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ABSTRACT: Thermal refuges are habitats used by species for behavioral thermoregulation.
These habitats can be highly dynamic and are often influenced by fluctuations in local climate.
When protected species require thermal refuges, it is necessary to identify stable and high-quality
areas by evaluating species use in response to variation in thermal refuge quality. Here, we
assessed behavioral thermoregulation in the Florida manatee Trichechus manatus latirostris, a
cold-intolerant marine mammal. Using metrics from ectotherm physiology, we evaluated thermal
quality of 2 refuge types (passive thermal basins, natural springs) in 2 areas of their distribution.
Thermal refuge quality was assessed with respect to the lower critical threshold of the manatee
(20°C) and the surrounding ambient temperatures and compared between refuge types. We used
GPS locations of manatees to quantify visits to refuges and calculated total visit duration in each
refuge by individual manatees. At natural springs, we found a negative correlation between visit
duration and ambient temperature during cold weather; visit duration also increased with the
temperature differential between the spring and the lower critical thermal threshold. Visit dura-
tion at passive thermal basins was negatively correlated with the thermal differential between the
refuge and the lower critical thermal threshold. The relationship between thermal refuge quality
and time-use metrics sheds light on the potential implications of habitat degradation on animal
energetics and behavior. Given these results, focusing on potential key refuges in each system
may inform targeted management and habitat restoration efforts to maintain adequate thermal
refuge environments for this listed species.

KEY WORDS: Cold stress - Florida manatee - Mammal conservation - Thermal refuges -
Trichechus manatus latirostris

1. INTRODUCTION

The importance of understanding the interaction
between an organism and its thermal environment is
being increasingly emphasized due to the accumu-
lating evidence of the effects of contemporary cli-
mate change (Walther et al. 2002, Parmesan & Yohe
2003, Deutsch et al. 2008, Veldsquez-Tibatd et al.
2013). Thermoregulatory strategies evolve to prevent
negative consequences of stressful environmental
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temperatures and allow many organisms to with-
stand extreme temperature fluctuations (Gilman et
al. 2006, Kearney et al. 2009). However, the increas-
ing magnitude and frequency of extreme tempera-
tures can have negative impacts on a species’ ability
to maintain heat balance over the long term, on
the maintenance of energy reserves necessary for
growth and reproduction, and eventually on popula-
tion persistence (Oswald & Arnold 2012, Huey et al.
2012, Conradie et al. 2019, O'Connor et al. 2021).
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Behavioral thermoregulation through the use of
thermal refuges can potentially buffer species from
the detrimental impacts of unsuitable environmental
temperatures (Kearney et al. 2009). Thermal refuges
are habitats that maintain microclimates, namely
temperature and humidity, which are within the ther-
mal limits of the organism (Huey 1991). Thermal
refuges occur due to some physical property of the
habitat, such as cover from solar radiation or source
of warmer temperatures; however, these resources
can be still influenced by daily or seasonal fluctua-
tions in local climate (Dugdale et al. 2013). Thus,
thermal refuge quality can potentially change over
time and across a species’ distribution depending on
habitat structure and surrounding environments
(Keppel etal. 2012, Dugdale et al. 2013, 2015, Brewitt
& Danner 2014).

Variability in the quality of a thermal refuge can
directly impact animal energetics and ultimately
affect animal survival and reproductive potential
(Hudson 1985, McNamara & Houston 1986, Caraco
et al. 1990). As ectothermic species rely on external
temperature to regulate body temperature, most
research on the impacts of thermal refuge quality has
focused on amphibians, reptiles, and fishes (Ebersole
2002, Humphries & Umbanhowar 2007, Sutton et al.
2007, Thompson et al. 2018). However, many endo-
thermic species also rely on thermal refuges to com-
bat stressful temperatures (Schwab & Pitt 1991, God-
vik et al. 2009, Oswald & Arnold 2012, van Beest et
al. 2012), yet this area of research is underexplored
in mammals and birds. In order to truly identify habi-
tats necessary for species' survival in the face of
changing climates, we must be able to describe how
thermal refuge fluctuations can alter behavioral
thermoregulation (Elmore et al. 2017).

We can quantify the quality of a thermal refuge
by describing basic thermal characteristics, namely
average temperature, temperature variability, or ob-
served extreme temperatures over a period of time
(Beauregard et al. 2013, Camacho et al. 2015).
Additional metrics include calculating the temper-
ature differential between thermal refuges and the
surrounding environment, as this can indicate the
refuge’s ability to be more suitable compared to
non-refuge environments (Hertz et al. 1993). How-
ever, all current metrics do not relate refuge con-
ditions to the thermal biology of the study species,
which is necessary to determine if a refuge is pro-
viding the means for thermoregulation in reference
to a species' physiology.

