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INTRODUCTION

Natural disturbances are environmental events that
generally induce temporary changes in the system
state (Reeves et al. 1995). In contrast, habitat degrada-
tion typically results from human activities and often
leads to more permanent changes in the system state

(Reeves et al. 1995). Natural disturbances are often
perceived as ‘catastrophes’ (e.g. floods, droughts) that
impose large numerical responses on wild populations
(Casagrandi & Gatto 2002). However, natural distur-
bances may also play a role in organizing ecosystems
(DeAngelis & White 1994). In the long term, natural
disturbances may be crucial to the persistence of wild
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ABSTRACT: Natural disturbances and habitat degradation are major factors influencing the dynam-
ics and persistence of many wildlife populations, yet few large-scale studies have explored the rela-
tive influence of these factors on the dynamics and persistence of animal populations. We used long-
term demographic data and matrix population models to examine the potential effects of habitat
degradation and natural disturbances on the dynamics of the endangered snail kite Rostrhamus
sociabilis in Florida, USA. We found that estimates of stochastic population growth rate were low
(0.90). Population growth rate (λ) during the first half or our study period (1992 to 1998) was substan-
tially greater than during the second half (1999 to 2005). These 2 periods were characterized by con-
trasting hydrological conditions. Although λ was most sensitive to changes in adult survival, the
analysis of life table response experiments revealed that a reduction in fertility of kites accounted for
>80% of the observed decline in population growth rate. We examined the possibility that the reduc-
tion in λ was caused by (1) habitat degradation due to management, (2) an increase in frequency of
moderate drying events in recent years, and (3) both habitat degradation and an increase in fre-
quency of moderate drying events. Our results suggest that both factors could potentially contribute
to a large decrease in population growth rate. Our study highlights the importance of simultaneously
considering short- and long-term effects of disturbances when modeling population dynamics.
Indeed, focusing exclusively on one type of effect may be misleading to both our understanding of the
ecological dynamics of the system and to management. The relevance of our results to management
is heightened because the snail kite has been selected as a key performance measure of one of the
most ambitious ecosystem restoration projects ever undertaken.
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populations (DeAngelis & White 1994). Because most
wildlife studies are conducted in the short term and at
relatively small spatial scales, most studies investigat-
ing the effects of natural disturbances on natural pop-
ulations have focused on the negative effects of distur-
bances (White & Pickett 1985). However, suppressing
natural disturbances can actually result in the degra-
dation of natural habitats with long-term conse-
quences for populations inhabiting these systems
(Reeves et al. 1995). Better understanding the relative
importance of natural disturbances and habitat degra-
dation on populations, both in the short and long
terms, is an important challenge to uncover the ecolog-
ical dynamics of many natural systems.

We examined several hypotheses related to the
effect of natural disturbances and habitat degradations
on population dynamics of the federally endangered
snail kite Rostrhamus sociabilis. The snail kite is a wet-
land specialist whose diet consists almost exclusively
of freshwater snails (Beissinger 1995). Vital rates of
snail kites are finely tuned to the hydrology of its habi-
tat. Drying events reduce availability of snails to kites
and, therefore, can dramatically increase mortality
(Takekawa & Beissinger 1989, Martin et al. 2006, Mar-
tin et al. 2007a). The impact of drying events on kites
depends on the intensity, spatial extent and duration of
these disturbances (Bennetts & Kitchens 2000, Mooij et
al. 2007). Drying events often occur naturally, but in
some instances can be induced by management (e.g.
managed drawdowns). As pointed out by several
authors, droughts are natural disturbances that are an
organizing force of Florida ecosystems and suppress-
ing them may cause habitat conversion (Bennetts et al.
1998, Kitchens et al. 2002, Mooij et al. 2007). In addi-
tion, prolonged hydroperiods and excessive flooding
intensity and frequency may shift the vegetation struc-
ture toward communities less suitable for foraging and
nesting activities of snail kites (Kitchens et al. 2002,
Darby et al. 2005, Zweig & Kitchens 2007). This con-
trasts with the fact that occasional flooding events are
part of the system and may even benefit kites in the
short term (Bennetts et al. 2002). During the period
1993 to 2005, most primary kite habitats in Florida
experienced a high frequency of flooding events and
unusually prolonged hydroperiods during the fall, and
a single extensive drought was reported in 2001 (Smith
et al. 2003, Martin 2007). The increase in flooding fre-
quency resulted from an increase in precipitation as
well as from the regulation of control structures, partic-
ularly in Everglades Water Conservation Area 3A
(WCA3A) (SFWMD 2007a). In this study we consider
habitat conversion resulting from increased flooding
frequency as a type of habitat degradation. Several
authors have argued that these changes in hydropat-
terns may have degraded kites’ habitat (Kitchens et al.

2002). Martin et al. (2007b) noted that the number of
juveniles appeared to decrease dramatically after
1998. The 2001 drought had a large effect on kite sur-
vival and the population decreased substantially after
2001; the kite population has not recovered since
(Martin et al. 2007b). Adult survival does not appear to
have been reduced substantially, except during the
drought that occurred in 2001, but juvenile survival
appears to have decreased since 1999 (Martin et al.
2006). Based on these observations, we defined 2 peri-
ods: a pre-1998 period (1992 to 1998) and a post-1998
period (1999 to 2005). The pre-1998 period reflected a
pre-decline environment (i.e. before the number of
young produced decreased, see Martin et al. 2007b).
These 2 periods are equivalent in time lengths but are
also characterized by contrasting hydrological condi-
tions (see ‘Hydrological conditions’ in ‘Materials and
methods’). In addition, Bennetts et al. (1998) hypothe-
sized that in the absence of a drying event for 5 to 6 yr
the quality of snail kite habitats would start to erode
(they referred to this erosion of habitat quality as ‘habi-
tat degradation’). Based on this hypothesis we would
expect habitat degradation to have begun to occur in
1998 because there was no drying event between 1993
and 1998 (see ‘Hydrological conditions’ in ‘Materials
and methods’). Kitchens et al. (2002) also hypothesized
that it could take a decade or more for the habitat to
recover from this type of habitat degradation.

Therefore, based on past research on kites (e.g. Ben-
netts et al. 1998, Kitchens et al. 2002, Darby et al. 2005,
Mooij et al. 2007, Martin 2007, Zweig & Kitchens
2007), we considered 3 primary hypotheses to explain
the lack of recovery of the kite population after the
2001 drought. First, we considered the habitat degra-
dation hypothesis, which assumes that an increase in
frequency of flooding events (during August to Janu-
ary, hereafter referred to as the fall; this period
includes some of the months during which water levels
are at their highest) has led to a deterioration of forag-
ing and nesting habitats of kites (Hypothesis 1). As
explained earlier, habitat degradation could also have
resulted from the absence of drying events between
1993 and 1998 (and no drought occurred until 2001).
Second, we considered the hypothesis that an increase
in moderate drying events during March to June
(hereafter referred to as the spring-summer; this
period includes some of the months during which
water levels are at their lowest) is limiting recovery
(Hypothesis 2). Indeed, Martin (2007) found that after
1998 there was an increase in moderate drying events
in WCA3A during the spring-summer (which includes
the peak of the breeding season). As explained in
‘Hydrological conditions,’ moderate drying events are
more moderate disturbances than droughts. Finally,
we considered Hypothesis 3, which assumes that both
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habitat degradation and an increase in moderate dry-
ing events are limiting population growth rate of kites.

