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Abstract

While variation in age structure over time and space has long been considered important for
population dynamics and conservation, reliable estimates of such spatio-temporal variation
in age structure have been elusive for wild vertebrate populations. This limitation has arisen
because of problems of imperfect detection, the potential for temporary emigration impact-
ing assessments of age structure, and limited information on age. However, identifying pat-
ternsin age structure is important for making reliable predictions of both short- and long-
term dynamics of populations of conservation concern. Using a multistate superpopulation
estimator, we estimated region-specific abundance and age structure (the proportion of indi-
viduals within each age class) of a highly endangered population of snail kites for two sepa-
rate regions in Florida over 17 years (1997—2013). We find that in the southern region of the
snail kite—a region known to be critical for the long-term persistence of the species—the
population has declined significantly since 1997, and during this time, it has increasingly
become dominated by older snail kites (> 12 years old). In contrast, in the northernregion—
a region historically thought to serve primarily as drought refugia—the population has
increased significantly since 2007 and age structure is more evenly distributed among age
classes. Given that snail kites show senescence at approximately 13 years of age, where
individuals suffer higher mortality rates and lower breeding rates, these results reveal an
alarming trend for the southern region. Our work illustrates the importance of accounting for
spatial structure when assessing changes in abundance and age distribution and the need
for monitoring of age structure in imperiled species.

Introduction

It is well known that age structure influences population dynamics [1-4]. In conservation, reli-
able information on the relative number of individuals within each age class of a population is
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often needed for tools such as population viability analysis [5-7]. However, population age
structure is dependent on demographic vital rates (survival and reproduction) that can differ
between habitat types [8] and vary over time in response to environmental disturbances [9].
Consequently, conclusions from studies that ignore variation in age structure can be mislead-
ing [10,11]. Assessing age structure at multiple spatiotemporal scales provides valuable infor-
mation that may be important for predicting the dynamics of populations of conservation
concern [10].

Spatial variation in age structure can develop over time for at least two reasons. First, if
recruitment is limited within a local population, then over time individuals will age and older
individuals will disproportionately make up the local population in the absence of immigration
[10]. Such situations may be problematic for conservation, particularly when senescence
occurs. Second, spatial variation in age structure can also arise due to despotic behaviors (sensu
[12], where older, dominant individuals tend to settle in higher-quality habitats and younger
individuals settle in lower-quality habitats (e.g., [8,13,14]). In such situations, populations can
be relatively stable [15]. Therefore, determining trends in local abundance can be important
for interpreting the potential implications of spatial variation in age structure. Unfortunately,
reliable information on local population size and the relative number of individuals in different
age classes (or age distribution) is often lacking [10].

Here, we present an approach for simultaneously estimating age distribution and popula-
tion size, thereby allowing to estimate both relative and absolute variation in age structure.
This approach accounts for imperfect detection and variation in seasonal arrival and departure
times (both temporal and age-dependent variation). We use this approach to understand pop-
ulation dynamics and spatio-temporal variation in age structure in a highly endangered popu-
lation of snail kites (Rostrhamus sociabilis) in Florida.

Understanding both temporal and spatial variation in age structure is needed for the conser-
vation of snail kites. From a temporal perspective, snail kites are long-lived birds that exhibit
age-dependent vital rates, including senescent declines in adult survival beginning at age 13
[16] (Fig 1) and declines in breeding effort beginning at approximately age five [17]. In Florida,
snail kites utilize a network of wetlands but tend to exhibit philopatry to their natal region [18]
and relatively high site fidelity [19,20]. Recently, Reichert et al. [20] identified two regions of
wetlands used by snail kites during the breeding season based on patterns of annual dispersal
and movement, where the relative amount of observed movement was greater within versus
between regions (see also [21]). One of these identified regions consists of wetlands in the
northern half of the snail kite’s range (Fig 2), where breeding habitat is located primarily within
or adjacent to lake littoral zones (herein referred to as the ‘Northern region’). Wetlands within
the other identified region are located mostly south of Lake Okeechobee (Fig 2) and are typi-
cally dominated by shallow expansive, graminoid marshes (herein referred to as the ‘Southern
region’) [22,23] (Fig 2). Recruitment of juveniles from the northern region has increased signif-
icantly since 2005, and has been substantially greater than juvenile recruitment from the south-
ern region [24], where immigration has also been minimal [25]. Based on these lines of
evidence, we made the following predictions. First, we predicted that the age distribution of
snail kites in southern region has shifted over time towards a disproportionately high number
of older birds compared to the age distribution of birds inhabiting the northern region. Second,
we predicted that limited recruitment in the southern region has resulted in a regional decline
in snail kite abundance.
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Fig 1. Age-class specific apparent annual range-wide survival of snail kites in Florida, modified from
Reichertet al. [16]. Results from previous analyses reveal that adult survival declines significantly in snail
kites beginning at age 13. Estimates are based on modeling encounter histories of 2084 known age
individuals from 1992—2008 using an extension of the Cormack-Jolly-Seber model for open populations
accounting for age-class specific variation in survival [16]. Error bars represent 95% confidence intervals.

doi:10.1371/journal.pone.0162690.9001

Materials and Methods
Data collection

Beginningin 1976, juvenile snail kites were captured and banded just prior to fledging using
individually-identifiable alpha-numeric colored leg bands [16]. Snail kites are a state and feder-
ally listed endangered species. Banding was conducted under US Geological Survey BBL Permit
#23906 and USFWS permit #TE55292B-0. Since 1997, multiple band-resight surveys (4-6)
have been conducted throughout the peak of the breeding season (March 1 to June 30) [26].
Sampling for each survey lasts 18-21 days and covers the entirety of the known breeding range
of snail kites in Florida including all historical breeding sites [27] and wetlands where active
nesting was encountered either by field technicians or reported by managers or the public
throughout the breeding season (S1 Table). We conducted research on both private and public
lands (see S1 Table for list of coordinates). We received explicit permission from landowners to
conduct surveys on private lands (i.e. Devil's Garden Bird Park, Hendry County, FL, and Shin-
gle Marsh, Osceola County, FL). We also obtained required access permits to conduct research
on public lands including Stormwater Treatment Areas 1,2,3,4,5, and 6 (South Florida Water
Management District, Agreement #4600003005-A1), Arthur R. Marshall Loxahatchee National
Wildlife Refuge (SUP B15-001), Everglades National Park (EVER-SCI-0062), and Big Cypress
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Fig 2. The primary wetlands located within the breeding range of the snail kite in Florida that were surveyed from 1997-2013.
Wetlands that comprise the snail kite’s breeding range in Florida were previously classified into two regions (north and south) based on
patterns of observed annual dispersal between wetlands [20]. All wetlands were systematically surveyed for banded and unbanded snalil
kites multiple (4-6) times during the peak of the snail kite breeding season (March 15'-June 30"") from 1997—2013.

doi:10.1371/jpurnal.pone.0162690.9002

National Preserve (BICY-SCI-001). During each survey, the wetland locations of both banded
and unbanded individuals are recorded. From 1997 through 2013, a total of 693 banded indi-
viduals of known age were re-sighted at least once as adults (>1 years old) within the northern
region and 649 individuals were re-sighted at least once as adults within the southern region
(Fig 2). Data are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.
tg007. The study was approved and conducted under the guidelines of the University of Florida
Institutional Animal Care and Use Committee (IACUC no. 201005469).

