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Context. Nursery areas provide refuge from predators, rich foraging grounds, and physical
conditions conducive to growth and development of juvenile inhabitants. Specifically, the Mississippi
Sound in the northern Gulf of Mexico is likely a nursery ground for multiple large and small coastal
sharks.Aims and methods. Using over a decade of shark survey catch data, we employed habitat
modelling approaches to identify preferred environmental conditions and spatial distribution, and
quantify core habitat overlap within the Mississippi Sound for young-of-year (YOY), juvenile and
adult life stages of four coastal shark species. Results. YOY Atlantic sharpnose (Rhizoprionodon
terraenovae), blacktip (Carcharhinus limbatus) and finetooth (Carcharhinus isodon) sharks showed a
preference for a combination of shallow, warm, low salinity, low dissolved oxygen and turbid
waters. Corresponding to shared environmental preferences, spatial distributions of YOY sharks
showed a high degree of overlap, particularly in the northern portion of the Mississippi Sound
where few adult sharks were observed, suggesting that these life stages partition themselves to
avoid predation. Conclusion and implications. With a continued rise in US coastal shark
populations, we hope this study can help further refine essential fish habitat for these coastal
species and provide a framework analysis that can be used to understand habitat partitioning in
other regions.

Keywords: coastal shark, delta-lognormal model, essential fish habitat, generalised additive mixed
effects model, habitat model, life stages, nursey ground, predator avoidance, resource partitioning,
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Many sharks exhibit a k-selected life history strategy characterised by low intrinsic 
population growth rates, late age at maturity and limited lifetime reproductive output 
(Stevens et al. 2000). As demonstrated by their history of overexploitation, this group is 
uniquely vulnerable and is often of conservation concern (Dulvy et al. 2021; Pacoureau 
et al. 2021). Much of their evolutionary success has been ensured by investing substantial 
energy in the production of large, precocious offspring at parturition (Parsons et al. 2008). 
This reproductive strategy implies that neonate and juvenile survival is a mechanism of 
density dependence (Cortés 2008; Peterson et al. 2017a; Sibly et al. 2018). Therefore, the 
use of a protected coastal area is essential for the population persistence of immature 
individuals for many species of sharks (Beck et al. 2001; Heupel et al. 2007, 2019). 

Nursery areas can provide refuge from predators (Duncan and Holland 2006; Froeschke 
et al. 2010; Heupel and Simpfendorfer 2011), rich foraging grounds (Kneebone et al. 2012) 
and physical conditions conducive to growth and development (Parsons and Hoffmayer 
2007) for juvenile inhabitants, and accordingly are particularly important for species that 
exhibit small size at birth and slow juvenile growth rates (Heupel et al. 2007). Because 
coastal shark nurseries are typically located nearshore in relatively sheltered waters, they 
are often communal or shared by many species (McCandless et al. 2007; Kinney et al. 2011; 
Oh et al. 2017). The presence of multiple species of similar trophic level within an area is 
ecologically beneficial, because the induced redundancy serves to buffer the ecosystem 
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against catastrophic perturbations or collapse of a single stock 
(Heithaus et al. 2013). 

Although species diversity is beneficial at the ecosystem 
level, it also subjects individuals to heightened competition 
for limited resources (Heithaus 2007). Movement and habitat 
use patterns are accordingly influenced by anti-predatory 
behaviours (Preisser et al. 2005; Heithaus 2007; Guttridge 
et al. 2012; Dhellemmes et al. 2021), intraspecific competition 
(Ward-Paige et al. 2015), foraging dynamics (Heithaus 2007) 
and environmental preferences or limitations (Crear et al. 
2019). To limit competition, shark species often exhibit some 
form of interspecific habitat partitioning in shared ecosystems 
(Heithaus et al. 2013; Tickler et al. 2017; Latour et al. 2022), 
particularly nursery areas, either through unique spatiotem-
poral usage (DeAngelis et al. 2008; Oh et al. 2017), 
environmental preferences (Platell et al. 1998; Ward-Paige 
et al. 2015; Yates et al. 2015) or by prey partitioning (Bethea 
et al. 2004; Papastamatiou et al. 2006; Kinney et al. 2011). 
Habitat use and prey preferences are also known to shift 
across ontogeny (Papastamatiou et al. 2009; Grubbs 2010; 
Matich and Heithaus 2015). 

Considering the importance of nurseries for many coastal 
shark species, these areas are deemed essential fish habitat 
(Heithaus 2007; Heupel et al. 2007); however, the same 
features that make nursery areas relatively safe and protected 
from predators (e.g. shallow, inshore) also subject inhabitants 
to significant anthropogenic impacts and environmental 
change (Chin et al. 2010; Knip et al. 2010). As such, it is 
necessary to fully understand and protect these regions 
(Norton et al. 2012; Heupel et al. 2019). Understanding 
habitat use patterns and partitioning, drivers of habitat 
preference and species movement, species interactions and 
ontogenetic changes of these factors will assist in our ability 
to effectively protect these areas, while serving as baseline 
data to monitor and predict how these dynamic ecosystems 
are changing (Crear et al. 2019, 2020). This type of 
information can advise fishery management on ways to best 
adapt in the future. 

Habitat suitability modelling represents a method that has 
been used to better understand the relationship between 
species and their environment, other species, fisheries practices 
and management boundaries. Habitat modelling can help 
identify what environmental variables may be driving their 
distribution (Froeschke et al. 2010) as well as their preferred 
conditions (Ward-Paige et al. 2015; Crear et al. 2020). 
Predictions from habitat models have been used to project 
species occurrence probability and habitat distribution 
across various spatial domains (Hazen et al. 2018; Bangley 
et al. 2020). Habitat projections in combination with other 
spatial analyses have been used to investigate how habitat 
overlaps among multiple species (Hartog et al. 2011), how 
likely a species is to interact with a fishery (White et al. 
2019) and how well a spatial management area may be 
protecting a species (Oh et al. 2017; Crear et al. 2021). 

