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ABSTRACT 

Life history theory predicts that fitness will be maximized by balancing 

production of offspring with the parentsÕ residual reproductive value. Whether this 

balance is achieved at the expense of parental or nestling condition is not clear for species 

with intermediate life-history characteristics, such as the southeastern American kestrel 

(Falco sparverius paulus). We provided food supplements to 61 nesting kestrel pairs that 

were matched with 63 control pairs in 2008 and 2009 in north-central Florida, USA. We 

analyzed between-year effects on reproductive decisions for the next yearÕs 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 

capture-mark-recapture models. Treatment effects varied by year: in 2008, nestlings were 

similar in mass regardless of treatment, but foodÐsupplemented adult females survived at 

very high rates. However, in 2009, food-supplemented 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. 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 their own condition for their 

nestlings. 

Reproduction is thought to be costly, leading to a hypothesized tradeoff between 

investment in a current reproductive attempt and investment in self-maintenance and 

future reproduction. The outcome of reproductive attempts is frequently assessed by 
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short-term 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. We used Bayesian mark-recapture models to evaluate the effects of 

a food supplementation experiment on the long-term survival of American kestrels that 

had fledged from experimental nests. 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 independent of the 

difference in body condition. The food supplementation process likely affected nestling 

survival and recruitment through mechanisms not quantified here, such as changes in 

parental behavior during the post-fledging period or nutritional effects not measured by a 

size-corrected mass index. Our study demonstrates how food supplementation can result 

in a long-term 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 hypothesized tradeoff. 

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 population trends of a 

population of Southeastern American Kestrels associated 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 trajectories. We used 

Bayesian IPMs that simultaneously considered mark-recapture data sets, fledgling 

production, and population surveys to assess recent population growth rates, productivity, 
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and demography. We further evaluated the potential of the nest box population to serve 

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 and one that did not. 

Overall population growth rates suggested that the population was stable, even though 

immigration was apparently important with approximately 0.3 female immigrants per 

resident female kestrel each year. Explicitly modeling immigration resulted 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 of nest boxes, as well as the 

potential contribution of juveniles fledged from nest boxes to the regional population. 

The IPM approach allowed effective modeling of real-world data sets, including sparse 

data that are typically characteristic of threatened populations. 

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 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 presence estimates, rather than dynamic processes 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 different time periods. We 

modeled the occupancy of kestrel nest boxes with Bayesian state-space models that 
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separated the latent and partially observed process of true occupancy probability from the 

detection probability. Results from reversible jump Markov chain Monte Carlo 

(RJMCMC) algorithms suggested that the continued occupancy of nest boxes, or ! , was 

negatively influenced by disaggregation of open habitats rather than the extent of that 

land cover during the later time period (2008-2010). None of the landscape metrics 

appeared to influence !  during the early time period (1992-93) 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 threatened subspecies, 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 Kestrel (Falco sparverius) was the focus of a symposium at the 

2007 Raptor Research Foundation Conference due to widespread concern about potential 

population decline, although it is still considered the most abundant and widely 

distributed falcon in North America (Smallwood and Bird 2002). Already granted special 

conservation status in the states of Florida, Georgia, and Alabama, the subspecies 

endemic to the southeastern United States (the Southeastern American Kestrel, F. s. 

paulus) has decreased throughout the past century (Smallwood and Bird 2002). In the 

mid 1980s, this subspecies was determined to have declined by at least 82% in north-

central Florida, and is currently considered Threatened and a Species of Greatest 

Conservation Need (Collopy 1996; Florida Fish and Wildlife Conservation Commission 

2005; Hoffman and Collopy 1988). Despite such concerns, little is known about 

population regulation in either the continental (F. s. sparverius) or southeastern 

subspecies, and no quantitative study of kestrel population trends in Florida has been 

published since the study of Hoffman and Collopy (1988).  

Throughout Florida, kestrels, along with other threatened species such as red-

cockaded woodpeckers (Picoides borealis) and gopher tortoises (Gopherus polyphemus), 

are closely associated with sandhill habitat, a xeric upland vegetation community 

dominated by longleaf pine (Pinus palustris) and turkey oak (Quercus laevis) with an 

otherwise open grass stratum (Hoffman 1983). Florida sandhill habitat is considered to 

face a ÒVery High Threat,Ó due in great part to widespread destruction since European 

settlement of the once extensive longleaf pine communities (Florida Fish and Wildlife 
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Conservation Commission 2005). Sandhill habitat destruction continues through present 

times; from 1985-89 to 2003, 53,3556 ha or 15.5% of FloridaÕs sandhill habitat was lost, 

with 72% of this converted to urban or other developed uses (Kautz 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 kestrels (Hoffman 

1983; Hoffman and Collopy 1987). Kestrel 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 habitat (Bohall-Wood and 

Collopy 1986; Provencher et al. 2002). Therefore, 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 lost (Chapa-Vargas and Robinson 2006; 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 source of causation (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 intended to 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 Kestrels is supported by the 

long-term nest box project near Gainesville, FL, which presented an ideal opportunity to 
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gain insight into the population dynamics and habitat use of this subspecies (Miller and 

Smallwood 1997; Smallwood and Smallwood 1998). Records 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 Kestrel (F. tinnunculus), the 

American Kestrel is amenable to studies of reproductive strategies, 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 plumage (Daan et al. 1990; Smallwood and Bird 2002). 

Furthermore, natal dispersal distances of local juvenile 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 rates (Miller and 

Smallwood 1997). This kestrel population can also serve 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 times (Kautz et al. 2007).  



4 

 

CHAPTER SUMMARIES 

1. Tested hypotheses concerning tradeoffs between current reproductive attempts 

and future reproductive decisions by manipulating parental energy 

expenditure 

a. for manipulated breeding birds, assessed whether treatment affected 

annual survival (mark-recapture analysis) and subsequent breeding 

attempts (timing, clutch size, success rates; nest box monitoring) 

2. Tested hypotheses concerning tradeoffs between current reproductive attempts 

and future reproductive decisions by manipulating parental energy 

expenditure 

a. for offspring of treatment nests, assessed whether treatment affected 

survival and recruitment (mark-recapture analysis) 

3. Determined recent population trends of the Southeastern American Kestrel in 

north-central Florida 

a. estimated population vital rates (survival, recruitment, and population 

growth rate) from integrated population model 

b. assessed the role of immigration in maintaining population stability 

4. Quantified effects of sandhill and other open habitat loss and/or conversion on 

kestrel nest box occupancy patterns  

a. estimated probabilities of nest box occupancy and colonization in 

relation to habitat changes surrounding each box 

i. focused on landscape structure (i.e. habitat 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. Brown1,3 and Michael W. Collopy2 

 

1Dept. of Natural Resources and Environmental Science and Ecology, Evolution and 

Conservation Biology Graduate Program, University of Nevada, Reno, 1000 Valley 

Road, Reno, NV 89512, USA; 2Academy for the Environment, University of Nevada,  

Reno, 202 Ross Hall, Reno, NV 89557 USA 

 

Abstract. Life history theory predicts that fitness will be maximized by balancing 

production of offspring with the parentsÕ residual reproductive value. Whether this 

balance is achieved at the expense of parental or nestling condition is not clear for species 

with intermediate life-history 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 north-central Florida, USA. We analyzed between-year effects on 

reproductive decisions for the next yearÕs 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 capture-mark-recapture models. 

Treatment effects varied by year: in 2008, nestlings were similar in mass regardless of 

treatment, but foodÐsupplemented adult females survived at very high rates. However, in 

2009, food-supplemented nestlings were heavier than their control counterparts, and 

survival of supplemented adult females decreased. Weather and changes in nesting 
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phenology, regardless of treatment groups, suggested that 2009 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 their own condition for their nestlings. 

Key words: American kestrel; Bayesian statistics; between-year effects; Falco sparverius; 

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

 

INTRODUCTION 

 Individual fitness can be considered in general life-history theory as the 

combination of two components: the contribution from the current reproductive attempt 

and that expected from future reproductive output (Fisher 1930). Logically there follows 

a tradeoff between these components, which manifests as a negative covariance between 

investment in the current reproductive attempt and allocations to future survival or 

reproduction (Williams 1966, Roff 1992, Stearns 1992). Observations of unmanipulated 

natural systems cannot always test predictions of life history theory, as individuals are 

believed to allocate available resources to best optimize their fitness (Drent and Daan 

1980, Van Noordwijk and Dejong 1986, Rowe et al. 1994). Therefore, experimental 

studies that manipulate costs outside of the individualÕs control are a more effective 

method to test the predictions inferred from observations (Reznick 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, such as changes in adult or fledgling condition, fledging success, or parental 

behavior (KorpimŠki 1987, Aparicio 1994, Preston and Rotenberry 2006). Those that do 
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consider potential between-year effects on adults find conflicting delayed effects of 

treatments. Some detect higher return rates, a proxy for survival, for food-supplemented 

or brood-reduced individuals, while others do not (KorpimŠki 1988, Dijkstra et al. 1990, 

Daan et al. 1996, KorpimŠki and Rita 1996, Dawson and Bortolotti 2002). Part of the 

discrepancy may be due to different strategies adopted by long-lived versus short-lived 

species: because individuals of long-lived species may expect greater contributions of 

future reproductive events to lifetime reproductive success, they would be expected to be 

less likely to sacrifice somatic condition for the current reproductive effort (Wernham 

and Bryant 1998, Golet et al. 2004, Erikstad et al. 2009). Thus, the two main strategies to 

explain reproductive behavior in birds are the Òfixed investment hypothesisÓ describing 

the fixed level of investment in the current reproductive attempt by long-lived birds 

(Ricklefs 1987, Mauck and Grubb 1995, Navarro and Gonzalez-Solis 2007), and the 

Òflexible investment hypothesisÓ which expects short-lived birds to alter their level of 

investment in offspring depending on requirements (Linden and M¿ller 1989). The 

dividing line between Òshort-Ò and Òlong-livedÓ is unclear since most of the manipulative 

studies have focused on the clear extremes of long-lived seabirds and short-lived small 

passerines. Studies of species with more intermediate life-history characteristics could 

provide new insights into the evolution of these two strategies. Therefore, we investigated 

the effects of manipulating parental effort via food supplementation during the breeding 

season on southeastern American kestrels (Falco sparverius paulus).  

Like its larger relative, the European kestrel (F. tinnunculus), the American 

kestrel (hereafter, ÒkestrelÓ) is amenable to studies of reproductive strategies (Daan et al. 

1990). This small raptor has short generation times with 80% of birds estimated to breed 
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after their first winter, clutches from 1 to 6 eggs, but a potentially long lifespan of at least 

14 years (Henny 1972, Smallwood and Bird 2002, Lutmerding and 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 between-year effects of food 

supplementation on the breeding adults. These between-year 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 yearÕs breeding 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 life-history characteristics and being closely 

related to larger, longer-lived raptors (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 offspring in the 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 would fledge in better 

condition than their unsupplemented counterparts. However, if kestrels followed a 
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flexible investment strategy, they would tend to work as hard as necessary to provision 

nestlings in response to demand. Whether the food supplement was truly a surplus would 

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 with high levels of 

precipitation expected to negatively impact foraging efficiency (Dawson 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 precipitation was 

significantly greater than the long-term average in both counties in the study area, 

suggesting that 2009 was a demanding year for kestrels (Table 2; Florida Automated 

Weather Network 2010). 

 

METHODS 

Study area and field protocol 

 We studied American kestrels in 2008-10 using a network of approximately 150 

nest boxes first placed in north-central Florida during 1990-91 (Smallwood and Collopy 

2009). Our study area fell within Levy and Marion counties, and was centered at 

approximately 29¡ 21Õ N, 82¡ 23Õ W. Habitat around nest box locations could be 

generally classified as either sandhill or hammock (Kautz et al. 2007). Sandhill habitat, a 

xeric upland vegetation community dominated by longleaf pine (Pinus palustris) and 

turkey oak (Quercus laevis), predominated throughout Levy County, whereas hammock, 

characterized by hardwoods including live oak (Q. virginiana) and laurel oak (Q. 

laurifolia), was more widespread in Marion County. Most of the nest boxes were 
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continuously maintained until the start of our study: 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 from 2.5-cm cedar or cypress 

lumber and placed 6-7m high on roadside utility poles or live trees.  

 Each year in February, all nest boxes were first visited, cleaned, repaired, and 

filled with a 5-cm layer of wood shavings. Boxes were checked for occupancy at ! 10-d 

intervals, and the presence of any marked adult kestrels noted during each visit. Because 

kestrels lay eggs approximately every second day, and the mean clutch size observed 

during this study was 4.63 ± 0.56 eggs, all nesting attempts, or nests, were found during 

laying or early incubation (Smallwood and Bird 2002). Nest initiation date (date the first 

egg was laid) was thus observed directly or back-calculated from the number of eggs first 

observed in the nest box. Nest status was checked at 10-14-d intervals throughout 

incubation. Near the end of the typical 30-d incubation period, we attempted to trap all 

adult females inside the boxes with a custom-made net on an extendable painterÕs pole. 

Newly-captured adults were banded with USGS leg bands and individually marked with 

unique combinations of colored patagial tags, one per wing (Smallwood and Natale 

1998). We measured mass, unflattened wing chord, tarsus, exposed culmen, and tail 

length; took digital photographs; and sampled breast and primary covert feathers from all 

captured kestrels. Research and handling protocols (#00329) were reviewed and 

approved by the Institutional Animal Care and Use Committee at the University 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, nests were randomly assigned to either a food supplementation 

(hereafter, ÒsupplementÓ) 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 treatment were provided with commercially acquired whole domestic mice to 

supply the daily energy needs of one female nestling kestrel depending on their age-

specific requirements (Anderson et al. 1993). Supplemental food was placed directly in 

the nest box every third day after the oldest nestling reached 2 to 3-d of age, and control 

nests were also visited every third day to equalize investigator disturbance. Those nests 

not assigned to either experimental treatment group (hereafter, Ònon-experimentalÓ) were 

typically checked twice during the nestling stage. All nestlings were banded at 21-24 

days, with the same morphometric data recorded as for adults. Because disturbing 

nestling kestrels beyond 25-26 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 successful (Steenhof and Newton 2007). 