It is important to recognize that analyses associated
with the examination of Hypotheses 1, 2 and 3 are
exploratory. The goal of our exploratory analyses
was not to demonstrate the effect of specific factors
(e.g. habitat degradation) on population growth rate.
Instead, our objective was to measure the potential
impact of selected factors in the context of each of
the 3 hypotheses. For example, in the context of
Hypothesis 1 our question was, what would be the
magnitude of the effect of habitat degradation on
population growth rate of kites if, in fact, Hypothesis
1 was true? We applied the same reasoning for
Hypotheses 2 and 3.

We selected these 3 hypotheses because they are the
most relevant to current management of kite habitats
and are also among the hypotheses best supported by
the existing literature (e.g. Kitchens et al. 2002, Darby
et al. 2005, Martin 2007, Mooij et al. 2007, Zweig &
Kitchens 2007).

Objectives

Beissinger (1995) used matrix population models to
examine the viability of kites in relation to drought
frequency. In this paper we used a similar matrix pop-

ulation approach to address 6 primary objectives.
Objective 1 was to estimate population growth rate of
kites under current conditions. Objective 2 was to
determine the key vital rates that govern the popula-
tion growth of the kite population (based on sensitiv-
ity and elasticity analyses). Objective 3 was to esti-
mate how differences in vital rates between the pre-
and post-1998 environments have contributed to
changes in population growth rates (we used 1-way
Life Table Response Experiment [LTRE, Caswell
2001] to meet this objective). Objective 4 was to
examine Hypothesis 1 and to evaluate the relative
importance of an increase in drought frequency as
opposed to the before versus after 1998 effect on pop-
ulation growth rate (e.g. due to habitat conversion
under Hypothesis 1). In order to address Objective 4
we estimated stochastic population growth rates for
pre- and post-1998 environment and varied the fre-
quency of droughts. Objective 5 was to examine a
hypothesis that assumed the primary factor responsi-
ble for lack of population recovery was related to an
increase in moderate drying events and not to habitat
degradation (Hypothesis 2). Objective 6 was to exam-
ine a hypothesis that assumed that both an increase in
moderate drying events frequency and habitat con-
version were responsible for lack of recovery of kites
(Hypothesis 3, see Table 1 for a summary of all objec-
tives, hypotheses and predictions).
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Objectives Description

Objective 1 Measure population growth rate of snail kites under current conditions
Analyses Estimation of stochastic population growth rate (λs), results presented in text 

Objective 2 Determine key vital rates that govern the population dynamics of kites
Analyses Sensitivity and elasticity analyses, results presented in Fig. 1

Objective 3 Determine how changes in vital rates before and after 1998 have contributed to changes in λ1

Analyses Life Table Response Experiment (LTRE), based on matrices Abef and Aaft, results presented in Fig. 2

Objective 4 Exploration of Hypothesis 1
Hypothesis 1 Habitat conversion reduced λs after 1998
Prediction 1 λs under Condition 1 > λs under Condition 3; and λs under Condition 2 > λs under Condition 4 
Analyses Estimation of λs before (based on matrix Abef) and after 1998 (based on matrix Aaft), with 2 levels of

drought frequencies (frequency of 0.25 and 0.11), results presented in Fig. 3

Objective 5 Exploration of Hypothesis 2
Hypothesis 2 Increase in moderate drying events reduced λs after 1998
Prediction 2 λs under Condition 5 > λs under Condition 6
Analyses Estimation of λs based on matrices Awet1, Amod and Adro, with frequency observed before 1998 (LFMD)

and after 1998 (HFMD), results presented in Fig. 4

Objective 6 Exploration of Hypothesis 3
Hypothesis 3 Both an increase in moderate drying events and habitat conversion reduced λs after 1998
Prediction 3a λs under Condition 7 > λs under Condition 8; and λs under Condition 9 > λs under Condition 10 
Prediction 3b λs under Condition 7 > λs under Condition 9; and λs under Condition 8 > λs under Condition 10 
Analyses Estimation of λs based on matrices Awet2, Amod and Adro to simulate conditions before 1998 and matrices,

Awet3, Amod and Adro to simulate conditions after 1998; frequency of each matrix was based on frequen-
cies observed before 1998 (LFMD) and after 1998 (HFMD), results presented in Fig. 5

Table 1. Description of the objectives, hypotheses, predictions and analyses presented in the text. See Table 2 for a list of
abbreviations and symbols
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MATERIALS AND METHODS

Study area. The snail kite population in Florida, USA
is believed to be geographically isolated. Kites in
Florida have been monitored by capture-mark-recap-
ture since 1992 (Martin et al. 2006). Multiple, consecu-
tive surveys of kites from airboats have been con-
ducted during the peak of the breeding season
throughout the species’ Florida range. The sampled
areas include the Kissimmee-Chain of Lakes, the
Water Conservation Areas (1, 2A, 2B, 3B and 3A),
Everglades National Park, Big Cypress National Pre-
serve, Saint Johns Marsh, Lake Okeechobee, and Lox-
ahatchee (see Martin et al. 2006 for a detailed map).

Hydrological conditions. Martin (2007, p 165–168)
performed an agglomerative hierarchical clustering
analysis in order to establish 3 groups of years charac-
terized by contrasted hydrological conditions: wet
years (1993–1998, 2003 and 2005), moderately dry
years (1999–2000, 2002 and 2004), and drought years
(1992 and 2001). Droughts were characterized by the
greatest intensity (i.e. lowest water levels during the
dry season), the longest duration and the greatest spa-
tial extent (i.e. proportion of wetlands affected by dry
conditions). Therefore the pre-1998 period was domi-
nated by wet years, whereas the post-1998 period was
dominated by dry years.

All but 1 hydrological variable (spatial extent) was
measured in Everglades WCA3A. We focused on
WCA3A because it has been identified as the single
most important wetland unit currently occupied by
kites (Mooij et al. 2002); moreover, hydrological condi-
tions in WCA3A are highly correlated with conditions
in all the WCAs, Everglades National Park and Lake
Okeechobee, which by far constitute the largest extent
of wetlands occupied by kites (Martin 2007).

Estimates of vital demographic rates. Survival rates.
Estimates of age-specific annual survival probabilities
for the period 1997 to 2004 were obtained from Martin
(2007, p 138). This author used Cormack-Jolly-Seber
models to estimate survival implemented in Program
MARK (White & Burnham 1999). Note that herein we
refer to survival probabilities as Pa (for adults [≥ 2 yr]),
Ps (for subadults [1 to 2 yr]); and Pj (for juveniles [fledg-
ing to 1 yr]). Pa, Ps, and Pj for year t (e.g. 2000), corre-
spond to survival probabilities for the interval t to t + 1
(e.g. 2000 to 2001).

