moving window diameter = 1km) variables (Appendix A, Table
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2). We chose to retain tlsame group of metrics that was examined by the ccaede

model.

Coarsescale landscape influences on nest box occupancy

At the scale of kestrel natal dispersal,the RIMCMC modeling process suggested
that no variable was particularly influential'ton the early period ot between decades
(Table 2). However, decreases in the aggregation of open habitat (1JI) de¢trdased
the late period, as the saiodel with that variable only had a posterior probability of
0.784 (Appendix A, Table 3), and thearginal posterior probability of the variable was

0.996.

Fine-scale landscape influences on nest box occupancy

At the scale of a kestrel home range, no variables appeared to be influential on
" between decades (Table 2). Similarly, no variables had aechaffect orl for either
time period. However, the marginal posterior probabilities of PAFRAC in the early time
period (0.875) and 1JI for open habitats in the later time period (0.857) suggested possible
negative influence on the continuity of occupamayyoring the influence of 1J1 at the

coarser scale.

Assessment of influences at both scales
Before combining the begierforming variables from both scales into a single
model, we assessed the correlations between them. The different scale values of

PAFRAC and I1JI of open habitat were both strongly correlated with each other
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(PearsonOs correlation coefficients = 0.76 and 0.79 respectively), so the regression
analyses may not properly disentangle their effects. As an exploratory exercise, we used
the RIMCMC algorithms to assess the possible influences at both scales of PAFRAC on
early!, 1J1 of open habitats on late and change in PAFRAC (the best performing,

though not convincing variables from previous analyse$) bione of the variables were
influential on early! or", but there was strong support for the influence of ceszake

IJ1 of open habitat on late (posterior probability of model component with only that

term = 0.822; marginal posterior probability of the variable = 0.980; Table 2)fiAal

step, we generated summaries of predicted occupancy!rases]” for different values

of 1JI of open habitat from a model containing only that variable as a covariate for

I during the later period (Fig. 3, Table 3).

Discussion

Occupancy probabhlities over time

Despite the estimated loss of over 9500 ha of open habitat betweef 2885
2003, we found no evidence for decreasing occupancy probabilities in later years.
Instead, occupancy probabilities were higher during the later period dtithe(Fable
3). This may reflect a lag time involved in local kestrels finding and deciding to use the
nest boxes, as most of them were first available in 1991. Alternatively, longleaf pine
snags, which tend to provide suitable nesting cavities, may bat@wed to become less

available throughout the study area, which could have increased the importance of
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artificial nest boxegHoffman and Collopy 1988)We also noted that the overall survival
probability was remarkably consistent across years, suggéisat on average, sites

selected for nesting remained suitable from year to year (Table 3).

Influence of open habitat fragmentation versus extent on kestrel nest box occupancy

We found that occupancy persistence at kestrel nest boxes was inflogribed
landscape context surrounding the box at a scale corresponding to median natal dispersal
distances. Occupied nest boxes were less likely to be occupied in the following year
when surrounding open habitats were highly disaggregated. This effechhyasarked
during the later period of our study. However, the most competitive, albeit not
convincing, early influence dnwas PAFRAC, which also quantifies landscape
complexity (Table 2). The only scenario in which the extent of the putative preferred
habitat was weakly influential dnwas at a fine scale early in the study. However,
PAFRAC received markedly more suppdrtlaat scale, with the caveat that those
variables were moderately correlated (PearsonOs correlation coeffi€iet?s).

We found no previous studies that assessed the effects of both landscape
configuration and habitat extent on kestrel presencelwrdance. A discriminant
function analysis of vegetation cover in a 3ticircular plot surrounding kestrel nest
boxes in Florida (possibly some of the same boxes included in this study) suggested that
those boxes never observed to be occupied were sdedby more broadleaf deciduous
trees, live or laurel oak, buildings and gravel, and fewer cabbage [Zdilvel palmettp
or longleaf pindSmallwood and Collopy 2009%imilarly, in New Jersey, nest boxes

directly observed to be occupied were in morencgreas than others: woody canopy
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covered’.5% of Xha circular plag centered on occupied nest boxessusl6.4% of

plots surroundingunoccupied nest box¢Smallwood and Wargo 1997 oth of these

studies were conducted at a much finer scale than t8rsHa and 188%a plots), and it

is plausible that we might find similar indications of the importance of the extent of open
habitat at similar scales. However, at both scales and time periods, the percentage of open
habitat varied greatly among our @dfine scale early, mean = 69.65%, range 33.5

99.12%; fine scale late, mean = 67.39%, range 26/734%), so not finding an effect is

unlikely to be related to lack of variability between sites.

Likely ecological causes of kestrel box occupancy pattesn

Sensitivity to habitat fragmentation may be a result of various, not necessarily
mutually exclusive ecological processes including competition, breeding behavior, and
reproductive succegRibic et al. 2009)Nest boxes intended for kestrels can bepesir
by other birds, such as European starlirgjsifhus vulgarisor eastern screeawls
(Megascops as)por used as roosts or nests by arboreal mammals such as fox squirrels,
gray squirrels$ciurus carolinens)sand southern flying squirrel&{aucomyssolang.
Some of these species may occur at higher abundances in fragmented landscapes, or
require various nopen habitats in close proximity. Starlings in particular are known to
be associated with anthropogenic habitats, such as urbanization achky€sbe 1993)
Competition could also occur when foraging, but we think this is relatively unlikely as
kestrels in Florida are generalist predators, known to consume any small animal prey,
including invertebrates like grubs and grasshoppers, froggidizbirds, and rodents

(Collopy 1996) Breeding behavior may possibly influence sensitivity to habitat
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fragmentation, as kestrels are territorial birds and may perceive habitat fragmentation as a
reduction in territory quality. Therefore, kestrels in poa@@ndition or of lower quality
may tend to occupy sites with fragmented land cover, and be intrinsically less likely to
retain these sites year after year.