Statistical analyses 

 Analyses, either Bayesian hierarchical or capture-mark-recapture (CMR) models, 

were performed in R 2.12.0 and WinBUGS 1.4.3, using the R package ÒR2WinBUGSÓ 

(Lunn et al. 2000, Sturtz et al. 2005, R Development Core Team 2010). All continuous 

predictor variables were standardized to means of zero and unit variance. Priors were 

intentionally uninformative (Appendix A). Convergence of the Markov chain Monte 
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Carlo (MCMC) runs was assessed by visualization of the trace, and the Raftery-Lewis 

and Gelman-Rubin diagnostic tests implemented in the R package ÒcodaÓ (Gelman and 

Rubin 1992, Spiegelhalter et al. 2002, Plummer et al. 2006). Models were run for 

120,000 to 600,000 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 a 

priori  models by deviance information criterion (DIC) values, or by examining the 

posterior probability of each model as estimated by a reversible jump Markov chain 

Monte Carlo (RJMCMC) algorithm implemented through the WinBUGS JUMP interface 

(Spiegelhalter et al. 2002, Lunn et al. 2009). Models with the lowest DIC scores were 

considered most competitive. Individual variables with high marginal posterior 

probabilities (>0.85) as estimated through RJMCMC were considered potentially 

influential, and the posterior probability 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: nestling mass.Ñ  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 and body size (Costantini et al. 2009), a 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 nestlings (female 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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Between-year effect: female survival.Ñ  We estimated annual survival of adult 

female American kestrels captured or resighted during breeding attempts with multi-state 

Cormack-Jolly-Seber models in WinBUGS. The mark-recapture models were 

parameterized to estimate apparent annual survival (S), detection probability (p), and the 

probabilities (# ) of transitioning between treatment groups (Schofield 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 indication of 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. 

Between-year effects: timing of reproduction, clutch size, apparent nest success, 

and productivity.Ñ  Changes in reproductive behavior between years, including onset of 

incubation (timing of reproduction), clutch size, apparent nest success, and productivity 

were modeled as Bayesian general(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 repeated observations of females were represented in the nest box-level dataset, 

due to rare movements between boxes by marked females. The posterior probabilities of 

models in all model sets were estimated using the RJMCMC approach. 

Values for the onset of incubation 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 second attempt 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. Apparent 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 number of 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 (Poisson 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 

quadratic effect, 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 manipulations 

 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 

non-experimental nests (42 in 2008, 47 in 2009, and 100 in 2010). Mean clutch size and 

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 nest boxes were 

observed for three years in a row).  

Within-year effect: nestling mass.Ñ  We banded, measured, and weighed 461 

nestlings from 136 broods in 2008 and 2009. Mass of nestlings at banding was best 

modeled as a function of assigned treatment, quadratic effect of 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). Control nestlings 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, 109.25g [95% CI, 106.6 Ð 111.9]; mass of supplemented, 

107.91g [105.2 Ð 110.6]). 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, 108.63g [106.0 Ð 111.3]; mass of 

supplemented 110.97g [108.5 Ð 113.5]). 

Between-year effect: female survival.Ñ  We captured 113 adult female American 

kestrels attending nest boxes in 2008 and 2009, and recaptured or resighted 45 of these 

individuals at least once in 2009 or 2010. Our multi-state Cormack-Jolly-Seber model 

estimated the detection probability p as 0.865 (0.575 Ð 0.996). Supplemented female 

kestrels survived from 2008 to 2009 at higher probabilities than control females (Fig. 1; 

mean S for supplemented females, 0.575 [0.348 Ð 0.865]; mean S for control females, 

0.462 [0.271 Ð 0.714]). 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 change greatly (Fig. 1; mean S for supplemented females, 0.305 [0.139Ð 

0.536]; mean S for control females, 0.388 [0.208 Ð 0.647]). The survival probabilities of 

non-experimental female kestrels were intermediate to those of the experimental groups, 

although estimates were more imprecise due to small sample size (mean S from 2008-09, 

0.530 [0.269 Ð 0.847]; mean S from 2009-10, 0.347 [0.143 Ð 0.606]). 

Between-year effects: timing of reproduction, clutch size, apparent nest success, 

productivity.Ñ  None of the responses observed 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 the attributes of nesting attempts in the same nest 

boxes, RJMCMC analysis indicated that timing of the start of incubation was influenced 

by the previous nesting attemptÕs incubation date, the interaction between previous 

incubation date and year, and clutch size (Table 2, Appendix A). Generally, if a nesting 

attempt was early in the first year, the next yearÕs 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 2010, 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 yearÕs nesting attempt, and the 95% CI for the predicted start of 

incubation included the 1:1 ratio of previous yearÕs timing to current year. When the 

previous yearÕs clutch was small, the subsequent nesting attempts were relatively later. 

For example, the incubation start following a 3-egg clutch was predicted to be 10 days 

later than that following a 5-egg 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, we found that changes in clutch size were best predicted only 

by the previous yearÕs 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 eggs [-0.53 - -0.31] for known females, and 0.35 eggs [-0.48 - -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 [0.94 - 1.77] for known females, 1.63 eggs [1.42 Ð 

1.84] for nest boxes). 

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 yearÕs nesting attempt was an important predictor of the apparent nest 

success for a known femaleÕs 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, but the latest nesters 

were quite successful in their subsequent nesting attempt. However, estimates for later 

nesting females were uncertain, as the subsequent nest of late-nesting females was 

observed rarely. Productivity in subsequent attempts did not change in response to any of 

the measured variables for either data set (Tables 8 and 9, Appendix A). 

DISCUSSION 

Within-year effect  

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 
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raptors have either found no difference in nestling mass in response to food supplements 

(Wiehn and KorpimŠki 1997, Dawson and Bortolotti 2002, Brommer et al. 2004, 

Eldegard and Sonerud 2010), or observed larger nestling mass in relation to supplements 

or reduced brood size (Dijkstra et al. 1990, KorpimŠki and Rita 1996, Dewey and 

Kennedy 2001, Hipkiss et al. 2002). 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. 

Between-year 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 probabilities decreased for both 

groups after the second year, but the decrease was greatest for the food supplemented 

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 small raptors that received food supplements during breeding or had their 

brood size artificially reduced tended to return at higher rates (Dijkstra et al. 1990, Daan 

et al. 1996, KorpimŠki and Rita 1996, Dawson and Bortolotti 2002). However, our results 

for the second year suggest that the effect of the food supplement differed depending on 

annual food availability or energy requirements for self-maintenance (Meijer et al. 1988, 

Reynolds et al. 2003, Schoech 2009). A reduction in investment in nestlings by female 

kestrels 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 2008). In our experiment, the mean survival probability of food-

supplemented 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 environmental cues became 

maladaptive in the presence of anthropogenic influence (Schlaepfer 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 no support 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 the same local habitat influences, the timing of the second yearÕs attempt 

was more delayed from the previous yearÕs nest in 2010 than in 2009. This may be 

interpreted as coarse-scale environmental conditions being less favorable for 

reproduction in 2009 than 2008 (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 reproduction (Golet et al. 1998, Milonoff et al. 2004, 

Inger et al. 2010). Alternatively, kestrels may have a flexible Òdecision ruleÓ 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 supplementation (Nager and Vannoordwijk 1995, Grieco et al. 2002). We 

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 
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was a difficult year 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 tended to be highly successful during 

their following yearÕs nesting attempt agrees with the supposition that early breeding 

individuals tend to be of higher quality (Hamel et al. 2009, Inger et al. 2010). In addition, 

our analysis of changes 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 2008, Wilson and Nussey 2010). Again, we did not detect an effect 

of treatment on the following yearÕs apparent nest success regardless of focus on known 

females or nest boxes. 

Synthesis and conclusions 

Female American kestrels appear to follow a fixed investment strategy to allocate 

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 more delayed the 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 supplements showed the 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 supplementation experiment. 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 own self-maintenance, resulting 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 foraging effort at 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 long-lived species. 

 

ACKNOWLEDGMENTS 

 We thank T. Breen, K. Miller, B. Millsap, and J. Smallwood, for the nest box 

network. M. Brown, R. Melvin, K. Meyer, and G. Zimmerman assisted in the field. The 

manuscript was greatly improved by comments from the referees. Financial support was 

provided by the Eastern Bird Banding Association, Florida Ornithological Society, 

Raptor Research Foundation, Sigma Xi, and the University of Nevada, Reno Program in 

Ecology, Evolution, and Conservation Biology. 

 

LITERATURE CITED  
 

Anderson, D. J., J. Reeve, J. E. Martinez Gomez, W. W. Weathers, S. Hutson, H. V. 

Cunningham, and D. M. Bird. 1993. Sexual size dimorphism and food 

requirements of nestling birds. Canadian Journal of Zoology-Revue Canadienne 

De Zoologie 71:2541-2545. 



25 

 

Aparicio, J. M. 1994. The seasonal decline in clutch size: an experiment with 

supplementary food in the Kestrel, Falco tinnunculus. Oikos 71:451-458. 

Brommer, J. E., P. Karell, and H. Pietiainen. 2004. Supplementary fed Ural owls increase 

their reproductive output with a one year time lag. Oecologia 139:354-358. 

Costantini, D., S. Casagrande, L. Carello, and G. Dell'Omo. 2009. Body condition 

variation in kestrel (Falco tinnunculus) nestlings in relation to breeding 

conditions. Ecological Research 24:1213-1221. 

Daan, S., C. Deerenberg, and C. Dijkstra. 1996. Increased daily work precipitates natural 

death in the kestrel. Journal of Animal Ecology 65:539-544. 

Daan, S., C. Dijkstra, and J. M. Tinbergen. 1990. Family planning in the kestrel (Falco 

tinnunculus): the ultimate control of covariation of laying date and clutch size. 

Behaviour 114:83-116. 

Dawson, R. D. and G. R. Bortolotti. 2002. Experimental evidence for food limitation and 

sex-specific strategies of American kestrels (Falco sparverius) provisioning 

offspring. Behavioral Ecology and Sociobiology 52:43-52. 

Dawson, R. D. and G. R. Bortolotti. 2008. Experimentally prolonging the brood-rearing 

period reveals sex-specific parental investment strategies in American Kestrels 

(Falco sparverius). Auk 125:889-895. 

Dewey, S. R. and P. L. Kennedy. 2001. Effects of supplemental food on parental-care 

strategies and juvenile survival of Northern Goshawks. Auk 118:352-365. 

Dijkstra, C., A. Bult, S. Bijlsma, S. Daan, T. Meijer, and M. Zijlstra. 1990. Brood size 

manipulations in the kestrel (Falco tinnunculus): effects on offspring and parent 

survival. Journal of Animal Ecology 59:269-285. 



26 

 

Drent, R. H. and S. Daan. 1980. The prudent parent: energetic adustments in avian 

breeding. Ardea 68:225-252. 

Eldegard, K. and G. A. Sonerud. 2010. Experimental increase in food supply influences 

the outcome of within-family conflicts in Tengmalm's owl. Behavioral Ecology 

and Sociobiology 64:815-826. 

Erikstad, K. E., H. Sandvik, P. Fauchald, and T. Tveraa. 2009. Short- and long-term 

consequences of reproductive decisions: an experimental study in the puffin. 

Ecology 90:3197-3208. 

Fisher, R. A. 1930. The genetical theory of natural selection. Clarendon Press, Oxford. 

Florida Automated Weather Network. 2010. University of Florida, Gainesville, FL. 

Gelman, A. and D. Rubin. 1992. Inference from iterative simulation using multiple 

sequences. Statistical Science 7:457-511. 

Golet, G. H., D. B. Irons, and J. A. Estes. 1998. Survival costs of chick rearing in black-

legged kittiwakes. Journal of Animal Ecology 67:827-841. 

Golet, G. H., J. A. Schmutz, D. B. Irons, and J. A. Estes. 2004. Determinants of 

reproductive costs in the long-lived black-legged kittiwake: a multiyear 

experiment. Ecological Monographs 74:353-372. 

Grieco, F., A. J. van Noordwijk, and M. E. Visser. 2002. Evidence for the effect of 

learning on timing of reproduction in blue tits. Science 296:136-138. 

Griffiths, C. S., G. F. Barrowclough, J. G. Groth, and L. Mertz. 2004. Phylogeny of the 

Falconidae (Aves): a comparison of the efficacy of morphological, mitochondrial, 

and nuclear data. Molecular Phylogenetics and Evolution 32:101-109. 



27 

 

Hamel, S., S. D. Cote, J. M. Gaillard, and M. Festa-Bianchet. 2009. Individual variation 

in reproductive costs of reproduction: high-quality females always do better. 

Journal of Animal Ecology 78:143-151. 

Henny, C. J. 1972. An analyis of the population dynamics of selected avian species. 1, 

U.S. Fish and Wildlife Service, U.S. Government Printing Office, Washington, 

D.C. 

Hipkiss, T., B. Hornfeldt, U. Eklund, and S. Berlin. 2002. Year-dependent sex-biased 

mortality in supplementary-fed Tengmalm's owl nestlings. Journal of Animal 

Ecology 71:693-699. 

Inger, R., X. A. Harrison, G. D. Ruxton, J. Newton, K. Colhoun, G. A. Gudmundsson, G. 

McElwaine, M. Pickford, D. Hodgson, and S. Bearhop. 2010. Carry-over effects 

reveal reproductive costs in a long-distance migrant. Journal of Animal Ecology 

79:974-982. 

Kautz, R., B. Stys, and R. Kawula. 2007. Florida vegetation 2003 and land use change 

between 1985-89 and 2003. Florida Scientist 70:12-24. 

KorpimŠki, E. 1987. Clutch size, breeding success and brood size experiments in 

Tengmalm's Owl Aegolius funereus: a test of hypotheses. Ornis Scandinavica 

18:277-284. 

KorpimŠki, E. 1988. Costs of reproduction and success of manipulated broods under 

varying food conditions in Tengmalm's Owl. Journal of Animal Ecology 57:1027-

1039. 



28 

 

KorpimŠki, E. and H. Rita. 1996. Effects of brood size manipulations on offspring and 

parental survival in the European kestrel under fluctuating food conditions. 

Ecoscience 3:264-273. 

Linden, M. and A. P. M¿ller. 1989. Costs of reproduction and covariation of life history 

traits in birds. Trends in Ecology & Evolution 4:367-371. 

Lunn, D. J., N. Best, and J. Whittaker. 2009. Generic reversible jump MCMC using 

graphical models. Statistics and Computing 19:395-408. 

Lunn, D. J., A. Thomas, N. Best, and D. Spiegelhalter. 2000. WinBUGS - a Bayesian 

modelling framework: concepts, structure, and extensibility. Statistics and 

Computing 10:325-337. 

Lutmerding, J. A. and A. S. Love. 2010. Longevity records of North American birds. 

2010.4. Patuxent Wildlife Research Center. Bird Banding Laboratory, Laurel, 

MD, USA. 

Marshall, M. R., R. J. Cooper, J. A. DeCecco, J. Strazanac, and L. Butler. 2002. Effects 

of experimentally reduced prey abundance on the breeding ecology of the Red-

eyed Vireo. Ecological Applications 12:261-280. 

Mauck, R. A. and T. C. Grubb. 1995. Petrel parents shunt all experimental increased 

reproductive costs to their offspring. Animal Behaviour 49:999-1008. 

Meijer, T., S. Daan, and C. Dijkstra. 1988. Female condition and reproduction - effects of 

food manipulation in free-living and captive kestrels. Ardea 76:141-154. 

Milonoff, M., H. PšysŠ, P. Runko, and V. Ruusila. 2004. Brood rearing costs affect 

future reproduction in the precocial common goldeneye Bucephala clangula. 

Journal of Avian Biology 35:344-351. 



29 

 

Nager, R. G. and A. J. Vannoordwijk. 1995. Proximate and ulitmate aspects of 

phenotypic plasticity in timing of Great Tit breeding in a heterogeneous 

environment. American Naturalist 146:454-474. 

