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Animals follow specific movement patterns and search strategies to maximize encoun-
ters with essential resources (e.g. prey, favourable habitat) while minimizing exposures 
to suboptimal conditions (e.g. competitors, predators). While describing spatiotem-
poral patterns in animal movement from tracking data is common, understanding 
the associated search strategies employed continues to be a key challenge in ecology. 
Moreover, studies in marine ecology commonly focus on singular aspects of species’ 
movements, however using multiple analytical approaches can further enable research-
ers to identify ecological phenomena and resolve fundamental ecological questions 
relating to movement. Here, we used a set of statistical physics-based methods to ana-
lyze satellite tracking data from three co-occurring apex predators (tiger, great ham-
merhead and bull sharks) that predominantly inhabit productive coastal regions of the 
northwest Atlantic Ocean and Gulf of Mexico. We analyzed data from 96 sharks and 
calculated a range of metrics, including each species’ displacements, turning angles, dis-
persion, space-use and community-wide movement patterns to characterize each spe-
cies' movements and identify potential search strategies. Our comprehensive approach 
revealed high interspecific variability in shark movement patterns and search strategies. 
Tiger sharks displayed near-random movements consistent with a Brownian strategy 
commonly associated with movements through resource-rich habitats. Great ham-
merheads showed a mixed-movement strategy including Brownian and resident-type 
movements, suggesting adaptation to widespread and localized high resource avail-
ability. Bull sharks followed a resident movement strategy with restricted movements 
indicating localized high resource availability. We hypothesize that the species-specific 
search strategies identified here may help foster the co-existence of these sympatric 
apex predators. Following this comprehensive approach provided novel insights into 
spatial ecology and assisted with identifying unique movement and search strategies. 
Similar future studies of animal movement will help characterize movement patterns 
and also enable the identification of search strategies to help elucidate the ecological 
drivers of movement and to understand species’ responses to environmental change.
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Introduction

Animals use specific movement strategies to meet their 
essential biological and ecological requirements such as find-
ing prey, favourable habitat, avoiding risk or seeking shelter 
(Nathan et al. 2008, Hussey et al. 2015, Kays et al. 2015). 
For migratory species, these strategies are often complex and 
composed of multifaceted movements. While understanding 
these complex strategies continues to be a key challenge in 
ecology (Hays et al. 2016), a range of advanced analytical 
methods are available to investigate various aspects of move-
ment. Many of these methods were developed through eco-
logical studies of animal movement (Worton 1989, Guisan 
and Zimmermann 2000, Jonsen et al. 2005, Elith et al. 2011), 
but others have roots in statistical physics. For example, stud-
ies describing theories of particle movement (Einstein 1905) 
provided the basis for research focused on identifying mech-
anisms and drivers of movement (Brockmann et al. 2006, 
González et al. 2008, Bénichou et al. 2011) that have also 
been applied to ecological research (Viswanathan et al. 1999, 
Bartumeus et al. 2005, Giuggioli and Bartumeus 2010, 
Humphries et al. 2010). The versatile nature of these physics-
based methods has resulted in a highly diverse collection of 
analytical procedures that can be used to quantify various 
aspects of animal movement. Additionally, by using a com-
bination of methods ecologists can comprehensively analyze 
species’ movement strategies, identify ecological phenom-
ena and resolve fundamental ecological questions relating to 
species movement behaviour (Sutherland et al. 2013, Hays  
et al. 2016).

Methods derived from statistical physics can be particu-
larly valuable for studying ecological phenomena as they do 
not necessarily require a priori assumptions about movement 
behaviour. For example, displacements can be defined as 
distances travelled over a range of predefined time periods 
(Rodríguez et al. 2017, Sequeira et al. 2018), avoiding the 
need for researcher-dependent assumptions on how to define 
where a displacement ends (e.g. by defining what is a turning 
point) (Turchin 1998, Reynolds 2010). Albeit, turning points 
can be appropriately used to define vertical displacements 
when the points identify changes in direction (e.g. descend-
ing or ascending movements) (Humphries et al. 2013). 
Reducing researcher-dependent, species-specific assumptions 
enables researchers to apply statistical physics methods to a 
wide range of taxa (Humphries et al. 2010, Sequeira et al. 
2018), and to analyze additional aspects of animal movement 
beyond those typically analyzed with ecological methods.