Model description

We employed a superpopulation estimator for each region based on the open robust design
multistate model (ORDMS) [28,29]. To evaluate the importance of accounting for spatial
structure, we also conducted analyses at the scale of the entire geographic range of the species
in Florida. The ORDMS includes modeling both within-season and between-season dynamics.
However, in this analysis we were interested only in comparing trends between regions from
independently calculated annual estimates of within-season abundance and the distribution of
individuals within age classes (or age structure). Therefore, we used only the within-season
component of the model, modeling each primary period (year) separately [30]. Using the
ORDMS provides a convenient approach to assess both regional and age-related variation in
abundance.

We implemented the ORDMS for separate years in Program MARK 7.2 [30,31] for which
there are three parameters of interest. These parameters include: (i) the probability that an
individual of state s moves into the study area at time t, pent;, (ii) the probability that an indi-
vidual of state s remains in the study area at time t, ¢;, (iii) and the probability that the individ-
ual in state s is detected at time ¢ given it is available p;. We built an a priori model set for each
year that included models with varying constraints on pent and ¢ (age class, region, time (i.e.
survey), linear time effects, time-region interaction) (S2 Table and S3 Table). Models assumed
that the probability of detecting an individual given it was present in the study area could vary
between regions, among age classes, and/or survey periods.

Age distribution

Models accounting for spatial structure (two regions) included six total states based on three
age classes for each region, while range-wide analysis included only three age classes. Age clas-
ses were based on known variation in snail kite reproduction [7] and survival [16] and included
subadults (1 year old), prime-aged adults (2-12 years old), and senescent adults (>>12 years
old). Because sampling occurred during the four-month breeding season, individuals remain in
the same age class throughout all survey sessions within a year. To assess the proportion of
individuals in each adult age class, we derived abundance estimates of the number of banded
individuals in each age class (age-specific ‘superpopulation’) using Program MARK 7.2.
Derived estimates were based on model-averaged parameter values for each year/region and
range-wide populations (S2 Table and S3 Table). Importantly, our approach to assessing popu-
lation age distribution makes the assumption that age distribution of banded birds is represen-
tative of the population’s age distribution across year/region scales (see S1 Fig for total counts
of banded and unbanded snail kites).
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Superpopulationsize

In addition to assessing changes in age structure, we were also interested in estimating regional
breeding season abundance (including both banded and unbanded individuals). We first calcu-
lated the ‘superpopulation’ size of all banded adults (1/\/1\ *), or the total number of banded adults

that were present and available in region, r, during at least one survey period within a breeding
season, as:

v m r
M r Z s
s=1 P r
where m! is the number of banded individuals observed in adult age class, s, within region, 7,
and p* ¢ is the probability that an individual of age, s, in region r, was re-sighted at least once
[28,30]. We estimated the variance of M * via the delta method using the variance-covariance

matrix for the estimates of banded adults in each age class, 2 provided by Program MARK.
P

In a traditional capture-mark-recapture analysis, new individuals are captured and banded
during each survey session. In such cases, M * would include all individuals (banded and
unbanded) that were alive and available for capture during at least one survey session (i.e.
superpopulation size). Because snail kites are banded at the nest as fledglings and we were only
interested in the superpopulation size of adults, the superpopulation size for both banded and
unbanded individuals (N SUPR) was calculated by adjusting M * by the proportion of individu-
als observed in region r across all six surveys which were banded, as follows:

—~
SUPER __ r
N SuPER —

where m, and u, are the total number of banded and unbanded individuals re-sighted in region

N SUPER
N r

r during all surveys, respectively (S1 Fig). We calculated the variance of using the esti-

mated variance of M ¥ (described above) and the delta method in R [32], using package ‘msm’
[33] assuming that counts of snail kites were Poisson distributed with a mean and variance
equal to the observed counts (m, and u,).

We used generalized additive models (GAM) to assess trends in abundance and to test for
significant differences in regional trends. To account for uncertainty in estimates of superpopu-
lation size, we weighted GAM by the inverse of the standard deviation of the annual estimates
using the R-package ‘mgcv’ (version 1.8-10) [34]. We then used an F-test to compare GAM
with and without an additional smoother spline (‘region x s(year)’ interaction term) and
assessed significance at the o = 0.05 level [34,35]. We used ‘finite difference’ methods on the
GAM predictions to identify periods of significant increase and decrease for each region and at
the range-wide scale [34].

Results
Models with spatial structure

For all years, the model best supported by the data (based on AIC model selection) assumed
that the probability of snail kites entering the study area within a given year (primary period)
(pent) varied by survey session (Table 1). In 10 of 17 years, there were significant differences in
the survey-specificestimates of pent and in all of these years a significant decline occurred after
the first survey (52 Fig).
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Table 1. Summary of best supported ORDMS models used to estimate snail kite population size and age structure from 1997-2013, that incorpo-
rate regional variation (a) versus models for the entire breeding range (b). Bold indicates significant effect based on non-overlapping 95%CI. See Sup-
porting Information for associated point estimates and 95%CI of those parameters (S2 Fig and S3 Fig), and more details on all models considered (S2 Table

and S3 Table).
Year

(a)
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013

(b)
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013

Model notation: “pent”

depends on the age class of the individual, and the probability of observing an individual present in the study area varied between survey periods and

pent

survey (categorical)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (linear)+age
survey (linear)
survey (linear)
survey (categorical)
survey (categorical)

survey (categorical)
survey (linear)
survey (linear)
survey (linear)
survey (categorical)
survey (linear)
survey (linear)
survey (linear)
survey (linear)
survey (categorical)
survey (linear)
survey (linear)
survey (linear)
survey (categorical)
survey (linear)
survey (linear)
survey (linear)

survey (categorical)
age

age
constant
age
constant
age

age

age

age

age
constant

age*survey (categorical)

age
age
age
age

constant
age
constant
constant
constant
constant
constant
age
constant
constant
constant
constant
age
age
age
age
age