Herbivorous mammals are often the focus of
research studies on behavioral thermoregulation

(Rettie & Messier 2000, Ferndndez et al. 2002, Baci-
galupe et al. 2003, Dussault et al. 2004, Haase et al.
2020). For example, the Florida manatee Trichechus
manatus latirostris is an herbivorous aquatic mam-
mal of conservation concern that thermoregulates by
using thermal refuges. Due to their herbivorous diet
and low metabolic rate, manatees become cold-
stressed at water temperatures below 20°C and seek
thermal refuges in the form of inland natural springs,
warm-water outflows from power plants, or passive
thermal basins (Laist et al. 2013). Often, habitats
used for thermal refuge lack adequate forage
resources (Rettie & Messier 2000), resulting in clear,
directed movements between thermal and forage
habitats when transitioning between thermoregula-
tory and foraging behaviors (Terrien et al. 2011,
Mabille et al. 2012). In these instances, we can
explicitly assess how a species uses thermal refuges
without confounding use with other requirements
(e.g. foraging). Additionally, the quality of each ther-
mal refuge type used by manatees can vary: fresh-
water springs usually maintain constant water tem-
peratures of 22°C while passive thermal basins may
often fall below the 20°C threshold (Flamm et al.
2013). Therefore, the Florida manatee is a suitable
study species to address questions regarding the use
of thermal refuges in response to thermal refuge
quality across their distribution.

Using GPS location data from tagged and tracked
manatees in 2 different habitat systems (one con-
taining natural springs as thermal refuges, one con-
taining passive thermal basins), we assessed how
variation in thermal refuge quality can influence
behavioral thermoregulation. We first quantified
thermal refuge quality using 3 metrics pulled from
the ectotherm physiology literature (Hertz et al.
1993): (1) the mean deviation between the refuge
and the environment, (2) the mean deviation be-
tween the refuge and the lower temperature thresh-
old of manatees (20°C; defined by an increase in
metabolic rate to maintain body temperatures), and
(3) the proportion of time the temperature in the
refuge is above the lower threshold. We examined
differences in these metrics between refuge types
and variation within individual refuges within a win-
ter season. Given the consistent outflow of warm
water in natural springs, we predicted that springs
would be higher in thermal refuge quality (i.e. larger
deviations above ambient and critical temperatures)
and less variable (i.e. less variation in deviation from
the lower temperature threshold; d,,) than passive
thermal basins. We also expected that passive ther-
mal basins would have less variation in deviation
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from ambient conditions (d,) as they may align with
ambient temperatures more closely than springs that
have constant temperatures. We then hypothesized
that manatees, as cold-intolerant mammals, manage
use of thermal refuges based on thermal quality.
Thus, we predicted that manatees would spend more
time per visit in thermal refuges that maintain ther-
mal quality during the winter when manatees must
tradeoff foraging with behavioral thermoregulation.

2. MATERIALS AND METHODS
2.1. Study area and available thermal refuges

The study area encompassed 2 distinct habitat sys-
tems of the Florida manatee (Fig. 1): northwestern
Florida, with the primary focus on Crystal River
National Wildlife Refuge located in the Kings Bay
Manatee Protection Area, and southwestern Florida,

with a primary focus on the Ten Thousand Islands
National Wildlife Refuge and Everglades National
Park. The northwestern habitat system reached south
to Chassahowitzka National Wildlife Refuge and north
along the Florida panhandle. This area included Crys-
tal River National Wildlife Refuge, Kings Bay Mana-
tee Protection Area, and Homosassa Springs State
Park (Fig. 1, top inset) and contained over 15 first-
order magnitude springs (i.e. discharges >2.8 m®s™?)
(Laist & Reynolds 2005b). The southwestern habitat
system reached from Marco Island in the north to
the southern tip of the Everglades in the south and
consisted of Everglades National Park, Big Cypress
National Preserve, Collier Seminole State Park, Faka-
hatchee Strand Preserve State Park, and Ten Thou-
sand Islands National Wildlife Refuge (Fig. 1, bottom
inset). Unlike northern Florida, the southern region
lacks natural springs. Manatees instead rely on pas-
sive thermal basins, which are small pockets of warm
water that remain warmer than surrounding condi-
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Fig. 1. Left: instrumented thermal refuge sites used by tagged Florida manatees Trichechus manatus latirostris in the analyses

(SUL: Sulphur Springs). Top inset: the instrumented springs used by tagged manatees in the northwestern region during the

winter (WAK: Wakulla Springs, MAN: Manatee Springs, TS: Three Sisters Spring; MAG: Magnolia Springs, HS: Homosassa

Springs). Bottom inset: instrumented passive thermal basins used by manatees in the southwestern region during the winter

(POLI: Port of the Islands, WLOST: West Lostman River, LOST: Lostman River, RR: Rodgers River, TB: Tarpon Bay, SR: Shark
River, NR: North River, MUD: Mud Bay)
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tions due to various physical characteristics of the
microhabitat (Stith et al. 2012). Many passive ther-
mal basins in the region are caused by deep depres-
sions in the bottom substrate that trap warm water as
it cools slower than surrounding areas or by shallow
basins with muddy bottoms that absorb solar radia-
tion throughout the day. These passive thermal
basins are often affected by tidal cycles and air tem-
perature (Stith et al. 2011). Other passive thermal
basins are produced by temperature-inverted halo-
clines, where warm saltwater is trapped under a
layer of colder freshwater discharged by rivers or
man-made weirs; the salinity stratification prevents
water turn-over and allows these pockets of warm
water to remain consistently warmer than the surface
(Stith et al. 2011). The quality and reliability of in-
verted thermal haloclines vary in response to tidal
cycles, freshwater flows, and manatee abundance
(due to high densities disrupting weak haloclines
disrupting temperature inversion) within the refuge.