While descriptions of species spatiotemporal move-
ment patterns are increasingly common, elucidating the 
search strategies species use to locate resources in their 
environments remains a key challenge. Traditionally, stan-
dard methods in spatial ecology have assumed species fol-
low Brownian search strategies (Viswanathan et al. 2011, 

de Jager et al. 2014). Brownian movements are commonly 
documented when species are moving in resource-rich 
environments and consist of random displacements with a 
well-defined mean and variance that can be described by an 
exponential distribution of displacements (Humphries et al. 
2010, Sims et al. 2012). However, since the early 1990s, 
there has been increasing evidence suggesting species do 
not always follow Brownian movements (Viswanathan et al. 
2011). One of the most frequently discussed, and somewhat 
debated, search strategies is a Lévy-like walk (Sims et al. 
2008, Humphries et al. 2012, Reynolds 2018). Lévy-
like walks represent an optimal search strategy for species 
when resources are scarce, randomly distributed or have an 
unknown distribution. This strategy has been identified in 
a wide range of species including micro-organisms, arthro-
pods, molluscs, marine and aquatic animals, terrestrial mam-
mals, birds and even humans (Sims et al. 2008, Focardi et al. 
2009, Viswanathan et al. 2011, Raichlen et al. 2014). Lévy 
walks are described by a specific power-law distribution of 
displacements involving many short displacements, inter-
spersed by rare, long displacements. Other search patterns, 
for example, those used by central-place foragers or habitat 
specialists that spend much of their time in a central place 
where resources are concentrated, have been described by 
a lognormal distribution of displacements (e.g. butterflies 
and peccaries, Schtickzelle et al. 2007, Reyna-Hurtado et al. 
2012). While some species may only utilize a single search 
strategy, others may use multiple search strategies, particu-
larly if they are in the presence of conspecifics or are moving 
across different habitats types. For example, solitary fallow 
deer Dama dama perform Lévy searches while herds of fal-
low deer do not, which is presumably because the long steps 
associated with Lévy searches may cause individuals to lose 
contact with the herd (Focardi et al. 2009). Additionally, 
white sharks Carcharodon carcharias have demonstrated 
Lévy-like walks in resource-poor habitats such as the open 
ocean, and Brownian motion in resource-rich habitats such 
as near seal colonies (Sims et al. 2012).

Previous studies using statistical physics methods to docu-
ment movement patterns of marine megafauna have mostly 
focused on documenting specific movements of pelagic taxa. 
For example, in recent years there have been multiple stud-
ies focusing on species’ displacement patterns and/or turning 
angles that have provided novel insights into marine ecology 
(Humphries et al. 2010, Sequeira et al. 2018). However, statis-
tical physics-based methods are highly diverse and combining 
multiple methods allows for a comprehensive understanding 
of species movement ecology. This is well demonstrated in 
Rodríguez et al. (2017), where the authors used a combina-
tion of several statistical physics-based methods to determine 
that memory is likely to be an intrinsic driver of southern 
elephant seal Mirounga leonina movement and foraging 
strategies. While each of these studies has used statistical 
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physics methods to fundamentally advance our understand-
ing of marine movement ecology, the movement patterns and 
search strategies of sympatric marine apex predators within 
productive coastal habitats remain largely unknown.

Multiple species of top predators coexist within the pro-
ductive coastal regions of the northwest Atlantic Ocean 
and the Gulf of Mexico, including tiger Galeocerdo cuvier, 
great hammerhead Sphyrna mokarran and bull sharks 
Carcharhinus leucas (Graham et al. 2016, Calich et al. 2018, 
NOAA 2019). Within this region, studies focused on broad-
scale movement patterns have revealed that tiger sharks 
have a widespread distribution through coastal and pelagic 
environments (Lea et al. 2015, Ajemian et al. 2020), great 
hammerheads are predominantly a coastal species that are 
frequently observed along the shelf (Hammerschlag et al. 
2011, Guttridge et al. 2017), and bull sharks show high site 
fidelity in coastal areas, exhibiting seasonal coastal migrations 
(Carlson et al. 2010, Graham et al. 2016, Guttridge et al. 
2017, Calich et al. 2018, Rider et al. 2021). Despite occu-
pying slightly different habitats all three species are apex 
predators, commonly foraging on a variety of teleosts and 
other elasmobranchs in the study area, albeit with some 
variation between species (Snelson et al. 1984, Aines et al. 
2018, Gallagher and Klimley 2018). For example, stable 
isotope analyses indicate that bull sharks tend to eat man-
grove and coastally-derived prey, while great hammerheads 
and tiger sharks tend to eat prey derived further offshore 
(Shiffman et al. 2019, Shipley et al. 2019). Additionally, 
bull sharks and great hammerheads tend to eat at relatively 
the same trophic level, while tiger sharks tend to eat at a 
slightly lower trophic level, which has been attributed to 
the presence of herbivorous turtles in their diet (Aines et al. 
2018, Shiffman et al. 2019, Shipley et al. 2019).

While the habitat use and dietary preferences of tiger, 
great hammerhead and bull sharks in this region have been 
well described, the search strategies that enable these species 
to co-exist, locate resources and reduce niche overlap remain 
unknown. Here, we used a range of statistical physics-based 
methods to develop a comprehensive understanding of these 
species’ movements. These methods enabled us to identify the 
unique movement patterns and search strategies employed 
by these sympatric apex predators within this productive  
coastal region.

