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ABSTRACT: Smalltooth sawfish Pristis pectinata use southwest Florida nurseries during at least
their first 2 to 3 yr, and understanding region-specific habitat use patterns is important for effec-
tive management. Research occurred in 2 nurseries within the Charlotte Harbor estuarine system:
the Caloosahatchee River, a highly human-altered nursery, and a more natural nursery, the Peace
River. Between 2010 and 2013, a total of 148 juveniles ranging from 70.8 to 218.7 cm stretch total
length were caught in gill nets, and 133 were acoustically tagged. The probability of encountering
a sawfish during sampling was most influenced by season in both nurseries (highest during spring
and summer), followed by dissolved oxygen in the Caloosahatchee River, and salinity and temper-
ature in the Peace River. Temperature had lasting, atypical effects on movements when severe
cold events occurred during the study. Outside of these disturbances, sawfish used all habitats
available to them in both nurseries, but tended to reside in perennial high-use areas called nursery
hotspots. Acoustic monitoring showed that juveniles gradually moved between 4 hotspots along a
20 river kilometer stretch of the Caloosahatchee River with seasonal changes in freshwater inflows
or sometimes suddenly in response to large flow events. In contrast, sawfish in the Peace River
remained associated with one nursery hotspot year-round. Reasons for these inter-nursery varia-
tions are attributed to differences in geomorphology and freshwater inflow regimes. This study
illustrates that a full understanding of the life history of a species and the development of a con-
ceptual model requires investigation of the species on a broad spatial scale. This consideration is
important to avoid overgeneralization of habitat use patterns between nurseries.

KEY WORDS: Pristis pectinata - Acoustic monitoring - Habitat use - Freshwater flow - Extreme
climate event - Nursery

INTRODUCTION

Identification of nurseries is one of the most
important initial objectives for conservation of en-
dangered species (e.g. Norton et al. 2012). Multiple
lines of evidence qualify an area as a nursery, but
nurseries can be difficult to define because they
often include a variety of habitats (e.g. estuaries,
bays, beaches, surf zones, and coral reefs; Branstet-
ter 1990) that contribute young disproportionately to
the adult population (Beck et al. 2001, Heupel et al.
2007). To aid this situation, criteria for defining
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nursery habitats have been established for various
fields of research (e.g. Nagelkerken et al. 2015). For
elasmobranchs, nurseries have been defined as
areas in which juveniles (1) are more commonly en-
countered than in other areas, (2) will return to or
remain in, and (3) use across multiple years (Heupel
et al. 2007). The functions of elasmobranch nurseries
(which are still largely unknown, especially for rays)
include protection from predators and access to
abundant prey (Branstetter 1990, Simpfendorfer &
Milward 1993, Heupel & Hueter 2002, Heupel et al.
2007).
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Among fish nurseries, estuary geomorphology and
associated variability of habitat use can result in spa-
tial differences in life-history traits and movement
patterns, making it important to apply species-spe-
cific life-history models in multiple nurseries range-
wide. For example, juvenile common snook Centro-
pomus undecimalis in one Florida estuarine nursery
tended to use freshwater tributaries, while in another
they used coastal wetland ponds, creeks, and island
networks (Stevens et al. 2007). The contrasts in habi-
tat use were attributed to differences in geomorpho-
logy and habitat availability between estuaries. Simi-
larly, seasonal prey availability influenced movements
of juvenile bull sharks Carcharinhus leucas in Florida's
Shark River estuarine nursery (Matich & Heithaus
2014), but abiotic variables such as salinity have been
more influential on the species in the Caloosahatchee
River (Heupel & Simpfendorfer 2008). Understanding
how species use available habitats is critical for
understanding range-wide ecosystem function and
for effective management of economically important
and protected species. These considerations are impor-
tant to avoid overgeneralization of habitat use pat-
terns between nurseries.

The life-history strategies of many elasmobranchs
(e.g. slow growth) make them particularly vulnerable
to overexploitation (Frisk et al. 2005), which elevates
the urgency to reduce anthropogenic threats and de-
lineate critical habitats such as nurseries. The small-
tooth sawfish Pristis pectinata is one of 5 sawfish spe-
cies worldwide (Faria et al. 2013), and one of 3 species
which are Critically Endangered according to the
TUCN Red List of Threatened Species (Carlson et al.
2013, Kyne et al. 2013, Simpfendorfer 2013). In 2003,
the United States (US) distinct population segment of
smalltooth sawfish was designated as the first endan-
gered elasmobranch under the US Endangered Spe-
cies Act (NMFS 2009). Prior to this US Federal Gov-
ernment listing, little research had been conducted
on the smalltooth sawfish. Since listing, however, re-
search and monitoring have intensified, and strides
have been made toward understanding basic ecol-
ogy, life history, and habitat use of the species (e.g.
Chapman et al. 2011, Poulakis et al. 2011). This infor-
mation has enabled the US National Oceanic and
Atmospheric Administration’s National Marine Fish-
eries Service (NOAA Fisheries) to develop a small-
tooth sawfish recovery plan, designate juvenile criti-
cal habitat, and publish two 5 yr status reviews (e.g.
NMES 2009, Norton et al. 2012). Specifically, there
are 2 juvenile critical habitat areas, both in southwest
Florida: the Charlotte Harbor Estuary Unit and the
Ten Thousand Islands/Everglades Unit. Understand-

ing how smalltooth sawfish use the nurseries in these
regions is imperative for ongoing recovery planning
(Norton et al. 2012).

The Charlotte Harbor Estuary Unit of juvenile crit-
ical habitat is the focus of this study and contains 2
distinct nursery areas for the smalltooth sawfish: one
in the northern portion of the estuary associated with
the Peace River, and another in the southern portion
associated with the Caloosahatchee River (Seitz &
Poulakis 2002, Poulakis et al. 2011). While both rivers
have proven to be consistently important nurseries,
each is unique. The Caloosahatchee River, where to
date most smalltooth sawfish research has been
conducted, has been highly altered by the creation of
extensive canal systems, and its freshwater flow is
regulated through a lock system (Barnes 2005). Man-
agement of freshwater flow down the Caloosahatchee
River, which historically flowed south as sheet flow
toward the Everglades (Fernald & Purdum 1998), af-
fects abiotic variables such as salinity as well as habi-
tat use by smalltooth sawfish (Simpfendorfer et al.
2011, Poulakis et al. 2013). In contrast, the Peace
River is less developed, with more natural shorelines,
and has largely unregulated freshwater flow.

The initial research focus on juvenile smalltooth
sawfish in the Charlotte Harbor Estuary Unit of juve-
nile critical habitat was on the Caloosahatchee River
because encounter reports from the public were most
common in this area (Seitz & Poulakis 2002, Poulakis
et al. 2011), and funding was limited. Little data from
the Peace River contributed to these studies. How-
ever, based on lessons learned from other species
(Stevens et al. 2007, Matich & Heithaus 2014), it is
important to study nurseries with a variety of geo-
morphologies and habitat types to understand how
they are being used so conservation can be maxi-
mized. Four nursery hotspots were identified in the
Caloosahatchee River with varying importance over
different years depending on freshwater flow condi-
tions (Poulakis et al. 2011, 2013). Acoustic data in the
river further confirmed use and movement between
these 4 hotspots and identified large-scale move-
ments in response to freshwater releases (Poulakis et
al. 2013, 2016). Although smalltooth sawfish were
relatively sedentary in the long term, movement data
showed that they made quick, large-scale (>20 km)
movements in response to some freshwater releases.
Salinity proved to be a major influence on seasonal
sawfish movements, although movements were tem-
porally lagged, and larger juveniles reacted before
smaller juveniles (Poulakis et al. 2013). In general,
smalltooth sawfish had strong affinities to these
Caloosahatchee River nursery hotspots, regardless of
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abiotic conditions, often associating with the static
habitat (e.g. red mangrove shorelines) instead of
changing environmental conditions or dynamic habi-
tat (e.g. salinity) (Sklar & Browder 1998). While sam-
pling effort in northern Charlotte Harbor during
these initial studies was not equal, catch data identi-
fied at least one nursery hotspot in the Peace River.

