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Abstract

The snail kite (Rostrhamus sociabilis plumbeus), an
endangered, wetland-dependent raptor, is highly sensitive to
changes in hydrology. Climate-driven changes in water level
will likely affect snail kite populations—altering reproduc-
tive success and survival rates. Identifying the mechanisms
mediating the direct and indirect effects of climate on snail
kite populations and the range of future climate conditions is
important to the conservation of this species. When water lev-
els are low, snail kite nest initiation and nest success decrease
owing to decreased availability of their primary prey apple-
snails (Pomacea spp.), unstable nesting sites, and increased
predator access. Dry events also lead to decreased adult and
juvenile survival. In the next 80 years, temperatures and
potential evapotranspiration are projected to increase in central
and southern Florida. Although future precipitation volume is
more uncertain, increased temperatures and evaporative loss
may lead to increased frequency, duration, and severity of low-
water events. Additionally, rapidly rising water levels have
adverse effects on snail kite reproductive success—destroying
nests, preventing access to apple snails, and reducing apple
snail productivity. Finally, it is likely that future climate will
favor more frequent dry conditions and extreme heavy rainfall
events, both of which are directly linked to decreased repro-
ductive success and survival. The potential effects of climate
change may be buffered by the availability of alternative prey
(non-native applesnails) that are more tolerant of anticipated
conditions. In highly controlled southern Florida waterbodies,
regional water-management decisions may buffer or exacer-
bate waterbody accession and recession rates.

Purpose and Scope

The purpose of this report is to provide a rapid qualitative
overview of the direct and indirect effect of climate change to
snail kite life cycle and habitat based on the best available sci-
ence. This report focuses on snail kite populations and climate
change within the state of Florida.

Climatic Context

Snail kites (Rostrhamus sociabilis plumbeus) occupy
habitat in southern Florida with a humid subtropical climate.
The cool season (December—February) is associated with dry
conditions with seasonal precipitation totals of about 150 mil-
limeters (mm), maximum temperatures that average near
25 degrees Celsius (°C), and minimum temperatures that aver-
age near 10 °C. Freeze events (temperatures less than or equal
to 0 °C) are infrequent near Lake Okeechobee and extremely
rare farther south in the Everglades (fig. 1). The warm season
(June—August) experiences regular convective rainfall with
seasonal precipitation totals of about 600 mm, maximum
temperatures that average near 32 °C, and average minimum
temperatures of 22 °C. The vernal and autumnal seasons are
transitional periods between warmer/wetter and cooler/drier
seasons. Temperatures are heavily moderated (during the time
of year and for each specific location) by proximity to the Gulf
of Mexico and tropical Atlantic Ocean. More details on the
general climate of the region are provided in Runkle and oth-
ers (2017) and Winsberg (2021).

Hydrological Context

The water flow, water level, inundation periods, and
general hydrology of south Florida are heavily managed
to balance the competing demands for flood control, water
supply, water quality, and ecosystem health and function.
Federal, State, and local agencies manage a complex system
of canals, levees, pumps, weirs, and culverts. Moreover, one
of the world’s largest ecosystem restoration efforts is under-
way to restore the Everglades region. Details on the water
management and hydrology of this region is described by Qiu
and Ciuca (2021). Climate variability from year-to-year and
longer-term climate trends affect the water input and evapo-
rative loss across this region. However, the management of
water through control structures can dramatically dampen or
amplify climate-driven variations (Mirchi and others, 2018).
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Figure 1.
B, Lake Okeechobee. C, Kissimmee Chain of Lakes.

The substantial network of hydrological controls in this region
provides the ability for resource management agencies to be
highly adaptive to changing climate.

Climate Change Projections

To explore the potent range of future climate changes, we
used the latest available downscaled projections for this region
based on Intergovernmental Panel on Climate Change Coupled
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Rectangular areas used to generate boxplots of future climate projections. A, Everglades National Park.

