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Abstract

Nest boxes for predators in agricultural regions are an easily implemented tool to improve

local habitat quality with potential benefits for both conservation and agriculture. The poten-

tial for nest boxes to increase raptor populations in agricultural regions is of particular inter-

est given their positions as top predators. This study examined the effects of cherry orchard

nest boxes on the local breeding population of a declining species, the American Kestrel

(Falco sparverius), in a fruit-growing region of Michigan. During the 2013–2016 study, we

added a total of 23 new nest boxes in addition to 24 intact boxes installed previously; kes-

trels used up to 100% of our new boxes each season. We conducted temporally-replicated

surveys along four roadside transects divided into 1.6 km × 500 m sites. We developed a

multi-season occupancy model under a Bayesian framework and found that nest boxes had

strong positive effects on first-year site occupancy, site colonization, and site persistence

probabilities. The estimated number of occupied sites increased between 2013 and 2016,

which correlated with the increase in number of sites with boxes. Kestrel detections

decreased with survey date but were not affected by time of day or activity at the boxes

themselves. These results indicate that nest boxes determined the presence of kestrels at

our study sites and support the conclusion that the local kestrel population is likely limited by

nest site availability. Furthermore, our results are highly relevant to the farmers on whose

properties the boxes were installed, for we can conclude that installing a nest box in an

orchard resulted in a high probability of kestrels occupying that orchard or the areas adja-

cent to it.

Introduction

Increases in anthropogenic land use, particularly agricultural expansion and intensification,

pose a significant threat to many species and the functional diversity of species assemblages
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[1,2]. One form of habitat degradation imposed by human development is the loss of structural

resources for nesting, such as cavities or platforms, which are essential for breeding and there-

fore important for the population dynamics of bird species [3]. Thus, loss of nest sites in

human-modified habitats can negatively affect abundance and diversity of birds [4,5]. Agricul-

tural intensification in particular removes mature trees that are important sources of nesting

cavities [6], and reductions in cavity-bearing trees can limit cavity-nesting bird populations

and assemblages [7,8]. However, many cavity-dependent birds species will use artificial cavi-

ties, such as nest boxes, in areas where natural cavities are scarce. Installing nest boxes in

agroecosystems has increased populations of some species, such as the Eurasian Hoopoe

(Upupa epops)[9], European Roller (Coracias garrulus)[10], and Eurasian Kestrel (Falco tin-
nunculus)[11]. Nest boxes could therefore play an important role in maintaining biodiversity

in agroecosystems. Nest boxes may also benefit agriculture and agroforestry by increasing the

strength of ecosystem services provided by predators, particularly increased predation on pest

species [11–17].

Raptors are potentially important predators in agroecosystems based on their positions as

top predators [12]. For example, American Kestrels (Falco sparverius; hereafter “kestrels”) are

of interest as predators in fruit-growing regions because their diet typically consists of insects,

small mammals, and birds [18] and can include a variety of orchard pests [19]. Furthermore,

the American Kestrel is a species of conservation concern [20–22] that will readily use nest

boxes in open areas with appropriate hunting habitat [18,23]. While previous research has

demonstrated nest site limitation in kestrels, installing nest boxes will not always benefit popu-

lations, nor will monitoring nest box use alone reveal the effects of nest box installation on a

local kestrel population [24]. Thus, the effectiveness of any nest box program can only be

determined by considering other demographic parameters of the population. In addition,

while previous studies have demonstrated that installing 100 or more nest boxes can increase

the densities of American and Eurasian kestrels at a regional level of multiple km2 [8, 25], no

previous studies have investigated the effect of nest boxes on kestrel presence at the level of

potential kestrel territories. The effect of nest boxes on kestrel presence at this finer level in an

agricultural region would provide useful information for farmers and other landowners on

whose properties nest boxes are or will be installed. Measuring change in kestrel presence at

the level of kestrel territories can capture the potential effect of individual landowners install-

ing even one box each, thus informing landowners of whether their individual efforts will lead

to increased kestrel presence on their properties. Finally, few studies have focused on kestrel

populations in agroecosystems, and previous research has found inconclusive evidence of the

effects of nest boxes on kestrel presence in fruit orchards [26].

