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Abstract

Background: While cetaceans have been extensively studied around the world, nocturnal movements and habi-

tat use have been largely unaddressed for most populations. We used satellite telemetry to examine the nocturnal
movements and habitat use of four bottlenose dolphins (Tursiops truncatus) from a well-studied population in a
complex estuary along the east coast of Florida. This also enabled us to explore the utility of satellite tracking on an
apex predator within a very narrow and convoluted ecosystem. Our objectives were to evaluate (1) nocturnal home
ranges and how individual dolphins moved within them, (2) nocturnal utilization of habitats surrounding ocean inlets,
(3) nocturnal movements outside of the population’s known range (i.e, the study area), and (4) nocturnal use of select
environmental variables.

Results: Satellite tags were active between 129 and 140 days (136 £4.99) during nocturnal hours (summer/fall
2012), yielding 3.3 £ 1.4 high-quality transmissions per night. Results indicated substantial individual variation among
the four tagged dolphins, with home ranges varying in length from 53.9 to 83.6 km x=71.9412.9). Binomial tests
and MaxEnt models revealed some dolphins preferred habitats surrounding inlets, seagrass habitats, and various
water depths, while other dolphins avoided these areas. All dolphins, however, showed substantial movement
(x=5.8+ 7.4 km) outside of the study area, including travel into rivers/canals and the adjoining ocean (6.0-8.6% and
0.8-2.9% of locations per dolphin, respectively).

Conclusions: This study was the first to utilize satellite telemetry on Indian River Lagoon dolphins and provided the
first detailed insights into the nocturnal movements and habitat use of this population. Our findings suggest that
while individual dolphin home ranges may overlap, they use different foraging strategies, feed on different prey, and/
or exhibit intraspecific resource partitioning. In contrast with a prior study, all tagged dolphins showed considerable
movement into the adjoining ocean and freshwater sources. This suggests this population has a much larger range
than previously thought, which is important to consider for future research and conservation efforts.
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Background

The investigation of nocturnal behavior and ecology in

wild populations is often challenging yet critical to devel-
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number of recent studies on small cetaceans, nocturnal
habits were sometimes found to differ substantially from
diurnal behavior [1-3]. Studies of offshore bottlenose
dolphins in Bermuda found nocturnal behavior was often
characterized by long, deep dives corresponding with
nightly vertical migrations of mesopelagic prey [2]. In
the Bahamas, Atlantic spotted dolphins (Stenella fronta-
lis) inhabiting coastal inshore waters also move further
offshore into deep waters to forage at night [4]. By con-
trast, in Brazil, nocturnal behaviors of estuarine Guiana
dolphins (Sotalia guianensis) did not differ significantly
from those documented during the day [1]. Therefore,
nocturnal and diurnal movements and behaviors may dif-
fer or overlap, depending upon the population and per-
haps the available habitat and/or prey species. Satellite
telemetry is potentially a powerful tool in the study of the
nocturnal habits of small cetaceans, but few such studies
have been published to date [2].

As with nocturnal studies, the tracking of highly mobile
predators in convoluted habitats is often challeng-
ing. This is especially so with marine species, including
cetaceans, that inhabit complex coastal habitats such as
estuarine systems. Most cetacean studies employ tech-
niques that require line-of-sight from a horizontal or
near-horizontal plane (e.g., visual observations, photo-ID
and radio-telemetry from small boats or shore, and pas-
sive acoustic monitoring from small boats) [5-10]. Such
approaches have limitations in shallow, convoluted habi-
tats, such as estuarine and lagoon systems and often lack
flexibility to enter open ocean waters [11]. Satellite telem-
etry can provide improved access to animals and their
activities in narrow complex habitats. Here, we report on
the nocturnal movements and habitat use of bottlenose
dolphins in a shallow, convoluted coastal system.

Bottlenose dolphins (Tursiops sp.) are among the
most coastal of all cetaceans, with a number of popula-
tions occupying habitats such as shallow, brackish waters
[12-14], embayments [15, 16], and areas in close proxim-
ity to centers of human populations [17]. Much has been
learned about diurnal foraging ecology [16, 18], habitat
use [19-21], and ranging patterns [15, 22, 23] of coastal
and estuarine populations, which can vary widely based
upon location [24], season [25], and sex [16, 26]. Many
of these populations face numerous direct and indi-
rect anthropogenic threats, including contaminants [27,
28], human disturbance [29-32], and injury (e.g., vessel
strikes [33, 34] and entanglement [35-37]).

A versatile species, bottlenose dolphins, exhibit high
variability in most aspects of behavioral ecology. Some
coastal populations have been found to prefer foraging
on fish species associated with seagrass [16, 38], while
others showed little preference for seagrass habitat [18].
Likewise, some populations may prefer deeper waters
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[24] and dredged channels [18], while others forage more
in shallow waters during seasonal periods when shark
predation risk is low [20]. Many dolphin populations also
exhibit individual variation in habitat use, making under-
standing habitat utilization even more complex. In the
Indian River Lagoon, Florida, USA, previous research
found variation in water depth usage of radio-tagged dol-
phins and an overall higher than expected usage of the
deeper waters (i.e.,>1 m) in a very shallow system [8].
In Shark Bay, Australia, individual differences in habitat
use were related to certain foraging tactics, and these tac-
tics were correlated with seagrass biomass, water depth,
presence of marine sponges, and season [39, 40]. Simi-
larly, in Florida Bay, individual dolphins specialized in
a single foraging tactic and overall distribution patterns
were linked to habitats which supported the correspond-
ing tactic [41]. Almost all aforementioned studies, how-
ever, occurred during daylight and only a few occurred
where the shallowest and most complex habitats made
tracking difficult [12]. Consequently, nocturnal behav-
iors in convoluted areas have been largely unaddressed.
Some nocturnal surveys have been conducted using
moonlight luminance for visual observation [1], while
other studies have used acoustics [1, 10]. Both methods,
however, are extremely difficult to apply in labyrinthine
and shallow habitats where bathymetric and topographic
obstacles greatly inhibit detections and observations.
Satellite telemetry potentially offers an efficient solution
to many limitations and challenges where previous stud-
ies have struggled. As of this writing, we could only find
one prior study that used satellite telemetry to investigate
nocturnal movements of bottlenose dolphins [2], and it
focused on movement and dive behavior of an offshore
population.

