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Abstract—Determining movement,
behavior, and activity patterns is of cen-
tral importance to conservation efforts
for threatened and endangered species
because this knowledge is crucial for
prioritizing management actions. In
this study, we used acceleration data
loggers (ADLs) concurrently with pas-
sive acoustic monitoring to examine
behavior, activity patterns, and habi-
tat use of juvenile smalltooth sawfish
(Pristis pectinata) in a Florida nursery.
Data from the ADLs indicate that small-
tooth sawfish were more active and that
more burst events indicative of foraging
occurred during the evening and night
than during the day. Smalltooth sawfish
were also most active at depths <1 m
and during low tides. The locations of
individuals derived from acoustic mon-
itoring techniques indicate that they
were less active while in mangrove creek
habitats and were more active and more
likely to engage in burst activity in hab-
itats within the main stem of the Peace
River. This study is the first one to
deploy ADLs on smalltooth sawfish, and
results describe their fine-scale activity
and behavior, clarifying patterns of hab-
itat use by this endangered species in
one of their few remaining nurseries.
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Sawfish species compose what is consid-
ered one of the most threatened groups
of chondrichthyans worldwide, with all
5 species listed as endangered or criti-
cally endangered by the International
Union for the Conservation of Nature
(IUCN) (Dulvy et al., 2014, 2016). The
smalltooth sawfish (Pristis pectinata)
is a coastal elasmobranch that inhabits
estuaries and nearshore environments
in the western Atlantic Ocean and Gulf
of Mexico. Once common in the United
States from Texas to North Carolina
(Bigelow and Schroeder, 1953), this
species is now restricted to less than
20% of its former range (Dulvy et al.,,
2016). Like that of other sawfish species,
the decline in this population can largely
be attributed to mortality from bycatch
because their rostrum is easily entan-
gled in fishing gear. Declines in pop-
ulations of sawfish species have also
been partially attributed to habitat
destruction (Dulvy et al., 2016). In 2003,
the smalltooth sawfish was federally

protected and listed as endangered
under the U.S. Endangered Species Act
(Federal Register, 2003), and this species
is listed as critically endangered on the
IUCN Red List of Threatened Species
(Carlson et al., 2013).

Although there is widespread concern
regarding the protection and rebuilding
of populations of smalltooth sawfish, lit-
tle is known about their behavior and
activity patterns. Previous studies have
determined that smalltooth sawfish use
the lower reaches of rivers, estuaries,
and coastal bays as nurseries for about
the first 3 years of life (Scharer et al.,
2012). This species is particularly vul-
nerable to anthropogenic factors during
this part of the juvenile stage, given that
most of their known nurseries are sur-
rounded by developed areas or subject to
multiple fisheries (Norton et al., 2012).
As a result, interactions with humans
or recreational fishing gear are common
(Seitz and Poulakis, 2006), and habi-
tat destruction, pollution, and coastal
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developments are likely to have substantial, cumulative
negative effects. Additionally, the high site fidelity of juve-
niles (Poulakis et al., 2016; Huston et al., 2017) means
that these fish must cope with a wide range of environ-
mental conditions (Poulakis et al., 2011, 2013), including
extreme weather events (Scharer et al., 2017; Poulakis
and Grubbs, 2019).

Acoustic tracking and monitoring of smalltooth saw-
fish in nursery habitats has provided valuable infor-
mation regarding the long-term horizontal movement
patterns of these animals (e.g., Simpfendorfer et al., 2011,
Poulakis et al., 2013; Scharer et al., 2017); for example,
this technique has been used to identify hotspots that
represent the most productive habitats within nurseries
(Poulakis et al.,2011,2013; Huston et al., 2017). However,
acoustic monitoring provides information only about the
use of horizontal space by individuals, and as a result,
little is known about the behavior of smalltooth saw-
fish or why they use specific microhabitats within their
nurseries. One method of determining such fine-scale
behavioral patterns is to use acceleration data-loggers
(ADLs), which in recent years have been proven to be
effective in linking behavior and physiology of species
similar to the smalltooth sawfish (Gleiss et al., 2017;
Whitney et al., 2018). This technology can be used to

produce information about behavior and activity pat-
terns without the need to continuously track or observe
individuals.

In this study, to determine fine-scale habitat use and
behavioral patterns, we deployed triaxial ADLs and
acoustic transmitters concurrently on juvenile small-
tooth sawfish in the Peace River, Florida, one of the
known nurseries for this species. Behavioral and activ-
ity patterns measured by the ADLs were examined in
combination with horizontal movement patterns mea-
sured by the acoustic transmitters, and the results of
this analysis provide information on how smalltooth
sawfish used specific habitats and depth ranges within
this nursery.

