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A B S T R A C T   

The scalloped hammerhead (Sphyrna lewini) is a globally threatened shark species that has experienced signifi-
cant declines throughout its range due to overfishing, along with high rates of post-release mortality. Because of 
this, there is a need to obtain data useful for the management of S. lewini populations, including information on 
nursery areas. This study describes a unique, inshore nursery for northwest Atlantic young-of-year (YOY) 
S. lewini, in the Tolomato River in northeast Florida, USA. Relative abundance of YOY S. lewini in the Tolomato 
River was determined over 10 years using bottom longline fishing and compared to that in two nearby estuaries 
previously shown to serve as communal shark nurseries, the St. Marys River and the Nassau River. Average catch 
rates were shown to be 10 – 30 times greater in the Tolomato River compared to those in other sites, demon-
strating that YOY S. lewini are found more commonly in this river system. YOY S. lewini consistently made up a 
significant proportion of overall shark catch over the duration of the 10-year survey, demonstrating repeated use 
across years. YOY S. lewini were caught in the Tolomato River from May to September annually, suggesting that 
they only use the Tolomato River as a nursery for the first 4 – 5 months of life. This, along with the recapture of 3 
individuals ranging from 6 – 59 days post-release, suggests that YOY S. lewini remain in this site for extended 
periods of time; however, future work using acoustic telemetry is needed to confirm this finding. Overall, this 
study shows that the Tolomato River meets previously established criteria needed to confirm that it serves as 
nursery habitat for YOY S. lewini. Future work is needed to examine microhabitat selection by YOY S. lewini in 
this site, and interactions between this species and other sharks.   

1. Introduction 

The scalloped hammerhead Sphyrna lewini is a large, viviparous 
shark species that occurs globally from inshore coastal areas to the open 
ocean in both temperate and tropical waters (Compagno, 1984). There 
are six existing distinct population segments (DPS) of S. lewini 
throughout the world, including the Northwest Atlantic and Gulf of 
Mexico DPS, Central and Southwest Atlantic DPS, Eastern Atlantic DPS, 
Indo-West Pacific DPS, Central Pacific DPS, and Eastern Pacific DPS 
(Miller et al., 2014). Due to late female sexual maturity of 14–16 years of 
age and fecundity of 7–30 pups annually (Moncrief-Cox et al., 2021), 
populations of this species may exhibit a low rate of increase and limited 
resilience to fishing pressure (Branstetter, 1987; Duncan and Holland, 
2006; Piercy et al., 2007). As a function of this, along with intense 

fishery exploitation, most DPS of S. lewini have experienced significant 
population declines to the extent that several have been listed as 
threatened or endangered under the U.S. Endangered Species Act (ESA), 
and the IUCN has recently categorized the species as critically endan-
gered globally (Rigby et al., 2019). Thus, there is a critical need to 
improve management and conservation of this species on a worldwide 
basis. 

The Northwest Atlantic and Gulf of Mexico (NWA/GOM) DPS of 
S. lewini is found from New Jersey to Brazil in the western Atlantic 
Ocean, and in the Gulf of Mexico and Caribbean Sea (Miller et al., 2014). 
Although this DPS is not listed as threatened or endangered under the U. 
S. ESA, it has experienced significant exploitation in the recent past 
(Hayes et al., 2009). In fact, Hayes et al. (2009) estimated that these 
populations experienced an estimated 83% reduction from 1981 to the 
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early 1990s due to overharvest by commercial and recreational fishing. 
Following the enactment of a multispecies Shark Fishery Management 
Plan (FMP) in 1994 (National Marine Fisheries Service, 1993), the 
population stabilized and began to recover at a slow rate; it has a strong 
probability of rebuilding over the course of 20–30 years provided that 
reduced fishing mortality is maintained. However, as Miller et al. (2014) 
indicated, this DPS may still be threatened by increases in illegal, un-
reported, and unregulated fishing, as well as high at-vessel mortality 
rates. It is also noteworthy that individuals from the western Atlantic 
have been shown to make up a not-insignificant proportion of S. lewini 
fins in the international shark fin trade (Chapman et al., 2009). Given 
these points, it is important to obtain management-relevant information 
on these populations as they still face threats that could reverse positive 
trends in population abundance. 

In 1996, the reauthorization of the Magnuson-Stevens Fishery Con-
servation and Protection Act emphasized the importance of essential fish 
habitat to the maintenance of healthy fish populations (U.S. Department 
of Commerce, 2007). Essential Fish Habitat (EFH) represents areas that 
are necessary to the spawning, feeding, breeding, or growth of a marine 
organism. As locations where newborn and juvenile individuals may 
congregate for extended periods of time and possibly re-occur over 
multiple years, shark nursery habitats are typically considered to be EFH 
because of their potential importance to the early life stages of many 
shark species (Heupel et al., 2007; 2018). These habitats are typically 
found in estuaries, bays, sounds, and littoral zones, and may benefit 
juvenile growth and survival by providing a surplus of food and/or 
protection from predators, ultimately contributing positively to overall 
population stability (Sadowsky, 1965; Springer, 1967; Clarke, 1971; 
Branstetter, 1987; Branstetter, 1990; Castro, 1993; McCallister et al., 
2013). Because of this, many studies have examined nursery habitat use 
in various shark species in an effort to contribute to the management and 
recovery of exploited and/or imperiled populations (Heupel et al., 2007; 
2018). 