We present findings from a satellite telemetry study
of bottlenose dolphin nocturnal ranging patterns and
habitat use in a shallow, estuarine system on the east
coast of Florida, USA: the Indian River Lagoon (IRL)
(Fig. 1). Characterized by expansive shallows and a con-
voluted shoreline with many branching channels, much
of the Indian River Lagoon presents significant chal-
lenges to traditional dolphin research methods. The IRL
is a diverse ecosystem of brackish water, once boasting
the highest seagrass diversity of any US estuary [42]. In
recent years, however, the estuary has undergone signifi-
cant ecological disturbances (i.e., phytoplankton blooms)
yielding a catastrophic loss of nearly 50% of seagrass hab-
itat in 2011 [43]. The estuary also has a high diversity of
wildlife, including 685 species of fish, 370 species of birds
[44], and at least six distinct communities of bottlenose
dolphins [7].

Bottlenose dolphins from the Indian River Lagoon
estuarine system stock are year-round residents of the
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Fig. 1 Map of the study area showing the entire Indian River Lagoon
(black outline). Insert indicates lagoon’s location within Florida.
Overlapping home ranges and core areas for individual bottlenose
dolphins (n=4) determined using nocturnal satellite telemetry
locations are shown. Lines indicate 95% home range and solid shapes
show 50% core areas for each dolphin. Black shapes indicate capture
locations for each dolphin (CRUS and HEMA caught together). Grey
denotes land

IRL [45]. Overall, dolphins exhibit high site fidelity, and
abundance within the main IRL system may fluctuate
seasonally (summer 483, winter 1947, mean 1032) [46].
The population faces many direct and indirect threats
including boat strikes [33], entanglements [37], and envi-
ronmental contamination [27, 43]. While the IRL dol-
phin population has been extensively studied, including
a long-term photo-identification program [7, 47—49], the
use of aerial line-transect surveys [46, 50], and limited
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radio-telemetry [8, 51], previous information on noctur-
nal movement was virtually nonexistent (a single study
used short-term Trac Pac tags and stomach temperature
pills for limited nocturnal comparisons [52]). As such,
we were interested in detailed nocturnal movements and
habitat use to gain a more complete ecological under-
standing of this population. In specific, our objectives
were to evaluate (1) nocturnal home ranges and how
individual dolphins moved within them, (2) nocturnal
utilization of habitats surrounding inlets between the
estuary system and the Atlantic Ocean, (3) whether dol-
phins travelled outside the population’s known range
at night (i.e., the Indian River Lagoon), and (4) whether
dolphins exhibited nocturnal preferential use of select
environmental variables found to be important in other
populations, including seagrass habitat and water depth.

Results
In June 2012, we tagged four juvenile/adult male dolphins
ranging in age from 6 to 21 years. All four satellite tags
were functioning and transmitting data from approxi-
mately mid June through early November 2012 (Table 1).
Satellite tags remained active between 129 and 140 days
(136 £4.99) and tag failure was due to either battery
failure or delrin pin shearing/nut loss (none of the tags
migrated through the dorsal fin tissue). The mean high-
quality transmissions per date varied from 2.7 to 3.5.
After the data were trimmed to help reduce autocorre-
lation (>1 h apart), 126-184 (163 +25.79) data points
were removed for each dolphin (653 total) and the mean
transmissions per date was reduced to 1.7-2.2. Noctur-
nal data, defined as between 18:00 and 06:00, made up
98.0-100% of each dolphin’s data (Table 1). Due to the
shallowness of the IRL, the maximum number of tag
transmissions was typically reached between midnight
and 04:00 each day (96.7-99.3% of each dolphin’s data).
The radio tag placed on HEMA functioned from mid-
June through early-August (at least 45 days). Observa-
tions during that time period indicated the animal and
both tags were in good condition with no visual evidence
of tag migration. On 24 August (66 days after deploy-
ment), HEMA was seen with both tags still attached, but
the VHF transmitter was no longer functioning.

Individual home range use

The four dolphins had overlapping home ranges that
extended the entire southern half of the IRL system
(Fig. 1). Given the shape of the study area, the estimated
kernel density home ranges of all dolphins were quite lin-
ear; however, the realized home ranges were even more
linear when only aquatic habitat was considered. Using
this latter metric, CRUS had the smallest home range and
core area length (53.9 and 14.9 km, respectively) while
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LOWR had the largest (83.6 and 41.1 km, respectively).
Each dolphin had a single core area within their home
range, except HEMA who had two distinct core areas.
Evaluation of Universal Transverse Mercator (UTM)
Northing by date indicated two different movement pat-
terns (Fig. 2). CRUS and HEMA tended to stay in the
same area for several days before transiting to a different
area, whereas CBAL and LOWR showed larger move-
ments on nearly a daily basis (Fig. 2). In addition, while
the dolphins’ home ranges and core areas overlapped
substantially in space (Fig. 1), the dolphins themselves
did not often overlap in time (Fig. 2). This is particularly
striking between HEMA and CRUS as they both showed
frequent use of Sebastian Inlet, but were only occasion-
ally there on the same date.