Materials and methods

Between May 2014 and November 2015, 10 smalltooth
sawfish were caught in gill nets with 152-mm stretch
meshes in the Peace River (Fig. 1). Nets were set for
1 h and constantly monitored. As soon as a sawfish was
caught, it was carefully removed from the net, measured
for stretch total length (STL) in millimeters, and tagged.
All individuals were tagged with 1 ADL and at least 1
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Figure 1

Map of the study area in the Peace River, Florida, showing locations (gray stars) where smalltooth
sawfish (Pristis pectinata) were captured and tagged with acceleration data loggers and acoustic
transmitters between May 2014 and November 2015 and some of the locations where acoustic
receivers were deployed. The receivers shown were part of an array of 35 receivers in the Peace
River. Locations where receivers were deployed in areas used by smalltooth sawfish were desig-
nated as either creeks lined with red mangroves (Rhizophora mangle) (black squares) or habitats
in the main stem of the river (black circles). Gray squares and circles indicate receivers that did
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acoustic transmitter. The ADLs (G6a+’, Cefas Technology
Ltd., Lowestoft, UK) were programmed to record triaxial
acceleration at 25 Hz, depth at 1 Hz, and temperature at
0.033 Hz. If possible, ADLs were paired with externally
attached continuous acoustic transmitters (V9, Vemco,
Bedford, Canada) with 5-s delays, to facilitate recovery
of the ADLs through recapture after 5—7 d. Most of these
tags were attached to the first dorsal fin directly by using
monofilament (Fig. 2A). Alternatively, 2 ADLs were indi-
rectly attached to the dorsal fin of individuals by tethering
them to custom float packages (Fig. 2B). Float packages
incorporated both a very high frequency (VHF) transmit-
ter (MM110, Advanced Telemetry Systems Inc., Isanti,
MN) and a galvanic timed release (GTR; International
Fishing Devices Inc., Jupiter, FL). The GTRs were set to
corrode after approximately 7 d, allowing the float package
to detach and rise to the surface, where the VHF transmit-
ter facilitated recovery following the technique of Lear and
Whitney (2016), and eliminating the need for recapture.

All animals were tagged with a coded 69-kHz acoustic
transmitter (V9), which was epoxied to a rototag and
externally attached to the second dorsal fin following the
methods of Poulakis et al. (2013). These transmitters
emitted unique acoustic signals on a random delay
between 80 and 160 s to minimize interference of signals
from multiple tags and to maximize battery life. These
transmitters communicated to an array of 35 omnidirec-
tional VR2W acoustic receivers (Vemco) placed through-
out the Peace River estuary (Fig. 1). They were also used
to facilitate recovery of the ADLs through recapture if
necessary. After tagging, smalltooth sawfish were released
at their site of capture.

Work with animals was conducted under endangered
species permit no. 15802, issued by the National Marine
Fisheries Service.

Data processing and analyses: data loggers

Once ADLs were recovered, raw data were downloaded
from them and prepared for analysis by using Igor Pro
(vers. 6.22; WaveMetrics Inc., Portland, OR) and the appli-
cation Ethographer (Sakamoto et al., 2009). Data from the
first 12 h of ADL deployments were excluded to eliminate
any behavioral effects of capture stress following tagging
and release (Whitney et al., 2012). Static and dynamic
acceleration were separated by using a 3-s box smoother,
which was sufficient to remove the tailbeat signal from the
static acceleration traces (Shepard et al., 2008), and both
components were used to analyze body movement and
position throughout the monitoring periods. K-means clus-
tering analyses were run on the sway (tailbeat) accelera-
tion axis to separate resting and active periods (Sakamoto
et al., 2009; Whitney et al., 2010). Overall dynamic body
acceleration (ODBA) (Wilson et al., 2006; Gleiss et al.,
2011) was calculated as the sum of the absolute value of

! Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.

Figure 2

Photographs of acceleration data loggers (ADLs) attached to
the first dorsal fins of 2 of the 10 smalltooth sawfish (Pris-
tis pectinata) caught and tagged in the Peace River, Florida,
from May 2014 through November 2015. (A) An ADL on an
individual that was 1.7-m stretch total length (STL), paired
with a continuous acoustic transmitter (not shown) to enable
recapture and recovery of the logger. (B) A 1.8-m-STL indi-
vidual, with the logger tethered to a float package that incor-
porated a very high frequency transmitter. A galvanic timed
release was used to attach these float packages, allowing
recovery of the ADL without recapture.

the 3 dynamic acceleration axes. We used ODBA to deter-
mine burst events, calculating the 98th percentile of ODBA
for each individual by using means for each 1-s segment of
data and subsequently classifying burst events as periods
during which ODBA was continuously above this threshold
for more than 3 s (Gleiss et al., 2017).