Like many sharks, S. lewini is known to use inshore and/or nearshore 
nurseries throughout its range of occurrence, often exhibiting high 
abundance and strong residency in shallow, turbid, and sheltered coastal 
embayments with freshwater input (Clarke, 1971; Snelson and Williams, 
1981; Compagno, 1984; Branstetter, 1990; Castro, 1993; Simpfendorfer 
and Milward, 1993; Duncan and Holland, 2006; Brown et al., 2016; 
Rosende-Pereiro and Corgos, 2018; Zanella et al., 2019; Cuevas-Gómez 
et al., 2020; Corgos and Rosende-Pereiro, 2022). Still, only limited 
directed studies have examined nursery habitat use for S. lewini 
belonging to the NWA/GOM DPS. This is particularly true for areas on 
the U.S. east coast, although information from multiple sources suggests 
that nursery habitats for this species occur broadly in coastal areas 
ranging from southern portions of North Carolina to the Texas coastline 
(Sadowsky, 1965; Clarke, 1971; Dodrill, 1977; Snelson and Williams, 
1981; Branstetter, 1987; Castro, 1993; Adams and Paperno, 2007; Ulrich 
et al., 2007; McCallister et al., 2013; Miller et al., 2014; Barker et al., 
2021). As part of a now, > 10-year survey of shark nursery habitats in 
northeast Florida waters (McCallister et al., 2013), we obtained evi-
dence of a unique inshore nursery for S. lewini in the Tolomato River, a 
small portion of the Atlantic Intracoastal Waterway situated between 
southern Jacksonville and St. Augustine, FL. However, to confirm these 
findings, it is necessary to evaluate whether this habitat meets criteria 
established by Heupel et al. (2007) for differentiating between juvenile 
shark “occurrence” and more direct selection of a proposed nursery 
habitat, presumably because it holds some evolutionary significance for 
the species in question. These criteria are that: 1) sharks are more 
commonly found in the proposed nursery habitat than other available 
habitats, 2) individual sharks exhibit strong residency in the proposed 
site for extended periods of time, and 3) the proposed habitat should be 
used repeatedly across years. It is noteworthy to point out that while 
these criteria have been widely adopted and cited in the scientific 
literature, few studies have been capable of successfully testing all three 
of them (Heupel et al., 2018). This is especially true for Criterion 1, 

which requires that sampling occurs in areas outside of the proposed 
nursery so that comparisons of shark density can be made between these 
habitats. 

Therefore, the goal of this study was to assess whether the Tolomato 
River is a nursery habitat for S. lewini based on the criteria established by 
Heupel et al. (2007). In particular, this study focused largely on 
addressing the rarely studied Criterion 1 by comparing the abundance of 
juvenile S. lewini in this proposed nursery with that in two nearby 
habitats previously found to serve as communal shark nurseries, the 
Nassau River estuary and the St. Marys River estuary (McCallister et al., 
2013). We also present data pertaining to shark residency in this system 
(Criterion 2) and its re-use over multiple years (Criterion 3) based on a 
10-year series of survey data, along with preliminary results from a 
two-year pilot mark-recapture study. The purpose of this research was to 
improve knowledge regarding nursery habitat use by the NWA/GOM 
DPS of S. lewini for use in fishery management. 

2. Materials and methods 

2.1. Study area 

The proposed scalloped hammerhead nursery examined in this study 
was in the Tolomato River, a component of the Atlantic Intracoastal 
Waterway located in northeast Florida between southern Jacksonville 
and St. Augustine. The river is a narrow and relatively shallow, tidally 
influenced barrier island lagoon with a single primary inlet to its south 
(St. Augustine Inlet) connecting it to the Atlantic Ocean (Valle-Levinson 
et al., 2009). The river is also a portion of the larger 
Guana-Tolomato-Matanzas (GTM) estuary, which is primarily a 
marine-dominated system that is only transiently influenced by pre-
cipitation because of a water management system located on the Guana 
River (Williams et al., 2014). The GTM estuary is home to the GTM 
National Estuarine Research Reserve (NERR), a 76,000-acre research 
reserve that is one of 30 coastal sites belonging to a network of NERRs 
established by the U.S. Coastal Zone Management Act of 1972 as loca-
tions for estuarine research, education, and stewardship. 

Catch data of scalloped hammerheads in the Tolomato River were 
compared with those from the Nassau River and St. Marys River estuary 
systems, which have been the focus of an annually conducted, fishery- 
independent shark abundance survey since 2009 (McCallister et al., 
2013). The St. Marys River estuary forms the easternmost natural border 
between southeastern Georgia and northeastern Florida, emptying into 
the Atlantic Ocean through the Cumberland Sound Inlet. The Nassau 
River estuary lies to the south of the St. Marys River, between Nassau 
County and Duval County, and discharges into the Atlantic Ocean 
through the Nassau Sound Inlet. When including the Tolomato River 
study area, these three sites encompass the majority of available inshore 
habitats, apart from the St. Johns River, north of St. Augustine to the 
Florida-Georgia border (Fig. 1). 

2.2. Animal collections 

Shark abundance and species composition were surveyed in the 
Tolomato River from 2010 to 2019 using bottom longline fishing, 
following the methods described in McCallister et al. (2013). Longlines 
were composed of a 250- to 300-meter #8 braided nylon mainline, 
which was anchored at both ends and marked with buoys. The line 
contained 50 branchlines, each composed of a size 120 stainless steel 
longline snap with a 4/0 swivel connected to a 12/0 barbless circle hook 
by a 1-meter, 90-kg test monofilament leader. All hooks were baited 
with Atlantic Mackerel, Scomber scombrus. Lines were soaked for 15 min, 
as opposed to the 30-minute soak time used by McCallister et al. (2013), 
to minimize mortality of S. lewini. Set locations were haphazardly 
selected based on varying weather conditions, tides, and maritime 
conditions present at the time of sampling. Environmental data were 
collected at each sampling site using a YSI Pro2030 (YSI, Inc., Yellow 
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Springs, Ohio), including bottom water temperature (◦C), salinity (ppt), 
dissolved oxygen (mg/L), and conductivity (mS). Maximum and mini-
mum water depth (m) were recorded for each set, and the mean depth 
was calculated. 