The Mississippi Sound is a dynamic and biologically 
productive area due to riverine inputs (Gunter 1963; Hendon 
et al. 2013). This causes an increasing salinity gradient from 
west to east. Although it has not been formally tested as a 
nursery area (Heupel et al. 2007), many young-of-year (YOY) 
and juvenile coastal shark species are known to occur within 
the Mississippi Sound (Parsons and Hoffmayer 2005, 2007). 
Accordingly, our use of the term ‘nursery’ is colloquial, repre-
senting areas in which neonate and juvenile individuals are 
repeatedly and commonly encountered. Specifically, the 
Mississippi Sound appears to be a nursery ground for the 
Atlantic sharpnose (Rhizoprionodon terraenovae), blacktip 
(Carcharhinus limbatus) and finetooth (Carcharhinus 
isodon) sharks based on their high abundance of juveniles 
in the area (Parsons and Hoffmayer 2007). Although YOY 
bonnetheads (Sphyrna tiburo) are not common in the 
Mississippi Sound, juvenile and adult bonnetheads use the 
area regularly (Parsons and Hoffmayer 2005; Bethea et al. 
2015). In this study, we employed habitat modelling 
approaches to identify preferred environmental conditions 
and spatial distribution within the Mississippi Sound for 
YOY, juvenile and adult life stages for the Atlantic sharpnose, 
blacktip, finetooth and bonnethead sharks. Lastly, we 
quantified core habitat overlap among species’ life stages to 
better understand the dynamics of this nursery area. 

Materials and methods

Data collection

The University of Southern Mississippi’s (USM) Center for 
Fisheries Research and Development (CFRD) routinely 
conducts fisheries-independent surveys using multiple gear 
types within Mississippi coastal waters. Bottom longline 
sampling was used monthly (March–October) from 2007 to 
2020 using a random stratified design. Gear consisted of a 
1.9-km mainline (4.0-mm monofilament) with 100 gangions 
(3.0-mm monofilament). Longline gangions were 3.7 m 
long and outfitted with 15/0 circle hooks (Mustad, Gjøvik, 
Norway) and baited with Atlantic mackerel (Scomber scombrus). 
The longline fished for 1 h prior to retrieval. Soak time was 
defined at the time of last high-flier deployment to the time of 
first high-flier retrieval. 

Handline gear was used monthly (March–October) from 
2004 to 2020 at various sites within the Mississippi Sound 
using a random stratified design. Gear consisted of a 152-m 
braided nylon rope mainline (6.4-mm diameter) with 50 
gangions (2.0-mm monofilament) that were 0.9 m long and 
outfitted with 12/0 circle hooks (Mustad, Gjøvik, Norway) 
and  baited with Gulf menhaden (Brevoortia patronus). The 
handline was fished for 1 h prior to retrieval, and soak time 
was defined by the time between the setting of the last hook 
and the retrieval of the last hook. 

Gill-net gear was used monthly (March–October) from 
2003 to 2020 at various sites within the Mississippi Sound 
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using a multi-panel gill-net. Following Parsons and Hoffmayer 
(2005) and Bethea et al. (2015), gill-net sampling was 
conducted with a 183-m monofilament net comprised six panels 
(30.5 × 3.0 m each) of differing mesh size (8.9-, 10.2-, 11.4-, 
12.7-, 14.0- and 20.3-cm stretch mesh). The gill-net fished for 
2 h, with a 1-h check, prior to retrieval. Soak time was defined 
as the time the gill-net was deployed to the time when the 
entire net was checked or retrieved from the water. 

For all gear types, sampling occurred during daylight hours 
in water depths less than 10 m. Regardless of gear type, 
encountered sharks were identified to the lowest taxonomic 
level, and had sex, weight (kg) and length (mm) recorded. 
Traditional length measurements included pre-caudal (PCL; 
the length from the tip of the snout to the anterior margin 
of the precaudal pit), fork (FL; the length from the tip of 
the snout to the posterior notch of the caudal fin), and 
stretched total (STL; the length from the tip of the snout to the 
posterior tip of the fully extended terminal lobe of the caudal 
fin). Life stage was assigned based upon FL measurements for 
each target species following previous studies in the Gulf of 
Mexico (Table 1). At each station, surface and bottom water 
temperature (°C), salinity (ppt; grams of salts per kilogram 
of seawater) and dissolved oxygen (mg L−1) were recorded. 
Average depth (m) was calculated using gear start and end 
points recorded from the vessel’s depth finder, and water 
clarity (depth of the photic zone, mm) was measured using 
a Secchi disc. At times, not all environmental parameters 
were recorded due to logistics. Latitude and longitude were 
recorded at each sampling station. Sampling protocols were 
approved by the University of Southern Mississippi Institutional 
Animal Care and Use Committee: 9031202, 11092217, 
13101704, 15101509, 18121301 and 18010502. 

Table 1. Sex-specific life stage classifications for Atlantic sharpnose
(Rhizoprionodon terraenovae), blacktip (Carcharhinus limbatus), bonnethead
(Sphyrna tiburo) and finetooth (C. isodon) sharks in the Gulf of Mexico.

Species Sex Young- Juvenile Adult Reference
of-year (mm FL) (mm FL)
(mm FL)

Atlantic F 255–489 490–632 >632 Hoffmayer et al.
sharpnose (2013)

Atlantic M 255–489 490–629 >629 Hoffmayer et al.
sharpnose (2013)

Blacktip F 400–650 651–1192 >1192 Baremore and
Passerotti (2013)

Blacktip M 400–650 651–1058 >1058 Baremore and
Passerotti (2013)

Bonnethead F 250–462 463–700 >700 Lombardi-Carlson
et al. (2003)

Bonnethead M 250–462 463–635 >635 Lombardi-Carlson
et al. (2003)

Finetooth F 349–595 596–995 >995 Higgs et al. (2020)

Finetooth M 349–595 596–961 >961 Higgs et al. (2020)

FL, fork length.