Material and methods

We tagged 96 tiger, great hammerhead and bull sharks (58, 
18 and 20, respectively; Supporting information) through-
out south Florida and The Bahamas between 2010 and 2017 
(Fig. 1 and Supporting information) using smart position 
and temperature transmitting satellite tags (SPOT; manufac-
tured by Wildlife Computers) and following tagging proce-
dures outlined in Gallagher et al. (2014) and Graham et al. 
(2016). Argos location accuracy ranges from < 250 m to > 5 
km according to the pre-defined error classes: 3, 2, 1, 0, A, B 

and Z, where ‘Z’ reflects highly unreliable position estimates. 
We removed all ‘Z’ locations and applied a 2 m s−1 speed fil-
ter to the data to remove other erroneous location estimates. 
We then excluded all individuals without enough locations 
for anaysis. Our datasets contained a total of 10 032, 755 
and 939 location estimates with average trajectory dura-
tions of 156 ± 134, 52 ± 53 and 133 ± 130 days for tiger, 
great hammerhead and bull sharks, respectively (Fig. 1A–C, 
Supporting information). To identify inter- and intraspe-
cific movement and search strategies we followed approaches 
similar to Rodríguez et al. (2017) and Sequeira et al. (2018). 
In summary, we began by compiling the probability density 
functions (pdfs) of the displacements and assessing the tor-
tuosity of each species’ trajectories. We then calculated each 
species’ root-mean-square displacements to identify how their 
displacements scaled with time and reshuffled their trajecto-
ries to determine if correlations influenced their movements. 
Once displacement patterns were identified, we quantified 
space-use by calculating grid cell occupancy. Using the com-
munity detection algorithm Infomap (Edler et al. 2015), we 
identified regions where individuals stayed for longer peri-
ods, such that the movement inside those regions was more 
frequent than the movement across different regions. Lastly, 
intraspecific analyses were run to examine variation in the 
individual trajectories. To identify intraspecific patterns, we 
calculated individual gyration radii to describe how trajecto-
ries dispersed, and then calculated entropy and predictability 
scores for each trajectory to describe how ordered and pre-
dictable the trajectories were, respectively.

We calculated displacements for each species using the 
geographic great-circle distance di,t(T) between two location 
estimates from the same trajectory separated by predefined 
time windows ranging from one to ten days over 24 ± 6 
hour intervals (Rodríguez et al. 2017, Sequeira et al. 2018). 
We then normalised the displacements di t

i tT d T
d T

,
,( ) ( )=
( )

 ,  

i.e. dividing them by the average displacement for each time 
window T: d T

N T
d T

i t
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total number of observed displacements in time window 
T, i represents each individual, and t is the time. We then 
aggregated the results into one pdf of displacements for each 
species and fit it to the following distributions: continuous 
power-law f(x) = Ax−α, exponential f(x) = Be−λx and lognormal 
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 (where A, B and C are nor-

malisation constants). We fit each distribution to pdfs trun-
cated by xmin (as suggested by Clauset et al. 2009) and also fit 
the complete pdfs (i.e. those not truncated by xmin) to expo-
nential and lognormal distributions. We fit each distribution 
using the poweRlaw package for R (Gillespie 2015), which 
uses a combination of Kolmogorov–Smirnov tests and maxi-
mum likelihood estimation methods (following Clauset et al. 
2009). To evaluate how well each distribution fit each pdf, we 
calculated Vuong’s likelihood ratio tests and weighted Akaike 
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information criteria (wAIC; following Clauset et al. 2009, 
Humphries et al. 2010). A best-fit distribution was identified 
when both Vuong’s tests and wAIC scores identified the same 
distribution as best-fit for both the truncated and complete 
pdfs (where applicable). Where the same best-fit distribution 
was not found for both the truncated and complete pdf, we 
developed pdfs for each individual shark separately and iden-
tified the best-fit distribution for each complete pdf following 
the methods described above.

To identify additional patterns in each species’ displace-
ments we calculated their turning angles and the root-
mean-square displacements. We extracted turning angles by 
identifying sets of three consecutive location estimates (i.e. 
two displacements) for a given time window (Supporting 
information for further details) and calculated the angle 
between them. We explored time windows ranging from one 
to ten days following increments of 24 ± 6 hours. Angles 
near 0° or 180° indicate direct forward or return movements, 

respectively, while angles near 90° or 270° indicate less direct, 
lateral or more resident-type movements (Sequeira et al. 
2018). Then, we calculated each species’ root-mean-square 
displacement (dRMS) across all combinations of location esti-
mates in an animal’s trajectory and plotted against the corre-
sponding time windows for each displacement d(T) following: 

d T d TRMS ( ) = ( )2  with scaling factors indicating sub-

diffusive (dRMS < 0.5), Brownian (dRMS = 0.5), super-diffusive 
(dRMS > 0.5) or directed movements (dRMS = 1). To break any 
existing correlations between location estimates, we created 
500 reshuffled samples of each trajectory, randomly reshuf-
fling the sequences of the displacements for each observed 
trajectory while maintaining the origin and end location of 
each trajectory. We then calculated the number of 0.25° × 
0.25° grid cells visited by each observed and reshuffled trajec-
tory. We ran a linear regression using the lm function in R to 
examine the relationship between the average number of grid 