2.2. Determining thermal refuge quality

Locations of natural springs were defined using
GIS shapefiles mapped from aerial photography and
validated by field measurements by the Florida Fish
and Wildlife Conservation Commission (last updated
in 2010; resolution: 1:12000). Locations of passive
thermal basins were previously determined by Slone
et al. (2017, 2018) by quantifying the top 10% of a
kernel density analysis of movement paths during
cold temperatures (<20°C) <200 m in length and
<0.2 km h! in speed. To deal with possible location
errors associated with GPS data, we added a 5 m
buffer around all thermal refuge shapefiles.

We gathered water temperature data from 6 natural
springs from the US Geological Survey (USGS) Na-
tional Water Information System (NWIS) and meas-
ured water temperature in 8 passive thermal basins
with HOBO water temperature sensors (Onset Com-
puter Corp.) over the course of the study (natural
springs: mean no. of years = 1.67, minimum = 1.0,
maximum = 3.0; passive thermal basins: mean no. of
years = 2.25, minimum = 1.0, maximum = 6.0; Fig. 1).
All temperatures were logged every 15 min. Ambient
water temperatures, used to represent conditions
outside of the thermal refuge, were retrieved from
weather stations managed by the USGS NWIS. We
calculated the distance from each thermal refuge to
each weather station and used water temperature
from the closest weather station. If there was no USGS
weather station within the local area (<10 km), a sec-

ond temperature sensor was placed near the thermal
refuge to record the surrounding temperature.

We quantified thermal quality based on the ability
of a refuge to stay above the lower critical tempera-
ture threshold of Florida manatees and above sur-
rounding water temperatures. Hertz et al. (1993)
defined the quality of a thermal refuge for ecto-
therms as the mean deviation between the environ-
mental temperature and the selected or preferred
temperature (i.e. d.). We modified this equation to
calculate the mean deviation between the environ-
ment, in this case, the thermal refuge (7;), and the
surrounding ambient water conditions (T,):

Z(TIH_ Ta) (1)
summed across all temperature measurements, rep-
resented by n. If d, is positive, then the refuge is, on
average, warmer than the surrounding environment.
However, this equation does not take into considera-
tion the lower critical temperature threshold of man-
atees. Therefore, we also defined the thermal quality
based on the ability of the thermal refuge to maintain
temperatures above the lower critical temperature
defined from previous lab experiments (20°C; Irvine
1983). We modified Eq. (1) to calculate the mean
deviation between the thermal refuge and the lower
critical temperature of manatees (i.e. Ti):
If dy. is positive, then the thermal refuge, on average,
maintains temperatures that reduce the metabolism
requirements of manatees. To compare general trends
in thermal refuge quality when water temperatures
were below 20°C, we filtered to only thermal refuge
temperatures when ambient temperatures were
equal to or below 20°C and calculated d, and d, for
each month of a winter season for each thermal
refuge. As a single winter encompasses 2 numeric
years (November—-March), we classified data col-
lected in January—March as the previous year for our
analyses (noted as ‘winter year'). We also calculated
a third metric of refuge quality as the percent of time
(over the month) the refuge was above the 20°C
threshold.

d, =

dit =

2.3. Animal location data

A total of 36 free-ranging manatees were captured,
tagged, and tracked in the study areas (see Weigle et
al. 2001 for capture methodology and Marmontel et
al. 2012 for tracking methodology); 26 manatees
were tagged over the years 2002-2009 and tracked
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in the southwestern network and 10 individuals were
tagged over the years 2007-2015 and tracked in the
northwestern network. The tag apparatus consisted
of a floating satellite-linked (www.argos-system.
com) GPS tag (www.telonics.com) that was attached
to a belt around the peduncle of the animal by a
nylon tether (Slone et al. 2017), with 2 release points
that would allow the animal to break free if it became
entangled. Tags remained on the manatee until they
broke off and were located or until the animal was
retagged. Some of the tags had temperature sensors
(Tidbit, Onset Computer Corp.; accuracy +0.2°C) on
the peduncle band that recorded the water condi-
tions experienced by the animal; these temperature
values were used to fill in gaps in thermal refuge
temperatures. GPS locations were recorded with
<5 m accuracy every 15-30 min (Adrados et al. 2002,
Tomkiewicz et al. 2010). We limited analyses to GPS
data from each winter season (November—March)
since winter is when manatees are susceptible to
cold stress and use thermal refuges. We only used
manatees that were tracked for at least 14 d to ensure
we did not constrain the representation of visit dura-
tion over the time tracked.

