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ABSTRACT Understanding how predators respond to fluctuations in prey density has important
conservation andmanagement implications, particularly for threatened and endangered specialists. However,
directly linking prey densities to predator behavior and demography over broad spatial and temporal scales is
rare, in part, because it can be prohibitively expensive and time-consuming to quantify prey density over large
areas. We link nesting data collected by a long-term monitoring program for the endangered snail kite
(Rostrhamus sociabilis plumbeus) with 44 density estimates of its primary prey, the Florida apple snail (Pomacea
paludosa), collected by multiple, smaller-scale studies from 2002 to 2010. We found evidence that key
components of kite breeding biology—nest density and the number of young fledged per successful nest—
were positively related to snail density. Although previous studies have shown that densities greater than
approximately 0.1–0.2 snails/m2 may be necessary to sustain profitable foraging and that capture times for
individual foraging kites begin to level off as snail densities exceed approximately 0.4 snails/m2, we found
continued numerical responses in snail kite reproductive parameters at greater snail densities. At occupied
sites (i.e., snail-sampling sites in which �1 snail kite nest was present within a 2-km radius during the
primary sampling period: Mar–May), the average snail density was 0.45 snails/m2 (SE¼ 0.12, n¼ 17),
whereas that of unoccupied sites was 0.12 snails/m2 (SE¼ 0.02, n¼ 27). Along the snail density gradient
from 0.2 to 0.4 to 1.2 snails/m2, model predictions indicated that 1) the probability of site occupancy (by
nesting kites) increased from 0.48 to 0.69 to 0.90, 2) local nest abundance of occupied sites increased from 4
to 7 to 16 nests, and 3) the probability of a successful nesting attempt fledging more than 1 young increased
from 0.02 to 0.07 to 0.43. We found no evidence of a snail density effect on nest survival. Understanding the
differential effects of snail density on various components of snail kite breeding biology is essential to the
development and implementation of management tools used for snail kite conservation and Everglades
restoration. Published 2014. This article is a U.S. Government work and is in the public domain in the USA.
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Demographic parameters of many predator populations are
closely linked to variations in prey density (Newton 1998,
Sibly and Hone 2002), with dietary specialists often showing
stronger numerical responses than generalists (Andersson
and Erlinge 1977, Newton 1979). Indeed, dietary speciali-
zation has been implicated in the extinction risk of numerous
taxa (McKinney 1997, Owens and Bennett 2000, Boyles and
Storm 2007). Understanding the response of predators to
fluctuations in prey density has important conservation and
management implications, particularly for imperiled species
that specialize on prey.

Estimating prey densities over broad spatial and temporal
scales, however, can be prohibitively expensive and time-
consuming. Although most recovery programs of threatened
and endangered species contain a monitoring component for
the focal population itself, many lack monitoring data for
associated prey species (Campbell et al. 2002). Such
information gaps can hinder our abilities to make informed
management decisions and to quantitatively assess threats to
populations (Lawler et al. 2002). However, monitoring
programs of many threatened and endangered predators have
amassed long-term datasets with extensive geographical
coverage (Dennis et al. 1991, Campbell et al. 2002), and
relevant data for associated prey species may have been
collected (at some overlapping scale) by previous (possibly
unrelated) studies. Integrating pre-existing datasets is a
potentially valuable yet underutilized approach, especially
when insufficient resources preclude the implementation of
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complementary predator–prey monitoring programs. Al-
though such datasets may not be as tightly coupled as data
collected in a coordinated protocol, the integration of pre-
existing datasets can be an important first step for filling
information gaps where time-sensitive management deci-
sions (particularly for critically endangered species) cannot be
delayed.
We analyzed nesting data collected by a long-term

monitoring program of an endangered raptor, the snail
kite (Rostrhamus sociabilis plumbeus), and density data
collected by multiple, relatively smaller-scale studies of its
primary prey, the Florida apple snail (Pomacea paludosa), to
assess the effects of prey density on kite breeding biology. The
range of the snail kite in the United States is confined to the
freshwater wetlands of central and southern peninsular
Florida (Bennetts and Kitchens 1997, Martin et al. 2006).
Kites feed almost exclusively on a single genus of aquatic snail
(Pomacea), and historically on a single species (P. paludosa;
Sykes 1987a; see Cattau et al. 2010 regarding kites foraging
on the newly introduced P. maculata, which was recently
synonymized with P. insularum; Hayes et al. 2012). The
viability of the endangered snail kite population is likely
dependent on the hydrologic conditions (both short-term and
long-term) that 1) maintain sufficient densities of apple
snails, 2) support snail availability to kites (e.g., kites cannot
capture snails in dry down conditions or in high stem density
marsh; see Sykes et al. 1995), and 3) provide suitable
conditions for snail kite foraging and nesting, which include a
mosaic of different plant communities (Bennetts and
Kitchens 1997, U.S. Fish and Wildlife Service
[USFWS] 1999). Habitat fragmentation and hydroscape
alteration over the past century have resulted in a highly
compartmentalized and intensively managed network of
wetland units, rendering many wetlands unsuitable for kite
use (Bennetts et al. 1994, USFWS 1999). A primary objective
of the snail kite recovery plan, as well as the Comprehensive
Everglades Restoration Plan, is to develop water management
regimes that better approximate the historical conditions that
once supported the kite population (USFWS 1999, 2010;
RECOVER 2005). Previous research has elucidated the
effects of hydrology on plant community dynamics (e.g.,
Zweig and Kitchens 2008) and on the movement, survival,
and reproduction of both snail kites (e.g., Bennetts and
Kitchens 1997; Martin et al. 2006, 2008) and apple snails
(e.g., Darby et al. 2002, 2005, 2008). Surprisingly, no data
directly link variation in apple snail density (or availability)
with the demography of snail kites (but for foraging-related
studies see Bennetts et al. 2006; Darby et al. 2006, 2012).
Nonetheless, as drying events can render apple snails
unavailable to foraging kites (Sykes et al. 1995), insufficient
prey availability has frequently been implicated (circumstan-
tially) in decreased survival and reproduction of kites in
wetlands experiencing low water levels (e.g., Beissinger 1995;
Mooij et al. 2002; Martin et al. 2006, 2008).
The snail kite population in Florida has declined by more

than 50% (to fewer than 1,500 individuals) since 1999
(Martin et al. 2007a), largely because of decreased
reproduction and recruitment (Martin et al. 2008). In

relation to maintaining the long-term stability of the snail
kite population, Water Conservation Area 3A (WCA3A)
has often been considered one of the most critical wetlands
within the kite’s range, acting as a stronghold for kite
reproduction since the early 1970s (Bennetts et al. 1994;
USFWS 1999, 2010; Martin et al. 2007a, 2008); however,
nest numbers and fledgling production in WCA3A
decreased sharply after 1998 (Martin et al. 2008). Multiple
factors have likely contributed to these observed declines,
including short-term natural disturbances (e.g., dry downs)
and long-term habitat degradations (e.g., the conversion of
wet prairies to sloughs; Martin et al. 2008, Zweig and
Kitchens 2008), as well as declines in apple snail densities
(Darby et al. 2005). Given that reproduction may be largely
limiting snail kite population growth and recovery (Martin
et al. 2008), understanding how apple snail density (in
conjunction with other factors) affects kite reproduction is
critical to conservation planning.
Using pre-existing datasets from multiple studies con-

ducted in WCA3A over a 9-year period (2002–2010), we
linked snail density estimates to reproductive parameters of
the snail kite. Our objectives were to determine the effects of
snail density on the presence and abundance of nests, nest
survival, and the number of young fledged per successful nest,
as these reproductive metrics provide essential information
for modeling population demography (Beissinger 1995,
Martin et al. 2008) and are often used as performance
measures by natural resource managers
(USFWS 1999, 2010). Snail kites are nomadic (Bennetts
and Kitchens 2000) and typically non-territorial, nesting
solitarily or in loose colonies (Sykes 1987b, Bennetts
et al. 1988). Given that nomadic specialist predators often
track prey resources without a lag time (Andersson and
Erlinge 1977, Terraube et al. 2012), we predicted that snail
density (a key component of prey availability) would
influence the occurrence and abundance of snail kite nests.
Breeding performance of raptors can also be limited by food
resources (Newton 1979, 1998), and previous authors have
suggested that snail kites may abandon nests or provision
fewer young in times of food stress (Beissinger and
Snyder 1987, Sykes 1987b). Consequently, we predicted
that nest survival and the number of young fledged per
successful nest would increase with increasing snail density.