This study used surveys of kestrel presence/absence and multi-season occupancy modeling

to determine whether nest boxes in a fruit-growing region of northwestern Michigan (Fig 1)

increased the presence of breeding kestrels, as defined by kestrel occupancy of potential terri-

tories (sites). While previous work has used occupancy modeling to investigate kestrel nest

box use [27], this is the first study to use occupancy modeling to test the relative influence of

nest boxes on kestrel site occupancy throughout a landscape. Our hypothesis was that this

region lacks natural nesting cavities, thus the kestrel population is limited by nest cavity avail-

ability. We therefore predicted that sites (1.6 km × 500 m areas; 250 m on either side of a tran-

sect) with nest boxes would be more likely to be occupied by kestrels than sites without, and

that increasing the number of sites with nest boxes would in turn increase the number of sites

occupied by kestrels.

Effects of nest boxes on presence of a declining raptor in a fruit-growing region
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Materials and methods

This research was approved by the Institutional Animal Care and Use Committee at Michigan

State University (AUF #01/13-014-00). Private landowners granted us permission to conduct

this study on their properties.

Kestrel nest boxes in a fruit-growing region of Michigan

We conducted this study on the Leelanau and Old Mission Peninsulas of northwestern Michi-

gan (45.0751˚N–44.8365˚N, 85.5032˚W–85.7758˚W), a major cherry-growing region that also

produces apples and wine grapes, among other crops [28]. The region is largely agricultural

with some residential and forested areas [28].

Kestrels are present in the study area during the summer breeding season; the kestrel popu-

lation in this region is considered entirely migratory [18,29]. Populations in northern Michi-

gan have declined since the 1960s [21,22]. Kestrel nest boxes have been present on utility poles

in this region since the late 1980s (F. Otto, personal communication); 24 of these older boxes

remained intact during this study. We installed a total of 23 new boxes (described in [30]) in

cherry orchards during this study: 8 prior to the 2013 season, 10 prior to the 2014 season, and

5 prior to the 2016 season (Fig 1). During the 2013–2015 breeding seasons, kestrels used 93%

of the available new boxes and showed 91% nesting success, with a mean of 4.0 ± 0.2 fledglings

produced per nest [30]. While we did not regularly monitor the older nest boxes installed on

utility poles, our opportunistic observations indicated that at least 41% were used by kestrels,

Fig 1. Map of survey sites in the northwestern Michigan study region (Leelanau and Old Mission

Peninsulas). Lines indicate the four kestrel survey transects (divided into 28 1.6 km-long survey sites);

markers indicate nest boxes located within 0.8 km of either side of transects. Inset: Map of Michigan with

Leelanau and Old Mission Peninsulas shown in black.

https://doi.org/10.1371/journal.pone.0185701.g001
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and those that may have been unused were likely placed too close to another nest box for both

to be occupied [30]. Kestrels using these boxes provisioned their young with prey types in the

following proportions: 81.3% arthropods, 13.5% mammals, and 2.3% birds [19].

Kestrel surveys

Our survey design consisted of 4 roadside transects (9.6 km– 12.8 km long) divided into 1.6

km survey sites (Fig 1). We placed the starting point of each transect randomly, but we pur-

posefully placed transects along roads in predominately non-forested areas with high densities

of cherry orchards, so that each survey site consisted of mostly open habitat with orchards,

matching kestrel habitat preferences [31].

We conducted temporally-replicated surveys in 2013–2016 during the kestrel breeding sea-

son. The surveys began each year between 9–21 June, after most of the known kestrel nests had

hatched [30], so that kestrels would no longer be incubating eggs and would therefore be avail-

able for detection. The surveys ended each year by 12 August, prior to fall migration; the kes-

trel population in this region is considered entirely migratory [18,29]. We attempted to

conduct as many surveys as possible during the brood rearing period of the breeding season,

with 96% of surveys conducted in June and July. We assumed temporal and geographical pop-

ulation closure for each year because kestrel pairs hold territories for the entire breeding sea-

son [18]; however, it is possible this assumption was violated by adults dispersing along with

fledglings during the postfledging period prior to migration [32].

