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ABSTRACT

1. Saw shes are among the most threatened  sh species globally, with only the smalltooth saw sh (Pristis pectinata) currently
regularly observed in the western Atlantic. The National Saw sh Encounter Database (NSED) documents reported encounters
with saw shes in the western Atlantic and contains 4945 reports of 8773 individual P. pectinata (1782-2011).

2. Statistical modelling (generalized linear models and generalized additive models) and kernel density analyses
were used to (1) identify spatio-temporal patterns among encounter reports, including range reduction in the western
Atlantic; (2) determine current distribution to identify areas and time periods where conservation and recovery efforts
could be focused; and (3) identify and describe spatio-temporal distribution patterns of large juveniles and adults.

3. Pristis pectinata were found to be year-round residents of Florida but showed relatively consistent spatial and
temporal trends by life stage throughout the year. Although the historical range in the western Atlantic included
coastal waters from North Carolina to Brazil, the current geographic range of the species was limited to Florida
from 2001 through 2011, with occasional reports in neighbouring states, the Bahamas, and Cuba.

4. Seasonally, encounters of all life stages peaked from March through July and annual recruitment of juveniles was
apparent during the study period. Spatial hotspots based on increased numbers of encounters of large juveniles
(201-340 cm) and adults (>340 cm) were identi ed in southern Charlotte Harbor, the Ten Thousand Islands, Florida
Bay, the Atlantic side of the Florida Keys, and off St. Lucie in south-east Florida. The analyses presented herein provide
evidence of range reduction in the western Atlantic, provide an important tool for resource managers to focus research,
monitoring, and conservation efforts, and may provide a framework to model and predict habitat use of other species.
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INTRODUCTION

Encounter data, reports of species occurrence from
scientists, managers, and the general public, are
often more readily available and encompass a larger
geographic area than conventional eld research;
these data can provide an important long-term
means to identify gross changes in populations over
time, especially when studying rare or endangered
species. Large-scale surveys for rare species are
often prohibitively expensive (Odom et al., 2001),
while the public can contribute to the research
quicker and more cost-effectively (Scott and
Herman, 1995). Sampling effort by the public may
bias results, however, since sampling is often
disproportionately higher in some areas and subject
to other biases, including the public’s willingness to
report encounters and ability to identify the species
correctly. As with any other form of ecological
survey, there are limitations and caveats to their
use; however, encounter data have been used
successfully to evaluate habitat use and range in
other distinctive species, such as leatherback sea
turtles (Dermochelys coriacea; Eckert, 2002),
Nelson bighorn sheep (Ovis canadensis nelson;
Turner et al., 2004), and Iberian lynx (Lynx
pardinus; Palma et al., 1999). Encounter data have
been used to help conserve and manage the
smalltooth saw sh (Pristis pectinata) population
in the USA, including producing the US
Smalltooth Saw sh Recovery Plan (NMFS,
2009b) and designating juvenile critical habitat
(NMFS, 2009a; Norton et al., 2012).

Saw shes (family Pristidae) are currently among the
most threatened shes in the world, with declining
numbers and reduced distributions worldwide
(Wueringer et al., 2009; Faria et al., 2013). All
saw sh species are categorized as ‘Critically
Endangered’ with decreasing populations by the
International Union for Conservation of Nature
(IUCN) (Adams et al., 2006; IUCN, 2006). Only
two species of saw sh inhabit Atlantic waters: the
largetooth saw sh (Pristis pristis) and P. pectinata
(Faria et al., 2013). Like its congener, P. pectinata
has been observed in tropical and subtropical
waters in both the western and eastern Atlantic,
with northern and southern range extremes largely
dictated by seasonal water temperature regimes.
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Early faunal surveys indicated healthy populations
of saw shes across the western Atlantic in areas such
as Brazil, Nicaragua, and the USA (Evermann and
Bean, 1898; Thorson, 1982; Faria et al., 2013),
although most of these populations had declined by
the mid-1980s (Faria et al., 2013). In the USA,
P. pectinata are the only resident saw sh species
currently reported (NMFS, 2009b). Pristis pectinata
were historically commonly encountered from
North Carolina to Texas (Bigelow and Schroeder,
1953), however, more recently they have been
observed primarily in south and south-west Florida
marine and estuarine waters from Charlotte Harbor
to the Dry Tortugas (Seitz and Poulakis, 2002;
Poulakis and Seitz, 2004; Wiley and Simpfendorfer,
2010). In general, saw sh populations declined due
to many factors including entanglement of their
elongated toothed rostrum, bycatch in commercial
gill net and trawl net sheries, retention of saw sh
rostra as trophies by anglers, and habitat
degradation (e.g. Seitz and Poulakis, 2006; NMFS,
2009b). In addition, their life history strategy,
characterized by slow growth, late sexual maturity,
and low fecundity, corresponds to the species’ low
capacity for recovery after population depletion
(Simpfendorfer, 2000). As a result of large-scale
population losses and range reduction over the last
century, P. pectinata has been protected in Florida
since 1992 (FWC, 1999), in the USA under the
Endangered Species Act (ESA) since 2003 (NMFS,
2003), and international trade has been prohibited
under the Convention on International Trade in
Endangered Species of Wild Fauna and Flora
Appendix | since 2007 (CITES, 2007).