We defined use of thermal refuges if GPS locations
fell within the borders of the thermal refuge shape-
files. We used the time stamp of each GPS location to
calculate the total duration manatees spent within
each thermal refuge (h) before leaving that refuge. If
a manatee left a refuge but returned to the same
refuge within 1 h, we considered it the same bout. If
the manatee left a refuge and moved to a new refuge,
we considered these separate bouts. We filtered out
any bouts that were less than 1 h. We removed visits
that had a corresponding mean ambient temperature
>20°C over the visit duration, as we assumed mana-
tees were not using the thermal refuge for behavioral
thermoregulation. Finally, we calculated the mean
visit duration per refuge per month for each winter
season. To calculate thermal refuge quality at the
time-scale relevant for manatee behavior, we calcu-
lated the 3 thermal refuge metrics (d., di, and per-
cent time >20°C) over 14 d prior to a manatee leaving
a refuge after a visit. As 14 d is one standard devia-
tion above the mean visit duration, we assumed this
duration would encompass the thermal refuge met-
rics a manatee would experience during each visit.

2.4. Statistical analysis

After confirming normality of the data with a
Shapiro-Wilk normality test, we used a linear mixed-

effects model framework to determine differences
between refuge types (natural springs and passive
thermal basins) in the 3 monthly metrics of thermal
quality (de, di, and percent time >20°C) within a
winter season. Our models included monthly d,, d,
or percent time >20°C for each refuge as a response
variable, refuge type as a fixed effect, and refuge as
a random effect. We used an arcsine transformation
commonly used with percentages to transform the
response variable of percent time >20°C. Finally, we
assessed differences in variability between the 2
thermal refuges types by performing a Fisher's F-test
for equal variances for all 3 monthly metrics. We then
developed a second suite of linear mixed-effects
models to assess if any significant differences in ther-
mal quality occurred within individual refuges dur-
ing the winter season. Three models were created for
each refuge type as we separated the data to deter-
mine differences independent of type. These models
included the 3 metrics (monthly d,, d), or percent
time >20°C) for each refuge as the response variable,
the interaction between refuge and month as fixed
effects, and winter year as a random effect.

To test our second hypothesis that manatees man-
age use of thermal refuges based on thermal quality,
we examined differences in tagged manatee use
between refuge types. Our metric of manatee use
was the continuous number of hours spent within a
refuge during a visit with the sampling unit as each
individual visit. After confirming data were not nor-
mal, we used a generalized linear mixed-effects
model (family Gamma with a log-link) to determine
differences in visit duration per manatee as a
response to thermal refuge type depending on the
month of the year. We included thermal refuge type,
month, and their interaction as fixed effects and each
individual manatee identification number as a ran-
dom effect.

Finally, we assessed the effects of thermal refuge
quality on visit duration to determine the best predic-
tor of thermal refuge use. To test our hypothesis, we
created a suite of generalized linear mixed-effects
models (Gamma distribution with a log-link) with the
response variable as the duration of each individual
visit and either ambient temperature, one of the 3
thermal quality metrics (d., d., or percent >20°C for
each refuge), or ambient temperature plus one of the
metrics as the predictor variables. All temperature/
thermal quality metrics were calculated over the 14 d
period prior to a manatee leaving the refuge after a
visit. All models included month as a fixed effect and
manatee identification as a random effect. We split
the data by thermal refuge type and created the suite
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of models for both springs and passive thermal basins
to allow the top model to vary between types. We cal-
culated the conditional R? values associated with
generalized linear mixed models with the methodol-
ogy described by Nakagawa & Schielzeth (2013) for
the top model given conditional Akaike's information
criterion for small sample sizes (AICc) for each of the
suite of models (Burnham & Anderson 2002). All
analyses used a significance level of a = 0.05 and
were completed using R v.3.6.3 (R Core Team 2020).

3. RESULTS

We calculated the thermal refuge quality metrics
(de, diet, and percent time >20°C) in 6 natural springs
and 8 passive thermal basins across the 2 study re-
gions (Table 1 & Table S1 in the Supplement at www.
int-res.com/articles/suppl/n051p089_supp.pdf). Most
of the refuges of both types maintained water temper-
atures above ambient temperatures, while only natu-
ral springs maintained water temperatures above the
lower critical temperature for manatees over all win-
ters (Table 1, Fig. 2). Our prediction that natural
springs have higher thermal quality compared to pas-
sive thermal basins was supported for all metrics
(Table 1, Fig. 3). Springs had higher d, (passive ther-

mal basins as baseline: mean = SE: $ =2.75+0.98, p =
0.020; Fig. 4A), dit (B =2.47 £ 0.79, p = 0.008; Fig. 4B),
and percent time >20°C (f = 52.50 = 14.95, p = 0.004;
Fig. 4C) metrics. We also expected that there would be
differences in metric variances between refuge types,
with natural springs having higher variance in d,
compared to passive thermal basins, but lower vari-
ance in d;; and percent time >20°C. These predictions
were supported in part by our analyses, as passive
thermal basins had significantly larger variances in all
3 metrics (de: Fgo = 2.56, p = 0.001; dyt: Fgo =3.24, p <
0.001; >20°C: Fg9=6.63, p <0.001).