The objective of this study was to continue juvenile
smalltooth sawfish sampling in the Caloosahatchee
River and expand sampling into northern Charlotte
Harbor, including the Peace River, so comparisons of
habitat use and movements could be conducted be-
tween these 2 distinct nurseries over the same multi-
year study period. By studying these 2 nurseries dur-
ing the same time period, using the same techniques
and allocation of effort, we could compare large-scale,
inter-nursery habitat use by the smalltooth sawfish
for the first time.

MATERIALS AND METHODS

The combination of field sampling, tagging, and
data analysis that was previously used to study juve-
nile smalltooth sawfish Pristis pectinata habitat use in
the Caloosahatchee River nursery (Poulakis et al.
2011, 2013, 2016) was expanded to include the Peace
River nursery for this study. Ensuring that methods
were identical during this study allowed us to make
direct comparisons between the only 2 nurseries
known from the Charlotte Harbor Estuary Unit of
juvenile critical habitat. Similarly, sampling in both
nurseries over the same time period allowed us to
compare sawfish habitat use, including responses to
freshwater inflow, under the same regional climatic
conditions.

Field sampling and tagging

Random and directed sampling were conducted in 2
study areas: southern Charlotte Harbor, which in-
cludes the Caloosahatchee River (Fig. 1) and northern
Charlotte Harbor, which includes the lower Peace and
Myakka rivers (Fig. 2). Data were collected from 2010
to 2013 as part of ongoing research on the smalltooth
sawfish (Poulakis et al. 2011, 2013, 2016). Random
sampling used standardized methods and will be
used in the future to detect long-term changes in rela-
tive abundance, while directed sampling used a vari-
ety of methods, including any leads from encounters
provided by the public, to target smalltooth sawfish to
obtain information on movements and habitat use.

Random sampling was conducted during the day
from February through September (period of highest
catch rates; Poulakis et al. 2011) using two 30.5 m
(100 ft) or two 61 m (200 ft) gill nets with 102 mm
(4 in.) stretch monofilament mesh set perpendicular
to shore about 100 m apart. Mesh size was chosen to
standardize with another smalltooth sawfish survey
in Everglades National Park. In general, the 61 m
nets were used unless we were sampling a confined
space (e.g. a small creek or canal). In 2010, gill nets
with 76 mm (3 in.) stretched monofilament mesh were
also used, but due to higher bycatch rates in these
nets, use of this mesh size was discontinued. Two
random trips per month were conducted in the lower
Caloosahatchee River (Fig. 1; 6 sites mo™!, 2 nets
site‘l) and in northern Charlotte Harbor (Fig. 2;
8 sites mo™!, 2 nets site™!). The study areas were di-
vided into 1 x 1 cartographic grids (1 nautical mile?),
for which the water was 3 m deep or less. These grids
were organized into 2 sections to facilitate sampling
logistics and ensure broad coverage of the nurseries.
Grids to be sampled during each month were ran-
domly selected from within each section. Each se-
lected grid was then subdivided into microgrids
(using a 10 x 10 overlay), and sample sites were ran-
domly selected from these microgrids (i.e. microgrids
represented sample sites). A random compass direc-
tion (north, east, south, west) and spiral direction
(clockwise or counter clockwise) were assigned to
each sample site a priori in case any original sample
sites needed to be moved (e.g. original site was on
land, there was a fisher close to the original site when
we arrived). All random gill nets were soaked for 1 h
and were always checked when fish of any type were
seen in them (e.g. when splashing was observed) or
every 0.5 h, whichever came first. Nets were re-
moved from the water when sawfish were captured
so our full attention could be focused on work-up
procedures.

Directed sampling was also conducted during the
day, targeting areas in which sawfish had been re-
cently reported by the public or sites where sawfish
were previously caught (Poulakis et al. 2011, 2013,
2016). Directed sampling averaged 4 sampling trips
per month, 2 predominantly in the Peace River and
2 in the Caloosahatchee River. Directed sampling
generally occurred between February and Septem-
ber, although sampling was also conducted between
October and January to determine effects of unusual
events (e.g. cold events; see ‘Results: Cold events'
and 'Discussion: Aperiodic cold events'). Gear for
directed sampling was either two 45 m (150 ft) gill
nets or one 183 m (600 ft) gill net, both with 152 mm
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Fig. 1. Sites in the Caloosahatchee River where smalltooth sawfish Pristis pectinata were captured between 2010 and 2013;
data shown are for directed and random sampling (see 'Field sampling and tagging’). High-use sites (nursery hotspots) where
sawfish were captured, tagged, and released are shown in the insets

(6 in) stretch monofilament mesh to minimize by-
catch. The 45 m nets were set perpendicular to
shore about 100 m apart and the 183 m net began
perpendicular to shore, but was usually curved so it
eventually became parallel to shore. Directed gill
nets were soaked on average for 1 h and were al-
ways checked when fish of any type were seen in
them (e.g. when splashing was observed) or every
0.5 h, whichever came first. When water clarity was
favorable, we actively searched for sawfish and
used gill nets to catch any observed animals. Nets
were removed from the water when sawfish were
captured so our full attention could be focused on
work-up procedures.

Captured smalltooth sawfish were measured (stretch
total length [STL], in mm), assessed for overall health
(e.g. parasites; Bakenhaster et al. 2018, this Theme
Section), fin-clipped (free rear tip of second dorsal

fin) for DNA and stable-isotope analyses (Poulakis et
al. 2017, Feldheim et al. 2017, both this Theme Sec-
tion), and tagged on the anterior margin of the first
dorsal fin with a rototag (35 x 9 mm; Dalton ID Sys-
tems), at the base of the left side of the first dorsal
fin with a passive integrated transponder (12 mm,
134.2 kHz, Super Tag II; Biomark), and on the ante-
rior margin of the second dorsal fin with an acoustic
transmitter, as described below.

A variety of environmental and physicochemical
variables were recorded at each sampling site using
a YSI® hand-held data logger. Specifically, location,
time, salinity, water temperature (°C), pH, dissolved
oxygen (mg 17!), conductivity, and water depth were
recorded. Salinities are reported using the practical
salinity scale, which is defined as a pure ratio, and
has no dimensions or units. In addition, daily water
temperature and freshwater-flow data were obtained
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Fig. 2. Sites in northern Charlotte Harbor and the Peace River where smalltooth sawfish Pristis pectinata were captured be-

tween 2010 and 2013; data shown are for directed and random sampling (see 'Field sampling and tagging'). Portion of high-

use site (nursery hotspot) where sawfish were captured, tagged, and released in the Peace River is shown in the inset; dashed
box: the revised hotspot boundary based on Huston et al. (2017)

from fixed stations maintained by the South and
Southwest Florida Water Management districts and
the US Geological Survey. Observations of shoreline
inundation, tidal level, and shoreline and bottom
vegetation descriptions (i.e. presence/absence, type,
% coverage) were also recorded.