Because of permitting restrictions, no validation (ground-
truthing) trials were run for this species to specifically link
behaviors to their corresponding acceleration traces; how-
ever, ground-truthing has been conducted for the large-
tooth sawfish (Pristis pristis) (senior author and A. Gleiss,
unpubl. data), as well as for the lemon shark (Negaprion
brevirostris) (Brewster et al., 2018). These studies estab-
lished that chafe behavior (dorsal rubbing) is defined by a
distinctive W-shaped trace in the heave acceleration axis.
Therefore, burst events with similar distinctive W-shaped
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traces (Fig. 3A) were removed from the
burst event mask for each individual,
leaving only burst events designated by
large-amplitude and high-frequency lat-
eral body movements for further analysis
(Fig. 3, B and C). Mean depth, mean tem-
perature, percentage of time spent active,
and total number of burst events were
summarized for each hour of the deploy-
ment for each individual.

Generalized additive mixed models
(GAMMs) were built by using the mcgv
package (vers. 1.8-28; Wood et al., 2017)
in R, vers. 3.5.2 (R Core Team, 2018), and
were used to analyze patterns in activ-
ity and bursting with respect to 5 fixed
effects: depth, temperature, time of day,
tide, and age class. Tidal period was split
into 6 discrete phases—high, low, first
ebb, second ebb, first flood, and second
flood—by using tide data reported by
NOAA’s National Ocean Service for the
Peace River (available from the Tides
and Currents website). Periods of low
and high tide were designated as the 2 h
surrounding the minimum and maxi-
mum tide height within a cycle, and each
bridging ebb and flood period was evenly
divided into a first and second phase,
with each tidal phase lasting approx-
imately 2 h. Smalltooth sawfish were
split by age class into either a group for
young of the year (YOY; <1.5 m STL) or
a group for individuals age 1 or older
(21.5 m STL) (Scharer et al., 2012), with
4 individuals in each group (Table 1).

To determine informative drivers of
activity, a series of GAMMs were built for
predicting the percentage of time saw-
fish were active by using different com-
binations and interactions of the 5 fixed
effects. The Akaike information criterion
corrected for small sample sizes (AICc)
and log likelihood of each model were
used to determine the best-fit model
and the predictors that should be main-
tained in the model. The number of burst
events observed in each hour was highly
zero inflated; therefore, to describe pat-
terns in burst events, a 2-step process
was used following methods described
by Gleiss et al. (2017). First, a series of
GAMMs with binomial distributions was
built to determine which fixed effects
affected the probability of a burst event.
Similar to what was done for the model
for activity, the fit of different combina-
tions of these predictor variables was
assessed by using AICc, and the model
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(A) Dynamic acceleration traces and overall dynamic body acceleration
(ODBA) data that show a typical chafe event (dorsal rubbing) for the small-
tooth sawfish (Pristis pectinata), characterized by a distinctive W shape in the
heave acceleration axis. These events were excluded from the burst event mask
for each individual. Burst events included in the mask were generally charac-
terized by either (B) short bursts accompanied by sharp ascents or (C) longer
bursts without distinct changes in depth. Data used in these graphs were col-
lected from acceleration data loggers deployed on smalltooth sawfish caught
and tagged in the Peace River, Florida, between May 2014 and November 2015.
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Table 1

Details for the 8 recovered acceleration data loggers (ADLs) and the smalltooth sawfish
(Pristis pectinata) on which they were deployed between May 2014 and November 2015 in
the Peace River, Florida. Individuals were classified as either young of the year (YOY) or
individuals age 1 or older, on the basis of stretch total length (Scharer et al., 2012). In this
study, ADLs were attached either directly to the first dorsal fin, requiring recapture for
retrieval, or were tethered to pop-off float packages that were retrieved while floating on the
surface by using a very high frequency transmitter signal (Fig. 2). The asterisks (¥) indicate
the same individual caught 5 months after it was initially tagged. M=male; F=female.

