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Abstract Estuarine habitat occupied by Alligator
mississippiensis, a primarily freshwater species, is spatially
and temporally heterogeneous largely due to a salinity gradi-
ent that fluctuates. Using long-term night light survey data, we
examined seasonal patterns in alligators’ habitat use by size
classes in midstream and downstream estuary zones of Shark
River, Everglades National Park, in southern Florida. We ob-
served predominantly large-sized alligators (total
length≥1.75 m); observations of alligators in the small size
classes (0.5 m≤ total length<1.25 m) were rare especially in
the higher-salinity downstream zone. The density of alligators
in the downstream zone was lower than that of the midstream
zone during the dry season when salinity increases due to
reduced precipitation. Conversely, the density of the large size
alligators was higher in the downstream zone than in the mid-
stream zone during the wet season, likely because of reduced
salinity. We also found a significant declining trend over time
in the number of alligators in the dry season, which coincides
with the reported decline in alligator relative density in south-
ern Florida freshwater wetlands. Our results indicated high
adaptability of alligators to the fluctuating habitat conditions.
Use of estuaries by alligators is likely driven in part by phys-

iology and possibly by reproductive cycle, and our results
supported their opportunistic use of estuary habitat and onto-
genetic niche shifts.
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Introduction

Estuarine habitat, at the ecotone between freshwater and
marine conditions, is important for a wide range of spe-
cies of ecological, recreational, and commercial impor-
tance. The quality of estuarine habitat is highly variable,
both spatially and temporally, due to fluctuating salinity
and water levels from tidal cycles and input from up-
stream freshwater flows. Salinity patterns in an estuary
are partially driven by the volume, timing, and location
of freshwater flows. Because salinity is a major driver of
the ecosystem functionality in estuaries, these changes
can affect the distribution and the abundance of aquatic
species (e.g., Attrill 2002).

Estuaries throughout the world have been affected by hu-
man development and use resulting in changes in freshwater
flows and salinity regimes. In the Greater Everglades, FL,
upstream draining, channelization, and management actions
have altered freshwater flows over the last century (Marshall
et al. 2011; Light and Dineen 1994). As a result, system-wide
hydrology was modified in both wetlands and estuaries
influencing various ecological attributes in the estuary
(Davis et al. 2005). A key part of the Everglades restoration
is improvement in the timing, distribution, quality, and
amount of freshwater flows through the ecosystem, with an
explicit goal of restoring the conditions in the southern estu-
aries to more natural patterns. These improvements will result
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in a more functional estuary defined by key ecosystem attri-
butes including mangrove forest production, coastal lake sub-
merged aquatic vegetation, mangrove fish communities, wood
stork and roseate spoonbill nesting colonies, and estuarine
crocodilian populations (Davis et al. 2005).

The American alligator (Alligator mississippiensis) is
primarily a freshwater species that uses estuaries through-
out its range (Neil 1958; Gibbons and Coker 1978; Rootes
and Chabrec 1991; Mazzotti and Brandt 1994). Because
of its ecological importance, the alligator is being used as
an indicator of progress toward the Everglades restoration
(Mazzotti et al. 2009). Historically, alligators were abun-
dant in the continuous freshwater wetlands and estuarine
mangrove zones in the Greater Everglades in southern
Florida (Craighead 1968; Rice et al. 2005). However,
due to overhunting, droughts, and changes in land use
and land covers as a result of water management, their
current distribution and abundance is much different than
it was historically (Rice et al. 2005). This is particularly
apparent in the freshwater tributaries of the southern es-
tuaries where Craighead (1968) reported that alligators
were relatively abundant in 1950 but estimated a 99 %
decline in the southern Everglades by mid-1960s (Rice
et al. 2005). More recent surveys also indicated the de-
clining density of alligators, especially in small size class,
in multiple wetland compartments in southern Florida
(Fujisaki et al. 2011). Alligator use of estuaries is related
to salinity because of their limited osmoregulatory capa-
bilities (Dunson and Mazzotti 1989). Small alligators are
relatively intolerant to salinity above 10 psu whereas larg-
er alligators can withstand longer periods of higher salin-
ity because of their lower surface to volume ratios
(Lauren 1985) especially when they have access to lower
salinity water for brief periods. A study reported that al-
ligator nests were not observed in moderate–high salinity
areas in coastal marshlands, suggesting that salinity also
influences their nest site selection (McNease and Joanen
1978). Therefore, altered salinity by changes in freshwater
flows into estuaries likely affects the location of alligators
(Rice et al. 2005). Studies by satellite and acoustic track-
ing documented estuarine habitat use by alligators in the
Everglades and showed that individual alligators exhibit
movement patterns (movement rate, location, and dura-
tion) that are related to season, salinity, temperature, and
size (Rosenblatt and Heithaus 2011; Fujisaki et al. 2014).
Some alligators made frequent excursions to mouths of
rivers in near-marine conditions, presumably for foraging,
whereas others were sedentary in low-salinity upstream
zones (Rosenblatt and Heithaus 2011; Fujisaki et al.
2014). The varied physiology by size class may create
ontogenetic niche shifts in the alligators in an estuary
habitat, that is, ontogenetic differences in mobility, salin-
ity tolerance, metabolism, and reproductive cycles lead