STUDY AREA

Located near the center of the remnant Everglades
ecosystem, WCA3A is an impounded wetland bordered
by Big Cypress National Preserve to the west and Everglades
National Park to the South. All data used in our study were
collected in the approximately 130,000-ha section of
WCA3A lying south of Alligator Alley (see Bennetts
et al. 1988, Darby et al. 2006).

METHODS

Data Collection
Apple snail (P. paludosa) densities were estimated at
numerous sites in WCA3A from 2002 to 2010 (see Table 1
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and below), and were initially collected to address the effects
of hydrology and vegetation on snail density and reproduc-
tion (Darby et al. 2005, Karunaratne et al. 2006). A portion
of these data were also used to assess the role of snail density
in foraging patch selection (Bennetts et al. 2006, Darby
et al. 2006) and foraging success (Darby et al. 2012) of snail
kites. In all studies, site-specific snail densities (corrected for
capture probability) were estimated using the throw trap
method, with an average of 75 (SD¼ 27) 1-m2 aluminum-
walled traps (deep enough to contain the entire water
column) deployed across approximately 1 ha of each site
sampled during a given year (detailed in Darby et al. 1999).
We used data from 16 sites, many of which were sampled
multiple times over the 9-year period, resulting in 44 separate
snail density estimates from unique site-years (hereafter sites;
Table 1). As kites rarely consume snails smaller than 20mm
(Sykes 1987a, Cattau et al. 2010), we considered only
densities of so-called adult-sized snails (>20mm; sensu
Darby et al. 2012) in our analyses.
Snail kite nests in WCA3A were located during systematic

surveys conducted at regular intervals throughout the breeding
season as part of a long-term population monitoring program.
Surveys were conducted by experienced observers, and to the
extent possible, survey effort was uniform acrossWCA3A and
constant among years. Nest searching and monitoring
protocols are detailed elsewhere (Bennetts et al. 1988;
Bennetts and Kitchens 1997; Martin et al. 2007a, 2008).
We used only nests containing at least 1 egg or young during
the primary sampling period (Mar–May) in our analyses, and
we considered nests successful when at least 1 nestling reached
24 days old (i.e., 80% of average fledging age; Steenhof 1987,
Bennetts and Kitchens 1997).
Using sampling (and monitoring) dates and global

positioning system coordinates of snail-sampling sites and
observed kite nests, we integrated overlapping data based on
temporal and spatial selection criteria (see below), pairing
each nest with a site-specific snail density estimate. Although
we were primarily concerned with determining how kite
reproduction was affected by variation in snail densities, some
analyses also warranted consideration of hydrologic effects
(see below) because hydrology may have a proximate bearing
on certain aspects of snail kite behavior and demography
(Beissinger 1995, Bennetts and Kitchens 1997).We obtained
daily water level data for WCA3A from the 3-gauge average

(station CA3AVG) maintained by the South Florida Water
Management District (SFWMD; see USFWS 2010). We
also obtained daily water depths specific to kite-nest and
snail-sampling site locations from the Everglades Depth
Estimation Network (EDEN), which interpolates continu-
ous water surface data at 400-m� 400-m resolution across
WCA3A (Palaseanu and Pearlstine 2008, Liu et al. 2009).

Linking Datasets
To integrate datasets, we took care to ensure that data were as
biologically relevant and comparable as possible. Given the
nature of the data, we had to make 2 critical assumptions: 1)
that the snail density measured at a site with which a nest was
paired was representative of the snail density encountered by
the respective kite(s) when deciding to nest (which may
affect nest presence and abundance) and when foraging after
a nest was established (which may affect nest survival and the
number of young fledged), and 2) that the relationship
between snail density and snail availability (the former being
used as a proxy for the latter) was constant among sites. No
foraging observations or home range estimates were available
for the breeding kites whose nests we used in the analyses;
therefore, we attempted to minimize potential bias that may
arise from a violation of the first assumption by using snail
density and kite nesting data that were temporally and
spatially proximal. We used snail density estimates from sites
that were sampled during the primary snail kite breeding
season, which typically spans from January to June (Bennetts
and Kitchens 1997). Given that sampling at these sites
occurred almost entirely inMarch, April, andMay (Table 1),
we restricted our analyses to nests that contained eggs or
young during at least part of this time period. Snail kites
generally forage within 2 km of their nests, but they have
been observed occasionally traveling >6 km (Beissinger and
Snyder 1987, Sykes et al. 1995). Field work conducted in
WCA3A in 2011 found that 99% of the foraging bouts made
by nesting kites fell within 2 km of the nest, with a maximum
distance traveled of 2.7 km (W. M. Kitchens, U.S. Geologi-
cal Survey, and R. J. Fletcher Jr., University of Florida,
unpublished data). Thus, we further restricted our analyses to
nests that were �2 km from the centroid of a snail-sampling
site (mean� SD: 1.2� 0.5 km). Given the distances between
snail-sampling sites, we paired each nest with a single site-

Table 1. Midpoint sampling date (month/day) for 44 snail density estimates from 16 sites in Water Conservation Area 3A (WCA3A), Florida, USA, 2002–
2010 (excluding 2008, in which no snail sampling occurred). Site numbers from previous studies (Darby et al. 2009, 2012) were retained for comparison. Note
that site-years are simply reffered to as sites in the text.

Year

Site

1 2 3 5 6 10 11 12 13 14 15 16 17 18 19 20

2002 3/13 3/16 3/16 3/28 3/29 3/30
2003 3/15 4/3 3/25 4/6 4/22 5/1
2004 4/20 4/20 4/23 4/29 4/11 4/2 4/12 4/14 4/16
2005 4/8 4/9 4/18 4/13 4/19 4/12
2006 3/12 3/10 4/14 4/15 3/6 3/6 4/2 4/16
2007 3/17 4/1
2009 4/10 5/1 4/30 4/30
2010 6/3 5/9 5/10
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specific snail density estimate. Note that we evaluated the
data using a more conservative �1-km cutoff and obtained
similar results; however, parameter estimation in some
analyses was problematic because of sample size limitations.
As for the second assumption, several factors other than (or

in combination with) snail density can influence the
availability of snails to foraging kites, but potential bias
introduced by these factors was likely minimal. Although
temperatures less than approximately 138C have a strong
negative influence on apple snail activity (Stevens et al. 2002)
and kite foraging success (Cary 1985), the average daily air
temperature inWCA3A during the primary sampling period
(Mar–May) ranged from 21.68C in 2005 to 24.88C in 2003
(SFWMD, station 3AS3WX; note that no data were
available for 2006). Consequently, temperature likely had a
minimal effect on variation in snail availability. Second,
drying events can reduce apple snail availability because snails
frequently burrow in the substrate when water falls to or
below ground level (i.e., �0 cm; Darby et al. 2008). Water
depths at snail-sampling sites temporarily fell to �0 cm
(during the period Mar–May) on only 2 occasions, but snail
density (and likewise, snail availability) at each site was so
low (0.00 and 0.03 snails/m2) that any additional negative
effect of dry conditions on snail availability can be safely
ignored. Finally, snail availability can vary among habitat
types, as vegetation can be an impediment (visually and/or
physically) to snail kite foraging (Sykes 1987a, Bennetts
et al. 2006). Most snail sampling in WCA3A occurred in
similar habitat (i.e., low to moderate stem density emergent
marsh dominated by Eleocharis spp. and Panicum spp.), and
minor variation in vegetation structure among sites was
unlikely to have significant effects on snail availability (Darby
et al. 2009, 2012). Although site selection does limit our
inferences to certain habitat types, low to moderate stem
density emergent marsh is the most commonly used foraging
habitat of snail kites (Sykes 1987a, Bennetts et al. 2006).
Darby et al. (2012) suggested that densities greater than

approximately 0.1–0.2 snails/m2 may be necessary to sustain
profitable foraging (for non-breeding snail kites) and that
foraging efficiency may level off as densities exceed
approximately 0.4 snails/m2. Snail density estimates used
in our study ranged from 0.00 to 1.78 (mean� SD:
0.23� 0.35) snails/m2. Within-year minimum and maxi-
mum snail density estimates differed by a factor of
approximately 3–40 (except in 2010 when min. and max.
density only differed by a factor of 1.1), providing a suitable
range and sufficient variability to test our hypotheses.