Over the last decade, research has focused
primarily on juvenile life stages of P. pectinata in
Florida waters. Pristis pectinata are born at
67.1-81.2 cm stretched total lengths (STL)
(Poulakis et al., 2011). Length-frequency and
tag-recapture data in Florida nurseries indicate
that growth is rapid during the rst two years after
birth, with young doubling in length during the

rst year (to 135-155 cm STL) and continued
rapid growth over the second year (Simpfendorfer
et al.,, 2008). Recent research has shown that
neonates are found in estuarine nurseries where
they remain for up to three years (Poulakis et al.,
2011, 2013). While in the nurseries juveniles use
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spatial hotspots, react to changing environmental
conditions (e.g. freshwater in ow-related effects),
and exhibit ontogenetic niche shifts (Simpfendorfer
et al., 2010, 2011; Poulakis et al., 2011, 2013).
Juvenile P. pectinata have been observed in
brackish, estuarine, and marine habitats in
south-western Florida, while adults have typically
been observed in open-water marine habitats
(Poulakis and Seitz, 2004; Poulakis et al., 2011)
and are presumed to be wider ranging in their
movements and habitat use. Speci ¢ habitat use of
large juveniles and adults is less well known.

Since previous studies have focused primarily
on small juveniles, required management actions
(e.g. designation of critical habitat) have only been
taken on these early life stages (NMFS, 2009a;
Norton et al., 2012). Although juvenile P. pectinata
have been studied scienti cally in localized regions
of Florida, the broader scope of the National
Saw sh Encounter Database (NSED) can provide
information regarding all life stages over the entire
range of the species. The combined database, which
has up to ve times the number of reports used in
previous analyses, provided an opportunity to more
fully analyse spatio-temporal distribution patterns
by life stages as identi ed in the Smalltooth Saw sh
Recovery Plan (NMFS, 2009b), especially for
large juveniles and adults for which required
management actions are still needed. Wiley and
Simpfendorfer (2010) used the NSED to illustrate
the inverse relationship between saw sh size and
extent of their northern distribution, describe
important habitat for the species, and illustrate the
relationship between saw sh size and water depth
they were observed in. The current study aims to
expand the ndings of Wiley and Simpfendorfer
(2010) by statistically modelling the observed
relationships, test for other factors that may affect
P. pectinata distributions from a larger and more
current dataset, and predict critical habitat for large
juveniles and adults.

Speci cally, the aims of this study were to model
P. pectinata encounter data to facilitate future
analysis of the US Smalltooth Saw sh Recovery
Plan delisting/downlisting criteria regarding three
broad categories of data: (1) identify spatio-temporal
patterns among encounter reports, including range
reduction in the western Atlantic; (2) determine
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current distribution to identify areas and time
periods where conservation and recovery efforts
could be focused; and (3) identify and describe
spatio-temporal distribution patterns of large
juveniles and adults.

METHODS

National Saw sh Encounter Database (NSED)

Initially, the NSED was maintained by researchers
at Mote Marine Laboratory to gather information
regarding P. pectinata encounters, both recent and
historical. In September 2008 the NSED was
formally transferred to the Florida Program for
Shark Research at the Florida Museum of Natural
History, University of Florida, where additional
scienti ¢ and private databases were subsequently
merged including the Florida Museum of
Natural History database (primarily historical
and museum-based records), two databases from
the Florida Fish and Wildlife Conservation
Commission (research and encounter reports),
and two databases from private saw sh researchers
M.T. McDavitt (historical, recent, and museum
records) and J.C. Seitz (historical and recent records).
Bottom longline and trawl shery observer records
provided by NMFS collaborators were also
entered into the NSED. As a result, it is believed
that most of the existing US saw sh records have
been incorporated into the NSED. Further,
encounters have been researched globally since the
database’s inception (Wiley and Simpfendorfer,
2010), including analyses of both Atlantic species
(NMFS, 2010). Largetooth saw sh encounters were
researched extensively throughout the Atlantic
Ocean (Fernandez-Carvalho et al.,, 2013), and
encounters of both species were incorporated into
the database. Consequently, the database is now
referred to as the International Saw sh Encounter
Database (ISED).

Encounter data collection is ongoing with
encounters voluntarily reported by researchers and
the general public or extracted from scienti ¢
literature, print, and online resources. Encounter
reporters are asked a series of questions about their
encounter(s) which include the date and location of
the encounter, estimated total length (ETL), and

Aquatic Conserv: Mar. Freshw. Ecosyst. 24: 760-776 (2014)



PRISTIS PECTINATA DISTRIBUTION IN THE WESTERN ATLANTIC

habitat characteristics. Interview questions are also
used to verify that the animal reported was a
saw sh, with many encounters including
photographic evidence (see Seitz and Poulakis,
2002; Poulakis and Seitz, 2004; and Wiley and
Simpfendorfer, 2010 for details on interview
methods). In addition, the NSED is regularly
checked for potential duplicate encounters; when
identi ed, duplicates are removed and the data are
integrated into one record.