Acoustic transmitters and acoustic receiver arrays

Smalltooth sawfish captured during sampling were
tagged with a 69 kHz Amirix/Vemco® V9 acoustic
transmitter (tag family: V9-2H; frequency-space ID:
A69 kHz-1303-ID; 29 mm long, weight in water: 2.9 g).
The transmitters were programmed to emit a unique
acoustic sequence on a random delay once every 80
to 160 s. The purpose of the delays was to minimize
signal collisions when multiple sawfish were simulta-

neously within range of an acoustic receiver and to
maximize battery life (~12 mo). To comply with our
endangered species research permit, acoustic trans-
mitters were attached externally to the second dorsal
fin by attaching the transmitter to the flat half of a
rototag using a cable tie covered with an epoxy gel.
Tags were applied to the thicker, anterior margin of
the fin by using a leather punch to make a hole for
the projecting half of the rototag and attaching the 2
halves with a tag applicator. These techniques were
approved in advance by NOAA Fisheries as outlined
in permit numbers 1475 and 15802.

A total of 93 moored, single-frequency omnidirec-
tional VR2W Amirix/Vemco® acoustic receivers were
maintained in the Caloosahatchee River (62 re-
ceivers) and northern Charlotte Harbor, including the
Peace River (31 receivers) to monitor the movements
of acoustically tagged smalltooth sawfish (Fig. 3). A
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detailed examination of receiver performance (e.g. the main stem of the Caloosahatchee River (mean =
code detection efficiency, code rejection coefficients, 450 m; Collins et al. 2008). Similar detection ranges
and noise quotients) in the study area can be found in were achieved in the non-main-stem habitats, but the
Simpfendorfer et al. (2008a). Each receiver recorded acoustic signal did not travel around corners in canals
the date, time, and identity of all tagged sawfish that or creeks. Data were downloaded from the receivers,
swam within detection range. The maximum detec- and biofouling was removed from them approxi-
tion radius of the receivers was estimated at 800 m in mately every other month.
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Fig. 3. Northern Charlotte Harbor, Peace River, and Caloosahatchee River study areas and their acoustic receiver arrays used

to monitor the movements of acoustically tagged smalltooth sawfish Pristis pectinata (2010 to 2013). Locations of main-stem

receivers (dots) and non-main-stem receivers (triangles: creeks, seawall-lined canals) are shown. River kilometer (rkm) refers
to the linear distance from the river mouth (at rkm 0)
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Data analysis
Catch data

Logistic regression was used to determine the in-
fluence of abiotic factors on the probability of en-
countering at least one smalltooth sawfish during
sampling (Hosmer & Lemeshow 2000). As with most
ecological studies, the survey methods used in this
study likely did not detect sawfish with 100 % effi-
ciency; thus, sawfish encounter probability cannot
strictly be interpreted as a probability of occurrence,
and quantified relationships between abiotic factors
and sawfish encounter probability do not necessarily
reflect an affinity for particular abiotic conditions.
However, modeling encounter probabilities can help
to improve understanding of the conditions under
which sawfish are more likely to be observed, and in
some cases this may be due to an affinity of sawfish
for particular abiotic conditions. Data for the Ca-
loosahatchee and Peace rivers could have been ana-
lyzed jointly via inclusion of a site-level categorical
covariate and a series of interaction terms, but we
opted for analyzing data separately for each nursery.
This allowed us to assess the relative influence of
various abiotic factors on the probability of encoun-
tering sawfish during sampling in each nursery.

Logistic regression models included abiotic predic-
tors for season (winter: December—February, spring:
March—-May, summer: June-August, and fall: Sep-
tember—-November), 4 environmental variables (tem-
perature, dissolved oxygen, salinity, water depth), a
quadratic term for each of the 4 environmental vari-
ables, and a shore-type categorical variable (i.e. over-
hanging, altered, and sand/marsh shoreline; here-
after, shore type). The quadratic terms were included
to assess the hypothesis that sawfish were more
likely to be encountered within a specific range of
environmental conditions, rather than a linear rela-
tionship. Values for the 4 environmental variables
were calculated by averaging surface and bottom
values for each sample. The overhanging shore type
category was composed mostly of red mangroves
Rhizophora mangle and included the non-native
Brazilian pepper Schinus terebinthifolius. The altered
shore type category included concrete seawalls and
rip-rap (i.e. coarse material such as large rocks meant
to reduce erosion). The third shore type, sand/marsh,
included shorelines that were either unvegetated
(e.g. sand beach) or lined with marsh grasses (e.g.
Juncus spp.).

For each nursery, a candidate set of 18 logistic re-
gression models was fit, with each model represent-

ing a different combination of seasonal, environ-
mental, and shore type predictor variables. To avoid
multi-collinearity, predictor variables with Pearson
correlation coefficients greater than 0.6 were never
included in the same model. To facilitate model-
fitting, the 4 continuous environmental predictors were
standardized to a mean of 0 and standard deviation
(SD) of 1. Following model fitting, the relative plausi-
bility of each candidate model was evaluated using
Akaike's information criterion (AIC; Akaike 1973)
with a small-sample bias adjustment (AIC.; Hurvich
& Tsai 1989). To facilitate comparisons among mod-
els, Akaike weights were calculated, which range
from O to 1, and where the best-approximating model
had the highest weight (Burnham & Anderson 2002).
Models with Akaike weights that were at least 10 %
of the best-approximating model were considered
plausible (i.e. a confidence model set), which is simi-
lar to Royall's general rule-of-thumb of 1/8 or 12%
for evaluating strength of evidence (Royall 1997).
Akaike parameter importance weights were also cal-
culated for each predictor variable as the sum of
Akaike weights for candidate models that contained
the variable, which enabled comparison of the strength
of evidence for each predictor (Burnham & Anderson
2002). The precision of parameter estimates was
assessed by examining 95% confidence intervals,
and parameter estimates with confidence limits that
contained zero were considered imprecise. All infer-
ences were based on parameter estimates from the
confidence set of models. Lastly, model performance
was assessed for the best-approximating model for
each study site via calculation of an area under the
receiving operator characteristic curve (AUROC) sta-
tistic. AUROC values >0.5 indicate that a model pre-
dicts a given categorical outcome, on average, better
than random chance alone. All logistic regression mod-
els and the assessments of model performance were
conducted in R using the base ‘stats’ package (R Core
Team 2016) and the '/ROCR’ package (Sing et al. 2005).

Acoustic data

The mean position of each smalltooth sawfish
within each acoustic receiver array was estimated
using a mean-position algorithm (Simpfendorfer et
al. 2002, 2008a). To do this, each receiver was as-
signed a position based on its distance from the river
mouth (river kilometer = 0). A geographic informa-
tion system layer of each river's centerline was ex-
tracted from the US Geological Survey National
Hydrologic Database (http://nhd.usgs.gov/) and di-
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vided into 0.2 km (0.1 nautical mile) segments. Each
acoustic receiver was assigned a position along the
center line of the major river in each array (i.e. Caloo-
sahatchee River or Peace River). Increasing positive
distances from each river mouth indicated distances
farther upriver. In the northern Charlotte Harbor
array, some receivers were placed outside the Peace
River and received negative distances relative to its
mouth. Increasing negative distances indicated dis-
tances farther from the mouth of the Peace River.
Once each receiver was assigned a distance, the
mean position of a sawfish for a defined time period,
1 h in this study, was:

_ 2iWiX;

Xian =~ (1)
where x;is the distance from the acoustic receiver (i)
to the river mouth, and w; is the number of valid de-
tections received at each receiver. These mean posi-
tion estimates formed the basis of all subsequent
analyses. For a position estimate to be counted as
non-main-stem, a transmitter had to be recorded on a
non-main-stem receiver for at least 1 h (i.e. no main-
stem detections occurred). Due to acoustic blind
spots in non-main-stem habitats, continuous detec-
tions (every 80 to 160 s) at a single receiver were not
always possible, but as long as no main-stem detec-
tions occurred during the hour, we assumed that the
individual was located in the non-main-stem habitat.
A smalltooth sawfish located between non-main-
stem and main-stem receivers would have yielded an
estimated position between the receivers and thus
would have been placed in the main stem.