Travel outside the main IRL system

Even after rigorous QA/QC, all four dolphins showed
considerable movement outside of the main IRL system
(Figs. 3, 4, Table 1). These results likely represent the
minimum extent of travel outside of the IRL by these
dolphins (see “Methods” section). The distance travelled
outside of the IRL varied dramatically; however, all four
dolphins showed long trips either up rivers/creeks or out
into the ocean (Table 1).

Habitat selection

All four dolphins’ home ranges encompassed at least
one inlet to the ocean and three dolphins’ core areas
included an inlet. HEMA was particularly interest-
ing as both of the dolphin’s nocturnal core areas cen-
tered around inlets (Fig. 1). The results of the binomial
tests indicated CRUS (p <0.0001), HEMA (p<0.0001),
and LOWR (p<0.0001) all used inlet habitat signifi-
cantly more than expected based upon the amount of
their home range that was near an inlet (Fig. 5a). The
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remaining dolphin, CBAL, did not appear to use inlets
more than expected (p=0.3209). These findings are
also evident in the pattern of north—south movements
for each dolphin where three of the four individuals
spent considerable time near inlets, with one, HEMA,
often moving between Fort Pierce and Sebastian Inlets
(Fig. 2).

For the detailed seagrass analyses, the results of
the binomial tests indicated CRUS (p=0.0022) was
found in seagrass habitat significantly more, and CBAL
(p=0.0326) was found in seagrass significantly less than
expected based upon the amount of their home ranges
consisting of seagrass (Fig. 5b). In contrast, HEMA’s
(p=0.3329) and LOWR’s (p=0.1806) occurrence in sea-
grass habitat did not differ from expectations.

Summary statistics for depth usage for each dolphin
are reported (Table 1); it is important to note the entire
IRL system is extremely shallow (82% of the IRL is<1 m
deep). Individual binomial tests indicate some animals
showed depth preference/avoidance. CRUS used<1 m
depths significantly more (p=0.0134) and 1-2 m depths
significantly less (p=0.0134) than expected based upon
the availability of these habitats within the dolphin’s
home range (Fig. 5c). By contrast, CBAL utilized<1 m
depths significantly less (p<0.0001), 1-2 m depths sig-
nificantly more (p<0.0001), and 2-3 m depths sig-
nificantly more (p=0.0308) than expected based upon
habitat availability (Fig. 5c). At<1l m depths, HEMA’s
results were not quite significant (p=0.0573), but the
animal utilized 1-2 m depths significantly more than
expected (p=0.0002) (Fig. 5c¢). LOWR used<1 m depths
significantly more (p=0.0005) than expected, but 1-2 m
results were not significant (p=0.0689) (Fig. 5¢). CRUS
and LOWR did not have any locations in either of the
two deeper depth categories. HEMA was not signifi-
cant in either of the deeper depth categories (2-3 m:
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p=0.3044,>3 m: p=0.1438) and CBAL (p=0.1024) did
not show significance at >3 m depths.

Ecological niche modeling

The MaxEnt analysis generated models with training and
test AUC (area under the receiver operating curve) val-
ues very close to 1.0 (i.e, 0.970-0.982) indicating high
model performance and thus high confidence in the
resulting modeled suitability of habitat for each animal.
A representation of the modeled habitat suitability for
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each dolphin is presented (Fig. 6) and response curves for
each environmental variable and graphic outputs of the
jackknife analyses of variable importance are reported
(Additional file 1). In general, moderate to highly suitable
conditions primarily comprised long stretches of habitat
centered in the IRL within the dolphins’ home ranges,
with better predicted areas more patchily distributed
(Fig. 6). In all cases, areas outside the main IRL system
were identified as preferred habitat (Fig. 6). It is impor-
tant to note that some of the variables examined may be
correlated or may interact in some manner, such as all the
monthly sea surface temperatures (SST) and dissolved
oxygen (DO) measurements, and this should be borne
in mind when interpreting how each individual environ-
mental variable affects MaxEnt predictions.

The MaxEnt results for both CRUS (AUC=0.979)
and HEMA (AUC=0.981) indicated that distance from
inlets and seagrass distance were the two most impor-
tant model variables explaining their distribution (jack-
knife analysis of variable importance, Additional file 1).
Response curves indicated the model output decreased
as distance from both features increased (highest out-
put for both was at near zero distances, see Additional
file 1). For CBAL (AUC=0.970), SST-Sept and seagrass
distance were the most important variables according to
jackknife analyses (Additional file 1). Response curves
indicated higher model output at small non-zero dis-
tances from seagrass and at mid-range temperatures.
Since the monthly SST values are all correlated, Sept is
likely not any more important than the other months. For
LOWR (AUC=0.972), according to jackknife analyses
seagrass distance and type of water body were the most
important variables. Response curves indicated highest
output at near zero distance from seagrass and within
the brackish waters of the IRL (Additional file 1). Max-
ent also identified other variables of importance depend-
ing upon whether the jackknife was using training gain
(above results), test gain, or AUC (see Additional file 1).
Other potentially important variables include DO-July
for CRUS, DO-Nov for CBAL, and DO-July for LOWR.
HEMA's top two variables remained consistent through-
out all types of jackknife tests.