Navarro, J. and J. Gonzalez-Solis. 2007. Experimental increase of flying costs in a 

pelagic seabird: effects on foraging strategies, nutritional state and chick 

condition. Oecologia 151:150-160. 

Plummer, M., N. Best, K. Cowles, and K. Vines. 2006. CODA: convergence diagnostics 

and output analysis for MCMC. R News 6:7-11. 

Preston, K. L. and J. T. Rotenberry. 2006. The role of food, nest predation, and climate in 

timing of Wrentit reproductive activities. Condor 108:832-841. 

R Development Core Team. 2010. R: a language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria. 

Reynolds, S. J., S. J. Schoech, and R. Bowman. 2003. Diet quality during pre-laying and 

nestling periods influences growth and survival of Florida scrub-jay (Aphelocoma 

coerulescens) chicks. Journal of Zoology 261:217-226. 

Reznick, D. 1985. Costs of reproduction - an evaluation of the empirical-evidence. Oikos 

44:257-267. 

Ricklefs, R. E. 1987. Response of adult Leach's storm-petrels to increased food demand 

at the nest. Auk 104:750-756. 

Roff, D. A. 1992. The evolution of life histories. Chapman and Hall, New York. 

Rowe, L., D. Ludwig, and D. Schluter. 1994. Time, condition, and the seasonal decline of 

avian clutch size. American Naturalist 143:698-722. 



30 

 

Schlaepfer, M. A., M. C. Runge, and P. W. Sherman. 2002. Ecological and evolutionary 

traps. Trends in Ecology & Evolution 17:474-480. 

Schmidt, K. A., S. R. X. Dall, and J. A. van Gils. 2010. The ecology of information: an 

overview on the ecological significance of making informed decisions. Oikos 

119:304-316. 

Schoech, S. J. 2009. Food supplementation experiments: A tool to reveal mechanisms 

that mediate timing of reproduction. Integrative and Comparative Biology 49:480-

492. 

Schofield, M. R., R. J. Barker, and D. I. MacKenzie. 2009. Flexible hierarchical mark-

recapture modeling for open populations using WinBUGS. Environmental and 

Ecological Statistics 16:369-387. 

Smallwood, J. A. and D. M. Bird. 2002. American Kestrel (Falco sparverius).in A. Poole 

and F. Gill, editors. The Birds of North America. The Birds of North America, 

Inc., Philadelphia, PA. 

Smallwood, J. A. and M. W. Collopy. 2009. Southeastern American Kestrels respond to 

an increase in the availability of nest cavities in north-central Florida. Journal of 

Raptor Research 43:291-300. 

Smallwood, J. A. and C. Natale. 1998. The effect of patagial tags on breeding success in 

American Kestrels. North American Bird Bander 23:73-78. 

Spiegelhalter, D. J., N. G. Best, B. P. Carlin, and A. Van der Linde. 2002. Bayesian 

measures of model complexity and fit. Journal of the Royal Statistical Society B 

64:583-639. 

Stearns, S. C. 1992. The evolution of life histories. Oxford University Press, Oxford. 



31 

 

Steenhof, K. and I. Newton. 2007. Assessing raptor nest success and productivity. Pages 

181-192 in D. M. Bird and K. L. Bildstein, editors. Raptor Management and 

Research Techniques. Hancock House, Blaine, WA, USA. 

Sturtz, S., U. Ligges, and A. Gelman. 2005. R2WinBUGS: a package for running 

WinBUGS from R. Journal of Statistical Software 12:1-16. 

Van Noordwijk, A. J. and G. Dejong. 1986. Acquisition and allocation of resources - 

their influence on variation in life-history tactics. American Naturalist 128:137-

142. 

Verhulst, S. and J. A. Nilsson. 2008. The timing of birds' breeding seasons: a review of 

experiments that manipulated timing of breeding. Philosophical Transactions of 

the Royal Society B-Biological Sciences 363:399-410. 

Wernham, C. V. and D. M. Bryant. 1998. An experimental study of reduced parental 

effort and future reproductive succes in the puffin, Fratercula arctica. Journal of 

Animal Ecology 67:25-40. 

Wiebe, K. L. and G. R. Bortolotti. 1995. Food-dependent benefits of hatching asynchrony 

in American Kestrels. Behavioral Ecology and Sociobiology 36:49-57. 

Wiehn, J. and E. KorpimŠki. 1997. Food limitation on brood size: experimental evidence 

in the Eurasian Kestrel. Ecology 78:2043-2050. 

Williams, G. C. 1966. Natural selection, the costs of reproduction, and a refinement of 

Lack's principle. American Naturalist 100:687-690. 

Wilson, A. J. and D. H. Nussey. 2010. What is individual quality? An evolutionary 

perspective. Trends in Ecology & Evolution 25:207-214. 



32 

 

Chapter 1, Table 1. Predictions of response by American kestrels to food supplementation 

during and following the breeding season depending on investment strategy used. Ò+Ó 

indicates an increase in nestling condition at fledging, annual adult survival probability, 

clutch size and fledging success for the following yearÕs nesting attempt, or an advance in 

timing of incubation for the following yearÕs nest. Ò-Ò represents the opposite effect, and 

Ò--Ò indicates that the effect size is larger than Ò-Ò. ÒGood yearsÓ are ones that are 

energetically less demanding, possibly due to greater overall food availability 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 = = - 

Clutch size (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 County (Bronson) and Marion County (Citra) are compared to medians 

observed during 2002-07 and 2000-07 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 22.89 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 

correspond to a flexible level of investment, hypothesized to be characteristic of short-

lived species, whereas predictions in bottom row reflect a fixed level of investment, 

associated with long-lived species. 

Figure 2. Posterior probability density plots of apparent annual survival for breeding 

female American kestrels in either food supplement or control treatment groups, as 

estimated by a Bayesian multistate Cormack-Jolly-Seber model.  

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

yearÕs 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 are 95% Bayesian credible 

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

correspondence between first and second yearÕs incubation date. 
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Chapter 1: Appendix A 

Prior probabilities 

All prior probabilities were selected to 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, sex:treatment, sex:year, day of 

year ~ Uniform(-25, 25) 

Beta coefficients for treatment ~ Uniform(-25, 50) 

Beta coefficients for year:treatment ~ Uniform(-40, 40) 

 

Female survival. 

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

mu (random effect for logit of survival) ~ Logistic(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 

 

RJMCMC analyses; timing of reproduction, clutch size, apparent nest success, and 

productivity. 

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

Beta.prec <- 0.1 

mu.int ~ Normal(0, 0.001) 
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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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Chapter 1, Appendix A, Table 1. Deviance information criterion (DIC) rankings of model 

suite describing mass of nestling American kestrels. Covariates include ÒWingÓ = wing 

chord length (cm); ÒTreatmentÓ = control, food-supplemented, or non-experimental 

treatment group; ÒYear,Ó either 2008 or 2009; and ÒDay of Year,Ó day of year that 

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

Variables DIC $DIC 

Wing + Wing2 + Treatment + Year + Sex + Treatment:Year + 

Treatment:Sex 2749.70 0 

Wing + Wing2 + Treatment + Sex + Treatment:Sex 2750.77 1.07 

Wing + Wing2 + Treatment + Year + Sex + Day of Year + 

Treatment:Year + Treatment:Sex 2750.89 1.19 

Wing + Wing2 + Year + Sex 2751.15 1.45 

Wing + Wing2 + Treatment + Year + Sex + Day of Year + Day 

of Year2 + Treatment:Year + Treatment:Sex + Day of Year:Year 2751.35 1.65 

Wing + Wing2 + Sex 2751.70 2.0 

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

Treatment:Sex 2795.46 45.76 

Wing + Wing2  3085.23 335.53 
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 Chapter 1, Appendix A, Table 2. Marginal posterior probabilities of variables from 

reversible jump variable selection analysis (RJMCMC) of timing of reproduction of the 

next yearÕs American kestrel nest in the same nest box. The previous nesting attempt 

could have received a food supplement or served 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 Treatment: Year 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 Date2 0.269 
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 Chapter 1, Appendix A, Table 3. Marginal posterior probabilities of variables from 

reversible jump variable selection analysis (RJMCMC) of timing of reproduction of the 

next yearÕs American kestrel nest by the same adult female. The previous nesting attempt 

could have received a food supplement or served as a control. No models received "  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 Date2 0.374 
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 Chapter 1, Appendix A, Table 4. Marginal posterior probabilities of variables from 

reversible jump variable selection analysis (RJMCMC) of clutch size of the next yearÕs 

American Kestrel nest in the same nest box. 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 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 received "  0.05 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 Date2 0.028 

Previous Incubation Date: Year 2010 0.025 

Previous Incubation Date 0.018 

Previous Treatment: Previous Clutch Size 0.011 
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 Chapter 1, Appendix A, Table 5. Marginal posterior probabilities of variables from 

reversible jump variable selection analysis (RJMCMC) of clutch size of the next yearÕs 

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 probability of 0.396. No remaining models received "  0.11 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 Incubation Date 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 Date2 0.025 
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 Chapter 1, Appendix A., Table 6. Marginal posterior probabilities of variables from 

reversible jump variable selection analysis (RJMCMC) of apparent nest success for the 

next yearÕs American Kestrel nest in the same nest box. 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 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 received "  0.05 posterior 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 Date2 0.432 
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 Chapter 1, Appendix A, Table 7. Marginal posterior probabilities of variables from 

reversible jump variable selection analysis (RJMCMC) of apparent nest success for the 

next yearÕs 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 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 received "  0.05 posterior probability.  

Variable Marginal Probability 

Previous Incubation Date 0.818 

Previous Incubation Date2 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 

Previous Treatment 0.439 

Year 2010 0.434 

Study Site (County) 0.433 

Previous Clutch Size 0.295 
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 Chapter 1, Appendix A, Table 8. Marginal posterior probabilities of variables from 

reversible jump variable selection analysis (RJMCMC) of productivity (number of 

fledglings) of the next yearÕs American kestrel nest in the same nest box. The previous 

nesting attempt could have received a food supplement or served as a control. The null 

model had a posterior probability of 0.420; the next most likely model, with year 2010 as 

an effect had a posterior probability of 0.172. None of the remaining models received "  

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 Incubation Date: Year 2010 0.048 

Previous Treatment: Previous Incubation Date 0.035 

Previous Treatment: Previous Clutch Size 0.031 

Previous Incubation Date2 0.015 
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 Chapter 1, Appendix A, Table 9. Marginal posterior probabilities of variables from 

reversible jump variable selection analysis (RJMCMC) of productivity (number of 

fledglings) of the next yearÕs American kestrel nest by the same female. The previous 

nesting attempt could have received a food supplement or served as a control. The null 

model had a posterior probability of 0.206; the next most likely model, with the date of 

the previous nesting attempt initiation as an effect had a posterior probability of 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 models received "  

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 Incubation Date: Year 2010 0.086 

Previous Treatment: Previous Clutch Size 0.070 

Year 2010 0.065 

Previous Clutch Size 0.033 

Previous Incubation Date2 0.028 
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Chapter 2: Consequences of food supplementation for multi-year survival of 

American kestrel nestlings 

 

Jessi L. Brown1* and Michael W. Collopy2 

1Dept. of Natural Resources and Environmental Science and Ecology, Evolution and 

Conservation Biology Graduate Program, University of Nevada, Reno, 1000 Valley 

Road, Reno, NV 89512, USA; 2Academy for the Environment, University of Nevada,  

Reno, 202 Ross Hall, Reno, NV 89557 USA 

 

Summary 

1. Reproduction is thought to be costly, leading to a hypothesized tradeoff between 

investment in a current reproductive attempt and investment in self-maintenance and 

future reproduction. 

2. The outcome of reproductive attempts is frequently assessed by short-term 

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 mark-recapture models to evaluate the effects of a food 

supplementation experiment on the long-term survival of American kestrels (Falco 

sparverius) that had fledged from experimental nests. 
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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 independent of 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 post-fledging period, or nutritional effects not measured by a size-

corrected mass index. 

6. Our study demonstrates how food supplementation can result in a long-term 

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 hypothesized tradeoff.  

 

Keywords: Bayesian statistics, body condition, cost of reproduction, Falco sparverius, 

life-history trade-off, mark-recapture model, survival  
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Introduction  

 WilliamsÕ (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: either the Òfixed 

investment hypothesisÓ in which long-lived species should reserve enough resources 

during the current reproductive attempt so as to maximize their own long-term survival 

(Ricklefs 1987), or the Òflexible allocation hypothesisÓ 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 reproduction (Linden & M¿ller 1989). 

Those species that are longer-lived and have multiple opportunities to recruit young 

would be expected to follow the fixed investment strategy, whereas shorter-lived species 

with fewer chances at successful reproduction should be more flexible in their investment 

in their current reproductive attempt (Navarro & Gonzalez-Solis 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 resulted 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 fledging (Roff 1992; 

Stearns 1992; Pettifor, Perrins & McCleery 2001). Although condition of offspring 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 environments (Dawson & Bortolotti 2002; Byholm & 
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Kekkonen 2008). Therefore, estimation of recruitment rates would be a more defensible 

assessment of fitness than any same-year observations (Pettifor, Perrins & McCleery 

2001). Similarly, experimental studies that manipulate reproductive costs can better 

reduce potential confounding influences because individuals are thought to dynamically 

allocate resources and make reproductive decisions to best optimize their fitness (Drent & 

Daan 1980; Reznick 1985). 

We investigated the possible effects of food supplementation during the brood-

rearing phase of southeastern American kestrel (Falco sparverius paulus) nesting 

attempts on the eventual annual survival and recruitment of nestlings. This population of 

kestrels is particularly suited to studies of reproductive strategy because clutches range in 

size from 1 to 6 eggs, most birds (estimated as 80%) breed after their first winter, but 

individuals have a potentially long lifespan of up to 14 years (Smallwood & Bird 2002; 

Lutmerding & Love 2010). Furthermore, natal dispersal distances of local juvenile 

kestrels (median = 4.9 km) appear to be shorter than those of the migratory subspecies, 

reducing the potential effects of permanent emigration on estimation of population vital 

rates (Miller & Smallwood 1997). Rather than simply reporting raw return rates, the 

potential bias of emigration was further reduced by modeling survival using Bayesian 

Cormack-Jolly-Seber models, which can estimate both apparent survival and detection 

probability (Schofield, Barker & MacKenzie 2009). Although our approach cannot 

account for the effects of any differential dispersal rates as effectively as a study with 

multiple sources of resighting data, our models can explicitly test for differences in 

detection probability due to experimental treatment or other covariates (Doligez et al. 