Model Intercomparison Project Phase 5 (CMIP5) models for
two emissions scenarios, a moderate emissions scenario (rep-
resentative concentration pathway 4.5 [RCP4.5]) and a high
emissions scenario (representative concentration pathway 8.5
[RCP8.5]) that are statistically downscaled using Multivariate
Adaptative Constructed Analogs version 2 (MACAv2)
accessed through https://climatetoolbox.org/ (Abatzoglou
and Brown, 2012). MACAV2 uses 20 of the available global
climate models (all that have the necessary variables needed
for this method) and a multistep constructed analog approach
to establish relations between global climate model output


https://climatetoolbox.org/

and historical climate observations, then bias-corrects each
climate variable to develop higher resolution and localized
projections with approximately 5 kilometers spatial resolu-
tion. MACAV2 was chosen because it is widely vetted and
used for impact studies, provides adequate spatial resolution to
distinguish differences across three habitat zones (Everglades,
Lake Okeechobee, and Kissimmee Chain of Lakes), and has
been shown to better capture signals in rainfall extremes and
frequency as compared to other downscaled products (\Wang
and others, 2020; Wootten and others, 2021).

Reproduction and Recruitment

Dry Conditions Decrease Nest Initiation,
Nest Success, and Juvenile Survival

There is substantial evidence that drought, low water
depth, and rapid water-level recession correlate with reduced
snail kite nest initiation and nest success (table 1). Limited
nest initiation and success during dry periods are associated
with decreased habitat suitability, unstable nesting substrates,
decreased prey availability, and increased nest depredation.

When water levels are low, snail kites nest lower in the
littoral zone on nonwoody substrates that are unstable and
vulnerable to collapse (Beissinger, 1986; Snyder and oth-
ers, 1989; Beissinger and Snyder, 2002). Some instances of
nest failure, previously attributed to nest collapse, may be
the result of depredation (Olbert, 2013). Drier spring seasons
after nest initiation may lead to rapid water-level recession,
which would endanger nests (Fletcher and others, 2021).
During nesting season, low water levels increase the risk of
nest desertion and nest failure, owing to food stress on nesting
adults from decreased abundance of apple snails, the primary

Table 1.

[NA, not applicable]

Reproduction and Recruitment 3

food for snail kites (Snyder and others, 1989). Adult snail kites
may renest (Beissinger, 1995), assuming favorable conditions
elsewhere (Dreitz and others, 2001), but will exhibit lower
nest success (Cattau and others, 2016) and juvenile survival
(Fletcher and others, 2020).

When low-water events are localized, snail kites will
not select the affected area as a nest site (Dreitz and others,
2001). Movement to new nest sites is energetically expen-
sive and relies on connectivity between waterbodies, making
central stepping-stone habitats like Lake Okeechobee critical
(Reichert and others, 2021). Based on population models, the
negative effects of drought on snail kite populations become
apparent when the drought conditions are widespread through-
out the range (Beissinger, 1995) and happen more frequently
than 4.3 years (Beissinger, 1995; Mooij and others, 2002).
Snail kite sensitivity to drought is largely mediated through
the availability of their primary prey: applesnails. The afore-
mentioned population models are based on habitats with only
Florida applesnails (Pomacea paludosa), which are more
sensitive to desiccation than the now common non-native
applesnails (Pomacea maculata). After reproductive failure,
snail kites are likely to emigrate to a new waterbody; however,
dispersal equates to later nest initiation and increased risk for
reproductive (Robertson and others, 2017) and recruitment
failure (Fletcher and others, 2020).

Owing to increasing temperatures, increased potential
evapotranspiration, and limited precipitation, south and central
Florida are projected to experience more dry periods in the
future. Twenty downscaled global climate model (GCM)
projections of annual rainfall in central and southern Florida
indicate uncertainty in the total amounts of precipitation pro-
jected by the end of the century based on moderate (RCP4.5)
and high (RCP8.5) emission pathways. Global climate models
do not all agree on the direction of change, with some pro-
jecting substantial decreases and others modest increases in

Direct and indirect effects of climate on snail kites (Rostrhamus sociabilis plumbeus) in Florida.