Length Deployment Retrieval
Sawfish ID Date tagged Sex (mm) Age class duration (d) method

1 9 May 2014 M 808 YOY 5.03 Recapture
2 12 Jun 2014 M 1735 >age 1 5.37 Recapture
3 12 Jun 2014 F 1575 >age 1 5.09 Recapture
4 11 Jun 2015 M 980 YOY 5.06 Recapture
5% 11 Jun 2015 F 1025 YOY 5.13 Recapture
6 11 Jun 2015 F 1049 YOY 5.12 Recapture
7 10 Nov 2015 F 1831 >age 1 5.23 Pop-off
8* 20 Nov 2015 F 1531 >age 1 5.42 Pop-off

with the lowest AICc was determined to have the best fit.
Following the formation of this model describing the burst
probability, the hours during which no burst events were
detected were removed from the analysis, and the number
of bursts observed in the remaining hours was modeled
by using a GAMM with a negative binomial distribution.
This model included the same predictor variables used in
the previously described models, and the best-fit combina-
tion of fixed-effect predictor variables was determined by
using AICc.

In all GAMMs, normality of residuals was confirmed
by using the gam.check function in the megv package in
R, and autocorrelation was accounted for by using the
CorARI1 function. Cyclic smoothers were used for time
of day to reflect the circular nature of the 24-h clock.
Fixed effects that were maintained in the chosen model
were further examined with Tukey’s honestly significant
difference (HSD) tests by using the multcomp package,
vers. 1.4-10 (Hothorn et al., 2008). Additionally, to deter-
mine whether there was a shift in depth distributions
with size, the frequency distributions of hourly depths
of YOY and individuals age 1 or older were compared by
using a Kolmogorov—Smirnov test.

Data processing and analyses: passive acoustic monitoring

Acoustic transmitter data were downloaded from acoustic
receivers and examined to provide location data concurrent
with ADL-derived behavioral data. Positions derived from
acoustic data were matched with those from ADL data by
using time stamps, and a location was designated for each
hour that acoustic transmissions were received. Receivers
were deployed in 2 habitats: creeks, lined with red man-
groves (Rhizophora mangle), that are generally shallow,
enclosed habitats (with depths <1 m at most tides) and

habitats within the main stem (or main channel) of the
Peace River that are generally deeper (with depths of 1-3 m
at most tides), more open areas with less habitat complex-
ity (Fig. 1). If acoustic transmissions were received from
multiple habitats during the same hour of deployment or if
they were not received during an hour of deployment, data
were not included in location analyses. The percentage of
time smalltooth sawfish were active and the probability
and frequency of burst events were compared between the
2 types of habitats by using analysis of variance (ANOVA),
with depth, temperature, time of day, tide, and age class
included as fixed-effect predictors in the models and indi-
vidual included as a random effect. The dredge function in
the MuMIn package (vers. 0.12.0; Bartor, 2009) in R was
used to determine which factors should be included as
informative predictors of activity and burst events.

To visualize the overall area and habitat use by smalltooth
sawfish while they carried ADLs, a contour map was created
by using Surfer 13 (Golden Software LLC, Golden, CO) fol-
lowing the methods of Huston et al. (2017). Age classes were
combined because all individuals used the same area of the
river regardless of size during the 5-d ADL deployments.

Results

Between May 2014 and November 2015, ADLs were
deployed on 10 smalltooth sawfish (Table 1). Eight of these
tags were recovered, and over 994 h of high-resolution
behavioral data were collected from them (Fig. 4). Acoustic
detections were received during 225 h of the ADL deploy-
ments, providing concurrent position and behavior data for
these hours. Burst events were identified for all sawfish,
with 6-58 burst events observed per day for individuals.
These burst events composed 2 main categories: repeated,
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Figure 4

Representation of acceleration and environmental data from an acceleration data logger
that was attached to a young-of-the-year smalltooth sawfish (Pristis pectinata) caught in
the Peace River, Florida, and tagged on 9 May 2014 (sawfish ID 1, see Table 1). Vertical
shading indicates periods of day (white) and night (light gray). Temperature and depth
values show a diel pattern of depth use in which this individual remained in relatively
shallow depths during the day and made repeated ventures to deeper water at night.
Overall dynamic body acceleration (ODBA) was used to establish activity (dark gray
bars) and burst patterns (black bars) that depict putative foraging activity; white bars

indicate resting periods.

short (5-10 s) bursts accompanied by sharp ascents
(Fig. 3B), accounting for approximately 24% of observed
burst events, and bursts of variable duration up to 45 s
without predictable changes in depth (Fig. 3C). Water
temperatures during deployments were 24.5-32.7°C for
sawfish tagged in May and June and 20.6—28.9°C for indi-
viduals tagged in November.