Across months within the winter season, all 6 natu-
ral springs had considerable variation in d,. (all p <
0.050; Fig. 3A), but only Wakalla Springs varied
across months in dy, (p = 0.030; Fig. 3B). Almost
all springs maintained refuge temperatures >20°C
for most of the winter (all p > 0.050; Fig. 3C), except
for Wakulla Springs, which varied considerably
throughout the winter season (p = 0.004). Passive
thermal basins fell into 2 general groups: those sites
that tracked ambient temperatures and therefore
had little differences in d, across the winter season
(Lostman River, West Lostman River, Rodgers River,
Shark River, and Tarpon Bay; all p > 0.050) and those
that varied considerably in d. (Mud Bay, Port of the
Islands, and North River; all p < 0.050; Fig. 3A). Pas-

Table 1. Summary of thermal refuge quality between 2 refuge types (natural springs, passive thermal basins) during cold
ambient temperatures (<20°C) in Florida. Thermal refuge quality was calculated as the mean deviation between each refuge
and the surrounding environment (d,) or the lower critical temperature of the Florida manatee, Trichechus manatus latirostris
(20°C; dy), and the percent of time the refuge maintained temperatures above this threshold (% >20°C) over the study period.
Positive values indicate that the refuge, on average, maintains temperatures above the surrounding environment or the
critical threshold, respectively. Metrics were calculated across winter months (November—March) for each refuge

Thermal refuges d. diet % >20°C No. of
Mean SD Range Mean SD Range Mean SD Range winters
Passive thermal basin
Lostman River 1.09 0.72 0.04to1.67 -0.13 079 -130t00.46 50.76 32.85 8.94to 89.16 1
Mud Bay 438 253 1.29t08.59 1.09 370 -798t04.94 73.06 30.82 19.64 to 100 3
North River 359 194 1.38106.83 026 3.25 -8.10to2.71 59.67 32.55 3.57to 100 3
Port of the Islands 579 251 063to11.82 295 199 -1.16t06.06 86.54 24.88 17.24to 100 6
Rodgers River 251 546 0.16t016.95 -0.78 1.46 -2.40to2.75 30.81 28.58 4.23to 100 2
Shark River 090 0.74 0.38to1.43 -0.27 213 -1.77to1.24 56.82 61.07 13.64to 100 1
Tarpon Bay 233 0.09 221t0240 -0.17 1.02 -140to1.04 53.59 2576 34.85t091.67 1
West Lostman River 094 1.11 0.27to260 -1.63 072 -240to-0.94 19.69 17.22 4.23 to 44.12 1
Natural springs
Homosassa Springs 540 1.06 3.62to7.02 3.11 0.17 2.73t03.22 100 0.00 100 to 100 2
Magnolia Springs 528 0.66 4.53t06.21 247 024 2.30to 2.87 97.87 3.85 91.13to 100 1
Manatee Springs 6.14 1.67 3.79to 7.99 2.62 0.28 2.31to02.90 100 0.00 100 to 100 1
Sulphur Springs® 7.88 1.08 5.96to 9.84 470 029 4.27t05.13 100 0.00 100 to 100 3
Three Sisters 6.13 1.27 4.29to 7.68 232 065 1.33to3.15 90.27 8.06 77.45t099.76 1
Wakulla Springs 3.19 2.08 1.20to6.80 1.16 2.38 0.06to 5.99 67.42 19.52 50.46 to 100 2
“Note: USGS gauge at Sulphur Springs vent (Station 2306000) is not in waters accessible by manatees, which have
access to spring water mixed with river water
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basins had significant differences be-
tween months in the percent time the
refuge temperatures were above 20°C
(all p < 0.050; Fig. 3C).

Out of the 36 manatees tracked, 21
were tracked for at least 14 d over the
winter (12 in the southwestern network
and 9 in the northwestern network) and
were included in the analyses. Mana-
tees were tracked for an average (+SD)
of 75.54 + 74.43 d (minimum: 17 d; max-
imum: 322 d) over the winter months.
The number of successful GPS fixes per
animal averaged 1697.08 + 1636.10
(minimum: 72 fixes; maximum: 6654
fixes), with a total of 44 124 fixes used in
the analysis. The number of visits to
thermal refuges when ambient water

temperatures were <20°C ranged from

Temperature (°C)

Ambient conditions ¥

15+

10

4 to 89 per animal over the study period
(median = 12.5, 1Q = 10, 3Q = 30.25)
with, on average, 4.30 + 2.78 mana-
tees visiting a single thermal refuge
(Table 2). The visit duration within a
thermal refuge ranged from a mean of
19.08 + 34.36 h in passive thermal basins
(minimum: 1.02 h; maximum: 395.32 h,
n = 192 visits) to 32.83 + 51.57 h in natu-
ral springs (minimum: 1.00 h; maximum:
440.50 h; n =415 visits). Manatees spent
more time in springs per visit than pas-
sive thermal basins (with passive ther-
mal basins as baseline [+SE]: § =0.95 +
0.29, p = 0.001), an effect that was im-
pacted by month (§ = 0.06 + 0.02, p =
0.010; Fig. 4D).