To provide a contemporary perspective of the
P. pectinata population and recovery, records
from January 2001 (when the NSED was formally
initiated) to December 2011 were used in these
analyses over the scale of the western Atlantic
Ocean. The data used in this study were obtained
from the NSED on 14 January 2012. Life stage
de nitions and spatial recovery units (i.e. recovery
regions) de ned in the Smalltooth Saw sh
Recovery Plan were used in this analysis to
maximize direct application to speci ¢ recovery
criteria and ongoing recovery planning (NMFS,
2009b). The following database elds were used as
parameters in the models: month, year, county,

763

recovery region, latitude and longitude in decimal
degrees based on a geolocation qualitative
con dence scale (see below), water depth in metres,
estimated or measured stretched total length in
centimetres, and life stage as de ned in the
Smalltooth Saw sh Recovery Plan (NMFS, 2009b).

The Smalltooth Saw sh Recovery Plan
designated recovery regions throughout the
historical range of the species in the USA to assist
in management of the species, provide a spatial
reference in which to determine the extent of
recovery, and provide guidelines required for
delisting or downlisting the species under the ESA
(NMFS, 2009b). Designation of recovery regions
accounted for biogeographic boundaries and
information concerning the historical and current
distribution of P. pectinata, extending offshore to
the United States’ Exclusive Economic Zone
boundary (Figure 1). All assigned encounter
locations were based on a qualitative Geolocation
Con dence Scale (GCS), ranging from zero when
no geographical information was provided to six
when an observer provided the exact latitude and
longitude of the encounter from a GPS. Seasons
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Figure 1. Study area map including the eight recovery regions in Florida (E to L; NMFS, 2009b) and four areas of interest occupied by large juvenile

and adult Pristis pectinata in Florida as identi ed using kernel density analyses. Area 1 includes Charlotte and Lee counties, Charlotte Harbor, the

Caloosahatchee River, and Sanibel Island (Figure 5); area 2 includes Collier and Monroe counties and the Ten Thousand Islands (Figure 6); area 3

includes Monroe county, Everglades National Park, Florida Bay, and the Florida Keys (Figure 7); and area 4 includes Broward, Palm Beach,
Martin and St. Lucie counties (Figure 8).
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were de ned as spring (March-May), summer
(June-August), autumn (September—November),
and winter (December—February). Estimated total
lengths of individuals were used to assign life
stages, as de ned in the Recovery Plan, wherein:
very small juveniles=< 100 cm, small
juveniles=100-200 cm, large juveniles=201-340
cm, and adults =>340 cm (NMFS, 2009b). Data
were also aggregated by ‘Water Body’ as occurring
in either the Gulf of Mexico or Atlantic Ocean. The
separation of Atlantic and Gulf of Mexico waters
followed US Highway 1 from Key Largo through
Key West, with points north and west of US 1
considered ‘Gulf of Mexico’ and south and east
considered ‘Atlantic Ocean’. At Key West, the
separation occurred from Boca Grande Key (24.55°
N, 81.81°W) with points north considered ‘Gulf of
Mexico’ and south considered ‘Atlantic Ocean’,
continuing to the southern Marquesas Keys and the
southern point of Garden Key (Dry Tortugas)
(24.55°N, 82.16°W).

Data analysis

Generalized linear models (GLMs) and generalized
additive models (GAMS) were run to determine which
modelling framework best described NSED data
predicting the relationship between P. pectinata length
in relation to predictor variables. GLMs were used
for analyses in this study and GAMs were used
primarily as a descriptive tool to assess the linearity
of continuous explanatory variables. Due to
limitations of encounter data, namely that no
absence data are included, presence/absence could
not be modelled. Instead, geographic locations were
used to indicate current geographic range.

GLMs and GAMs are statistical models used to
relate responses to combinations of predictor
variables. While GLMs t parameters assuming a
linear relationship, GAMs provide a framework
for many commonly encountered statistical models
using a exible generalization of ordinary linear
regressions that allows for the response variables
to have non-Gaussian distributions. GAMSs can
easily become over tted; therefore the use of
GLMs is preferable unless GAMs substantially
improve the predictive ability of the models. In the
case of continuous variables, GLMs assume that
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the variables are linear with predictor variables
(in this case the logit) and such linearity was
assessed by categorizing continuous variables by
their quartiles, as described by Hosmer and
Lemeshow (2000), and by analysing GAM plots.
If evidence of non-linearity was observed,
multivariate fractional polynomial transformations
were calculated and used in models instead of
original values, following the methods developed
by Royston and Altman (1994) and recommended
by Hosmer and Lemeshow (2000). Fractional
polynomial transformations complicate direct
interpretation but provide a mathematical
equation that can be used for prediction and can
be back-transformed to allow interpretation and to
predict parameters directly, similar to using
GAMs. Regarding categorical variables, GLMs
assume all levels of covariates have suf cient
information to allow contrasts in the data and
achieve model convergence. These assumptions
follow contingency table and chi-square test
assumptions, in which contingency tables should
not have cells with zero values or more than 25%
of the cells with less than ve predicted values.
These assumptions were validated by building
contingency tables for all categorical variables.