Effect Climate factor

Direct mechanism

Indirect mechanism Citations

Low water level
Rapid recession rate

Decreased nesting effort
Decreased juvenile survival

Increased predator
access to nests with

Fletcher and others (2021)
Robertson and others (2017)

Heavy precipitation Unstable nesting substrate low water Cattau and others (2014)
Decreased reproduc- :
tion and recruitment t_avents with Iov_v water Decreased access to Da_rb)_/ and others (2008)
High water Cost of dispersal from low water prey Beissinger (1986)
Nest desertion Decreased prey density Darby and others (2005)
Nest destruction by wind and rain Snyder and others (1989)
Drought NA Decreased prey access  Reichert and others (2010)
Decreased survival Decreased prey density
Warm spring Increased risk of nest Reduced prey avail- Cattau and others (2016
Longer breeding Wet summer flooding/destruction ability late in Robertson and

season

breeding season others (2017)
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annual precipitation (fig. 2). Seasonally, not all GCMs agree
on whether future summers will receive more or less rainfall
as compared to the baseline reference from the past three
decades. However, more than one-half of the climate mod-
els analyzed indicated a decrease in future summer rainfall
(June-August) (fig. 3). There is agreement among GCM
projections that potential evapotranspiration will continue

to increase during the 21st century (fig. 4) primarily owing

to increasing temperatures (Reidmiller and others, 2018). If
not compensated by seasonal precipitation, this increase in
potential evapotranspiration may lead to more severe and more
frequent droughts. In the absence of compensatory rainfall or
adaptive water management, the region will likely experience
an increased frequency of low water levels with likely nega-
tive implications for snail kite nest initiation, nest survival,
and juvenile survival.

Heavy Precipitation Events Decrease Nest
Survival and Nesting Attempts

Snail kite reproduction is also negatively affected by
high and rapidly ascending water levels. Beissinger (1986)
determined that in very wet years, one-half of snail kite nests
failed before fledging. Similarly, Fletcher and others (2021)
determined the probability of nest survival decreased when
stage and rate of water-level change exceeded threshold levels,
dependent on waterbody. A rapid increase in local water level
can directly affect nests, reduce prey access, and reduce future
prey populations (that is, lowering snail recruitment) (table 1;
Darby and others, 2005).

A. Everglades National Park B. Lake Okeechobee
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Climate models project that the frequency of intense
storms and rainfall during storm events will continue increas-
ing (Reidmiller and others, 2018). Following the 2017
Hurricane Irma, 55 active nests failed owing to high winds
(Fletcher and others, 2018). Heavy rainfall events from slow
moving storms are expected to increase in Florida (Reidmiller
and others, 2018), which will increase the risk for rapid ascen-
sion of water levels and failure owing to exposure.

Survival

Drought Decreases Adult Survival

Drought may negatively affect adult survival. During
the drought event of 2000-02, adult survival significantly
decreased, especially for snail kites more than 13 years in
age (Reichert and others, 2010) (table 1). For lakes in central
Florida, recession rates are slower and depth does not drop as
much as waterbodies in southern Florida. During dry events,
when water levels are low in other parts of the distribution,
lakes in central Florida may be used in higher numbers. Lakes
in central Florida, in addition to being less prone to rapid
changes in water levels, also have on average decreased adult
survival compared to southern nesting areas (Cattau and oth-
ers, 2016). Dry periods in southern and central Florida will
likely increase in the next 80 years, with increasing tem-
peratures leading to increasing evaporative water loss; these
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Figure 2. Projected annual precipitation for four 30-year time periods from 1971 to 2099 in three areas in central and southern Florida
used by nesting snail kites (Rostrhamus sociabilis plumbeus). A, Everglades National Park. B, Lake Okeechobee. C, Kissimmee Chain of
Lakes. Boxplots depict the minimum, first quartile, median, third quartile, and maximum, with outliers beyond 1.5 times the interquartile

range depicted as single points.
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Figure 3. Projected seasonal precipitation for four 30-year time periods from 1971 to 2099 in three areas in central and southern Florida
used by nesting snail kites (Rostrhamus sociabilis plumbeus). A, Everglades National Park. B, Lake Okeechobee. C, Kissimmee Chain of
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Figure 4.