different size classes to use different estuary habitats.
Such ontogenetic shift in the alligator has been evidenced
in seasonal wetlands and riverine systems (Subalusky et
al. 2009), and it may explain the movement variability in
the estuary. The restoration of natural freshwater flows to
the southern estuaries may result in decrease in salinity,
which may also change alligator density in the estuary.
Knowledge on ontogenetic niche shift of a species is im-
portant to understand ecosystem wide changes in density
and habitat use.

We established a long-term monitoring program to de-
termine trends in relative density of alligators in the
Shark River estuary, Everglades National Park (ENP),
FL. Our objectives in this study were to (1) determine
the spatial and temporal patterns of habitat use by alli-
gators in estuarine habitat by size class and (2) examine
the trends in relative density of this species by size class.
These results will help us to understand patterns and
trends of habitat use by alligators in a spatially and tem-
porally heterogeneous estuarine habitat.

Materials and Methods

Study Area

We established a 24-km survey route covering midstream
and downstream zones of the Shark River estuary in
ENP, FL, USA (Fig. 1). Shark River is the outflow from
Shark Slough, one of the major watersheds and a prima-
ry wetland habitat for alligators in ENP, which empties
into the Gulf of Mexico. The survey route follows the
salinity gradient from low- to near-marine condition
(Anderson et al. 2014). Salinity in the estuary, especially
in the downstream zone, varies by season with higher
salinities during the dry season (November–April) be-
cause of less precipitation compared to the wet season
(May–October) (Romigh et al. 2006). To delineate the
estuary zones, we used the same boundary used in
Rosenblatt and Heithaus (2011; Fig. 1). A 16.5-km seg-
ment of the route intersects with the midstream zone
surrounded by mangrove swamp. The remaining 7.5-km
segment is located in the downstream zone and extends
near the river mouth. According to hourly measurements
from 2009 to 2012 by gages placed in each zone by the
US Geological Survey (Anderson et al. 2014), the mean
salinity in the midstream (gage TI) was 6.08 psu (range
0.27–28.76 psu) during wet season and 6.33 (range 0.01–
24.78 psu) during dry season (Anderson et al. 2014). The
mean salinity in the downstream (gage GI) was 3.31
(0.93–34.14 psu) during the wet season and 15.28 psu
(1.65–32.63 psu) during the dry season.
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Data Collection

We used the data from the alligator surveys conducted from
1998 to 2013 following the protocol described in Fujisaki et
al. (2011). In brief, a boat operator searches for alligators
using a 200,000 candle watt spotlight along a predetermined
route. The location, habitat, and size estimates were record-
ed by the observer. Alligators were classified into four size
categories based on total length: hatchling (<0.5 m), small
(0.5≤, <1.25 m), medium (1.25≤, <1.75 m), large
(≥1.75 m), and unknown (size could not be determined).
Salinity and water temperature are measured at route start
and end points. Salinity was measured with a handheld
refractometer, and temperature were measured with a
Taylor dial thermometer. Both were measured at the water
surface. Surveys were not conducted the day of, before, or
after a full moon, or when heavy rain or high winds
(>24 km/h) occurred. Due to environmental constraints im-
posed by the weather and the moon, we cannot always
perform the survey during the same point in the tidal cycle.
After the first one-time survey in 1998, we surveyed again
in 2002. Beginning in 2003, we conducted surveys twice in
both spring and fall to have independent replications
(Woodward and Moore 1990). Although we aimed to con-
duct the second survey within 2–3 weeks after the first
survey, on some occasions, the two surveys were conducted

more than 3 weeks apart due to weather conditions and
logistics. Replicated surveys were conducted by the same
boat driver except for dry season surveys in 2003.