2002; Tinbergen 2005). 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 would 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, multi-year survival would be higher for 

those birds that received supplementary food 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, from 2008-10. The nest box network was first established during 

1990-91, and many boxes were continuously maintained until the start of our study 

(Smallwood & Collopy 2009). 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 characterized by longleaf pine (Pinus 

palustris) and turkey oak (Quercus laevis), or pastures interspersed with hammock 

habitat, which includes hardwoods such as live oak (Q. virginiana) and laurel oak (Q. 

laurifolia; Kautz, Stys & Kawula 2007). Nest boxes were constructed from 2.5-cm cedar 

or cypress lumber and mounted 6-7m high on roadside utility poles or live longleaf 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 date and clutch size. Within nest pairs, 

either a food supplementation (hereafter, ÒsupplementÓ) or control treatment was 

randomly assigned, with a goal of 30 nests per treatment group in each year. Every third 

day after the oldest nestling was 2-3-d old, we placed commercially 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 

(Anderson et al. 1993). Control nests were also visited every third day to equalize 

disturbance rates and document any nestling mortality. Those nests which were not 

assigned to any experimental treatment group (i.e., Ònon-experimental nestsÓ) were 

visited twice more during brood-rearing. 

Nest box and individual monitoring 

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 a 5-cm layer of cypress 

wood shavings. We then checked boxes for occupancy at ! 10-d intervals. Once kestrel 

eggs were observed, nest status was reassessed at 10-14-d intervals throughout 

incubation. We attempted to capture all incubating females during the final two weeks of 

incubation with a custom-made 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 wing (Smallwood & Natale 1998). Nesting attempts were 
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visited near the expected time of 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 at 21-24-d of age. We 

measured the unflattened wing chord, tail, tarsus, and exposed culmen; and recorded 

mass to the nearest 0.1 g with a digital balance. All nestlings banded were considered 

successfully fledged, as disturbing kestrels beyond 25-26-d of age can result in premature 

fledging (Steenhof & Newton 2007). Research and handling protocols (#00329) were 

reviewed and approved by the Institutional Animal Care and Use Committee at the 

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 Green (2009), as other size-

corrected mass condition indices have been shown to be biased (Peig & Green 2010). 

Wing chord was chosen as an integrated measure of body size and age because primary 

length increases with age in American kestrels, and the measurement is thought to be 

highly replicable under field conditions (Winker 1998; Smallwood & Bird 2002). A 

standardized axis regression (SMA) of ln-transformed mass on wing chord was 

performed separately by sex for all kestrel nestlings banded from 2008-2010, in R version 

2.12.1 using the package Òlmodel2Ó (Legendre & Legendre 1998; R Development Core 

Team 2010). The scaled condition index (! ! ) was calculated for each bird:  

! ! ! ! !
! !

! !

! !"#
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with its measured mass and wing chord as Mi and Li, the mean observed wing length as 

L0, and the slope of the appropriate SMA regression line as the exponent bSMA (Peig & 

Green 2009). Each individualÕs scaled condition index was then 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 correlated with treatment, 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 treatment and annual effects.  

 Annual survival of experimental nestlings after fledging was then modeled using 

Bayesian capture-mark-recapture models in WinBUGS 1.4.3 via the R package 

ÒR2WinBUGSÓ (Lunn et al. 2000; Sturtz, Ligges & Gelman 2005). The Cormack-Jolly-

Seber models were parameterized to assess group- and individual-level covariates as well 

as time effects (Schofield, Barker & MacKenzie 2009). 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 distribution with mean=0 and precision=0.001. Models 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 mixing. Convergence of the Markov chain Monte Carlo (MCMC) 

runs was assessed by visualization of the trace, and the Raftery-Lewis and Gelman-Rubin 

diagnostic tests implemented in the R package ÒcodaÓ (Gelman & Rubin 1992; 

Spiegelhalter et al. 2002; Plummer et al. 2006). We used deviance information criterion 

(DIC) scores to assess our suite of a priori models, such that the models with the lowest 
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DIC scores were considered the most competitive (Spiegelhalter et al. 2002). Final 

parameter estimates are presented as means of the posterior probability distributions with 

95% Bayesian credible 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 to the complete 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 ± 10.37 for control, 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 = 0.0028, P=0.9581; Gaussian linear 

model for initiation date, F1,122=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 attempts were monitored as non-experimental nests (42 

in 2008, 47 in 2009, and 100 in 2010). 

In 2008 and 2009, 461 nestlings from 136 broods were banded and measured. The 

slopes of the SMA regressions, or bSMA, of ln-transformed wing chord on mass for 228 

females and 233 males were 0.637 (95% CI 0.568-0.715) and 0.713 (95% CI 0.637-

0.798), respectively. The scaled condition index was calculated with the observed mean 

wing chord lengths of 100.978 and 98.635 mm as L0 for females 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 scaled condition index for a final condition score. Treatment group, 

year, and their interaction were then regressed onto the final condition score (Fig. 1; 

adjusted R2 = 0.0679, F3, 381 = 10.32, P < 0.001), and the residuals extracted to serve as a 

measure of condition 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 (Table 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 

uncertainty (Ellison 2004). Unlike frequentist methods, our Bayesian approach did not 

rely on asymptotic assumptions that can be strongly biased for small sample sizes (KŽry 

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 

survival 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 between treatment 

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 dispersal distance for control 

nestlings=10.67 ± 0.04 km, for supplement nestlings=7.42 ± 3.85 km; F1,6=1.51, P=0.29). 

 

Discussion 

 To the best of our knowledge, our study is the first to analyze between-year 

survival, rather than raw return rate, of birds that fledged from nests that had received 

experimental food supplementation. In addition to a within-year effect on body condition, 

we found evidence that the food supplementation treatment positively influenced annual 

survival after fledging. Similar same-year effects on body condition have been noted for 

other populations of American kestrels, goshawks (Accipiter gentilis), TengmalmÕs owls 

(Aegolius funereus), and Eurasian kestrels (Wiebe & Bortolotti 1995; KorpimŠki & Rita 

1996; Dewey & Kennedy 2001; Hipkiss et al. 2002), but other studies on the same 

species in addition to Ural owls (Strix uralensis) failed to detect such a difference (Wiehn 

& KorpimŠki 1997; Dawson & Bortolotti 2002; Brommer, Karell & Pietiainen 2004; 

Eldegard & Sonerud 2010). However, when differences between food-supplemented and 

control nestlings were not detected, either breeding adult mass increased (Wiehn & 

KorpimŠki 1997; Brommer, Karell & Pietiainen 2004; Eldegard & Sonerud 2010) or 

adult return rates were higher for those tending supplemented nests (Dawson & Bortolotti 

2002). We also noted higher annual survival for food-supplemented 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 difference 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 influences on annual survival of increased body condition from a food 

supplementation treatment. In parasitic jaegers (Stercorarius parasiticus), increased 

survival of supplemented post-fledged birds on the breeding colony before dispersal 

(from 20 d to 40 d of age) was attributed to their greater mass rather than the treatment 

effects per se, but there was no attempt to statistically separate the two effects (Davis, 

Nager & Furness 2005). Pied flycatcher nestlings that had received food supplements 

were not heavier at time of fledging, but returned at higher rates than control counterparts 

(Verhulst 1994). In other studies, food-supplemented adult female American kestrels, 

European kestrels, and TengmalmÕs owls reduced their hunting effort or provisioning rate 

(Wiehn & KorpimŠki 1997; Dawson & Bortolotti 2002; Eldegard & Sonerud 2010). 

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 

defense or increasing the duration of parental provisioning during the post-fledging 

period.  

We did not quantify behavior during the brood-rearing or post-fledging 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 

fledged offspring for a longer time than lower-quality individuals (Vergara, Fargallo & 

Martinez-Padilla 2010). In this same population, food supplementation during the post-

fledging period extended the duration of care, leading the authors to conclude that food 
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supply was the link between parent quality and post-fledging dependence period. Adult 

female goshawks that had received a food supplement remained closer to their nest site 

throughout the early post-fledging period than controls, but fledgling locations were not 

simultaneously determined (Dewey & Kennedy 2001). In contrast, brood-provisioning 

rates were not different during post-fledging for control and food-supplemented 

TengmalmÕs owls, although they were different during phases of the brood-rearing period 

(Eldegard & Sonerud 2010).  

 Alternatively, our method of estimating 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, measures of 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 

(GHb) levels in American 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 Eurasian kestrels 

(Costantini et al. 2006). Size-corrected mass suggested different responses to a brood sex 

ratio manipulation experiment in Eurasian kestrels than did other indicators of nestling 

condition, such as hematocrit level, the ratio of heterophils to lymphocytes, and innate 

immune system response as measured by the phytohaemagglutinin-P (PHA) injection 

assay (Laaksonen et al. 2004). These observations suggest that alternative measures of 

nestling health or condition could have helped clarify the relationship between our food 

supplementation treatment and 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 their investment in 

current reproductive attempts with other components of fitness. Supplemented kestrel 

offspring always survived at higher rates than their control counterparts, but the 

difference was less pronounced in a year that supplemented adult kestrels also survived 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 other year 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 prospects of 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 2, Table 1. Bayesian capture-mark-recapture models of American kestrel annual 

survival ranked by DIC (deviance information criterion) score. The model with DIC = 

N/A was unacceptably sensitive to initial values, and replicate chains failed to converge 

to similar posterior probability estimates, suggesting 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 1.4 

Treatment Treatment 86.2 1.5 

Constant Constant 86.5 1.8 

Year Treatment 86.7 2.0 

Treatment and year 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 2, Table 2. Posterior probability estimates of apparent annual survival (S) and 

recapture probabilities (p) for American kestrels following a food supplementation 

experiment during their nestling phase. Estimates are from the top two Bayesian capture-

mark-recapture models, and intervals are 50% Bayesian credible intervals. 

Parameter Survival by Treatment Group Survival by Treatment Group 

and Year 

 Mean 25% CI 75% CI Mean 25% CI 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, 2008 0.485 0.284 0.672 0.436 0.240 0.608 

S, Supplement, 2009 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 kestrel nestlings by food supplementation treatment group 

and year.  



73 

 

 

2008

Tr
ea

tm
en

t G
ro

up

Control

Fed

! 20 ! 10 0 10 20

!

!

2009

Mass Difference from Mean (g)

Tr
ea

tm
en

t G
ro

up

Control

Fed

! 20 ! 10 0 10 20

!

!



74 

 

Chapter 3: Integrated population modeling of sparse data from an open population 

of threatened Southeastern American Kestrels 

 

Jessi L. Browna,* and Michael W. Collopyb 

 

aDept. of Natural Resources and Environmental Science and Ecology, Evolution and 

Conservation Biology Graduate Program, University of Nevada, Reno, 1000 Valley 

Road, Reno, NV 89512, USA; bAcademy for the Environment, University of Nevada,  

Reno, 202 Ross Hall, Reno, NV 89557 USA 

 

*  Corresponding author. Tel.: +1 775 846 7244. 

E-mail addresses: jlbrown@unr.edu (J. L. Brown), mcollopy@unr.edu (M. W. Collopy) 

 

Abstract 

 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 population trends of a 

population of Southeastern American Kestrels (Falco sparverius paulus) associated 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 trajectories. We used Bayesian IPMs that 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 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 and one that did not. Overall population growth rates suggested 

that the population was stable, even though immigration was apparently important with 

approximately 0.3 female immigrants per resident female kestrel each year. Explicitly 

modeling immigration resulted 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 of nest boxes, as well as the potential contribution of juveniles fledged from 

nest boxes to the regional population. The IPM approach allowed effective modeling of 

real-world data sets, including sparse data that are typically characteristic of threatened 

populations. 

 

Keywords: Bayesian analysis, Falco sparverius, immigration, 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 management (Caswell 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 computationally difficult 

(Norris 2004; Schaub et al. 2007). Data 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 independent analyses of these data sets 

may provide adequate results (Jenouvrier et al. 2003; Schaub et al. 2004), methods of 

deriving composite parameters such as overall population growth rate may present 

difficulties in estimating defensible confidence intervals or covariances between 

component parameters (Doak 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 concern (Rhodes et al. 2011; 

Schaub 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 rate that might be more useful for management or monitoring than vital rates 

like survival probabilities (Fig. 1; Brooks et al. 2004). Because some components are 

informed by separate but linked data sets, final parameter estimates are often more 

precise and accurate than those from independent analyses (Hoyle and Maunder 2004). 
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Derived demographic parameters along with their confidence intervals, such as numbers 

of individuals per age class or population growth rates, are straightforward to model 

(King et al. 2008). Even unobserved yet important demographic processes, such as 

immigration, can be addressed using this framework (Abadi et al. 2010b). Thus, the 

flexibility and robustness of the IPM approach make it ideal for analysis of the often 

sparse and disjunct data associated with threatened and endangered populations. 

 The Southeastern American Kestrel (Falco sparverius paulus) is one example of a 

species of concern amenable to analysis using IPMs. The subspecies is considered 

threatened in the state of Florida, USA, because of steep declines in population size since 

the 1940s due to habitat loss, especially of standing dead longleaf pine trees (Pinus 

palustris) that serve as nesting substrates (Hoffman and Collopy 1988). The loss of the 

once-extensive longleaf pine community has been nearly complete since 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 dominated by this species was converted to other land cover types 

between 1989 and 2003 (Kautz et al. 2007). 

The declines of kestrel populations were inferred from surveys, because basic 

demographic rates such as age-related survival were not yet estimated using robust mark-

recapture methods (Smallwood and Bird 2002). Continued monitoring using surveys 

appears problematic, as surveys designed for passerines such as the Breeding Bird Survey 

tend to perform poorly with territorial and irregularly distributed raptors like kestrels 

(Farmer et al. 2007). However, 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 importance of nest box 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 boxes in north-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 population numbers (Smallwood and Collopy 2009). This 

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 population growth 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 to 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 growth rates (Abadi et al. 

2010b).  

 

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 north-central Florida, USA (29¡ 21Õ N, 82¡ 23Õ 

W), from 2008-2010 (Smallwood 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 hammock patches dominated by live oak (Q. virginiana) 

and laurel oak (Q. laurifolia) were frequently found in Marion County (Kautz et al. 

2007). Most of the nest boxes were originally placed in 1991-92, and continuously 

maintained from then through our study. Although 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 placed 6-7m 

high on roadside utility poles or live trees, and were constructed similarly from 2.5-cm 

cedar or cypress lumber. 

 Nest boxes were first visited in February of each year and cleaned, repaired and 

filled with a 5-cm 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 10 to 14-d intervals 

throughout incubation. We attempted to trap all adult females inside boxes with a 

custom-made net on an extendable painterÕs pole near the end of the typical 30-d 

incubation period. We confirmed the identity of recaptured adults, and banded and 

individually marked all newly-captured adults with unique combinations of colored 

patagial tags, one per wing (Smallwood and Natale 1998). 
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 During 2008-09, 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 (more details in 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 twice during the nestling stage. All 

nestlings were banded, and most fitted with unique patagial tags, at 21 to 24-d old. These 

nestlings, having reached 80% of fledging age (force-fledging can occur as early as 25 to 

26-d age), were then considered as successfully fledged (Steenhof and Newton 2007). 

Research and handling protocols (#00329) were reviewed and approved by the 

Institutional Animal Care and Use Committee at the University of Nevada, Reno. 