Data Analysis
To assess the effects of snail density and other biologically
relevant variables (below) on kite reproduction, we created an
a priori model set for each of the 4 response variables of
interest (nest presence and abundance, nest survival, and the
number of young fledged per successful nest; defined below).
We used generalized linear models (GLMs) with the
appropriate error distributions and link functions to generate
maximum likelihood estimates of parameter values (McCul-
lagh and Nelder 1989). We ranked models and evaluated

their relative performance using Akaike’s Information
Criterion corrected for small sample size (AICc) and AICc

weights (wi; Burnham and Anderson 2002). We considered
effects of a covariate significant when the 95% confidence
interval for its parameter estimate did not overlap 0. When
we found model selection uncertainty, we used high-ranking
models (i.e., DAICc< 4) to calculate model-averaged
parameter estimates and unconditional 95% confidence
intervals (Burnham and Anderson 2002). We log-trans-
formed snail density (þ0.01) prior to all analyses (Darby
et al. 2012). We conducted statistical analyses in program R,
version 2.15.0 (R Development Core Team 2012).
Nest presence and abundance.—We defined local nest

abundance (i.e., site-specific nest abundance) as the
maximum number of simultaneously occurring nests
recorded within a 2-km radius (of the centroid) of each
snail-sampling site during the primary sampling period
(Mar–May) in a given year. As parental duties in snail kites
are shared (Sykes et al. 1995), our definition of nest
abundance equates to the number of breeding pairs. We used
the maximum number of co-occurring nests rather than the
total cumulative number of nesting attempts to define local
nest abundance (and to compare relative abundances among
sites) because of the potential for the latter to be biased by
among-site differences in nest survival and re-nesting rates.
We defined occupied sites as those snail-sampling sites in
which local nest abundance was �1 nest. We modeled nest
presence (i.e., occupied vs. unoccupied sites; n¼ 44 sites)
using binomial GLMs (logit link). We modeled nest
abundance of occupied sites (n¼ 17 sites) using negative
binomial GLMs (log link). Both analyses included the same
set of independent variables. In addition to snail density, we
included average daily water depth (Mar–May) in the snail-
sampling site as a covariate (derived from EDEN data), as
kites may use water depth as a direct cue in nest site selection
(Sykes 1987b, Bennetts et al. 1988). We included year as a
nuisance categorical variable to account for annual variation
that may derive from factors beyond the scope of our study
(e.g., habitat conditions in other wetlands, fluctuating size of
the overall kite population). We started with a global model
that included all 3 covariates (additive effects only) and
considered all possible reduced models.
Nest survival.—Low water levels can expose kite nests to

terrestrial predators leading to depredation and can weaken
supporting vegetation leading to collapse (Sykes 1987b,
Snyder et al. 1989). Our primary goal was to test for the effect
of snail density on nest survival while also accounting for
proximate hydrologic effects. Time-specific targets for the
annual hydrologic cycle in WCA3A are based on daily mean
water level data from the CA3AVG station (USFWS 2010).
Two hydrologic metrics derived from these data have been
shown to influence annual apparent snail kite nest success.
The annual minimum water level is positively correlated with
nest success, whereas the recession rate from 1st January to
the date on which the minimum level was reached is
negatively correlated with nest success (Cattau et al. 2008,
USFWS 2010). We implemented package RMark (White
and Burnham 1999, Laake and Rexstad 2009) to assess the
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factors influencing daily survival rate of nests (detailed in
Dinsmore et al. 2002). Seventy-six nests that had multiple
visits (constituting 2,302 exposure days) met our selection
criteria, and the number of exposure days observed annually
ranged from 42 in 2007 to 925 in 2002 (note that no known-
fate nests met the criteria in 2005 or 2009). This framework
allows for the inclusion of time-dependent variables and
greatly improves the ability to simultaneously assess
multiple covariates (Rotella et al. 2004). Therefore, in
addition to year-specific variables, we considered 2 other
hydrologic variables: 1) the daily mean water level across
WCA3A as a time-specific covariate (data from station
CA3AVG), and 2) water depth on the day each nest was last
checked as a nest-specific covariate (data from EDEN).
Because the 4 hydrologic variables were highly correlated,
we did not consider models containing more than 1
hydrologic term.
Young fledged.—We modeled the number of fledglings per

successful nest as a function of snail density using GLMs
with Gaussian error and the identity link. When analyzing
bounded count data with means less than 2, linear regression
often outperforms both Poisson and multinomial regressions
(McDonald and White 2010). We included only nests in
which the number of fledglings could be confirmed (n¼ 29
nests) in the analysis. To account for the possibility that food
resources may decline throughout the breeding season (and
that this may be a function of predator density), we also
tested for effects of time (i.e., Julian date on which the nest
was considered successful), local nest abundance (site-
specific), and their interaction.

RESULTS

Nest Presence and Abundance
Local nest abundance (within a 2-km radius of a snail-
sampling site) ranged from 0 to 28 nests. The proportion of
occupied sites (i.e., sites with �1 nest present) and the
average number of nests per site (and per occupied site)
increased incrementally as snail densities went from <0.2 to
0.2–0.4 to >0.4 snails/m2 (Table 2). The average snail
density of sites occupied by nesting kites was 0.45 snails/m2

(SE¼ 0.12, n¼ 17), whereas that of unoccupied sites was
0.12 snails/m2 (SE¼ 0.02, n¼ 27). The average snail density
of occupied sites with high nest abundance (i.e., �5 nests)
was 0.80 snails/m2 (SE¼ 0.19, n¼ 8), whereas that of
occupied sites with low nest abundance (i.e., 1–4 nests)
was 0.14 snails/m2 (SE¼ 0.03, n¼ 9).
All highly ranked models (i.e., DAICc< 4) explaining the

probability of nest presence included a snail-density effect

(Table 3). The univariate snail-density model was the top-
ranked model (with 52% of the AICc weight; Table 3) and
indicated that the probability of nest presence increased with
snail density (b¼ 1.24, 95% CI¼ 0.46–2.29; Fig. 1A). The
model-averaged estimate showed a similar snail-density
effect (b¼ 1.25, 95% CI¼ 0.07–2.42). Although average
water depth (Mar–May) at the snail-sampling site was
included in the second-ranked model (Table 3), its relatively
minor positive effect on the probability of nest presence was
not significant (b¼ 0.05, 95% CI¼�0.03–0.16). The
model-predicted probability of a site being occupied by
�1 snail kite nest increased from 0.48 to 0.69 to 0.90 as snail
densities increased from 0.2 to 0.4 to 1.2 snails/m2 (Fig. 1A).
The top-ranked model explaining local nest abundance (of

occupied sites) held 60% of the AICc weight (Table 3) and
indicated that nest abundance increased with snail density
(b¼ 0.63, 95% CI¼ 0.33–0.94) and, to a lesser extent,
average water depth (Mar–May) at the snail-sampling site
(b¼ 0.04, 95% CI¼ 0.002–0.08). The univariate snail-
density model was the second-ranked model (holding 40% of
the AICc weight and differing from the top model by only
0.81 AICc units; Table 3) and indicated a slightly stronger
(though statistically equivalent) snail-density effect
(b¼ 0.73, 95% CI¼ 0.41–1.08; Fig. 1B). All highly ranked
models included snail density (Table 3), and the model-
averaged estimate revealed a similar effect (b¼ 0.68, 95%
CI¼ 0.33–1.03). Predicted mean nest abundance increased
from 4 to 7 to 16 nests as snail densities increased from 0.2 to
0.4 to 1.2 snails/m2 (Fig. 1B).