Scalloped hammerhead abundance in the Tolomato River was 
compared with data from bottom longline surveys conducted in the St. 
Marys River and Nassau River estuaries during the same time period (i. 
e., 2010 to 2019). The sampling methodology used in the St. Mary River 

and Nassau River sites was identical to that conducted in the Tolomato 
River site with a single exception; that is, soak time was 30 min in 
duration as initially described in McCallister et al. (2013). 

All sharks were identified to species, sexed, and measured (cm) in 
precaudal length (PCL; tip of rostrum to precaudal pit), fork length (FL; 
tip of the rostrum to fork in caudal fin) and stretched total length (STL; 
tip of the rostrum to the posterior end of the extended caudal fin) on a 
straight-line basis. Life stage was classified as young-of-year (YOY, Age 

Fig. 1. Map of all three study sites used to assess scalloped hammerhead shark presence in northeast Florida.  
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0), juvenile, or adult, based on length-at-birth and length-at-maturity 
estimates described in published literature. If the individual was cate-
gorized as YOY, the umbilical scar status was also recorded using five 
possible categories: 1 = umbilical remains present, 2 = open or fresh 
scar, 3 = partially open with some healing, 4 = well-healed with a 
visible scar, and 5 = no scar present (Aubrey and Snelson, 2007). Unless 
moribund or dead, most sharks were released live. Most sharks larger 
than 50 cm STL were tagged in the dorsal fin with a numbered rototag 
(provided by NOAA Fisheries Cooperative Shark Tagging Program) prior 
to release. Sharks less than 50 cm STL were generally released untagged 
because of concerns regarding tag biofouling and increased drag pro-
duction, potentially leading to increased energy expenditures and 
decreased swimming efficiency (Lear et al., 2018). However, beginning 
in 2019, YOY scalloped hammerheads in good condition were tagged 
using 140-mm plastic-tipped dart tags (Hallprint Fish Tags, Hindmarsh 
Valley, South Australia, Australia), which have been used for small YOY 
sharks in comparable studies (Grubbs and Musick, 2007; Merson and 
Pratt, 2007). 

Recent studies have demonstrated the occurrence of a sympatrically 
distributed cryptic congener to S. lewini, the Carolina hammerhead 
(Sphyrna gilberti), off the southeastern U.S. coast (Quattro et al., 2013). 
The two species are indistinguishable based on external features alone 
and can only be identified using precaudal vertebral counts or genetic 
analysis (Quattro et al., 2013), creating the potential for species mis-
assignment in field studies. However, previous work conducted by 
Barker et al. (2021) have demonstrated that S. gilberti is seemingly ab-
sent from the Tolomato River, as all “scalloped hammerheads” sampled 
from this location (n = 148, all of which were obtained as part of this 
survey) were confirmed to be S. lewini using genetic analysis. Therefore, 
there is strong confidence that the current study represents nursery 
ground use by S. lewini alone rather than a species complex. 

2.3. Data Analysis 

Species composition, abundance, percentage of total catch, sex, and 
life stage was reported for all sharks caught in the Tolomato River sur-
vey. Catch rates of YOY S. lewini (the main life stage sampled during this 
study) were expressed as catch per unit effort (CPUE); i.e., the number of 
YOY scalloped hammerhead sharks caught per 50 hooks. Scalloped 
hammerhead CPUE was compared across months and years using 
Kruskal-Wallis nonparametric ANOVA because data did not meet as-
sumptions of normality and homoscedasticity. 

A binary logistic regression model was used to assess the effects of 
environmental conditions on the presence/absence of YOY S. lewini. 
Parameters included average depth, bottom temperature, salinity, dis-
solved oxygen, and conductivity. Only sets for which all environmental 
parameters were recorded (n = 350) were used for these analyses. 
Conditions were considered to significantly influence the probability of 
catching a scalloped hammerhead shark if p < 0.05. Catch rates were 
also mapped geographically using ArcGIS Pro to identify potential areas 
of importance within the Tolomato River. 

Catch rates of YOY scalloped hammerheads in the Tolomato River 
were compared with those from the St. Marys River estuary and Nassau 
River estuary to test the first criterion of nursery habitat identification; 
that is, whether S. lewini is more abundant in the proposed nursery 
habitat than other available habitats (Heupel et al., 2007). Only sets for 
which all environmental parameters were recorded were used in these 
analyses. Catch per unit effort was expressed as the number of YOY 
scalloped hammerheads caught per 50 hook-hours to standardize for the 
difference in soak time between the Tolomato River (15 min) and other 
estuaries (30 min); however, differences in CPUE expressed as sharks 
per 50 hooks were also tested. Catch rates were compared between the 
three estuaries using Kruskal-Wallis nonparametric analysis because 
data did not meet assumptions of normality and homoscedasticity. 

A general linear model was also used to determine factors that 
influenced S. lewini abundance. Depth, salinity, conductivity, dissolved 

oxygen, and bottom temperature were used as covariates in the model to 
account for varying environmental conditions across the three estuaries. 
All potential interactions between covariates were included in this 
analysis. Factors that were not significant were removed from the model 
until only significant variables remained. Variables were considered to 
be significant if p < 0.05. Once all factors that significantly affected YOY 
scalloped hammerhead abundance were identified, these variables were 
compared among the three estuaries. This was done to determine 
whether environmental conditions were responsible for any significant 
differences in YOY scalloped hammerhead abundance between the three 
estuaries. 

Mark-recapture data were used to test the second and third criteria of 
nursery ground identification; that is, whether individuals exhibit strong 
residency in the proposed site for extended periods of time, and if the 
proposed habitat is used repeatedly over years (Heupel et al., 2007). For 
each shark recaptured, time at large was recorded, the location of 
release and recapture sites were mapped using ArcGIS Pro, and recap-
ture distance was determined by calculating the distance between the 
two points following the midline of the river. 