Analysis

We conducted surveys during the dry season (mostly
March–April) and wet season (mostly September–
October) to understand the seasonal variability in abun-
dance along the survey route. To understand the persis-
tence in habitat use by alligators within a season, we ex-
amined the associations in number of observed alligators
between the two repeated surveys by size class and zones
using Spearman’s ρ. For this analysis, we used the data
only if the first and second surveys were conducted by the
same boat driver to mitigate the effect of varied detection
rate by observers. We compared the density of (number of
alligators/kilometer) observed alligators in each size class
by season and zone using ANOVA F test followed by
Tukey’s multiple mean comparisons. We also compared
the abundance in each zone by season and size class using
t test. These analyses were conducted using SAS 9.3
GLM and TTEST procedures.

We examined the temporal trends in relative density as
well as the influence of salinity and temperature using a
generalized linear model log-link function with alligator

Fig. 1 Location of the survey route (dashed line) in Shark River estuary in Everglades National Park, FL. Boundary of the two zones (midstream and
downstream) followed Rosenblatt and Heithaus (2011)
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count as response variable and year number (in water
year), salinity, and water temperature (average of start
and end measurements). For salinity and temperature, we
used start point measurements for midstream and end
point measurements for downstream. This analysis was
conducted for each season and size class. The correlation
by the same observers conducting multiple surveys was
modeled using the generalized estimating equation
(Johnston 1996) in the SAS 9.3 GENMOD procedure. In
our previous study that examined trends in relative densi-
ty of alligators in multiple wetland compartments
(Fujisaki et al. 2011), the detection rate was accounted
for as a function of water depth, because the spatial and
temporal variability in water depth in different compart-
ments likely influenced the detection rate. However, the
water depth in an estuary fluctuates with tide and there is
no estimate of detection probabilities in estuaries (Nifong
et al. 2015). Therefore, in this study, we only accounted
for varied detection rate by observer differences. All anal-
ysis was based on α-level of 0.05.

Results

In total, we conducted 46 surveys in 13 years between
1998 and 2013. All surveys (22) were replicated since
2003. The majority of the replicated surveys were con-
ducted 3 weeks apart, but some replicated surveys were

conducted for as long as 34 days (4.5 weeks) apart due to
weather conditions or logistics. In the majority of surveys,
the start point salinity was zero and the average for wet
and dry seasons are 0.95 psu (SD 2.85, range 0–10) and
1.72 psu (SD 3.06, range 0–10) in order (Fig. 2). The
mean salinity at the end point was 13.95 psu (SD 9.66,
range 0–35) for the wet season and 27.95 psu (SD 6.27,
range 11–40) for the dry season. The mean temperature
during the wet season at the start and end points were
28.10 °C (SD 1.81, range 24–31) and 28.45 °C (SD
1.57, range 24–31). The mean temperature in dry seasons
were 24.51 °C (SD 2.66, range 20–32) at the start point
and 24.37 °C (SD 1.85, range 21–28) at the end point.

Based on the data obtained from the 22 replicated same
observer surveys (i.e., the same observer conducted two sur-
veys in each season), moderate and significant positive asso-
ciations between the two surveys were found in the medium
size class alligator numbers in the midstream zone (ρ=0.471,
P=0.027) and the large size class (ρ=0.593, P=0.004) and
the total numbers (ρ=0.723, P<0.001) in the downstream
zone (Fig. 3).

Density (number of alligators/km) varied by estuary zone,
size class, and season (Fig. 4). The size class difference in
alligator density was significant in both seasons and zones.
In general, there were more large alligators than medium or
small alligators in both estuary zones and both seasons
(Fig. 4). The density comparison between the two estuary
zones showed a seasonal pattern (Fig. 5). During the wet

Fig. 2 Box plots of salinity and
temperature in the midstream and
downstream measured during the
wet season (May–October) and
the dry season (November–April)
surveys in Shark River estuary,
Everglades National Park, FL,
between 1998 and 2013. The
number of observations (n) in
each plot is the number per each
zone
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season, the only significant difference between the midstream
and downstream zones was observed in the large size class.
The large-sized alligator density was greater in the down-
stream than that in the midstream zone. During the dry season,
the zonal difference in alligator density was significant for all
size classes; alligator density was consistently greater in the
midstream than that in the downstream zone (Fig. 5).