P

region

region*survey (categorical)
region*survey (categorical)
region

region*survey (categorical)
region

age

region*survey (categorical)
region*survey (categorical)
region*survey (categorical)
region*survey (categorical)
region

region

region*survey (categorical)
region*survey (categorical)
region

age

survey (categorical)
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant
constant

AICc Weights

0.41
0.97
0.90
0.45
0.97
0.87
0.46
0.88
1.00
1.00
0.95
0.52
0.61
0.42
0.77
0.84
1.00

0.62
0.70
0.47
0.61
0.65
0.44
0.40
0.61
0.27
0.54
0.73
0.47
0.53
0.45
0.79
0.91
0.98

Num. Par

14
19
19
7

19
7

10
19
19
19
19
7

16
19
19
12
13

0)@0)0)0)0)(00’)0’)@;

o

11
11
11
11
11

= survey-specific probability of a snail kite entering the study area, “¢” = survey-specific probability that a snail kite remained in the
study area, “p” = probability that a snail kite was detected in the study area given it was available, “constant” = model parameter was assumed to be
constant, “survey (categorical)” = model parameter varied among surveys, “survey (linear)” = model parameter varied as a linear function of time (by survey),
“age” = model parameter varied between age class (0-1 years, 2—-12 years, 13+ years), and “region” = model parameter varied for individuals in different
regions. Examples of model interpretation: model for 1997 (a) assumes the probability that an individual located outside the surveyed wetlands moved into
the study area (pent) and the probability that an individual remained in the study area (¢) differed between survey periods, while the probability of observing
an individual that was present within the study area (p) differed between regions. Model for 1998 (a) assumes that the probability of an individual entering the
study area changed linearly from the first to the last survey (allowed to increase or decrease), the probability that an individual stayed within the study area

regions (i.e. interactive effect).

doi:10.1371/journal.pone.0162690.t001
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In 13 of 17 years, the best supported model included age effects on the probability of a snail
kite remaining in the study area between consecutive surveys, ¢ (Table 1). However, estimates
for subadults varied considerably and 95% confidence intervals overlapped such that we only
found significant differences in age-dependent estimates for 2012 (Table 1) during which esti-
mates were significantly lower for individuals in the senescent age class (S2 Fig).

In most years (15 of 17), the best supported model included regional effects on detection prob-
ability (Table 1). For eight of those years, estimates of detection probability were significantly dif-
ferent between regions with higher detection probability of individuals in the northern versus the
southern region (S2 Fig). In five of the years, estimated detection varied significantly between
regions and survey sessions later in the breeding season when again, individuals in the northern
region were detected at higher rates compared to those in the southern region (S2 Fig). For two
of the 17 study years, models assuming age-dependent variation in detection were most sup-
ported by the data (Table 1). In 2013, detection probability varied significantly among age classes
with lower detection of senescent compared to prime-aged adults (S2 Fig).

As predicted, temporal dynamics in population size were different between northern and
southern regions of the snail kite’s range in Florida (Fig 3). Trends in abundance differed signifi-
cantly between regions (F = 16.498, p-value<0.001). The northern region experienced a signifi-
cant decrease from 2001 to 2002, then significantly increased from 2007 to 2008 and again from
2011-2013 (Fig 3). Estimated abundance of snail kites in the northern region increased roughly
four-fold from 2007 (217, 95% CI = 181 to 253) to 2013 (870, 95% CI = 786 to 954) (Fig 3). In
contrast, the southern region declined significantly throughout the study period (Fig 3) during
which the estimated abundance declined dramatically from its highest estimate of 2,601 (95%
CI=1630to 3572) in 1998 to 291 (95% CI = 163 to 420) individuals in 2013 (Fig 3).

The two regions also had distinctly different age distributions over time (Fig 4). Since 2005,
the southern region has had a steady and significant increase in the proportion of senescent
individuals (13 years of age and older), such that in 2013, senescent adults comprised more
than two-thirds (70.03%, 95% CI = 65.8 to 74.2) of snail kites in the region (Fig 4), as compared
to only 10.5% (95% CI = 8.4 to 12.6) in the northern region. The greatest increase in the pro-
portion of senescent adults in the south occurred from 2008 to 2009, during which the propor-
tion of one year-old subadults was estimated to be zero. After 2009, the proportion of
subadults increased, yet prime-aged adults in the south remained relatively low compared to
pre-2009 estimates. Proportions of subadults in the northern region generally increased over
the study period (Fig 4).

Range-wide models

Results of modeling within-breeding season dynamics (pent and ¢) at the range-wide scale
were similar to the results from ORDMS with spatial structure. For all years, the best supported
models included survey-dependent probabilities of snail kites entering the study area, pent
(Table 1). In 11 years estimates of pent differed significantly between surveys and decreased
during the breeding season (S3 Fig). The best supported models in seven different years
included age-dependent effects on the probabilities of individuals remaining in the study area
(Table 1). In five of these years, estimates were significantly lower for individuals in the senes-
cent age class (S3 Fig). Unlike ORDMS with spatial structure, the best supported models in 16
of 17 years assumed detection probability was constant across surveys (Table 1). Age-depen-
dent variation in detection probability was included in the best supported model for 1997, but
estimates were not significantly different (Table 1).

Using pooled data from northern and southern subpopulations, we estimated abundance
and age structure at the range-wide scale and compared it to estimates and trends from
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Fig 3. Superpopulation size of adult snail kites at the regional and range-wide scales. Derived point
estimates of superpopulation size (¢) with 95% CI’s of snail kites during the breeding season (March1-June
30") in northernregion, southern region, and over the entire breeding range. Estimates were derived based
on model-averaged parameter values using extensions of the open robust design multistate model. Solid and
dashed grey lines represent predicted mean and 95% CI’'s from GAM used to assess trends in estimates of
superpopulation size. Blue lines indicate periods of significant increase and red lines indicate periods of
significant decrease in population size, both identified using methods of ‘finite differences’.

doi:10.1371/journal.pone.0162690.9003

analyses that accounted for spatial population structure. Using the method of ‘finite differ-
ences’ on the predictions of GAM, we found that range-wide snail kite abundance declined sig-
nificantly from 2000-2002 and again from 2006-2008 (Fig 3). Similar to the northern region,
population size then increased significantly from 2010 to 2013 (Fig 3). From 1997 to 2013,
superpopulation size ranged from an estimated high of 2,641 (95% CI = 1292 to 3990) in 1997
to a low of 498 (95% CI = 436 to 560) in 2013. Changes in age structure over time closely reflect
that of the southern region until 2006. After approximately 2006, estimated range-wide age
structure more closely reflect the age distribution in the northern region, as evidenced by the
proportion of senescent individuals (Fig 4).