We analyzed movement data only for smalltooth
sawfish that either retained their acoustic transmit-
ters for at least 2 wk, or were recorded at more than
one receiver during their monitoring period. Position
estimates for individual smalltooth sawfish were
used to calculate daily activity space and occurrence
by location. Daily activity space was calculated for
each individual as the difference between the most
upriver and most downriver position estimates for
each day. The relationship of maximum daily dis-
tance for sawfish in each nursery was found by calcu-
lating the maximum daily distances of each sawfish
then placing them in 1 km bins. The number of
position estimates was binned into 2 river kilometer
sections and plotted to determine high-occurrence
portions of the nurseries. The relationship of river
kilometer to sawfish position was examined in each
study area in more detail by plotting individual saw-
fish movement tracks with daily mean freshwater
inflow data and grouping representative graphs into

similar response patterns. The vast majority of acoustic
data were collected during the January 2010 to
December 2013 study period; however, data from 2
individuals that were tagged in late 2009 and 3 indi-
viduals that were monitored into early 2014 were
included so their entire monitoring periods could be
analyzed. The relationship of salinity to sawfish posi-
tion was examined in each nursery (1) by plotting the
mean daily location of all sawfish that carried tags
during the study period and (2) by regressing sawfish
location data with salinity using 0, 3, 7, 14, 30, 60, 90,
and 120 d lags. The regression analysis was con-
ducted separately for 2 time periods (1 Apr 2010 to
31 Dec 2011 and 1 Apr 2012 to 31 Dec 2013) to enable
evaluation of the effects of 2 cold events, one in
January 2010 that broadly affected the region and
altered behavior of many species sensitive to cold
(Poulakis et al. 2011, Stevens et al. 2016) and another
in December 2010 that had similar effects on fish
behavior but was less severe. Mean daily water tem-
perature in the Caloosahatchee (taken at river kilo-
meter 11) and Peace (taken at river kilometer 15)
rivers was plotted from 2009 to 2013 to visualize the
normal seasonal pattern and the cold events. Simi-
larly, mean daily freshwater flow in the Caloosa-
hatchee (taken at river kilometer 40) and Peace
(taken at river kilometer 15) rivers was plotted from
2009 to 2013 to compare and contrast the freshwater
flow patterns for the 2 nurseries. Water temperature
and freshwater-flow data were obtained from the
South and Southwest Florida Water Management
districts and the US Geological Survey.

RESULTS
Spatiotemporal distribution and abiotic affinities

Between 2010 and 2013, 148 juvenile smalltooth
sawfish Pristis pectinata were captured (83 in the
Caloosahatchee River nursery, 65 in the Peace River
nursery), including 13 recaptures. Although the entire
southern Charlotte Harbor region was sampled, the
majority (98 %) of the sawfish caught there were in the
Caloosahatchee River. Similarly, while the entire
northern Charlotte Harbor region was sampled, the
majority (91%) of the sawfish caught were in the
Peace River; therefore, northern Charlotte Harbor data
will be referred to as originating in the Peace River.
Stretch total lengths ranged from 70.8 to 218.7 cm; all
male sawfish were immature based on clasper mor-
phology and lack of calcification, and females were
also immature based on known growth rates (Scharer
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et al. 2012). The mean daily activity space for juvenile
smalltooth sawfish was 0.9 km in the Caloosahatchee
River and 1.2 km in the Peace River.

Over the course of the study, at least one sawfish
was encountered in 52 of 656 samples (~8 %) in the
Caloosahatchee River and 38 of 635 samples (~6 %) in
the Peace River during random and directed sampling.
The confidence sets of Caloosahatchee River and
Peace River logistic regression models contained 3
and 4 models, respectively, and both sets indicated
support for seasonal and environmental variables as
important factors influencing the probability of en-
countering sawfish during sampling (Tables 1 & 2).
Based on AIC weights, the best-approximating Caloo-
sahatchee River model was 1.98 times more plausible
than the next best-approximating model, whereas the
best-approximating Peace River model was 4.52 times
more plausible than the second best-approximating
model. The AUROC statistic for the best-approximat-
ing Caloosahatchee River model was 0.69 and the AU-
ROC statistic for the best-approximating Peace River
model was 0.75, indicating that both models predicted
the observed data reasonably well.

Parameter estimates from the confidence set of
Caloosahatchee River logistic regression models and
parameter importance weights based on the candi-

Table 1. Parameter estimates, standard errors (SE), 95% confi-

dence intervals (lower = LCL and upper = UCL), and odds ratios

(OR) from the confidence set of logistic regression models re-

lating smalltooth sawfish Pristis pectinata encounter probabilities

to seasonal, environmental, and shore type predictors in the Ca-

loosahatchee River. DO: dissolved oxygen; DO% quadratic term
that represents a non-linear relationship

Parameter Estimate SE LCL UCL OR

Best-approximating model

Intercept -3.068 0.300 -3.705 -2.523
Summer 1.238 0.361 0.551 1.978 3.448
Winter 0.074 0.545 -1.093 1.090 1.077
Fall -0.164 0.662 -1.668 1.020 0.848
DO 0.394 0.146 0.106  0.680 1.482
Second best-approximating model
Intercept -3.032 0.302 -3.673 -2.481
Summer 1.280 0.363 0.588  2.021 3.596
Winter 0.056 0.546 -1.112 1.073 1.058
Fall -0.139 0.662 -1.642 1.044 0.870
DO 0.468 0.179 0.132 0.838 1.596
DO? -0.065 0.082 -0.249 0.085 0.937
Third best-approximating model
Intercept -3.089 0.322 -3.774 -2.506
Summer 1.457 0.466 0.577 2.414 4.292
Winter -0.345 0.628 -1.658 0.839 0.708
Fall -0.061 0.694 -1.608 1.202 0.941
Temperature -0.415 0.241 -0.885 0.066 0.660

date set of models indicated that the probability of
encountering a sawfish was most strongly influenced
by seasonal effects and dissolved oxygen (Tables 1
& 3). Sawfish were most commonly encountered dur-
ing summer relative to spring, fall, and winter, and
the odds ratio indicated that sawfish were 3.45 times
more likely to be encountered in the Caloosahatchee
River during summer than spring. Sawfish encounter
probability was also strongly and positively related to
dissolved oxygen, with an odds ratio indicating that
for every 1 SD (1.83 mg 1I7!) increase in dissolved
oxygen, sawfish were 1.48 times more likely to be en-
countered during sampling. Parameter estimates for
the remaining predictor variables were considered
imprecise as their 95% confidence intervals con-
tained zero.

Parameter estimates from the confidence set of
Peace River logistic regression models and parame-
ter importance weights based on the candidate set of
models indicated that the probability of encountering
a sawfish was most strongly influenced by seasonal

Table 2. Parameter estimates, standard errors (SE), 95 % confidence
intervals (lower = LCL and upper = UCL), and odds ratios (OR) from
the confidence set of logistic regression models relating smalltooth
sawfish Pristis pectinata encounter probabilities to seasonal, environ-
mental, and shore type predictors in the Peace River. Salinity? and
Temperature?: quadratic terms that represent non-linear relationships

Parameter Estimate SE LCL UCL OR
Best-approximating model
Intercept -1.538 0.297 -2.148 -0.980
Summer -0.838 0.414 -1.671 -0.040 0.432
Winter -17.479 1102.924 -353.063 34.721 0.000
Fall -1.598 0.625 -2.951 -0.447 0.202
Salinity -0.701 0.261 -1.242 -0.210 0.496
Salinity? -0.623 0.236 -1.113 -0.183 0.536
Second best-approximating model
Intercept -2.006 0.244  -2.512 -1.552
Summer -1.433 0.510 -2.443 -0.432 0.239
Winter -16.583 1108.516 -353.652 35.921 0.000
Fall -1.591 0.604 -2.910 -0.489 0.204
Temperature 0.802 0.313 0.209 1.440 2.229
Third best-approximating model
Intercept -1.862 0.264 -2.408 -1.369
Summer -1.221 0.520 -2.260 -0.211 0.295
Winter -16.258 1066.766 -340.704 34.255 0.000
Fall -1.599 0.603 -2.916 -0.499 0.202
Temperature 0.810 0.356 0.136 1.557 2.248
Temperature? -0.366 0.300 -1.036 0.154 0.693
Fourth best-approximating model
Intercept -2.429 0.258 -2.974 -1.956
Summer -0.277 0.372  -1.023 0.448 0.758
Winter -17.349 1117.858 -357.208 35.607 0.000
Fall -0.876 0.564 -2.134 0.136 0.417
Depth -0.519 0.231 -1.002 -0.097 0.595
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Table 3. Importance weights (w) and the number of candi-

dates in the Caloosahatchee River and Peace River logistic

regression models (n) in which each parameter was included.