To determine if the number of P. pectinata
reported differed from the null hypothesis that
the number of individuals encountered did not
differ within levels of the parameters assessed,
contingency tables were constructed and chi-square
tests were analysed. Contingency tables with the
number of individuals reported by Year/Season/
Month and Water Body/Recovery Region/County
were analysed. When testing temporal covariates,
expected values tested were equal to the null
hypothesis that parameter level values did not
differ. When testing the Recovery Region spatial
covariate, expected values were tested relative to the
area (km?) of regions, as calculated using a shape le
in ArcGIS (ESRI, 2011), to determine if values
varied in proportion to the area of each region.

For variable selection in the models, a manual
method was used. For all models, relative
goodness-of- t was evaluated by comparing the
corresponding Nagelkerke coef cient of
determination value (R?) (Nagelkerke, 1991) and
Akaike Information Criterion (AIC) values
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(Akaike, 1973). In nested models, likelihood ratio
tests were used to determine if models were
signi cantly different, and if so, the model
possessing the lowest AIC value was selected,
which incorporates parameter degrees of freedom
to test for over tting. First, a null model was
constructed and subsequent nested models were
tested. Univariate signi cance of each explanatory
variable was determined by the Wald statistic and
likelihood ratio tests, comparing each univariate
model with the null. Signi cant variables were
used to construct a simple effect multivariate
GLM, with non-signi cant variables (at the
25% level) eliminated consecutively. Next, simple
effects multivariate models were tested using the
signi cant covariates from the univariate models
with covariates signi cant at 10% in this
multivariate approach retained. Covariates that
were removed from univariate models were then
re-tested in the multivariate model framework, as
recommended by Hosmer and Lemeshow (2000),
in order to determine signi cance within the
framework of a multivariate model. Once a nal
multivariate simple effects model was obtained,
each pair of possible rst degree interactions was
tested. First degree interactions were retained if
signi cant at the 5% level.

Four candidate models were run for predicting
the expected P. pectinata lengths, using different
combinations of candidate explanatory variables.
For all models, the error was assumed to follow a
gamma distribution and the log-link function was
used. A Gaussian distribution was tested but was
discarded due to the non-normality of the response
variable. Only data with GCS values of 2 or
greater were used, representing data that could be
assigned coordinates by averaging distances
between two extremes and could be placed within
a county or Recovery Region with con dence.
Generally, these encounters could be assigned to a
speci ed area, but exact placement was not always
possible. Data with GCS values of 2 or greater
were selected to provide con dence regarding the
locations of encounters to model at county and
recovery region scales in GLMs and GAMs. Season
and Recovery Region variables were collinear with
Month and Latitude/Longitude, respectively. The
simpli ed Season variable was used instead of
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Month since some months had few encounters,
causing convergence problems in the models. Two
approaches were possible at this initial modelling
stage regarding location, namely using Recovery
Region versus using Latitude and Longitude in the
candidate models, which were formulated as:

Model 1: Size~Season + Year + Depth + Recovery
Region

Model 2: Size ~Season + Year + Depth + Latitude +
Longitude

The simple effects model (Model 1) used three
discrete (Season, Year, and Recovery Region) and
one continuous (Depth) explanatory variables,
which according to the GAM plot was non-linear
(Figure 2). Because the effects of the Depth
variable were non-linear, the continuous fractional
polynomial transformation of Depth was modelled
within a GLM approach and compared with the
results in terms of candidate models’ goodness-
of- t to both original Depth values and Depth within
a GAM modelling approach using non-parametric
splines. Fractional polynomial transformed Depth
was found to best t the data and was not
signi cantly different than the GAM predicted Depth
variable. The fractional polynomial transformation
of Depth resulted in two terms where:

Depthl = ((Depth/10)"-1)
Depth2 = ((Depth/10)"-1 * log (Depth/10))

The depth transformations were then applied to
the original simple effect GLM model (Model 1)
that was formulated as:

Model 3: Size~Season + Year + Recovery Region+
Depthl + Depth2

In this simple effects model, possible rst
degree interactions were tested for signi cance. By
using the Wald statistic and likelihood ratio
tests, it was determined that the signi cant rst
degree interactions that should be incorporated
into the model were between Recovery Region
and Season and between Recovery Region and
Depth. A nal GLM with signi cant interactions
was formulated as:

Aquatic Conserv: Mar. Freshw. Ecosyst. 24: 760-776 (2014)
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Figure 2. Effects of the explanatory variables (Season, Year, Recovery Region, and Depth) in a multivariable generalized additive model, for analysing
the effects of the categorical and continuous response variables. The continuous variable Depth, using a smoothing spline transformation, shows a non-
linear effect on the expected smalltooth saw sh sizes.