3. Results 

3.1. Characterization of shark fauna in the Tolomato River 

A total of 444 longline sets were completed in the Tolomato River 
between the months of April and November from 2010–2019. A total of 
618 sharks were caught, representing 10 species (Table 1). Of the sharks 
caught, 248 (40.1%) were identified as scalloped hammerheads. Apart 
from three individuals for which life stage was not recorded, all S. lewini 
were categorized as YOY. For 224 S. lewini for which umbilical scar 
status was recorded, 0.9% were assigned to category 2, 11.2% were 
assigned to category 3, and 87.9% were assigned to category 4; no sharks 
were listed as having a category 1 or 5 status. 

Morphometric data collected from 234 scalloped hammerhead 
sharks were used in length analyses. Fork lengths for these animals 
averaged 37.7 ± 0.2 cm (SE) and ranged from 29 to 45 cm. Fork length 
varied significantly among the months of May through August (one-way 
ANOVA, F = 5.198, p = 0.002, Fig. 2). Average FL was lowest in the 
month of May (36.8 ± 0.3 cm) and greatest in July (38.8 ± 0.4 cm). 

The average CPUE of YOY scalloped hammerheads in the Tolomato 
River was 0.6 ± 0.1 (SE) sharks per 50 hooks from 2010 to 2019. YOY 
S. lewini were caught consistently throughout the ten-year survey, but 
average CPUE varied significantly among years (Kruskal-Wallis ANOVA, 
H = 44.241, p < 0.001, Fig. 3). Average annual CPUE was highest in 
2010 (2.7 ± 0.5 sharks per 50 hooks) and lowest in 2012 (0.3 ± 0.1 
sharks per 50 hooks). Average CPUE also varied significantly among 
months (Kruskal-Wallis ANOVA, H = 42.750, p < 0.001, Fig. 4). 
Average monthly CPUE increased from 0.7 ± 0.1 sharks per 50 hooks in 
May to a maximum of 0.8 ± 0.1 sharks per 50 hooks in June. Following 
this peak, monthly CPUE declined until no sharks were caught after 
September. No scalloped hammerheads were caught during the other 
surveyed months of April, October, or November. 

The binary logistic regression model indicated good fit (Hosmer and 
Lemeshow test, χ2 = 11.579, p = 0.171) and correctly predicted 
whether a given set would catch at least one scalloped hammerhead YOY 
in 71.7% of the cases. Dissolved oxygen was the only significant habitat 
variable, with increases in dissolved oxygen associated with a reduction 
in the likelihood of catching a scalloped hammerhead shark (p = 0.001,  
Table 2). 

Mapping scalloped hammerhead catch data indicated that sets with 
the highest scalloped hammerhead CPUE were concentrated around 
Pine Island, a small island within the Tolomato River situated approxi-
mately 16 km north of St. Augustine Inlet. High catch rates were also 
observed to the south of this site, just north of the confluence of the 
Tolomato and Guana Rivers (Fig. 5). 
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3.2. Comparisons of S. lewini abundance in the Tolomato River and other 
northeast Florida estuaries 

Catch rates of scalloped hammerheads were compared among sets 
completed in the St. Marys River estuary (n = 354), Nassau River es-
tuary (n = 327), and Tolomato River (n = 350). Catch rates (sharks per 
50 hook-hours) were significantly different among the three sites 
(Kruskal-Wallis ANOVA, H = 189.884, p < 0.001, Fig. 6a). The Tolo-
mato River exhibited higher catch rates (2.3 ± 0.2 sharks per 50 hook- 
hours) as opposed to the other sites (St. Marys River estuary: 0.0 ± 0.0 
sharks per 50 hook-hours; Nassau River estuary: 0.1 ± 0.0 sharks per 50 

Table 1 
Species composition, abundance, percentage of total catch, sex, and life stage for all sharks caught in the Tolomato River from 2010 to 2019. Species are listed in order 
of overall abundance from most to least abundant. NS = sex unknown, NR = not recorded.     

Sex Life stage 

Shark Species No. caught % of catch Male Female NS YOY Juvenile Adult NR 

Scalloped Hammerhead, Sphyrna lewini 248 40.1 133 108 7 245 0 0 3 
Atlantic Sharpnose, Rhizoprionodon terrenovae 152 24.6 70 75 7 144 1 5 2 
Finetooth, Carcharhinus isodon 72 11.7 34 36 2 52 17 2 1 
Blacktip, Carcharhinus limbatus 64 10.4 25 36 3 63 1 0 0 
Sandbar, Carcharhinus plumbeus 60 9.7 34 26 0 57 3 0 0 
Bonnethead, Sphyrna tiburo 12 1.9 4 8 0 3 9 0 0 
Nurse, Ginglymostoma cirratum 4 0.6 2 1 1 0 3 0 1 
Bull, Carcharhinus leucas 3 0.5 1 0 2 0 3 0 0 
Lemon, Negaprion brevirostris 2 0.3 0 2 0 0 2 0 0 
Dusky smooth-hound, Mustelus canis 1 0.2 1 0 0 0 1 0 0 
Total 618 100.0         

Fig. 2. Fork lengths of YOY S. lewini caught in the Tolomato River during the 
years of 2010–2019 divided by month of capture. Letters represent homogenous 
subsets as determined by a Tukey post-hoc test with multiple comparisons 
following one-way ANOVA analysis (p = 0.002). Sample size is presented. 

Fig. 3. The average CPUE for YOY scalloped hammerhead sharks in the Tolo-
mato River per year from 2010–2019 with error bars representing SE. Letters 
represent homogenous subsets as determined by Dunn’s post-hoc test following 
Kruskal-Wallis nonparametric analysis (p = 0.000). 

Fig. 4. The average CPUE for YOY scalloped hammerhead sharks in the Tolo-
mato River per month from 2010–2019 with error bars representing SE. Letters 
represent homogenous subsets as determined by Dunn’s post-hoc test following 
Kruskal-Wallis nonparametric analysis (p < 0.001). 