 Our mark-recapture data sets were derived from the resightings and recaptures 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 breeding females 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 rates, population growth rates, and immigration rates 

with integrated population models and separate capture-mark-recapture models in R 

2.12.1 and WinBUGS 1.4.3, using the R package ÒR2WinBUGSÓ (Lunn et al. 2000; R 



81 

 

Development Core Team 2010; Sturtz et al. 2005). Our female-based IPMs estimated 

population dynamics from an age-structured state-space model informed by four data 

sets: a population census, fecundity estimates, and two mark-recapture models of our 

marked adults and nestlings (Fig. 1; Abadi et al. 2010b; Schaub and Abadi 2010). The 

mark-recapture sub-models were parameterized as the well-known Cormack-Jolly-Seber 

(CJS) model, which uses encounter histories of marked animals to separate detection 

probability from apparent survival probability (Cormack 1964; Jolly 1965; Seber 1965). 

We also analyzed the mark-recapture 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 sample R code is in Appendix B. Because a 

simulation study by Abadi et al. (2010a) examining the impacts of violation of the 

assumption of independence suggested minor impacts on the accuracy of parameter 

estimates for moderate-sized data sets, we treated our data sets as independent although 

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

 

2.2.1 State-space model and population census 

 We modeled the population of kestrels using nest boxes with a state-space model 

represented by the combination of a process model (latent) and observed model (De 

Valpine and Hastings 2002). Because 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 simple two-age projection matrix model considering yearlings 

(N1) and adults age 2 and older (Nad) as our process model (Caswell 2001; Smallwood 

and Bird 2002). The expected number of female kestrels in the two age classes at time t + 
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1 (N1,t+1 and Nad,t+1) is the product of the population vector in year t and the projection 

matrix, with %juv,t and %ad,t the juvenile and adult apparent survival probabilities, and ft 

the fecundity or the expected number of female offspring per breeding female at year t. 

We considered two variants of the projection matrix, one that did not consider 

immigration,  
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(1) 

and one that explicitly modeled immigration, where immt is the immigration rate, or 

number of female immigrants in year t +1 per adult female in the population in year t 

(Abadi et al. 2010b).  
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(2) 

Additional demographic stochasticity was introduced to the population process model by 

modeling the number of females in age classes with Poisson and binomial distributions 

 ! ! !! ! ! !!!!" ! ! ! !! ! ! !" !! ! ! ! !"# !! ! (3) 

and 

 ! !" !! ! ! !! !! !"# ! ! ! !! ! ! !" !! ! !" !! ! ! !" ! ! ! !! ! ! !" !! !"" ! ! !  (4) 

 

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

process 

 ! ! !! !!" ! ! !! ! ! !" !!  (5) 
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where yt was the number of observed breeding females in year t. We then calculated the 

population growth 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 

mean of the annual growth rates (Williams et al. 2002). 

 

2.2.2 CMR models 

 We modeled apparent annual survival probabilities of adult female kestrels (%ad) 

and post-fledging juvenile kestrels (%juv, both sexes pooled) using separate Cormack-

Jolly-Seber models, expressed in terms of the complete-data-likelihood, or CDL 

(Schofield et al. 2009). The advantage of using a CDL parameterization, which includes 

missing data components that are typically integrated out of observed-data likelihood 

parameterizations, is that we can cleanly separate nuisance parts of the model from those 

that are biologically interesting. Previous analyses suggested that survival of both groups 

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 modeling the effect of the 

treatment covariate. Apparent survival was otherwise modeled as time-varying, but 

recapture probabilities (pad and pjuv) were held constant because recapture and resighting 

efforts were equal across years. 
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2.2.3 Fecundity 

 Fecundity, f, was estimated from half of the observed fledglings (assumed sex 

ratio of 50:50), J, and the number of reproducing females, R. Thus, Jt was assumed to 

follow a Poisson distribution 

 !! !! !!" ! ! ! !  (6) 

 

2.2.4. Model run details 

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 the first 5,000 runs as burn-in, and thinned so that every 

12th value was retained. Convergence was assessed by visual inspection of the model 

trace, and the Raftery-Lewis and Gelman-Rubin diagnostic tests implemented in the R 

package ÒcodaÓ (Gelman and Rubin 1992; Plummer et al. 2006). We compared the two 

IPMs using Deviance Information Criterion (DIC) values, favoring the model at least 10 

DIC units lower in score (Spiegelhalter et al. 2002). 

 

3. Results 

 

 We observed 81, 79, and 75 female American kestrels attempting to nest in our 

106 nest boxes in 2008-10, 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 kestrels attending nest boxes from 

2008-09, and recaptured or resighted 45 of those individuals at least once from 2009-10. 
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During those same years, 461 nestlings were banded. We subsequently recaptured 9 of 

them as recruits attending nest boxes. 

 

3.1 Independent and 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 mean juvenile survival 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). In contrast, 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 with greater 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 with immigration = 468.6; DIC of IPM 

without immigration = 498.6; $DIC = 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 half of the locally 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 somewhat during 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 uncertain, and the 

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% CI, 0.796-1.056]; with immigration, 0.977 [0.828-1.123]).  

 

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 we used. 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 rate was high, and immigration was 

not insubstantial.  

Because the parameter of apparent survival in the Cormack-Jolly-Seber 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 survival may be the result of either increased mortality 

or permanent emigration (Lebreton et al. 1992). When immigration was explicitly 

modeled, we noted a decrease in estimated 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 breeding kestrels 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 that could 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 emigration of locally produced juvenile kestrels than could be estimated by 

the IPM without immigration, although 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 integrated population models, here we found mixed results depending on the type of 

IPM (Abadi et al. 2010a). For apparent survival and recapture probabilities of adult 

kestrels, we found no real difference in the precision of estimates whether they came 

from the independent 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 here are in broad agreement with the few 

earlier assessments of American kestrel demography conducted with life tables or visual 

examination of banding records. Roest (1957) estimated an overall survival rate of 0.43 

by pooling band recoveries across age classes. A later life table analysis estimated 

juvenile survival at 0.30 and adult survival at 0.53 (Henny 1972). Our independent CMR 

analyses and the corresponding components of the IPMs indicated substantial inter-

annual variability in these vital rates. As noted 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 apparent survival 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 more local juveniles to recruit. 

The overall population trajectory of the kestrels using nest boxes in north-central 

Florida appeared stable. The immigration rates estimated here were similar to those 

estimated for little owls (Athene noctua, mean immigration rate = 0.293 [95% CI 0.183-

0.418]) and much less than those of eagle owls (Bubo bubo, mean immigration rate = 

1.591 [0.541-3.196]) experiencing high rates of anthropogenic mortality (Abadi et al. 
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2010b; Schaub et al. 2010). Considering that our population here 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 nest boxes. 

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. Recognizing that the 

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 emigrated from the 

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 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 cinereus), lapwings (Vanellus vanellus), 
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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 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. 
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Figure 1. Directed acyclic graph of the integrated population model including 

immigration for the Southeastern American Kestrel population in north-central FL, USA, 

showing relationships between sources of information and demographic parameters. Data 

are represented by rectangles, estimated parameters by circles, and dependences between 

nodes by arrows. The subscript juv indicates juvenile age class, and ad indicates adult age 

class. Parameters and data sets are: X, capture-recapture encounter histories; a, partially 

observed alive matrices; y, population census data; J, number of female offspring; R, 

number of breeding females; f, fecundity; %, apparent survival probability; p, detection 

probability; imm, immigration rate; and N, population size. 

Figure 2. Survival probabilities for juvenile American kestrels in north-central Florida, 

USA, estimated by a standalone Cormack-Jolly-Seber model, an integrated 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 

Cormack-Jolly-Seber models 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 constant. ÒYÓ indicates year of study. 

Parameter Independent IPM without 
immigration 

IPM with 
immigration 

 Mean SD Mean SD Mean SD 

Adult survival, Y1 0.518 0.076 0.534 0.078 0.509 0.073 

Adult survival, Y2 0.310 0.060 0.312 0.062 0.303 0.058 

Adult recapture 0.903 0.085 0.892 0.093 0.910 0.078 

Juvenile survival, Y1 0.232 0.172 0.232 0.093 0.126 0.079 

Juvenile survival, Y2 0.530 0.253 0.511 0.140 0.293 0.145 

Juvenile recapture 0.079 0.077 0.059 0.025 0.137 0.103 
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Chapter 3, Table 2. Numbers of immigrant and local American kestrels by age class and 

population growth rates estimated by Bayesian integrated population models (IPM) either 

considering immigration or not. ÒYÓ indicates year of study. 

Parameter IPM without immigration 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 Immigrants, 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 function 

 The joint likelihood of our female-based IPMs was the product of the individual 

likelihoods of each of our model components, which were informed by a population 

census, fecundity estimates, and Cormack-Jolly-Seber models of our marked adults and 

nestlings. 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 

accuracy of parameter estimates. Therefore, under the assumption of independence 

between the four data sources, the joint likelihood is 

! !"#$% ! !"# ! ! !" ! ! !"# ! ! !" ! ! ! !"# ! ! ! !" ! ! ! ! ! ! ! ! ! !"# ! ! !" ! ! ! !"" ! ! !"# ! ! !"

! !! !"#$% ! !"# ! !"# ! ! !"#!!! !"# ! !"# ! !"# ! ! ! !"# !

! !! !"#$ ! !" ! !" ! ! !" ! ! ! !" ! !" ! !" ! !!!" !! !! !" !! ! ! !! !! !" ! ! !

! !! !" ! ! !"# ! ! !" ! ! ! !""  

where Ljuvcr is the likelihood for the Cormack-Jolly-Seber model for juvenile kestrels, 

Ladcr is the likelihood for the Cormack-Jolly-Seber model for adult kestrels, Lrp is the 

likelihood for the fecundity model, and Lob and Lsy are the likelihoods for the observation 

and state process components of the state-space model.  
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Prior probabilities 

All prior probabilities were selected to be uninformative, except for initial 

population numbers in 2008. We assumed 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 immigrants. Therefore, we adopted Normal(50, 0.001) priors for the initial 

population sizes 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 to 0. The priors for the other model 

parameters were as follows: 

! ! !! !"#$%&' ! ! !" !

!"" ! !! !!!"#$%&' ! !!" !

! ! !! ! ! !"#$ ! !! !

! ! !! ! ! !"#$ ! ! !! ! 
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Chapter 3: Appendix B 

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

 

######################################################################## 

# 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 nest boxes 

# code written to import and prepare data in R 2.12.1 

# and call WinBUGs 1.4.3 using the package R2WinBUGS 

####################################################################### 

 

library("R2WinBUGS") 

 

# reading in data 

covariates <- read.csv("Covs0809.csv", 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=T, na.strings=c("N/A")) 

 

# assigning to vectors 

y<-as.matrix(resights) 
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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$Treat08=="Control"] <- 1 

zms08[covariates$Treat08=="Fed"] <- 2 

zms08[covariates$Treat08=="None"] <- 3 

zms08 <- as.integer(zms08) 

zms09<-rep("NA", nind) 

zms09[covariates$Treat09=="Control"] <- 1 

zms09[covariates$Treat09=="Fed"] <- 2 

zms09[covariates$Treat09=="None"] <- 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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namatrix <- 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 for IPM 

T <- nyear 

# census data, which is observed females 

yC3 <- c(81,79,75) 

# nestlings, half of observed nestlings 

nestlings3 <-c(113, 109, 121) 

 

# integrated population model with immigration model 

 

sink("IPM_Imm2.txt") 

cat(" 

model { 

 

# nestling CJS component 
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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 it a 1  

# or 2. 

  nasuse[i,j] <- namat[i,j-1] + 1  

  napuse[i,j] <- namat[i,j] + 1 

  # This specifies the distribution [a|S] 

  namat[i,j] ~ dbern(nsv[nasuse[i,j],i,j-1]) 

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

  ny[i,j] ~ dbern(npcap[napuse[i,j],i,j]) 

    }  

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

  # If you are dead at time j-1 then you remain dead 

      nsv[1,i,j] <- 0 

  # If alive then time- dependent survival rate 

  nsv[2,i,j] <- Sn[j] 

  # If dead, then you are unavailable for capture 

  npcap[1,i,j+1] <- 0 

  # If alive then dot capture probability 

      npcap[2,i,j+1] <- pn 

    }  

}  
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# prior distribution for S and p for nestlings 

pn ~ dbeta(1,1) 

 

for(j in 1:nyear-1){ 

   Sn[j] ~ dbeta(1,1)  

  }  

 

# define r[t], lambda, and mean pop growth rate 

for(t in 1:T-1){ 

 r[t] <- (Nad[t+1]+N1[t+1])/(Nad[t]+N1[t]) 

 lambda[t] <- Ntot[t+1]/Ntot[t] 

 logla[t] <- log(lambda[t]) 

}  

MELAM <- exp((1/(T-1))*sum(logla[1:(T-1)])) 

 

# 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(tt in 2:T){  

  mean1[tt]<-fec[tt-1]*Sn[tt-1]*Ntot[tt -1] 
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  mpo[tt] <- Ntot[tt-1]*imm[tt -1] 

  N1[tt]~dpois(mean1[tt]) 

  Nad[tt]~dbin(S[tt-1],Ntot[tt-1]) 

  Nadimm[tt] ~ dpois(mpo[tt]) 

  }  

 

  # observation process for above 

for(tt in 1:T){ 

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

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

}  

 

# priors for observation process 

for(j in 1:nyear-1){ 

   imm[j] ~ dunif(0,10)  

  }  

 

# fecundity 

for (t in 1:T){ 

  fec[t] ~ dunif(0,10) 

}  

 

# likelihood for reproductive data 
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for (t in 1:T){ 

 nestlings3[t] ~ dpois(rho[t]) 

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

}  

 

# CJS model for adults 

for (i in 1:nind) { 

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

  asuse[i,j] <- a[i,j-1] + 1  

  apuse[i,j] <- a[i,j] + 1 

  # This specifies the distribution [a|S] 

  a[i,j] ~ dbern(sv[asuse[i,j],i,j-1]) 

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

  y[i,j] ~ dbern(pcap[apuse[i,j],i,j]) 

    }  

  for(j in first[i]:nyear-1){ 

  # If you are dead at time j-1 then you remain dead 

      sv[1,i,j] <- 0 

  # If alive then time-dependent survival rate 

  sv[2,i,j] <- S[j] 

  # If dead, then you are unavailable for capture 

  pcap[1,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 1:nyear-1){ 

   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), Nadimm=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 results 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=0.95) 

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 attempted to address 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 presence estimates, rather than dynamic processes of 

population expansion or contraction. We used southeastern American kestrels (Falco 

sparverius paulus) 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 different time periods. We modeled the occupancy of kestrel nest boxes with 

Bayesian state-space models that separated the latent and partially observed process of 

true occupancy probability from the probability of detection of occupancy. Results from 

reversible jump Markov chain Monte Carlo (RJMCMC) algorithms suggested that the 

continued occupancy of nest boxes, or ! , was negatively influenced by disaggregation of 

open habitats rather than the extent of that land cover during the later time period (2008-

2010). None of our landscape metrics appeared to influence !  during the early time 

period (1992-93) 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 threatened subspecies, 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  

Observed changes in animal distribution and abundance are frequently attributed 

to changes in land cover across their range (Flather and Bevers 2002; Herkert 1994). 