Figure 1. Tracked locations (A–C) and occupancy results (D–F) for tiger (top row), great hammerhead (middle row) and bull sharks (bot-
tom row). Location estimates are shown for tiger (A; n = 10 032), great hammerhead (B; n = 755) and bull sharks (C; n = 939). Tagging 
locations are shown with black circles where the size represents the number of animals tagged (left panel). Occupancy results are displayed 
as percent of maximum occupancy (% Max occupancy; M), where occupancy values describe the total number of location estimates within 
each 0.25° × 0.25° grid cell divided by grid cell area in km2 (calculated using spherical coordinates for each location), for tiger (D; M = 1.00 
km2), great hammerhead (E; M = 0.057 km2) and bull sharks (F; M = 0.284 km2) (right panel).
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cells visited in the reshuffled trajectories (response variable) 
and the number of grid cells visited in the observed trajec-
tory (dependent variable). If the reshuffled trajectories visited 
more grid cells than the original trajectories this indicated the 
original trajectories led to restricted space-use, an opposite 
result indicated the original trajectories led to an extended 
exploration of space, and if both trajectories visited a similar 
number of grid cells it suggested the original trajectories ran-
domly visited grid cells.

We calculated occupancy within 0.25° × 0.25° grid cells, 
which encompassed even the larger Argos location errors in 
our datasets (> 5 km). To calculate occupancy, we divided 
the total number of location estimates within each grid cell 
by the area of the cell calculated using each cell’s spherical 
coordinates and normalised these values by dividing by the 
maximum recorded for each species. We then ranked occu-
pancies as ‘low’ (≤ 0.25 maximum occupancy), ‘moderate’  
(> 0.25–0.75 maximum occupancy) and ‘high’ (> 0.75 max-
imum occupancy). To calculate each species’ total occupied 
area we summed the areas of all occupied grid cells.

To assess community movement patterns between grid 
cells, we computed a transition probability matrix for each 
species by calculating the probability of individuals moving 
between specific grid cells within a pre-determined time win-
dow of 24 ± 6 hours. We then used this matrix with the 
community detection algorithm Infomap (Edler et al. 2015) 
to identify clusters of grid cells where individuals remained 
for longer periods. We considered clusters containing more 
than 10% of the tagged animals for each species, as their ‘core 
provinces’. To determine residency patterns, we calculated the 
fraction of time each shark spent within each core province.

The gyration radius of a trajectory indicates how far 
an animal dispersed from its average location. To calcu-
late gyration radii we determined the standard deviation 
of the distances between the mean location of each trajec-
tory and all other locations in the same trajectory following: 

r
X t X

NG

i CM
=

å ( )( )é
ë

ù
ûdist

� �� �
,

2

, where X ti
� ��
( )  is the position 

of an individual shark i at time ti, 


XCM  is the centre of mass 
(i.e. the mean location) of each trajectory and N is the num-
ber of location estimates in each trajectory.

To determine how ordered and predictable each trajectory 
was, we calculated the entropy and the limit of predictability 
of each trajectory, respectively. We first calculated the num-
ber of locations from each trajectory j within each grid cell 
i such that pj(i) describes the fraction of data points from 
shark j’s trajectory in cell i. We then computed the entropy 
following: Sj = −∑i pj(i) log(pj(i)), where the sum includes all 
grid cells visited in a trajectory. We normalised the entropy 
for each trajectory (Sj) by dividing the estimated value by 
the log of the total number of grid cells each trajectory vis-
ited (Mj), which corresponds to the entropy of a trajectory 
visiting each cell with a uniform probability. After normali-
sation, values close to 1 indicate grid cells have a uniform 
probability of being visited, while values close to 0 suggest 
frequent visits to a few grid cells. Lastly, we calculated the 

limit of predictability based on the estimated entropy (Sj) 
and the total number of visited grid cells in each trajectory 
(Mj), solving numerically for p j

MAX  using the Newton–
Raphson method from the rootSolve R package (Soetaert 
2009): S H Mj j j j= ( ) + -( ) -( )p pMAX MAX log1 1  where 
H x x x x x( ) ( ) ( )= - - - -log log1 1 . Trajectories resulting 
in values close to 0 are not predictable, while trajectories with 
values close to 1 are more predictable.

Because the position data were not sampled equally in 
time we repeated each of these methods using regularized 
datasets that were filtered to retain only one high accuracy 
location within intervals of 24 ± 6 hours. All analyses were 
done in R (ver. 3.5.1).