Discussion

Despite the growing wealth of research on coastal
cetacean species, there remains a dearth of informa-
tion on nocturnal habits. Neglect of this aspect of ceta-
cean ecology results in an incomplete understanding of
behavioral ecology and population drivers and prevents
comprehensive assessments of species risk and con-
servation needs. This study provided unique insights
into the behavioral ecology of bottlenose dolphins in an
estuarine system during the overnight hours and may be
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the first investigation of the nocturnal movements and
habitat use of a coastal dolphin population via satellite
telemetry. This study documented for the first time that
Indian River Lagoon dolphins regularly leave the brack-
ish waters of the estuarine system and travel not only
into the ocean, but also up rivers, creeks, and freshwater
canals. The investigation also discovered extensive indi-
vidual variation in ranging patterns and niche prefer-
ences. Collectively, these findings highlight the need for
greater consideration of the nocturnal habits of cetacean
species when conducting risk assessments, developing
conservation action, and planning new research.

This study also highlights the amount of variation that
can occur within a population, as we found individual
variation with almost every aspect studied. Individual
spatial use varied by dolphin, with home ranges and core
areas of different sizes spaced throughout the southern
region of the IRL. Variation in how individual dolphins
moved within their home ranges was also evident. CRUS
and HEMA had similar movement patterns. These two
dolphins would make small localized movements for
several days and then make a larger move to a different
part of their home range. In contrast, CBAL and LOWR
rarely stayed in one place and instead showed consist-
ent, larger movements on an almost nightly basis. There
are many possible reasons for the difference in space use
and movement patterns, including prey preference and
distribution (i.e., traveling between nearby hotspots vs
long distances between food sources), or size/age (i.e.,
CRUS and HEMA were smaller/younger while CBAL
and LOWR were larger/older). In a previous study on the
IRL dolphin population, a juvenile dolphin was found to
travel smaller linear distances and exhibit play and social
behaviors more than the adults [8]. At 10-year old, CRUS
was on the cusp of becoming an adult while LOWR was
twice the age; therefore, the difference in movement

patterns between CRUS and LOWR despite substan-
tial home range overlap is likely not due to habitat, but
more complex factors possibly linked to age and/or social
dynamics. Similarly, the use of satellite telemetry found
two distinct ranging patterns among 19 tagged bottle-
nose dolphins within the Mississippi Sound where some
dolphins frequented the barrier islands and others used
inshore waters more often [53].

Individual dolphins also exhibited preferences for vari-
ous habitat types. CRUS appeared to prefer extremely
shallow waters (<1 m deep) containing seagrass, while
CBAL preferred mid-range depths (1-2 m and 2-3 m)
without seagrass. LOWR appeared to prefer extreme
shallows while HEMA preferred 1-2 m depths, but nei-
ther showed seagrass habitat preference. The MaxEnt
model results mostly corresponded with our detailed
analysis of seagrass. As seagrass is patchily distributed
throughout the IRL, the distances from seagrass are
relatively small unless the dolphin is outside of the IRL;
therefore, even though CBALs model indicated usage at
small distances from seagrass, those distances were non-
zero and thus the dolphin still may have been avoiding
seagrass. These differences in depth and seagrass prefer-
ence/avoidance may be linked to predator avoidance or
individual prey preference. In Shark Bay, the risk of shark
predation appeared to be greater in shallower water [20];
CBAL and HEMA may be avoiding extreme shallows as
a measure of predator avoidance. Furthermore, the IRL
is a known bull shark (Carcharhinus leucas) nursery, and
young/juvenile sharks are often found in shallow (~1 m)
waters and seagrass beds during the spring, summer, and
fall [54]. Shark abundance also decreases with increasing
latitude within the IRL [54]. CRUS and LOWR’s home
ranges are further north, thus the shallows and/or sea-
grass may be less risky for them due to lower shark den-
sity. Seagrass beds in the IRL are a rich habitat harboring
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over 200 species of fish [55], thus CRUS’s preference for
seagrass could be linked to prey availability, while CBAL's
preferred prey species may not inhabit seagrass habitat.
CBAL and HEMA’s depth preferences corresponded with
Durden et al. [8] who found radio-tagged IRL dolphins
selected>1 m depths more than expected based upon
habitat availability; however, CRUS and LOWR showed
the opposite. Durden et al. [8] also found foraging and
play behavior occurred more in extreme shallows. Per-
haps CRUS and LOWR were foraging more often when
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satellite locations were recorded. Foraging strategy often
varies by habitat type [41], so perhaps CBAL and HEMA
have preferred foraging strategies best employed in mid-
range depths while CRUS and LOWR’s preferred strat-
egy is best in extremely shallow waters. In all likelihood,
some combination of the above factors dictates individ-
ual habitat selection.