Importance weights for quadratic and linear environmental
predictors have been combined

Parameter w n

Caloosahatchee River

Season 0.98 9
Dissolved oxygen 0.79 4
Temperature 0.11 4
Salinity 0.07 4
Depth 0.02 4
Shore type 0.01 2
Peace River
Season 1.00 9
Salinity 0.61 4
Temperature 0.24 4
Depth 0.10 4
Dissolved oxygen 0.04 4
Shore type <0.01 2

effects, salinity, and temperature (Tables 2 & 3). Saw-
fish were most likely to be encountered during spring
followed by summer, fall, and winter. We note that
the exceptionally strong negative effect (and large
standard error) of winter resulted from quasi-complete
separation, as sawfish were never captured during
winter in this nursery. Odds ratios indicated that saw-
fish were 2.29 times more likely to be encountered
for every 1 SD (4.27°C) increase in temperature. Saw-
fish encounter probability was also positively related
to salinity; however, a strong quadratic effect resulted
in a gradual decline in encounter probability when
salinity levels exceeded approximately 12. Parameter
estimates for the remaining predictors were consid-
ered imprecise as their 95% confidence intervals
contained zero.

The 3 shoreline habitat variables (i.e. overhanging,
altered, and sand/marsh) were not significant in any
of the logistic regression models. In general, small-
tooth sawfish were caught near a variety of shore
types in both nurseries, including natural shorelines
with red mangroves and marsh grasses as well as
altered shorelines with seawalls and rip-rap.

Movements

In total, 133 acoustically tagged juvenile smalltooth
sawfish were monitored with acoustic receivers
between 2010 and 2013 in the Caloosahatchee River
(n =76 total, 47 age 0, 29 age 1+) and Peace River (n =
57 total, 49 age 0, 8 age 1+). All individuals from

the Peace River and most (91 %) from the Caloosa-
hatchee River met the criteria for inclusion in the
analysis. The mean (+SE) number of days smalltooth
sawfish were monitored was 121 + 7.9 d in the
Caloosahatchee River and 128 + 10.9 d in the Peace
River. About 94 % of the individuals in the Caloosa-
hatchee River and 86 % in the Peace River used non-
main-stem habitats during their monitoring periods.
Total non-main-stem activity was 29.1 + 3.8 % for the
Caloosahatchee River and 11.7 = 1.9% in the Peace
River. In the Caloosahatchee River, 35 sawfish (51 %)
spent more than 10 % of their time in non-main-stem
habitats, and 16 sawfish (23 %) spent more than 50 %
of their time there. In the Peace River, 24 sawfish
(42%) spent more than 10% of their time in non-
main-stem habitats, and one spent more than 50 % of
its time there. In general, non-main-stem activity oc-
curred in habitats that had some red mangrove
shoreline (~50 % or more of the shoreline) rather than
in canals that did not have any mangroves (activity in
non-main-stem habitats with red mangroves was
24.8 + 3.8% in the Caloosahatchee River and 6.6 +
1.2% in the Peace River).

Maximum daily movements and the number of
high-use areas (i.e. nursery hotspots) were greater
for sawfish in the Caloosahatchee River than in the
Peace River. Maximum daily distances traveled in
the Caloosahatchee River included longer move-
ments between 10 and 15 river kilometers, whereas
maximum daily distances traveled by sawfish in the
Peace River were less than 10 river kilometers (Fig. 4).
The number of hourly detections in the Caloosa-
hatchee River was greatest between river kilometers
10 and 14 (Cape Coral Causeway hotspot) followed
by river kilometers 24 to 26 (US Highway 41 bridges
hotspot) (Fig. 5A). Fewer sawfish were caught at the
Iona Cove (river kilometer 5) and Glover Bight (river
kilometer 3) hotspots between 2010 and 2013 than
between 2005 and 2009 (Poulakis et al. 2011), but
sawfish caught and acoustically tagged elsewhere
were regularly detected in these perennial nursery
hotspots. The number of hourly detections in north-
ern Charlotte Harbor was greatest in the Peace River
between river kilometers 6 and 12; the portion of the
nursery between river kilometers 8 and 10 had more
than twice as many hourly detections as the 2 river
kilometers sections above and below it, indicating
that sawfish from multiple cohorts remained in this
small section of the river for much of their monitoring
periods (Fig. 5B). This is a portion of the Peace River
that includes the only nursery hotspot identified in
the river (Harborview-Protected Cove) during almost
a decade of research (2005 to 2013).
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tances travelled by smalltooth sawfish
Pristis pectinata in the Caloosahatchee
River (black bars) and Peace River (gray
bars) on a logarithmic scale. Maximum 14
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Caloosahatchee River

Sawfish were present in both nurseries under a wide
range of freshwater inflow and corresponding salin-
ity conditions. Sawfish often responded to changing
conditions in the Caloosahatchee River by moving up
or down the river (Fig. 6A,B). In general, due to the
artificial flow management regime in the Caloosa-
hatchee River, regular freshwater discharges of
~50 m®s7! occurred during the dry season (November
to May) to achieve target levels of Lake Okeechobee

2
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(Figs. 6A,B & 7C). These pulsed freshwater releases
coincided with short-term (1 to 14 d) downriver, then
upriver relocations of sawfish that spanned 4 to
16 river kilometers and lasted about 3 mo (Fig. 6B).
Sawfish that were tagged in the lower river (<river
kilometer 12) tended to stay in the lower river when
there were similarly high freshwater discharges
(Fig. 6B). In addition, 2 individuals were tagged out-
side of the Caloosahatchee River, and each made a
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Fig. 5. Hourly presence of smalltooth
sawfish Pristis pectinata by location (river 8000+
kilometer, rkm) in the (A) Caloosahatchee
River and (B) Peace River nurseries from 6000
2010 to 2013 (rkm 0 = mouth of the rivers).
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Fig. 6. Examples of smalltooth sawfish Pristis pectinata movement patterns in both nurseries by date. Solid gray lines: fresh-
water flow; black lines: movement patterns of individuals. (A,B) Caloosahatchee River: (A) 102.0 cm stretch total length (STL)
sawfish that was tagged upriver and exhibited a response to freshwater inflow by moving downriver and back upriver when
flows decreased and (B) 135.6 cm STL sawfish that was tagged downriver and remained downriver without making any major
relocations along the entire length of the river during high freshwater flows. Note the pulsed, dry season, fresh water releases
~50 m® 57! during the latter portions of both time periods. (C,D) Peace River: (C) 77.0 cm STL sawfish that remained associated
with the Harborview-Protected Cove hotspot (~river kilometer [rkm] 10) during a variety of freshwater inflow conditions and
(D) 123.0 cm STL sawfish that exhibited an unusual response to freshwater inflow by moving downriver and back upriver
when flows decreased. Movement pattern in D has been observed more often in the Caloosahatchee River (see A). Note that
the time periods are different in each graph, but the magnitudes of freshwater flow events are comparable

single excursion into the lower portion of the river.
Both were detected in the Glover Bight nursery hot-
spot, and one was detected farther upriver as far as
river kilometer 7.