Habitat fragmentation may well affect reproductive success in kestrels, either
through differences predation or natal or breeding philopafBtephens et al. 2003
many bird species, nest predation is thought to be an important factor influencing life
history traits through its influence on fitngsartin 1995) The predator community is
oftenassumed to increase in response to edge or habitat complexity, but such a response
is not certain in all region&halfoun et al. 2002)n our study system, important known
nest predators include rat snakekphe sp), gray squirrels, and mesocarnivolis
raccoons®rocyon loto) and house cat$€lis silvestris catus It is likely that
populations of some of these animals increase along with tree density or urbanization, but
we have no direct measurements of potential predator abundance in owarstudy
Factors influencing natal or breeding dispersal have not been well studied in the
American kestrel. Observations of the nerdntral Florida kestrels suggest a sex bias in
breeding philopatry, with female kestrels more likely to switch nest stegebn
breeding attempts, but no evidence that either sex was more likely to disperse after a
failed nesting attempt, which could have linked habitat quality with disp@id&r and

Smallwood 2009)
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Future directions for research

Our approach to maiding the dynamic process of kestrel nest box occupancy
indicated that southeastern American kestrels are sensitive to open habitat fragmentation
at moderately coarse landscape scales. A logical next step would be to perform a similar
analysis incorporato metrics of habitat extent and fragmentation at an increasingly finer
scale, such as 10 3-ha buffers around the nest box. Such an analysis is complicated by
the current lack of finer scale published land cover maps, as well as the relatively
uncertainocation of some nest boxes during the early period. Although nest boxes were
maintained in the general vicinity of the current locations, project workers relocated the
nest boxes short distances-8@m) under circumstances such as death of the substrate
tree or growth of vegetation to block box access. However, we recorded nest box
locations to 3mn accuracy with GPS units in 202810, so fineiscale analyses could be
performed using only the later period data.

Site occupancy is only one measure of s#e by organisms. A complementary
approach would be to model several categories of use by kestrels, suckbasauimg
occupancy and breeding occupancy, with similar Bayesiansgtatee models in a
multistate occupancy modeling framewdktacKenzie et a 2009) An analysis using
this class of models suggested that site occupancy and use by goldenfeaglas (
chrysaetosmay be influenced by disturbance from human hikiartin et al. 2009)

Pilot attempts to fit such models to our data resultedarlp converged models,
suggesting that our current data set is too sparse to use such models. However, increasing
the sample size with several more years of observations might improve our data set

sufficiently to use these more complex but potentiallgrimiative models.
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Implications

The indication that increasing open habitat fragmentation negatively influenced
persistence in site occupancy by southeastern American kestrels has clear implications
for management of this threatened subspecies. Many afahagement practices now
recommended for maintenance of longleaf pinelands, such as frequentdasity
burns, should serve to reduce the intrusion of hardwoods or other trees, thus preserving
the suitability of the landscape for kestrgNd/ers and Ewel 1990) However, forests are
not the only land cover type fragmenting land cover in Roettitral Florida.
Urbanization is also responsible for some of the changes in land cover in recent decades,
and zoning restrictions in sensitive habitats or preservaf open habitat structure in
low-density urban developments might reduce the effects of ongoing urbanization on
kestrel populations. Many of the nest boxes monitored in-2008 are located on utility
poles within low density urban or exurban aree kestrels persist at many of these
sites. Learning more about why kestrels can tolerate some forms of urbanization and
increasing habitat complexity will aid in both guiding future conservation efforts for this
species, and furthering our understandhthe effects of fragmentation on open habitat

birds.
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Chapter 4, Table 1. Changes in extent of land cover types within study area in northern

Florida. Area clasfied per type from the early time period (1989), late (2003), and

change between time periods are reported in hectares. 0% ExtentO is the area covered by

the land cover type in the later period divided by the area covered in the earlier period

multiplied by 100. Certain large regions that were classified earlier as pineland (class

number 3) were later classified as upland forest (class number 6) without apparent change

in true land cover, so pineland and upland forest were combined to better ill@stchte |

cover change.

Land cover class Number Early Late Change % Extent
Dry prairie 2 0 1753.02 1753.02 n/a
Pineland 3 51435.27 41134.59 -10300.68 80
Scrub 4 440.37 3.69 -436.68 1
Open habitat 5 106818.48 97235.46 -9583.02 91
Upland forest 6 24968.61 37847.79 12879.18 152
Forested wetlanc 7 11239.92 13330.44 2090.52 119
Salt marsh 10 0.09 0 -0.09 0
Freshwater 11 10368.99 10493.19 124.2 102
marsh

Shrub swamp 12 2823.57 2970 146.43 105
Shrub and 13 17308.35 21161.61 3853.26 123
brushland

Urban/barren 16 30673.53 31728.69 1055.16 103




140

Water 17 7008.12 5426.82 -1581.3 77
sum pineland n/a 76403.88 78982.38 2578.5 103

and upland
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Chapter 4, Table 2. Marginal posterior probabilities of varidipten reversible jump

Markov chain Monte Carlgariable seletion analysis (RIMCMC) adynamic

occupancy models of American kestrel nest box occupancy in Florida, M&kels

were assessed iteratively, first considering only cescate variables, than firecale
variables, then a combination of the bpstformingvariables from both scaleShe

parametet is the probability of continued occupancy of a site (OsurvivalO),istite
colonization probability for a previously unoccupied site. OEarlyO refers to the study time
period is from 19983, and OLateO fr&28082010. We modeled the effects of

covariates only oi for the transition between study time periods,"seThe variables

IJ1 and PAFRAC were estimated using FRAGSTATS, and quantify the interspersion and
juxtaposition of open habitat within other thoover types, and the perimeteea fractal

shape complexity respectively.