Patches of preferred habitats can be either lost outright, or the shape and configuration of 

preferred habitat patches can change, with the two processes often closely linked (Fahrig 

2003; Fletcher et al. 2007). A growing body of literature suggests that certain species 

respond strongly to changes in preferred habitat extent, whereas other species may be 

more sensitive to landscape context (Prugh et al. 2008; Watling and Donnelly 2006). 

Additional complexity can arise from the observation that species may respond to these 

types of land cover changes at different scales, and sometimes multiple scales 

simultaneously (Cunningham and Johnson 2006; Desrochers et al. 2010). Despite the 

application of various theories to explain observed changes in patterns, such as the area-

per-se effect or source-sink dynamics (Connor and McCoy 1979; Pulliam 1988), proper 

evaluation of these theories has been complicated by study biases toward certain systems. 

Birds have frequently been the focus of studies on area sensitivity, focal patches, and 

matrix composition effects (Thornton et al. 2011; Watling et al. 2011). But within this 

class of animals, birds of the order Passeriformes have provided the majority of the 

empirical data (Bayard and Elphick 2010). Preferred habitat types have also not 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 the effects 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 grassland-associated species, especially birds. Grassland and 

open savanna bird species are widely recognized 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 2005). Many 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 grasslands lacking a tree overstory (Myers 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 species that are currently considered threatened, such as ShermanÕs fox squirrels 

(Sciurus niger shermani), Florida grasshopper sparrows (Ammodramus savannarum 

floridana), southeastern American kestrels (Falco sparverius paulus), and gopher 

tortoises (Gopherus polyphemus). Sandhill is a xeric upland vegetation community 

dominated by longleaf pine (Pinus palustris) and turkey oak (Quercus laevis) with a 

ground cover of wiregrass (Aristida stricta) that is characterized by an open, park-like 

structure (Myers and Ewel 1990). Florida sandhill is considered to face a ÒVery High 

ThreatÓ due in great part to widespread destruction since European settlement (Florida 

Fish and Wildlife Conservation Commission 2005). Despite recognition of its precarious 

status, sandhill habitat destruction continues through present times; from 1985-89 to 

2003, 53,3556 ha or 15.5% of FloridaÕs sandhill habitat was lost, with 72% of this 

converted to urban or other developed uses (Kautz et al. 2007). Currently, sandhill is 
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primarily monitored 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 to sandhill. Such information might be better derived from studies of the 

distribution of indicator or keystone species across the landscape (Simberloff 1998).  

Because the occurrence of the southeastern American kestrel in Florida is 

frequently linked to sandhill habitat, changes in the distribution of this easily detected 

bird might provide a clearer picture of the impacts of coarse-scale habitat change on 

animal populations. 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 

kestrels (Hoffman 1983; Hoffman and Collopy 1987). Kestrel 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 

habitat (Bohall-Wood and Collopy 1986; Provencher et al. 2002). Therefore, pastures or 

certain 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 habitat lost (Koper 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 habitat use by this subspecies (Smallwood and Collopy 2009). In 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 Need (Collopy 1996; Florida Fish and Wildlife Conservation Commission 

2005; Hoffman and Collopy 1988). Records of nest box occupancy begin in the early 

1990s and continued through the present. Published land cover maps represent conditions 

during both the early period of the project and more recent times, and document the rapid 

urbanization and land cover change of the study region (Kautz et al. 2007). We proposed 

to use this population as a model system to compare the influence of loss of open habitats 

to open habitat fragmentation 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 nest boxes across time and land cover change. Bayesian state-space 

occupancy models are one method to robustly address such changes in occupancy 

patterns (MacKenzie et al. 2003; Royle and Kery 2007). This class of models explicitly 

addresses both the occupancy state 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 imperfect detection is unaccounted for (Royle and Dorazio 2008). Dynamic 

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 as site 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 sites (# ), and then modeling the 

probability of continued occupancy (! ,ÒsurvivalÓ) of those sites, and the probability of 
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colonization of vacant sites (") over time. Separating the occupancy pattern into these two 

processes allowed us to examine the possible influences of habitat covariates on each 

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 habitats (Smallwood and Bird 2002). Because the extent of sandhill habitat has 

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 that the overall 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 quantified habitat configuration would also be 

good predictors of kestrel box occupancy and colonization. 

 

Methods 

 

Study site 

We studied American kestrels in 1992-93 and 2008-10 using a network of 131 

nest boxes first placed in north-central Florida during 1990-91 (Smallwood and Collopy 

2009). Our study area fell within Levy and Marion counties, and was centered at 

approximately 29¡ 21Õ N, 82¡ 23Õ W (Fig. 1). Habitat immediately surrounding nest box 

locations generally could be classified as either hammock, characterized by laurel oak (Q. 

laurifolia) and live oak (Q. virginiana), 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 disappeared. Nest boxes were 

constructed from 2.5-cm cedar or cypress lumber and placed 6-7m high on roadside 

utility poles or live trees.  

 

Field methods 

 Each year in February, all nest boxes were first visited, cleaned, repaired, and 

filled with a 5-cm layer of wood shavings. Box occupancy status was determined by 

direct observation of box contents at 3-4 week intervals in 1992-93, and at ! 10-d 

intervals in 2008-10. 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 consider observations between 

March and June as the majority of nesting attempts were initiated in these months 

(Smallwood and Bird 2002). Research and handling protocols (#00329) were reviewed 

and approved by the Institutional Animal Care and Use Committee at the University 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 

(ÒearlyÓ) and the later monitoring project (ÒlateÓ) in a geographical information system 

(GIS). Maps of vegetation and land cover at 30-m resolution were developed by the 

Florida Fish and Wildlife Commission from classification of Landsat Thematic Mapper 
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satellite imagery (Kautz et al. 2007).  The first map depicted 17 natural and semi-natural 

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 interpretation of 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 study. We reclassified 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 time periods 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 quantified in the program FRAGSTATS (McGarigal et al. 2002). 

Moving window analyses generated class and landscape metric surfaces that integrated 

landscape characteristics at two biologically relevant scales, reflecting a potential home 

range size (1 km diameter circle) and median natal dispersal distance (4.9 km diameter 

circle) respectively (Miller and Smallwood 1997; Smallwood and Bird 2002). Class-level 

landscape metrics included the percentages (PLAND metric in FRAGSTATS) and 

interspersion and juxtaposition (IJI) of 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 to edge density; and perimeter-area 

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 (IJI) or overall land cover complexity (CONTAG and 

PAFRAC) rather than selecting multiple potentially redundant metrics (Cushman 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 locations between early 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 PearsonÕs correlation coefficients, and those metrics that 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 FRAGSTATS-derived landscape 

metrics to kestrel nest box occupancy patterns with dynamic occupancy models in R 

2.12.1 and WinBUGS 1.4.3, using the R package ÒR2WinBUGSÓ (Lunn et al. 2000; R 

Development Core Team 2010; Sturtz et al. 2005). Sample code is provided in Appendix 

B. A detection history, directly analogous to an encounter history in a mark-recapture 

analysis, was generated for each nest box in which Ò0Ó indicated that kestrels were not 

using that particular box, and Ò1Ó was recorded when evidence of kestrel breeding 

activity (eggs or nestlings) was found. Similar to robust design mark-recapture 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 period, and each month within the breeding season a 
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secondary sampling period (Pollock 1982).  Because visit frequency varied across and 

within years, we downsampled our detection histories to monthly sampling periods, with 

any one detection within that month sufficient 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 primary sampling periods, two additional parameters can be 

estimated to represent the probability of a previously unoccupied box being used for 

kestrel breeding ($ or ÒcolonizationÓ) and the probability that a box that had hosted 

kestrels was occupied again the following year (! , or ÒsurvivalÓ). The dynamic 

occupancy model is therefore composed of two component processes: the observation 

model that is conditional on the state process of occupancy, y(i,t) | z(i,t), and the state 

model that is only partially observed z(i,t) with z = 1 if the site is occupied or 0 if it is not. 

The initial occupancy vector is a Bernoulli random process of the initial occupancy 

probability # 1 

! !! ! ! !"#$%&''( ! ! !!"# !! ! ! !! ! ! ! !  

and in the following primary periods 

! !! ! !! !! ! ! ! ! !"#$%&''( ! !! ! ! ! ! ! ! !! ! ! !! ! ! ! !! !  

for t=2,3,É,T; !  as the local survival probability, and $ as the colonization parameter. 

The observation model is given by 

! ! !! ! !!! ! !! ! ! ! !"#$%&''( !! !! ! ! ! !  

with pt the probability of detection, given the site j is occupied, at time t. Although it is 

possible to assess covariate influences on p, we did not 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 model p as only a function of time. 

Because animals are thought to assess and select habitat by a hierarchical process, 

and the relative importance of scales is unclear, we examined occupancy at multiple 

scales both separately and concurrently (Wiens 2000). We assessed models iteratively, by 

first examining the potential coarse-scale influences on occupancy, then assessing fine-

scale covariates, and finally comparing a combination of the best-performing variables 

from each scale. Models from each step of the process were selected by examining the 

marginal posterior probability of each variable as estimated by reversible jump Markov 

chain Monte Carlo (RJMCMC) algorithms implemented through the WinBUGS JUMP 

interface (Lunn et al. 2000; R Development Core Team 2010; Sturtz et al. 2005). The 

survival and colonization parameters of the occupancy models were parameterized to 

include covariates through a logit link. Here, we specified that 

!"#$%! !" ! ! ! ! !!  

and 

!"#$%! !" ! ! ! ! ! !  

where at and bt were the fixed year intercepts for each year interval, and &a and &b were 

nodes linking the logit statements to the RJMCMC components. 

We coded three separate RJMCMC routines into the dynamic occupancy models. 

Effects of metrics that described the early land cover were considered for ! 2, those 

metrics that described land cover later were considered for ! 3 through ! 5, and the effect 

of the change in landscape metrics was assessed for $3, or the probability of colonization 

between study time periods. All predictor variables were standardized to means of zero 
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and unit variance. The RJMCMC routines were free to update and assess the effects of 

their covariate configuration, while the other RJMCMC routines simultaneously updated 

and assessed their portions of the model. Individual variables with high marginal 

posterior probabilities (>0.85) as estimated through RJMCMC 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 model, we ran two chains for 240,000 iterations, discarding the first 10,000 runs as 

burn-in, and thinned so that every 14th value was retained. Convergence was assessed by 

visual inspection of the model trace, and the Raftery-Lewis and Gelman-Rubin diagnostic 

tests implemented in the R package ÒcodaÓ (Lunn 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 are presented as 

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 and salt water marsh, 

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 suspected that the 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 area (loss of 9583.02 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 combined category of 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 = 36.96), and also suggested 

that the open habitat land cover became more disaggregated across the landscape (IJI of 

early map = 57.77, IJI of late map = 65.25). However, the overall fractal shape 

complexity decreased somewhat (PAFRAC early = 1.54, PAFRAC late = 1.47), and 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 cover and contagion 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 (IJI) of open habitat, 

and perimeter-area fractal shape (PAFRAC) on ! , and changes in open habitat extent and 

PAFRAC on ". Similar to the coarse-scale variables, there was strong correlation between 

many of the finer-scale (moving window diameter = 1km) variables (Appendix A, Table 
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2). We chose to retain the same group of metrics that was examined by the coarse-scale 

model. 

 

Coarse-scale landscape influences on nest box occupancy 

At the scale of kestrel natal dispersal,the RJMCMC modeling process suggested 

that no variable was particularly influential to !  in the early period or " between decades 

(Table 2). However, decreases in the aggregation of open habitat (IJI) decreased !  during 

the late period, as the sub-model with that variable only had a posterior probability of 

0.784 (Appendix A, Table 3), and the marginal 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 a marked effect on !  for either 

time period. However, the marginal posterior probabilities of PAFRAC in the early time 

period (0.875) and IJI for open habitats in the later time period (0.857) suggested possible 

negative influence on the continuity of occupancy, mirroring the influence of IJI at the 

coarser scale. 

 

Assessment of influences at both scales 

 Before combining the best-performing variables from both scales into a single 

model, we assessed the correlations between them. The different scale values of 

PAFRAC and IJI of open habitat were both strongly correlated with each other 
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(PearsonÕs 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 RJMCMC algorithms to assess the possible influences at both scales of PAFRAC on 

early ! , IJI of open habitats on late ! , and change in PAFRAC (the best performing, 

though not convincing variables from previous analyses) on ". None of the variables were 

influential on early !  or ", but there was strong support for the influence of coarse-scale 

IJI 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). As a final 

step, we generated summaries of predicted occupancy rates, ! , and " for different values 

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

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

 

Discussion 

 

Occupancy probabilities over time 

 Despite the estimated loss of over 9500 ha of open habitat between 1985-9 and 

2003, we found no evidence for decreasing occupancy probabilities in later years. 

Instead, occupancy probabilities were higher during the later period of the study (Table 

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 have continued to become less 

available throughout the study area, which could have increased the importance of 
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artificial nest boxes (Hoffman and Collopy 1988).  We 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 3).   

 

Influence of open habitat fragmentation versus 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 likely to be 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 on !  was PAFRAC, which also quantifies landscape 

complexity (Table 2). The only scenario in which the extent of the putative preferred 

habitat was weakly influential on !  was at a fine scale early in the study. However, 

PAFRAC received markedly more support at that scale, with the caveat that those 

variables were moderately correlated (PearsonÕs correlation coefficient = -0.729). 

 We found no previous studies that assessed the effects of both landscape 

configuration and habitat extent on kestrel presence or abundance. A discriminant 

function analysis of vegetation cover in a 3.14-ha circular 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 surrounded by more broadleaf deciduous 

trees, live or laurel oak, buildings and gravel, and fewer cabbage palms (Sabal palmetto) 

or longleaf pine (Smallwood and Collopy 2009). Similarly, in New Jersey, nest boxes 

directly observed to be occupied were in more open areas than others: woody canopy 
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covered 7.5% of 1-ha circular plots centered on occupied nest boxes versus 16.4% of 

plots surrounding unoccupied nest boxes (Smallwood and Wargo 1997). Both of these 

studies were conducted at a much finer scale than ours (78.5-ha and 1885-ha 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 plots (fine scale early, mean = 69.65%, range 33.5 -

99.12%; fine scale late, mean = 67.39%, range 26.73-97.74%), so not finding an effect is 

unlikely to be related to lack of variability between sites. 

 

Likely ecological causes of kestrel box occupancy patterns 

 Sensitivity to habitat fragmentation may be a result of various, not necessarily 

mutually exclusive ecological processes including competition, breeding behavior, and 

reproductive success (Ribic et al. 2009). Nest boxes intended for kestrels can be usurped 

by other birds, such as European starlings (Sturnus vulgaris) or eastern screech-owls 

(Megascops asio), or used as roosts or nests by arboreal mammals such as fox squirrels, 

gray squirrels (Sciurus carolinensis) and southern flying squirrels (Glaucomys volans). 