In contrast, sawfish tagged in the Peace River
tended to stay in or near the Harborview-Protected
Cove nursery hotspot (river kilometer ~10) regardless
of environmental conditions, including large fresh-
water inflow events that mirrored the magnitudes
observed in the Caloosahatchee River (Figs. 6C,D
& 7C,D). This long-term residence at the nursery
hotspot occurred for age 0 and age 1+ size classes.
However, 6 individuals (both size classes) temporar-
ily relocated downriver, beyond the mouth of the
river, and 4 (both size classes) of the 6 relocated after
high freshwater flows (>100 m®s™'; Fig. 6D). These
relocations occurred quickly (a few days) and were

comparable to behaviors and distances covered by
individuals in the Caloosahatchee River during the
study period (see above). In addition, 4 of the 6 indi-
viduals tagged outside the Peace River near the
Myakka River moved into the Peace River while they
were being monitored.

The relationship between salinity and mean river
position of sawfish differed between the 2 nurseries.
In the Caloosahatchee River, sawfish generally
moved upriver as salinity increased (to >20) and then
downriver as salinity approached zero (salinity taken
from reference station; Fig. 8A). In the Peace River,
sawfish generally stayed within 2 to 5 river kilome-
ters of river kilometer 10 regardless of seasonal
changes in salinity (Fig. 8B). During normal condi-
tions, the best-fit linear regressions (all sawfish
pooled) of mean river position versus salinity were
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Fig. 7. Water temperature and freshwater inflow in the Caloosahatchee and Peace rivers between 2009 and 2013. Mean daily
water temperatures were taken at permanent water management district stations at (A) ~river kilometer 11 in the Caloosa-
hatchee River and (B) ~river kilometer 15 in the Peace River. Multiple smalltooth sawfish Pristis pectinata died during January
2010 when water temperatures dropped below 10°C in both rivers. Multiple sawfish congregated, but did not die, in the
Glover Bight (Caloosahatchee River) nursery hotspot during December 2010 when water temperatures approached 10°C.
Mean daily freshwater flows were taken at permanent stations at (C) ~river kilometer 40 in the Caloosahatchee River and (D)
~river kilometer 15 in the Peace River. Note the differences in the curves between the flow-managed Caloosahatchee River
and the natural-flow Peace River. The Caloosahatchee River curve looks more erratic and includes many dry season water re-
leases out of Lake Okeechobee, whereas the Peace River curve is smooth and does not have many dry-season inflow peaks

greatest for 60 d continuously lagged salinity in the
Caloosahatchee River compared to a 3 d lagged
response in the Peace River (Tables 4 & 5).

Cold events

Two unusual cold events occurred in Florida dur-
ing the study period, an extreme event in January
2010 (~1 to 15 January) and another less severe, but
longer event in December 2010 (~6 December to
2 January) (Fig. 7A,B). During the extreme event,
minimum daily air temperatures reached ~5°C
(Stevens et al. 2016), and during this time, 16 sawfish
(15 juveniles and 1 adult) were reported dead across
Florida after water temperatures dropped below
10°C in both nurseries. On 16 December 2010, during

the less severe event, a cluster of encounter reports
from the public indicated stationary and slowly swim-
ming sawfish in the Glover Bight nursery hotspot,
which is lined by red mangroves, includes shallow
and deep water, and a marina. We investigated the
marina area and observed at least 12 smalltooth saw-
fish (up to ~2.5 m STL) for several hours to monitor
their behavior. These individuals congregated in
Glover Bight, but did not die when water tempera-
tures approached 10°C. The larger individuals were
observed in deeper water (1 to 2 m) and the smaller
individuals were shallower (<1 m) with other cold-
sensitive species such as common snook Centropo-
mus undecimalis. Two of the larger smalltooth saw-
fish (215.6 and 218.7 cm STL) were tagged with
acoustic transmitters, and both stayed in the Glover
Bight nursery hotspot for at least 1 wk after being
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Fig. 8. Mean daily river position (mean + SE of all sawfish carrying acoustic transmitters on a given day) of smalltooth sawfish

Pristis pectinata relative to mean daily salinity in the (A) Caloosahatchee River (June 2009 to May 2014) and (B) Peace River

(June 2010 to December 2013). Gray lines: salinity; black dots: mean river position of sawfish; vertical gray lines associated

with dots: SE. Three mean daily river position-estimates from sawfish that left the Peace River briefly and returned received
negative values, but were adjusted to zero for this figure

tagged. The 215.6 cm individual left Glover Bight
after 1 wk, returned to Glover Bight on 2 occasions
for 2 and 8 d periods during the following month, and
in general began moving upriver for the remainder of
its 5 mo monitoring period, which is a typical move-
ment direction during the dry season. The 218.7 cm
sawfish remained in Glover Bight for almost 1 mo

after being tagged and remained associated with this
nursery hotspot for its entire 6 mo monitoring period.
It appeared as if this individual was moving down-
river (where there were no listening stations) and
back to Glover Bight.

Smalltooth sawfish behavior was clearly affected by
both cold events. Typically, during periods of in-
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Table 4. Caloosahatchee River: linear regressions of small-
tooth sawfish Pristis pectinata mean river position versus
continuously lagged mean salinity. The regression analysis
was conducted separately for 2 time periods to account for
the effects of 2 cold events, one in January 2010 and another
in December 2010). Salinity is normally an important driver
of habitat use in this river (Poulakis et al. 2013), but was not
during and after the cold events. Best-fit regression is indi-

cated in bold
Salinity lag (d) df Intercept Slope P Adj R?
1 Apr 2010 to 31 Dec 2011 (cold event time period)
0 638 10.56 0.02 0.176  0.00
3 638 10.50 0.02 0.107 0.00
7 638 10.47 0.03 0.076  0.00
14 638 10.42 0.03 0.046 0.00
30 638 10.25 0.04 0.006 0.01
60 638 9.92 0.07 <0.001 0.02
90 638 9.80 0.08 <0.001 0.03
120 638 9.64 0.09 <0.001 0.03
1 Apr 2012 to 31 Dec 2013 (normal conditions)
0 467 9.33 0.26 <0.001 0.12
3 467 9.12 0.29 <0.001 0.14
7 467 8.92 0.31 <0.001 0.16
14 467 8.59 0.35 <0.001 0.20
30 467 7.95 0.42 <0.001 0.28
60 467 7.15 0.52 <0.001 0.35
90 467 6.83 0.54 <0.001 0.32
120 467 6.94 0.50 <0.001 0.24

creasing salinity (dry season), the mean position of all
sawfish moves upriver (Poulakis et al. 2011, 2013). But
during the cold events, most sawfish in the Caloosa-
hatchee River moved downriver when salinity was in-
creasing (Fig. 9). During the cold event-affected time
period, R? values were low in both nurseries (010 0.04;
Tables 4 & 5), and there was no relationship between
mean sawfish position and salinity.