The model that best described activity included depth,
temperature, time of day, and tide as fixed-effect predic-
tors (Table 2). Smalltooth sawfish were significantly more
active during the evening and night hours, with a peak
in activity around 2200, a few hours after typical sunset,
and a second smaller peak around 0500, near sunrise
(Fig. 5). Activity increased with temperature. Individuals
were also more active at depths around 0.8 m (Fig. 5), with
decreased activity in shallower and deeper areas, and
were more active during the lower half of the tidal cycle
(i.e., second ebb, low tide, and first flood) than during the
higher half of the tidal cycle (i.e., second flood, high tide,
and first ebb) (Tukey’s HSD: P<0.05; Fig. 5). Hourly mean
depth of sawfish was significantly shallower at low tide
(mean: 0.57 m [standard error (SE) 0.04]) than at high
tide (mean: 0.75 m [SE 0.04]) (ANOVA: P<0.001, df=1,
F=11.94), although there was no difference in mean depth
between day and night (ANOVA: P>0.05, df=1, F=2.40).

The best-fit model describing the probability of a burst
event included only age class as a predictor, with bursts
more likely to occur in YOY smalltooth sawfish than in
individuals age 1 or older. However, time of day was the
most important predictor of burst frequency and the only

predictor maintained in the best-fit model (Table 2). This
result indicates that, although the likelihood that bursts
would occur was the same for all hours of the day, the
burst frequency increased substantially during evening
and night hours, with the highest burst frequency observed
around 2200, coinciding with the peak in percentage of
time sawfish were active.

The distributions of the recorded depths of YOY and
individuals age 1 and older were significantly different
(Kolmogorov—Smirnov test: P<0.0001). An overall mean
depth of 0.5 m was observed for YOY, with an hourly
mean depth range of 0.1-1.5 m. Larger individuals (age 1
or older) made occasional excursions into deeper water,
with an overall mean depth of 0.8 m and an hourly mean
depth range of 0.2-3.6 m (Fig. 6).

Although acoustic tags were concurrently deployed with
ADLs on all smalltooth sawfish, detections were sparse
for some individuals during ADL deployments, with loca-
tion categorized in 226 h of ADL deployments (126 h in
the main stem of the Peace River and 100 h in mangrove
creek habitats). This lack of detections for some fish made
it difficult to link specific locations with behaviors, but
data were sufficient to compare behaviors between broad
habitat categories. Habitat type was an informative pre-
dictor of activity, along with tidal period and depth, with
individuals more active in the main channel than in
mangrove creek habitats (Tukey’s HSD: P<0.05; Fig. 7).
Habitat type was also an informative predictor of burst
frequency, along with tide and depth, and of the burst prob-
ability, along with tide, depth, and age class. Smalltooth
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Table 2

The top-5 combinations of fixed effects in generalized additive mixed models used to pre-
dict 1) the percentage of time smalltooth sawfish (Pristis pectinata) were active (Activity),
2) burst probability, and 3) burst frequency. Degrees of freedom (df), log likelihood (logLik),
and the corrected Aikake’s information criterion (AICc) were used to determine the best-fit
models, which are indicated with asterisks. The burst frequency model described by only
hour of day (HOD) was selected as the most parsimonious model, with relative differences
between AICc values (AAICc) <2 for the top model. All models included individual as a ran-
dom effect. Data used in the models were collected during deployments of acceleration data

loggers in the Peace River, Florida, between May 2014 and November 2015.

Model df logLik AlCc AAICc
Activity
~HOD + Temp + Depth + Tide* 13 -4068.5 8137.0
~HOD + Temp + Depth + Tide + Age class 14 -4068.1 8137.9 1.2
~HOD + Temp + Tide 11 -4072.8 8140.9 4.5
~HOD + Temp 6 -4082.2 8150.3 134
~HOD + Temp + Age class 7 -4082.1 8150.9 17.5
Burst probability
~Age class* 3 -1914.6 3835.3
~Depth 4 -1915.9 3839.7 44
~Depth + Age class 5 -1915.2 3840.4 5.1
~Tide 7 -1916.0 3845.9 10.6
~Tide + Age class 8 -1915.2 3846.4 11.1
Burst frequency
~HOD + Age class 5 -1021.6 2053.2
~HOD* 4 -1022.8 2053.6 0.4
~HOD + Tide 9 -1018.0 2053.9 0.7
~HOD + Depth + Age class 7 -1020.3 2054.6 14
~HOD + Depth + Tide + Age class 12 -1015.5 2054.9 1.7

sawfish were more likely to burst in the main stem of
the river than in mangrove creek habitats (Tukey’s HSD:
P<0.05; Fig. 7), and a greater burst frequency was observed
in the main channel; however, this difference was not sig-
nificant (Tukey’s HSD: P>0.05; Fig. 7).