Variable Early! Late! "3
Coarsescale

% open habitat 0.334 0.104 n/a
IJ1 open habitat 0.266 0.993 n/a
PAFRAC 0.346 0.083 n/a
Change in open habitat n/a n/a 0.449
Changen PAFRAC n/a n/a 0.504
Fine-scale

% open habitat 0.750 0.148 n/a

IJ1 open habitat 0.153 0.857 n/a
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PAFRAC 0.875 0.114 n/a
Change in open habitat n/a n/a 0.350
Change in PAFRAC n/a n/a 0.598
Combinationbmultiscale

PAFRACDcoarse 0.285 n/a n/a
PAFRACDfine 0.558 n/a n/a
IJ1 open habitabcoarse n/a 0.980 n/a
IJ1 open habitabfine n/a 0.175 n/a
Change in PAFRA®coarse n/a n/a 0.489
Change in PAFRA®fine n/a n/a 0.721
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Chapter 4, Table 3. Posterior probabilities of dynamic paoay models of American

kestrel nest box occupancy in Florida, USA. The finite sample estimate of occupancy
probability across the study aredtis, the average survival probability or persistence of
occupancy i¢$, and the probability of colonization pfeviously unoccupied sites'is
Parameter estimates with 95% Bayesian credible intervals are from an occupancy model

with a covariate assessing the influence of the interspersion and juxtaposition of open

habitat at a scale of 4.9km surrounding the hest

Year #is ! !

1992 0.462 (0.4350.496) n/a n/a

1993 0.613 (0.603.634)  0.714 (0.6860.731)  0.085 (0.0010.242)
2008 0.824 (0.7710.870)  0.699 (0.660.727)  0.815 (0.4861.0)
2009 0.729 (0.700.756)  0.696 (0.658.727)  0.346 (0.0010.841)
2010 0.725 (0.6950.756)  0.702 (0.6760.727)  0.198 (0.0010.545)
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Figure 1. Map showing conversion of open habitats (combined land cover types of
sandhill and grassland/agriculture) from 19889 to 2003 in nortkeentral Florida,

USA. White indicates land cev that was open habitat in both time periods, grey
indicates land cover that was previously open habitat but changed to a different land
cover type, and black indicates land cover that was not previously open habitat. Locations
of American kestrel nest kes shown by circles.

Figure 2. Moving window surface of the interspersion and juxtaposition (variable 1J1
from program FRAGSTATS) at circular diameter of 4.9km of open habitat in-north
central Florida, USA. Land cover map source by imagery from gRa@&z et al. 2007)
Locations of American kestrel nest boxes indicated by triangles.

Figure 3. Predicted changes!inor OsurvivalO of occupied American kestrel nest boxes
in Florida, in relation to various levels of interspersion and juxtaposition of open habitat
(as quantified by the metric 1JI in program FRAGSTATS) at a scale of 4.9km from the
nest box. Lower valuesf 1JI represent highly aggregated and veslhnected patches of
open habitat, while higher values of 1JI are associated with increased disaggregation.
Estimates are posterior probabilities with 95% Bayesian credible intervals indicated by

dotted lines.



145

| |_| |_| |Ki|ometers

N
A
A%
0o 25 5 10 "R
‘.



146

I I_I I_I I Kilometers

0 2 4 8




0.5 0.6 0.7 0.8 0.9

0.4

0.3

30

40

50 60 70
IJ1 of Open Habitat

80

90

147



148

Chapter 4: Appendix A
Appendix A
FRAGSTATS metrics equations

Equations for the landscape metrics generated by program FRAGSTATS were
downloaded from the online documentation at the website
http://www.umass.edu/landeco/research/fragstats/documents/Metrics/Metrics%20TOC.ht

m accessed on 18 April 2011.

Class metric, percentage of landscape (PLAND)

PXIRN

"H$% 1 1, — ()

whereP; = proportion of the landscape occupied by patch type (clagsy iaiea (M) of

patch ij, and A = total landscape are&)m

Class metric, interspersion and juxtaposition index (1JI)

() ()

D)

M 1100!

where g = total length (m) of edge in landscape between patch types (classes) i and k;
and m = number of patch types (classes) present in the landscape, including the landscape

border, if present.
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Landscapenetric, contagion index (CONTAG)

5 2ol o)

"#$%& ! 1! e

where P= proportion of the landscape occupied by patch type (clags¥rinumber of
adjacencies (joins) between pixels of patch types (classes) i and k based on the double
count method, and m =number of patch types (classes) present in the landscape, including

the landscape border if present.

Landscape metric, perimetarea fractal dimension (PAFRAC)

3 3 L Pl [ T P L) 5, 1))
DI D)

I"#$"% !

where @ = area (M) of patch ij, R = perimeter (m) of patch ij, and N = total number of

patches in the landscape.
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Prior probabilities
All prior probabilities were selected to be uninformative.
Dynamic occupancy portion
logit of ', survival parameter; Muphi.prob ~ Logisti¢])
logit of ", colonization parameter; Mugam.prob ~ Logistic(0,1)
initial occupancy probability# 1 ~ Uniform(0,1)
detection probabilityp; ~ Uniform(0,1)
Reversible jump Markov chain Monte Carlo (RIMCMC) portion
Currently selected coefficients; K ~ Bimial(0.5, Q [number of columns in covariate
matrix])

Taueps ~ Gamma(0.01, 0.01)
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Chapter 4, Appendix A, Table 1. Reclassification to common categories for land cover

types in Florida from published land cover maps based on imagery froriL9885

(early) and 2003 (late). Land cover maps published by Florida Fish and Wildlife

Conservation CommissiqiKautz et al. 1993Kautz et al. 200)/ Reclassification based

on Kautz el al(2007) except for further poolingfeandhill and grassland/agriculture

categories into a single Oopen habitatO land cover type.