Fecundity rates. In order to construct population pro-
jection models we need to estimate fecundity rates,
which in our case is the number of young females pro-
duced per reproductive female (Caswell 2001, Morris
& Doak 2002). Estimates of fecundity of adults (ma) and
fecundity of subadults (ms) were obtained as follows:

(1)

where N̂a (t) is the estimated number of adult females
and N̂j (t) the estimated number of juvenile females in the
population (see Appendix 1 for details on how to derive
Eq. 1). q̂ (t) is the estimated ratio of fecundity rates:

, hence, 

(see also Appendix 2).
In 2004 and 2005 we directly estimated the number

of juveniles in the population (see Martin et al. 2007b).
The number of juvenile females was obtained by divid-
ing these super-population estimates for juveniles by 2
because we assumed a sex ratio of 50:50. For the
period 1992 to 2003 we did not have estimates of the
number of juveniles, but counts were available. For
these years, N̂j (t) was estimated as:

(2)

where Cj(t) is the number of juvenile females counted
at time t and β̂(t) is the fraction of juveniles counted
from the overall population of juveniles at time t (here-
after referred to as detection probability of juveniles
[see Martin et al. 2007b]). The procedure leading to
estimate β̂(t) is described in Appendix 3. The number
of adults at time t was estimated as:

(3)

where N̂SUP(t) is the estimate of super-population size
of females at time t (estimates of N̂SUP(t) were com-
puted by dividing superpopulation size estimates by 2,
assuming a 50:50 sex ratio; estimates of super-popula-
tion size were obtained from Martin 2007). N̂s(t) in
Eq. (3) corresponds to the number of subadult females
at time t, which was estimated as:

(4)

We computed q̂ (t) (see Eq. 1) based on estimates
obtained from Bennetts (1998). We obtained q̂ (t) = 4.2
(see Appendix 2). Varying q̂ (t) from 4 to 8.8 had little
effect on population growth rates and other relevant
measures. Note that ma and ms for year t correspond to
fecundity at time t. Estimates of fecundity were avail-
able between 1997 and 2005.

Detection probability for juveniles. Estimates of de-
tection probability for juveniles (β̂(t)) were needed to
compute fecundity rates. We repeated all the analyses
(λs, sensitivity, elasticity, LTRE) assuming 3 levels of β̂(t)
to evaluate the robustness of our results (see Appendix
3 for details on how β̂(t) was derived). Firstly, we as-
sumed that β̂(t) was constant over time and was equal
to 0.16 (this estimate was the lowest of our empirical es-
timates and probably underestimated the ‘true’ detec-
tion probability for most years; this resulted in the most
optimistic scenarios, see Appendix 3). Secondly, we
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assumed that β̂(t) was constant over time but was equal
to 0.70 (this estimate probably greatly overestimated
the ‘true’ detection probability, see Appendix 3).
Thirdly, we assumed that β̂(t) varied from 0.16 to 0.35,
this third level of detection probability was assumed to
be the most reasonable (Appendix 3).

Construction and analysis of matrix population
models. We constructed and analyzed matrix popula-
tion models with all 3 life-history stage classes and, as
did Beissinger (1995), we assumed a 50:50 sex ratio.
We also assumed a pre-breeding census and consid-
ered only the female part of the population (Caswell
2001). Juveniles survive the first year of their lives with
probability Pj. Subadult and adult females survive with
Ps and Pa, respectively. Adults remain in the same
stage throughout their lives and survive each year with
survival probability Pa. Fertility rates for adult (Fa) and
subadult (Fs) kites were estimated using the prebreed-
ing census formulation of Caswell (2001):

Fa = Pj × ma (5)

and

Fs = Pj × ms (6)

Using these parameters, the pre-breeding census
population projection matrix was:

A = 

See Table 2 for a complete list of symbols.
Stochastic population growth rate for 1997 to 2004

(Objective 1). Using estimates of demographic parame-
ters for each year from 1997 through 2004, we con-
structed 8 population projection matrices (i.e. 1 matrix
yr–1). We assumed identically and independently distrib-
uted (iid) environment, and that each year occurred with
equal probability, and estimated stochastic population
growth rate (λs) as (Caswell 2001, Morris & Doak 2002):

(7)

where T is the simulation time (set to 10 000 yr), and:

where N(t) is the projected population size at time t.
We computed an approximate 95% CI as:

where V(r) is the variance of rt. The initial population
vector was based on estimates from 2005 (Martin et al.
2007b). For this simulation we used data from 1997 to
2004 (instead of 1997 to 2005), which allowed us to
relax assumptions about probability distribution of
vital rates and correlation among vital rates.

Sensitivity and elasticity analysis (Objective 2). We
followed procedures described by Caswell (2001) to
compute sensitivities and elasticities of population
growth rate to changes in vital rates Fs, Fa, Ps and Pa.
Sensitivity measures how absolute changes in individ-
ual vital rates influence population growth rate
(Caswell 2001). Elasticity measures the proportional
change in population growth rate resulting from a pro-
portional change in individual vital rates (Morris &
Doak 2002, Caswell 2001).

In order to obtain sensitivity metrics of ms, ma, and Pj

we computed lower levels sensitivity and elasticity
(Caswell 2001).

Analysis of Life Table Response Experiment (LTRE,
Objective 3). We applied a deterministic, fixed design
1-way LTRE, as described by Caswell (2001), to assess
how differences in vital rates before and after 1998
contributed to changes in deterministic population
growth rate (λ1, which corresponds to the dominant
eigenvalue of a projection matrix [Caswell 2001]). We
constructed a population projection matrix using
demographic data collected during 1993 to 1998 (Abef).
Likewise, we constructed a population projection
matrix using data collected after 1998 (Aaft). The finite
population growth rates were then estimated as the
dominant eigenvalues of the respective population

projection matrices (Caswell
2001). The difference in the
growth rate quantified the
change in population growth
rate following 1998. We then
decomposed the observed
change in population growth as
due to changes in demographic
parameter using the fixed-
effect, 1-way LTRE analysis
(Caswell 2001, Oli et al. 2001,
Bruna & Oli 2005) as:

(8)

where Δλ = λbef – λaft is the ob-
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Symbols Definitions

λs Stochastic population growth 
Pi Survival probability for stage class i (juveniles [j]; subadults [s] and adults [a])
mi Fecundity for stage class i (subadults [s] and adults [a]) 
Fi Fertility for stage class i (subadults [s] and adults [a]) 
β̂(t) Detection probability of juveniles.

Abef Matrix based on mi (1997–1998) and Pi (1992–1998) 
Aaft Matrix based on mi (1999, 2000, 2002–2005) and Pi (1999, 2002–2004) 
Adro Matrix based on mi (2001), Pa (2001), Ps (2001) and Pj (2000–2001)
Amod Matrix based on mi (1999, 2000, 2002, 2004) and Pi (1999, 2000, 2002, 2004)
Awet1 Matrix based on mi (1997, 1998, 2003, 2005) and Pi (1993–1998, 2003) 
Awet2 Matrix based on mi (1997, 1998) and Pi (1993–1998)
Awet3 Matrix based on mi (2003, 2005) and Pi (2003)

Table 2. List of symbols used in the text, tables and figures
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served reduction in population growth rate after 1998,
Δaij = aaft– abef is the observed change in a vital rate, and

the term quantifies the contribution of Δa to Δλ. 