Results

The pdfs of the normalised displacements aggregated for all 
time windows displayed a universal shape across all spatial 
and temporal scales tested (Fig. 2A–F). Likelihood ratio tests 
and wAIC scores indicated the best-fit distributions were an 
exponential distribution for tiger sharks (λ = 1.00; Fig. 2D, 
Supporting information), and a lognormal distribution 
for bull sharks (µ = −0.814, σ = 1.23; Fig. 2F, Supporting 
information). For great hammerheads, both exponential 
and lognormal distributions provided good fits (Fig. 2E, 
Supporting information) and additional analyses per indi-
vidual trajectory with sufficient data (n = 15) resulted in 
exponential and lognormal distributions being best-fit to 
11 and 4 trajectories, respectively (Supporting informa-
tion). Moreover, there was no clear pattern in the sex, total 
length, tag duration or tagging location of great hammer-
heads leading to the different distributions obtained among 
individuals.

Analysis of turning angles (Fig. 3A, Supporting informa-
tion) showed a high frequency of directed and return move-
ments (angles around 0° and 180°) for tiger sharks, while 
great hammerheads displayed mixed results, and bull sharks 
showed a higher frequency of angles between 180° and 270°. 
For most individuals, the root-mean-square displacements 
(dRMS) scaled as a power-law with time with mean exponents 
of 0.62, 0.63 and 0.43 for tiger, great hammerhead and bull 
sharks, respectively (Fig. 3B). Plotting the average number of 
grid cells visited by the reshuffled trajectories against those 
visited by the original trajectories resulted in slopes of 1.05, 
1.21 and 1.35 for tiger, great hammerhead and bull sharks, 
respectively (Fig. 3C–E and Supporting information), indi-
cating that slightly more grid cells were visited in the reshuf-
fled trajectories than in the original trajectories.

Tiger sharks were widely dispersed throughout the north-
west Atlantic Ocean and Gulf of Mexico (within an area of  
1 070 420 km2, which corresponded to 1638 grid cells) with 
a maximum of 689 locations per grid cell. Despite their wide 
distribution, only 688 km2 (one grid cell) near the northern 
Bahamas ranked as high occupancy with ~7% of all tiger shark 
presence records (Fig. 1D). Great hammerheads occupied  
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92 727 km2 (135 grid cells) throughout the shelf and coastal 
regions surrounding Florida with a maximum of 38 locations 
per grid cell. Within this region, 1352 km2 (2 grid cells), 
consisting of spatially disconnected regions between central-
eastern Florida and northwest Florida ranked as high occu-
pancy and contained ~10% of all great hammerhead shark 
presence records (Fig. 1E). Bull sharks were distributed in 
44 351 km2 (64 grid cells) along the south Florida coast and 
shelf regions with a maximum occupancy of 198 locations 

per grid cell. Bull sharks showed the most pronounced pat-
tern of high occupancy with ~39% of all bull shark presence 
records located in 1394 km2 (two grid cells) of Florida Bay 
(Fig. 1F).

The collective movement patterns of each species, respec-
tively, defined 4, 6 and 4 core provinces for tiger, great 
hammerhead and bull sharks (Fig. 4A–C) with between 2 
and 52 individuals using each province (Fig. 4D–F). Core 
provinces for tiger sharks were distributed primarily around 

Figure 2. Complementary cumulative distribution functions (CCDFs) of normalised displacements comparing distributions truncated by 
the best-fit power-law xmin for each species (top row) and comparing exponential and lognormal distributions across the full range of data 
(i.e. the complete pdf; bottom row). Results are shown for tiger (A, D; orange), great hammerhead (B, E; yellow) and bull sharks (C, F; 
blue). The vertical line represents their average normalised displacement (x = 1). CCDFs are overlaid with the best-fit power-law (black, 
dashed line, top row), lognormal (dark grey line) and exponential (light grey line) distribution for each species. The best-fit distributions 
were exponential, exponential/lognormal and lognormal for tiger, great hammerhead and bull sharks, respectively.
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south Florida and the southeastern USA coastline. Their larg-
est province extended from the east coast of Florida to the 
northern Bahamas then to South Carolina and was visited 
by 89.7% of tagged tiger sharks (n = 52 animals; Fig. 4A, 
D). The six core provinces for great hammerheads were spa-
tially disconnected. Their two most utilized provinces were 
each visited by 44.4% of tagged great hammerheads (n = 8 
sharks visited each province) and were located in the Florida 
Keys, and along Florida’s eastern shelf from Miami to central 
Florida, east of Orlando (Fig. 4B, E). The most utilized core 

marine province for bull sharks was located in Florida Bay, 
and it was visited by 60% of bull sharks (n = 12; Fig. 4C, 
F). The fraction of time each animal spent within each core 
province varied, with some animals spending all of their time 
in one province, while others moved between multiple core 
provinces (Fig. 4D–F).