2003 and cover type

Early class Late class Reclassd

Reclassifiedand

number number number cover type name
Dry prairie 2 6 2 Dry prairie
Pineland 3 9 3 Pineland
Xeric oak scrub 6 3 4 Scrub
Sand pine scrub 4 4 4 Scrub
Sandhill 5 5 5 Open habitat
Mixed hardwooebine 7 7 6 Upland forest
forest
Hardwood hammock 8 8 6 Upland forest
and forest
Hydric hammock 8 21 6 Upland forest
Bay swamp 14 16 7 Forested wetind
Cypress swamp 12 17 7 Forested wetland
Mixed wetland forest 13 19 7 Forested wetland
Hardwood swamp 13 20 7 Forested wetland
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Salt marsh 10 23 10 Salt marsh
Freshwater marsh anc 11 12 11 Freshwater marsh
wet prairie

Sawgrass marsh 11 13 11 Freshwéer marsh
Cattail marsh 11 14 11 Freshwater marsh
Shrub swamp 15 15 12 Shrub swamp
Shrub and brushland 20 28 13 Shrub and brushland
Grassland 19 29 5 Open habitat
Improved pasture 19 31 5 Open habitat
Unimproved pasture 19 32 5 Open habitat
Citrus 19 34 5 Open habitat
Row/field crops 19 35 5 Open habitat
Other agriculture 19 36 5 Open habitat
Sand/beach 22 2 16 Urban/barren
Bare soil/clearcut 22 30 16 Urban/barren
High impact urban 22 41 16 Urban/barren

Low impact urban 22 42 16 Urban/barren
Extractive 22 43 16 Urban/barren

Water 18 27 17 Water




153

Chapter 4, Appendix A, Table 2. Correlation matrices (PearsonOs correlation coefficients)
of landscape metrics from FRAGSTATS describing land cover maps ofcentral

Florida. The OearlyO timerjpd was from 19889, and the OlateO time period in 2003.

Scale=4.9 km

Early time period

% urban % open Contagion PAFRAC 1Jlopen  IJl urban

% urban 1.0 -0.316 -0.359 0.711 -0.438 -0.068
% open 1.0 0.950 -0.647 -0.427 -0.729
Contagion 1.0 -0.710 -0.519 -0.784
PAFRAC 1.0 -0.025 0.319
IJl open 1.0 0.808
1JI urban 1.0

Late time period

% urban % open Contagion PAFRAC 1Jlopen  IJl urban

% urban 1.0 -0.11 0.085 0.090 -0.669 -0.577
% open 1.0 0.927 -0.366 -0.340 -0.515
Contagion 1.0 -0.469 -0.492 -0.636
PAFRAC 1.0 0.170 0.207
IJl open 1.0 0.914

[JI urban 1.0
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Change between periods

% open Contagion PAFRAC
% urban -0.719 -0.748 0.448
% open 1.0 0.840 -0.447
Contagion 1.0 -0.620
PAFRAC 1.0
Scale=1 km
Early time period
% open Contagion PAFRAC 1Jlopen  IJl urban
% urban -0.609 -0.549 0.669 -0.151 0.035
% open 1.0 0.883 -0.730 -0.328 -0.557
Contagion 1.0 -0.787 -0.361 -0.607
PAFRAC 1.0 0.246 0.400
IJl open 1.0 0.669
1JI urban 1.0
Late time period
% open Contagion PAFRAC 1Jlopen  IJl urban
-0.501 -0.447 0.302 -0.597 -0.252
1.0 0.829 -0.520 0.016 -0.397
1.0 -0.600 0.166 -0.289
1.0 -0.044 0.188
1.0 0.702
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1.0

Change between periods

% urban % open

% urban 1.0 -0.813
% open 1.0
Contagion

PAFRAC

Contagion PAFRAC

-0.701

0.806

1.0

0.543

-0.529

-0.765

1.0
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Chapter 4, Appendix ATable3. Posterior model probabilisefrom variable selection
analysis osubcomponents of models describing American kestrel nest box occupancy in
north-central FloridaA reversible jump algorithm calculated the posterior model
probabilities of all possible combinations of covariates: tmbge models with posterior

probabilities > QL0 are shown.

Submodel terms Posterior submodel Cumulative

probability probability

Coarsescale, early

% open habitat 1JI open habitat PAFRAC

0.366 0.366
X 0.157 0.522
X X 0.117 0.639
X 0.101 0.740
X
Coarsescale, late)
% open habitat 1JI open habitat PAFRAC
X 0.820 0.820
Coarsescaleys
Change open Change
PAFRAC
X 0.285 0.285

0.266 0.551
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X 0.230 0.781
X X 0.219 1.0
Fine-scale, early
% open habitat 1JI open habitat PAFRAC
X X 0.639 0.639
X 0.117 0.756
Fine-scale, laté
% open habitat  1JI open habitat PAFRAC
X 0.641 0.641
0.117 0.758
X X 0.114 0.872
Fine-scale,"s
Change open Change
PAFRAC
X 0.400 0.400
0.251 0.650
X X 0.199 0.849
X 0.151 1.0
Multi-scale, early
PAFRAC coarse PAFRAC fine
X 0.418 0.418
0.297 0.715
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X 0.145 0.860