During a survey round, we surveyed a site on foot from south to north (initial survey),

waited for 5 min, and then surveyed the site again from north to south (return survey). Each

survey round therefore yielded 2 surveys. These sequential time intervals may violate the

assumption of independent and equal detection probabilities among surveys within the survey

season [33], but because the same observer conducted all surveys on foot, this practice was

logistically cost-effective for obtaining more temporal replicates. We surveyed the same 28

sites within the same 4 transects in 2013–2016. We surveyed each site 6 times in 2013 and 12

times in 2014–2016. We conducted all surveys between 0830 and 1230 EST (AM period) or

1600 and 2000 EST (PM period) on days without precipitation or fog. During each survey we

recorded whether we detected an adult kestrel within 250 m of either side of the transect.

Occupancy modeling

We investigated the effects of nest boxes and other factors (detailed below) on kestrel presence

and detectability using multi-season occupancy modeling under a Bayesian framework [34].

This modeling approach included the following ecological processes:

zi;1 � Bernoulli ðΨ i;1Þ at initial state ðt ¼ 1Þ

zi;t � Bernoulli ðzi;ðt � 1Þ � φi;t þ ð1 � zi;ðt� 1ÞÞ � gi;tÞ for years t > 1

where the occurrence state zi,t = 1 if at least one kestrel was present at site i in year t. The first

year site occupancy probability ψi,1 determined the initial occurrence state at site i; the site col-

onization probability γi,t and site persistence probability φ i,t determined the occurrence state

in subsequent years.

The multi-season occupancy model also included the following observation process:

yi;k;tjzi � Bernoulli ðzi;t � pi;k;tÞ

where detection state yi,k,t = 1 if a kestrel was detected at site i during survey k in year t. The

Effects of nest boxes on presence of a declining raptor in a fruit-growing region
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occurrence state zi,t and the detection probability pi,k,t. determined whether a kestrel was

detected at site i during survey k in year t.
We included the 28 segment sites as spatial replicates within the 4 transects. We included

the transect level to account for the potential non-independence associated with using groups

of sites along 4 roads (Fig 1; [33]).

Potential factors affecting kestrel presence, colonization, and persistence. We pre-

dicted that kestrel presence would be more likely at sites with nest boxes. We therefore charac-

terized each survey site based on whether it had nest boxes within 0.8 km of the transect (site
boxes). We chose this distance given that a typical kestrel home range is 0.5 km– 2.4 km in

diameter [18,35] and that the typical kestrel nest box spacing recommendation is 0.8 km apart

[23]; we therefore assumed that a kestrel pair using a nest box would have a home range that

included a large proportion of the survey site. We searched the landscape within 0.8 km of

either side of the transects each year in order to locate any nest boxes installed by other groups

or landowners.

We also considered the potential spatial dependence of sites along a transect. We included

transect ID to account for the possibility that kestrel presence was more similar at sites within

the same transect compared to sites from other transects (transect) [33]. In addition, given the

variation in placement of nest boxes along a transect (Fig 1), we predicted that some kestrel

home ranges could overlap two neighboring sites. We therefore determined whether kestrel

presence was more likely at a site adjacent to a site with a box compared to a site without boxes

in adjacent sites (neighbor box).

We modeled the site occupancy, colonization, and persistence probabilities as follows:

logit ðΨ i;j;1Þ ¼ a0 þ transectj þ a1ðsite boxi;j;1Þ þ a2ðneighbor boxi;j;1Þ

logit ðgi;j;tÞ ¼ a3 þ transectj þ a4ðsite boxi;j;tÞ þ a5ðneighbor boxi;j;tÞ

logit ðφi;j;tÞ ¼ a6 þ transectj þ a7ðsite boxi;j;tÞ þ a8ðneighbor boxi;j;tÞ

where transectj represented the random effect of transect j, and α1,2,4,5,7,8 represented the logit-

linear coefficients for model covariates [33].

Potential factors affecting kestrel detectability. We first considered the potential effects

of survey timing on kestrel detections. Kestrels exhibit conspicuous hunting behaviors, such as

hover-hunting and use of elevated, exposed perches [18]. We predicted that kestrel detections

would be higher during the brood rearing period of the breeding season (June–July for kestrels

using the nest boxes [30]) because this period should correspond to higher hunting activity

due to nestling provisioning. We used Julian date (date) to determine whether kestrels became

more or less conspicuous as the survey season progressed [36]. We also considered whether

detection rates differed between AM and PM survey periods (time).
We also addressed a biological explanation underlying the potential temporal dependence

between initial and return surveys of a site during a survey round. We investigated whether

observer presence during an initial survey of a site influenced kestrel behavior and affected

detection during the return survey (survey). We predicted that kestrels might avoid the survey

area after the initial survey, thus decreasing the detection probability during return surveys.