The sensitivity ∂λ /∂aij was evaluated at the midpoint of
the before and after value of a vital rate (Caswell
2001). Survival rates included in Abef were computed
as the average annual survival for the interval 1993 to
1998, excluding estimates for 1992 identified by Martin
(2007, p 168) as a drought year. Fertilities were com-
puted as the product of the average juvenile survival
rates (for 1993 to 1998) and the average fecundity for
the interval 1997 to 1998. Survival and fertility rates for
Aaft included estimates from 1999 to 2005, excluding
estimates of survival and fertilities affected by the 2001
drought (see Appendix 4). We also conducted an LTRE
analysis in which we decomposed fertilities (F) into
their lower level components (i.e. ms, and Pj for Fs; ma,
and Pj for Fa).

Stochastic population growth rate to examine
Hypotheses 1, 2 and 3. For these simulations we used
Eq. (7). However, because the focus of these analyses
was to explore hypotheses (rather than provide an
accurate estimate of λs under the current conditions)
we used most of the data available in our data set for
the period 1992 to 2005. This implies that for this set
of analyses we had to make additional assumptions
about the probability distribution of vital rates and
the correlation among vital rates (Morris & Doak
2002).

T was set to 10 000 time steps (see Eq. 7). The initial
population size and population structure were set
based on estimates from 2005 (Martin et al. 2007b).
The simulations assumed iid sequences of T time steps
and we used a maximum of 3 environmental states.
The frequency of occurrence of each state varied
depending on the scenario being simulated. Each envi-
ronmental state was associated with 1000 matrices,
which accounted for the variance of each vital rate, as
well as the within-year correlation among vital rates.
At each time step the model checked the environmen-
tal state and drew a projection matrix at random (from
the 1000 matrices associated with the corresponding
state) and estimated n(t + 1) (the population vector at
time t + 1 whose entries ni[t + 1] contained the number
of individuals in each stage class at time t + 1) by
multiplying the projection matrix by the population
vector n(t) (Caswell 2001). N(t) and N(t + 1) (the total
number of females at time t and t + 1, respectively,
see Eq. 7) were obtained by summing the number of
individuals in each age class from population vectors
n(t) and n(t + 1).

For all the stochastic analyses, we incorporated the
variance associated with each vital rate (which
included both process and sampling variance), as well

as the within-year correlation among vital rates using
the approach described by Morris & Doak (2002,
p 284–285). The correlation matrix was computed
based on fecundity and survival rates for the period
1997 to 2004. As suggested by Morris & Doak (2002),
we used the stretched-beta distribution to simulate
random variation in fecundity rates, whereas we used
the beta distribution to simulate random variation in
survival rates. The stretched-beta is a rescaled beta
distribution that includes a minimum and maximum
value to fit intervals that makes biological sense.
Because it is bounded by biologically meaningful lim-
its the stretched-beta distribution allow more realistic
simulations of fertility and fecundity rates than, for
instance, the commonly used lognormal distribution
(Morris & Doak 2002, Koons et al. 2006). The variance
for each parameter (e.g. survival and fecundity)
included both sampling and process variance. We
found little difference between total variances and
process variances for most vital rates under considera-
tion; therefore we expect our estimates of λs to be fairly
robust to the inclusion or exclusion of sampling vari-
ance in our analyses. In instances where only 1 esti-
mate was available (e.g. drought year of 2001), we
used the sampling variance. Variances for derived
parameters were computed using the delta method
(Williams et al. 2002). We estimated λs for 10 sets of
environmental conditions (denoted by Condition x,
with x = 1 through 10, see below).

Examination of Hypothesis 1: habitat conversion
caused a reduction of λλs after 1998 (Objective 4).
Hypothesis 1 assumes that habitat degradation has
caused a reduction in λs after 1998.

• Conditions 1 and 2: we computed λs for the envi-
ronmental state that corresponded to the period before
1998. This simulation was based on 2 matrices. (1) One
matrix summarized the conditions before 1998 (i.e.
means and variances were obtained for the period
1993 to 1998). (2) One matrix summarized the drought
conditions Adro (see Table 2 and Appendix 4). We esti-
mated 2 values of λs: one assuming a drought fre-
quency of 0.11 (i.e. drought occurred on average every
9 yr: Condition 1) and another assuming a drought fre-
quency of 0.25 (i.e. 1 drought every 4 yr: Condition 2).

• Condition 3: same as Condition 1, but for the envi-
ronmental state corresponding to the period after 1998.

• Condition 4: same as Condition 2, but for the envi-
ronmental state corresponding to the period after 1998.

Under Hypothesis 1 we make Prediction 1: λs under
Condition 1 > λs under Condition 3; and λs under Con-
dition 2 > λs under Condition 4.

Hypothesis 2: increase in drying event frequency
reduced λλs after 1998 (Objective 5). Hypothesis 2
assumes that an increase in moderate drying events
frequency has caused a reduction in λs after 1998. In

Δa
a

ij
ij

∂
∂

λ
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the section ‘Hydrological conditions’ we explained that
the frequency of moderate drying events was greater
after 1998 than before 1998.

• Condition 5: we computed λs by simulating an
environment with 3 environmental states: Awet1, Amod

and Adro (see Table 2). This simulation ignored the
before versus after effect (due to habitat degradation
under Hypothesis 1). The matrix summarizing wet
years (Awet1) was based on means and average of all
years that were identified as wet years for the period
1992 to 2005 (see Table 2). The matrix summarizing
moderately dry years was based on means and aver-
ages of all years that were identified as dry years for
the period 1992 to 2005 (see Table 2). We used matrix
Adro to simulate drought years (Table 2). For Condition
5 we applied observed frequencies for each environ-
mental state for the first 7 years of the study (i.e. 1992
to 1998; we refer to this environment as low frequency
of moderate drying, LFMD). During this time period 1
drought year was observed (frequency: 1/7); no mod-
erately dry years were observed (frequency: 0/7); and
6 wet year were observed (frequency: 6/7) (see ‘Hydro-
logical conditions’).

• Condition 6: same as Condition 5, except that we
used frequencies observed for the last 7 years, i.e. 1999
to 2005, high frequency of moderate drying (HFMD): 1
drought (1/7); 4 moderately dry years (4/7); and 2 wet
years (2/7).

Under Hypothesis 2 we make Prediction 2: λs under
Condition 5 > λs under Condition 6.

Hypothesis 3: increase in frequency of drying
events and habitat conversion reduced λλs after 1998
(Objective 6). Hypothesis 3 assumes that both an
increase in moderate drying events and habitat degra-
dation have contributed to a decrease in λs after 1998.