Nest Survival
The top-ranked model explaining the daily survival rate of
nests was the univariate model that included the annual
minimum water level inWCA3A (Table 4), which indicated
a positive effect (b¼ 1.00, 95% CI¼ 0.11–1.90). None of
the other univariate models ranked above the intercept-only
model (Table 4) nor did they show evidence of significant
covariate effects (snail density: b¼ 0.13, 95% CI¼�0.11–
0.37; annual recession rate: b¼�1.98, 95% CI¼�17.10–
13.13; daily water levels in WCA3A: b¼ 0.33, 95%
CI¼�0.61–1.26; water depth at the nest: b¼�0.01,
95% CI¼�0.03–0.01). Univariate hydrologic models were
not significantly improved by the addition of a snail-density
effect, and only 1 such model (annual minimum water
levelþ snail density) ranked above the intercept-only model
(Table 4). Parameter estimates from this model (annual
minimum water level: b¼ 0.97, 95% CI¼ 0.09–1.85; snail
density: b¼ 0.11, 95% CI¼�0.12–0.34) were similar to
estimates from the respective univariate models.

Table 2. The proportion of sites occupied by �1 snail kite nest within a 2-km radius and the average number of nests per site for 3 ranges of snail densities
measured in snail-sampling sites in Water Conservation Area 3A (WCA3A), Florida, USA, 2002–2010 (excluding 2008, in which no snail sampling
occurred).

Snail density (snails/m2) Number of sites Proportion of sites occupied Nests per site, mean (SE) Nests per occupied site, mean (SE)

<0.2 32 0.25 0.6 (0.3) 2.5 (0.8)
0.2–0.4 6 0.50 2.8 (2.4) 5.7 (3.5)
>0.4 6 1.00 13.8 (3.8) 13.8 (3.8)
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Young fledged
Successful nests fledged an average of 1.38 (SD¼ 0.56)
young. The top-ranked model explaining the number of
young fledged per successful nest was the univariate snail-
density model, which held 46% of the AICcweight (Table 5).
This univariate model indicated that the number of young
fledged per successful nest increases with snail density
(b¼ 0.25, 95% CI¼ 0.09–0.42; Fig. 2A). Model-averaged
parameter estimates indicated a similar snail-density effect
(b¼ 0.25, 95% CI¼ 0.06–0.45), whereas effects of Julian
date (b¼�0.004, 95% CI¼�0.015–0.007) and nest
density (b¼ 0.01, 95% CI¼�0.03–0.05) were not signifi-
cant.
Because only 1 nest fledged 3 young and it was associated

with the greatest measured snail density (i.e., 1.78 snails/m2;
Fig. 2A), we reran the GLMs excluding this data point to
ensure it was not driving the significant relationship. Given
the binary outcome of this censored dataset, we used
binomial GLMs with the logit link to model the probability
of fledging 2 (rather than 1) young. Again, the top-ranked
model was the univariate snail-density model (Table 5),
which indicated a positive snail-density effect (b¼ 2.05, 95%
CI¼ 0.58–4.32). The model-predicted probability of a
successful nest fledging 2 (rather than 1) young increased
from 0.02 to 0.07 to 0.43 as snail densities increased from 0.2
to 0.4 to 1.2 snails/m2 (Fig. 2B).

DISCUSSION

By combining pre-existing, spatiotemporally overlapping
datasets from 1) a long-term monitoring program of the
endangered snail kite and 2) multiple, smaller-scale studies of
the Florida apple snail conducted in WCA3A from 2002 to
2010, we found strong correlations in some aspects of snail
kite reproduction and snail density. Our results indicate that
observed differences in nest presence and abundance at a

local scale (i.e., within a 2-km radius of a snail-sampling site)
are largely attributable to variations in snail density, and to a
lesser extent, to average water depths during the primary
breeding season. We also found a positive association
between snail density and the number of young fledged per
successful nest. Yet we found no support for an effect of snail
density on nest survival.
Predators can exhibit 2 types of responses to fluctuations in

prey densities: functional (e.g., variation in prey consumption
rate or diet composition) and numerical (e.g., variation in
relative or absolute abundance through either aggregational
or demographic mechanisms; Solomon 1949). The response
of generalist predators is often functional, whereas that of
specialists is typically numerical (Andersson and
Erlinge 1977, Newton 1979). Demographic parameters of
many specialist predators are closely linked to variations in
prey density, and numerical responses can be direct or
delayed (Newton 1998, Sibly and Hone 2002). The local
abundance of breeding pairs of nomadic specialists often
tracks prey densities without a substantial lag time, and the
direct numerical response typically represents a relative
change in distribution due to immigration and emigration
(Andersson and Erlinge 1977, Korpimaki and
Norrdahl 1991, Newton 1998). If prey density is limiting,
individuals attempting to exploit areas of low prey density
may experience reduced rates of survival and reproduction,
and a delayed numerical response may be manifest in
declined abundance at a local (or population) scale in the
future. Our results indicate that snail kites likely adjust local
nest numbers (via habitat selection) in accordance with
fluctuations in snail density, thus exhibiting a direct
numerical response in relative breeding density. We also
found that snail density may be limiting brood size at
fledging, which could potentially affect kite abundance at the
population level.

Table 3. Model selection results explaining presence and abundance of snail kite nests within 2 km of snail-sampling sites in Water Conservation Area 3A
(WCA3A), Florida, USA, 2002–2010 (excluding 2008, in which no snail sampling occurred). We compared models using Akaike’s Information Criterion
corrected for small sample size (AICc) and AICc weights (wi). We report model differences (DAICc) as a measure of comparison. We modeled nest presence
with generalized linear models (GLMs) with binomial error and the logit link using data from all 44 sites. We modeled nest abundance (of occupied sites)
with GLMs with negative binomial error and the log link using data from sites in which �1 nest was present (n¼ 17 sites). Covariates included snail density,
average water depth (Mar–May) at the snail-sampling site, and a categorical year effect.

Response Model Ka AICc DAICc wi

Nest presence Snail density 2 51.65 0.00 0.52
Snail densityþwater depth 3 52.59 0.94 0.32
Snail densityþ year 9 55.28 3.64 0.08
Water depth 2 56.36 4.71 0.05
Snail densityþwater depthþ year 10 58.44 6.79 0.02
Intercept only 1 60.80 9.15 0.01
Year 8 62.70 11.06 0.00
Water depthþ year 9 64.34 12.70 0.00

Nest abundance Snail densityþwater depth 3 93.37 0.00 0.60
Snail density 2 94.18 0.81 0.40
Water depth 2 102.47 9.10 0.01
Intercept only 1 105.01 11.64 0.00
Year 6 109.66 16.29 0.00
Snail densityþ year 7 112.28 18.91 0.00
Water depthþ year 7 112.79 19.42 0.00
Snail densityþwater depthþ year 8 113.41 20.04 0.00

a Number of parameters.
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The snail kite is an extreme dietary specialist (Sykes 1987a),
and although rare instances of alternative prey items being
taken by kites in Florida have been documented (Sykes
et al. 1995), snail kites in the United States principally
exhibit numerical responses to fluctuations in apple snail
density (Takekawa and Beissinger 1989). Darby et al. (2006)
found that the density of foraging kites (individuals/km2)
was positively related to snail density and noted that no kites
were observed foraging proximal to sites with snail densities
below 0.14 snails/m2. Darby et al. (2012) propose that
densities greater than approximately 0.1–0.2 snails/m2 may
be necessary to support profitable foraging. Our results show

a similar direct numerical response; few sites with densities
below 0.2 snails/m2 were occupied by kite nests, and local
nest abundance increased with snail density (Table 2, Fig. 1).
Given the additional energetic demands of reproduction
(and the longer residence times spent by breeders in a local
foraging area relative to non-breeding transients), one could
expect that greater snail densities may be required to support
kite nesting (particularly at greater nest densities), and our
results support this notion. Although capture times (for
individual foraging kites) begin to level off as snail densities
exceed approximately 0.4 snails/m2, which suggests that the
extent to which increasing snail density improves individual
foraging profitability may be limited (Darby et al. 2012), we
found that kites continue to respond numerically at greater
snail densities (consistent with Darby et al. 2006). Our
models indicate that as snail densities increase from 0.2 to 0.4
to 1.2 snails/m2 the probability of nest presence increases by a
factor of 1.4 and again by a factor of 1.3 (Fig. 1A). Along the
same snail density gradient, local nest abundance of occupied
sites increases by a factor of 1.8 and again by a factor of 2.3
(Fig. 1B). Our observations also support the prediction of
Bennetts et al. (1988) that high local nest densities would be
associated with high snail densities.
Nest density ultimately reflects the nest-site selection

decisions made by individuals in the population, a process
that is likely driven by not only current (and expected) prey
availability, but also perceived predation risk, as well as past
success and experience (Chalfoun and Schmidt 2012). Our
results suggest that snail kites use snail density as a cue in
nest-site selection and that relative nest abundances were
associated with variations in snail density. Similar trends in
the local presence and abundance of breeding pairs (or nests)
have been observed for other nomadic dietary specialist
raptors, such as the short-eared owl (Asio flammeus), long-
eared owl (A. otus), common kestrel (Falco tinnunculus;
Korpimaki and Norrdahl 1991), Montagu’s harrier (Circus