The estimated model parameters indicated negative trends
in alligator density except for large-sized class alligators and
total number in the downstream zone during wet seasons
(Table 1). With both seasons and zones combined, the nega-
tive trend was significant only for the large size class. A stron-
ger pattern emerged when we analyzed the data by season and
zone. During the wet season, the negative trend was insignif-
icant for all size classes whereas during the dry season, the
negative trend was significant for all cases except for the large
size class in the downstream. The estimated effect of salinity
was significant for total animals in midstream during the wet
season and medium size class and total numbers in down-
stream during the dry season. In all three, the effect was neg-
ative (Table 1). The effect of temperature was significant only
for medium size class in which the temperature was positively
associated with alligator counts.

Discussion

Our results showed population level patterns in habitat use by
American alligators. We observed higher densities during the
wet season compared to the dry season especially in the down-
stream zone. This seasonal variation is likely dictated by sa-
linity, reproductive cycle, and temperature. Larger amount of
precipitation during the wet season leads to lower salinity and
makes the estuary more suitable for alligators. The annual
reproductive cycle of alligators is closely related to ambient
temperature. For alligators in ENP, dry season comprise court-
ship time (Ugarte et al. 2013), during which males seek com-
parably sedentary females in freshwater marshes. During pe-
riods of high temperatures, which are associated with wet
seasons in our study area, alligators seek deeper water to con-
trol their body temperature (Smith 1975). Large alligators may
make more frequent excursions to the downstream zone dur-
ing the wet season because of lower salinity and higher tem-
perature. As a mobile top predator, the alligator transfers en-
ergy and nutrients by their movement and foraging activities
across ecosystems (Subalusky et al. 2009; Rosenblatt and
Heithaus 2011). In our study area, the alligator connects fresh-
water, estuary, and near-marine zones by their movement and

Fig. 3 Plots of number of alligators observed by the replicated nightlight
surveys (n= 22) in the Shark River estuary, Everglades National Park, FL,
by zone (midstream and downstream) and size classes (small, medium,

large, and total). The total number includes number of alligators with
unknown size class. Spearman’s ρ is shown at the top of each plot. Star
marks indicate significance of the associations (*p< 0.05, **p< 0.01)

Estuaries and Coasts (2016) 39:1561–1569 1565



foraging (Rosenblatt and Heithaus 2011). Reduced precipita-
tion and freshwater flow from the upstream during dry seasons
increases residence times of nutrients (Childers et al. 2006).
The uneven level of habitat use by alligators during the wet
and dry seasons further contributes to create seasonally varied
amount of nutrient and energy transfers in the system.

Zonal differences in the relative densities of observed
alligators were also elucidated. During dry season, use
of the downstream zone was rare for all size classes.
This lack of use is particularly apparent in the density
of medium- and large-sized alligators, as they are more
frequently observed during the wet season. This obser-
vation is consistent with an acoustic telemetry study that
indicated that adult males spend twice as much of their
time in an upstream zone during dry season (Rosenblatt
et al. 2013). Higher salinity during the dry season
(Romigh et al. 2006) likely makes downstream habitat
less suitable even for large-sized class alligators.

The density of alligators differed by size class; the
observed alligators were predominantly in the large size
class. The observation of the small-sized alligators was
extremely rare, especially in the downstream. This was
likely due to the larger alligators’ ability to tolerate
greater salinity environments, as young alligators, par-
ticularly hatchlings, are highly sensitive to salt water
(Lauren 1985). Juveniles are frequently observed in an
ecotone between brackish water and freshwater marshes,
but prolonged exposure to a saline environment will
result in decreased feeding, loss of body weight, and
eventual mortality (Lauren 1985). Our results also
agreed with the study in Sapelo Island, GA (Nifong
et al. 2014), that reported that alligators caught in an
estuarine habitat were of larger size classes than ones
caught in freshwater and intermediate habitats. The
above study also found that all size class alligators con-
sumed estuary/marine species including mud crabs,