X X 0.140 1.0

Multi-scale, late

IJ1 open, coarse |JI open, fine

X 0.822 0.822

X X 0.157 0.980
X 0.018 0.998

Multi-scale,"s

Change Change

PAFRAC, PAFRAC, fine

coarse

X X 0.372 0.372
X 0.348 0.721

0.163 0.884
X 0.116 1.0
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Chapter 4: Appendix B

# dynamic occupancy model with three reversible jump portions

# coded for R2ZWIinBUGS implementation

sink("rj3new.txt")
cat("

model {

# priors for reversible jump

K ~ dbin(0.5, Q)

beta.prec <0.1

taueps ~ dgamma(0.01,0)01

K2 ~ dbin(0.5, Q2)

beta.prec2 <0.1

taueps2 ~ dgamma(0.01,0.01)

KG ~ dbin(0.5, QG)

beta.precG <0.1

tauepsG ~ dgamma(0.01,0.01)

# priors for other components

for(i in 2:nyear){
muphi.probl[i]~dlogis(0,1)

logit(muphi[i])<-muphi.probi]



mugam.probli]~dlogis(0,1)
logit(mugam(i])<mugam.probli]

}

psil~dunif(0,1)

for(i in 1:(nyear1)){
pli]~dunif(0,1)

}

pnyear]~dunif(0,1)

# state process, z is unobserved but informed by Zst
for(i in 1:nsite){
z[i,1]~dbern(psil)
logit(gammali,2])< mugam[2]
logit(phi[i,2])<- muphi[2] + nu[i] #reference to RIMCMC portion
nuli] ~ dnorm(psi[i], taueps)
muZ[i,2]<- z[i,2-1]*phi[i,2] + (1-z[i,2-1])*gamma]i,2]

z[i,2]~dbern(muZ[i,2])

logit(gammali,3])< mugam[3] + n[i] # reference to RIMCMC
nuGli] ~ dnorm(psiGJi], tauepsG)

logit(phi[i,3])<- muphi[3] + nu2[i,3] # reference to RIMCMC
nu2[i,3] ~ dnorm(psi2[i], taueps2)

muZ[i,3]<- z[i,3-1]*phi[i,3] + (1-z[i,3-1])*gammal]i,3]

160
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z[i,3]~dbern(muZ[i,3])

for(t in 4:nyear){
logit(gammali,f])< mugam(t]
logit(phi[i, )<~ muphi[t] + nu2[i{] #reference to RIMCMC
nu2li,f] ~ dnorm(psi2[i], taueps2)
muZ[i,{<- z[i,t-1]*phifi,] + (1-z[i,t-1])*gammali,{]
Z[i,t|~dbern(muz[i.])

}

}

#reversible jump portion number 1, for early Phi
psi[1:nsite] < jump.lin.pred(X[1:nsite, 1:Q], K, beta.prec)

id <- jJump.model.id(psi[1:nsite])

pred[1:(Q + 1)] <jump.lin.pred.pred(psi[1:nsite], X.pred[1:(Q + 1), 1:Q])
for (i in 1:Q)

{

X.predi, i] <- 1

for (jin 1:(i - 1)) {X.pred]i, j] <- 0}

for (jin (i + 1):Q) {X.pred[i, j] < 0}

X.pred[(Q + 1), ] < 0

effect[i] <- pred]i] - pred[Q + 1]
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}

#reversible jump portion number 2, for gammal3]
psiG[1:nsite] < jump.lin.pred(XG[1:nsite, DG], KG, beta.precG)

idG <- jump.model.id(psiG[1:nsite])

predG[1:(QG + 1)] <jump.lin.pred.pred(psiG[1:nsite], X.predG[1:(QG + 1), 1:QG])
for (iin 1:QG)
{
X.predGli, i] < 1
for (jin 1:(i- 1)) {X.predG]j, j] <- 0}
for (jin (i + 1):QG) {X.predG[i, j] < 0}
X.predG[(QG + 1), i] <0
effectGJi] <- predGJi] - predG[QG + 1]
}
#reversible jump portion number 3, for late Phi
psi2[1:nsite] <jump.lin.pred(X2[1:nsite, 1:Q2], K2, beta.prec2)

id2 <- jump.model.id(psi2[1:nsite])

pred2[1(Q2 + 1)] < jump.lin.pred.pred(psi2[1:nsite], X.pred2[1:(Q2 + 1), 1:Q2])
for (iin 1:Q2)

{

X.pred2[i, i] < 1

for (jin 1:(i- 1)) {X.pred2]i, j] <- 0}
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for (jin (i + 1):Q2) {X.pred2]i, j] < 0}
X.pred2[(Q2 + 1), i] <0

effect2[i] < preddi] - pred2[Q2 + 1]

# observation component
for (tin 1:nyear){
for(i in 1:nsite){
for(j in L:nrep){
Py[i.j,tI<- z[i,*p[t]

yli,j,t] ~ dbern(Pyl[i,j,t])

# things to monitor, or derived parameters
psi.fs[1]<sum(z[1:nsite,1]nsite #proportion presently occupied sites
for(t in 2:nyear){

psi.fs[t]<-sum(z[1:nsite,t])/nsite

phi.ave[t]<sum(phi[1:nsite,t])/nsite
}

for(i in 1:nyear){
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psi.year[il<sum(z[1:nsite,i])
}
for(i in 2:nyear){

growthr[i-1]<-psi.yea(i]/psi.year[i-1]

}
" fill=TRUE)

sink()

data < list ( fyt, X QN X2, Q2 "XGT, QG "nsite”, "nrep", "nyear")

inits < function()

list (p=pst,z=Zst, taueps=0.01, K=0, taueps2=0.01, K2=0, tauepsG=0.01, KG=0)

parameters <c("effect”, "id", "p", "psi.year"”, "growthr", "mugam®, "psi.fs",

"effect2", "id2", "phi.ave", "effectG", "idG")