Figure 1. Effects of apple snail density on (A) presence and (B) abundance
of snail kite nests within 2 km of snail-sampling sites inWater Conservation
Area 3A (WCA3A), Florida, USA, 2002–2010 (excluding 2008, in which
no snail sampling occurred). Points represent empirical data. Predicted
means (black lines) and 95% confidence intervals (shaded areas) are projected
from (A) a generalized linear model (GLM) with binomial error and the
logit link explaining the probability of nest presence (n¼ 44 sites), and (B) a
GLM with negative binomial error and the log link explaining nest
abundance of sites with �1 nest (n¼ 17 sites).

Table 4. Model selection results explaining daily survival rate of snail kite
nests within 2 km of snail-sampling sites in Water Conservation Area 3A
(WCA3A), Florida, USA, 2002–2010. We compared models using
Akaike’s Information Criterion corrected for small sample size (AICc)
and AICc weights (wi). We report model differences (DAICc) as a measure
of comparison. Note that no nests met the selection criteria in 2005 or 2009
and no snail sampling occurred in 2008. Covariates included snail density,
water depth at the nest on the last day the nest was checked, annual
minimum water level in WCA3A, daily water level in WCA3A, and
recession rate in WCA3A from 1 January to the date on which the annual
minimum water level was reached.

Model Ka AICc DAICc wi

Annual minimum 2 148.28 0.00 0.42
Annual minimumþ snail density 3 149.39 1.11 0.24
Intercept only 1 151.67 3.40 0.08
Water depth 2 152.07 3.79 0.06
Snail density 2 152.53 4.25 0.05
Daily water level 2 153.21 4.93 0.04
Water depthþ snail density 3 153.37 5.10 0.03
Recession rate 2 153.61 5.34 0.03
Recession rateþ snail density 3 153.72 5.44 0.03
Daily water levelþ snail density 3 153.78 5.50 0.03

a Number of parameters.
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pygargus; Salamolard et al. 2000), and pallid harrier (C.
macrourus; Terraube et al. 2012). Although snail density had
the highest relative importance among variables explaining
the presence and abundance of nests (Table 3), other local
conditions may also be important. The availability of nesting
substrate limits the breeding density of many raptors
(Newton 1979, 1998), including (in some wetland systems)
the snail kite (Bennetts et al. 1994); however, nesting
substrate was likely not a limiting factor in our study. Snail
kites use a wide variety of nesting substrates, including both
woody (e.g., Annona glabra, Salix caroliniana,Taxodium spp.)
and herbaceous (e.g., Typha latifolia, Cladium jamaicense,
Scirpus californicus) plant species (Bennetts et al. 1988,
Snyder et al. 1989), and suitable substrates were widely
available in close proximity to all snail-sampling sites. Local
hydrologic conditions may also affect nesting decisions, as
snail kites almost always select nest sites over water
(Sykes 1987b), typically 20–80 cm deep (Bennetts
et al. 1988), which is thought to deter terrestrial predators
(Sykes et al. 1995). Average water depths (Mar–May) at all
but 2 snail-sampling sites fell within this typical range, which
likely explains why water depth showed only a weak positive
association with nest presence and abundance in our study.
Variation in local nest presence and abundance not explained
by site-specific factors may derive from larger-scale,
population- or landscape-level dynamics. For example, we
found some evidence that the probability of nest presence
varied among years (Table 3), and this could be linked to
changes in the size or age structure of the snail kite
population (Martin et al. 2008, Reichert et al. 2012), or to
changes in the relative distribution of natal locations among
individuals in the population (Martin et al. 2007b). Among-

year variation could also have stemmed from habitat
conditions (including prey densities) in other wetlands
because kites may sample numerous wetlands throughout
their range before selecting a breeding location (Bennetts and
Kitchens 2000).
In addition to the direct numerical response in local nest

presence and abundance, we found that variations in apple
snail density also affect 1 of the 2 breeding performance
measures of snail kites that we considered: the number of
young fledged per successful nest was strongly influenced by
snail density (Fig. 2). Provisioning rates by nesting snail kites
increase with brood size (Beissinger and Snyder 1987), and
based on a brood manipulation experiment of snail kites in
Venezuela, Beissinger (1990) suggested that most nestling
mortality resulted from starvation. Although we did observe
6 successful nests near sites with densities <0.2 snails/m2,
only 1 young was fledged from each. All nests that fledged 2
or more young were near sites with densities between 0.59
and 1.78 snails/m2, and our models indicate that the
probability of a successful nest fledging 2 (rather than 1)
young increases by about 20-fold as snail densities increase
from 0.2 to 1.2 snails/m2 (a 1-unit increase; Fig. 2B). This
implies that snail density may limit kite brood size at many of
the densities observed in our study. Beissinger (1990)
reported a maximum of 2 young fledging from natural broods
in Venezuela and postulated that food supply limits snail kite
brood size. He implicated lower nest provisioning rates and
the frequent use of less-profitable prey items (i.e., crabs in
addition to snails) by kites in Venezuela. Historically, 3
young were regularly observed fledging from snail kite nests
in Florida (Bennetts et al. 1988, Snyder et al. 1989).
However, apple snail abundances in many wetlands in the

Table 5. Model selection results explaining the number of snail kite young fledged per successful nest within 2 km of snail-sampling sites in Water
Conservation Area 3A (WCA3A), Florida, USA. Successful nests (that had a confirmed number of young fledge) were observed in 2002–2004 and 2006. We
compared models using Akaike’s Information Criterion corrected for small sample size (AICc) and AICc weights (wi). We report model differences (DAICc)
as a measure of comparison. We modeled the number of fledglings with 1) generalized linear models (GLMs) with Gaussian error and the identity link using
all observations (n¼ 29 nests), and 2) GLMs with binomial error and the logit link using nests that fledged either 1 or 2 young (n¼ 28 nests). Covariates
included snail density, Julian date on which the nest was considered successful, and number of simultaneously occurring nests present within 2 km of the
snail-sampling site (i.e., local nest density).

Response Model Ka AICc DAICc wi

Number of young fledged Snail density 2 43.97 0.00 0.46
Snail densityþ date 3 45.91 1.95 0.17
Snail densityþ nest density 3 46.45 2.48 0.13
Nest density 2 46.94 2.97 0.10
Snail densityþ dateþ nest density 4 48.52 4.55 0.05
Dateþ nest density 3 49.25 5.28 0.03
Intercept only 1 49.95 5.99 0.02
Date 2 51.59 7.62 0.01
Date� nest density 5 51.23 7.26 0.01
Snail densityþ date� nest density 4 51.51 7.54 0.01