Projected annual potential evapotranspiration for four 30-year time periods from 1971 to 2099 in three areas in central
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C, Kissimmee Chain of Lakes. Potential evapotranspiration represents maximum water demand for a well-watered grass surface using
Penman-Monteith method (Allen and others, 1998; Abatzoglou, 2013). Boxplots depict the minimum, first quartile, median, third quartile,
and maximum, with outliers beyond 1.5 times the interquartile range depicted as single points.

changes, not likely to be compensated by projected precipi-
tation changes, may lead to reduced adult survival during
dry periods.

Phenology

Changes in Breeding Season Length

For snail kites, breeding season length correlates with
seasonal environmental conditions. Nest success and fledgling
survival decrease throughout the breeding season (Cattau and
others, 2016).

Snail kite breeding season is long but variable, depend-
ing on water levels. Nest initiation can start in December and
continue for 31 weeks through August (Snyder and others,
1989) but peaks from late February through late April, with
the greatest number of active nests in mid-April (Fletcher and
others, 2018). During peak breeding season (March and April),
average temperatures in central and southern Florida range
between 12.4 °C minimum and 30.6 °C maximum, and rain-
fall averages between 53.3 and 78.0 mm per month (fig. 5).
Longer snail kite breeding seasons are correlated with wetter
summers and warmer springs (Cattau and others, 2016). Snail
kite nests that are initiated later in the breeding season have

a lower chance of nest survival (Cattau and others, 2016). In
addition, juveniles that fledge from late-season nests have a
lower survival rate (Fletcher and others, 2020). Late-season
nests experience lower water depths, which corresponds to the
lower success rates (Robertson and others, 2017). However,
late-season nest success and juvenile survival rates are higher
in areas with access to non-native applesnails (Cattau and
others, 2016). During favorable conditions, adults will nest
multiple times in a year (Beissinger, 1986; Snyder and oth-
ers, 1989; Beissinger, 1995). Although late-season nests are
less successful, they may contribute to population stability

or growth.

Since 1979, average spring season temperatures have
increased and are projected to continue to increase in the
three main regions where snail kites nest: the Everglades,
Lake Okeechobee, and the Kissimmee Chain of Lakes (fig. 6).
For RCP4.5 and RCP8.5, GCMs do not provide a clear direc-
tion on how rainfall might change, and project that summer
rainfall totals could increase, remain the same, or decrease
(fig. 3; Reidmiller and others, 2018). However, there is agree-
ment among climate models that with projected increases in
temperature, potential evapotranspiration will increase (fig. 7),
leading to drier summers if not compensated by seasonal
rainfall. Although climate models do not agree on wetter con-
ditions during the current breeding season, projected warming
is likely to increase breeding season length.
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Figure 5. Summary of historical average monthly temperature and precipitation normals from 1991 to 2020 for three areas in central
and southern Florida used by nesting snail kites (Rostrhamus sociabilis plumbeus). A, Everglades National Park. B, Lake Okeechobee.

C, Kissimmee Chain of Lakes.

Biotic Interactions

Dry Conditions Decrease Prey Access
and Densities

During dry periods, reductions in snail Kite nest initia-
tion and nest success are primarily caused by lack of access to
the primary food source, applesnails. Florida applesnails are
sensitive to low water levels, which affect snail movement,
reproduction, and survival (Darby and others, 2008). Non-
native applesnails, now a common prey item in most of the
snail Kite’s range outside of the Everglades (Cattau and others,
2016), have higher desiccation tolerance than Florida apple-
snails (Glasheen and others, 2017). However, dry periods will
still reduce overall snail reproduction and prey availability to
snail kites.

