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Knowledge of the three-dimensional movement patterns of elasmobranchs is vital to understand their ecological 
roles and exposure to anthropogenic pressures. To date, comparative studies among species at global scales have 
mostly focused on horizontal movements. Our study addresses the knowledge gap of vertical movements by 
compiling the first global synthesis of vertical habitat use by elasmobranchs from data obtained by deployment 
of 989 biotelemetry tags on 38 elasmobranch species. Elasmobranchs displayed high intra- and interspecific 
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branchs, indicating an increased likelihood to display spatial overlap, biologically interact, and share similar risk 
to anthropogenic threats that vary on a vertical gradient. We highlight the critical next steps toward incorporating 
vertical movement into global management and monitoring strategies for elasmobranchs, emphasizing the need 
to address geographic and taxonomic biases in deployments and to concurrently consider both horizontal and 
vertical movements.
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INTRODUCTION
The aquatic realm is defined by its three-dimensional volumetric 
scale, facilitating vertical and horizontal movements of species on a 
daily basis compared to the more constrained two-dimensional 

space inhabited by terrestrial species [with the exception of flying 
and select climbing and burrowing fauna; moving with three versus 
six degrees of freedom; (1)]. Selection of optimal thermal habitat, 
dynamic movements between temporally productive foraging patches, 
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and predatory and competitive interactions occur across both vertical 
and horizontal planes. Defining vertical mobility in tangent with 
horizontal displacements of species is therefore a key factor to 
consider in understanding ecological-anthropogenic interactions 
in support of conservation and management of aquatic species. 
Ultimately, the vertical dimension of movement is as, if not more, 
important as horizontal movement for most aquatic species, with 
depth use influencing survival, fitness, and resilience to ongoing 
climatic impacts (2).

While the horizontal distributions and movement patterns of 
marine megafauna (large fishes, cetaceans, pinnipeds, etc.) have 
been examined at a diverse range of temporal and spatial scales, 
facilitating global-scale comparative studies (3, 4), these studies in 
the vertical plane are limited. This is understandable given the very 
large size of datasets that would be needed for analyzing both hori-
zontal and vertical space use at the global scale within a single study. 
These comparative studies, however, are particularly relevant to 
establish baselines of habitat use and generate hypotheses for threatened 
megafauna and taxa experiencing global population declines, such 
as sharks, rays, and skates (hereafter “elasmobranchs”) (5). From an 
ecological perspective, vertical movement data can further our 
knowledge of the relative use of vertical bathomes and spatial and 
temporal overlap in habitat use within and among species, revealing 
the likelihood of intra- and interspecific interactions (6). Given 
their mobility, elasmobranchs can connect disparate deep-sea and 
shallow water ecosystems in tangent with high- to low-latitude 
movements, regulating trophic interactions and nutrient cycling on 
localized to ocean basin scales (7). When considering management 
and conservation, data on vertical distributions can inform us of a 
species’ vulnerability to anthropogenic threats, which is particularly 
relevant for elasmobranchs given that they can be subject to both 
targeted fisheries and bycatch worldwide (8, 9). For example, cap-
ture probabilities and levels of mortality are influenced by depth 
overlap between elasmobranchs and fishing gears (10), as well as 
gear selectivity (11) and species physiology (12). Data on vertical 
distributions can consequently inform encounter rates and catch-
ability with various fishing gears and inform potential mitigation 
measures to reduce bycatch of vulnerable species while maintaining 
capture of fishery targets (10). Similarly, data on vertical move-
ments can facilitate and improve our understanding of the biases of 
both fisheries-dependent and fisheries-independent techniques for 
estimating species’ abundance, including fishery observer records, 
and aerial, scuba, camera [e.g., baited remote underwater video 
(BRUV)], and environmental DNA surveys. Knowledge of the 
vertical range of aquatic species is critical for informing dynamic 
spatial management planning efforts, such as the designation of 
protected areas where multiuse activities may occur, by ensuring 
that representative vertical, as well as horizontal, habitats are 
protected (13, 14).

Elasmobranchs are often tracked through a combination of 
biotelemetry and biologging devices. These electronic tags can 
record the depths encountered by tagged individuals, and, depending 
on the tag type, data are either directly downloaded once a tag is 
physically recovered (archival tags or recovered pop-up satellite 
archival tags; hereafter “archival tags”) or remotely transmitted via 
satellite when an individual surfaces or the tag detaches and floats to 
the surface at a preprogrammed date (“satellite tags”) (15). For 
satellite tags, depth data can be transmitted as coarse time series 
and/or in a summarized binned histogram, where the sampling rate 

and histogram bin sizes are selected by the user a priori, whereas 
archival tags typically record high-resolution, continuous time- series 
data. To date, studies on elasmobranch depth distributions have 
generally been conducted on a species-specific basis (14, 16, 17). Yet, 
an early study (18) and recent reviews have identified consistent 
vertical patterns among certain taxa, including diel vertical move-
ment (DVM) and deep-diving behaviors (19, 20). Furthermore, a 
recent synthesis of a regional predator assemblage in the South 
Atlantic revealed that dynamic species-specific space use was tied to 
water column structure (21). Direct comparisons of vertical space 
use among elasmobranchs, however, are often hampered by in-
consistent reporting of depth data. For example, the temporal period 
over which summary statistics are calculated varies, as do the 
metrics themselves (e.g., reporting mean versus median depth), while 
the selection of depth bins, particularly those used in older tags, can 
be highly variable across users tied with the species’ ecology. To 
facilitate meaningful inter- and intraspecies comparisons of elasmo-
branch vertical habitat use at a global scale, data harmonization is 
required across deployments and tag types.