Data manipulation

Only longline, handline and gill-net sets that occurred inside 
the Mississippi Sound, within Mississippi waters, south of 
30.33°N, and that had all environmental parameters measured 
were considered in the analysis to ensure data from all sources 
were uniform. A date cutoff was decided for each species 
around the known pupping season to determine if caught 
YOY would be included in the analysis. All sets prior to the 
cutoff were removed from the dataset for YOY species. This 
was done to prevent models confusing YOY absence attributed 
to environmental factors with YOY not being born yet. The 
cutoff for YOY blacktip sharks was 1 May, whereas the 
cutoff for YOY Atlantic sharpnose and finetooth sharks was 
1 June. So, for example, any sets prior to 1 May of any year 
were removed for the YOY blacktip models. To improve 
sample size and model convergence, some life stages were 
grouped together within a species. This included combining 
finetooth shark YOY and juvenile individuals, as well as 
combining individuals of juvenile and adult bonnethead 
sharks (YOY bonnethead sharks are not common in the 
Mississippi Sound). Effort was calculated for each gear type, 
where bottom longline was 100 hooks multiplied by the soak 
time (h), handline was 50 hooks multiplied by the soak time 
and gill-net was simply the soak time. Catch per unit effort 
(CPUE) was then calculated by dividing the number of 
individuals caught for a given life stage in a set by the effort. 
To incorporate CPUE data across the three gear types in the 
model, CPUE were standardised to the grand mean CPUE of 
the gear type. First, CPUE for each set within a gear type 
was calculated as described above, but it was based on the 
total number of individuals caught across the four species. 
The mean was taken across all CPUE for a given gear type 
to represent the grand mean CPUE for that gear type. Each 
individual species’ life stage CPUE were standardised by 
dividing them by the grand mean CPUE for the respective 
gear type (Gibson-Reinemer et al. 2017). Once the standardi-
sation was complete, data were combined across all gear types 
for further analysis. 

Habitat modelling

Separate habitat models were generated for each species’ life 
stage. To account for the non-linear relationship between 
covariates and species abundance, a generalised additive 
mixed model (GAMM) was used (Hastie and Tibshirani 1990; 
Wood 2017). All models were constructed as delta-lognormal 
models, which consists of two components, a binomial and 
a lognormal component. Delta-lognormal models are often 
used with zero-inflated data. The first component modelled 
probability of occurrence using a binomial GAMM, whereas 
the second component only modelled log-transformed positive 
catch records using a GAMM with a normal distribution. 
Therefore, the response variable for the binomial GAMM was 
presence or absence of the given species’ life stage, whereas 
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log-transformed non-zero CPUE was the response variable for 
the lognormal GAMM. Outputs from each component were 
then multiplied to generate estimated relative abundance 
(Aitchison 1955; Lynch et al. 2015; Brodie et al. 2020). 

Two different sets of models were run for each species’ life 
stage. The first only consisted of environmental variables 
(hereafter referred to as the ‘environmental habitat model’). 
Those potential covariates consisted of variables collected 
during each set including bottom temperature, bottom salinity, 
bottom dissolved oxygen, Secchi depth (i.e. turbidity) and 
water depth. Other covariates considered were gear type and 
total monthly rainfall (see https://www.srcc.tamu.edu/). The 
second set of models considered set latitude and longitude, 
as well as gear type (here after referred to as the ‘spatial 
habitat model’). Two sets of models were developed because 
often latitude and longitude explains variation actually 
attributed to environmental covariates. Therefore, the environ-
mental habitat models were used to understand the relation-
ship between species relative abundance and various 
important environmental variables, whereas the spatial habitat 
models were used to predict the distribution of each species’ 
life stage within the Mississippi Sound. Both are explained in 
more detail below. All models were fit using the mgcv package 
(ver. 3.6.1, see https://cran.r-project.org/package=mgcv/; 
Wood 2011) in R (ver. 4.1.2, R Foundation for Statistical 
Computing, Vienna, Austria, see https://www.r-project.org/) .  

Environmental habitat model
Prior to generating the environmental habitat models, 

collinearity was examined among covariates for the presence– 
absence dataset (for the binomial GAMM) and separately for 
each individual species’ life stage positive catch record dataset 
(for the lognormal GAMM) using correlation matrices. If 
collinearity was present, only one of the two collinear variables 
was included in the model. Temporal and spatial autocorrela-
tion were assessed for preliminary model fits for both compo-
nents using autocorrelation function plots and variograms 
respectively. When temporal autocorrelation was present, we 
reduced or removed it by adding year or year and month as 
random effects in the model. Spatial autocorrelation was 
not observed in these data. We then developed 20 models 
for each component that consisted of various combinations 
of environmental variables. Owing to the known importance 
of temperature on shark habitat distribution, bottom tempera-
ture was selected to be in the vast majority of the models. 
Model selection was performed using Akaike information 
criterion (AIC) to identify the best model for each component. 
If a variable was present in the best model for either the 
binomial or lognormal components, that variable was consid-
ered important. Relative abundance predictions for important 
variables were generated using marginal means (Searle et al. 
1980). Environmental preferences were determined and 
defined as any conditions where the relative abundance 
was in the top 20th percentile. Uncertainty about marginal 
means was calculated by randomly resampling the data 

1000 times, refitting the best model for each component to 
those resampled data and recalculating the marginal means 
(Efron and Tibshirani 1993). Of the 1000 bootstrapped 
samples attempted, all models that converged were used to 
calculate confidence intervals around the marginal means. 

Spatial habitat model
Similar modelling steps described above were also 

conducted for the spatial habitat models. However, collinearity 
and model selection were not conducted because latitude, 
longitude and gear type were the only fixed effects in the 
model. Year and month were added as random effects when 
temporal autocorrelation was present. Relative abundance 
was then predicted spatially across the range of latitude 
and longitude observed in the surveys. Using the same 
1000 bootstrapped samples from above, the spatial habitat 
models were refit for each component to those resampled 
data and spatial predictions were generated. The bootstrapped 
samples where the spatial habitat models converged were used 
to calculate uncertainty in the spatial overlap between two 
species’ life stages as described in more detail below. 