Finally, kestrel activity at known nest sites can bias survey detections [25]. We attempted to

install nest boxes more than 250 m from the transect in order to avoid this potential bias dur-

ing our surveys of kestrel presence within 250 m of either side of a transect; however, orchard

availability required us to install some boxes within 250 m of a transect, and some of the older

boxes had been installed within 250 m. We instead addressed this potential source of bias in

Effects of nest boxes on presence of a declining raptor in a fruit-growing region
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detectability by determining whether detection rates were higher when nest boxes with active

nesting attempts were within the survey area. We therefore characterized each site based on

whether it had an active nest box within 250 m of the transect (nest distance).
We modeled the detection probability as follows:

logit ðpi;k;tÞ ¼ b0 þ b1ðdatei;k;tÞ þ b2ðtimei;k;tÞ þ b3ðsurveyi;k;tÞ þ b4ðnest distancei;k;tÞ

Model specifications

We estimated model parameters using Markov Chain Monte Carlo (MCMC) methods. For

each model we used uninformative priors and ran two chains for 30,000 iterations, discarding

the first 20,000 runs as burn-in and thinning by 2. We ran all models using package “R2jags”

in Program R (3.3.1) [37]. We assessed convergence by visually inspecting model trace plots

and confirming that values for the potential scale reduction factor were<1.1 for all model

parameters [38]. We identified a covariate effect as important if the 95% credible interval

(CRI) for the posterior mean of the parameter coefficient did not overlap zero [34]. We also

generated estimates for two derived parameters: the estimated number of occupied sites each

year and the annual occupancy-based population growth rate λ [34].

Results

Over the 4 years of this study, we detected kestrels at 22 of the 28 survey sites and during

133 out of 1176 total surveys. We detected kestrels at sites along all 4 transects; however, we

observed kestrels along the western transect in 2016 only, after we had installed nest boxes

during the fall of 2015 (Fig 1). The number of sites occupied by kestrels increased between

2013 and 2016, as the number of boxes we installed increased, with positive occupancy-

based population growth occurring between 2013 and 2014, as well as between 2015 and

2016 (Fig 2).

The covariate coefficient for site box in all ecological process models had 95% CRIs that did

not overlap zero, indicating that nest boxes were an important predictor of first-year site occu-

pancy, site colonization, and site persistence (Table 1). Furthermore, neighbor box had an

Fig 2. Number of sites with nest boxes and mean estimates of number of sites occupied by kestrels

between 2013–2016. Error bars indicate 95% credible intervals. Occupancy-based population growth rates

λ2–4 refer to changes since previous year.

https://doi.org/10.1371/journal.pone.0185701.g002
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important effect on site colonization: sites were more likely to become occupied if an adjacent

site had nest boxes. The random effect of transect did not appear to have an important effect.

Only date had an important effect on detection probability: kestrel detectability decreased

between June and August (Fig 3).

Discussion

As predicted, kestrel presence was more likely at sites with nest boxes; furthermore, kestrels

were more likely to colonize and persist at sites with nest boxes. Adding orchard nest boxes to

Table 1. Multi-season occupancy modeling results for kestrel presence.

95% CRI

Parameter Mean SD 2.5% 97.5%

ψ (first year occupancy) α0 (intercept) 2.16 3.63 -4.94 8.69

α1 (site box) 7.88 1.67 3.88 9.93

α2 (neighbor box) 1.04 2.73 -4.17 6.53

γ (colonization) α3 (intercept) 2.15 3.61 -4.96 8.49

α4 (site box) 5.45 2.68 0.85 9.78

α5 (neighbor box) 5.25 2.63 0.92 9.73

φ (persistence) α6 (intercept) 3.74 3.20 -2.30 9.50

α7 (site box) 7.62 1.88 3.09 9.91

α8 (neighbor box) 0.22 3.38 -6.96 6.82

p (detection) β0 (intercept) -1.64 0.11 -1.87 -1.43

β1 (date) -0.43 0.10 -0.64 -0.23

β2 (time) -0.09 0.098 -0.28 0.052

β3 (survey) -0.138 0.097 -0.33 0.10

β4 (nest distance) 0.036 0.097 -0.15 0.23

transect

Western -0.066 1.37 -3.15 2.79

Eastern -0.66 1.38 -4.33 1.22

Northern 0.87 1.93 -1.02 5.54

Southern 1.41 2.4 -2.76 5.82

Posterior summaries for intercepts, covariate coefficients, and random effect coefficients from the multi-season models for kestrel first-year site occupancy,

site probability, site colonization, site persistence, and detection probabilities. Important covariate effects are indicated in bold (95% CRI does not overlap

zero) [34].