Smalltooth sawfish that were fitted with ADLs remained
in a small portion of the Peace River (Figs. 1 and 7). Both
size classes remained in enclosed creek habitats during
the day and in more open habitats in the main stem of the
river at night.

Discussion

This study, the first to deploy ADLs on smalltooth saw-
fish, provides behavioral data that describes their fine-
scale activity and behavior patterns, including potential
foraging strategies. Acceleration data indicate that a
number of factors, including time of day, tidal period,
depth, age class, and habitat, affect activity and forag-
ing rates in this species. These data will increase our
understanding of how this critically endangered species
behaves in its nursery habitats throughout juvenile life
stages and will assist in management and conservation
of crucial nursery areas.

Purported foraging behavior

Foraging behavior of sawfish species is seldom observed
in natural habitats and is generally not well documented,
although the toothed rostrum is known to aid in stunning
and pinning prey as well as in electroreception (Wueringer
et al., 2011, 2012). Because validation trials could not
be performed to match acceleration traces with specific
behaviors in our study, it was impossible to identify for-
aging activity with certainty from the acceleration data
we collected (Whitney et al., 2018). However, by examining
video footage of feeding sawfish in captivity (Wueringer
et al., 2011, 2012), and by considering the results of
ground-truthing trials for data collected on acceleration
behavior of the largetooth sawfish (senior author and
A. Gleiss, unpubl. data), we made some deductions about
the relation of the burst events observed in our study to
putative foraging activity. Conservatively, it is likely that
any foraging activity displayed by ADL-tagged smalltooth
sawfish was included in the 98th percentile burst event
mask determined for each fish, although bursts tied to
predator escape or startle responses may also be included
in this subset of data.

Many of the burst events we recorded were accompanied
by acute ascents (see Fig. 3B), indicating that smalltooth
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Patterns of activity of smalltooth sawfish (Pristis pecti-
nata) in the Peace River, Florida, with percentage of time
fish were active in relation to (A) depth and (B) time of
day and tidal period, from data analysis conducted with
generalized additive mixed models (GAMMSs). The lines
for first ebb and second flood are essentially the same and
overlay each other. (C) The relationship of the number of
burst events of smalltooth sawfish with time of day, the
only predictor of the burst frequency included in the best-
fit GAMM. Dashed lines in panels A and C show standard
error of the GAMM smoother; standard errors are not
shown in panel B in the interest of clarity. Data used in
the models were collected from acceleration data loggers
deployed on smalltooth sawfish caught and tagged in the
Peace River between May 2014 and November 2015.

sawfish may travel or wait near the bottom and quickly
burst upward into the water column, potentially in pursuit
of teleost fishes, their primary prey (Poulakis et al., 2017).
Other burst events were not accompanied by predictable
changes in depth, instead occurring at relatively constant
depths, presumably on or near the bottom. We hypothesize
that these events indicate benthic prey capture or pinning
behavior, in which smalltooth sawfish pin prey, such as
rays, on the substrate (Poulakis et al., 2017), using their
rostrum until they can maneuver prey into their mouths
(Wueringer et al., 2012). These high-acceleration amplitude
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Frequency of use of depths by smalltooth sawfish (Pristis
pectinata), by age class, in the Peace River, Florida, from
May 2014 through November 2015. Depth values are
mean depths (in paired bins of 0.25 m) from all hours of
deployment of acceleration data loggers. The age classes
were young of the year (YOY, <1.5 m stretch total length
[STL]) and individuals >age 1 (>1.5 m STL). The young-
est individuals used shallower depths than those used by
older individuals, and they did not occur below 1.5 m; older
individuals made occasional excusions up to 3.6 m.

signals could also represent sawfish avoiding predation by
bull sharks (Carcharhinus leucas), which are one of the
main predators of smalltooth sawfish in Florida (Brame
et al., 2019). However, predation pressure on smalltooth
sawfish in the Peace River is considered low because of the
divergent salinity affinities between bull sharks and small-
tooth sawfish (Poulakis et al., 2011).

Environmental drivers of activity and foraging

Temperature and time of day were the most influential
drivers of activity, with both factors included in the top-5
candidate models for activity. The highest activity rates
were observed at higher water temperatures and during
evening and night hours. That activity increased with
water temperature was not unexpected because ectother-
mic animals, including elasmobranchs, often increase
activity as temperatures increase and, therefore, muscle
performance capacity and metabolic needs increase
(Halsey et al., 2015; Lear et al., 2017, 2019). The crepus-
cular and nocturnal activity observed in the smalltooth
sawfish is also similar to that observed in many elasmo-
branchs (reviewed by Hammerschlag et al., 2017), activity
that is often attributed to the exceptional sensory capabil-
ities of elasmobranchs (Hueter et al., 2004).