• Condition 7: we computed λs by simulating an
environment with 3 environmental states: Awet2, Amod

and Adro. The matrix summarizing the wet years was
estimated based on means and variances of parame-
ters estimated prior to 1998. Ideally, we would also
have computed matrices for Amod and Adro based on
parameters estimated prior to 1998. Unfortunately,
there were no data available for moderately dry years
prior to 1998. Thus, matrices Amod and Adro were
based on data collected after 1998, and were the
same matrices used for Condition 5. For Condition 7
we applied the observed frequency for each environ-
mental state for the first 7 yr of the study (LFMD, see
Condition 5).

• Condition 8: same as Condition 7, except we used
frequencies observed for the last 7 years (HFMD: 1
drought, 1/7; 4 moderately dry years, 4/7; and 2 wet
years, 2/7).

• Condition 9: same as Condition 7, except the matrix
summarizing the wet years was based on parameters

estimated after 1998. We refer to this matrix as Awet3

(Table 2). For Condition 9 we applied the observed
frequency for each environmental state for the first
7 years of the study (LFMD, see Conditions 5 and 7).

• Condition 10: same as Condition 9, but we applied
the observed frequency for each environmental state
for the last 7 years of the study (HFMD, see Conditions
6 and 8).

Under Hypothesis 3 we make Prediction 3a: λs under
Condition 7 > λs under Condition 8; and λs under Con-
dition 9 > λs under Condition 10. We also make Predic-
tion 3b: λs under Condition 7 > λs under Condition 9;
and λs under Condition 8 > λs under Condition 10.

All matrix analyses were conducted using MATLAB
(Mathworks 2005).

RESULTS

Objective 1

When assuming β̂(t) = 0.16, λs for the last 9 years was
0.937 (95% CI = 0.933 to 0.941). When assuming β̂(t) =
0.16 to 0.35, λs for the last 9 years was 0.896 (95% CI =
0.893 to 0.899). When assuming β̂(t) = 0.70, λs for the
last 9 years was 0.850 (95% CI = 0.849 to 0.851).

Objective 2

The sensitivity analysis indicated that λ1 was most
sensitive to changes in adult survival and adult fertil-
ity (Fig. 1a). Sensitivity of λ1 to changes in other vital
rates (Fs and Ps) was considerably lower (Fig. 1a).
Lower-level sensitivity analyses showed that sensitiv-
ity of λ1 to changes in ma and Pj were intermediate
when compared to Fs and Pa (or Fa), whereas sensitiv-
ity of λ1 to changes in ms were negligible (Fig. 1b).
Elasticity analyses indicated that λ1 was most sensi-
tive to proportional changes in Pa (Fig. 1c). Elasticity
of λ1 to changes in Fa and Ps were considerably lower
(<0.12). Elasticity of λ1 to change in Fs was almost 0,
and this was true independently of the detection
probability assumed (Fig. 1c). Elasticity of λ1 to
changes in ma and Pj were similar to the ones in Fa

and Ps, whereas elasticity of λ1 to change in ms was
almost 0 (Fig. 1d).

Objective 3

The λ1 for matrix Abef was 1.2 with β̂(t) = 0.16, 1.13
with β̂(t) = 0.16 to 0.35, and 0.95 with β̂(t) = 0.70. The λ1

for matrix Aaft was 0.95 with β̂(t) = 0.16, 0.92 with β̂(t) =
0.16 to 0.35, and 0.89 with β̂(t) = 0.70.
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There was a large difference in Fa between matrix
Abef and matrix Aaft when detection probability was
assumed to be 0.16 or varied from 0.16 to 0.35 (Fig. 2a).
The reduction in Fa was considerably lower when
detection probability was assumed to be large β̂(t) =
0.70). When β̂(t) = 0.16 and β̂(t) = 0.16 to 0.35 was
assumed, Fa contributed the most to the reduction in λ1

between Abef and Aaft (contribution was 90%), whereas
Pa, Ps and Fs contributed less than 6% each (Fig. 2a).
When β̂(t) = 0.70 was assumed, Fa still contributed the
most (80%), but the contribution of Pa was also greater
(18%). The decomposition of the contributions of Fa

and Fs into ma and ms and Pj showed that ma con-
tributed more than any other parameters, and was
closely followed by Pj (Fig. 2b).

Objective 4

Under Conditions 1 to 4 there was an additive effect
of drought frequency and the before versus after 1998
effect on λs (i.e. habitat degradation under Hypo-
thesis 1). The additive effect was due to the fact that
we assumed the drought effect to be the same in the
before and after 1998 environment. Increasing drought

frequency from 0.11 to 0.25 caused a
large decrease in λs (Fig. 3). There
was evidence of a large reduction in
λs when comparing the before and
after 1998 environments. λs estimated
from vital rates obtained prior to 1998
was substantially greater than λs

based on vital rates obtained after
1998. However, the magnitude of the
difference decreased as detection
probability increased (Fig. 3). The
magnitude of the difference in λs due
to the change in conditions before
and after 1998 was greater than the
effect of an increase in drought fre-
quency (from 0.11 to 0.25) when β̂(t) =
0.16 and β̂(t) = 0.16 to 0.35 were
assumed. When β̂(t) = 0.70 was
assumed, the reduction in λs due to an
increase in drought frequency was
greater than the effect of the change
in conditions before and after 1998
(Fig. 3). Fig. 3 shows that λs under
Condition 1 > λs under Condition 3;
and that λs under Condition 2 > λs

under Condition 4, which provides
some support for Prediction 1.

Objective 5

Under Conditions 5 and 6, λs was greater when we
simulated environmental states at the frequency
observed during the first 7 year of our study (LFMD,
Fig. 4). The magnitude of the difference was greater
when detection probability was assumed to be low
(Fig. 4). The reduction in λs was due to the fact that the
frequency of moderate drying events increased during
the last 7 years (or alternatively, the frequency of wet
years decreased). The frequency of droughts remained
the same under these 2 environments, thus droughts
did not contribute to the reduction in λs when compar-
ing these 2 environments. Fig. 4 shows that λs under
Condition 5 > λs under Condition 6, which provides
some support for Prediction 2.

Objective 6

Under Conditions 7 to 10, λs was greater when we
simulated environmental states at the frequency
observed for the first 7 years (LFMD, open symbols in
Fig. 5) than for the last 7 years (HFMD, black symbols
in Fig. 5). The magnitude of the difference decreased
as β̂(t) increased. In addition, for a given frequency of
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moderate drying events, λs was greater when the sim-
ulations were based on parameters estimated with
data collected before 1998 (‘Before’ in Fig.5) than after
1998. The magnitude of the difference also decreased
considerably as β̂(t) increased (Fig. 5). Fig. 5 shows
that λs under Condition 7 > λs under Condition 8; and
that λs under Condition 9 > λs under Condition 10,
which provides support for Prediction 3a. Fig. 5 also
shows that λs under Condition 7 > λs under Condition 9;
and that λs under Condition 8 > λs under Condition 10,
which provides support for Prediction 3b.
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DISCUSSION

Population growth rate and key vital rates

The stochastic population growth rate for the period
1997 to 2004 was low (λs = 0.90 for the most reasonable
level of β̂(t) = 0.16 to 0.35). Thus, if the environmental
conditions observed between 1997 and 2004 are repre-
sentative of future conditions, kites will probably con-
tinue to decline in the future; these analyses addressed
Objective 1. Caswell (2001) suggests that population
projection models are particularly useful for evaluating
the importance of demographic or environmental fac-
tors in influencing population dynamics. This latter
notion motivated the sensitivity analyses, as well as the
exploratory analyses discussed in the remaining part of
our presentation.