Model 4: Size~ Season + Year + Recovery Region
+ Depthl + Depth2 + Recovery Region:
Season + Recovery Region: Depthl+

Recovery Region: Depth2

Statistical analyses were performed using the R
language for statistical computing version 2.14.1
(R Development Core Team, 2011). Contingency
tables were constructed and tested using the
library ‘gmodels’ (Warnes, 2007). In GLMs,
fractional polynomials were created for the Depth

eld using the ‘mfp’ library (Ambler and Benner,
2008), while for GAMs non-parametric splines
were used from the ‘mgcv’ library (Wood, 2004).

To identify patterns in spatio-temporal
distributions of large juveniles and adults,
encounters were plotted on maps using ArcGIS
(ESRI, 2011). Areas of disproportionately large
numbers of encounters of large juvenile and adult
individuals were identi ed through kernel density
estimation (Silverman, 1986; Worton, 1989) using
the Spatial Analyst’s kernel density tool in
ArcMap (ESRI, 2011). Hotspots, as referred to in
this paper, refer to areas of higher numbers of
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encounters in relatively small areas. This term does
not refer to an index of abundance as no effort data
could be incorporated into the analyses. The
ArcMap kernel density tool produces a Percentage
Volume Contour (PVC), in which 100% represents
a minimum convex polygon encompassing 100% of
the data points and decreasing percentages highlight
relatively small areas with higher numbers of
encounters than average areas. The speci ¢ PVC
values used were selected to highlight the greatest
number of localized regions, or ‘hotspots’, in
which high numbers of encounters were reported in
south-west Florida. Encounters within these
hotspots were then selected in GIS and the number
of individuals was analysed by Season to test for
temporal patterns in habitat use.

RESULTS

On 14 January 2012, 5939 reports of 9780 individuals
were in NSED records from the western Atlantic
(1782-2011), of which 4945 reports of 8773
individuals were recorded as P. pectinata by picture,
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rostral tooth count, or other described characteristics.
Western Atlantic encounters recorded as P. pectinata
were included from the Bahamas, Bermuda, Brazil,
Colombia, Cuba, Guyana, Mexico, Nicaragua,
Panama, Trinidad, the USA, and Venezuela.
Within the USA, a total of 4898 reports of 8711
individual P. pectinata were encountered from
Texas (73 individuals encountered), Louisiana (11),
Mississippi  (8), Alabama (16), Florida (8537),
Georgia (3), South Carolina (19), North Carolina
(23), Virginia (3), Maryland (2), New Jersey (4),
New York (1), and unknown localities within
the US (11). In the western Atlantic, excluding
Florida, from 2001 to 2011, encounters with
photographic evidence of P. pectinata were reported
from Georgia (one individual encountered) in
the USA and internationally in the Bahamas (8),
and Cuba (2). However, very small and small
P. pectinata (with af rmed photographs) were
observed only in Florida waters in the USA and
the Bahamas over the study period, with encounters
of very small and small P. pectinata without
photographic evidence reported from Alabama
(one individual encountered), Louisiana (3), and
Texas (2).

In total, 2846 Florida records were found to
contain the elds used in the models occurring from
January 2001 to December 2011, representing 3574
individuals encountered. Encounters occurred while
reporters were conducting a variety of activities,
with the number of encounters nearly evenly
distributed among captures (50.3%) and sightings
(49.7%). Most encounters occurred while reporters
were recreational shing (60.9%). Other activities
that generated encounters included scienti ¢
research (18.5%), undetermined activities (9.5%),
diving (5.0%), boating (3.1%), kayaking (1.7%),
commercial shing (1.1%), and snorkelling (0.2%).

The number of P. pectinata reported differed by
Year, Season, Water Body, Recovery Region, and
County. The majority of encounters in Florida
occurred in the Gulf of Mexico (n=3056; 85.5%)
in the spring and summer seasons (69.0%). The
number of individuals reported varied by Year
(ranging from 177 encountered in 2001 to 457 in
2009 (Figure 3)), Season (ranging from 459
encountered in autumn to 1352 in spring), Water
Body (518 encountered in the Atlantic Ocean and
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Figure 3. Annual number of Pristis pectinata reported to the National
Saw sh Encounter Database in Florida by life stage (as de ned by the
Recovery Plan, NMFS 2009b) from January 2001 to December 2011
(n=number of saw sh). Very small juveniles< 100 cm, small juveniles
100-200 cm, large juveniles 201-340 cm, and adults >340 cm estimated
total length. Individuals were reported from all life stages every year
indicating consistent occurrence and recruitment in Florida over the
last decade.

3056 encountered in the Gulf of Mexico), Recovery
Region (ranging from six encountered in region L
to 1485 in region G), and County (ranging from
zero encountered in four coastal counties to 1369
encountered in Monroe County). Monroe County
represented 38.3% of all P. pectinata encountered
(Recovery Region | and part of H), followed by
29.8% in Lee County (Recovery Region G), 14.3%
in Collier County (Recovery Region H), and 9.8%
in Charlotte County (Recovery Region G), with
the remaining 7.8% of individuals encountered in
27 coastal counties throughout Florida.
Spatio-temporal covariates differed among life
stages encountered. The number of individuals
encountered differed relative to Life Stage by
Year, Season, and Water Body. Recovery Region
and County could not be tested due to zero values
or too many cells with less than ve individuals
encountered. The following factors were not
independent of Life Stage observed: Year, Season,
and Water Body (chi-squared tests for independence,
2=148.39-589.94, P 0.05, df=3-33). Whether an
individual was juvenile or adult was not independent
of Water Body or Recovery Region (chi-squared
tests for independence, 2=42.25-569.74, P 0.05,
df=1-11). Recovery Region F was found to be the
largest recovery region in Florida encompassing
approximately 20% of Florida waters, followed by
G (17.5%), H (16.4%), L (16.1%), 1| (10.4%),
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K(10.2%), E (7.4%), and J (1.9%). Season of
occurrence was not independent of the Water Body
the animal was observed in (chi-squared tests for
independence, 2=25.05, P 0.05, df=3).