Adult Florida applesnails can withstand low water
conditions for several weeks (Darby and others, 2008). When
water levels decrease to 10-20 centimeters in depth, Florida
applesnails move to deeper water; below 10 centimeters in
depth, Florida applesnails cease movement (Darby and others,
2002), becoming less accessible to snail Kites. During dry
conditions, applesnails will not reproduce, decreasing recruit-
ment and future abundance. Dry-down events can also be
fatal to juvenile Florida and non-native applesnails (Darby
and others, 2008; Burks and others, 2017). Kushlan (1975)
determined that Florida applesnail densities dropped from
0.4 snail per square meter to less than 0.1 snail per square

meter the year following a dry-down event. Darby and others
(2006) determined that when Florida applesnail density drops
below 0.14 snail per square meter, snail kites will not forage
at that site. Cattau and others (2014) similarly determined
that sites with 0.12 snail per square meter were not occupied
by snail kites. The number of snail kites that fledge per nest
is positively correlated with Florida applesnail density in a
waterbody (Cattau and others, 2014). This correlation is medi-
ated through factors beyond direct food provisioning; when
adult snail kites have to travel longer distances to forage for
prey, nests are vulnerable to depredation (Olbert, 2013) and
the risk of nest desertion by one or both parents increases
(Snyder and others, 1989).

Florida applesnail egg production peaks in April-May
(Darby and others, 2008). Average temperatures in the three
main nesting regions during April and May range between
14.9 °C minimum and 31.5 °C maximum, and rainfall
averages between 65.0 and 129.1 mm per month (fig. 5).
Non-native applesnail reproductive season appears to last
throughout the summer from May to September (Marzolf,
2015; Burks and others, 2017) when average temperatures
range between 18.8 °C minimum and 34.2 °C maximum,
and rainfall averages between 105.9 and 265.4 mm per
month (fig. 5). In the next 80 years, GCMs project increased
evapotranspiration in the spring and summer seasons. There
is not agreement in the direction of change for precipitation
volume between GCMs in the spring season, except in the
Everglades under the highest emissions scenario (RCP8.5)
and across all regions in the summer under RCP8.5, where
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Figure 6. Projected average temperature in winter and spring for four 30-year time periods from 1971 to 2099 in three areas in central
and southern Florida used by nesting snail kites (Rostrhamus sociabilis plumbeus). A, Everglades National Park. B, Lake Okeechobee.
C, Kissimmee Chain of Lakes. Boxplots depict the minimum, first quartile, median, third quartile, and maximum, with outliers beyond

1.5 times the interquartile range depicted as single points.

precipitation volume is projected to decrease by the end of the
century (fig. 3). Climate projections indicate an increase in the
frequency of low water levels, with negative implications for
snail kite foraging, nest initiation, and nest success; whether
future low-water events affect applesnail densities will depend
on the timing in relation to applesnail life cycles.

Dry Conditions Increase Depredation

Low water conditions also increase nest depredation. If
low water conditions develop after a nest is initiated, predators
such as rat snakes and raccoons may have greater access to
the nest (Beissinger, 1986; Snyder and others, 1989). If prey is
scarce, adult snail kites will spend more time foraging, leaving

nests more vulnerable to depredation (Olbert, 2013). Based
on GCM projections, it is likely that future climate will favor
more dry conditions in snail kite nesting habitats, potentially
increasing nest depredation.