Similar crepuscular and nocturnal activity has been
observed in other sawfish species (Gleiss et al., 2017,
Whitty et al., 2017), and these findings confirm hypothe-
ses of diel activity patterns in juvenile smalltooth saw-
fish formed during previous studies that included passive
and active acoustic monitoring (Hollensead et al., 2016;
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(A) Visualization of pooled locations of all 8 juvenile smalltooth sawfish (Pristis pectinata) tagged in the Peace River,
Florida, during the time the acceleration data loggers and acoustic transmitters were deployed (May 2014 through
November 2015). The color scale denotes the number of detections of transmitters by an array of 35 receivers in the
river (see Figure 1). Only the first detection per hour for each individual was included. A comparison of (B) the mean
percentage of time smalltooth sawfish were active and (C) the mean burst probability in mangrove-lined tidal creek
habitats and habitats in the main stem of the river. Error bars indicate standard errors of the mean. An asterisk indi-
cates significant differences between means (Tukey’s honestly significant different test: P<0.05).
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Huston et al., 2017; Scharer et al., 2017). The results of
these previous studies indicate that juveniles rest in shal-
low creeks during the day and are active in the main chan-
nel of a river at night. Although data from the use of these
monitoring techniques describe horizontal movements, it
can be difficult to use acoustic data to accurately assess
activity levels because movements are recorded during
passive acoustic monitoring only when sawfish travel
between receivers, not when they travel within the area
covered by an individual receiver. In our study, data from
ADLs directly confirmed these diel patterns.

In addition to time of day and temperature, depth
and tide also significantly affected activity. Smalltooth
sawfish were more active in the middle range of depths
observed during ADL deployments and in the lower half
of the tidal cycle. Decreased activity in the shallowest
depths likely reflects sawfish refuging in the shallowest
habitats. The decrease in activity at depths >1 m by fish
could be a method of predator avoidance, given that bull
sharks are more common in these deeper areas (Heupel
et al., 2010), or it could indicate a lie-in-wait hunting
strategy in deeper water. Alternatively, smalltooth saw-
fish could use deeper areas only for transiting through
different habitats, as suggested by May et al. (2019), and
could forage more actively in relatively shallow habitats
of approximately 1 m. The relationship between activity
levels and tidal stage observed in our study has not been
indicated by results of previous studies (e.g., Hollensead
et al., 2016). In our study, increased activity at lower tide
heights could have been due to lower refuging potential

at low tide because some shallow mangrove habitats that
sawfish use as refuges may not be available at low tide
(Simpfendorfer et al., 2010), forcing individuals to leave
refuge locations and become more active as the tide drops.
This pattern emerged despite a relatively small daily
change in tide height, with daily tidal variance <1 m.
Time of day was also an important predictor of burst
activity, with the greatest number of burst events observed
during evening and night hours. However, although indi-
viduals generally adhered to these patterns, some forag-
ing events also occurred during the day, timing that has
been confirmed by using baited-rod-and-reel-derived public
encounter data (Poulakis and Seitz, 2004), indicating that
smalltooth sawfish opportunistically feed during the day
and at night. Time of day was the only factor included in
the final model describing burst frequency; however, burst
probability was best described by age class, with YOY
more likely to burst than individuals age 1 or older. Small-
tooth sawfish are known to double in length by the end of
their first year (Scharer et al., 2012); therefore, YOY may
need to feed more often, on smaller prey items, than older
individuals to achieve these growth rates. In addition,
YOY individuals could be less experienced feeders and
are under higher predation pressure in comparison with
individuals age 1 or older. As a result, there may be more
unsuccessful feeding attempts and a higher frequency of
predator escape behavior (or startle responses) in YOY
fish, contributing to their higher rate of burst activities.
In addition to differences in burst activity between age
classes, there were also significant differences between the
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depth distributions of YOY and older fish, with fish age 1
and older venturing deeper than YOY. This ontogenetic
shift in depth use has been reported in a number of previous
studies of both smalltooth and largetooth sawfish, indicat-
ing that YOY individuals stayed in shallow areas close to
shore while larger fish that have less predation risk ven-
tured farther from shorelines to use deeper habitats (Whitty
et al., 2009; Simpfendorfer et al., 2010; Huston et al., 2017).