The results of the candidate models tested in this
study are presented in Table 1. Model 4, the most
complete model using the fractional polynomial
transformed Depth variable and signi cant rst
degree interactions, was found to have the best
goodness-of- t. In this nal model, and in terms of
simple effects, Recovery Region and Depth were
found to be the most important explanatory
variables, while Year and Season contributed less
to the model but were still signi cant (Table 2). A
residual analysis was completed to validate the

nal model. Plots of the residuals versus tted
values, as well as the quantile—quantile (Q-Q) plot,
showed that the nal model was adequate in terms
of residuals (without any major outliers) and there
was relatively homogeneous variance along the
data (Supplementary Materials, Figure 1).

Table 1. Candidate generalized linear models for predicting Pristis
pectinata expected sizes as a function of various candidate explanatory
variables, with a comparison of the model’s goodness-of- t in terms of
coef cient of determination value (R? and Akaike Information
Criterion (AIC) values. Model 4 was the most complete ( nal) candidate
model.

Model R? AIC
Model 1 27.9% 33499
Model 2 23.6% 33639
Model 3 51.2% 32433
Model 4 53.6% 32366

Year was found to be a signi cant factor in
predicting the length of P. pectinata reported.
Expected estimated total length remained nearly
constant between 2001 and 2005 and decreased after
2005. Owverall, from 2001 to 2011 the number of
individuals reported to the NSED steadily increased
despite a few years of decreased reporting. The
number of small and very small juveniles encountered
remained constant or increased over this decade and
the number of large juveniles and adults declined or
remained constant (Figure 3). During the spring and
summer seasons, expected lengths were observed to
be greater than in the autumn and winter seasons.

From the models, shorter individuals were
expected in western Florida in regions E, F, G, and
H, with an increase in expected lengths observed in
north-east Florida between regions I, J, K and L.
There was an increasing average individual length
from western Florida to north-eastern Florida from
region E through L for all seasons, except during
the summer when a peak of larger individuals was
reported in north-west Florida in Recovery Region F
(Figure 4(a)). Estimated length increased with
increasing depth for all recovery regions, except in
Recovery Region J (off south-east Florida) where
larger specimens were found at all depths (Figure 4(b)).

Based on the data, the current range of the
species was found to be limited to Florida waters,
which contains Recovery Regions E to L (NMFS,
2009b) and 35 coastal counties (Figure 1), adjacent
waters, and the Bahamas. Maps of encounters by
life stage indicate ve spatial hotspots with high
numbers of encounters of large saw sh (Figure 1),

Table 2. Deviance table analysis of the nal generalized linear model (Model 4) estimating Pristis pectinata total length as a function of Season, Year,
Recovery Region, Depth (transformed using fractional polynomials), and their signi cant interactions. Data in this model represent 3574 P. pectinata

reported in Florida from January 2001 to December 2011.

Model parameter df Deviance rdf rdev P-value
Null Model 2845 1006.15

Season 3 4.801 2842 1001.35 < 0.001
Year 10 19.022 2832 982.32 < 0.001
Recovery Region 7 172.587 2825 809.74 < 0.001
Depthl 1 36.825 2824 772.91 < 0.001
Depth2 1 237.843 2823 535.07 < 0.001
Season:Recovery Region 18 10.786 2805 524.28 < 0.001
Recovery Region:Depthl 7 9.144 2798 515.14 < 0.001
Recovery Region:Depth2 7 3.545 2791 511.6 0.013

df = degrees of freedom used for each variable.

rdf =residual degrees of freedom.
rdev = residual deviance.

Copyright # 2014 John Wiley & Sons, Ltd.
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Figure 4. Interaction plots between Recovery Region and Season (a) and Depth (b). (a) Increasing average estimated total length from region E to L

(from west Florida to north-east Florida; Figure 1) for all seasons except during the summer when a peak of reports of larger animals occurs along the

west coast of Florida (region F). (b) Smalltooth saw sh length increasing with increasing depth (using 10% percentile depth classes) for all recovery
regions, except Recovery Region J (off south-east Florida) where larger specimens were found at all depths.

including southern Charlotte Harbor (Figure 5), the
Ten Thousand Islands area (Figure 6), Florida Bay
and the Atlantic side of the Florida Keys (Figure 7),
and off St. Lucie in south-eastern Florida
(Figure 8). In the southern Charlotte Harbor area,
both large juveniles and adults were typically
observed off Sanibel Island in summer. In the Ten
Thousand Islands, large juveniles and adults were
observed from March to August, with a few large
individuals present throughout the year. In western
Florida Bay, most large juveniles and adults were
observed in March, while in the Florida Keys, large
juveniles and adults were observed year-round with
a peak in April. Off south-eastern Florida, large
juveniles and adults exhibited two peaks in
encounters with the rst peak occurring in June and
the second in September.