Table 2 
Results of binary logistic regression model analyzing the effects of environ-
mental parameters on the presence/absence of young-of-the-year scalloped 
hammerhead sharks on bottom longlines conducted from the years 2010–2019 
in the Tolomato River.  

Environmental parameter B S.E. Wald Exp (B) P 

Average depth (m)  0.038  0.045  0.692  1.038  0.405 
Bottom Temperature (℃)  0.060  0.071  0.709  1.062  0.400 
Salinity (ppt)  0.053  0.053  1.004  1.054  0.316 
Dissolved oxygen (mg/L)  -0.496  0.151  10.741  0.609  0.001 
Conductivity (mS)  0.042  0.031  1.807  1.043  0.179 
Constant  -4.031  2.412  2.793  0.018  0.095  
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hook-hours), which did not significantly differ from each other. Statis-
tical analysis resulted in the same outcome when the CPUE was 
expressed as sharks per 50 hooks (Kruskal-Wallis ANOVA, H = 183.678 
p < 0.001, Fig. 6b). The average CPUE in the Tolomato River (0.6 ± 0.1 
sharks per 50 hooks) was greater than that of the St. Marys River estuary 
(0.0 ± 0.0 sharks per 50 hooks) and the Nassau River estuary (0.1 ± 0.0 
sharks per 50 hooks). Based on this, the latter unit of measurement was 
used for all subsequent analyses. 

The general linear model (n = 1,031) revealed significant effects of 
site, salinity, and the interaction between salinity and conductivity on 
YOY scalloped hammerhead abundance in the northeast Florida region 
(F = 54.193, p < 0.001, R2 = 0.174; Table 3). Overall, average salinity in 
northeast Florida estuaries was not significantly different (U = 62,726, 
p = 0.118) between sets that caught at least one scalloped hammerhead 
shark (31.23 ± 0.41 ppt) and those that caught none (30.29 ± 0.17 ppt,  
Fig. 7a). However, average salinity was significantly different (H =

Fig. 5. CPUEs associated with geographic location of bottom longline sets completed in the Tolomato River from 2010–2019.  
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24.892, p = 0.000) among the three sites, with the lowest salinities in 
the Tolomato River (29.13 ± 0.33 ppt) compared to the St. Marys River 
estuary (31.02 ± 0.19 ppt) and Nassau River estuary (31.12 ± 0.28 ppt) 

(Fig. 7b). Conversely, conductivity was significantly different (U =
71,447.5, p < 0.001) between sets in which S. lewini were absent (48.48 
± 0.28 mS) and present (51.98 ± 0.77 mS, Fig. 8a), but there was no 
significant difference in average conductivity between the three sites 
(ANOVA Kruskal-Wallis, H= 4.000, p = 0.135. Fig. 8b). Average con-
ductivity conditions were recorded as 47.93 ± 0.55 mS, 49.39 ± 0.45 
mS, and 49.44 ± 0.36 mS for the Tolomato River, Nassau River estuary, 
and St. Marys River estuary, respectively. 

3.3. Mark-recapture 

During the years of 2019 and 2020, a total of 34 YOY scalloped 
hammerhead sharks were caught, tagged, and released in the Tolomato 
River; 24 sharks were tagged in 2019, while the remaining 10 were 

Fig. 6. Average CPUE in a) sharks per 50 hook-hours and b) sharks per 50 
hooks of longline sets completed in the St. Marys River estuary (n = 354), 
Nassau River estuary (n = 327), and the Tolomato River (n = 350). Letter 
represent homogenous subsets as determined by Dunn’s post-hoc test following 
Kruskal-Wallis nonparametric analysis (p < 0.0001). Bars represent 
means ± SE. 

Table 3 
Results of general linear model used to determine the effects of site and other 
environmental factors on the abundance (sharks/50 hooks) of young-of-the-year 
scalloped hammerheads in the northeast region of Florida (F = 54.193, 
P = 0.000, R2 

= 0.174). Covariates included depth, salinity, conductivity, dis-
solved oxygen, bottom temperature, and all potential interactions.  

Variables F-Value P 

Site  76.424  < 0.001 
Salinity*Conductivity  24.252  < 0.001 
Salinity  7.434  0.007  
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Fig. 7. Comparison of a) the average salinity conditions recorded for sets used 
in general linear model analysis when at least one scalloped hammerhead YOY 
was caught (Present) and for sets that caught no sharks (Absent), and b) the 
average salinity conditions recorded for sets completed in the St. Marys River 
estuary, Nassu River estuary, and Tolomato River. Bars represent SE. Letters 
represent homogenous subsets as determined by Dunn’s post-hoc test following 
Kruskal-Wallis nonparametric analysis. 
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tagged in 2020. Three males were recaptured, resulting in a total 
recapture rate of 8.8%. All sharks were recaptured during the same year 
in which they were released. Days at liberty ranged from 6 to 59 days, 
and distance between release and recapture locations ranged from 1.263 
to 4.396 km (Table 4). Recaptures were mapped via ArcGIS Pro (Fig. 9). 

4. Discussion 

The results of this study support the hypothesis that the Tolomato 
River serves as a nursery habitat for YOY S. lewini. Of the 618 sharks 
caught in the Tolomato River from 2010–2019, 40.1% were identified as 
S. lewini, with approximately 98% of these individuals categorized as 
YOY based on size and umbilical scar status. Based on both monthly 
catch rates as well as preliminary results from our initial mark-and- 
recapture efforts, YOY S. lewini appeared to exhibit residency in the 
Tolomato River from May until late summer (August/September) 
annually, supporting a key criterion for defining shark nursery habitat (i. 
e., Criterion 2, Heupel et al., 2007). Furthermore, although only YOY 
S. lewini appear to make significant use of this nursery, they made up a 
significant proportion of the overall shark catch every year of our 
10-year survey. Therefore, while individual sharks do not appear to 
return to this site as juveniles in subsequent years en masse, it is likely 
that offspring from the same population – perhaps even the same 
mothers (i.e., siblings) - occur in the Tolomato River over multiple years, 
suggesting repeated use of this nursery (i.e., Criterion 3, Heupel et al., 
2007). Lastly, a direct comparison of S. lewini catch rates in the Tolo-
mato River compared with those in two other nearby available habitats, 
the St. Marys River estuary and the Nassau River estuary, demonstrated 
that YOY S. lewini are more commonly encountered in the Tolomato 
River, addressing a rarely tested criterion of shark nursery habitat 
identification (i.e., Criterion 1, Heupel et al., 2007). 