Habitat use and foraging ecology

The patterns of activity and putative foraging effort, com-
bined with knowledge about depth and habitat use, reveal
important insights into the foraging ecology of these ani-
mals. Increased activity and putative foraging of small-
tooth sawfish was tied to habitats in the main stem of the
Peace River, and refuging was more common in shallow
habitats. This pattern is the opposite of that observed in
the morphologically similar largetooth sawfish (Gleiss
et al., 2017; Whitty et al., 2017). Largetooth sawfish stud-
ied in the Fitzroy River, Australia, are thought to use
shallow sandbar habitats, which are generally devoid of
woody debris, to forage because of increased abundance
of prey, and snags and woody debris in the deeper areas of
the river offer better refuging habitats from crocodilians,
which are common along shorelines (Morgan et al., 2017;
Whitty et al., 2017). Although foraging in shallow habitats
could be similarly beneficial for smalltooth sawfish, some
shallow habitats in the Peace River, such as red-mangrove-
lined tidal creeks, have increased habitat complexity and
are spatially restricted, possibly limiting overall foraging
success. Moving away from these shallow habitats into the
slightly deeper main channel at night may improve forag-
ing success in the Peace River, and the shallow mangrove
creeks and shorelines may provide more of a protection
function from bull sharks; these habitats are known to be
used as refuging areas in multiple nurseries in Florida
(Simpfendorfer et al., 2010; Poulakis et al., 2013, 2016).
Shallow creek habitats in the Peace River may offer protec-
tion from boat traffic and noise as well as from predators.
A similar diel pattern in habitat use has been reported
from passive acoustic monitoring conducted over many
years in the Peace River (Huston et al., 2017; Scharer et al.,
2017; May et al., 2019), as well as from active and passive
acoustic tracking conducted in other Florida nurseries
(Simpfendorfer et al., 2010, 2011; Poulakis et al., 2013, 2016;
Hollensead et al., 2016). All of these studies confirm that
juvenile smalltooth sawfish refuge during the day in pro-
tected creek habitats, especially those lined with red man-
groves (Norton et al., 2012). Although the authors of some
of these studies have proposed that smalltooth sawfish use
deeper habitats to forage because of increased nighttime
detections by receivers in main channels (e.g., Poulakis
et al., 2016; Huston et al., 2017), the use of alternative
shallow nighttime foraging grounds has been observed in
other studies. For example, May et al. (2019) found that,
although smalltooth sawfish in the Peace River crossed the
deeper main stem of the river at night, they did so in large
part to use shallow habitats that included oyster reefs on

the shoreline opposite to their protected daytime refuge.
Shallow mud flats and habitats within the main river chan-
nel have also been reported as possible nighttime foraging
areas for smalltooth sawfish in different Florida nurseries
(Hollensead et al., 2016; Poulakis et al., 2016). Therefore,
food availability and acquisition success may play roles in
influencing where juveniles forage. For example, juveniles
may forage in or near refuge locations when sufficient prey
is available but venture farther into or across the main
stem of the river if there is not sufficient prey or if densities
of conspecifics near refuge locations are too high.

In our study, burst events were recorded at depths rang-
ing from 0.1 to 3.6 m, indicating that a variety of habitats
are important foraging areas for this species. However,
regardless of foraging location, the timing of heightened
activity and foraging appears to be maintained across
nursery habitats and populations, given that all previous
studies have found heightened activity at night in the
Peace River and other nurseries (Poulakis et al., 2013,
2016; Hollensead et al., 2016; Huston et al., 2017; Scharer
et al.,, 2017; May et al., 2019).

Conservation implications and future directions

This new information that relates putative foraging activ-
ity to habitat use has improved our understanding of the
early life history of the smalltooth sawfish and validated
previous hypotheses about activity patterns developed
through acoustic monitoring studies. Increasing ADL
deployment times and deploying ADLs throughout the
year in future studies would help to identify long-term
foraging and activity patterns, particularly in associa-
tion with seasonal changes in abiotic variables, such as
temperature and salinity. Additionally, deploying ADLs
concurrently with a tracking system that can detect move-
ments on a scale as small as meters, such as a Vemco Posi-
tioning System, would help to determine habitat use on a
fine scale by enabling the matching of behaviors to specific
sites within a nursery. Finally, conducting laboratory tri-
als for validation of acceleration signals of smalltooth saw-
fish or deploying video cameras concurrently with ADLs in
the field would help to conclusively determine feeding and
other behaviors.

Even with its limitations, the information describing hab-
itat use and potential foraging strategies provided by this
study is valuable for understanding the habitat require-
ments of this species and emphasizes the importance of
preserving a variety of habitats, including mangrove-lined
creeks used by smalltooth sawfish as refuging areas and
less complex habitats used as foraging grounds within nurs-
eries. This information will help to guide crucial manage-
ment and conservation efforts for the smalltooth sawfish in
the Peace River and throughout the range of this species.
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