Copyright # 2014 John Wiley & Sons, Ltd.

DISCUSSION

The current study analysed the occurrence of
P. pectinata over the entire known range of the
species, utilizing the largest number of saw sh
encounters of any published study to-date. While
the species has been observed historically
throughout much of the western Atlantic, the
species was recently observed almost exclusively in
the north-west Atlantic off Florida and the
Bahamas. The results presented here are strongly
tied to US recovery plan objectives, providing
model analysis and prediction potential for all eight
recovery regions in Florida (representing 57% of all
recovery regions in the USA), and represent an
important step towards the identi cation of critical
habitat for large juveniles and adults in the USA.
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Figure 5. Area of interest 1 (see Figure 1 for reference) in western Florida (Recovery Region G). Kernel density analyses indicated that large numbers
of large juvenile and adult Pristis pectinata were observed in southern Charlotte Harbor, including the Caloosahatchee River and waters off Sanibel

In this study, the number of P. pectinata reported
and encountered differed according to spatial and
temporal factors. The majority of encounters
(92.4%) were juveniles reported off south and
south-west Florida (Recovery Regions G, H,
and I), corroborating the results of previous studies
and supporting previously identi ed nursery areas
(Seitz and Poulakis, 2002; Poulakis and Seitz, 2004;
NMFES, 2009a; Wiley and Simpfendorfer, 2010;
Norton et al.,, 2012). In addition, very small
juveniles were observed every year over the study
period in Florida waters in the current study
(Figure 3). Although the encounter data are not

Copyright # 2014 John Wiley & Sons, Ltd.

standardized, the presence of this life stage indicates
that consistent juvenile recruitment occurred
annually along the Gulf coast of Florida (Recovery
Regions G and H) from 2001 through 2011.

An increase in expected lengths was observed
from south to north on the east coast of Florida
(Recovery Regions I, J, K and L). Wiley and
Simpfendorfer (2010) found that within Florida
there was an inverse relationship between size and
northern distribution, with the smallest animals
occurring the farthest north on the east and west
coasts and having the broadest distribution range.
The current results support the nding that smaller
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Figure 6. Area of interest 2 (see Figure 1 for reference) in south-west Florida (Recovery Region H). The Ten Thousand Islands area was identi ed
through kernel density analyses to contain large numbers of large juvenile and adult Pristis pectinata. Large juveniles and adults were reported in
this region throughout the year, suggesting that this area has a resident population of these life stages.

Figure 7. Area of interest 3 (see Figure 1 for reference) in southern Florida (Recovery Regions H and 1). Florida Bay and the Atlantic side of the

Florida Keys were identi ed through kernel density analyses to contain large numbers of large juvenile and adult Pristis pectinata. The Florida Bay

hotspot is used primarily by adults in the spring. The hotspot along the Florida Keys consists of large juveniles and adults throughout the year,
suggesting that this area has a resident population of these life stages.
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Figure 8. Area of interest 4 (see Figure 1 for reference) in south-eastern Florida (Recovery Region K). The St. Lucie River area (Martin County) was
identi ed through kernel density analyses to contain large numbers of large juvenile and adult Pristis pectinata. Large juveniles and adults were
reported in this region throughout much of the year, suggesting that this area has a resident population of these life stages.

animals have a broader distribution range,
however, the likelihood of encountering a larger
individual was found to be greater farther north
than was expected in the south. This discrepancy
may have been an effect of increased sample size
from Florida waters (2846 and 1004 encounters,
respectively) and an increased proportion of larger
life stages in the current study than during the
Wiley and Simpfendorfer (2010) reporting period
(1998-2008).

Pristis pectinata were not reported uniformly
throughout Florida; they were observed primarily
in south and south-west Florida (from Recovery

Copyright # 2014 John Wiley & Sons, Ltd.

Regions G to 1). Records illustrate a gap in
P. pectinata reported from Biscayne Bay north to
Palm Beach County (Recovery Region J), with
many encounters reported south in the Florida
Keys (Recovery Region 1) and in north-east
Florida (Recovery Region K). This discrepancy,
including the presence of the large juvenile and
adult hotspot near St. Lucie, may be due to the
presence of a mosaic of habitats such as coastal
reefs, a productive estuary, and the St. Lucie River
which is a major freshwater source in the region
owing into Lake Okeechobee, the largest lake in
Florida (Sime, 2005). However, more information
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on adult movements and habitat use is needed. This
has management implications as the Recovery Plan
dictates that encounters in historical regions must
increase for delisting or downlisting to occur.
Delisting/downlisting may be delayed if outreach,
encounter reporting, and research are not promoted.