Core habitat overlap

Spatial relative abundance predictions were used to quantify 
core habitat and overlap among species’ life stages. Core 
habitat was defined as the area that represented the top 
25% of relative abundance predictions for a given species’ 
life stage (Hazen et al. 2013; White et al. 2019). The percentage 
of core habitat overlap was calculated between each of the 
species’ life stages. Species’ life stages that shared 50% or 
more of their core habitat were considered to have shared 
similar habitat. The threshold of 50% was used because 
that was the percentage value where groupings of species’ 
life stages started to emerge. To address the uncertainty in 
measured core habitat overlap, core habitat was also calcu-
lated for each species using bootstrap resampled datasets 
outlined above. The number of bootstraps where 50% of 
core habitat overlapped between each species’ life stage 
was also examined. 

Results

From 2003 to 2020, 1820 sets were made inside the 
Mississippi Sound, of which 206, 855 and 759 were bottom 
longline, handline and gill-net efforts respectively (Fig. 1). 
Adult Atlantic sharpnose sharks were caught most frequently 
(46.5%) and in the highest abundance (4825 individuals) 
over the time series (Table 2). Juvenile blacktip (20.9%) 
and juvenile Atlantic sharpnose (19.6%) sharks were caught 
at a relatively high frequency. All other species’ life stages 
were caught in less than 10%, but greater than 3% (adult 
finetooth sharks) of all sets (Table 2). 

For the environmental habitat models, the deviance 
explained varied across species’ life stages and across the 

D

https://www.srcc.tamu.edu/
https://cran.r-project.org/package=mgcv/
https://cran.r-project.org/package=mgcv/
https://www.r-project.org/


www.publish.csiro.au/mf Marine and Freshwater Research

Fig. 1. Bottom longline (red), handline (blue) and gill-net (green) sets conducted from 2003 to 2020 in the Mississippi Sound.
The two inset maps represent zoomed out views of the northern Gulf of Mexico (yellow box) and the location of the Mississippi
Sound (red box).

Table 2. Occurrence rate (%) and number of individuals caught for
each species’ life stage within the Mississippi Sound from bottom
longline, handline or gill-net gear from 2003 to 2020.

Species and life Occurrence Catch Binomial Lognormal
stage rate (%) DE DE

SN ADU 46.5 4825 27 26.3

SN JUV 19.6 1101 25.2 29.7

SN YOY 8.2 196 15.9 24.3

BT ADU 8 197 24.7 38.6

BT JUV 20.9 1046 19.2 15.3

BT YOY 7.2 255 25.7 18.4

FT ADU 3.1 94 24.6 14.7

FT YOY+JUV 8.8 793 23.7 12.5

BH JUV+ADU 8.7 310 24.3 12.2

The deviance explained (DE) for the binomial and lognormal components for
each species’ life stage is provided. Abbreviations for species are: SN, Atlantic
sharpnose; BT, blacktip; FT, finetooth; BH, bonnethead. Abbreviations for life
stages are: ADU, adult; JUV, juvenile; YOY, young-of-year; YOY+JUV, young-
of-year and juvenile combined; JUV+ADU, juvenile and adult combined.

two model components (binomial and lognormal). The highest 
deviance explained values for the binomial component (>25%) 
occurred for adult and juvenile Atlantic sharpnose and YOY 
blacktip shark models (Table 2). Similarly, the highest 

deviance explained values for the lognormal component 
(>25%) occurred in adult and juvenile Atlantic sharpnose and 
adult blacktip sharks. All deviance explained values across 
species’ life stages were greater than 15 and 12% for the 
binomial and lognormal components respectively (Table 2). 

When examining important covariates (present in either 
component) in the environmental habitat models, bottom 
temperature, bottom salinity and Secchi depth (i.e. turbidity) 
occurred the most frequently across species’ life stages (Fig. 2). 
Temperature was important for the binomial component for 
all species’ life stages and for the lognormal component for 
adult and juvenile Atlantic sharpnose and blacktip sharks, 
as well as for adult finetooth sharks. Salinity was important for 
the binomial component for all species except YOY Atlantic 
sharpnose sharks and was important for the lognormal 
component for adult Atlantic sharpnose sharks. Turbidity was 
important for the binomial component for all species except 
adult and juvenile Atlantic sharpnose and adult blacktip 
sharks. The covariate that was important for the least amount 
of species’ life stages was monthly rainfall (Fig. 2). 

The range of conditions preferred for the important 
covariates varied by species’ life stages (Table 3). The smaller 
life stages (e.g. YOY and juvenile) followed specific trends 
when certain covariates were important. For example, 
juvenile Atlantic sharpnose sharks preferred depths less than 
3.3 m (Fig. 3a, Table 3), whereas YOY and juvenile finetooth 
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Fig. 2. Environmental covariates considered important in driving each species’ life stage habitat suitability based on the
best model for the binomial (B) and lognormal (Lg) components. If the grid colour is white (NO), it means that covariate
was not in the best model for the given species and life stage for either component. Light green and light blue grids indicate
that the covariatewas in the bestmodel for only the binomial (B only) or lognormal (Lg only) components respectively. If the
grid is light orange itmeans that covariate was in the bestmodel for both components (B+Lg). Abbreviations for species are:
SN, Atlantic sharpnose; BT, blacktip; FT, finetooth; BH, bonnethead. Abbreviations for life stages are: ADU, adult; JUV,
juvenile; YOY, young-of-year; YOY+JUV, young-of-year and juvenile combined; JUV+ADU, juvenile and adult combined.

Table 3. Preferred conditions for the important environmental covariates species’ life stage, where preferred is defined as any conditions where
the relative abundance was in the top 20th percentile within a given covariate.