Probability of fledging 2 (rather than 1) young Snail density 2 29.82 0.00 0.44
Snail densityþ nest density 3 30.88 1.06 0.26
Snail densityþ date 3 31.93 2.11 0.15
Snail densityþ dateþ nest density 4 33.49 3.67 0.07
Snail densityþ date� nest density 5 35.25 5.44 0.03
Nest density 2 35.79 5.98 0.02
Intercept only 1 37.32 7.50 0.01
Dateþ nest density 3 37.68 7.86 0.01
Date 2 39.42 9.60 0.00
Date� nest density 4 40.11 10.29 0.00

a Number of parameters.
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snail kite’s range (and in WCA3A in particular) may have
declined in the last 10–15 years (Darby et al. 2009, 2012;
USFWS 2010), and young production from successful nests
inWCA3Amay also be declining. Snyder et al. (1989) found
an average of 1.88 young fledged per successful nest in
WCA3A from 1978 to 1983, with 52% and 18% of
successful nests fledging 2 and 3 young, respectively.
Bennetts et al. (1988) found an average of 1.59 young
fledged per successful nest in WCA3A from 1986 to 1987,

with 44% and 7% of successful nests fledging 2 and 3 young,
respectively. We found an average of 1.38 young fledged per
successful nest, with only 31% and 3% of successful nests
fledging 2 and 3 young, respectively (note that this estimate
only includes nests that met our selection criteria, which
represents a subset of all nests observed during this time
period). The only nest that we observed fledging 3 young was
near the greatest measured snail density (1.78 snails/m2).
The average snail densities for sites paired with nests fledging
2 and 1 young were 1.48 (SE¼ 0.15, n¼ 19) and 0.72
(SE¼ 0.15, n¼ 9) snails/m2, respectively. Although com-
pelling, cautious interpretation is warranted because our
nesting data were insufficient to estimate initial clutch size or
hatching success for many nests. Snail kites typically lay a 3-
egg clutch (sometimes laying 2, and rarely 1, 4, or 5 eggs;
Sykes et al. 1995); however, we could not differentiate
between hatch failure and brood reduction. With snail kite
egg viability estimated to be around 80% (Bennetts
et al. 1988, Snyder et al. 1989), we suspect that hatch
failure may be responsible for much of the unexplained
variation that we observed in the number of young fledged
per successful nest (Fig. 2). Future studies should consider
clutch size, hatching success, and other potential sources of
brood reduction (e.g., partial predation).
We analyzed nest survival and brood size at fledging (i.e.,

the constituents of nest productivity) separately because
these 2 processes are likely influenced differentially by
different mechanisms. For example, snail kite nest survival
is strongly influenced by depredation, which typically
results in complete nest failure (Bennetts et al. 1988).
Food depravation, on the other hand, may more
commonly lead to brood reduction than to complete
nest abandonment (Bennetts et al. 1988). Although kites
may forgo nesting or provision fewer young during times
of food stress (Beissinger and Snyder 1987, Sykes 1987b),
low prey availability may only lead to complete nest failure
under extreme conditions. Accordingly, snail density did
not perform well as a predictor of nest survival in our
analysis (but we did expect to detect at least a slight effect).
Although the cause of nest failure for most nests could not
be determined unambiguously—a common issue with
snail kite nesting studies (Bennetts et al. 1988, Snyder
et al. 1989) we did not confirm any cases of nest
abandonment. In line with previous studies (e.g., Beis-
singer and Snyder 2002, Cattau et al. 2008), the minimum
annual water level performed well in predicting nest
survival. As is the case for many wetland birds (Picman
et al. 1993, Fletcher and Koford 2004, Hoover 2006), low
water levels can expose nests to terrestrial predators
leading to depredation and can weaken supporting
vegetation leading to collapse. Previous studies provide
strong evidence that these are the 2 most common causes
of nest failure for the snail kite (e.g., Sykes 1987b,
Bennetts et al. 1988, Snyder et al. 1989).
Our results show a direct numerical response in relative nest

abundance at a local level and suggest the possibility of a
delayed (absolute) numerical response at the population level
(that may arise if low snail densities are limiting fledgling

Figure 2. Effects of local apple snail density on the number of young fledged
per successful snail kite nest in Water Conservation Area 3A (WCA3A),
Florida, USA. Successful nests (that had a confirmed number of young
fledge) were observed in 2002–2004 and 2006. Points represent empirical
data, with larger point sizes representing a greater number of observations (1,
2, 3, 4, or 6 nests). Predicted means (black lines) and 95% confidence
intervals (shaded areas) are projected from (A) a generalized linear model
(GLM) with Gaussian error and the identity link explaining the number of
young fledged per successful nest (using all observations, n¼ 29 nests), and
(B) a GLM with binomial error and the logit link explaining the probability
of a successful nest fledging 2 (rather than 1) young (n¼ 28 nests).
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production), both of which are consistent with our
predictions and supportive of previous studies that hypothe-
size that snail density is a determinant of kite demography
(e.g., Bennetts et al. 1988; Darby et al. 2006, 2012).
Nonetheless, 2 issues need further work to generalize and
validate the results presented here. First, better integration of
field sampling and estimates of snail density and reproductive
biology of kites is needed. Bennetts et al. (1988) observed
that, later in the nesting season, some kites traveled greater
distances from the nest to forage, which suggests the
occurrence of localized resource depletion due to foraging
pressure and/or seasonal declines in prey availability due to
post-reproductive die-offs of adult apple snails (Darby
et al. 2008). Although the sampling effort is distributed
among snail sites throughout the season to reduce potential
bias from temporal variation (Darby et al. 2005), the mid-
point sampling dates can vary among sites by up to a month
or more in some years, and in 2010, sampling started later in
the season (Table 1). Even though we attempted to account
for potential spatial and temporal issues in the pre-existing
datasets, the snail density estimates with which some nests
were paired still might not have been wholly representative of
the local snail densities encountered by the respective nesting
kites. Resolving these uncertainties will require coupling
snail sampling with spatially explicit behavioral observations
of nesting kites.
Second, coupling snail density effects on major reproductive

components to interpret seasonal fecundity, and ultimately
population growth, of kites is needed. For example, nest
survival is known to be a critical component to seasonal
fecundity and population growth in birds (Newton 1998,
Woodworth 1999, Fletcher et al. 2006), and has been shown
to effectively trump some other reproductive components that
may appear important in isolation, such as brood parasitism
(Fletcher et al. 2006). Because we found no relationship
between snail density and nest survival, and responses on the
number of young fledged per successful nest typically only
differed between fledging 1 versus 2 offspring, the extent to
which snail density ultimately may influence fecundity in kites
remains unclear. Yet we expect that snail density may
influence other reproductive components not measured here,
such as re-nesting and multi-brooding, both of which can
occur with snail kites (Sykes et al. 1995) and are known to be
influenced by food limitation in other birds (e.g., Nagy and
Holmes 2005). In addition, variation in prey density may have
effects on both juvenile and adult survival, which are known
to have major impacts on population growth in birds (Sæther
and Bakke 2000), including kites (Martin et al. 2008). By
understanding if, and the extent to which, snail density
influences each of these vital rates, and the influence of these
vital rates on fecundity and population growth in kites, we
will be better positioned to focus management on the most
relevant factors for the recovery of this species.
Water Conservation Area 3A is one of the most important

wetlands in the snail kite network and is a commonly studied
system from which findings are often generalizable to other
palustrine wetlands in central and south Florida
(RECOVER 2005, USFWS 2010). However, observations

made over the last several years indicate that the number of
snail kite nests in the Kissimmee Chain of Lakes is
increasing, and several studies emphasize the importance of
the entire wetland network to the population viability of the
snail kite (Bennetts and Kitchens 1997, 2000; Martin
et al. 2006, 2007b). In addition, the exotic P. maculata, whose
morphology and life history differs from that of the native
apple snail (Horgan et al. 2014), was recently introduced to
Florida (Rawlings et al. 2007) and are found in many
wetlands throughout the range of the snail kite (C. E.
Cattau, University of Florida, personal observation). Given
the importance of reproduction to the recovery of the kite
population (Martin et al. 2008) and the potential for snail
densities to influence breeding decisions and performance, it
will be important to determine how the relationships shown
by this study apply to 1) lacustrine wetlands and 2) P.
maculata densities. Coordinated studies of snail kite
reproduction and (both native and exotic) apple snail
densities collected in palustrine and lacustrine systems would
help further elucidate these relationships.