An estimated 1032 bottlenose dolphins (95% CI=_809
to 1255) reside in the IRL [46]. With such a large popula-
tion sharing such a shallow and narrow (tag deployment
area) habitat, perhaps intraspecific resource partitioning
is occurring. Resource partitioning is a common way for
sympatric species to coexist in the same habitat. In Aus-
tralia, snubfin dolphins preferred shallower areas with
seagrass while humpback dolphins preferred slightly
deeper waters and dredged channels [56]. Similarly, in
the western gulf of Shark Bay, non-sponging bottlenose
dolphins forage more often in shallow areas with seagrass
while sponging dolphins forage in deep channels without
seagrass. Both of these findings are very similar to the dif-
ferences in habitat selection observed between CRUS and
CBAL. Resource partitioning could help explain both the
individual preferences in habitat selection and differences
in movement patterns: individual dolphins are essentially
using different habitats and eating different prey species
which helps increase the carrying capacity and reduce
direct competition between dolphins within the IRL. This
theory is supported by comparable mean IRL dolphin
abundance estimates over ~ 10 years (Durden et al. per-
sonal communication) which suggest a stable population
at or nearing carrying capacity. More research and larger
sample sizes are needed to truly determine the extent of
variation and impacts these environmental characteris-
tics have on this population.

One of the areas showing less variation is inlet use.
Three out of four dolphins exhibited a strong nocturnal
preference for habitats close to inlets, with one individual
regularly using multiple inlets. Inlets may be important
nocturnal foraging habitats as well as corridors for move-
ment between ecosystems. Inlets are some of the deep-
est waters within the IRL (which may vary in importance
considering the results of our depth analyses) and host a
diverse fish community: 280 fish species have been docu-
mented within the inlets of the IRL [55]. IRL dolphins are
also often seen foraging near many of the inlets (person
observation). Similar preferences have been documented
in other dolphin populations [15, 24, 57], indicating the
mouths/inlets of estuaries and bays are often important
habitat for dolphins. In some populations, echolocation
appears to be used more frequently during feeding [58];
therefore, future research using passive acoustic moni-
toring at the inlets may help reveal whether the use of
inlets is, in fact, linked to foraging.
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Fig. 6 Visual representation of MaxEnt models for a CRUS, b CBAL, c HEMA, and d LOWR. Warmer colors indicate areas with better-predicted
conditions, with estimates of probability of presence ranging between 0 and 1. Black outline shows the IRL and translucent grey indicates land on a.
Land is omitted from the remaining panels. The blue box illustrates the size (i.e, extent) of the environmental rasters used in the models

Atlantic
Ocean

A recent diurnal study of nine radio-tracked dolphins
[8] found that, on average, IRL tagged dolphins spent the
majority of time traveling (53%) and only 17% foraging,
with some individuals spending up to 80% of time trave-
ling. Furthermore, diurnal travel occurred more often in
the deepest waters (>3 m) [8]. Our results found no con-
nection between nocturnal movements and the deepest
waters suggesting IRL dolphins may not travel much at
night. Collectively, these findings reveal that dolphins in
the IRL exhibit wide variation in movement ecology. Fur-
thermore, it suggests IRL dolphins may spend much of

the daytime hours traveling [8], and inlets may be impor-
tant nocturnal foraging locations. Preferential use of
inlets at night may not only be driven by improved prey
availability at the front between estuarine and marine
waters, but may also be influenced by other factors such
as reduced predation pressure and decreased disturbance
from human activities at night.

The only aspect of our study that was consistent for
all four tagged dolphins was movement outside of the
main IRL system (both into the ocean and up freshwa-
ter sources). Since there are no physical boundaries
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limiting movement, it is not surprising that dolphins
range beyond the IRL. Several studies have documented
other dolphin populations traveling beyond their respec-
tive study area boundaries [24, 57, 59]. However, this
finding was particularly interesting because a long-term
IRL dolphin photo-ID program suggested this popula-
tion stayed within the IRL system and rarely ventured
beyond the inlets (<1 km was documented) [49]. A more
recent genetic study found gene flow occurred between
the IRL and ocean dolphin populations [60]. Depending
upon the population, satellite telemetry and photo-ID
can yield similar [61] or different [11] dolphin ranging
patterns. Perhaps the differences between our study and
the IRL photo-ID study [49] are simply due to nocturnal
vs diurnal movements; however, the majority of the satel-
lite locations considered outside of the IRL were in areas
typically not surveyed by the photo-ID program [48].
Furthermore, satellite tags were transmitting during the
summer months, a time when the IRL dolphin popula-
tion is seen less frequently within the main IRL, particu-
larly in the southern portion [46, 49, 50]. It is plausible
that dolphins are seen less during the summer season in
part because the animals are in the ocean or adjoining
waterways where researchers typically do not survey by
boat.

Data from satellite telemetry indicated that not only
do IRL dolphins swim out into the ocean, but they also
swim substantial distances (>20 km) up freshwater riv-
ers, creeks, and canals (mean salinity=6.6+9.1 ppt).
These do not appear to be extended stays in freshwater
which can be detrimental to dolphin health [62], but
instead involve many brief trips upriver. This corresponds
with dolphins in Barataria Bay, LA who typically spent
less than 24 h in salinity <8 ppt [14]. Other studies have
documented dolphins traveling up rivers during the day
[12, 59], and a prior study, which included several IRL
dolphins, documented upriver movement at night [52].
It is also possible that movement outside of the main
IRL system is a new phenomenon, perhaps in response
to reduced productivity within the IRL due to the 2011
superbloom [43]. Diurnal satellite telemetry data would
help determine if freshwater and ocean use by the IRL
dolphin population is limited to nocturnal movements or
if it is simply being missed by the other research meth-
ods. Continued telemetry data as the IRL recovers from
the superbloom would help determine if movements
were connected to reduced productivity.