Discussion

Aging effects on populations are of conservation concern because reduced proportions of
younger individuals can alter population growth rates [36], potentially increasing the risk of
short-term local extinction [10]. We identified regional differences in age structure and tempo-
ral trends in local abundance of a highly endangered population of snail kites in Florida. Specif-
ically, there has been a significant population decline and shift towards a higher proportion of
senescent adults in south Florida, a region comprised of wetlands historically considered to be
critical habitat [37]. Our findings are especially alarming for snail kites in the region given that
actuarial senescence occurs [16] (Fig 1). Unless local juvenile recruitment or immigration
increases, snail kites in south Florida could experience continued population decline in the
near-term and a substantial lag period before recovery, even if recruitment does increase
[10,11].

Potential drivers of variation in snail kite age structure and abundance

Changes in habitat quality can influence age structure and abundance through effects on local
demography (survival and reproduction), dispersal, or a combination of both. Habitat quality
can vary at local and large scales over time. Throughout the snail kite’s breeding range in Flor-
ida, large-scale environmental change may have range-wide (annual) effects on demography
which could lead to synchronized changes in age structure between regions. However, we iden-
tified significant spatial variation in age structure and abundance and did not find evidence
that proportions of age classes were correlated between regions (e.g., subadults, r = 0.167,

P =0.522, see 54 Fig). In the southern region of the snail kite’s range, several changes in local
habitat quality have occurred, including changes in drought frequency, vegetation structure
[38], and prey abundance [39]. These changes may have limited regional population growth
[7] and altered local age structure.

Perhaps the most dramatic decline in the quality of snail kite habitat occurs during periods
of drought which severely limit the availability of apple snails (Pomacea spp.) to foraging snail
kites [40,41]. Northern lacustrine wetlands are less susceptible to complete desiccation during
drought, which could explain regional variation observed in this study. Kites can escape the
potential impacts of regional droughts by moving to unaffected wetlands [42-45], but the risk
of mortality increases as a function of the spatial extent and duration of drought [43,45]. The

PLOS ONE | DOI:10.1371/journal.pone.0162690 September 28, 2016 10/18



o @
@ : PLOS | ONE Spatio-Temporal Variation in Age Structure and Abundance

Range-wide

Prime-aged

1.0

0.8 -

0.6 -

0.4 -

0.2

Subadult

0.0

Northern region

“°“|TW

0.8 -

06 4 Prime-aged

0.4 -

Age distribution

0.2 -

Subadult

0.0 ISubaldult

1998 2000 2002 2004 2006 2008 2010 2012

PLOS ONE | DOI:10.1371/journal.pone.0162690 September 28,2016 11/18



@° PLOS | ONE

Spatio-Temporal Variation in Age Structure and Abundance

Fig 4. Age distribution of snail kites at the regional and range-wide scales. Estimated proportions of
adult snail kites across three biologically-relevant age classes (0-1 years, 1-12 years, and 13+ years) in the
northernregion, southernregion, and over the entire breeding range. Proportions of individuals in each age
class were calculated using model-averaged estimates for the superpopulation size of banded individuals in
each age class.

doi:10.1371/journal.pone.0162690.9004

negative impacts of drought on local snail kite survival [16,45,46] and breeding effort [47] may
help, in part, to explain the reduced proportions of younger individuals and observed declines
in snail kite abundance in the southern region. However, even in relatively wet years reproduc-
tion and juvenile recruitment has remained low in the southern region [48]. This suggests that
other key processes such as long-term changes in the hydrologic regime have also negatively
impacted snail kite foraging habitat (e.g. [38,49-51]) and prey abundance [52] and likely con-
tributed to observed changes in local demography [7].

In addition to a decline in habitat quality in the south, increases in local habitat quality have
occurred simultaneously in the north, which have likely exacerbated regional differences in
demography. Recent increases in local reproduction and population growth in the northern
region have been largely attributed to the invasion of a non-native species of apple snail (Poma-
cea maculata) [24]. Snail kite movements to invaded wetlands have also increased; however,
the probability of a kite dispersing was relatively small compared to the probability of remain-
ing in the south [24]. We found that a disproportionately high number of older individuals
used wetlands in the southern region despite changes in habitat quality. While emigration of
juvenile and prime-aged adults out of the southern region may have contributed at least mini-
mally to the observed population declines in the south, reduced local reproduction and juvenile
survival have likely played a larger role in the observed changes in snail kite age structure and
abundance. For example, from standardized monitoring from 1997 through 2004, 1,215 nests
were monitored and 793 were young banded in this region. Yet from 2005 through 2013, only
386 nests were found and 125 young were banded [24]. Furthermore, juvenile survival in the
southern region was significantly lower (~36%) from 2005 to 2013 compared to the period of
1992 to 2004 [24]. This decline in reproductive effort and juvenile survival likely limited local
recruitment and population growth in the region [7].

Population estimation with and without structure

We developed a modeling framework using the ORDMS that accounted for spatial structure
and compared the results to models that ignored spatial structure by pooling data across the
entire range of the study population. While range-wide abundance estimators using the
ORDMS can account for several sources of variation, including temporal variability in move-
ment rates in and out of the study area, they do not typically deal with spatial variation in abun-
dance and age structure. By incorporating spatial population structure, we were able to identify
habitat-specific (regional) trends in demography and a multi-year shift in snail kite abundance
between regions. These patterns would have been missed if age structure was only assessed at
the range-wide scale (Figs 3 and 4). Estimates of range-wide abundance were lower using the
multistate approach compared to estimates from a single-state superpopulation estimator
reported previously by Dreitz et al. [27] and Martin et al. [53]. However, temporal trends were
very similar between estimators (Fig 5). Differences between estimates using the two
approaches may be an effect of pooling parameters for the single state estimator, which ignores
age-related and spatial sources of heterogeneity in detection. Further work is needed to investi-
gate the differences between estimates using the two approaches.