MANAGEMENT IMPLICATIONS

Managers often develop hydrologic regimes that are
intended to facilitate species and community conservation
(USFWS 1999, 2010, RECOVER 2005); however, Ever-
glades restoration depends on understanding not only the
direct effects of hydrology on plant and animal populations
but also the complex interactions among species. The
differential effects of snail density on nest presence and
abundance, nest survival, and fledgling production identified
in our study can be used to help improve modeling tools used
in Everglades restoration (e.g., EVERKITE; see Mooij
et al. 2002) that currently assume all components of snail kite
breeding biology are similarly affected by prey availability
(via hydrologically derived proxies for habitat suitability or
quality). The hydrologic management of WCA3A currently
takes into account, among other things, the proximate effects
of hydrology on plant communities, apple snail survival and
reproduction, and snail kite nest success (USFWS 2010). In
conjunction with these established relationships, the results
from our study can help managers predict the potential direct
and delayed numerical responses of kites to variation in snail
densities, providing a quantitative metric with which to 1)
weigh alternative hydrologic management scenarios and 2)
improve mechanistic underpinnings of habitat suitability
indices. Our study also highlights the potential utility of
combining pre-existing (possibly unrelated) datasets to help
fill critical information gaps, which may be particularly
important for critically endangered species where time-
sensitive management decisions cannot be delayed.

ACKNOWLEDGMENTS

We greatly appreciate everyone involved with collecting and
managing data used in this collaboration, especially D.
Mellow, L. Karunartne, M. Watford, and a few others at the
University of West Florida, as well as B. Reichert, K. Pias,
and J. Olbert at the University of Florida, Gainesville. We

10 The Journal of Wildlife Management � 9999



also thank Z. Welch for reviewing a prior version of this
manuscript and R. Best for insightful discussions regarding
this project. This study utilized data initially collected for
projects funded by the U.S. Army Corps of Engineers, U.S.
Fish and Wildlife Service, and U.S. Geological Survey. The
financial support to link these datasets was provided in large
part by the U.S. Geological Survey’s Greater Everglades
Priority Ecosystems Science (GEPES) program. Any use of
trade, firm, or product names is for descriptive purposes only
and does not imply endorsement by the U.S. Government.

LITERATURE CITED
Andersson, M., and S. Erlinge. 1977. Influence of predation on rodent
populations. Oikos 29:591–597.

Beissinger, S. R. 1990. Experimental brood manipulations and the
monoparental threshold in snail kites. American Naturalist 136:20–38.

Beissinger, S. R. 1995. Modeling extinction in periodic environments:
Everglades water levels and snail kite population viability. Ecological
Applications 5:618–631.

Beissinger, S. R., and N. F. R. Snyder. 1987.Mate desertion in the snail kite.
Animal Behaviour 35:477–487.

Beissinger, S. R., and N. R. F. Snyder. 2002. Water levels affect nest success
of the snail kite in Florida: AIC and the omission of relevant candidate
models. Condor 104:208–215.

Bennetts, R. E.,M.W. Collopy, and S. R. Beissinger. 1988. Nesting ecology
of snail kites in water conservation area 3A. Department of Wildlife and
Range Science, University of Florida, Florida Cooperative Fish and
Wildlife Research Unit, Technical Report No. 31, Gainesville, Florida,
USA.

Bennetts, R. E., M.W. Collopy, and J. A. Rodgers. Jr. 1994. The snail kite
in the Florida Everglades: a food specialist in a changing environment.
Pages 507–532 in J. Ogden and S. Davis, editors. Everglades: the
ecosystem and its restoration. St. Lucie Press, Delray Beach, Florida,
USA.

Bennetts, R. E., and W. M. Kitchens. 1997. The demography and
movements of snail kites in Florida. USGS Biological Resources Division,
Florida, Cooperative Fish & Wildlife Research Unit. Technical Report
No. 56, Gainesville, Florida, USA.

Bennetts, R. E., and W. M. Kitchens. 2000. Factors influencing movement
probabilities of a nomadic food specialist: proximate foraging benefits or
ultimate gains from exploration? Oikos 91:446–459.

Bennetts, R. E., P. C. Darby, and L. B. Karunaratne. 2006. Foraging patch
selection by snail kites in response to vegetation structure and prey
abundance and availability. Waterbirds 29:88–94.

Boyles, J. G., and J. J. Storm. 2007. The perils of picky eating: dietary
breadth is related to extinction risk in insectivorous bats. PLoSONE 2(7):
e672.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and
multimodel inference: a practical information-theoretic approach.
Springer-Verlag, New York, New York, USA.

Campbell, S. P., J. A. Clark, L. H. Crampton, A. D. Guerry, L. T. Hatch,
P. R. Hosseini, J. J. Lawler, and R. J. O’Connor. 2002. An assessment of
monitoring efforts in endangered species recovery plans. Ecological
Applications 12:674–681.

Cary, D. M. 1985. Climatological and environmental factors effecting the
foraging behavior and ecology of Everglade kites. Thesis, University of
Miami, Coral Gables, Florida, USA.

Cattau, C. E., W.M. Kitchens, B. E. Reichert, A. Bowling, A. Hotaling, C.
Zweig, J. Olbert, K. Pias, and J. Martin. 2008. Demographic, movement,
and habitat studies of the endangered snail kite in response to operational
plans in Water Conservation Area 3. U.S. Geological Survey Biological
Resources, Division, Florida Cooperative Fish and Wildlife Research
Unit, Gainesville, Florida, USA.

Cattau, C. E., J.Martin, andW.M. Kitchens. 2010. Effects of an exotic prey
species on a native specialist: example of the snail kite. Biological
Conservation 143:513–520.

Chalfoun, A. D., and K. A. Schmidt. 2012. Adaptive breeding-habitat
selection: is it for the birds? Auk 129:589–599.

Darby, P. C., R. E. Bennetts, and L. B. Karunaratne. 2006. Apple snail
densities in habitats used by foraging snail kites. Florida Field Naturalist
34:37–47.

Darby, P. C., R. E. Bennetts, S. J. Miller, and H. F. Percival. 2002.
Movements of Florida apple snails in relation to water levels and drying
events. Wetlands 22:489–498.

Darby, P. C., R. E. Bennetts, andH. F. Percival. 2008. Dry down impacts on
apple snail demography: implications for wetlands water management.
Wetlands 28:204–214.

Darby, P. C., J. D. Croop, R. E. Bennetts, P. L. Valentine-Darby, and
W. M. Kitchens. 1999. A comparison of sampling techniques for
quantifying abundance of the Florida apple snail (Pomacea paludosa, Say).
Journal of Molluscan Studies 65:195–208.

Darby, P. C., I. Fujisaki, and D. J. Mellow. 2012. The effects of prey density
on capture times and foraging success of course-hunting adult snail kites.
Condor 114:755–763.

Darby, P. C., L. B. Karunaratne, and R. E. Bennetts. 2005. The influence of
hydrology and associated habitat structure on spatial and temporal patterns
of apple snail abundance and recruitment. Final report to the U.S.
Geological Survey, University of West Florida, Pensacola, Florida, USA.

Darby, P. C., D. J. Mellow, and P. L. Valentine-Darby. 2009. Interactions
between apple snails habitat structure and hydrology, and availability of
snails to foraging snail kites. Final Report to the U.S. Fish and Wildlife,
Service. University of West Florida, Pensacola, Florida, USA.

Dennis, B., P. L. Munholland, and J. M. Scott. 1991. Estimation of growth
and extinction parameters for endangered species. Ecological Monographs
61:115–143.

Dinsmore, S. J., G. C. White, and F. L. Knopf. 2002. Advanced techniques
for modeling avian nest survival. Ecology 83:3476–3488.

Fletcher, R. J. Jr., and R. R. Koford. 2004. Consequences of rainfall
variation for breeding wetland blackbirds. Canadian Journal of Zoology
82:1316–1325.

Fletcher, R. J. Jr., R. R. Koford, and D. A. Seaman. 2006. Critical
demographic parameters for declining songbirds breeding in restored
grasslands. Journal of Wildlife Management 70:145–157.

Hayes, K. A., R. H. Cowie, S. C. Thiengo, and E. E. Strong. 2012.
Comparing apples with apples: clarifying the identities of two highly
invasive Neotropical Ampullariidae (Caenogastropoda). Zoological
Journal of the Linnean Society 166:723–753.

Hoover, J. P. 2006. Water depth influences nest predation for a wetland-
dependent bird in fragmented bottomland forests. Biological Conserva-
tion 127:37–45.

Horgan, F. G., A. M. Stuart, and E. P. Kudavidanage. 2014. Impact of
invasive apple snails on the functioning and services of natural and
managed wetlands. Acta Oecologica 54:90–100.

Karunaratne, L. B., P. C. Darby, and R. E. Bennetts. 2006. The effects of
wetland habitat structure on Florida apple snail density. Wetlands
26:1143–1150.