Species and life stages Depth (m) DO (mg L–1) Monthly rainfall (cm) Salinity (ppt) Secchi depth (mm) Temperature (°C)

SN ADU – >6.3 – 26.0–35.2 – 25.1–31.5

SN JUV <3.3 3.6–7.9 – 23.8–31.7 – 23.6–29.6

SN YOY – – – – <38 >31.0

BT ADU >10.0 <3.3 – 25.3–31.6 – >30.8

BT JUV >9.1 – – 23.6–31.0 <147 >30.2

BT YOY – – >18.0 15.8–24.4 <43 26.2–31.0

FT ADU 5.5–6.7 – – 22.3–29.9 <68 24.3–27.5

FT YOY+JUV – 3.0–6.5 >18.3 – <47 >27.6

BH JUV+ADU – >7.8 – 20.4 28.2 <104 23.1–28.4

Any covariates with a dash (–) are those that the environmental covariate was not important for the given species’ life stage. Abbreviations for species are: SN, Atlantic
sharpnose; BT, blacktip; FT, finetooth; BH, bonnethead. Abbreviations for life stages are: ADU, adult; JUV, juvenile; YOY, young-of-year; YOY+JUV, young-of-year and
juvenile combined; JUV+ADU, juvenile and adult combined.

sharks preferred dissolved oxygen values between 3.0 and blacktip and YOY and juvenile finetooth sharks when monthly 
6.5 mg L−1 and juvenile Atlantic sharpnose sharks preferred rainfall was highest (Fig. 3c, Table 3). YOY blacktip sharks 
dissolved oxygen values between 3.6 and 7.9 mg L−1 (Fig. 3b, preferred the lowest bottom salinity (15.8–24.4 ppt) of species’ 
Table 3). A higher relative abundance occurred for both YOY life stages (Fig. 3d, Table 3). The relative abundance of YOY 
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Fig. 3. Standardised marginal mean estimates of relative abundance of species’ life stages across the covariates that were in the best
binomial or lognormal models. Predicted estimates were standardised by dividing each value by the maximum estimate. Covariates are
depth (a), dissolved oxygen (b), monthly rainfall (c), salinity (d), Secchi depth (e) and temperature (f ). Different shades for a colour
represent different life stages for a species: Atlantic sharpnose (SN, brown), blacktip (BT, blue), finetooth (FT, green) and bonnethead
(BH, orange). Abbreviations for life stages are: ADU, adult; JUV, juvenile; YOY, young-of-year; YOY+JUV, young-of-year and juvenile
combined; JUV+ADU, juvenile and adult combined.

blacktip, Atlantic sharpnose and finetooth (including juveniles 
too) were all estimated to increase in more turbid waters 
(<50 mm; lower Secchi depth; Fig. 3e, Table 3). 

By contrast, the larger species’ life stages like adult and 
juvenile blacktip and adult finetooth sharks did not often 
share similar preferences but did differ from many of the 
preferences of the smaller life stages. For example, both adult 
and juvenile blacktip sharks preferred deeper waters and 
temperatures greater than 30°C, whereas adult finetooth 
sharks preferred water depths between 5.5 and 6.7 m and 
bottom temperatures between 24.3 and 27.5°C (Fig. 3a, f, 
Table 3). Despite this, it is important to note that the sharp 
increase in relative abundance in deeper depths for juvenile 
and adult blacktip is likely driven by the small number of 
deeper sets (see Fig. S4 and S5 of the Supplementary material). 
Juvenile blacktip and adult finetooth sharks, similar to the 
smaller life stages, preferred more turbid waters (Fig. 3e, 
Table 3). The remaining two species’ life stages, adult Atlantic 
sharpnose sharks and bonnetheads (juveniles and adults 

combined), shared preferences among both the smaller and 
larger life stages. For example, bonnetheads preferred lower 
salinity conditions (20.5–28.2 ppt) and turbid waters, but 
also preferred the most oxygenated waters (>7.8 mg L−1) 
and the coolest bottom temperatures of any species ranging 
from 23.1 to 28.4°C (Fig. 3, Table 3). Lastly, adult Atlantic 
sharpnose sharks preferred higher salinity (26.0–35.2 ppt) 
and higher dissolved oxygen waters (>6.3 mg L−1). Marginal 
means plots with uncertainty for the important covariates 
for each of the species’ life stages can be found in Fig. S1–S9 
of the the Supplementary material. 

The spatial habitat models were used to generate spatial 
relative abundance predictions. The areas within the 
Mississippi Sound where relative abundance was highest 
(core habitat) varied across species’ life stages. Although 
the predicted relative abundance values were masked once 
core habitat was calculated for each species’ life stage, it is 
important to note that species’ life stages that were caught in 
higher abundance in the survey often had higher predictions 

G

www.publish.csiro.au/mf


D. P. Crear et al. Marine and Freshwater Research

of relative abundance. The relative abundance of adult and 
juvenile Atlantic sharpnose sharks was highest towards the 
eastern part of the Mississippi Sound, whereas YOY Atlantic 
sharpnose preferred the more northern areas of the survey 
areas (Fig. 4). The relative abundance of adult blacktip sharks 
was highest towards the southern areas of the Mississippi 
Sound along the north side of the barrier islands. Juvenile 
blacktip sharks preferred three different areas in the sound, 
including more eastern waters, along the southern central 
areas and waters along the northern side of the two most 
western islands. The highest relative abundance of YOY 
blacktip sharks occurred in two locations, both along the 
more northern areas of the survey area (Fig. 5). Core habitat 
for adult finetooth sharks occurred along the eastern and 
central portions of the sound extending to the northern and 
southern boundaries. YOY and juvenile finetooth sharks 
preferred more northern areas of the survey area (Fig. 6). 
Bonnethead relative abundance (juveniles and adults combined) 

was highest along the southeastern portions of the sound 
(Fig. 7). 