The spatial dispersion of each trajectory as identified by 
our estimation of the gyration radii showed both inter- and 
intraspecific variations, with results ranging from < 3 km 
to > 1400 km per individual (Fig. 5). Consistent with this 

Figure 3. Summary of movement metrics for tiger (orange), great hammerhead (yellow) and bull sharks (blue). (A) Probability of turning 
angles between three locations spaced 24 ± 6 hours apart. (B) Scaling exponents of the root-mean-square displacements with time. (C) The 
average number of grid cells visited in reshuffled trajectories compared to the number of grid cells visited in original trajectories. The black 
line with slope = 1 illustrates an equal relationship between cells visited in original and reshuffled trajectories. (D) Example tiger shark tra-
jectory (orange) and reshuffled trajectory (grey), with initial and final coordinates at approximately (−79, 26) and (−74, 32), respectively. 
(E) Example bull shark trajectory (blue) and reshuffled trajectory (grey), initial and final coordinates are both at approximately (−81, 25).
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high intraspecific variation, the distribution of the entropies 
showed high variability, with 98, 89 and 85% of all tiger, 
great hammerhead and bull shark trajectories, respectively, 
having entropies greater than 0.5 (Supporting information). 
Similarly, the limit of predictability scores were greater than 
0.5 for 24, 55 and 70% of tiger, great hammerhead and bull 
sharks, respectively (Supporting information).

Regularizing the data substantially decreased the sample 
sizes of each dataset such that they contained data from 49, 9 
and 16 sharks with n = 2883, 202 and 413 location estimates 
for tiger, great hammerhead and bull sharks, respectively. 
Despite the much smaller size of these datasets, where data 
were sufficient to repeat analyses, they led to mostly similar 
results (refer to Annex 1 in Supporting information for a full 
report). The exception was the results for the core provinces 
of tiger and great hammerheads as the regularized datasets 
did not contain enough information for Infomap to identify 
community patterns and instead, the algorithm primarily 
identified ‘provinces’ that only included the movements of 
one or two individuals.

Discussion

Using a combination of analytical methods derived from sta-
tistical physics, we identified the search strategies and compre-
hensively described the movements of three sympatric apex 
predators in productive coastal habitats. Tiger sharks displayed 
near-random movements consistent with a Brownian strat-
egy, great hammerheads showed a mixed-movement strategy 

including both Brownian and resident-type movements, and 
bull sharks followed a resident movement strategy with restricted 
movements (Table 1). As each species used unique movement 
and search strategies, our results provide novel insights into 
mechanisms that may support the co-existence of apex predators 
and reduce niche overlap. Moreover, our results are supported 
by previous research on the foraging ecology and habitat use of 
these species and combined, these results help elucidate each spe-
cies’ optimal foraging search strategy in this region.

Our analytical approach demonstrated that tiger sharks 
consistently followed a Brownian (near-random) search strat-
egy with widespread, highly mobile movements throughout 
the coastal and pelagic waters of Florida’s continental shelf and 
into the Gulf Stream. This is in agreement with various global 
studies describing tiger sharks as nomadic and highly migra-
tory, although they are also known to have periods of resident 
behaviour in localized regions with high resource availability 
(Meyer et al. 2009, Werry et al. 2014, Acuña-Marrero et al. 
2017). Considering the tiger shark trajectories analyzed in 
the present study demonstrated Brownian motion, this sug-
gests these animals are moving in resource-rich habitats with 
abundant prey (Humphries et al. 2010, Sims et al. 2012). 
This theory is consistent with tiger sharks being opportunistic 
feeders with a highly variable diet (Lowe et al. 1996), and the 
Gulf Stream being a highly productive foraging ground for 
this species (Hammerschlag et al. 2012a, Hammerschlag et al. 
2015, Lea et al. 2015). Thus, results from our present study 
indicate that tiger sharks are likely able to optimize encoun-
ters in this prey-rich environment by employing a Brownian 
search strategy.

Figure 4. Infomap results showing the ‘core provinces’, defined as regions that were visited by ≥ 10% of the tagged animals for each species, 
(top row) and plots indicating the fraction of time individuals from each species (as represented by individual rows) spent in each province 
(bottom row). Each colour represents a different core province used by tiger (A, D), great hammerhead (B, E) and bull sharks (C, F) and 
white cells identify areas occupied by each species that did not correspond to a core province (top row).
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Tiger sharks are ubiquitous throughout the Bahamas 
(Hansell et al. 2018, Talwar et al. 2020) and their wide-
ranging movements, low residency and high activity space 
have been well-documented in regional tagging studies 
(Hammerschlag et al. 2012a, Gallagher et al. 2021). These 
previous descriptions of tiger shark movement are broadly 
consistent with those documented here and thus, likely indi-
cate a Brownian strategy. Nevertheless, in contrast to these 
Brownian movements, in the present study, we identified 
exceptionally high tiger shark occupancy within a single grid 
cell (a relatively small area of 687 km2) corresponding to the 
northwest edge of Little Bahama Bank, Bahamas (Fig. 1D). 
While many tiger sharks were tagged in this area, this species 