Manatees increased time in thermal
refuges, specifically natural springs, in

01/06 01/13 01/20

Date

Fig. 2. Variation in water temperature during January 2015 at Three Sisters
Spring (top) in northwest Florida and Mud Bay (bottom), a passive thermal
basin in southwest Florida. Water temperatures represent the thermal refuge
conditions (black lines), ambient conditions outside of the refuges (grey lines),
and the lower critical temperature of the Florida manatee Trichechus manatus

latirostris (dashed lines)

sive thermal basins differed little in d;. over the win-
ter season (all p > 0.050; Fig. 3B); Port of the Islands
and Mud Bay did not have significant impacts of
month, but potentially could with more data given
the p-values reported (Port of the Islands: p = 0.050;
Mud Bay: p = 0.050). Finally, all passive thermal

01|/27 response to ambient temperature and
the ability of refuges to remain above
the lower critical threshold of 20°C
(dieti AICc = 10463.10, log-likelihood
[LL] =-5225.55, no. of parameters [K] =
6, AIC weights [w;] = 0.98, R? = 0.30;
Table 3). Visit duration had a nega-
tive relationship with ambient water
temperature, with manatees spending
more time per visit as temperatures decreased (f§ =
-0.24 £ 0.07, p < 0.001). Manatees also increased visit
duration in springs that were higher than the lower
critical threshold, with a greater d.; (f = 0.27 = 0.07,
p < 0.001). Visit duration in springs was not
impacted by time of year, as month was not a sig-
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Fig. 3. Thermal refuge quality metrics that influence visit duration by Florida manatees Trichechus manatus latirostris in

(A-C) natural springs in northwestern Florida and (D-F) passive thermal basins in southwestern Florida in winter (Novem-

ber—-March). (A,D) Mean monthly deviation between refuge water temperature (°C) and ambient temperature; (B,E) mean

monthly deviation between refuge water temperature and the lower critical threshold of the manatee (20°C); and (C,F) the

percent time a thermal refuge was above the lower critical threshold. Boxes: 25" and 75" percentiles; whiskers extend to the

smallest/largest value from 1.5 x the interquartile range, respectively; points: outliers. Metrics based on data filtered to peri-
ods when mean daily ambient water temperature was less than 20°C

Table 2. Summary of use of natural springs and passive thermal basins by  nificant variable (p = 0.15). Visit dura-
Florida manatees Trichechus manatus latirostris for thermal refuges. Use was
defined by consecutive GPS locations within a single thermal refuge during
winter months (November—March) when ambient temperatures were <20°C.
Identification numbers of water temperature stations from the US Geological = 4566.07, LL = -2278.03, K = 5, w; =
Survey (USGS) National Water Information System (NWIS) are also reported ~ 0.45, R? = 0.45), though this top model
for natural springs; (-) no stations were located in the passive thermal basins was within 2 AAICc values of the

tion in passive thermal basins, how-
ever, was impacted only by d (AICc

model containing ambient tempera-

Refuge USGS  No.of  No. of visits Visit ture and d, (Table 3), which was the
NWIS manatees per manatee duration (h) top model for natural springs. Visit
Station ID visited Mean SD Mean SD duration decreased with dy. (p = -0.54
Passive thermal basins + 0.01, p < 0.001), which Was opposite
Lostman River _ 3 15.00 10.44 747 551 of what we expected. It is also worth
Mud Bay - 4 12.00 6.50 49.94 42.06 noting that the second-best model for
North River - 1 8.00 0.00 8.01 213 passive thermal basins (the top model
Port of the. Islands - 8 11.25 523 2738 47.12 for natural springs) also had a negative
gﬁdglfg, River - i 13'28 15‘32 3'3; ‘é'gz relationship between d,; and visit
ar. wer - . . . . .
Tarpon Bay - 2 450 495 794 6.65 duration (f = -0.56 + 0. 15, p = 0.001).
West Lostman River - 1 20.00 0.00 7.56 531
Natural springs
Homosassa Springs 2310688 4 16.25 1497 26.92 30.87 4. DISCUSSION
Magnolia Springs 2310743 2 21.00 28.28 2237 33.26
Manatee Springs 2323566 5 8.00 13.47 6549 47.84 Variation in the thermal environ-
Sulphur Springs 2306000 1 2.00 0.00 1599 12.71 ment of thermal refuges can be a criti-
Three Sisters 2310735 9 42.44 4215 26.10 24.55 1 factor infl . . 1 behavi
Wakulla Springs 3014070 8 3238 49.70 84.76 95.48 callactorinliuencing animai behaviot,
particularly during periods when an
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Fig. 4. Thermal refuge quality metrics that influence visit duration by Florida manatees Trichechus manatus latirostris in nat-

ural springs in northwestern Florida and passive thermal basins (PTB) in southwestern Florida in winter (November—March).

(A) Mean monthly deviation between refuge water temperature (°C) and ambient temperature (d.); (B) mean monthly devia-

tion between refuge water temperature and the lower critical threshold of the manatee (20°C) (d\.); (C) the percent time a

thermal refuge was above the lower critical threshold; and (D) the mean duration per visit to a thermal refuge over the winter.
Metrics based on data filtered to periods when mean daily ambient water temperature was less than 20°C

animal is susceptible to temperature stress (Aublet et
al. 2009, van Beest et al. 2012). We found that the
ability of a thermal refuge to maintain water temper-
atures above 20°C, the temperature at which Florida
manatees begin to experience cold stress, can ex-
plain manatees' use of some thermal refuges. Our
hypothesis was that manatees would respond to
exposure to cold water temperatures by increasing
the duration of visits to thermal refuges that main-
tained warmer temperatures than the surrounding
environment and the lower critical threshold. Our
results present contrasting conclusions for the 2 types
of refuges: manatees in natural spring systems spent
a longer duration per visit in springs that were above
20°C in response to colder conditions but were found
to decrease visit duration in passive thermal basins.
These findings may shed light on the implications of
thermal stress on animal behavior and the trade-offs
associated with behavioral thermoregulation (Baci-
galupe et al. 2003, Deutsch et al. 2022a).