A potential concern associated with both the frequent
use of inlets and the documented movement into oce-
anic waters is disease transmission, including epizootic
disease outbreaks. Both create opportunities for IRL
dolphins to interact with ocean dolphin populations and
the evidence of gene flow [60] suggests there is, in fact,
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interaction. This presents a risk to both dolphin popu-
lations, as diseases could spread in either direction. At
the South Carolina—Georgia border, the coastal popula-
tion of dolphins had higher rates of dolphin morbillivi-
rus than the neighboring sound and estuary populations
[23]. Within the last 20 years, the IRL dolphin population
has experienced four separate Unusual Mortality Events
(UMEs), with the most recent (morbillivirus event)
impacting dolphins only in the northern portion of the
IRL [46]. It is possible that inlets may be hotspots for dis-
ease transmission, which could perpetuate UMEs beyond
the site of origin.

Overall, this study illustrates the important role that
satellite telemetry can play in fully understanding how
dolphins utilize their environment. Our study also con-
firms this technology can be used in extremely narrow
habitats (~1 km wide). In addition to providing data
on nocturnal movements, satellite telemetry can be
extremely effective at providing a more complete assess-
ment of ranging patterns than other methodologies, as
satellite telemetry is fine-scale, not confined to a pre-
defined study area [11], and can provide an enormous
amount of data. Furthermore, estimated home range
sizes often increase as the study area size is increased
[63]; thus, satellite telemetry would be an ideal first step
in determining the most appropriate study area bound-
ary for specific populations. Finally, this study revealed
how animal satellite telemetry in concert with individual
ecological niche modeling can assist in the conservation
of coastal cetaceans. It identified high-use habitats that
may feature in management plans to maintain popula-
tion viability and health. It may also be useful to re-access
current stock boundaries for dolphin populations. For
example, while evidence of mixing between the northern
portion of the study area (Mosquito Lagoon) and ocean
dwelling dolphins has been previously reported [60],
our study further indicates that interactions between
dolphins in the southern portion of the IRL and ocean
stocks may occur more often than previously thought
[45]. These results suggest the incorporation of satel-
lite telemetry into long-term studies of bottlenose dol-
phins in other regions may provide essential information
regarding dolphin movements and habitat use that is not
otherwise readily available.

Conclusions

This study was the first to utilize satellite telemetry on
Indian River Lagoon dolphins and documents, for the
first time, nocturnal movements and habitat use of
individual bottlenose dolphins in a complex estuarine
system. Results indicated high individual variability in
both nocturnal movement patterns and habitat selec-
tion, with some individuals exhibiting preferential use
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of inlets, seagrass habitat, and specific water depths.
Variability may not only be linked to individual dif-
ferences in prey preference and/or foraging strategy,
but may also be influenced by social factors, differ-
ences in predator avoidance strategies, and individ-
ual response to human disturbance. Furthermore, all
tagged dolphins exhibited considerable movement into
the adjoining ocean and freshwater sources, revealing
that the dolphins have a larger range that encompasses
more habitats than previously thought. This highlights
the importance of considering nocturnal data for new
and ongoing research projects.

Detailed knowledge of habitat selection and ranging
patterns is important for meaningful risk assessments
and the implementation of effective management strat-
egies for cetacean populations. For the IRL population,
dolphins traveling into small waterways connected to
the main estuarine system may have increased risk of
exposure to contaminants and low salinities which can
adversely impact dolphin health [62, 64]. Furthermore,
these waterways are often near centers of human popu-
lations, and decreased dolphin maneuverability in nar-
row creeks may increase anthropogenic disturbance for
these dolphins. In fact, dolphins in the southern por-
tion of the Indian River have a higher rate of propeller
strike wounds than other regions of the IRL [33]. Future
efforts should focus on public outreach which may help
decrease these harmful interactions in this region. Dol-
phins traveling into the ocean increase the possibility of
contact and gene flow with other dolphin populations,
potentially altering the fitness of the IRL population by
increasing genetic diversity, and may also expose estua-
rine dolphins to different threats including potential
epizootic disease [23, 65]. This was evident during the
2013-2015 mid-Atlantic morbillivirus epidemic when
the virus affected dolphins inhabiting the adjacent
estuarine waters [45]. Researchers monitoring future
epizootic events should be prepared for this potential
given the utilization of inlet habitat and oceanic waters
observed in this study.

Continued satellite-linked tagging efforts of the IRL
dolphin population are needed to gain further insight
into both nocturnal and diurnal movement patterns and
habitat use. While any form of research can potentially
have an impact on behavior, the physical effects of single
pin tag attachments are often minimal [66]. Also, health
assessments have been regularly conducted on the IRL
dolphin population, providing easy tagging opportuni-
ties. Therefore, further research including a larger sample
size, tagging in multiple seasons, and setting the tags to
collect both diurnal and nocturnal datasets would greatly
contribute to enhancing our knowledge of dolphin ecol-
ogy in the region.
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Methods

Study area

This study was conducted within the Indian River Lagoon
(IRL), an extremely shallow estuarine system stretching
approximately 250 km (876 km?) along the east coast of
Florida (Fig. 1). The IRL consists of four interconnected
bodies of water: Mosquito Lagoon, Banana River, Indian
River, and the St. Lucie River (SLR) which runs E-W off
the Indian River in the southern portion of the lagoon.
The estuary is connected to the ocean via five inlets
(Ponce de Leon, Sebastian, Fort Pierce, St. Lucie, and
Jupiter Inlets) that facilitate salt water exchange while
numerous small rivers, creeks, and canals release fresh-
water into the IRL. This results in substantially varied
salinity dependent upon tide, inlet proximity, and fresh-
water inflow. The average depth of the IRL is approxi-
mately 1 m; however, a dredged channel (Intracoastal
Waterway) runs the entire length of the lagoon that is
substantially deeper (>3 m). The estuary is also quite nar-
row, with widths ranging from approximately 1-9 km
[55] and spoil islands are scattered throughout the
lagoon.