# making covariate matrices for RIMCMC components
X <- cbind(pld5eal,iji5eal,pafeal)

Q < ncol(X)

X2 <- cbind(pld5ltl,iji5ltl, pafltl)

Q2 < ncol(X2)
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XG <- cbind(delta5l, deltapafl)

QG <- ncol(XG)

rj3new.large.ss <- bugs (data, inits, parameters, "rj3new.txt", n.thin=2, n.chains=2,

n.burnin=1000, n.iter=16000, debug=TRUE, codaPkg=T)
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SUMMARY

CHAPTER 1 BDMAIN FINDINGS
Within -year effect

American kestrel nestlings were similar in mass at fledging regardless of
treatment in 2008, but in 2009, supplemented nestlings were heavier than control
nestlings. Other studies on raptors have either found no difference in nestling mass in
response to food supplements (Brommer et al. 2004; Dawson and Bortolotti 2002;
Eldegard and Sonerud 2010; Wiehn and Korpiméki 1997), or had observed larger
nestling mass in relation to supplements or reduced brood size (Dewey and Kennedy
2001; Dijkstra et al. 1990; Hipkiss et al. 2002; Korpiméki and Rita 1996). Wiebe and
Bortlotti (1995) found that the mass difference between supplemented and control
American kestrel nestlings was greatest during the year of lowest small mammal

abundance, the primary prey of kestrels in that region.

Betweenyear effects

We observed different responses of apparent annual survival of breeding female
kestrels to our food supplementation in different years. Both treatment groups survived at
relatively high rates after the first year of the experiment, with food-supplemented
females surviving at the highest rates. Mean survival rates decreased for both groups after
the second year, but the decrease was greatest for the food supplement group. Our
observations after the first year are consistent with other studies of the between-year

effects of food supplementation or overall food availability, in that female passerines or
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small raptors who received food supplements during breeding or have their brood size
artificially reduced tended to return at higher r¢f2san et al. 199@awson and
Bortolotti 2002 Dijkstra et al. 1990KorpimSki and Rita 1996However, our results for
the second year suggest that the effect of the food supplement differed depending on
annual food availability or energy requirements for-saintenancéMeijer et al. 1988
Reynolds et al. 200Fchoech 208). A reduction in investment in nestlings by female
kestrels whose nesting attempts had been artificially extended suggested that they were
sensitive to increased demands by nestlings, and unwilling to bear the extra costs
(Dawson and Bortolotti 2008

We found no support for changes in kestrel reproductive behawieict
response to our experimental treatment. When considering subsequent nesting attempts in
the same nest box, which could have been by the same female or male parents but always
incorporated the same local habitat influences, the timing of the sgear@s attempt
was more delayed from the previous yearOs nest in 2010 than in 2009. This may be
interpreted as coarseale environmental conditions being less favorable for
reproduction in 2009 than 20QBlarshall et al. 2002 This would result in more costly
early reproduction in 2009, so that early nesters needed more time the following season
to mobilize resources to initiate reproduct{@olet et al. 1998nger et al. 2010
Milonoff et al. 2004. Alternativey, kestrels may have a flexible Odecision ruleO
regarding timing of reproduction that is affected by past experience, so that the conditions
experienced during 2009 amended the decisions made in 2010, overruling any experience
due to food supplementatig@rieco et al. 2002Nager and Vannoordwijk 1995We

were unable to directly measure prey availability dutivgstudy, but the inclement
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weather patterns observed during 2009 (see Introduction, Table 2, Chapter 1) indicated
that 2009 was a difficult year for kestrels. We additionally observed high rates of nest
failure during the extended rain events (unpulelistiata) suggesting that parent kestrels
were challenged to provide for their offspring.

Our observation that early nesting females tended to be highly successful during
their following yearOs nesting attempt agrees with the supposition that early breeding
individuals tend to be of higher qualiidamel et al. 2009nger et al. 2010 However,
our analysis of chages in timing showed that early breeding females tended to nest early
again in following years (no support for changes in incubation timing between years), so
the extrinsic effect of favorable timing is confounded with latent individual quality
(Verhulst and Nilsson 2008Vilson and Nussey 20)0Again, we did not detect an effect
of treatment on the followmyearOs apparent nest success regardless of focus on known

females or nest boxes.

CONCLUSIONS

Female American kestrels appear to follow a fixed investment strategy to allocate
resources to nestlings up to some threshold of general food availabilitywhpelstexcess
resources are then allocated to themselves. The year 2009 appeared to be more difficult
for kestrels in our study area than 2008. Nesting was more delayed the following year
after early nesting attempts in the same nest boxes in 2010 tB@@9nAnnual survival
of breeding female kestrels was reduced for all treatment groups after 2009 in
comparison to 2008. Females who had received food supplements showed the greatest

difference in survival rates between years. Nestling mass differed reasiydy
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treatment in 2009. Unfortunately, we did not have the resources to directly assess food
availability in the environment during the food supplementation experiment. However,
when climate, demographic, and phenological responses are considetiedriage

results suggest that in a moderate or good year, female southeastern American kestrels
allocated the food supplement towards their ownrsalintenance, resulting in relatively

high survival rates. But in a poor year, such as 2009, the suppéahrfent was used to
produce heavier nestlings. Unsupplemented breeding pairs were unable to draw upon this
resource and apparently did not increase their foraging effort at their own expense, so
their nestlings were in poorer condition. Despite being sraptbrs with intermediate
life-history characteristics, American kestrels appear to follow a reproductive strategy

more consistent with lontived species.