We determined the sensitivity of λ1 to absolute
changes (i.e. sensitivities) and proportional changes
(elasticities) in vital rates. These analyses addressed Ob-
jective 2. Elasticity of λ1 to changes in adult survival was
by far the greatest (Fig. 1c,d), which indicates that a pro-
portional change in adult survival would cause the
largest proportional change on λ1. This pattern is typical
among long-lived species (Stahl & Oli 2006). Regarding
sensitivity analyses, λ1 was most sensitive to absolute
changes in adult survival. Despite the greater elasticity

of λ1 to changes in adult survival, we found that adult fer-
tility was still critical in influencing population growth
rate (Fig. 2). λ1 based on vital rates estimated for the pe-
riod prior to 1998 was greater than λ1 estimated from vi-
tal rates obtained for the period 1999 to 2005. The differ-
ence in λ1 was substantial even after removing the
effects of the 2001 drought. We performed a LTRE analy-
sis that indicated the observed reduction in λ1 for the 2
periods was largely due to a reduction in Fa between
these 2 periods (Fig. 2). We also conducted an LTRE
analysis in which we decomposed fertilities into their
lower level parameters (i.e. fecundity and Pj). This analy-
sis showed that ma contributed more than any other pa-
rameters and was closely followed by Pj (Fig. 2b).These
findings addressed Objective 3. Thus, even though the
dramatic reduction in Pa during the 2001 drought con-
tributed to a large decrease in population size (Martin et
al. 2007b), other factors associated with a reduction in Fa

(primarily ma and to a lesser extent Pj) are responsible for
the reduction in population growth. Next, we examined
the 3 primary hypotheses explaining reduction in snail
kite population growth during the most recent years.

Hypothesis 1: habitat conversion caused a reduction
of λλs after 1998 (Objective 4)

Habitat conversion in the wetlands of south Florida,
resulting from frequent and prolonged floods, has con-
cerned some ecologists (e.g. Kitchens et al. 2002).
Habitat conversion is believed to reduce apple snail
densities (Darby et al. 2005) and could also reduce the
availability of suitable nesting habitats for snail kites
(Kitchens et al. 2002). Although other factors may have
contributed to the decrease in population growth rate
after 1998, the cumulative effect of flooding events on
habitat conversion, especially in the WCAs, has been
documented by several authors and should receive
particular attention (Kitchens et al. 2002, Darby et al.
2005, Zweig & Kitchens 2007).

As explained earlier, λ1 was greater in the before
than in the after1998 environment, even when remov-
ing the effects of the 2001 drought. The same pattern
was observed for λs (Fig. 3). The magnitude of the dif-
ference decreased when detection probability was
assumed to be high. But in all instances the difference
was substantial, indicating that some changes in the
environment may have caused a decrease in popula-
tion growth. This result supported Prediction 1. We
examined the relative effects of drought frequency and
the pre- versus post-1998 effect on λs. Thus, if we are
ready to assume that the reduction in population
growth was entirely due to habitat conversion, our sto-
chastic analyses suggest that the effect of habitat con-
version was greater (except when β̂(t) = 0.70) than a
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substantial increase in drought frequency (from 1
drought every 9 yr to 1 drought every 4 yr) (Fig. 3).
This prospect is particularly alarming given the per-
ceived slow dynamic of habitat conversion (Kitchens et
al. 2002). Under this scenario, the positive effects of
adequate habitat restoration plans on kite population
growth would only be perceptible at the timescale of
multiple years (i.e. multiple years may be needed to
convert vegetation communities back to suitable kite
habitats). However, as explained in the next section, it
is unlikely that habitat conversion was solely responsi-
ble for the observed reduction in population growth.

Hypothesis 2: increase in drying event frequency
reduced λλs after 1998 (Objective 5)

Under Hypothesis 2, we ignored the effect of habitat
degradation, but still considered the effect of drought
frequency. In addition to droughts with a large spatial
and temporal extent (e.g. 2001 drought), we also con-
sidered drying events with a more moderate spatial and
temporal extent. In fact, based on hydrological criteria
developed by Bennetts (1998), these moderate drying
events would not have been considered as a threat to
kite persistence because it was believed kites could
readily escape drying conditions by moving to less af-
fected wetlands. Interestingly, we found that even if we
ignored the effect of habitat degradation, an increase in
moderate drying event frequency could reduce λs sub-
stantially. We found that the increase in moderate dry-
ing events frequency observed during the last 7 years
of our study could explain some of the observed varia-
tion in λs between the before and after 1998 environ-
ments (Fig. 4). This result supported Prediction 2. There
are several reasons that can explain the impact of mod-
erate drying events on kite population growth. For in-
stance, even though a proportion of adults may be able
to move to wetlands less affected by a drying event,
fledglings are less likely to be aware of refuge habitats
and therefore are more likely to die during a drying
event (Martin et al. 2006). The fact that Pa is remarkably
stable (except during extensive droughts, see Martin et
al. 2006) is consistent with this hypothesis. Additionally,
Pj is strongly affected by drying events, even when they
are moderate (Martin 2007).

Hypothesis 3: increase in frequency of drying events
and habitat conversion reduced λλs after 1998 

(Objective 6)

We believe that both habitat conversion and an
increase in frequency of moderate drying events are
highly relevant to our study system. Therefore, we

examined λs under Hypothesis 3, which considered
both factors. Although we only had data to estimate
vital rates during wet years in the pre- and post-1998
environment, we found evidence of a potential effect
of both factors on λs (Fig. 5). This result supports Pre-
dictions 3a and 3b. If we had used the 1992 data to con-
struct the drought matrix for the pre-1998 environ-
ment, the differences in λs due to the before versus
after 1998 effect would have appeared to be even
greater. It is in fact, possible that long-term habitat
degradation has reduced the resistance of kite to
droughts; however, given the uncertainty associated
with 1992 (see Appendix 4) we preferred not to include
1992 into our analyses.

Limits of the models

The matrix population models used in our presenta-
tion ignored the effect of spatial structure, temporal
correlation, density dependence, and genetic stochas-
ticity. In Appendix 5, we provide a detailed discussion
of these limits.

Conservation implications

Given the recent population decline and the critical
state of the kites’ reproductive parameters, the results
of this study, although exploratory in nature, have
important conservation implications. We focused pri-
marily on hydrology (and did not explicitly address
other potential causes of decline, such as predation,
disease, etc.) because water availability has thus far
been recognized as one of the most critical factor
affecting kites population dynamics. Furthermore, the
hypotheses that we examined in our study were the
most relevant to current management efforts and were
also among the hypotheses best supported by the
existing literature. The relevance of our results to
conservation is heightened because the snail kite
has been selected as one of the key performance mea-
sures of the ongoing restoration activities associated
with the Comprehensive Everglades Restoration Plan
(RECOVER 2005). This federal-state effort includes
numerous structural and management alternatives of
the hydrology of the wetlands occupied by kites.