https://doi.org/10.1371/journal.pone.0185701.t001

Fig 3. Predictions of the relationship between Julian date and kestrel detection probability p. Black

line shows posterior mean, and gray lines show the relationship based on a random posterior sample of size

200 to visualize estimation uncertainty [34].

https://doi.org/10.1371/journal.pone.0185701.g003
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additional sites in 2013 and 2015 resulted in an overall increase in kestrel presence between

2013 and 2016. Most notably, the western transect had no sites with nest boxes and no

observed or model-estimated kestrel presence during the 2013–2015 seasons; however, we

observed kestrels in 2016 following the installation of boxes. Combined with the high rates of

orchard nest box use in this region [30], these results indicate that the local kestrel population

is indeed limited by nest site availability. Previous research has shown that habitat quality is

the primary driver of occupancy dynamics [39]. Our results support this finding and indicate

that improving habitat quality at the territory level can increase the occupancy and persistence

of local populations by increasing the likelihood of colonization of potential territories and

decreasing the extinction risk for those territories.

Additionally, as predicted, sites neighboring those with boxes were more likely to become

colonized, probably due to home ranges overlapping the two sites or a conspecific attraction

effect causing kestrels to settle at sites neighboring occupied sites. As a result, the number of

occupied sites in 2014 and 2016 exceeded the number of sites with boxes (Fig 2). However, the

lack of an important effect of neighbor box on site persistence suggests that boxes in neighbor-

ing sites do not have as strong of an influence on kestrel site occupancy as boxes in the site

itself. One explanation for the lack of an important effect of neighbor box on site persistence is

that the sizes and shapes of kestrel home ranges likely vary each year. Thus, a site without

boxes that is colonized by kestrels using a new nest box in the neighboring site may not remain

occupied the following year if the kestrel pair using the box has a smaller or differently-shaped

home range that does not include the neighboring site. Given the strong relationship between

the presence of nest boxes at a site and kestrel site occupancy, installing additional boxes at the

sites that still lack them would be necessary to potentially ensure kestrel presence at all sites,

regardless of kestrel pair home range sizes. Future work is therefore needed to determine the

saturation point for increasing kestrel presence using nest boxes in this region.

Julian date had a negative effect on kestrel detectability; kestrel detections decreased

between June and August. Previous research [40] has shown a decrease in Eurasian Eagle-Owl

(Bubo bubo) detections over the breeding season for unsuccessful breeders only, which the

authors attributed to a decrease in conspicuous territorial behaviors after reproductive failure.

Because kestrels using the new nest boxes during this study showed a 91% success rate, the

decrease in detections observed during this study is more likely due to another source of

behavioral change rather than reproductive failure. An alternative explanation is that kestrels

are less conspicuous later in the breeding season due to lower hunting activity, as we predicted.

Prey consumption requirements for breeding kestrels increase when the eggs hatch because

the adults must provision their young [41], and while prey requirements for the family remain

high after fledging, the adults cease provisioning the young within 3 weeks after fledging [42].

Thus, adult kestrel hunting activity is likely highest during the brood rearing period (June–

July in our study) and may decrease during the postfledging period (July—August). The

decrease in detections during the postfledging period may have also resulted from adults dis-

persing along with fledglings during the postfledging period prior to migration [32]. Without

information on adult movements during the postfledging period, we cannot conclude whether

our assumption of population closure was violated.

None of the remaining covariates had important effects on kestrel detectability. The lack of

an effect of time suggests that kestrels are equally conspicuous in the morning and afternoon.