Overlap of 50% of core habitat was often related to the size 
of the life stage of a given species. For example, at least 50% of 
the core habitat of three of the four smallest species’ life stages 
(i.e. YOY Atlantic sharpnose, YOY blacktip and YOY and 
juvenile finetooth sharks) overlapped with each other (Fig. 8, 
Table 4). The 50% core habitat overlap trend occurred for the 
original best model and for at least 200 bootstrapped models 
for those three species’ life stages (of the ~800 bootstrapped 
models that converged). The core habitat of the largest species’ 
life stage, adult blacktips, overlapped with 58 ± 13% of the 
bonnetheads’ (juveniles and adults combined) core habitat 
based on the original best model, whereas both bonnethead 
and juvenile blacktip sharks core habitat overlapped with 
adult blacktip sharks’ core habitat for at least 300 bootstrapped 
models. The highest percentage overlap occurred between 
juvenile and adult Atlantic sharpnose sharks (86 ± 16%; 

Fig. 4. Relative abundance (RA) estimates for adult (a), juvenile (b) and young-of-year (c) Atlantic sharpnose shark (Rhizoprionodon
terraenovae) in the Mississippi Sound (left column). Corresponding core habitat is based on the top 25% relative abundance estimates
indicated in different shades of brown (right column).
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Fig. 5. Relative abundance (RA) estimates for adult (a), juvenile (b) and young-of-year (c) blacktip sharks (Carcharhinus limbatus) inMississippi Sound
(left column). Corresponding core habitat based on the top 25% relative abundance estimates indicated in different shades of blue (right column).

>500 bootstraps), YOY Atlantic sharpnose and YOY and 
juvenile finetooth (77 ± 16%; >500 bootstraps), and juvenile 
blacktip and adult finetooth sharks (70 ± 14%; >500 
bootstraps) (Fig. 8, Table 4). 

Discussion

In this study, YOY Atlantic sharpnose, blacktip and finetooth 
sharks showed a preference for some combination of shallow, 
warm, low salinity, low dissolved oxygen and turbid waters 
while they inhabited the waters of the Mississippi Sound 
(Fig. 3). Owing to these environmental preferences, these YOY 
sharks showed a high degree of overlap in their distribution 
(Table 4) and were restricted to the northern regions of the 
Mississippi Sound (Fig. 4–6). Parsons and Hoffmayer (2007) 
reported a similar distribution for YOY Atlantic sharpnose, 
blacktip and finetooth sharks, occurring in the northern region 
of the Mississippi Sound with a high degree of overlap among 
all three species using an older gill-net dataset (1998–2000) 
than the present study. Other studies in the northern Gulf of 

Mexico have also shown similar environmental preferences 
for juvenile sharks. For example, Hueter and Tyminski (2007) 
revealed similar environmental preferences of warm, shallow 
and low salinity waters for neonate and YOY blacktip and 
Atlantic sharpnose sharks along the Gulf coast of Florida. 
Additionally, Ward-Paige et al. (2015) revealed that salinity, 
temperature and depth were significant factors for juvenile 
Atlantic sharpnose, blacktip and finetooth sharks in the 
northeastern Gulf of Mexico. 

These juvenile sharks may be benefitting from the use of 
these shallow coastal areas, which potentially provide protec-
tion from predators or an abundance of prey resources 
(Simpfendorfer and Milward 1993; Heupel and Hueter 2002; 
Parsons and Hoffmayer 2007). Environmental and spatial 
partitioning of juveniles may be reflective of anti-predatory 
behaviours, wherein individuals forego essential habitat in 
favour of refuge, reflecting the risk trade-off between ensuring 
survival and optimising growth (Heithaus 2007; Heithaus 
et al. 2010). Notably, anti-predatory behaviours are often 
the result of indirect interactions that are not easily observed 
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Fig. 6. Relative abundance (RA) estimates for adult (a) and juvenile and young-of-year (b) finetooth sharks (Carcharhinus isodon) in
Mississippi Sound (left column). Corresponding core habitat based on the top 25% relative abundance estimates indicated in different
shades of green (right column).

Fig. 7. Relative abundance (RA) estimates for juvenile and adult bonnetheads (Sphyrna tiburo) in Mississippi Sound (left column).
Corresponding core habitat based on the top 25% relative abundance estimates indicated in orange (right column).

(as compared to direct consumptive predatory interactions) 
and serve to functionally reduce the carrying capacity of 
the affected species (Heithaus et al. 2010). This type of 
habitat partitioning has been shown to indirectly lead to 
starvation-induced mortality in YOY and juvenile scalloped 
hammerheads in Hawaiian waters, due to the lack of appro-
priate trophic resources (Lowe 2002; Duncan and Holland 
2006). Similarly, Heupel and Hueter (2002) revealed that 
YOY blacktip sharks in Terra Ceia Bay, Florida, avoided areas 
of increased prey abundance due to the presence of larger 
predators, and speculated this behaviour could have contributed 
to high mortality rates for the YOY sharks. 

In the current study, very few adult sharks were observed 
in the northern portion of the Mississippi Sound where most of 
the YOY sharks were caught, supporting the notion that the 
YOY sharks were partitioning themselves in areas away 

from the larger predators. Though there is a direct benefit 
to this partitioning due to reduced predation, by doing this, 
these YOY sharks could potentially be placing themselves in 
suboptimal conditions (e.g. low salinity, shallow, high 
turbidity) that could result in poor habitat quality, low prey 
abundance and physiologically stressful environmental condi-
tions (Hamilton et al. 2022). Other studies have reported 
similar partitioning with young sharks where they sought 
refuge in low salinity (Simpfendorfer et al. 2005; Heupel and 
Simpfendorfer 2011; Hamilton et al. 2022) and shallow, 
sheltered waters (Wetherbee et al. 2007; Papastamatiou et al. 
2009; Guttridge et al. 2012) due to predator avoidance. 
For example, in the Chesapeake Bay sandbar shark nursery 
area, neonate sandbar sharks (Carcharhinus plumbeus) 
inhabited ‘upstream’ waters of the estuary relative to juvenile 
sandbar sharks, while also preferring different environmental 
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Fig. 8. Core habitat overlap among species’ life stages. Blue lines indicate a connection between two species’ life stages where
50% of their core habitats overlapped in at least 200 bootstraps. The thickness of the blue line represents the number of
bootstrapped core habitats where 50% of the core habitat overlapped with another species’ life stage core habitat. The
orange highlighted lines represent species’ life stages where 50% of their core habitat overlapped based on the original best
model. The location of the species’ life stage in the circle is based on the average size of that species’ life stage caught in the survey
going from smallest to largest in a counterclockwise direction as indicated by the grey circle and arrows. Abbreviations for species
are: SN, Atlantic sharpnose; BT, blacktip; FT, finetooth; BH, bonnethead. Abbreviations for life stages are: ADU, adult; JUV,
juvenile; YOY, young-of-year; YOY+JUV, young-of-year and juvenile combined; JUV+ADU, juvenile and adult combined.