Some of these species may occur at higher abundances in fragmented landscapes, or 

require various non-open habitats in close proximity. Starlings in particular are known to 

be associated with anthropogenic habitats, such as urbanization or livestock (Cabe 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, frogs, lizards, birds, 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 poorer condition 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 in predation or natal or breeding philopatry (Stephens et al. 2003). In 

many bird species, nest predation is thought to be an important factor influencing life 

history traits through its influence on fitness (Martin 1995). The predator community is 

often assumed to increase in response to edge or habitat complexity, but such a response 

is not certain in all regions (Chalfoun et al. 2002). In our study system, important known 

nest predators include rat snakes (Elaphe sp.), gray squirrels, and mesocarnivores like 

raccoons (Procyon lotor) and house cats (Felis 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 our study area. 

Factors influencing natal or breeding dispersal have not been well studied in the 

American kestrel. Observations of the north-central Florida kestrels suggest a sex bias in 

breeding philopatry, with female kestrels more likely to switch nest sites between 

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 dispersal (Miller and 

Smallwood 2009). 
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Future directions for research 

 Our approach to modeling 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 incorporating metrics of habitat extent and fragmentation at an increasingly finer 

scale, such as 1- to 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 

uncertain location 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 (10-50m) under circumstances such as death of the substrate 

tree or growth of vegetation to block box access. However, we recorded nest box 

locations to 3-m accuracy with GPS units in 2008-2010, so finer-scale analyses could be 

performed using only the later period data. 

 Site occupancy is only one measure of site use by organisms. A complementary 

approach would be to model several categories of use by kestrels, such as non-breeding 

occupancy and breeding occupancy, with similar Bayesian state-space models in a 

multistate occupancy modeling framework (MacKenzie et al. 2009). An analysis using 

this class of models suggested that site occupancy and use by golden eagles (Aquila 

chrysaetos) may be influenced by disturbance from human hikers (Martin et al. 2009). 

Pilot attempts to fit such models to our data resulted in poorly 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 potentially informative 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 of the management practices now 

recommended for maintenance of longleaf pinelands, such as frequent low-intensity 

burns, should serve to reduce the intrusion of hardwoods or other trees, thus preserving 

the suitability of the landscape for kestrels (Myers and Ewel 1990). However, forests are 

not the only land cover type fragmenting land cover in north-central Florida. 

Urbanization is also responsible for some of the changes in land cover in recent decades, 

and zoning restrictions in sensitive habitats or preservation of 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 2008-2010 are located 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 conservation efforts for this 

species, and furthering our understanding of the 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 classified per type from the early time period (1985-89), late (2003), and 

change between time periods are reported in hectares. Ò% ExtentÓ 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 illustrate land 

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 wetland 7 11239.92 13330.44 2090.52 119 

Salt marsh 10 0.09 0 -0.09 0 

Freshwater 

marsh 

11 10368.99 10493.19 124.2 102 

Shrub swamp 12 2823.57 2970 146.43 105 

Shrub and 

brushland 

13 17308.35 21161.61 3853.26 123 

Urban/barren 16 30673.53 31728.69 1055.16 103 
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Water 17 7008.12 5426.82 -1581.3 77 

sum pineland 

and upland 

n/a 76403.88 78982.38 2578.5 103 



141 

 

Chapter 4, Table 2. Marginal posterior probabilities of variables from reversible jump 

Markov chain Monte Carlo variable selection analysis (RJMCMC) of dynamic 

occupancy models of American kestrel nest box occupancy in Florida, USA. Models 

were assessed iteratively, first considering only coarse-scale variables, than fine-scale 

variables, then a combination of the best-performing variables from both scales. The 

parameter !  is the probability of continued occupancy of a site (ÒsurvivalÓ), and " is the 

colonization probability for a previously unoccupied site. ÒEarlyÓ refers to the study time 

period is from 1992-93, and ÒLateÓ from 2008-2010. We modeled the effects of 

covariates only on " for the transition between study time periods, i,e, "3. The variables 

IJI and PAFRAC were estimated using FRAGSTATS, and quantify the interspersion and 

juxtaposition of open habitat within other land cover types, and the perimeter-area fractal 

shape complexity respectively. 

Variable Early !  Late !  "3 

Coarse-scale    

% open habitat 0.334 0.104 n/a 

IJI 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 

Change in PAFRAC n/a n/a 0.504 

Fine-scale    

% open habitat 0.750 0.148 n/a 

IJI 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 

Combination Ð multiscale    

PAFRAC Ð coarse 0.285 n/a n/a 

PAFRAC Ð fine 0.558 n/a n/a 

IJI open habitat Ð coarse n/a 0.980 n/a 

IJI open habitat Ð fine n/a 0.175 n/a 

Change in PAFRAC Ð coarse n/a n/a 0.489 

Change in PAFRAC Ð fine n/a n/a 0.721 
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Chapter 4, Table 3. Posterior probabilities of dynamic occupancy models of American 

kestrel nest box occupancy in Florida, USA. The finite sample estimate of occupancy 

probability across the study area is # fs, the average survival probability or persistence of 

occupancy is ! , and the probability of colonization of previously 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 nest box. 

Year # fs !  " 

1992 0.462 (0.435-0.496) n/a n/a 

1993 0.613 (0.603-0.634) 0.714 (0.680-0.731) 0.085 (0.001-0.242) 

2008 0.824 (0.771-0.870) 0.699 (0.660-0.727) 0.815 (0.480-1.0) 

2009 0.729 (0.702-0.756) 0.696 (0.655-0.727) 0.346 (0.001-0.841) 

2010 0.725 (0.695-0.756) 0.702 (0.670-0.727) 0.198 (0.001-0.545) 
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Figure 1. Map showing conversion of open habitats (combined land cover types of 

sandhill and grassland/agriculture) from 1985-1989 to 2003 in north-central Florida, 

USA. White indicates land cover 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 boxes shown by circles.  

Figure 2. Moving window surface of the interspersion and juxtaposition (variable IJI 

from program FRAGSTATS) at circular diameter of 4.9km of open habitat in north-

central Florida, USA. Land cover map source by imagery from 2003 (Kautz et al. 2007). 

Locations of American kestrel nest boxes indicated by triangles.  

Figure 3. Predicted changes in ! , or ÒsurvivalÓ 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 IJI in program FRAGSTATS) at a scale of 4.9km from the 

nest box. Lower values of IJI represent highly aggregated and well-connected patches of 

open habitat, while higher values of IJI are associated with increased disaggregation. 

Estimates are posterior probabilities with 95% Bayesian credible intervals indicated by 

dotted lines. 
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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) 

!"#$% ! ! ! !
! !"

!
! ! !

!
!""  

where Pi = proportion of the landscape occupied by patch type (class) i, aij  = area (m2) of 

patch ij, and A = total landscape area (m2). 

 

Class metric, interspersion and juxtaposition index (IJI) 

!"! !
!

! !"
! !"

!
! !!

!"
! !"

! !"
!
! ! !

!
! !!

!" ! ! !
!!""!  

where eik = 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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Landscape metric, contagion index (CONTAG) 

!"#$%& ! ! !
! !

!!"
! !"

!
! ! !

!" ! !
!!"

! !"
!
! ! !

!
! ! !

!
! ! !

! !" !
! !"" !  

where Pi = proportion of the landscape occupied by patch type (class) i, gik = number 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, perimeter-area fractal dimension (PAFRAC) 

!"#$"% !
!

! ! !" ! !" ! !" ! !" !!
! ! !

!
! ! ! ! !" ! !"

!
!! !

!
!!! !" ! !"

!
! ! !

!
! ! !

! !" ! !"
!!

! ! !
!
!! ! ! !" ! !"

!
! ! !

!
! ! !

!

 

where aij  = area (m2) of patch ij, pij  = 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 ~ Logistic(0,1) 

logit of ", colonization parameter; Mugam.prob ~ Logistic(0,1) 

initial occupancy probability; # 1 ~ Uniform(0,1) 

detection probability; pt ~ Uniform(0,1) 

Reversible jump Markov chain Monte Carlo (RJMCMC) portion 

Currently selected coefficients; K ~ Binomial(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 from 1985-1989 

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

Conservation Commission (Kautz et al. 1993; Kautz et al. 2007). Reclassification based 

on Kautz el al. (2007) except for further pooling of sandhill and grassland/agriculture 

categories into a single Òopen habitatÓ land cover type. 

2003 land cover type Early class 

number 

Late class 

number 

Reclassed 

number 

Reclassified land 

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 hardwood-pine 

forest 

7 7 6 Upland forest 

Hardwood hammock 

and forest 

8 8 6 Upland forest 

Hydric hammock 8 21 6 Upland forest 

Bay swamp 14 16 7 Forested wetland 

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 and 

wet prairie 

11 12 11 Freshwater marsh 

Sawgrass marsh 11 13 11 Freshwater 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 
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Chapter 4, Appendix A, Table 2. Correlation matrices (PearsonÕs correlation coefficients) 

of landscape metrics from FRAGSTATS describing land cover maps of north-central 

Florida. The ÒearlyÓ time period was from 1985-89, and the ÒlateÓ time period in 2003. 

Scale=4.9 km     

Early time period     

 % urban % open Contagion PAFRAC IJI open IJI 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 

IJI open     1.0 0.808 

IJI urban      1.0 

Late time period     

 % urban % open Contagion PAFRAC IJI open IJI 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 

IJI open     1.0 0.914 

IJI urban      1.0 
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Change between periods     

 % urban % open Contagion PAFRAC   

% urban 1.0 -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     

 % urban % open Contagion PAFRAC IJI open IJI urban 

% urban 1.0 -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 

IJI open     1.0 0.669 

IJI urban      1.0 

Late time period     

 % urban % open Contagion PAFRAC IJI open IJI urban 

 1.0 -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 Contagion PAFRAC   

% urban 1.0 -0.813 -0.701 0.543   

% open  1.0 0.806 -0.529   

Contagion   1.0 -0.765   

PAFRAC    1.0   
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Chapter 4, Appendix A, Table 3. Posterior model probabilities from variable selection 

analysis of subcomponents of models describing American kestrel nest box occupancy in 

north-central Florida. A reversible jump algorithm calculated the posterior model 

probabilities of all possible combinations of covariates: only those models with posterior 

probabilities > 0.10 are shown.  

Sub-model terms Posterior sub-model 

probability 

Cumulative 

probability 

Coarse-scale, early !    

% open habitat IJI open habitat PAFRAC   

   0.366 0.366 

  X 0.157 0.522 

X  X 0.117 0.639 

 X  0.101 0.740 

X     

Coarse-scale, late !    

% open habitat IJI open habitat PAFRAC   

 X  0.820 0.820 

Coarse-scale, "3    

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 IJI open habitat PAFRAC   

X  X 0.639 0.639 

  X 0.117 0.756 

Fine-scale, late !     

% open habitat IJI open habitat PAFRAC   

 X  0.641 0.641 

   0.117 0.758 

X X  0.114 0.872 

Fine-scale, "3     

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 !     

IJI open, coarse IJI open, fine    

X   0.822 0.822 

X X  0.157 0.980 

 X  0.018 0.998 

Multi -scale, "3    

Change 

PAFRAC, 

coarse 

Change 

PAFRAC, fine 

   

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 R2WinBUGS 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.prob[i]~dlogis(0,1) 
 
    logit(muphi[i])<-muphi.prob[i] 
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    mugam.prob[i]~dlogis(0,1) 
 
    logit(mugam[i])<-mugam.prob[i] 
 
}  
 
psi1~dunif(0,1) 
 
for(i in 1:(nyear-1)){ 
 
  p[i]~dunif(0,1) 
 
}  
 
p[nyear]~dunif(0,1) 
 
 
# state process, z is unobserved but informed by Zst 
 
for(i in 1:nsite){ 
 
  z[i,1]~dbern(psi1) 
 
  logit(gamma[i,2])<- mugam[2] 
 
  logit(phi[i,2])<- muphi[2] + nu[i]  #reference to RJMCMC portion 
 
  nu[i] ~ 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(gamma[i,3])<- mugam[3] + nuG[i] # reference to RJMCMC 
 
  nuG[i] ~ dnorm(psiG[i], tauepsG) 
 
  logit(phi[i,3])<- muphi[3] + nu2[i,3] # reference to RJMCMC 
 
  nu2[i,3] ~ dnorm(psi2[i], taueps2) 
 
  muZ[i,3]<- z[i,3-1]*phi[i,3] + (1-z[i,3-1])*gamma[i,3] 
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  z[i,3]~dbern(muZ[i,3]) 
 
   
 
  for(t in 4:nyear){ 
 
    logit(gamma[i,t])<- mugam[t]  
 
    logit(phi[i,t])<- muphi[t] + nu2[i,t]  #reference to RJMCMC 
 
    nu2[i,t] ~ dnorm(psi2[i], taueps2) 
 
    muZ[i,t]<- z[i,t-1]*phi[i,t] + (1-z[i,t-1])*gamma[i,t] 
 
    z[i,t]~dbern(muZ[i,t]) 
 
 }  
 
}  
 
#reversible jump portion number 1, for early Phi 
 
psi[1:nsite] <- jump.lin.pred(X[1:nsite, 1:Q], K, beta.prec) 
 
id <- jump.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.pred[i, i] <- 1 
 
 for (j in 1:(i - 1)) {X.pred[i, j] <- 0} 
 
 for (j in (i + 1):Q) {X.pred[i, j] <- 0} 
 
 X.pred[(Q + 1), i] <- 0 
 
 effect[i] <- pred[i] - pred[Q + 1] 
 



162 

 

}  
 
#reversible jump portion number 2, for gamma[3] 
 
psiG[1:nsite] <- jump.lin.pred(XG[1:nsite, 1:QG], 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 (i in 1:QG)  
 
 {  
 
 X.predG[i, i] <- 1 
 
 for (j in 1:(i - 1)) {X.predG[i, j] <- 0} 
 
 for (j in (i + 1):QG) {X.predG[i, j] <- 0} 
 
 X.predG[(QG + 1), i] <- 0 
 
 effectG[i] <- predG[i] - 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 (i in 1:Q2)  
 
 {  
 
 X.pred2[i, i] <- 1 
 
 for (j in 1:(i - 1)) {X.pred2[i, j] <- 0} 



163 

 

 
 for (j in (i + 1):Q2) {X.pred2[i, j] <- 0} 
 
 X.pred2[(Q2 + 1), i] <- 0 
 
 effect2[i] <- pred2[i] - pred2[Q2 + 1] 
 
}  
 
 
 
# observation component 
 
for (t in 1:nyear){ 
 
 for(i in 1:nsite){ 
 
 for(j in 1:nrep){ 
 
   Py[i,j,t]<- z[i,t]*p[t]  
 
   y[i,j,t] ~ dbern(Py[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[i]<-sum(z[1:nsite,i]) 
 
}  
 
for(i in 2:nyear){ 
 
     growthr[i-1]<-psi.year[i]/psi.year[i-1] 
 
}  
 
 
 
}  
 
",fill=TRUE)  
 
sink() 
 
 
 
data <- list ( "y", "X", "Q", "X2", "Q2", "XG", "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 RJMCMC 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 Ð MAIN 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 Korpimäki 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; Korpimäki 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. 