The majority of very small and small juvenile
P. pectinata were encountered in shallow coastal
habitats, while large juveniles and adults tended to
be encountered more frequently in coastal habitats
or open water (Seitz and Poulakis, 2002; Poulakis
and Seitz, 2004; Wiley and Simpfendorfer, 2010;
this study). Recent research has shown localized
consistent annual recruitment and use of speci ¢
portions of nurseries or ‘hotspots’ for long time
periods (Poulakis et al.,, 2011). Movements
between nursery hotspots have occurred when
environmental conditions change (Poulakis et al.,
2013). The increased sample size and expanded
time series presented here illustrates that consistent
annual recruitment occurred more broadly in
south and south-west Florida nurseries over the
last decade. Collectively, these data suggest
that: (1) although the population is threatened,
consistent recruitment may have played an
important role in the high genetic diversity
identi ed in this species (Chapman et al., 2011);
and (2) small areas within the current range of the
species were disproportionally more important
than other areas for multiple life stages. Very
small and small juvenile hotspots have been shown
to be associated with freshwater in ow-related
parameters such as salinity in their nurseries
(Simpfendorfer et al., 2011; Poulakis et al., 2013).
More research is needed regarding the large
juvenile and adult hotspots identi ed in this study.
However, the hotspots identi ed in this study may
be used to increase large juvenile and adult
research initiative success and better identify areas
and factors important for habitat use in this
poorly understood portion of the population.

In the nal model (Model 4), the signi cant
interaction between Recovery Region and Season
may be related to the hypothesized northward
movements of large saw sh in the warmer months
(Bigelow and Schroeder, 1953). The analyses in
the present study showed that average length
increased from south-west Florida through

Copyright # 2014 John Wiley & Sons, Ltd.

north-east Florida (Recovery Regions E through L)
for all seasons, except during the summer when a
peak of larger individuals was expected from
Sarasota Bay to Cedar Key (Recovery Region F).
In the Ten Thousand Islands, the occurrence of
large juveniles and adults coincided with peak
recruitment of very small and small juveniles also
observed during the spring (Poulakis et al., 2011).
The presence of a few large individuals observed
throughout the year also suggests possible
long-term residence in the Ten Thousand Islands. In
the Florida Keys, the occurrence of large juveniles
and adults was greatest in the spring when
parturition peaks (Poulakis et al., 2011). In Florida
Bay, researchers from the Florida Program of
Shark Research have caught adults in shallow
waters (< 3 m) with recently attained elongated
scratch marks and healed scars, presumed to be
have been acquired during copulatory or
pre-copulatory activities or male—-male interactions
associated with mating. Preliminary telemetry
data show that these adults remain in Florida Bay
from June through August, after which they leave
the area (G. Burgess and Y. Papastamatiou
unpublished data). Off the south-east coast of
Florida, the occurrence of large juveniles and
adults exhibited two peaks in encounters
suggesting that P. pectinata either may not move
far once they arrive at the area or they move to
other regions during mid-summer and return to
the area in the autumn. Although foraging may
also play a role in the occurrence patterns of
larger saw sh, reproduction-related factors (such
as mating and parturition) likely play a major
role. The results of the present study provide
predictions of the locations and timing of large
juvenile and adults, however, since the database
could not be standardized it was not possible to
de nitively illustrate hotspot use and other
hotspots may be present. Further research,
including tagging studies (i.e. acoustic tags and
satellite tags), is needed to test these hypotheses
and determine the spatial and temporal scales on
which these movement patterns occur.

The present study was a collaborative effort
among a number of researchers and institutions
that collected encounter data on this species
throughout its range as well as voluntary reporting
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from citizen scientists. Although the analysis of
encounter datasets can be useful, particularly in
the establishment of range and distribution, care
must be taken not to interpret the data beyond
appropriate expectations. The models used in this
study rely on the assumption that the data are
independent, which was largely not the case for
this dataset. However, the NSED is the most
complete dataset in the world regarding the
distribution of P. pectinata, and is the most
comprehensive treatment of this species’ western
Atlantic range. As a voluntary reporting network,
there are many factors that affect whether a
saw sh is encountered and whether it is reported
for inclusion into the NSED. In the rst case,
more people are on the water in certain locations
as a result of accessibility, nearby populations, and
environmental factors such as precipitation,
temperature, and sea state. Secondly, encounter
reporting is a function of education and outreach
efforts, social and political views of encounter
reporting, laws regarding P. pectinata, as well as
other factors including people’s willingness to
report encounters. As a result, these data are
useful only as a guide and cannot be used to
estimate relative abundance.

The models presented here can be used to predict
the length of P. pectinata likely to be encountered
by recovery region, season, and depth. Analyses
have shown that fewer individuals were observed
in Recovery Regions E through F on the west
coast and regions J and L on the east coast of
Florida. These models can also be used to
in uence the timing and location of research
activities. For example, the nal model (Model 4)
estimates that in Recovery Region K during the
summer, and when sampling at a depth of 50 m,
individuals of 429 cm ETL are predicted to be
encountered, with a 95% con dence interval of
351-508 cm ETL. These analyses provide important
tools for scientists and resource managers to focus
research, monitoring, and conservation efforts.
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