CHAPTER 2 BMAIN FINDINGS

To the best of our knowledge, our study is the first to analyze betyszen
survival, rather than raw return rate, of birds that fledged from nests that had received
experimental food supplementation. In addition to a witfg@ar effect on body condition,
we found evidence that the food supplementation treatment positiielgriced annual
survival after fledging. Similar samgear effects on body condition have been noted for
other populations of American kestrels, goshawtczipiter gentili3, TengmalmOs owls
(Aegolius funereysand Eurasian kestrglBewey and Kennedy 200Hipkiss et al.
2002 KorpimSki and Rita 1996Viebe and Bortolotti 1995but other studies on the
same species in addition to Ural owBir{x uralensi} failed to detect such a difference

(Brommer et al. 2004Dawson and Bortolotti 200ZIldegard and Sonerud 2QMiehn
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and KorpimSki 1997 However, when differences between fegpplemented and
control nestlings were not detected, either breeding adult mass incfBes@dher et al.
2004 Eldegard and Sonerud 20Miehn and KorpimSki 199dr adult return rates
were higher for those tending supplemented r@sawson and Bortolotti 2002We also
noted higher annual survival for fostipplemented adult female kestrels following the
year that their nestlings were similar in condition to control nestlings (Brown and
Collopy in review).

However, the effect of food supplementation on suavilid not seem to be
directly related to the difference in body condition, as a model assessing the importance
of body condition, having controlled for treatment group and year influences, performed
very poorly. We did not find any other studies of bindsch attempted to separate the
potential influences on annual survival of increased body condition from a food
supplementation treatment. In other studies, famgplemented adult female American
kestrels, European kestrels, and TengmalmOs owls retaadulinting effort or
provisioning rat¢Dawson and Bortolotti 20QEIdegard and Sonerud 2QMiehn and
KorpimSki 1997. Presumably the resources previously allocated to these efforts could
then be used for other activities that would increase the future survival of their nestlings,
such as improved defenseincreasing the duration of parental provisioning during the
postfledging period.

We did not quantify behavior during the breaghring or postledging period,
and therefore we can only speculate on the mechanisms driving the difference in survival
rates between treatment groups. Breeding adult Eurasian kestrels thought to be of higher

quality due to larger mass and earlier timing of reproduction provided care to their
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fledged offspring for a longer time than lowguality individuals(Vergara et al. 2000
In this sane population, food supplementation during the4fleslging period extended
the duration of care, leading the authors to conclude that food supply was the link
between parent quality and pdkgdging dependence period.

Alternatively, our method of estiating body condition may not have adequately
characterized the nutritional benefit of the food supplement, which may have had a direct
impact on nestling health or improved the abilities of parents to provide higher quality
wild prey. In kestrels, measwef body condition calculated from body mass and size do
not always correlate well with other techniques of measuring health or nutritional status.
Growth rate, but not residual body mass at fledging, was related to glycated hemoglobin
(GHD) levels in Amdcan kestrels, but the reverse was true for blood albumin levels
(Ardia 2006. Two measures of oxidative stress, reactive oxygen metabolites and serum
antioxidant barrier, did not correlate with body condition in nestling Eurasiarelsestr
(Costantini et al. 2006 Sizecorrected mass suggested different responses to a brood sex
ratio manipulation experiment in Eurasian kestrels than did otbeators of nestling
condition, such as hematocrit level, the ratio of heterophils to lymphocytes, and innate
immune system response as measured by the phytohaemagdrudi?iiA) injection
assay(Laaksonen et al. 20D4These observations suggest that alternative measures of
nestling health or condition could have helped clarify the relationship between our food

supplementation treatment and its @gmaphic effect.
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CONCLUSIONS

Regardless of the mechanism driving the relationship between food
supplementation and future survival of nestlings that had fledged from experimental
nests, our results indicate that adult American kestrels balanced tlesimirant in
current reproductive attempts with other components of fithess. Supplemented kestrel
offspring always survived at higher rates than their control counterparts, but the
difference was less pronounced in a year that supplemented adult kestreisaiged at
markedly higher rates (Brown and Collopy, in review). This observation is consistent
with the allocation of surplus food to the adults, in adherence to a strategy of fixed
allocation of resources to nestlings. Similarly, following the otlear pf the experiment,
the supplemented adult kestrels survived at similar rates to the controls, but supplemented
nestlings survived at much higher rates than control counterparts. Control adult kestrels
were apparently willing to sacrifice future prostseaf survival of their nestlings rather
than jeopardize themselves. To the best of our knowledge, our study is the first to link
ultimate demographic consequences of annual survival for both parents and offspring to a

proximate experimental manipulation.

CHAPTER 3 BMAIN FINDINGS

We found no strong indications of overall population expansion or contraction
during our study period regardless of which IPM we used. Separation of population
growth rates into local and overall components suggested thatmesntiof locally

produced yearlings was sufficient to maintain the population in both years. However,
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uncertainty surrounding the local population growth rate was high, and immigration was
not insubstantial.

Because the parameter of apparent survivdiendormacklolly-Seber model is
the confounded product of true survival and the propensity to remain in the study
population, a decrease in apparent survival may be the result of either increased mortality
or permanent emigratigih.ebreton et al. 1992When immigration was explicitly
modeled, we noted a decreasestimated apparent survival of juvenile kestrels and the
numbers of locally produced yearlings recruited to the breeding population. This appears
to be due to the information contained in the population census data, which shows similar
numbers of breedingestrels from year to year, and the robust results of the-mark
recapture modeling of adult kestrels. The bounds on adult population size and
immigration rate set by this additional information appeared to limit the number of
locally produced juveniles thabuld be retained in the population. We therefore suggest
that the concurrent decrease in apparent survival probability, increase of detection
probability, and replacement of local yearlings with immigrants reflects a greater role for
permanent emigratioof locally produced juvenile kestrels than could be estimated by
the IPM without immigration, although differences in mortality cannot be ruled out with

this analysis.