While the majority (i.e., 87.9%) of S. lewini sampled in the Tolomato 
River had well-healed (Category 4) umbilical scar, an appreciable 
number of individuals exhibited fresh (0.9%, Category 2) or partly 
healed (11.2%, Category 3) scar patterns. This suggests that YOY sharks 
may move into the Tolomato River as early as within one week following 
parturition, as previous studies have demonstrated that umbilical scar in 
S. lewini can change from open to partly healed in 4 ± 2.3 (SD) d and 
become fully closed after 10 ± 3.6 d (Duncan and Holland, 2006). These 
findings, as well as the first appearance of YOY S. lewini in the Tolomato 
River in mid-May, coincide well with the estimated time of parturition, 
which has been reported to occur in western North Atlantic waters be-
tween May and June by Ulrich et al. (2007). It is presumed that pupping 
occurs outside of estuarine waters along Florida’s Atlantic coast since no 
gravid or recently pupped adult females have been sampled within the 
Tolomato River, even when fishing gear more appropriate for large 
shark capture has been used (e.g., drumline fishing, Gelsleichter, un-
published data). Nearshore as opposed to estuarine pupping in this 
species is also supported by anecdotal reports of near-term gravid adult 
females collected via netting in late May from shallow coastal waters 
adjacent to Bulls Bay, South Carolina (Castro, 1993), a high-salinity, 
mostly open water bar-built estuary that serves as nursery habitat for 
both S. lewini and S. gilberti (Barker et al., 2021). However, it is impor-
tant to acknowledge that some authors have hypothesized that adult 
female S. lewini may not feed around the time of parturition (Clarke, 
1971; Dodrill, 1977; Castro, 1993); therefore, our failure to sample adult 
females from the Tolomato River using hook-and-line fishing gear 
cannot be construed as conclusive evidence that pupping occurs outside 
of the nursery. 

Although YOY S. lewini have been reported to occur at low to mod-
erate abundance in estuaries throughout the South Atlantic Bight from 
southern portions of North Carolina to northeast Florida, the presence of 
a specific inshore nursery for this species in the Tolomato River was 
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Fig. 8. Comparison of a) the average conductivity conditions recorded for sets 
used in general linear model analysis when at least one scalloped hammerhead 
YOY was caught (Present) and for sets that caught no sharks (Absent), and b) 
the average conductivity conditions recorded for sets completed in the St. 
Marys River estuary, Nassau River estuary, and Tolomato River. Bars represent 
SE. Conductivity differed significantly between sets in which sharks were pre-
sent versus absent (Mann-Whitney U = 71,447.5, p < 0.001), but not by site. 

Table 4 
Recapture data for three male young-of-the-year scalloped hammerhead sharks tagged-and-recaptured between the years of 2019–2020 in the Tolomato River.   

Date Tagging Location Recapture Location   

Tag # Tagged Recaptured Latitude Longitude Latitude Longitude Days at Liberty Distance (km) 
0028 05/14/2019 05/20/2019 30.0010 -81.3356 30.0261 -81.3614 6 4.4 
0030 05/21/2019 05/31/2019 30.0578 -81.3552 30.0512 -81.3659 10 1.3 
0044 08/12/2020 10/10/2020 30.0510 -81.3651 30.0258 -81.3614 59 3.2  
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Fig. 9. Mark-recapture data collected for three scalloped hammerhead YOYs between 2019 and 2020. Numbers in white boxes near release location indicates days at 
liberty, whereas numbers along lines represent distance traveled in kilometers. 
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unexpected based on previous research conducted in Florida waters. In 
fact, in a study conducted on the east-central Florida coast, Adams and 
Paperno (2007) reported that shallow nearshore waters off of Cape 
Canaveral, FL appeared to serve as nursery habitat for YOY S. lewini 
rather than the adjacent estuarine waters of the Indian River Lagoon, 
where no neonates or juveniles of this species were captured despite 
extensive gillnet sampling over an 8-year period. It is probable that 
differences in nursery ground use between the northeast and east-central 
Florida coasts may in part reflect shelf conditions, as the Cape Canaveral 
coastline boasts a broader expanse of shallow (1–5 m) nearshore habitat 
(i.e., the Southeast Shoal) that extends close to 10 times further away 
from the shoreline than that in northeast Florida. Therefore, as Adams 
and Paperno (2007) suggested, the shallow waters and unique habitat of 
the Southeast Shoal along with other distinct features of the Cape Can-
averal shoreline (e.g., the deeper turbid waters adjacent to the Shoal, 
where Reiyer et al., (2023) found YOY S. lewini to be more common in 
comparison with the shoal ridges) may provide suitable nursery habitat 
for YOY S. lewini such that movements to more inshore estuarine waters 
are not necessary. Still, it is interesting to consider additional abiotic 
and/or biotic factors that drive the preference for nearshore versus 
estuarine habitat in east-central Florida to better understand the selec-
tive pressures that have led to the use of this site and other areas such as 
the Tolomato River as nursery habitats. 