Previous modeling studies based on information at
least 10 yr old (Beissinger 1995, Mooij et al. 2002, 2007)
emphasized the importance of drought frequency on
kite persistence. Our study, which was based on more
recent data and on more robust estimators, was consis-
tent with this finding. In addition, our study empha-
sized the potential importance of even moderate dry-
ing events in affecting kite persistence by suppressing
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reproduction and Pj. In the past, these moderate drying
events were not considered critical (Bennetts 1998).
However, under the current conditions, Fa appears to
be crucial and factors likely to have large effects on
adult reproduction and Pj should receive some atten-
tion. Based on our results, we suggest consideration of
management regimes that reduce the frequency of
moderate drying events during the spring-summer.

As discussed earlier, habitat conversion is also an
important factor with the potential to have a large
impact on kite population growth. As suggested by
recent studies, the repeated flooding of the wetlands
during the fall can result in habitat conversions and
suppression of snail reproduction deemed detrimental
to kites (Kitchens et al. 2002, Darby et al. 2005, Mooij et
al. 2007, Zweig & Kitchens 2007). Therefore, reducing
flood duration and frequency should help restore veg-
etation communities favorable to kite habitats. This
point emphasizes the importance of considering short-
and long-term effects of disturbances when modeling
population dynamics. Indeed, in the short term, flood-
ing events may be beneficial to kites (Bennetts et al.
2002). However, the cumulative effects of flooding
events over several years may induce shifts in vegeta-
tion communities that are detrimental to the popula-
tion growth in the long term.

Assertions about the importance of droughts as an
organizing force should also be carefully considered
(i.e. droughts should not be systematically suppressed,
see DeAngelis & White 1994, Mooij et al. 2007). How-
ever, under the current system we foresee that an
excess of droughts and moderate drying events could
be a greater threat to kites than a lack of droughts.
Indeed, water regulation schedules are generally con-
strained by growing demands for consumptive water
use that contribute to increased drying events and
intensities (Beissinger 1995, SFWMD 2007b). In addi-
tion, the United Nation’s Intergovernmental Panel for
Climate Change (IPCC 2007) predicts that global
warming will lead to an increase in drought frequency
and extent in the lower latitudes, including south
Florida. Such a trend would create more frequent
water shortages in wetlands occupied by kites during
the spring-summer.

Furthermore, conducive water management in this
critical area is challenging given its precarious place-
ment, down-slope of Lake Okeechobee and up-slope
of one of the critical habitats for the endangered Cape
Sable seaside sparrow Ammodramus maritimus
mirabilis in the Everglades National Park. The chal-
lenge is exacerbated by potential threats of increased
tropical storm intensity in these areas associated with
global warming (IPCC 2007). The concerns for accom-
modating outlets and storage of potential floodwater
may currently be constraining regulation schedules for

Lake Okeechobee and the WCAs resulting in drier
conditions in the spring-summer with storage excesses
vented to WCA3A in the fall. Moving the fall excesses
south is constrained by concerns for disrupting repro-
ductive habitat for the Cape Sable seaside sparrow (US
Army Corps of Engineers 2002).

Therefore, one challenge of restoration efforts in the
WCA3A will be to identify water levels that allow the
kite population to persist, while accommodating needs
for other native species and without compromising
socio-economic interests in central and south Florida.
Adaptive management appears to be a natural frame-
work to identify these water levels (see Williams et al.
2002, Nichols & Williams 2006). The models and esti-
mates presented in our study provide a starting point
to initiate this process.
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An estimate of the total number of juvenile females pro-
duced per adult female kites at time t can be obtained from
the product: m̂a(t) × N̂a(t). Similarly, an estimate of the total
number of juvenile females produced by subadult female
kites at time t can be obtained from the product: m̂s(t) ×
N̂s(t). Therefore an estimate of the total number of juvenile
female N̂j(t) (i.e. juvenile females produced by both adults
and subadults) can be obtained from:

(A1)

Given that: (A2)

or equivalently: (A3)

by substituting in Eq. (A1) we obtain:

(A4)

which after some rearranging leads to:
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Appendix 1. Details on how to derive ma and ms from estimates of population size
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Estimates of q (t) can be obtained based on estimates
from Bennetts (1998):

(A6)

where Si corresponds to nest success (subscripts indicate
the stage class to which the parameter pertains to: adults,
‘a,’ and subadults, ‘s’); δi is the probability of a bird
attempting to breed; αi is the number of breeding attempts
per year; Yi is the number of young per successful nest;
and the sex ratio is assumed to be 50:50 (see Beissinger
1995). Beissinger (1995) assumed no difference in nest
success and number of young per successful nest; we use
estimates of Si and Yi from Bennetts (1998) (Sa = Ss = 0.3; Ya

= Ys = 1.9). Based on a radiotelemetry study, Bennetts
(1998) estimated δ̂a(1995) = 1 (i.e. 100% of the adult snail

kites attempted to breed in 1995, which was a wet year),
and δ̂s(1995) = 0.33. Based on his radiotelemetry study,
Bennetts estimated α̂a(1995) = 1.4, but did not get an esti-
mate for αs. Therefore we set αs = 1, based on Beissinger
(1995), who noted most subadults nest later in the season.
Thus, based on Bennetts estimates

(A7)

In contrast, based on Beissinger (1995), q̂(t) = 8 during
lag years, 8.8 during wet years, and 1 during drought
(however, this latter estimate was based on less reliable
data). We used q̂(t) based on Bennetts (1998) estimates
because these estimates were more recent. Varying q(t)
from 4 to 8.8 had little effect on population growth rates
and other relevant measures.
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Appendix 2. Estimation of q(t)

Estimates of detection probability of juveniles β̂ (t) were
available only for 2004 and 2005 (Martin et al. 2007b). In
contrast, estimates of detection of adults were available for
the period 1997 to 2005. Martin et al. (2007b) found that
detection for the adults increased linearly over time
between 1997 and 2005. They suggest that this increase in
detection was the result of an increase in search effort.
Thus, we fitted a linear regression to their data (Table 2,
MC data); the dependent variable was detection of adults

β̂a(t) and the independent variable was ‘year’ (t). We found
a significant relationship (F = 24.63, df = 1 and 6, p =
0.0025, R2 = 0.80):

βa(t) = –38.1158 + 0.0192 × t                   (A8)

We adjusted this equation for detection of juveniles so
that detection in 2005 would equal 0.35, which was the
estimate obtained by Martin et al. (2007b) for the year
2005. We computed annual detection of juveniles using
the latter equation, except for 2004, for which an estimate
of detection was available (β̂ (t) in 2004 was 0.16). Martin et

al. (2007b) emphasized that the estimate for 2004 was
unusually low, probably because of logistical problems
that occurred in 2004. Thus, detection probabilites based
on the latter equation varied between 0.16 and 0.35 (i.e.