This conclusion is supported by previous observations that kestrels hunt throughout the day

without apparent peaks in activity [41]. The lack of an effect of survey suggests that observer

presence during the initial survey did not affect kestrel detectability during the return survey,

thus any potential temporal dependence between surveys is not the result of a behavioral

response to the observer. Finally, site distance did not have an important effect, which indicates

Effects of nest boxes on presence of a declining raptor in a fruit-growing region
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that detections were not biased towards kestrel activity at boxes with active nesting attempts

within 250 m of the transect. This conclusion is further supported by the fact that we made no

kestrel sightings at a nest box. The results from the detectability model indicate that kestrel

researchers have flexibility in the timing of their surveys during the day and the placement of

survey sites with regard to nest boxes.

Although kestrels are conspicuous open-habitat raptors, the occupancy model estimated

our detection probabilities as<0.4 (Fig 3). These detection probabilities are lower than those

reported from occupancy models for Peregrine Falcons [43], California Spotted Owls [44],

and Cooper’s and Sharp-shinned Hawks [45]. The first explanation for the low detectability of

kestrels during our study is that kestrels were not always within the 1.6 km × 500 m survey site

areas and therefore were not available for detection during all surveys [36]. Another explana-

tion is that we conducted passive surveys and did not lure kestrels using either prey [44] or

broadcasts of conspecific calls [45].

Study limitations

Our results support the conclusion that nest boxes determined the presence of kestrels at our

study sites; however, our study design and modeling framework do no allow us to conclude

that the breeding kestrel population has increased as a direct result of nest box installation. It is

possible that the installation of nest boxes in the survey sites drew in breeding kestrels that had

used other territories previously; the true nature and extent of nest site-limitation cannot be

determined without also monitoring other sources of cavities throughout the region [24]. Nev-

ertheless, our results provide strong evidence that the breeding kestrel population in this

region is either limited by the number of nest sites available or prefers nest boxes for breeding.

Our survey design also included logistical constraints; we maximized the spatial and tempo-

ral replicates needed for occupancy modeling at the possible expense of introducing unre-

solved spatial and temporal dependence between sites and surveys. However, we included

additional variables in our ecological and observation models to attempt to identify and

explain possible biological sources for any dependence. We found that adjacent sites were

dependent in that sites neighboring those with nest boxes were more likely to be colonized by

kestrels than sites neighboring those without boxes. We also did not find an important differ-

ence in detections among initial and return surveys, which suggests that observer presence

during the initial survey did not affect kestrel detectability during the return survey; however,

the pairs of surveys could still be dependent in other ways. Nevertheless, we do not expect that

temporal dependence significantly biased our detectability estimates because we observed all

possible combinations of detection and nondetection for pairs of initial and return surveys

(i.e. 00, 11, 01, and 10).

Conclusions

Although our results do not directly correspond to an increase in the breeding kestrel popula-

tion, our results indicate that kestrels in this fruit-growing region are more likely to choose

breeding territories with nest boxes. Given the high reproductive success observed at nest

boxes in this region [30], we therefore expect that orchard nest boxes can benefit the conserva-

tion of breeding kestrels in fruit-growing regions. Furthermore, increasing kestrel presence in

and around orchards could enhance the ecosystem services provided by kestrels. Previous

studies of raptors in agroecosystems have focused mainly on Barn Owls (Tyto alba) and their

diets [46]; ongoing work therefore aims to examine the effects of kestrel presence and preda-

tion on prey abundances in orchards.
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In addition, our territory-level results are highly relevant to the farmers and landowners on

whose properties the boxes were installed, for we can conclude that installing a nest box in an

orchard resulted in a high probability of kestrels occupying that orchard or the areas adjacent

to it. Our results could encourage additional farmers to install and maintain nest boxes in

fruit-growing regions where agricultural practices create open hunting habitat for kestrels that

are therefore limited in these habitats primarily by nest site availability. Ongoing work aims to

further inform box installation practices by exploring the relationship between the number of

boxes installed at a site and kestrel presence in a fruit-growing region with lower nest

box occupancy rates than observed in this region. Two major issues with nest box programs

that can potentially be detrimental to kestrel populations are placement of boxes in low quality

habitat and the installation of boxes that are not monitored or maintained [24]. Thus, installa-

tion of nest boxes in appropriate habitats and continued monitoring of these boxes following

installation is important for effective nest box programs, and encouraging landowner engage-

ment and investment in the boxes is important for the sustainability of nest box programs.
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