DISCUSSION

Spatial considerations within the nursery:
the importance of nursery hotspots

The Caloosahatchee and Peace rivers were defined
as smalltooth sawfish Pristis pectinata nurseries by
Poulakis et al. (2011) based on criteria defined for
elasmobranchs by Heupel et al. (2007). Within these
nurseries, multiple lines of evidence gathered over
almost a decade have documented specific areas of
high use, or nursery hotspots, for juvenile smalltooth
sawfish (Simpfendorfer et al. 2010, Poulakis et al.
2011, 2013, 2016, Nagelkerken et al. 2015, Hol-
lensead et al. 2016). The present study, which was as

Table 5. Peace River: linear regressions of smalltooth saw-
fish Pristis pectinata mean river position versus continuously
lagged mean salinity. The regression analysis was con-
ducted separately for 2 time periods to account for the ef-
fects of 2 cold events, one in January 2010 and another in
December 2010. Best-fit regression is indicated in bold

Salinity lag (d) df Intercept Slope P Adj R?
1 Apr 2010 to 31 Dec 2011 (cold event time period)
0 440 9.37 0.09 <0.001 0.036
3 440 9.42 0.08 <0.001 0.030
7 440 9.45 0.08 <0.001 0.025
14 440 9.51 0.07 0.002 0.021
30 440 9.55 0.07 0.008 0.014
60 440 9.53 0.07 0.01 0.013
90 440 9.65 0.05 0.109 0.004
120 440 9.91 0.01 0.831 0.000
1 Apr 2012 to 31 Dec 2013 (normal conditions)
0 532 8.37 0.10 <0.001 0.220
3 532 8.36 0.10 <0.001 0.222
7 532 8.38 0.10 <0.001 0.207
14 532 8.37 0.10 <0.001 0.205
30 532 8.38 0.09 <0.001 0.185
60 532 8.47 0.08 <0.001 0.121
90 532 8.56 0.06 <0.001 0.070
120 532 8.64 0.05 <0.001 0.037

comprehensive as previous work in the Caloosa-
hatchee River nursery, included a random-sampling
approach, an acoustic monitoring array, and broad
sampling coverage of northern Charlotte Harbor,
including the Peace River, and still concluded that
juvenile sawfish occurred almost exclusively in the
Harborview-Protected Cove nursery hotspot, making
it the only known nursery hotspot in the northern
portion of the Charlotte Harbor Estuary Unit of juve-
nile critical habitat. Recent genetic evidence has
shown that adult female smalltooth sawfish return to
the Caloosahatchee or Peace rivers every other year
to give birth (Feldheim et al. 2017). Assuming sur-
vival of adults, this evidence promotes long-term use
of both nurseries within the Charlotte Harbor Estuary
Unit of juvenile critical habitat and likely long-term
use of the well-documented nursery hotspots within
them. Further, in light of research that has shown
residency, site fidelity, and philopatry of smalltooth
sawfish in both nurseries (e.g. Simpfendorfer et al.
2011, Poulakis et al. 2011, 2013, 2016, Feldheim et al.
2017), the remaining population is likely structured
on a finer geographic scale than might be expected
on the basis of their limited potential for dispersal
(Chapman et al. 2015). Thus, this information should
be used to focus future sampling efforts, calibrate the
temporal scale of population assessments, and for
long-term recovery planning.
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Fig. 9. Mean daily river position (mean of all smalltooth sawfish Pristis
pectinata carrying acoustic transmitters on a given day) relative to
mean daily salinity and temperature in the Caloosahatchee River nurs-
ery during (A) a typical response to seasonal changes in salinity, (B) the
extreme cold event (~1 to 15 January 2010; gray bar), and (C) the less
severe cold event (~6 December 2010 to 2 January 2011; gray bar).
Black lines: salinity; black dots: sawfish mean river position; gray line:
temperature; arrows: direction of sawfish movements. The typical saw-
fish response to seasonal increases in salinity is movement upriver.
However, during both cold events, sawfish moved downriver during
periods of increasing salinity

Habitat use in both nurseries

Similarities and differences under
normal seasonal conditions

Smalltooth sawfish used all habitats
available to them in both nurseries. Individ-
uals from neonates to 2.2 m STL used main-
stem and non-main-stem habitats such as
red-mangrove lined creeks and seawall
canals, which corroborates previous studies
conducted in the Caloosahatchee River
(Poulakis et al. 2013, 2016), but has never
been documented before in the Peace
River. Non-main-stem habitats were used
more in the Caloosahatchee River, but less
of these habitats are present in the Peace
River (e.g. far fewer seawall canal systems;
see Figs. 1-3). While only a portion of habi-
tats were monitored in both nurseries (due
to financial and logistical limitations), creeks,
canals, and all types of shorelines should be
considered potential habitat for all sizes of
sawfish examined in this study.

The environmental variables that influ-
enced the probability of catching a sawfish
varied between the 2 nurseries. In the logis-
tic regression models, season was an in-
fluential parameter in both nurseries. The
probability of catching a sawfish was great-
est in spring (Peace River) or summer (Ca-
loosahatchee River), which is consistent
with the peak in parturition reported in
Poulakis et al. (2011). Although normally an
important driver of habitat use (Poulakis et
al. 2013), salinity was not a major influential
parameter during the entire study period
due to the cold events, but was an impor-
tant parameter in the Peace River model.
This is related to the propensity of sawfish
to remain at the single nursery hotspot in
the lower Peace River (discussed in detail in
the 'Discussion: Effect of freshwater inflow
on static and dynamic habitat use’). Dis-
solved oxygen was an influential variable in
the Caloosahatchee River, but not in the
Peace River. This difference may be related
to artificially high dissolved oxygen values
caused by the Caloosahatchee River's regu-
lated flow regime (FDEP 2013). The in-
crease in dissolved oxygen occurs when
nutrients are loaded into the Caloosahat-
chee River during high flow periods, which
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increases plant productivity and causes supersatura-
tion of the water and an artificially high dissolved
oxygen profile (FDEP 2013). In general, water tem-
perature was not a major influence on broad-scale
habitat use, but it became a major driver of sawfish
behavior during aperiodic cold events.

Aperiodic cold events

An 80 yr extreme cold event occurred during Janu-
ary 2010 that quickly drove water temperatures
below 10°C and caused widespread mortality of cold-
sensitive fishes that live at the northern edge of their
distributions, including common snook Centropomus
undecimalis (Blewett & Stevens 2014, Stevens et al.
2016), and smalltooth sawfish (Poulakis et al. 2011).
Enough common snook died that the fishery was
temporarily closed (FWC Executive Order 10-03) and
at least 16 sawfish (15 juveniles and 1 adult) died in
Florida. A less severe cold event occurred the follow-
ing winter that elicited similar behavioral changes,
but no known mortalities. Collectively, these cold
events support our lower lethal temperature estimate
of 8 to 12°C for this species depending on water
depth and exposure time (Poulakis et al. 2011).

On the scale of the Caloosahatchee River nursery,
the cold events elicited atypical movements, as evi-
denced by the lack of a relationship between move-
ments and freshwater inflow effects (e.g. salinity)
during 2010 and 2011. For example, we expected
movement responses related to salinity to have R?
values between 0.25 and 0.62 (Poulakis et al. 2013);
however, during 2010 and 2011, the R? value was
only 0.03. This was because the mean positions of
sawfish moved downriver during winters 2009/2010
and 2010/2011, when previously they have moved
upriver during these periods of increasing salinity
(Simpfendorfer et al. 2011, Poulakis et al. 2013).
These atypical movements likely occurred because
sawfish were seeking less variable, warmer waters,
which are found in deeper habitats closer to the Gulf
of Mexico (Boucek et al. 2017). In general, these data
indicate that extreme cold temperatures elicit behav-
iors that are independent of the typical behavioral
effects of freshwater inflow variability during normal
temperature regimes. While the cold events were
short-lived (~2 to 4 wk), sawfish responses to these
events diverged from typical movement patterns for
up to 6 mo after the events ended. Extreme climatic
events can have effects on tropical species initially,
followed by long-term recoveries (Stevens et al.
2016).