We suspect this contrasting relationship between
visit duration in different thermal refuge types was
due to weak and/or variable sources of warm water
that quickly mix with the surrounding cooler waters
in passive thermal basins. Given that passive thermal
basins are not a steady source of warm water like
springs but rather are caused by a variety of inconsis-
tent factors (groundwater seeps, solar-radiation-
heated basin, temperature-inverted halocline), we
suspect refuge temperature and ambient water tem-
perature have a tight relationship. This relationship
could explain why manatees seemed to decrease
visit duration to passive thermal basins as the differ-
ential between water temperature and the lower crit-
ical threshold increased. Ambient temperature was
included in the second highest-ranked model, but
this relationship was not positive as expected. The
difficulty in interpreting these results may lie in the
fact that the models include both inter-site variation
and temporal variation (within sites). It is quite possi-
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Table 3. Differences in conditional Akaike information criterion from the top
model (AAICc), log-likelihood (LL), number of parameters (K), AIC weights
(w;), and conditional R? for generalized linear mixed-effect models describing
the effect of thermal refuge quality on mean duration spent in refuges per visit
by the Florida manatee Trichechus manatus latirostris. Thermal refuge quality
was calculated by 4 metrics for 2 wk prior to the manatee ending its visit.
Refuge quality was represented as the mean deviation between each refuge
temperature and the surrounding environment (d.), the mean deviation
between the refuge temperature and the lower critical temperature (20°C;
d)), and the percent time the refuge was above the critical temperature
(>20°C). All models also included month as a fixed effect and manatee ID as a
random effect and used a Gamma distribution with a log-link

Model AAICc LL K w, R?
Passive thermal basins

dyet 0.00 -2278.03 5 0.45 045
Mean ambient temperature + dj 1.09 -2277.58 6 0.26 0.44
Mean ambient temperature + d, 2.16 -2278.11 6 0.15 0.39
% time >20°C 3.51 -2279.79 5 0.08 0.37
de 540 -2280.73 5 0.03 0.36
Mean ambient temp. + % time >20°C 5.64 -2279.85 6 0.03 0.37
Manatee ID only 8.44 -2283.25 4 0.01 0.41
Mean ambient temperature 9.85 -228296 5 <0.01 0.38
Natural springs

Mean ambient temperature + d). 0.00 -5225.55 6 0.99 0.30
dyet 10.39 -5231.74 5 0.01 0.31
de 11.45 -5232.28 5 <0.01 0.26
Mean ambient temperature 12.65 -5232.88 5 <0.01 0.25
% time >20°C 12.86 -5232.98 5 <0.01 0.26
Mean ambient temperature + d, 13.42 -5232.26 6 <0.01 0.26
Mean ambient temp. + % time >20°C 13.76 -523243 6 <0.01 0.25
Manatee ID only 14.24 -5234.67 4 <0.01 0.27

servation. Our results may help to
identify potential key refuges in each
system and inform targeted manage-
ment and habitat restoration efforts to
maintain adequate thermal refuge
environments.

Thermal refuges face an uncertain
future in Florida with the combination
of increased use of fresh groundwater
reducing spring flows and loss of
power plant discharges that manatees
depend on, in addition to global cli-
mate change. With an increasing
human population in the state, in-
creased withdrawals from ground-
water for personal and agricultural use
can result in decreased flows to spring
systems and a reduction in the plume
of spring vents (Sucsy et al. 1998, Laist
& Reynolds 2005a). Drastic reduction
in warm water availability in these
areas could alter manatee use and
potentially lead to higher mortality
events if manatees are not able to find
other thermal refuges. Given the im-
portance to manatee behavior of main-
taining steady temperatures above

ambient temperatures and the 20°C

ble that the relationship is positive across sites and
manatees spend more time at warmer sites, but neg-
ative within sites when manatees spend more time at
the passive thermal basin in mid-winter when the
difference is lower compared to early/late winter
months because the animals do not have better
options. Ultimately, we can conclude that the variety
of passive thermal basins causes manatees to use
these thermal refuges in different ways, depending
on temperature conditions.