Inferences from our analysis rely on the assumption of representativeness, in which the age
structure of banded birds over time is representative of the age structure of the entire (sub)
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Fig 5. Comparison of estimates with 95% Cls of range-wide superpopulation size of snail kites during the
breeding season in Florida using single-state and open robust design multistate models.
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population. However, this assumption is likely reasonable in our case for two main reasons.
First, banding of nestlings began well before the onset of our analysis (>5 years). Second, band-
ing effort, which involves attempting to band all nestlings at every known nest through the
snail kite’s range, has remained relatively consistent across both regions over time.

Conservation implications

Population viability analysis is an important tool in conservation biology [5,6]. Traditional
approaches often assume long-term asymptotic growth and a stable-age distribution [2]. We
present an empirical example of how age structure varies through time and across the geo-
graphic range of an endangered population. Such changes in age structure can give rise to
short-term transient population dynamics that can influence realized growth rates [54-56] and
alter extinction probability [57]. Our results emphasize that the assumption of stable age distri-
bution may not be valid, especially for small populations whose vital rates are strongly influ-
enced by local habitat conditions and exist in spatially and temporally heterogeneous
environments (see also [58]).

Age structure is a common characteristic of most animal populations and it has conse-
quences for population dynamics [59,60]. For snail kites, our results and related findings [24]
suggest that local habitat quality is likely driving age structure dynamics more than dispersal.
Because these two issues can have very different implications for conservation practice, we
argue that further work on age structure needs to isolate the factors driving age structure
dynamics. By estimating variation in age structure, we revealed a hidden potential issue for the
conservation of this endangered species—that the snail kite population in the southern region
will likely experience continued suppressed population growth in the near term. Information
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on changes in age structure, like that provided here, might provide ‘early warning signals’ for
population decline in a variety of populations that are limited by habitat quality.

These results show that despite the fact that across their range, snail kites have recently
increased in population size (Fig 3, [24]), regional differences are considerable in terms of pop-
ulation abundance and age structure. Population assessments need to include regional trends
rather than relying solely on trends across the entire population. Such regional variation will
help identify factors limiting the recovery of snail kites in Florida.

Currently, greater recruitment of young birds is needed in south Florida—a region of vast
amounts of potential habitat. This will require strategies to improve nesting success (e.g., water
management) and foster natal and breeding dispersal to the southern region. While a small pool
of potential immigrants may exist that have remained outside of the study area in recent years,
these individuals are likely not sufficient for the recovery of the population in the southern
region. Better understanding how management can increase recruitment in palustrine wetlands
and how to reduce effects of key factors, such as droughts is needed. While we have an increasing
understanding of how environmental variation can impact reproduction (e.g.,[39]), integrated
approaches with managers is needed to better interpret the efficacy of management options.

The Everglades is the largest restoration effort in the world. Currently, there is a great
opportunity for improving habitat quality in the southern region via the restoration process.
The snail kite is a key indicator for Everglades restoration [61]. Recommendations for manag-
ing hydrology to improve snail kite breeding habitat have been incorporated into larger multi-
species planning efforts (e.g. [62]). The trends we revealed here, however, support recent
findings that, to date, attempts to restore the hydrology of the historical Everglades have not
been sufficient [63] and highlights the urgency for restoration. As restoration proceeds, we
need to better understand how to manage hydrology for the needs of wildlife given a multitude
of constraints, including human population growth and predicted increases in drought fre-
quency due to climate change [64].

Supporting Information

S1 Fig. Total counts of banded and unbanded snail kites across all breeding season surveys
for northern and southern regions (n = 4-6) from 1997-2013.
(PDF)

S2 Fig. Estimated probabilities of an individual snail kite entering (pent), remaining (¢),
and being detected (p) in the study area from an open robust design multistate model with
spatial structure (two regions). Error bars represent 95% confidence intervals. Estimates are
from models best supported by the data with significant effects of survey period (linear and cat-
egorical), age class (categorical), region (categorical), or region x survey period interactions.
Models fit to band-resight data collected over multiple standardized range-wide surveys con-
ducted at the peak of the snail kite breeding season (March 1*~June 30™).

(PDF)

S3 Fig. Estimated probabilities of an individual snail kite entering (pent), remaining (¢),
and being detected (p) in the study area from an open robust design multistate model at
the range-wide scale. Error bars represent 95% confidence intervals. Estimates are from
models best supported by the data with significant effects of survey period (linear and categori-
cal), age class (categorical), region (categorical), or region x survey period interactions. Models
fit to band-resight data collected over multiple standardized range-wide surveys conducted at
the peak of the snail kite breeding season (March 1*~June 30™).

(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0162690 September 28,2016 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162690.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162690.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162690.s003

@° PLOS | ONE

Spatio-Temporal Variation in Age Structure and Abundance

S4 Fig. Scatterplot of the proportions of subadults in northern and southern regions. Sub-
adult proportions were not correlated (r = 0.167, p = 0.522).
(PDF)

$1 Table. Summary of surveyed wetlands including access information (public versus pri-
vate), access permit numbers where applicable (public lands), and site coordinates (WGS
1984 UTM Zone 17N).

(PDEF)

S2 Table. Model results used to obtain model-averaged parameter values for derived esti-
mates of snail kite superpopulation size and age structure during the breeding season
(March 1 -June 30) from 1997 through 2013 in Florida using an open robust design multi-
state model with spatial structure (two regions). Model notation: “pent” = survey-specific
probability of a snail kite entering the study area, “phi” = survey-specific probability that a
snail kite remained in the study area, “p” = probability that a snail kite was detected in the
study area given it was available, ” = model parameter was assumed to be constant, “time” =
model parameter varied among surveys, “Time” = model parameter varied as a linear function
of time (by survey), “age” = model parameter varied between age class (0-1 years, 2-12 years,
13+ years), and “region” = model parameter varied for individuals in different regions.

(PDF)

S3 Table. Model results used to obtain model-averaged parameter values for derived esti-
mates of snail kite superpopulation size and age structure during the breeding season
(March 1 -June 30) from 1997 through 2013 at the range-wide scale using an open robust
design multi-state model. Model notation: “pent” = survey-specific probability of a snail kite
entering the study area, “phi” = survey-specific probability that a snail kite remained in the
study area, “p” = probability that a snail kite was detected in the study area given it was avail-
able, V7 = model parameter was assumed to be constant, “time” = model parameter varied
among surveys, “Time” = model parameter varied as a linear function of time (by survey), and
“age” = model parameter varied between age class (0-1 years, 2-12 years, 13+ years).