was also tagged at multiple other sites throughout south 
Florida and the Bahamas (Fig. 1A), yet no other tagging site 
demonstrated occupancy patterns similar to those reported 
on the northwest edge of Little Bahama Bank. Interestingly, 
previous acoustic tracking studies of tiger sharks cap-
tured at Little Bahama Bank have suggested this area is a 
hot spot for female tiger sharks in the subtropical Atlantic 
(Hammerschlag et al. 2017). Considering 20 of the 21 indi-
viduals we satellite tagged in and around Little Bahama Bank 
were female (Supporting information), our results support 
this assertion. Moreover, reproductive assessments of female 
tiger sharks captured on the northwest edge of Little Bahama 
Bank have hypothesized that the area may serve as a gestation 

Figure 5. Gyration radius (rG) of each trajectory, defined as the standard deviation of the sum of the distances between each location and 
the average position of each trajectory, indicated by circle size where the centre of each circle represents the average position for each trajec-
tory, for tiger (map A; orange; ‘T’), great hammerhead (map B; yellow, ‘GH’) and bull sharks (map C; blue, ‘B’) (maps A–C, top row). 
Ranked bar plot of gyration radii scores with inset box plot illustrating interspecific variations in gyration radii (plot D, bottom row).
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ground and refuge site from male harassment for female tiger 
sharks (Sulikowski et al. 2016). While the search strategy tiger 
sharks use at Little Bahama Bank remains to be determined, 
results from the present study in conjunction with previ-
ous research suggest that female tiger sharks likely exhibit a 
resident movement strategy in this region. Additionally, the 
stark contrast between tiger shark occupancy around Little 
Bahama Bank and the rest of The Bahamas reaffirms that 
Little Bahama Bank is a unique region for the species.

Our results show that great hammerheads exhibit intraspe-
cific variation in search strategies along Florida’s continental 
shelf, with some animals displaying Brownian movements and 
others displaying resident-type movements. These differences 
were not related to individuals’ sex, total length, tag dura-
tion or tagging location, and may rather be due to individual 
preferences in habitat or prey. Considering the Brownian and 
resident movements documented here are associated with dif-
ferent resource distributions (widespread and localized distri-
butions, respectively; Schtickzelle et al. 2007, Humphries et al. 
2010, Reyna-Hurtado et al. 2012), our findings are consistent 
with previous hypotheses suggesting that instead of sex or life 
stage, great hammerhead movements may be related to high 
prey availability in coastal shallow habitats (Guttridge et al. 
2017). Indeed, this species has been observed entering coastal 
areas less than 1m in depth to forage (Roemer et al. 2016). 
Furthermore, the great hammerhead high-use regions identi-
fied here (i.e. regions with high occupancy and core provinces) 
may be ecologically significant resource areas. This is of par-
ticular importance because great hammerheads are classified 
as 'Critically Endangered' by the IUCN (2021).

Bull sharks consistently followed a resident movement strat-
egy with high occupancy and restricted movements along the 
south Florida coastline. In fact, 90% of bull sharks remained 

in core provinces along either the southwest or southeast 
coast of Florida. These restricted movements likely contrib-
uted to the higher predictability and slightly lower entropy 
scores observed in bull shark trajectories (in comparison to 
tiger sharks or great hammerheads). Given that bull sharks are 
generally found in shallow, coastal waters (Ortega et al. 2009, 
Rider et al. 2021) the deeper waters between these habitats 
may reduce bull shark dispersal. Similar residency patterns 
were also reported by Carlson et al. (2010) who attributed 
this pattern to bull sharks remaining in regions of higher 
productivity over long periods. Within south Florida, adult 
and subadult bull sharks generally feed in coastal habitats 
(Shiffman et al. 2019) and their diet consists of fishes, such 
as catfish and elasmobranchs (Snelson et al. 1984), which can 
be readily found in the mangrove and other nearshore coastal 
habitats of south Florida. Indeed, previous tracking of bull 
sharks in south Florida indicates that bull shark density in 
Florida Bay was highest in areas of greatest teleost abundance 
(Hammerschlag et al. 2012b). Therefore, the resident move-
ment strategy identified for bull sharks is likely attributed to 
their focus on localized high prey availability in the shallow 
coastal waters of south Florida, confirming the importance of 
the coastal zone for this species.