Heavy Precipitation Events Decrease
Prey Access and Densities

Rising and high water can affect future applesnail popula-
tions by inhibiting reproduction during flooding events (Darby
and others, 2005) and destroying eggs (Turner, 1998; Burks
and others, 2017). Florida applesnail reproduction peaks
in April before precipitation volume typically increases in
June (fig. 5) while non-native applesnail reproductive season
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appears to last throughout the summer (Marzolf, 2015; Burks
and others, 2017). Global climate models project spring sea-
sons with similar overall volume of precipitation and summer
months with decreasing seasonal precipitation volume (fig. 3).
These seasonal averages do not capture extreme precipitation
events that have been increasing and are projected to continue
increasing in the next 80 years (Reidmiller and others, 2018).
Heavy precipitation events associated with tropical storms
may happen after most of the applesnail egg production is
completed each year. The frequency of heavy precipitation
events will likely increase, with implications for snail kite
foraging and nest success. Whether future heavy precipitation
events affect applesnail densities will depend on the timing in
relation to applesnail life cycles.

Habitat

Central Florida Lacustrine Nesting Areas
Less Sensitive to Climate Change

Environmental drought differentially affects the
waterbodies used by snail kites. In the Everglades and
Lake Okeechobee, nest survival appears to be particularly sen-
sitive to recession and low water depth (Fletcher and others,
2021). Central Florida lacustrine systems, like the Kissimmee
Chain of Lakes, are less susceptible to drought events
(Reichert and others, 2016). The availability of non-native
applesnails has opened new habitat for snail kites (Cattau and
others, 2016); high water levels following Hurricane Irma in
2017 and the presence of non-native applesnails led to snail
kite breeding range expanding more than 100 kilometers
northward in the years following the storm (Poli and others,
2020). Central Florida lacustrine waterbodies are associated
with lower adult survival rates, though the mechanism behind
this relation is unclear (Cattau and others, 2016). Climate
change will differentially affect snail kite nesting areas and
could cause snail kites to disperse to new waterbodies.

Rising Sea Level and Changing Climate Affect
Habitat Suitability in the Everglades

Snail kites primarily use inland habitats (Fletcher and
others, 2020), which should be buffered from the direct effects
of sea-level rise in Florida, except in the Everglades. The
Everglades are at risk from sea-level rise and saltwater intru-
sion. The Everglades are currently less than 1.5 meters (m)
above mean sea level (Obeysekera and others, 2015), putting
them at great risk from projected sea-level rise of 0.3-1.3 m
by 2100. Sea-level rise could exceed these projections, rising
as much as 2.5 m by 2100 (Reidmiller and others, 2018). The
future state of the Everglades ecosystem is dependent not only
on sea-level rise but also on freshwater inputs. The freshwater
habitat used by snail Kites in areas like Water Conservation

Area 3A in the Everglades is maintained by the combined
inputs of freshwater inflow from more northern lakes and riv-
ers through Lake Okeechobee and direct precipitation (Dessu
and others, 2018). Projected increases in potential evapo-
transpiration (fig. 4), which may not be offset by concurrent
increases in precipitation (fig. 2), will likely decrease the
quality of surface flows into the Everglades (Obeysekera and
others, 2015), decreasing habitat suitability for snail kites.

Management

Potential for Water-Management Decisions to
Offset or Exacerbate Changes in Water Levels

Regional water levels are highly managed in south and
central Florida. Climate projections indicate that warmer
temperatures and associated increased evapotranspiration may
increase the frequency of low water levels unless compen-
sated for by increased rainfall. Changing climate will likely
place new stresses on water management, especially in south
Florida (Obeysekera and others, 2011). Changing precipita-
tion, increasing temperature, and rising sea levels will require
the incorporation of new scenarios into water-resource plan-
ning to accommodate changes in water budgets and water
supply demands (Obeysekera and others, 2015; Mirchi and
others, 2018). Water-management practices can change water
levels rapidly, putting nests at risk (Fletcher and others, 2021).
Increases in high and low water level events are likely under
a changing climate; however, regional water-management
actions can adjust the magnitude, timing, and speed of chang-
ing hydrologic conditions to manage some of the risk to
snail kite populations.
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