These responses of smalltooth sawfish to low water
temperatures may be useful in reconstructing the
historic range of the species, which is not well under-
stood, and predicting where long-term range expan-
sion would likely occur. For example, there is anec-
dotal documentation of adult smalltooth sawfish in
the Atlantic Ocean off states north of Florida (Bige-
low & Schroeder 1953), but their sensitivity to water
temperatures below 10°C suggests that these were
strictly summer migrants. Similarly, nurseries may
persist only at latitudes where water temperatures
consistently remain above 10°C during the winter.
These observations have important implications for
long-term recovery planning.

Effect of freshwater inflow on static
and dynamic habitat use

The position of smalltooth sawfish in the riverine
nurseries and their response to freshwater inflows is
important to resource managers responsible for de-
veloping targets for minimum flows and levels for the
rivers (Flannery et al. 2002, Greenwood et al. 2006).
Sklar & Browder (1998) conceptualized the trade-offs
animals go through between staying in specific areas
of rivers and moving to new locations. Optimal static
habitat would apply to specific factors such as vege-
tation type(s) and water depths, whereas optimal
dynamic habitat usually refers to a specific salinity
range. For a given species, the preferred zone is
often the place where optimum static and dynamic
habitats overlap. When freshwater inflow changes,
individuals must either move with the dynamic habi-
tat or remain associated with the static habitat. For
the smalltooth sawfish, the nursery hotspots dis-
cussed above contain the static habitats, and salinity
represents dynamic habitat.

During normal, non-cold-event vyears, sawfish
movements in both nurseries were related to salinity
(R? = 0.22-0.36 during 2012 and 2013), but the lags
between changes in salinity and movement of saw-
fish differed between them (60 d in the Caloosa-
hatchee River vs. 3 d in the Peace River). Long salin-
ity lags (up to 90 d) have been reported for the
Caloosahatchee River (Poulakis et al. 2013). Poulakis
et al. (2013) speculated that these lags were from a
high tolerance to salinity, a strong affinity for nursery
hotspots, or indirect cues from prey movements. The
general pattern of sawfish relocations in the Caloosa-
hatchee River was quickly downriver (post-lag, over
a few days) during abrupt high-inflow events (with a
threshold of ~100 m®s™), followed by slower upriver
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movements over a few weeks after flows subsided.
Sawfish in the Caloosahatchee River made use of the
4 nursery hotspots during these relocations. How-
ever, relocations in the Peace River were nearly
instantaneous and the distance of movement was
small (i.e. the slope of sawfish position vs. freshwater
inflow regression was shallow). Relocations occurred
over the short (~10 river kilometers), wide, relatively
high-salinity portion of the Peace River mouth, where
there is only one nursery hotspot (Poulakis et al.
2011, Huston et al. 2017, this Theme Section). Even
modest relocations from this hotspot (~5 river kilome-
ters) result in sawfish leaving the river mouth or mov-
ing into the narrow, upriver section of the river. For
example, in the Peace River, if the salinity dropped
from 30 to 5, sawfish would be expected to move only
2.5 river kilometers downriver, whereas if the salinity
changed similarly in the Caloosahatchee River, saw-
fish would be expected to move 12.9 river kilometers.
Ultimately, in the context of the static versus dynamic
trade-off concept of Sklar & Browder (1998), small-
tooth sawfish responded to both static and dynamic
habitat factors in the Caloosahatchee River and to
mostly static habitat factors in the Peace River.

River management within critical habitat

Much of the freshwater flow down the Caloosa-
hatchee River is managed directly through the
Franklin Lock, whereas natural flow down the Peace
River is only influenced indirectly through water
withdrawals for human consumption. These flow dif-
ferences between the 2 nurseries in the Charlotte
Harbor Estuary Unit can be visualized by comparing
the daily mean flow in each river during the study
period (Fig. 7C,D). The natural flows of the Peace
River had a noticeably smoother curve compared to
the Caloosahatchee River, which had more extended
and sometimes abrupt flows from unnatural dry sea-
son releases. For example, between July and Decem-
ber 2013, freshwater flow was >200 m® s™! for 71 d in
the Caloosahatchee River; this flow magnitude was
reached on only 6 days in the Peace River. Similarly,
dry-season releases occurred during 4 consecutive
winters (2010/2011 to 2013/2014); these out-of-phase
releases coincided with short-term (1 d to 2 wk)
downriver movements, during times when sawfish
would normally be relocating upriver (see Fig. 6A,B).
How these dry-season releases might affect sawfish
over the long-term (e.g. slowing growth, increasing
predation, increasing stress) is unknown. Such
releases do not occur in the Peace River.

Inter-nursery differences in inflow patterns likely
influenced smalltooth sawfish residency, site fidelity,
and relocation patterns. In the context of the ecosys-
tem, sawfish move in direct response to flows (e.g.
during storm-related flow, dry-season releases) or
indirectly as their prey react to the changing condi-
tions. We hypothesize that fish prey availability is
likely a major driver of smalltooth sawfish habitat use
because they grow so fast during their early life his-
tory (Simpfendorfer et al. 2008b, Scharer et al. 2012,
Poulakis et al. 2017); research is under way to further
explore this association.

Comparing combined and individual smalltooth
sawfish movement tracks between the Caloosa-
hatchee and Peace rivers, it is apparent that sawfish
within disparate nurseries are influenced by fresh-
water flow effects and show habitat plasticity over
areas with different river geomorphology. The lower
Peace River (~10 river kilometers) is less than one-
third as long as the Caloosahatchee River (~35 river
kilometers; Poulakis et al. 2011). While geomorphol-
ogy differs between them, smalltooth sawfish have
adapted to both river systems. Similarly, other Florida
estuarine species such as common snook and bull
sharks also have shown habitat plasticity over areas
with geomorphological differences (e.g. Stevens et
al. 2007, Matich & Heithaus 2012). These studies
highlight the need to study species in a variety of set-
tings and on long time scales to maximize understand-
ing of their life histories and application of these data
to management needs. For smalltooth sawfish, other
areas of localized maximum freshwater input through-
out the range (e.g. Faka Union canal, St. Lucie River)
may function as unique nurseries, and determining
long-term habitat use patterns there and comparing
them to what we have documented in the Charlotte
Harbor Estuary Unit of juvenile critical habitat will
be important from species-specific and ecosystem
perspectives.

Hotspots of animal relative abundance identify the
core areas of habitat mosaics (Nagelkerken et al.
2015), and for juvenile smalltooth sawfish, the pres-
ence of nursery hotspots has become increasingly
well documented in multiple nurseries throughout
their range (Simpfendorfer et al. 2010, Poulakis et al.
2011, 2013, 2016, Hollensead et al. 2016, Huston et
al. 2017). These nursery hotspots are emerging as
areas of special conservation concern, especially be-
cause of recently documented parturition site-fidelity
(philopatry) to individual nurseries (Feldheim et al.
2017). While current regulations protect these areas
as part of broadly designated juvenile critical habitat,
research should continue to document this phenome-
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non throughout the current range and refine the NOAA Tech Rep NMFS 90, US Department of Com-
boundaries of known nursery hotspots (Poulakis et al. merce, Washington, DC, p 17-28

. Burnham KP, Anderson DR (2002) Model selection and
2016, Huston et al. 2017) to properly inform man- inference: an information-theoretic approach, 2°¢ edn.

agers about specific areas that are critical for promot- _ Springer-Verlag, New York, NY
ing long-term recovery and to designate extra pro- @ Carlson J, Wiley T, Smith K (2013) Pristis pectinata. The
tection to them if necessary (e.g. timing of dredging IUCN Red List of Threatened Species 2013: e.T18175

A43398238. http://dx.doi.org/10.2305/IUCN.UK.2013-1.
y RLTS.T18175A43398238.en (accessed 17 Apr 2017)
N Chapman DD, Simpfendorfer CA, Wiley TR, Poulakis GR

and construction projects).
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