CONCLUSIONS
The demographic vital rates estimated here are in broad agreement with the few
earlier assessments of American kestrel demography conducted with life tables or visual

examination of banding records. Rog357) estimated an overall survival rate of 0.43
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by pooling band recoveries across age classesteAllfe table analysis estimated

juvenile survival at 0.30 and adult survival at 0(B&nny 1972 Our independent CMR
analyses and the corresponding components of the IPMs indicated substantial inter
annual variability in these vital ratess Aoted elsewhere (Chapter 1), the weather during
both the 2009 breeding season and following winter was unusually harsh, and
hypothesized to be related to decreases in adult survival probability and changes in
reproductive behavior. However, juvenile apgrd survival probability was estimated to
increase during this same time period. Given the confounding between true survival and
permanent emigration, it is possible that the higher rates of local territory vacancy due to
unusually high adult mortality lahwed more local juveniles to recruit.

The overall population trajectory of the kestrels using nest boxes ircenttal
Florida appeared stable. The immigration rates estimated here were similar to those
estimated for little owlsAthene noctuamean inmigration rate = 0.293 [95% CI 0.183
0.418]) and much less than those of eagle oBd#¢ bubgomean immigration rate =
1.591 [0.5413.196]) experiencing high rates of anthropogenic mortébadi et al.
201Q Schaub et al. 20)0Considering that our population here is defined by those
individuals using nest boxes in a region that often has natural cavitiebba close
proximity, we should not be surprised to see at least some immigrants from the
surrounding population that did not originate from nest boxes.

Our results did not unequivocally support the hypothesis that the nest box
population provides aosirce to the surrounding population relying on natural cavities,
but neither did we find strong support for it being a population sink. Recognizing that the

population is open and thus explicitly modeling immigration resulted in a marked
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decrease in estimated juvenile apparent survival rates. We contend that this may well be
an indication that a large proportion of the locally produced yearlings emigrated from the
monitored population simply by not usurping territorial adult females that occupy one of
our nest boxes. Distinguishing between the two scenarios could be logistically
straightforward by surveying for marked kestrels who remained in the study area but
were not associated with one of the nest boxes, and then analyzing those resighting
records as an additional state in the CJS component (Schofield et al. 2009).

Even though our results did not clearly indicate whether the nest box population is
a source or sink to the surrounding region, the data sets that originated from monitoring
the boxes and their occupants were straightforward to include as components in a
Bayesian integrated population model. Modeling using an IPM approach allowed us to
simultaneously characterize American kestrel demography and address several questions
of interest specific to this population of concern. This was possible despite some of the
data sets being sparse, similar to integrated population modeling efforts with other
species of concern such as koalas (Phascolarctos cinerelislapwings (Vanellus vanellus
and eagle owls (King et al. 2008; Rhodes et al. 2011; Schaub et al. 2010). Furthermore,
the IPM approach is flexible so that we could alter our models to include alternative
components or components with more complex structures, such as a population index
that models nest box occupancy as a hierarchical occupancy model rather than a simple
numeric count (Royle and Kery 2007). Our approach here therefore emphasizes the
importance of monitoring several aspects of the demography and population trends of
threatened and endangered species, as incorporating them into a single coherent analysis

is increasingly tractable and worthwhile.



176

CHAPTER 4 BMAIN FINDINGS
Occupancy probabilities over time

Despite the estimated loss of over 9500 ha of open habitat betweef 2885
2003, we found no evidence for decreasing occupancy probabilitiesrityédars.
Instead, occupancy probabilities were higher during the later period of the study (Table 4,
Chapter 4). This may reflect a lag time involved in local kestrels finding and deciding to
use the nest boxes, as most of them were first available in W9 also noted that the
overall survival probability was remarkably consistent across years, suggesting that on
average, sites selected for nesting remained suitable from year to year (Table 4, Chapter

4).

Influence of open habitat fragmentation versg extent on kestrel nest box occupancy

We found that occupancy persistence at kestrel nest boxes was influenced by the
landscape context surrounding the box at a scale corresponding to median natal dispersal
distances. Occupied nest boxes were less likehe occupied in the following year
when surrounding open habitats were highly disaggregated. This effect was only marked
during the later period of our study. However, the most competitive, albeit not
convincing, early influence dnwas PAFRAC, which also quantifies landscape
complexity (Table 3, Chapter 4). The only scenario in which the extent of the putative
preferred habitat was weakly influential bavas at a fine scale early in the study.
However, PAFRAC received markedly neasupport at that scale, with the caveat that

those variables were moderately correlated (PearsonOs correlation coefflig2)
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CONCLUSIONS

The indication that increasing open habitat fragmentation negatively influenced
persistence in site occupanby southeastern American kestrels has clear implications
for management of this threatened subspecies. Many of the management practices now
recommended for maintenance of longleaf pinelands, such as frequentdasity
burns, should serve to redute tintrusion of hardwoods or other trees, thus preserving
the suitability of the landscape for kestrgNdyers and Ewel 1990However, forests are
not the only land cover type fragmenting land cover in Roettitral Florida.
Urbanization is also responsible for some of the changes in land cover in recent decades,
and zming restrictions in sensitive habitats or preservation of open habitat structure in
low-density urban developments might potentially reduce the effects of ongoing
urbanization on kestrel populations. Many of the nest boxes monitored ir22Q08re
locaked on utility poles within low density urban or exurban areas, and kestrels persist at
many of these sites. Learning more about why kestrels can tolerate some forms of
urbanization and increasing habitat complexity will aid in both guiding future
conservabn efforts for this species, and furthering our understanding of the effects of

fragmentation on open habitat birds.
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