Statistical physics methods are generally under-used in marine 
ecology. Our work demonstrates how these methods can be used 
in support of existing methods to provide new insights into spe-
cies’ movement ecology. For example, previous studies applying 
stable isotope analysis to tissues collected from the study species 
in this region revealed that while these species occupy similarly 
high trophic positions, they exhibit differential use of available 
resource subsidies and display varying degrees of inter- and intra-
specific isotopic variation (Shiffman et al. 2019, Shipley et al. 
2019). The unique search strategies we identified here provide 

Table 1. Summary of movement patterns identified from each of the ten statistical physics methods applied to tiger, great hammerhead and 
bull shark satellite tag data in the present study. Note that calculating displacements then fitting distributions to pdfs of displacements 
involves two separate methodologies that are summarized into a single result here (Methods for further details). FL = Florida, TB = Tiger 
Beach, BAH = Bahamas.

Tiger sharks Great hammerheads Bull sharks

Distribution of 
displacements

Exponential (Brownian) distribution Exponential and lognormal 
(Brownian and resident) 
distributions

Lognormal (resident) distribution

Turning angles Mostly forward/directed movements Mixed movements Mostly resident movements
Root-mean-square 

displacements
Brownian/super-diffusive Brownian/super-diffusive Sub-diffusive/Brownian

Reshuffled trajectories Original trajectories randomly visited 
grid cells

Original trajectories led to slightly 
restricted space-use

Original trajectories led to slightly 
restricted space-use

Occupancy Widespread distribution in coastal and 
pelagic regions; high occupancy near 
TB, BAH

Distributed throughout coastal and 
shelf regions; spatially 
disconnected high occupancy 
around FL

Coastal distribution; high 
occupancy in Florida Bay

Core provinces Interconnected provinces between 
southern and eastern FL extending 
northward; large province along FL 
east coast

Spatially disconnected provinces 
around eastern-central and 
southern FL

Small, interconnected provinces 
around south FL

Gyration radius Highest mean and largest range Intermediate mean and range in 
comparison to tiger and bull 
sharks

Lowest mean and smallest range

Entropy Highest Moderate Lowest
Predictability Lowest Moderate Highest
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insights into this dietary variation. Each movement strategy we 
detected represents a different interaction between a species and 
the available resources. This may reduce niche overlap for these 
sympatric apex predators. Moreover, an additional stable isotope 
study by Matich et al. (2011) determined that while tiger sharks 
are a true generalist species (i.e. individual tiger sharks consis-
tently follow a generalist diet), bull sharks only appear to be gen-
eralists at the population level due to the high variation in diet 
among individual specialists. The movement patterns of tiger and 
bull sharks we found here are consistent with these dietary pat-
terns which may explain the processes underlying their different 
movement behaviours. In our study, the tiger sharks occupied a 
large area encompassing many habitat types and were shown to 
follow Brownian movement patterns. This type of movement is 
likely to enable this species to interact with a wide range of prey 
items, which is consistent with a generalist diet. In comparison, 
individual bull sharks tended to stay in localized areas (i.e. they 
had small gyration radii and occupied a smaller area). Therefore, 
each individual is more likely to consume prey that is regularly 
found in their localized areas, which is consistent with the spe-
cialist diets previously identified.

Our approach provides a valuable framework for 
describing movement patterns across different species and 
for investigating how different patterns complement each 
other to better understand the ecology of each species. 
While three unique movement strategies were identified 
here, it is important to note that these methods can identify 
a range of strategies. In fact, Rodríguez et al. (2017) used 
a similar combination of methods to describe the move-
ment patterns of southern elephant seals and found they 
use a substantially different strategy. For instance, after 
examining displacement and occupancy patterns (among 
many other metrics) the authors recorded scale-free sig-
natures of movement and determined that their displace-
ment patterns differed depending on if the displacements 
originated in high or low occupancy environments. These 
results suggested that southern elephant seals used a search 
strategy that relied on prior knowledge of foraging grounds 
and thus the species may rely on memory to identify and 
travel to specific locations in the pelagic environment. As 
an additional example, Sequeira et al. (2018) analyzed 
displacement patterns and calculated turning angles to 
identify movement patterns of 50 marine vertebrate spe-
cies. Using this combination of methods, the authors 
were able to determine that marine megafauna primarily 
show movement patterns indicative of searching or forag-
ing behaviours in coastal environments while using more 
directed or ballistic movements in the open ocean.

Our results show that these species have well-established, 
complementary movement strategies that may enable these 
sympatric predators to co-exist. Furthermore, the co-existence 
of these species is currently supported by the fact that this is 
a highly productive region that benefits from multiple spa-
tial protections (Graham et al. 2016, Calich et al. 2018), 
including the Bahamas Shark Sanctuary and a variety of gear 
restricted areas within US federal waters (e.g. NOAA 2019). 
However, expected changes associated with anthropogenic 

developments (e.g. geographic shifts associated with climate 
change) may compromise the well-established food web 
dynamics and movement strategies described here. Our 
results demonstrate that following a comprehensive approach 
to quantifying animal movements patterns can provide novel 
insights into ecological phenomena and therefore, we encour-
age researchers to consider this approach for future studies of 
animal movement.
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