One abiotic factor that may influence nursery ground use in YOY 
S. lewini is salinity as, aside from site and the not-surprising interaction 
between salinity and conductivity, it was the only environmental vari-
able that was shown to explain deviance in longline catch rates in 
northeast Florida waters. As demonstrated by comparisons of salinity 
between the three study sites, mean salinity was lowest in the Tolomato 
River, suggesting that YOY S. lewini may prefer moderate as opposed to 
higher salinities. This was also proposed by Marie et al. (2017), based on 
research on a YOY and juvenile S. lewini nursery in Rewa Delta, Viti 
Kevu, Fiji; however, associations between salinity and catch rates were 
not determined in their study. Interestingly, Barker et al. (2021) also 
cited the lower salinities of the Tolomato River compared to other 
hammerhead nurseries on the southeast U.S. coast as a possible reason 
for why S. gilberti appears to be absent in this site, suggesting that dif-
ferences in salinity preferences between the two congeners may drive 
dissimilar habitat use patterns. Nonetheless, while other studies have 
also found evidence for moderate salinity preferences in juvenile 
S. lewini (Yates et al., 2015), it is important to acknowledge that the 
present study found no significant difference in the average salinity of 
sets that caught YOY S. lewini compared with that of sets that did not. 
Furthermore, a preference for moderate salinities would not explain the 
preferential use of the high-salinity nearshore waters off Cape Canaveral 
to the moderate salinities found in portions of the Indian River Lagoon in 
east-central Florida. Therefore, it is likely that additional abiotic factors 
that were not addressed in the present study – perhaps turbidity, which 
was also found to be positively associated with YOY and juvenile 
S. lewini catch rates by Yates et al. (2015) and Reyier et al. (2023) – also 
influence habitat use patterns and should be examined in follow-up 
studies. 

As first suggested by Duncan and Holland (2006), a key biotic factor 
that likely drives YOY S. lewini nursery habitat use is the avoidance of 
predators, including larger sharks. We hypothesize that this may at least 
partly explain differences between YOY S. lewini abundance in the Tol-
omato River compared to that in other northeast Florida estuaries, as 
both published and anecdotal data suggests that predation risk likely 
differs between these sites. For example, as observed by both McCallister 
et al. (2013) and Morgan (2018), adult sharks comprise a larger pro-
portion of longline catch (~30 – 40%) and, presumably, overall shark 
populations in the St. Marys River estuary and Nassau River estuary 
compared to that reported in the Tolomato River in the present study 
(~1 – 2%). Even with the removal of adults from species unlikely to prey 
on YOY S. lewini (e.g., Atlantic Sharpnose shark Rhizoprionodon terrae-
novae, bonnethead Sphyrna tiburo, dusky smoothhound Mustelus canis), 

the abundance of possible adult predatory sharks is lower in the Tolo-
mato River (~0.3% of catch) than in other northeast Florida sites 
(~3–5%). In addition, unpublished data from drumline fishing efforts 
conducted in all 3 locations suggests a greater abundance of large ju-
venile and adult predatory sharks from multiple species (e.g., sandbar 
shark Carcharhinus plumbeus, blacktip shark Carcharhinus limbatus, 
lemon shark Negaprion brevirostris) in the St. Marys River estuary and 
Nassau River estuary compared to the Tolomato River. However, we 
have occasionally sampled juvenile bull sharks Carcharhinus leucas (~90 
– 115 cm FL) from the Tolomato River via drumline and have recently 
experienced depredation of YOY S. lewini by this species in our longline 
survey (Gelsleichter, unpublished data). Therefore, future research 
should conduct more direct comparisons of predator abundance be-
tween this site and other northeast Florida estuaries to properly address 
this hypothesis. Still, the possibility that predator avoidance may 
contribute to the use of the Tolomato River as a nursery for YOY S. lewini 
is a compelling premise as this may also explain the preference of these 
sharks for nearshore sites off Cape Canaveral rather than the Indian 
River Lagoon, which is well known to serve as an important nursery 
habitat for YOY and juvenile C. leucas (Snelson et al., 1984; Adams and 
Paperno, 2007; Curtis et al., 2011). 

A key reason for why Duncan and Holland (2006) concluded that 
predator avoidance was likely to be the primary biotic factor influencing 
the use of Kāne’ohe Bay in Ō’ahu, Hawai’i as a nursery for YOY and 
juvenile S. lewini was the apparent loss of weight and reduced condition 
factor of individuals in the first few weeks after birth (i.e., using um-
bilical scar status as a proxy for “age”). These findings suggested that use 
of Kāne’ohe Bay is unlikely to provide enhanced foraging opportunities, 
another commonly hypothesized benefit of shark nursery ground use. 
However, this may be unique to Kāne’ohe Bay, which has been 
described as a sub-optimal foraging habitat in part because of significant 
declines in marine resources due to anthropogenic influences (Bush, 
2003; Bahr et al., 2015). In contrast, Corgos and Rosende-Pereiro (2022) 
found no decline in the size and weight of YOY S. lewini sampled for up to 
8 months following birth from nursery habitats off of the central 
Mexican Pacific coast, suggesting that high juvenile mortality due to 
starvation is not a hallmark trait of all populations of this species. 
Although we also found no evidence for growth impairment in Tolomato 
River S. lewini (e.g., mean FL of individuals captured in July was 
determined to be significantly greater than that of May individuals), 
more direct assessments of changes in body weight and animal condition 
are needed to fully understand resource availability in this nursery 
habitat. Direct investigations of potential prey abundance (e.g., squid, 
shrimp) from fisheries-independent monitoring surveys in this site may 
also highlight biotic variables driving abundance differences between 
the three study sites. 