(PDF)

Acknowledgments

We thank Rob Bennetts, Vicky Dreitz, and James Nichols for helping design the long-term
monitoring study. We are very grateful to the many people who helped with fieldwork over the
years. In particular, several independent investigators have banded snail kites, including Rob
Bennetts, Vicky Dreitz, Julien Martin, Steve Beissinger, Jim Rodgers, and Ken Meyer. Thank
you to Brian Jeffery, Tyler Beck, and two anonymous reviewers for helpful comments and feed-
back on the manuscript. Any use of trade, firm, or product names is for descriptive purposes
only and does not imply endorsement by the U. S. Government.

Author Contributions
Conceptualization: BER RJE.
Data curation: BER.

Formal analysis: BER.

Funding acquisition: RJF WMK.
Investigation: BER WMK.

PLOS ONE | DOI:10.1371/journal.pone.0162690 September 28,2016 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162690.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162690.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162690.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162690.s007

@° PLOS | ONE

Spatio-Temporal Variation in Age Structure and Abundance

Methodology: BER WLK.

Project administration: BER RJF WMK.

Resources: RJF WMK.

Supervision: BER RJF WMK.

Validation: BER.

Visualization: BER.

Writing - original draft: BER.

Writing - review & editing: BER WLK RJF WMK.

References
1. Leslie PH. On the use of matrices in certain population mathematics. Biometrika. 1945; 33: 183-212.
doi: 10.2307/2332297 PMID: 21006835
2. Caswell H. Matrix population models: construction, analysis, and interpretation. 2nd ed. Sunderland,
Massachusetts: Sinauer Associates, Inc; 2001.
3. Charlesworth B. Evolution in age-structured populations. C. C, F. H, editors. Cambridge: Cambridge
University Press; 1980.
4. Keyfitz N. On the momentum of population growth. Demography. 1971; 8: 71-80. doi: 10.2307/
2060339 PMID: 5163984
5. Beissinger S, Westphal M. On the use of demographic models of population viability in endangered
species management. J Wildl Manage. 1998; 62: 821-841.
6. Morris WF, Doak DF. Quantitative conservation biology: theory and practice of population viability anal-
ysis. Landscape Ecology. 2002.
7. MartinJ, Kitchens W, Cattau C, Oli M. Relative importance of natural disturbances and habitat degrada-
tion on snail kite population dynamics. Endanger Species Res. 2008; 6: 25—-39. doi: 10.3354/esr00119
8. Holmes RT, Marra PP, Sherry TW. Habitat-specific demography of breeding black-throated blue war-
blers (Dendroica caerulescens): implications for population dynamics. J Anim Ecol. 1996; 183—195.
9. Monson DH, Doak DF, Ballachey BE, Johnson A, Bodkin JL. Long-term impacts of the Exxon Valdez
oil spill on sea otters, assessed through age-dependent mortality patterns. Proc Natl Acad Sci. 2000;
97: 6562—-6567. doi: 10.1073/pnas.120163397 PMID: 10823920
10. Koons DN, Rockwell RF, Grand JB. Population momentum: Implications for wildlife management. J
Wildl Manag. 2006; 70: 19-26.
11. Koons DN, Holmes RR, Grand JB. Population inertia and its sensitivity to changes in vital rates and
population structure. Ecology. 2007; 88: 2857—2867. doi: 10.1890/06-1801.1 PMID: 18051655
12. Fretwell SD. Populations in a seasonal environment. Monogr Popul Biol. 1972; 5: 1-217. PMID:
4680650
13. Rohwer S. Using age ratios to infer survival and despotic breeding dispersal in hybridizing warblers.
Ecology. Ecological Society of America; 2004; 85: 423—-431. doi: 10.1890/02-0380
14. Sherry TW, Holmes RT. Age-specific social dominance affects habitat use by breeding American red-
starts (Setophaga ruticilla): a removal experiment. Behav Ecol Sociobiol. 1989; 25: 327-333. doi: 10.
1007/BF00302990
15. Rodenhouse NL, Sherry TW, Holmes RT. Site-depedent regulation of population size:a new synthesis.
Ecology. 1997; 78: 2025-2042. doi: 10.1890/0012-9658(1997)078[2025:SDROPS]2.0.CO;2
16. ReichertBE, MartinJ, Kendall WL, Cattau CE, Kitchens WM. Interactive effects of senescence and nat-
ural disturbance on the annual survival probabilities of snail kites. Oikos. 2010; 119: 972-979. doi: 10.
1111/j.1600-0706.2010.18366.x
17. ReichertBE. Effects of Aging and the Environment on Snail Kite Demography: A Reassessment of
Snail Kite (Rostrhamus Sociabilis Plumbeus) Vital Rates. University of Florida. 2009.
18. MartinJ, Kitchens W, Hines J. Natal location influences movement and survival of a spatially structured

population of snail kites. Oecologia. 2007; 153: 291-301. doi: 10.1007/s00442-007-0729-8 PMID:
17530294

PLOS ONE | DOI:10.1371/journal.pone.0162690 September 28, 2016 16/18


http://dx.doi.org/10.2307/2332297
http://www.ncbi.nlm.nih.gov/pubmed/21006835
http://dx.doi.org/10.2307/2060339
http://dx.doi.org/10.2307/2060339
http://www.ncbi.nlm.nih.gov/pubmed/5163984
http://dx.doi.org/10.3354/esr00119
http://dx.doi.org/10.1073/pnas.120163397
http://www.ncbi.nlm.nih.gov/pubmed/10823920
http://dx.doi.org/10.1890/06-1801.1
http://www.ncbi.nlm.nih.gov/pubmed/18051655
http://www.ncbi.nlm.nih.gov/pubmed/4680650
http://dx.doi.org/10.1890/02-0380
http://dx.doi.org/10.1007/BF00302990
http://dx.doi.org/10.1007/BF00302990
http://dx.doi.org/10.1890/0012-9658(1997)078[2025:SDROPS]2.0.CO;2
http://dx.doi.org/10.1111/j.1600-0706.2010.18366.x
http://dx.doi.org/10.1111/j.1600-0706.2010.18366.x
http://dx.doi.org/10.1007/s00442-007-0729-8
http://www.ncbi.nlm.nih.gov/pubmed/17530294