There was a relationship between ambient water
temperature and visit duration at natural springs that
may be related to the northerly locations of natural
springs, where manatees are more exposed to cold
ambient temperatures for extended periods of time.
Extremely cold ambient temperatures can be lethal
to manatees, so it is not surprising that northern pop-
ulations, where water temperatures are more likely
to reach lethal limits, are more sensitive to ambient
conditions compared to the southern population. The
fact that there were significant differences in both
manatee use and thermal quality between the 2 dif-
ferent refuge types has implications for refuge con-

threshold, permanent reductions of
warm water refuges within an ecosys-
tem may impact species survival rates. To date, little
research has considered the effects of the permanent
removal of refuges. Future studies could help to
assess the effects of the removal of refuges on mana-
tee behavior and inform resource management
options to prevent cold-stress-related deaths.
Currently, plans to restore sheet flow to Everglades
National Park aim to remove artificial canals to allow
freshwater to naturally flow from the eastern half to
the west (Comprehensive Everglades Restoration
Plan; www.evergladesrestoration.gov/). The current
restoration efforts have resulted in the imminent
elimination of a high-quality, yet artificial, warm-
water refuge used by manatees in the area. This pri-
mary warm water site for manatees in the Ten Thou-
sand Islands region occurs within the canal system of
the Port of the Islands residential area (Stith et al.
2006, 2011). Mitigation efforts include creating a
warm-water refuge by dredging deep pools that tap
into warm, saline groundwater (Edwards et al. 2021).
Our results describe water quality preferences of
manatees in 2 areas of the state, highlighting the
importance of water temperature within refuges.
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Understanding linkages between specific hydrologi-
cal variables and thermal refuge quality can help to
properly assess how changes to the hydrology of the
Everglades may impact manatee thermal refuge use.
The relationship between thermal refuge quality
and time-use metrics sheds light on the potential
implications of habitat degradation on animal ener-
getics and behavior (Brewitt & Danner 2014). Mana-
tees, like many other species, require 2 distinct and
often spatially separated habitats for thermoregula-
tion and foraging (Haase et al. 2017). Our results
indicate the importance of thermal quality for the use
of thermal refuges and thus we can ascertain that
spatiotemporal variability in refuge quality can
shape manatee behavior. For species with similar
requirements, the relative time spent within different
habitat types can indicate the potential for energy
intake via foraging or energy conservation via ther-
moregulation (Belovsky 1984, 1986, Bacigalupe et al.
2003). As energy budgets can be limited by time and
visit duration within thermal refuges was correlated
with refuge quality, any changes in quality may
result in restrictions to acquiring energetic resources.
The need to forage to maintain the high energetic
demands of endothermic body temperatures in cold
water temperatures could be potentially offset by the
use of quality thermal refuges. For example, mana-
tees often remain in thermal refuges for extended
visits when temperatures drop far below 20°C,
selecting to conserve energy and fast than to risk
hypothermia (Laist & Reynolds 2005b, Deutsch et al.
2022a,b). Therefore, thermal refuges that remain
above the threshold may be important during periods
of thermal stress. Additional research highlights the
need to gain more information on trade-offs between
foraging and thermoregulation and the impacts of
factors such as climate change that may alter these
trade-offs can help to inform conservation efforts.
Although our results suggest manatees may man-
age thermal stress by using refuges, there are a few
limitations that need to be considered in the applica-
tion of our study. This work compared 2 different
regions that vary in mean ambient conditions, overall
thermal quality, and potential disturbance. As mana-
tees in each region did not have access to both refuge
types, we are unable to explicitly address which
refuge would be selected over the other. Visit dura-
tion may also be influenced by the number of warm-
water refuges in proximity to the site of interest.
Manatees visiting springs in Crystal River can leave
and swim a short distance to another spring in that
system; likewise, manatees visiting Sulphur Springs
have 3 power plant thermal discharges nearby to

select from, whereas manatees using Wakulla Spring
have fewer options at much greater distances. There-
fore, visit duration is unlikely to be influenced solely
by the temperature metrics examined in this study,
but also by the spatial configuration of habitats
(Haase et al. 2020). Additionally, distance between
forage and thermal habitats can directly alter the
duration of each behavior (Haase et al. 2020); this
variable could potentially also drive time spent in the
thermal refuge. However, adequate mapping of all
available seagrass beds across our study area was
not as extensive as needed to perform this analysis.
Finally, as the northwest region is more developed
while the southwest region is more secluded, human
influence on thermal refuge use could also impact
use.

Thermal refuges have the potential to buffer the
effects of climate change by providing relief from
thermal stress (Keppel et al. 2012). Shifts in ha-
bitat use and activity times have already been
observed in species when exposed to temperatures
outside their critical limits for periods greater than
average (Bozinovic 2002). The presence of thermal
refuges has also been shown to highly influence
species distributions, suggesting that the quality of
thermal habitats may become even more critical in
times of thermal stress (Keppel et al. 2012, Brewitt
& Danner 2014). The effects of refuge quality on
time in refuges indicated by our results suggest
that high-quality resources provide physiological
relief and allow species to conserve energy be-
cause of time budgets in addition to the physiolog-
ical buffering resulting from time spent in the
refuge. In the face of a changing climate and alter-
ations to habitat, understanding the complex rela-
tionships between variations in microclimate, the
quality of microhabitat relative to the thermal li-
mits of a species, and animals' responses to stress-
ful temperatures can help to inform resource man-
agement and conservation considerations.
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Data archive. Manatee GPS locations and thermal refuge
temperature data are available in Slone et al. (2022, 2023a,b).
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