Table 4. Percentage core habitat overlap between each species’ life stage.

SN ADU SN JUV SN YOY BT ADU BT JUV BT YOY FT ADU FT YOY+JUV BH JUV+ADU

SN ADU 100

SN JUV 86 ± 16 100

SN YOY 30 ± 15 44 ± 17 100

BT ADU 39 ± 11 30 ± 10 0 ± 6 100

BT JUV 47 ± 12 47 ± 14 25 ± 15 49 ± 11 100

BT YOY 0 ± 11 13 ± 15 66 ± 19 0 ± 11 0 ± 11 100

FT ADU 48 ± 15 50 ± 18 30 ± 18 26 ± 17 70 ± 14 4 ± 15 100

FT YOY+JUV 29 ± 13 43 ± 15 77 ± 16 0 ± 6 23 ± 13 57 ± 19 29 ± 16 100

BH JUV+ADU 46 ± 15 33 ± 14 0 ± 12 58 ± 13 28 ± 10 11 ± 16 17 ± 13 11 ± 12 100

Uncertainty around each overlap is the standard deviation calculated from the bootstrapped core habitats. Abbreviations for species are: SN, Atlantic sharpnose; BT,
blacktip; FT, finetooth; BH, bonnethead. Abbreviations for life stages are: ADU, adult; JUV, juvenile; YOY, young-of-year; YOY+JUV, young-of-year and juvenile
combined; JUV+ADU, juvenile and adult combined.

conditions (Latour et al. 2022). In the Mississippi Sound, YOY were not specifically addressed in this study, a more compre-
sharks were caught from May to October and continued to hensive study is needed to better understand how these YOY 
show consistent growth; therefore, it is assumed that there sharks are selecting their nursery habitat. 
were enough prey resources to sustain their rapid growth rate Risk of predation, and accordingly the need to exhibit anti-
during this critical life stage. However, since these biotic predatory behaviours, is reduced as shark size increases 
interactions (e.g. predator avoidance and prey abundance) (Grubbs 2010). This, in addition to increased energetic 
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requirements and forage capacity, may explain the ontogenetic 
shift in observed habitat use for sharks within nurseries 
(Grubbs 2010; Matich and Heithaus 2015; Oh et al. 2017). We 
similarly noted ontogenetic shifts in spatial habitat utilisation 
for Atlantic sharpnose, blacktip and finetooth sharks in the 
Mississippi Sound. In all cases, younger individuals inhabited 
more inshore areas, and habitat utilisation shifted offshore 
with size. This spatial shift was supported by a shift in 
environmental preferences, primarily changes in salinity 
and temperature inhabited by subsequent life stages (Fig. 3). 

Many shark nurseries are communal (McCandless et al. 
2007; Kinney et al. 2011; Oh et al. 2017), and because they 
are typically limited to sheltered nearshore environments, 
these habitats subject their inhabitants to heightened competi-
tion (Heithaus 2007). Intraspecific habitat partitioning may 
serve to functionally reduce competition for resources by 
reducing space (DeAngelis et al. 2008; Oh et al. 2017), 
environmental (Platell et al. 1998; Ward-Paige et al. 2015; 
Yates et al. 2015) and diet overlap (Bethea et al. 2004; 
Papastamatiou et al. 2006; Kinney et al. 2011). Within the 
Mississippi Sound, we found a high degree of overlap in 
habitat use. Notable co-occurring species-life stages included: 
(a) YOY Atlantic sharpnose, YOY blacktip and YOY and 
juvenile finetooth sharks; (b) juvenile and adult Atlantic 
sharpnose, adult finetooth and juvenile blacktip sharks; and 
(c) adult blacktip and adult and juvenile bonnetheads (Fig. 8). 
Despite the observed spatial overlap, these species' life stages 
did exhibit some differences in environmental preferences. 
For example, despite co-occurring in space (group a), YOY 
Atlantic sharpnose sharks appeared to prefer warmer 
temperatures relative to YOY blacktip sharks. Juvenile 
Atlantic sharpnose sharks inhabited lower dissolved oxygen 
waters compared to adult Atlantic sharpnose sharks, while 
adult finetooth sharks exhibited a distinct, relatively lower 
temperature preference (group b). Further, adult blacktip and 
adult and juvenile bonnetheads (group c) exhibited clearly 
distinct dissolved oxygen and temperature preferences, along 
with slightly different preferred salinity. Contrarily, species 
that preferred similar environmental conditions, like salinity 
(juvenile and adult blacktip and adult Atlantic sharpnose 
sharks) and temperature (adult Atlantic sharpnose shark and 
YOY blacktip sharks, or adult and juvenile bonnetheads and 
adult finetooth sharks), were separated in space. These slight 
environmental and spatial preference distinctions between 
co-occurring species may support the hypothesis that these 
coastal shark species partition themselves to not only reduce 
predation by conspecifics but also to reduce competition. 