Although YOY S. lewini were sampled from a broad portion of the 
Tolomato River, catch rates were shown to be greatest in a small number 
of sites, including the Pine Island region and areas of the river just north 
of its confluence with the Guana River. Spatial differences in catch rates 
have also been observed in earlier studies on S. lewini nurseries (Marie 
et al., 2017), suggesting that these sharks likely exhibit preferences for 
certain microhabitats within their nursery systems. Additional evidence 
for this behavior has been provided by catch-and-release studies on YOY 
S. lewini in Kāne’ohe Bay, Ō’ahu, Hawai’i, which found that individual 
sharks may swim long distances within this nursery but tended to reuse 
certain core areas (Duncan and Holland, 2006). Similar findings have 
also been reported in other shark species, including C. plumbeus 
(Rechisky and Wetherbee, 2003). This behavior also appears likely to 
occur in Tolomato River YOY S. lewini based on preliminary results from 
our modest tagging efforts (e.g., recapture sites for the three sharks 
recaptured in this study ranged from 1.26 to 4.40 km from the initial 
point of capture in 6 – 59 days at large). However, more direct studies 
employing active and/or passive telemetry are needed to examine 
microhabitat selectivity within this nursery and the factors that drive 
these preferences. The possible attraction of YOY S. lewini to the Pine 
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Island site is interesting as this location lies near the natural headwaters 
of the Tolomato River. North of this site, the river is connected to a 
channel that was dredged by 1912 to link this waterbody to the Atlantic 
Intracoastal Waterway (Parkman, 1983). Given this, we hypothesize 
that there are certain features of Pine Island (e.g., chemical signatures, 
perhaps from adjacent terrestrial habitats, Gardiner et al., 2015) that 
may serve as the initial cues that attract YOY S. lewini to this nursery, as 
well as explain possible microhabitat preferences. 

Data from the present study demonstrates that in addition to YOY 
S. lewini, the Tolomato River also appears to provide essential habitat to 
juveniles from several other shark species, suggesting that it serves as a 
communal shark nursery (Simpfendorfer and Milward, 1993). Because 
of this, it is possible that competition between species may limit food 
resources in this site, providing greater support for the argument that 
predator avoidance rather than high resource availability may drive use 
of this nursery. Given this, it is valuable to examine niche overlap and 
dietary resource partitioning in Tolomato River sharks to assess the 
degree of competition among species and its possible impacts on animal 
condition and survival. Information on food web interactions in 
communal shark nurseries may also be useful for developing strategies 
to best manage these sites, given the possibilities for the occurrence of a 
complex trophic structure and the importance of considering the needs 
for multiple co-occurring species (Kinney et al., 2011). 

Given that the primary forms of commercial shark fishing (e.g., 
gillnetting, longline fishing) are prohibited in Florida state waters, the 
main human-related risks posed to shark nursery areas in the Tolomato 
River include recreational fishing and habitat degradation. However, 
since S. lewini and its congeners, the great hammerhead (Sphyrna 
mokarran) and the smooth hammerhead (Sphyrna zygaena), are pro-
hibited from harvest in Florida waters, the risk from recreational fishing 
is likely to be limited. Still, because they have been shown to exhibit 
high rates of at-vessel and post-release mortality due to a pronounced 
capture stress response (Morgan and Burgess, 2007; Morgan and Carl-
son, 2010; Gulak et al., 2015; Gallagher et al., 2014), the possibility for 
unintended mortality related to catch-and-release fishing remains pre-
sent. Therefore, information on the temporal and spatial patterns of YOY 
S. lewini habitat use in the Tolomato River may be useful for reducing 
negative fishery interactions with these species, e.g., by avoidance of 
high use areas during the period of occurrence. This information, along 
with guidance on how to quickly and safely release hooked YOY S. lewini 
in good condition can be shared by the GTM NERR, which also conducts 
long-term water quality monitoring in this region and can address 
concerns regarding habitat degradation (Kennish, 2019). 

Information from this study has direct value for fishery management. 
As previously mentioned, while the NWA/GOM DPS for S. lewini is 
believed to be in a rebuilding phase with optimistic potential for re-
covery (Hayes et al., 2009; Miller et al., 2014), any factors that slow or 
reverse positive trends in population growth can hinder this process. 
This includes both fishery and non-fishery impacts to critical habitat, 
which requires that EFH for this species is properly delineated. Pre-
liminary results from this long-running study have already contributed 
to U.S. federal designation of small portions of the Tolomato River as 
EFH for neonate S. lewini (NOAA Fisheries EFH mapper, https://www. 
habitat.noaa.gov/apps/efhmapper/, last accessed 17 January 2024), 
although updated mapping using our more recent datasets is needed. 
Establishment of the Tolomato River as YOY S. lewini EFH provides U.S. 
fishery managers and other resource managers with the tools needed to 
assess actions that can result in direct or indirect effects on the quality 
and/or quantity of this habitat, as well as approaches for mitigating 
possible effects (National Marine Fisheries Service, 2017). This can 
include the potential impacts of coastal development in regions to the 
west of the Tolomato River nursery, which lie outside of the protected 
areas of the GTM NERR and represent some of the most rapidly growing 
communities in the U.S. (Gardner, 2022). 

5. Conclusions 

In conclusion, this study has provided compelling evidence that the 
Tolomato River in northeast Florida, USA represents a unique inshore 
nursery for YOY S. lewini for the first 4 – 5 months of life. Still, while we 
have reached this conclusion by in part addressing all 3 criteria for the 
identification of shark nursery habitats established by Heupel et al. 
(2007), additional research is needed to fully understand spatial dif-
ferences in habitat use within this nursery, as well as the abiotic and/or 
biotic factors that drive microhabitat selection and overall nursery use. 
This can be accomplished through a combination of active and passive 
acoustic telemetry, the latter of which – as Heupel et al. (2018) pointed 
out – can also provide a more specific evaluation of long-term use pat-
terns (i.e., Criterion 2), as well as environmental factors driving the 
eventual emigration from this site. More data is also needed on re-
lationships between S. lewini and other sharks occurring within this site, 
as it also appears to serve as a communal nursery for juveniles of several 
shark species, creating the potential for competition for food resources. 
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