Fig. 4 Box plots showing the density (number/km) of the observed
alligators by nightlight surveys conducted between 1998 and 2013 in
Shark River estuary Everglades National Park, FL, by size class (small,
medium, large, and total), estuary zone (midstream and downstream), and
season (wet, May–October; dry, November–April). The total number

includes the number of alligators with unknown size class. Test
statistics and P values from the ANOVA F test that compared alligator
density by size class (small, medium, and large) are shown at the top of
each plot. Group means followed by the same letter are not significantly
different based on Tukey’s multiple mean comparisons

1566 Estuaries and Coasts (2016) 39:1561–1569



horseshoe crabs, blue crabs, grass shrimp, and fish, but
small juveniles consumed estuary/marine prey less fre-
quently than larger-sized alligators (Nifong et al. 2014).
Higher salinity in dry season may limit alligators to
access such estuary/marine preys, especially for smaller
alligators. In our study area, productivity is greater in
the downstream than in the midstream (Simard et al.
2006; Rosenblatt et al. 2013) because the oligotrophic
system in which we worked receives the limiting nutri-
ent, phosphorus, from the Gulf of Mexico (Childers et
al. 2006). With greater salinity tolerance and faster
swim speed (Gatten et al. 1991), large-sized alligators
have more foraging options, especially in our study ar-
ea. This high mobility of large-sized alligators was
reflected as the lack of strong association in number of ob-
served alligators by the replicated surveys, which likely sug-
gests a large intraseasonal variability in alligator density in the
estuary, but we also recognize that this may reflect varied
environmental factors, such as tides, because the conditions
in the estuary are dynamic.

Previous studies showed that there is a variation in the
patterns of decline by size class and among wetland areas
related to hydrology and stresses that extreme dry events
have on small animals in particular (Fujisaki et al. 2011;
RECOVER 2014). The observed declined trend in the
number during the dry season coincides with the declined
trend of small- and medium-sized alligators in some wet-
lands in southern Florida, including the adjacent Shark
River Slough (Fujisaki et al. 2011; RECOVER 2014).
However, in contrast to this study, which found a declined
trend of large size class, Fujisaki et al. (2011) reported an
increasing trend of large size class in wetlands in southern
Florida, including Water Conservation Areas 1, 2A, and
3A in north of ENP. Inconsistent population trend by sea-
son in the estuary, that is, absence of significant trend
during wet season and declined trend during dry season
especially in midstream zone, where the decline in all size
classes were found, may be related to the reduced water
flow from the freshwater marsh causing an increase in
salinity in the estuary.

Fig. 5 Box plots showing density (number/km) of observed alligators
between 1998 and 2013 by the nightlight survey in Shark River estuary
Everglades National Park, FL, by zone (midstream and downstream), size
class (small, medium, large, total), and season (wet, May–October; dry,

November–April). The total number includes number of alligators with
unknown size class. Test statistics and P values from t test to compare
alligator density in the midstream and downstream are indicated at the top
of each plot
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In our analysis, the effects of salinity and temperature were
rarely significant but this is partially because these factors are
associated with season and zone (e.g., higher temperature dur-
ing the wet season than the dry season and higher salinity in
the downstream than in the upstream). Also, our salinity mea-
surements at the start and end points likely did not sufficiently
capture the condition of each zone because salinity along the
estuary is largely variable (Fujisaki et al. 2014). This is par-
ticularly true in the midstream, where the start points were
frequently freshwater.

Previous studies have shown individual specialization in
alligator’s foraging strategy (Rosenblatt and Heithaus 2011;
Nifong et al. 2015). Our results indicate that this variability
reflects individuals’ physiologies, mainly salinity tolerance,
and possibly their reproductive cycles. Our seasonal and zonal
analysis illuminated population-level patterns in alligator’s
habitat use and ontogenetic niche shift which is important to
understand ecosystem-wide changes in density and habitat
use. The observed alligators by our surveys were predomi-
nantly in the large size class. With greater salinity tolerance,
faster movement speed, and large body size, they have more
flexibility in selecting an optimal habitat within heterogeneous
habitat quality in space and time. These findings together in-
dicate high adaptability of large-sized alligators to fluctuating
habitat conditions; large-sized alligators opportunistically use
estuary habitat. This mobility to maximize access to quality

resources and to avoid sources of stress coupled with the adapt-
ability makes free-ranging alligators a suitable indicator of the
return of more natural freshwater flows to the coastal system.
Our expectation with restoration is that alligator density will
increase and that more medium and small alligators will be
observed as salinity becomes more favorable.
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