Tag application

During a dolphin health and environmental risk assess-
ment conducted within the IRL in June 2012, dolphins
were temporarily captured and restrained using stand-
ardized methods [67]. Satellite tags (SPOT 100 tags,
Wildlife Computers) were attached on the lower third
of the trailing edge of the dorsal fin of four male dol-
phins, aged 6-21 years (Additional file 2). Age was esti-
mated either by counting growth layer groups (GLGs) in
teeth, or based upon photo-identification survey data.
Using methods similar to those previously described
[61, 68], the attachment site on the dorsal fin was pre-
pared by cleansing with chlorhexidine scrub (2%) fol-
lowed by methanol, and a local anesthetic (lidocaine
2% with epinephrine) was administered in the cleansed
region. A sterilized stainless steel 6-mm bore was then
pushed through the fin into a rubber sanding block held
firmly against the other side of the dorsal fin creating a
round hole 32 mm from the trailing edge. An internally
threaded sterilized delrin pin was inserted through the
hole and the flanges of the tag were aligned over the
center hole in the delrin pin; then a thread cutting screw
and a stainless steel washer were attached to each side of
the tag. Last, the function of the tag was tested and the
dolphin was released.

To facilitate weekly post-release monitoring (dictated
by weather), a VHF transmitter (MM 120, backmount
transmitter, Advanced Telemetry Systems, Inc, Isanti,
MN, USA) was attached to the trailing edge of the dorsal
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fin above the satellite tag in a thermoplastic sleeve (bul-
let tag, Trac Pac, Ft. Walton Beach, FL) on one individual
(HEMA, Additional file 2). In brief, the site was cleansed
and a local anesthetic was administered as described
above. A small hole was then pierced 25 mm from the
trailing edge of the fin using a sterile 5-mm biopsy punch,
and a sterilized delrin pin (0.64 cm) was then passed
through the piercing and fastened to the bullet sleeve
with non-stainless steel nuts and stainless steel washers.
The VHF transmitter enabled focal follows to be con-
ducted during the same relative time frame that satellite
telemetry data were being collected. Using previously
described methods [8], radio tracking was conducted by
vessel, during the daylight hours, and within the main
IRL system.

Satellite-linked telemetry

The satellite tags recorded location data via the Argos
satellite system. The tags were set to transmit constantly
until 250 transmissions were reached in each 24-h cycle.
We chose to limit the number of daily transmissions not
only to focus on nocturnal behavior, but also to extend
the longevity of the tags in order to gain sufficient statis-
tical power for scientific inference. Wildlife Computer’s
DAP processor was used to convert the transmission data
into a usable format. Since the precision of Argos satellite
positions depends on the number of uplinks during each
satellite pass, data were first filtered to only include the
location quality classes of 1 (position accuracy <1500 m),
2 (position accuracy<500 m), and 3 (position accu-
racy <250 m). Then, the data were quality checked even
further by assessing whether the data points were pos-
sible based upon swim speed. Estimated swim speeds
were calculated using the time and distance between
each high-quality satellite location. If the data suggested
an unreasonable swim speed or a specific speed for an
unreasonable amount of time, the location was removed
from the dataset. According to Williams et al. [69], the
exertion of swimming 2.1 ms™' varied little from rest-
ing; therefore, we assumed this speed could be sustained
indefinitely, regardless of how much time had passed
between satellite locations (the maximum duration
between locations was 154 h). Most of our data (98.4%)
fell into this speed category, with higher speeds averaging
only 20 min in duration. Lang [70] reported sustainable
swim speeds of 3.1 ms™!, Noren et al. [71] reported mean
adult swim speeds of 3.88 ms™!, and Johannessen and
Harder [72] reported higher speeds of 8.8-9.3 ms™! for
25 min durations. Thus, we assumed speeds of 3.8 ms™*
could be sustained for<45 min and 3.4 ms™! could be
sustained for<1.5 h. Using these criteria, a total of 53
data points were removed from the dataset. This process
was completed to give the most conservative assessment
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of the data. After completing the assessments above, to
help reduce autocorrelation among satellite fixes, the data
were filtered so that locations were>1 h apart, resulting
in the removal of an additional 653 data points.

Analyses

Individual home range use

Each individual’s nocturnal fixed kernel density home
range [73] was estimated (bandwidth=ad hoc method,
grid=100) using the adehabitatHR package [74] in R
[75]. AdehabitatHR contains functions dealing with
home range analysis, and is especially useful for the anal-
ysis of relocation data collected via VHF/GPS collars or
satellite tags. The entire home range was defined as the
95% contour, and the 50% contour represented the core
area. Home ranges and core areas were then mapped
using QGIS software [76]. To help further visualize the
general movement patterns, we graphed UTM Northing
vs date for each dolphin. Since the IRL is extremely nar-
row, the majority of dolphin movement was north—south.