Korpimaki, E., and K. Norrdahl. 1991. Numerical and functional responses
of kestrels, short-eared owls, and long-eared owls to vole densities.
Ecology 72:814–826.

Laake, J. L., and E. Rexstad. 2009. RMark—an alternative approach to
building linear models in MARK. Pages C1–C115 in E. G. Cooch and
G. C. White, editors. Program MARK: a gentle introduction. Eighth
edition. <http://www.phidot.org/software/mark/docs/book/pdf/app_3.
pdf>. Accessed 15 Mar 2013.

Lawler, J. J., S. P. Campbell, A. D. Guerry, M. B. Kolozsvary, R. J.
O’Connor, and L. C. Seward. 2002. The scope and treatment of threats in
endangered species recovery plans. Ecological Applications 12:663–667.

Liu, Z., J. C. Volin, V. D.Owen, L.G. Pearlstine, J. R. Allen, F. J.Mazzotti,
and A. L. Higer. 2009. Validation and ecosystem applications of the
EDEN water-surface model for the Florida Everglades. Ecohydrology
2:182–194.

Martin, J., W. M. Kitchens, C. E. Cattau, and M. K. Oli. 2008. Relative
importance of natural disturbances and habitat degradation on snail kite
population dynamics. Endangered Species Research 6:25–39.

Martin, J., W. M. Kitchens, and J. E. Hines. 2007a. Importance of well-
designed monitoring programs for the conservation of endangered species:
case study of the snail kite. Conservation Biology 21:472–481.

Martin, J., W. M. Kitchens, and J. E. Hines. 2007b. Natal location
influences movement and survival of a spatially structured population of
snail kites. Oecologia 153:291–301.

Cattau et al. � Effects of Prey Density on Kite Reproduction 11

http://www.phidot.org/software/mark/docs/book/pdf/app_3.pdf
http://www.phidot.org/software/mark/docs/book/pdf/app_3.pdf


Martin, J., J. D. Nichols, J. E. Hines, andW.M. Kitchens. 2006. Multiscale
patterns of movement in fragmented landscapes and consequences on
demography of the snail kite in Florida. Journal of Animal Ecology
75:527–539.

McCullagh, P., and J. A. Nelder. 1989. Generalized linear model. Second
edition. Chapman and Hall, New York, New York, USA.

McDonald, T. L., and G. C. White. 2010. A comparison of regression
models for small counts. Journal of Wildlife Management 74:514–521.

McKinney, M. L. 1997. Extinction vulnerability and selectivity: combining
ecological and paleontological views. Annual Review of Ecology Evolution
and Systematics 28:495–516.

Mooij,W.M., R. E. Bennetts,W.M. Kitchens, andD. L. DeAngelis. 2002.
Exploring the effect of drought extent and interval on the Florida snail
kite: interplay between spatial and temporal scales. Ecological Modelling
149:25–39.

Nagy, L. R., and R. T. Holmes. 2005. Food limits annual fecundity of a
migratory songbird: an experimental study. Ecology 86:675–681.

Newton, I. 1979. Population ecology of raptors. Buteo Books, Vermillion,
South Dakota, USA.

Newton, I. 1998. Population limitation in birds. Academic Press, SanDiego,
California, USA.

Owens, I. P., and P. M. Bennett. 2000. Ecological basis of extinction risk in
birds: habitat loss versus human persecution and introduced predators.
Proceedings of the National Academy of Sciences 97:12144–12148.

Palaseanu, M., and L. Pearlstine. 2008. Estimation of water surface
elevations for the Everglades, Florida. Computers and Geosciences
34:815–826.

Picman, J., M. L. Milks, and M. Leptich. 1993. Patterns of predation on
passerine nests in marshes: effects of water depth and distance from edge.
Auk 89–94.

R Development Core Team. 2012. R: a language and environment for
statistical computing. Foundation for Statistical Computing, Vienna,
Austria.

Rawlings, T. A., K. A. Hayes, R. H. Cowie, and T. M. Collins. 2007. The
identity, distribution and impacts of non-native apple snails in the
continental United States. BMC Evolutionary Biology 7:97.

RECOVER. 2005. The RECOVER team’s recommendations for interim
targets for the Comprehensive Everglades Restoration Project. U.S. Army
Corps of Engineers and South, FloridaWaterManagementDistrict,West
Palm Beach, Florida, USA.

Reichert, B. E., C. E. Cattau, R. J. Fletcher, W. L. Kendall, and W. M.
Kitchens. 2012. Extreme weather and experience influence reproduction in
an endangered bird. Ecology 93:2580–2589.

Rotella, J. J., S. J. Dinsmore, and T. L. Shaffer. 2004.Modeling nest-survival
data: a comparison of recently developed methods that can be
implemented in MARK and SAS. Animal Biodiversity and Conservation
27:187–205.

Sæther, B.-E., and Ø. Bakke. 2000. Avian life-history variation and
contribution of demographic traits to the population growth rate. Ecology
81:642–653.

Salamolard, M., A. Butet, A. Leroux, and V. Bretagnolle. 2000. Responses
of an avian predator to variations in prey density at a temperate latitude.
Ecology 81:2428–2441.

Sibly, R. M., and J. Hone. 2002. Population growth rate and its
determinants: an overview. Philosophical Transactions of the Royal
Society of London Series B: Biological Sciences 357:1153 –1170.

Snyder, N. F. R., S. R. Beissinger, and R. E. Chandler. 1989. Reproduction
and demography of the Florida Everglade (snail) kite. Condor 91:300–
316.

Solomon, M. E. 1949. The natural control of animal populations. Journal of
Animal Ecology 18:1–35.

Steenhof, K. 1987. Assessing raptor reproductive success and productivity.
Pages 157–170 in B. A. G. Pendleton, B. A. Milsap, K. W. Cline, and
D. M. Bird, editors. Raptor management techniques manual. National
Wildlife Federation, Washington, D.C., USA.

Stevens, A. J., Z. C. Welch, P. C. Darby, and H. F. Percival. 2002.
Temperature effects on Florida applesnail activity: implications for snail
kite foraging success and distribution. Wildlife Society Bulletin 30:75–81.

Sykes, P.W. Jr. 1987a. The feeding habits of the snail kite in Florida, USA.
Colonial Waterbirds 10:84–92.

Sykes, P. W. Jr. 1987b. Snail kite nesting ecology in Florida. Florida Field
Naturalist 15:57–84.

Sykes, P. W. Jr., J. A. Rodgers, Jr., and R. E. Bennetts. 1995. Snail kite
(Rostrhamus sociabilis). Account 171 in A. Poole, editor. The birds of
North America. Cornell Lab of Ornithology, Ithaca, New York, USA.

Takekawa, J. E., and S. R. Beissinger. 1989. Cyclic drought, dispersal, and
the conservation of the snail kite in Florida: lessons in critical habitat.
Conservation Biology 3:302–311.

Terraube, J., B. E. Arroyo, A. Bragin, E. Bragin, and F. Mougeot. 2012.
Ecological factors influencing the breeding distribution and success of a
nomadic, specialist predator. Biodiversity and Conservation 21:1835–
1852.

U.S. Fish andWildlife Service [USFWS]. 1999. South Floridamulti-species
recovery plan. U.S. Fish andWildlife Service, Department of the Interior,
Atlanta, Georgia, USA.

U.S. Fish and Wildlife Service [USFWS]. 2010. U.S. Fish and Wildlife
Service multi-species transition strategy for Water Conservation Area 3A.
U.S. Fish and Wildlife Service, South Florida, Ecological Services Office,
Vero Beach, Florida, USA.

White, G. C., and K. P. Burnham. 1999. Program MARK: survival
estimation from populations of marked animals. Bird Study 46:S120–
S138.

Woodworth, B. L. 1999. Modeling population dynamics of a songbird
exposed to parasitism and predation and evaluating management options.
Conservation Biology 13:67–76.

Zweig, C. L., and W. M. Kitchens. 2008. Effects of landscape gradients on
wetland vegetation communities: information for large-scale restoration.
Wetlands 28:1086–1096.

Associate Editor: Marc Bechard.

12 The Journal of Wildlife Management � 9999