@° PLOS | ONE

Spatio-Temporal Variation in Age Structure and Abundance

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fletcher RJ, Robertson EP, Wilcox RC, Reichert BE, Austin JD, Kitchens WM. Affinity for natal environ-
ments by dispersers impacts reproduction and explains geographical structure of a highly mobile bird.
Proc R Soc B Biol Sci. 2015; 282. doi: 10.1098/rspb.2015.1545

ReichertBE, Fletcher RJ, Cattau CE, Kitchens WM. Consistent scaling of population structure across
landscapes despite intraspecific variation in movement and connectivity. J Anim Ecol. 2016; doi: 10.
1111/1365-2656.12571

Fletcher RJ, Revell A, Reichert BE, Kitchens WM, Dixon JD, Austin JD. Network modularity reveals crit-
ical scales for connectivity in ecology and evolution. Nat Commun. Nature Publishing Group; 2013; 4:
2572. doi: 10.1038/ncomms3572 PMID: 24096937

Bennetts RE, Kitchens WM. The demography and movements of snail kites in Florida. Gainesville, FL;
1997.

Stieglitz WO, Thompson RL. Status and life history of the everglade kite in the United States Special
Scientific Report-Wildlife No. 109. Washington, D.C.; 1967.

Cattau CE, Fletcher RJ Jr., Reichert BE, Kitchens WM. Counteracting effects of a non-native prey on
the demography of a native predator culminate in positive population growth. Ecol Appl. 2016; In press.
doi: 10.1890/15-1020.1

Reichert BE. Spatial structure in demography and movements of the endangered snail kite: revealing
multi-scale patterns and their implications for conservation. University of Florida.2014.

Pollock KH. A capture-recapture design robust to unequal probability of capture. J Wildl Manage. 1982;
46: 752-757.

Dreitz VJ, Nichols JD, Hines JE, Bennetts RE, Kitchens WM, Deangelis DL. The use of resighting data
to estimate the rate of population growth of the snail kite in Florida. J Appl Stat. Taylor & Francis; 2002;
29: 609-623. doi: 10.1080/02664760120108854

Kendall W, Bjorkland R. Using open robust design models to estimate temporary emigration from cap-
ture—recapture data. Biometrics. 2001; 57: 1113-1122. PMID: 11764251

Kendall WL. Coping with unobservable and mis-classified states in capture-recapture studies. Anim
Biodivers Conserv. 2004; 27: 97-107.

Kendall WL. The “robust design.” In: Cooch EG, White G, editors. Program MARK: a gentle intoduction.
11th ed. 2012. pp. 48—49.

White GC, Burnham KP. Program MARK: survival estimation from populations of marked animals. Bird
Study. Taylor & Francis; 1999; 46: S120—-S139. doi: 10.1080/00063659909477239

R Development Core Team R. R: a language and environment for statistical computing. Team RDC,
editor. R Foundation for Statistical Computing. Vienna, Austria: R Foundation for Statistical Comput-
ing; 2013. p. 409. doi: 10.1007/978-3-540-74686-7

Jackson CH. Multi-state models for panel data: the msm package for R. J Stat Softw. 2011; 38: 1-29.

Wood SN. Generalized additive models: an introduction with R. Chapman and Hall/CRC; 2006. doi:
10.1111/j.1541-0420.2006.00574.x

Zuur AF, leno EN, Walker N, Saveliev A a., Smith GM. Things Are Not Always Linear; Additive Model-
ling. Mixed effects models and extensions in ecology with R. Springer Science Business Media, LLC;
2009. pp. 35-69.

Mills LS. Conservation of wildlife populations: demography, genetics, and management. John Wiley &
Sons; 2012.

Service USF and W. Final correction and augmentation of critical habitat reorganization. Fed Regist.
1977;42: 47840-47845.

Zweig CL, Kitchens WM. Effects of landscape gradients on wetland vegetation communities: Informa-
tion for large-scale restoration. Wetlands. 2008; 28: 1086—1096.

Cattau CE, Darby PC, Fletcher RJ Jr, Kitchens WM. Reproductive responses of the endangered snail
kite to variations in prey density. J Wildl Manage. 2014; 78: 620-631.

Darby PC, Bennetts RE, Percival HF. Dry down impacts on apple snail (Pomacea paludosa) demogra-
phy: Implications for wetland water management. Wetlands. 2008; 28: 204—-214. doi: 10.1672/07-115.1

Darby PC, Bennetts RE, Miller SJ, Percival HF. Movements of Florida apple snails in relation to water
levels and drying events. Wetlands. 2002; 22: 489-498. doi: 10.1672/0277-5212(2002)022[0489:
MOFASIJ2.0.CO;2

Takekawa JE, Beissinger SR. Cyclic drought, dispersal, and the conservation of the snail kite in Florida:
lessons in critical cabitat. Conserv Biol. 1989; 3: 302—-311. doi: 10.1111/j.1523-1739.1989.tb00090.x

Mooij WM, Bennetts RE, Kitchens WM, DeAngelis DL. Exploring the effect of drought extent and inter-
val on the Florida snail kite: interplay between spatial and temporal scales. Ecological Modelling.
2002. pp. 25-39. doi: 10.1016/S0304-3800(01)00512-9

PLOS ONE | DOI:10.1371/journal.pone.0162690 September 28,2016 17/18


http://dx.doi.org/10.1098/rspb.2015.1545
http://dx.doi.org/10.1111/1365-2656.12571
http://dx.doi.org/10.1111/1365-2656.12571
http://dx.doi.org/10.1038/ncomms3572
http://www.ncbi.nlm.nih.gov/pubmed/24096937
http://dx.doi.org/10.1890/15-1020.1
http://dx.doi.org/10.1080/02664760120108854
http://www.ncbi.nlm.nih.gov/pubmed/11764251
http://dx.doi.org/10.1080/00063659909477239
http://dx.doi.org/10.1007/978-3-540-74686-7
http://dx.doi.org/10.1111/j.1541-0420.2006.00574.x
http://dx.doi.org/10.1672/07-115.1
http://dx.doi.org/10.1672/0277-5212(2002)022[0489:MOFASI]2.0.CO;2
http://dx.doi.org/10.1672/0277-5212(2002)022[0489:MOFASI]2.0.CO;2
http://dx.doi.org/10.1111/j.1523-1739.1989.tb00090.x
http://dx.doi.org/10.1016/S0304-3800(01)00512-9

@° PLOS | ONE

Spatio-Temporal Variation in Age Structure and Abundance

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

Bennetts RE, Collopy MW, Rodgers JA Jr. The snail kite in the Florida everglades: a food specialistin a
changing environment. In: Davis Steven M, Ogden John C, editors. Everglades: the ecosystem and its
restoration. Boca Raton, Florida: St. Lucie Press; 1994. pp. 507-532.