Travel outside the main IRL system

Since the IRL is not a geographically closed system and is
connected via inlets to the ocean, as well as to freshwa-
ter rivers and canals (salinity: 6.6 £ 9.1 ppt during tagging
period; raw data obtained from St. Johns River and South
Florida Water Management Districts), we investigated
whether dolphins moved outside of the commonly sur-
veyed portions of the IRL system at night. Satellite data
are not exact; therefore, the Argos error of each location
was used to determine if locations potentially fell within
the IRL. Whenever possible, locations were assumed to
be within the IRL and only data where the entire error
buffer did not touch the IRL were deemed ‘outside’ This
represents the most conservative estimate of move-
ment outside of the main IRL system. Utilizing detailed
hydrography maps and the Road Graph plugin in QGIS,
travel distances (how far dolphins traveled up river or out
into the ocean) were measured as the shortest possible
route to get from the edge of the IRL to the nearest edge
of each location.

Habitat selection

To assess the potential importance of three habitat types
hypothesized to be valuable to dolphins at night (inlets,
seagrass beds, and water depth), we ran binomial tests
using the stats package in R [75] to determine if each
habitat type was used more often than expected based
upon its availability within the animal’s home range. We
used the number of satellite locations within each habi-
tat type as an estimate of time spent in that habitat. We
defined inlet habitat as areas that were within 5 km of
the opening to the ocean. Using QGIS, a 5-km buffer
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was created around the central point (i.e., the center of
the gap in land) of each of the five inlets. The number
of dolphin locations that fell within these inlet habitats
were the observed values, while the expected values were
calculated from the proportion of each dolphin’s entire
home range that occurred within the 5-km inlet buffers.

Seagrass data were acquired from St. John’s River Water
Management District. As the available seagrass data fell
only within the IRL system, home ranges and dolphin
locations were clipped so they did not include ocean hab-
itat or any of the small waterways for this analysis. Then,
we counted the number of dolphin locations within sea-
grass (observed values) and calculated the expected val-
ues based on the proportion of each animal’s clipped
home range that contained seagrass.

Depth was evaluated using a depth raster and con-
tours created from sounding data obtained from St.
Johns River and South Florida Water Management Dis-
tricts. Depth data outside of the IRL were not available;
therefore, we can make no assumptions about depth
preferences in small waterways or the ocean. To test for
IRL depth preferences, we first grouped depth into four
categories:<1 m, 1-2 m, 2-3 m, and >3 m, to facilitate
comparison with a recent radio-telemetry study of diur-
nal ranging patterns and habitat use of dolphins in the
IRL [8]. Then, we clipped home ranges as in the seagrass
analysis above, counted the number of dolphin locations
within each depth category (observed values), and cal-
culated expected values based on the proportion of each
animal’s clipped home range that fell within each depth
category.

Ecological niche modeling

To further investigate the influence of environmental
features on dolphin distribution and ranging patterns,
we conducted maximum entropy (MaxEnt) modeling
for each dolphin using MaxEnt 3.4.1 [77, 78]. MaxEnt is
a machine-learning technique that can use location data
on a species in conjunction with detailed environmental
data to infer what environmental features influence spe-
cies distributions and define species niches. Thus, it can
be used to predict conditions that are suitable for a spe-
cies [77, 79, 80]. MaxEnt is a powerful predictive mod-
eling method when there are presence-only data [79],
sample sizes are small [81], and data are prone to posi-
tioning errors [82], all of which are often true for satellite
telemetry data.

Here, we apply this method to predicting and compar-
ing environmental conditions favored by each tagged dol-
phin within the IRL and adjoining waters. We ran models
for individual dolphins incorporating the following envi-
ronmental variables: monthly sea surface temperature
(SST), monthly dissolved oxygen (DO), type of water
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body (i.e., brackish, freshwater, or ocean), seagrass habi-
tat, distance from seagrass habitat, distance from inlets,
map of small waterways, and distance from small water-
ways. Small waterways were considered any river, creek,
or canal connected to the IRL system, which encom-
passed a large range of salinities (6.6 £9.1 ppt during tag-
ging period; raw data from St. Johns and South Florida
Water Management districts) depending upon location
(i.e., upriver vs river mouth). Depth was not incorporated
in the models since depth data were only available for the
IRL and MaxEnt software omitted all data points outside
the IRL when depth was included. For each model, 75%
of the location data were chosen at random and used to
train the model while the remaining 25% were used for
testing. We used a Cloglog output for all models, created
response curves for each variable, and jackknife analyses
were conducted to test the importance of each environ-
mental variable. Rasters of each environmental parame-
ter were created using data obtained from St. Johns River
and South Florida Water Management Districts (all IRL
and small waterway data) and the World Oceans Atlas
(ocean SST [83], ocean DO [84]). All rasters were created
in QGIS using a cell size of 25 m and a rectangular extent
which encompassed all our data points plus the entire
IRL system. The ‘distance from’ variables were simply a
distance raster created using the above parameters.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540317-020-00200-4.

Additional file 1. MaxEnt Jackknife analyses and response curves. Figures
from the MaxEnt models for each dolphin depicting the results of the
jackknife analysis of variable importance and the response curves for each
environmental variable.

Additional file 2. Advanced telemetry systems, Inc MM 120 VHF radio
transmitter (upper) and Wildlife Computers SPOT 100 satellite transmitter
(lower) attached to the trailing edge of HEMA's dorsal fin.
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