Since juvenile and adult Atlantic sharpnose, blacktip and 
finetooth sharks reside in the waters of the Mississippi 
Sound, it can be difficult to meet the underlying principles of 
the nursery area theory that states that juvenile and adults of 
the same species reside in and use different areas (Beck et al. 
2001; Heupel et al. 2007). Further, designation of essential 
nursery habitat is complicated by shark behaviour wherein 
individuals may forgo essential habitat for growth in favour 

of essential habitat for refuge (Heithaus 2007). Heupel 
et al. (2007) proposed additional criteria for nursery areas, 
including: (1) juveniles are more common in those areas 
than in other areas; (2) juveniles have a tendency to remain 
in or return to such areas for extended periods; and (3) the 
areas are repeatedly used across years. Our results suggest 
that the northern portion of the Mississippi Sound is an impor-
tant region for Atlantic sharpnose, blacktip and finetooth YOY 
sharks and could be considered vital ‘nursery grounds’ for this 
critical life stage of these species. The northern portion of the 
study area had higher abundances of YOY sharks than 
surrounding waters, YOY sharks tended to stay within this 
region throughout most of the year, and it appears that 
they consistently use this region from one year to the next. 
Additional field-based tagging studies such as passive acoustic 
telemetry could be used to additionally test how long these 
smaller life stages remain in the nursery grounds and 
whether they return in subsequent years, ultimately verifying 
that these shallow waters of the Mississippi Sound represent 
important nursery grounds for these YOY sharks (Heupel 
et al. 2019). 

Characterisation of uncertainty is often overlooked in 
habitat modelling studies, particularly when spatial projections 
are used. Observation uncertainty can be attributed to many 
factors and stems from only sampling a portion of the popula-
tion. By bootstrap resampling observed data, we are explicitly 
estimating observation uncertainty and propagating that 
uncertainty through to our results. These uncertainty estimates 
were presented around our estimates of both environmental 
(see Fig. S1–S9) and spatial preferences and in the core habitat 
and overlap among species’ life stages within the Mississippi 
Sound (Fig. 8). Fully characterising the uncertainty in these 
analyses can help us to understand how variable the core 
habitat area is and how confident we are in our estimates of 
spatial overlap. For example, although our original model 
identified core habitat overlap between YOY sharpnose and 
YOY blacktip sharks, this overlap was not regularly identified 
with our resampled datasets. Out of the ~800 bootstraps that 
converged, less than 300 of them resulted in at least 50% 
overlap of core habitat between YOY blacktip and YOY Atlantic 
sharpnose sharks, meaning we are less confident in our 
estimates of overlap between these two species’ life stages. 
By contrast, at least 50% overlap of core habitat between 
YOY Atlantic sharpnose and YOY and juvenile finetooth 
sharks occurred in over 500 bootstraps, meaning we are more 
confident in our estimates of overlap between these two 
species’ life stages, as estimated in the original model. With 
this study, we present an approach to calculate uncertainty in 
observed habitat, and use this uncertainty to inform inferences 
on habitat partitioning. 

In addition to uncertainty, other limitations exist with 
respect to the habitat models developed in this study. For 
example, we unfortunately had to combine life stages for 
finetooth (YOY and juvenile) and bonnethead (juvenile and 
adult life stages) because of low sample sizes. By combining 
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species’ life stages, our inferences about habitat preference 
and spatial distribution are confounded across ontogeny for 
these species. It is usually beneficial to generate habitat 
models using data collected over multiple years because it 
increases the chance the model captures the variability in 
the system, while bolstering sample size. Although this is 
outside the scope of this study, these models could also be 
used to examine trends over time as conditions change (e.g. 
as a result of climate change; Turner et al. 2017). 

We also expect that as climate change continues to alter 
ocean conditions, the spatial distribution, habitat use and 
ecosystem dynamics are likely to change in the future. Water 
temperatures are expected to continue to increase throughout 
the Northwest Atlantic, including in the northern Gulf of 
Mexico. The potential increase in the severity and frequency 
of storms are expected to increase streamflow and nutrient 
input in coastal habitats like the Mississippi Sound (Rabalais 
and Turner 2019). The combination of warmer and fresh 
nutrient-rich waters leads to water column stratification, 
algal blooms and the increase in the severity and duration 
of hypoxia along the bottom of the ocean in those areas 
(Rabalais et al. 2009; Rabalais and Turner 2019). In fact, a 
regular stratified anoxic zone has started to occur in the 
Mississippi Sound annually in the summer (Jill Hendon pers. 
comm.). Currently, YOY and juvenile sharks in coastal 
habitats rely on these environmental gradients, as seen in 
this study, to avoid predators and find prey. With conditions 
predicted to change, younger sharks may be forced into less 
suitable habitat to find food. The ability to withstand more 
extreme conditions is driven by a species’ physiological 
tolerance to those conditions. For example, the distribution 
of juvenile sandbar shark nursery habitat in Chesapeake Bay 
is shaped by the shark’s temperature and hypoxia thresholds 
(Crear et al. 2019, 2020). Based on these relationships it was 
predicted that juvenile sandbar shark nursery habitat would 
decrease along the bottom of Chesapeake Bay in the future 
(Crear et al. 2020). Environmental change can also lead to 
species expanding into new areas. Juvenile bull sharks, for 
example, have expanded their nursery habitat into Pamlico 
Sound, a trend strongly related to early summer temperatures 
(Bangley et al. 2018). Developing the current habitat 
distribution for multiple species’ life stages within Mississippi 
Sound can be used as a baseline and compared to actual or 
predicted future distributions. 

Shark nursery habitats are essential for the survival and 
persistence of coastal shark species. Particularly as coastal 
shark species populations improve along the US (Peterson 
et al. 2017b), it is important to understand how the environ-
ment is affecting habitat use during a critical life stage. This 
study demonstrates clear habitat partitioning among multiple 
shark species across their life stages, from both an environ-
mental preference and spatial perspective. We hope this 
study can help further refine essential fish habitat for these 
coastal shark species in the Mississippi Sound and provide a 

framework other studies can use to understand habitat 
partitioning in other regions. 

Supplementary material

Supplementary material is available online. 
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