Martin J, Nichols JD, Kitchens WM, Hines JE. Multiscale patterns of movement in fragmented land-
scapes and consequences on demography of the snail kite in Florida. J Anim Ecol. 2006; 75: 527-39.
doi: 10.1111/}.1365-2656.2006.01073.x PMID: 16638005

Bennetts R, Kitchens W. Factors influencing movement probabilities of a nomadic food specialist: proxi-
mate foraging benefits or ultimate gains from exploration? Oikos. 2000; 91: 459-467.

ReichertBE, Cattau CE, Fletcher RJ, Kendall WL, Kitchens WM. Extreme weather and experience
influence reproduction in an endangered bird. Ecology. Ecological Society of America; 2012; 93: 2580—
2589. doi: 10.1890/12-0233.1 PMID: 23431589

ReichertBE, Cattau CE, Fletcher Jr RJ, Sykes Jr PW, Rodgers Jr JA, Bennetts RE. Snail Kite (Rostrha-
mus sociabilis). Birds North Am Online (A Poole, Ed) Ithaca Cornell Lab Ornithaol. 2015;

Kitchens W, Bennetts R, DeAngelis D. Linkages between the snail kite population and wetland dynam-
ics in a highly fragmented South Florida hydroscape. In: Porter JW, Porter KG, editors. The everglades,
Florida bay, and coral reefs of the Florida keys, An ecosystem sourcebook. Boca Raton: CRC Press;
2002. pp. 183-203.

Zweig CL, Kitchens WM. Reconstructing historical habitat data with predictive models. Ecol Appl. 2014;
24:196-203. doi: 10.1890/13-0327.1 PMID: 24640544

Zweig CL, Reichert BE, Kitchens WM. Implications of discontinuous elevation gradients on fragmenta-
tion and restoration in patterned wetlands. Ecosphere. 2011; 2: 1-14. doi: 10.1890/ES11-00119.1

Darby PC, DeAngelis DL, Romariach SS, Suir K, Bridevaux J. Modeling apple snail population dynam-
ics on the Everglades landscape. Landsc Ecol. 2015; 30: 1497—-1510. doi: 10.1007/s10980-015-0205-5

Martin J, Kitchens WM, Hines JE. Importance of well-designed monitoring programs for the conserva-
tion of endangered species: case study of the snail kite. Conserv Biol. 2007; 21: 472—-81.doi: 10.1111/j.
1523-1739.2006.00613.x PMID: 17391197

Hastings A. Transients: The key to long-term ecological understanding? Trends in Ecology and Evolu-
tion. 2004. pp. 39-45. doi: 10.1016/j.tree.2003.09.007

Koons DN, Grand JB, Zinner B, Rockwell RF. Transient population dynamics: Relations to life history
and initial population state. Ecol Modell. 2005; 185: 283—-297. http://dx.doi.org/10.1016/j.ecolmodel.
2004.12.011

Ezard THG, Bullock JM, Dalgleish HJ, Millon A, Pelletier F, Ozgul A, et al. Matrix models for a change-
able world: The importance of transient dynamics in population management. J Appl Ecol. 2010; 47:
515-523. doi: 10.1111/}.1365-2664.2010.01801.x

Coulson T, Mace GM, Hudson E, Possingham H. The use and abuse of population viability analysis.
Trends Ecol Evol. 2001; 16: 219-221. http://dx.doi.org/10.1016/S0169-5347(01)02137-1 PMID:
11301139

Koons DN, lles DT, Schaub M, Caswell H. A life-history perspective on the demographic drivers of
structured population dynamics in changing environments. Ecol Lett. 2016; doi: 10.1111/ele.12628

Boonstra R. Population cycles in microtines: The senescence hypothesis. Evol Ecol. 1994; 8: 196-219.
doi: 10.1007/BF01238250

Clutton-Brock TH, Coulson T. Comparative ungulate dynamics: the devil is in the detail. Philos Trans R
Soc Lond B Biol Sci. 2002; 357: 1285—-1298. doi: 10.1098/rstb.2002.1128 PMID: 12396519

U.S. Fish and Wildlife Service. South Florida multi-species recovery plan. Atlanta, GA, USA; 1999.

U.S. Fish and Wildlife Service. USFWS Multi-species tranistion strategy for Water Conservation Area
3A. Vero Beach, FL; 2010.

NRC. Progress toward restoring the Everglades: the fourth biennial review. Washington: The National
Academy Press; 2012.

Pearlstine LG, Pearlstine E V., Aumen NG. A review of the ecological consequences and management
implications of climate change for the Everglades. J North Am Benthol Soc. 2010; 29: 1510-1526. doi:
10.1899/10-045.1

PLOS ONE | DOI:10.1371/journal.pone.0162690 September 28, 2016 18/18


http://dx.doi.org/10.1111/j.1365-2656.2006.01073.x
http://www.ncbi.nlm.nih.gov/pubmed/16638005
http://dx.doi.org/10.1890/12-0233.1
http://www.ncbi.nlm.nih.gov/pubmed/23431589
http://dx.doi.org/10.1890/13-0327.1
http://www.ncbi.nlm.nih.gov/pubmed/24640544
http://dx.doi.org/10.1890/ES11-00119.1
http://dx.doi.org/10.1007/s10980-015-0205-5
http://dx.doi.org/10.1111/j.1523-1739.2006.00613.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00613.x
http://www.ncbi.nlm.nih.gov/pubmed/17391197
http://dx.doi.org/10.1016/j.tree.2003.09.007
http://dx.doi.org/10.1016/j.ecolmodel.2004.12.011
http://dx.doi.org/10.1016/j.ecolmodel.2004.12.011
http://dx.doi.org/10.1111/j.1365-2664.2010.01801.x
http://dx.doi.org/10.1016/S0169-5347(01)02137-1
http://www.ncbi.nlm.nih.gov/pubmed/11301139
http://dx.doi.org/10.1111/ele.12628
http://dx.doi.org/10.1007/BF01238250
http://dx.doi.org/10.1098/rstb.2002.1128
http://www.ncbi.nlm.nih.gov/pubmed/12396519
http://dx.doi.org/10.1899/10-045.1