 

Between-year 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 rates (Daan et al. 1996; Dawson and 

Bortolotti 2002; Dijkstra et al. 1990; KorpimŠki and Rita 1996). However, our results for 

the second year suggest that the effect of the food supplement differed depending on 

annual food availability or energy requirements for self-maintenance (Meijer et al. 1988; 

Reynolds et al. 2003; Schoech 2009). 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 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 the same local habitat influences, the timing of the second yearÕs attempt 

was more delayed from the previous yearÕs nest in 2010 than in 2009. This may be 

interpreted as coarse-scale environmental conditions being less favorable for 

reproduction in 2009 than 2008 (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 reproduction (Golet et al. 1998; Inger et al. 2010; 

Milonoff et al. 2004). Alternatively, kestrels may have a flexible Òdecision ruleÓ 

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 supplementation (Grieco et al. 2002; Nager and Vannoordwijk 1995). We 

were unable to directly measure prey availability during the study, 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 (unpublished data) 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 yearÕs nesting attempt agrees with the supposition that early breeding 

individuals tend to be of higher quality (Hamel et al. 2009; Inger et al. 2010). However, 

our analysis of changes 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 2008; Wilson and Nussey 2010). Again, we did not detect an effect 

of treatment on the following yearÕs 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 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 more delayed the 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 supplements showed the greatest 

difference in survival rates between years. Nestling mass differed most greatly by 
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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 considered together, our 

results suggest that in a moderate or good year, female southeastern American kestrels 

allocated the food supplement towards their own self-maintenance, resulting 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 foraging effort at 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 long-lived species. 

 

CHAPTER 2 Ð MAIN FINDINGS  

 To the best of our knowledge, our study is the first to analyze between-year 

survival, rather than raw return rate, of birds that fledged from nests that had received 

experimental food supplementation. In addition to a within-year effect on body condition, 

we found evidence that the food supplementation treatment positively influenced annual 

survival after fledging. Similar same-year effects on body condition have been noted for 

other populations of American kestrels, goshawks (Accipiter gentilis), TengmalmÕs owls 

(Aegolius funereus), and Eurasian kestrels (Dewey and Kennedy 2001; Hipkiss et al. 

2002; KorpimŠki and Rita 1996; Wiebe and Bortolotti 1995), but other studies on the 

same species in addition to Ural owls (Strix uralensis) failed to detect such a difference 

(Brommer et al. 2004; Dawson and Bortolotti 2002; Eldegard and Sonerud 2010; Wiehn 
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and KorpimŠki 1997). However, when differences between food-supplemented and 

control nestlings were not detected, either breeding adult mass increased (Brommer et al. 

2004; Eldegard and Sonerud 2010; Wiehn and KorpimŠki 1997) or adult return rates 

were higher for those tending supplemented nests (Dawson and Bortolotti 2002). We also 

noted higher annual survival for food-supplemented 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 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 birds which attempted to separate the 

potential influences on annual survival of increased body condition from a food 

supplementation treatment. In other studies, food-supplemented adult female American 

kestrels, European kestrels, and TengmalmÕs owls reduced their hunting effort or 

provisioning rate (Dawson and Bortolotti 2002; Eldegard and Sonerud 2010; Wiehn and 

KorpimŠki 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 defense or increasing the duration of parental provisioning during the 

post-fledging period.  

We did not quantify behavior during the brood-rearing or post-fledging 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 lower-quality individuals (Vergara et al. 2010). 

In this same population, food supplementation during the post-fledging period extended 

the duration of care, leading the authors to conclude that food supply was the link 

between parent quality and post-fledging dependence period.  

 Alternatively, our method of estimating 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, measures of 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 

(GHb) levels in American 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 Eurasian kestrels 

(Costantini et al. 2006). Size-corrected mass suggested different responses to a brood sex 

ratio manipulation experiment in Eurasian kestrels than did other indicators of nestling 

condition, such as hematocrit level, the ratio of heterophils to lymphocytes, and innate 

immune system response as measured by the phytohaemagglutinin-P (PHA) injection 

assay (Laaksonen et al. 2004). These observations suggest that alternative measures of 

nestling health or condition could have helped clarify the relationship between our food 

supplementation treatment and its demographic 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 their investment in 

current reproductive attempts with other components of fitness. Supplemented kestrel 

offspring always survived at higher rates than their control counterparts, but the 

difference was less pronounced in a year that supplemented adult kestrels also survived 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 other year 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 prospects of 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 Ð MAIN 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 that recruitment of 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 survival in the Cormack-Jolly-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 emigration (Lebreton et al. 1992). When immigration was explicitly 

modeled, we noted a decrease in estimated 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 breeding kestrels 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 that could 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 emigration of 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. Roest (1957) estimated an overall survival rate of 0.43 
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by pooling band recoveries across age classes. A later life table analysis estimated 

juvenile survival at 0.30 and adult survival at 0.53 (Henny 1972). Our independent CMR 

analyses and the corresponding components of the IPMs indicated substantial inter-

annual variability in these vital rates. As noted 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 apparent 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 allowed more local juveniles to recruit. 

The overall population trajectory of the kestrels using nest boxes in north-central 

Florida appeared stable. The immigration rates estimated here were similar to those 

estimated for little owls (Athene noctua, mean immigration rate = 0.293 [95% CI 0.183-

0.418]) and much less than those of eagle owls (Bubo bubo, mean immigration rate = 

1.591 [0.541-3.196]) experiencing high rates of anthropogenic mortality (Abadi et al. 

2010; Schaub et al. 2010). Considering that our population here 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 nest boxes. 

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. 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 cinereus), lapwings (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. 
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CHAPTER 4 Ð MAIN FINDINGS  

Occupancy probabilities over time 

 Despite the estimated loss of over 9500 ha of open habitat between 1985-9 and 

2003, we found no evidence for decreasing occupancy probabilities in later years. 

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 1991. We 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 versus 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 likely to be 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 on !  was 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 on !  was at a fine scale early in the study. 

However, PAFRAC received markedly more support at that scale, with the caveat that 

those variables were moderately correlated (PearsonÕs correlation coefficient = -0.729). 
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CONCLUSIONS 

 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 of the management practices now 

recommended for maintenance of longleaf pinelands, such as frequent low-intensity 

burns, should serve to reduce the intrusion of hardwoods or other trees, thus preserving 

the suitability of the landscape for kestrels (Myers and Ewel 1990). However, forests are 

not the only land cover type fragmenting land cover in north-central Florida. 

Urbanization is also responsible for some of the changes in land cover in recent decades, 

and zoning 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 in 2008-2010 are 

located 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 

conservation efforts for this species, and furthering our understanding of the effects of 

fragmentation on open habitat birds.   



178 

 

References 
 

Abadi, F., Gimenez, O., Ullrich, B., Arlettaz, R., Schaub, M., 2010. Estimation of 
immigration rate using integrated population models. Journal of Applied Ecology 
47, 393-400. 

Ardia, D., 2006. Glycated hemoglobin and albumin reflect nestling growth and condition 
in American kestrels. Comparative Biochemistry and Physiology a-Molecular & 
Integrative Physiology 143, 62-66. 

Brommer, J.E., Karell, P., Pietiainen, H., 2004. Supplementary fed Ural owls increase 
their reproductive output with a one year time lag. Oecologia 139, 354-358. 

Costantini, D., Casagrande, S., De Filippis, S., Brambilla, G., Fanfani, A., Tagliavini, J., 
Dell'Omo, G., 2006. Correlates of oxidative stress in wild kestrel nestlings (Falco 
tinnunculus). Journal of Comparative Physiology B-Biochemical Systemic and 
Environmental Physiology 176, 329-337. 

Daan, S., Deerenberg, C., Dijkstra, C., 1996. Increased daily work precipitates natural 
death in the kestrel. Journal of Animal Ecology 65, 539-544. 

Dawson, R.D., Bortolotti, G.R., 2002. Experimental evidence for food limitation and sex-
specific strategies of American kestrels (Falco sparverius) provisioning offspring. 
Behavioral Ecology and Sociobiology 52, 43-52. 

Dawson, R.D., Bortolotti, G.R., 2008. Experimentally prolonging the brood-rearing 
period reveals sex-specific parental investment strategies in American Kestrels 
(Falco sparverius). Auk 125, 889-895. 

Dewey, S.R., Kennedy, P.L., 2001. Effects of supplemental food on parental-care 
strategies and juvenile survival of Northern Goshawks. Auk 118, 352-365. 

Dijkstra, C., Bult, A., Bijlsma, S., Daan, S., Meijer, T., Zijlstra, M., 1990. Brood size 
manipulations in the kestrel (Falco tinnunculus): effects on offspring and parent 
survival. Journal of Animal Ecology 59, 269-285. 

Eldegard, K., Sonerud, G.A., 2010. Experimental increase in food supply influences the 
outcome of within-family conflicts in Tengmalm's owl. Behavioral Ecology and 
Sociobiology 64, 815-826. 

Golet, G.H., Irons, D.B., Estes, J.A., 1998. Survival costs of chick rearing in black-legged 
kittiwakes. Journal of Animal Ecology 67, 827-841. 

Grieco, F., van Noordwijk, A.J., Visser, M.E., 2002. Evidence for the effect of learning 
on timing of reproduction in blue tits. Science 296, 136-138. 

Hamel, S., Cote, S.D., Gaillard, J.M., Festa-Bianchet, M., 2009. Individual variation in 
reproductive costs of reproduction: high-quality females always do better. Journal 
of Animal Ecology 78, 143-151. 

Henny, C.J., 1972. An analyis of the population dynamics of selected avian species. U.S. 
Fish and Wildlife Service, U.S. Government Printing Office, Washington, D.C. 

Hipkiss, T., Hornfeldt, B., Eklund, U., Berlin, S., 2002. Year-dependent sex-biased 
mortality in supplementary-fed Tengmalm's owl nestlings. Journal of Animal 
Ecology 71, 693-699. 

Inger, R., Harrison, X.A., Ruxton, G.D., Newton, J., Colhoun, K., Gudmundsson, G.A., 
McElwaine, G., Pickford, M., Hodgson, D., Bearhop, S., 2010. Carry-over effects 



179 

 

reveal reproductive costs in a long-distance migrant. Journal of Animal Ecology 
79, 974-982. 

King, R., Brooks, S.P., Mazzetta, C., Freeman, S.N., Morgan, B.J.T., 2008. Identifying 
and diagnosing population declines: a Bayesian assessment of lapwings in the 
UK. Applied Statistics Series C 57, 609-632. 

KorpimŠki, E., Rita, H., 1996. Effects of brood size manipulations on offspring and 
parental survival in the European kestrel under fluctuating food conditions. 
Ecoscience 3, 264-273. 

Laaksonen, T., Fargallo, J.A., Korpimaki, E., Lyytinen, S., Valkama, J., Poyri, V., 2004. 
Year- and sex-dependent effects of experimental brood sex ratio manipulation on 
fledging condition of Eurasian kestrels. Journal of Animal Ecology 73, 342-352. 

Lebreton, J., Burnham, K.P., Clobert, J., Anderson, D.R., 1992. Modeling survival and 
testing biological hypotheses using marked animals: a unified approach with case 
studies. Ecological Monographs 62, 67-118. 

Marshall, M.R., Cooper, R.J., DeCecco, J.A., Strazanac, J., Butler, L., 2002. Effects of 
experimentally reduced prey abundance on the breeding ecology of the Red-eyed 
Vireo. Ecological Applications 12, 261-280. 

Meijer, T., Daan, S., Dijkstra, C., 1988. Female condition and reproduction - effects of 
food manipulation in free-living and captive kestrels. Ardea 76, 141-154. 

Milonoff, M., PšysŠ, H., Runko, P., Ruusila, V., 2004. Brood rearing costs affect future 
reproduction in the precocial common goldeneye Bucephala clangula. Journal of 
Avian Biology 35, 344-351. 

Myers, R.L., Ewel, J.J. eds., 1990. Ecosystems of Florida. University of Central Florida 
Press, Orlando, FL, USA. 

Nager, R.G., Vannoordwijk, A.J., 1995. Proximate and ulitmate aspects of phenotypic 
plasticity in timing of Great Tit breeding in a heterogeneous environment. 
American Naturalist 146, 454-474. 

Reynolds, S.J., Schoech, S.J., Bowman, R., 2003. Diet quality during pre-laying and 
nestling periods influences growth and survival of Florida scrub-jay (Aphelocoma 
coerulescens) chicks. Journal of Zoology 261, 217-226. 

Rhodes, J.R., Ng, C.F., de Villiers, D.L., Preece, H.J., McAlpine, C.A., Possingham, 
H.P., 2011. Using integrated population modelling to quantify the implications of 
multiple threatening processes for a rapidly declining population. Biological 
Conservation 144, 1081-1088. 

Roest, A.I., 1957. Notes on the American Sparrow Hawk. Auk 74, 1:19. 
Royle, J.A., Kery, M., 2007. A Bayesian state-space formulation of dynamic occupancy 

models. Ecology 88, 1813-1823. 
Schaub, M., Aebischer, A., Gimenez, O., Berger, S., Arlettaz, R., 2010. Massive 

immigration balances high anthropogenic mortality in a stable eagle owl 
population: lessons for conservation. Biological Conservation 143, 1911-1918. 

Schoech, S.J., 2009. Food supplementation experiments: A tool to reveal mechanisms 
that mediate timing of reproduction. Integrative and Comparative Biology 49, 
480-492. 



180 

 

Schofield, M.R., Barker, R.J., MacKenzie, D.I., 2009. Flexible hierarchical mark-
recapture modeling for open populations using WinBUGS. Environmental and 
Ecological Statistics 16, 369-387. 

Vergara, P., Fargallo, J.A., Martinez-Padilla, J., 2010. Reaching independence: food 
supply, parent quality, and offspring phenotypic characters in kestrels. Behavioral 
Ecology 21, 507-512. 

Verhulst, S., Nilsson, J.A., 2008. The timing of birds' breeding seasons: a review of 
experiments that manipulated timing of breeding. Philosophical Transactions of 
the Royal Society B-Biological Sciences 363, 399-410. 

Wiebe, K.L., Bortolotti, G.R., 1995. Food-dependent benefits of hatching asynchrony in 
American Kestrels. Behavioral Ecology and Sociobiology 36, 49-57. 

Wiehn, J., KorpimŠki, E., 1997. Food limitation on brood size: experimental evidence in 
the Eurasian Kestrel. Ecology 78, 2043-2050. 

Wilson, A.J., Nussey, D.H., 2010. What is individual quality? An evolutionary 
perspective. Trends in Ecology & Evolution 25, 207-214. 

 
 