β̂ (t) = 0.16 to 0.35). Martin et al. (2007b) cautioned about
these estimates of detection for juveniles because of scat-
tered data. Therefore, in order to assess the robustness of
our analyses we also repeated our analyses based on a
conservative overestimate of juvenile detection probabil-
ity, β̂ (t) = 0.70, which was basically twice the estimate
obtained in 2005. When detection of juveniles was consid-
ered to be 0.70, we assumed a constant detection for all
years. We also conducted our analyses assuming a con-
stant detection probability of β̂ (t) = 0.16. It is probably safe
to assume that the average detection of juveniles during
our study period was between 0.16 and 0.70. Therefore, to
account for the uncertainty associated with estimates of
detection probabilities we repeated all our analyses for 3
levels of detection probabilities of juveniles (β̂ (t) = 0.16,

β̂ (t) = 0.16 to 0.35, and β̂ (t) = 0.70).

Appendix 3. Detection probability of juveniles
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Rationales for the years that were selected to construct
some of the matrices used in this analysis are presented in
‘Materials and methods,’ and here we provide additional
information for the following 2 matrices: Aaft and Adro.

Matrix Aaft summarized vital rates estimated after 1998.
Estimates of ma, and ms included years: 1999, 2000 and,
2002 to 2005. Estimates of Pa, Ps, and Pj included years:
1999 and 2002–2004. We excluded vital rates affected by
the 2001 drought from this matrix. The 2001 drought
affected Pj and Pa during the time intervals 2000–2001 and
2001–2002. Therefore, we excluded survival estimates Pa,
Ps, and Pj at time 2000 (i.e. 2000–2001) and time 2001 (i.e.
2001–2002) in order to estimate Pa, Ps, and Pj for matrix
Aaft.

Matrix Adro. summarized vital rates estimated during the
2001 drought. Estimates of ma, and ms included 2001
because the drought affected fecundity that year. Esti-
mates of Pa, Ps, also included 2001. Estimates of Pj included
2000 to 2001. The 2001 drought affected juvenile and adult
survival at time 2000 (i.e. 2000 to 2001) and time 2001
(2001 to 2002).

The effect of the 2001 drought on Pa during the interval
2000 to 2001 was moderate because the effect of the
drought started at the beginning of the 2001 sampling
occasion. In contrast, the effect of the drought on Pa was
strongest during the interval 2001–2002 (time 2001). Sur-
vival estimates of adults were most representative of the
drought effect during the interval 2001–2002. We could
have used the same time interval for the estimates of Pj

during the 2001 drought; however, no juveniles were pro-

duced out of the WCAs in 2001 (all kites were produced in
the Kissimmee Chain of Lakes in 2001). Contrarily, most
kites were produced out of the WCAs in 2000. Therefore,
by averaging survival estimates for these 2 time periods
we obtained an estimate that was more representative of
the entire population (rather than just for the birds from
the Kissimmee Chain of Lakes). We note that because the
estimates of Pj at time 2000 and time 2001 were very simi-
lar, using the estimates for 2001 only (instead of the aver-
age estimates for time 2000 and 2001) would have had
negligible effects on our results.

Although the hierarchical clustering analysis conducted
by Martin (2007) identified 1992 and 2001 as drought
years, the Adro matrix only included estimates for the 2001
drought. Next we provide a rationale for this choice. The
effect of the 1992 drying event on Pj, Ps, Pa, and reproduc-
tion was considerably less than during the 2001 drought
(Martin 2007, p 138). There are 3 main explanations for
this observation. First, kite habitat may not have been as
affected by habitat conversion as in 2001, and therefore for
a similar drying event the resistance of kites to drought
may have decreased in 2001 due to habitat conversion.
Second, the 1992 drying event was less intense, was
shorter and had a smaller spatial extent than the 2001
drought (Martin 2007, p 167). Finally, there may have
been more suitable habitat outside the WCAs in 1992 than
in 2001. Because of all the uncertainties associated with
the 1992 drying event the matrix that summarized drought
conditions was based on vital rates affected by the 2001
drought.

Appendix 4. Rationales for the years selected to construct matrices Aaft and Adro

First, because estimates of detection of juveniles were
only available for 2004 and 2005, we had to find ways to
account for detection for the period 1997 to 2003 (see
‘Materials and methods’). Although detection of juveniles
was not directly estimated from 1997 to 2003, it is probably
safe to assume that the ‘true’ values of β̂ (t) were in fact
between 0.16 and 0.70. Therefore, by including analyses
that assumed 3 levels of detection probabilities of juve-
niles (β̂ (t) = 0.16, β̂ (t) = 0.16 to 0.35), we evaluated the
robustness of our analyses to large changes in β̂ (t). An
alternative to compute fecundity rates would have been to
derive this rate from αi, Si, δi, Yi, and the sex ratio (assumed
to be 50:50) (Bennetts 1998). The reason we did not use
this approach is that we currently do not have good esti-
mates of αi and δi under varying environmental conditions.

Second, we ignored density dependence because at this
point there is no evidence of density dependence in this
population of snail kites (i.e. correlating vital rates with
population size does not indicate any relation reflecting
density dependence, J. Martin unpubl. data). As pointed
out by Beissinger (1995) the setting of an upper boundary
would have been arbitrary and, therefore, should be
avoided. Ignoring density dependence in our models
allowed population size to grow to levels unlikely to occur
in Florida (Beissinger 1995). Thus, we expect estimates of
population growth to be positively biased. Another short-
coming of our study is that we ignored temporal correla-
tion. For instance, some ecologists have hypothesized that
foraging conditions for kites should be lower than average
1 yr after a drought (Beissinger 1995). This is certainly a

reasonable assumption. We did not include this effect for 2
reasons. First, fecundity and survival were lower than
average for the year after the 2001 drought, but this could
be because 2002 was a moderately dry year. In fact, if we
compare vital rates of 2002 with vital rates after 1998, the
rates are not lower than average. So including a lag effect
based on our data would not have addressed concerns
about lag effect. Thus, rather than imposing arbitrary
reduction in vital rates we preferred to ignore this effect. If
lag effects have major influences on kites, our estimates of
stochastic population growth rates would be overesti-
mated.

Another limitation of our approach is that we did not
account for the spatial structure of the kite population.
Taking spatial structure into consideration would be a use-
ful next step. However, Morris & Doak (2002) provide a
useful discussion about the risks associated with detailed
models (e.g. parameters less well supported by the data).
In any case, we think that our approach is a useful one
because it is based on robust parameter estimates (e.g.
survival rates were based on Cormack-Jolly-Seber model)
and provides a good starting point for further modeling
efforts. Moreover, even though the snail kite population is
spatially structured, there is enough movement among
habitats for the population to be considered a single popu-
lation, as opposed to a strict metapopulation (Bennetts &
Kitchens 2000, Martin et al. 2006). Finally, our work
focused on a limited number of factors. Other disturbances
or catastrophes, such as fire or diseases, etc., were
ignored.

Appendix 5. Limits of the models
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