In this study, we characterize standardized vertical habitat use 
patterns of elasmobranch species on a global scale. We synthesize 
depth data from 989 biotelemetry tags deployed across 38 species, 
encompassing eight orders (14 families), spanning those inhabiting 
coastal and oceanic habitats from polar to tropical latitudes, and 
including a wide range of foraging and movement modalities. 
Specifically, we (i) characterize the vertical distributions and key 
vertical movement metrics for each species and test whether these 
were maintained across broad geographic regions and unique ocean 
basins (i.e., assessment of intraspecific variation), (ii) quantify the 
level of interspecific overlap in vertical distributions, (iii) assess the 
relative occurrence of species’ diel vertical behaviors [nDVM 
(normal DVM), rDVM (reverse DVM), and neutral], and (iv) 
examine the intrinsic and extrinsic factors driving variation in 
vertical habitat use across global elasmobranch species. In doing so, 
we provide a valuable reference point for hypothesis generation to 
further our ecological knowledge of elasmobranchs as well as in-
forming future monitoring and management efforts.

RESULTS
Data synthesis
We compiled 96,169 days of vertical movement data from 989 indi-
viduals, encompassing 38 species that were representatives of 14 
families of elasmobranch. Most depth data were obtained from 
tag deployments on representatives of the families Lamnidae and 
Carcharhinidae, accounting for 43.7 and 21.7% of the data days and 
37.4 and 28.9% of the individuals, respectively. The number of 
tagged individuals varied across species, ranging from 1 (Munk’s pyg-
my devil ray, Mobula munkiana; pelagic stingray, Pteroplatytrygon 
violacea; and Cuban dogfish, Squalus cubensis) to 187 (white shark, 
Carcharodon carcharias) (Table 1). The number of days of data 
recorded by the tags per individual ranged from 7 to 784, with a mean 
(± SD) of 98.4 ± 80.9 data days per tag deployment across all species. 
Collectively, archived and transmitted time-series data were avail-
able for 59.7% of tags (n = 590), with the remaining tags providing 
data in the form of summarized histograms. Habitat type, assigned 
on the basis of the presence of a species on the continental shelf as 
found in previous studies, was classified as “coastal” for 11 species, 
“transient” for 18 species, and “oceanic” for 9 species (table S1).
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Table 1. Vertical reference metrics for 38 elasmobranch species. TS, time series; IQR, interquartile range. Mean skewness and percentage metrics are 
calculated from time-series data only. Maturity status (I, immature; M, mature; and U, unknown maturity status) was estimated on the basis of length 
measurements taken during tagging activities and assessed against published maturity lengths (table S1). Calculations of mean depth, median depth, and 
mean skewness were only available for species where time-series datasets were available. NA, not applicable. 

Species N (TS/
total)

Maturity 
status 
I/M/U

Mean 
data days 

± SD
Total 

data days
Depth range 

(min-max)
Mean max 

depth ± SD (m)
Mean depth 

± SD (m)

Median 
depth

Mean 
skewness 

± SD

(IQR) (m) (range)

Pelagic thresher shark
6/6 6/0/0 76.3 ± 62.5 458 0–584 452 ± 159.9 115.3 ± 39.1

82 0.94 ± 0.23

      Alopias pelagicus (42.4–177.3) (0.54–1.2)

Bigeye thresher shark
3/3 0/1/2 48 ± 21.7 144 5–543 518.2 ± 24.3 219.9 ± 31

211.6 0.22 ± 0.29

      Alopias superciliosus (84.3–342.5) (−0.07–0.51)

Common thresher shark
0/8 1/2/5 68.5 ± 36.7 548 0–572 261 ± 191.6 NA NA NA

      Alopias vulpinus

Arctic skate
5/5 5/0/0 38.6 ± 20 193 317–1400 1306 ± 110.5 944.4 ± 155.8

952.3 0.02 ± 0.71

      Amblyraja hyperborea (835.3–1061.5) (−0.7–0.81)

Big skate
2/5 2/3/0 189 

± 106.3 945 1–500 377.8 ± 172.1 81.9 ± 62.2
81.8 0.62 ± 0.15

      Beringraja binoculata (54.1–97.3) (0.52–0.73)

Silvertip shark
7/11 8/2/1 93 ± 41.6 1023 0–792 441.4 ± 220.3 42.6 ± 3.8

41 2.05 ± 1.02

      Carcharhinus albimarginatus (31.4–52) (0.52–3.64)

Grey reef shark
5/5 0/5/0 25.2 ± 26.5 126 0–147 99.8 ± 28.5 27.5 ± 6.4

23.1 0.53 ± 0.36

      Carcharhinus amblyrhynchos (13–42.1) (0–0.86)

Bronze whaler shark
7/7 1/6/0 126.1 

± 74.1 883 0–129 96.9 ± 26.3 25.9 ± 10
24 0.6 ± 0.82

      Carcharhinus brachyurus (10.5–37.6) (−0.17–2.16)

Silky shark
32/37 32/2/3 51.2 ± 48.2 1893 0–1112 294.5 ± 187.2 41.2 ± 14.3

40 0.75 ± 0.8

      Carcharhinus falciformis (22–57.5) (−0.73–2.35)

Bull shark
17/18 1/17/0 89.8 ± 67.4 1616 0–256 148.1 ± 66.5 24.7 ± 11.4

22.7 0.97 ± 0.93

      Carcharhinus leucas (12.9–33.7) (−0.55–3.17)

Blacktip shark
5/10 0/10/0 63.4 ± 50.1 634 0–132 60.3 ± 47.9 11.1 ± 4.3

10.7 0.76 ± 1.1

      Carcharhinus limbatus (5.5–14.5) (−0.35–2.22)

Oceanic whitetip shark
19/22 12/5/5 88.6 ± 41.4 1950 0–659 253.2 ± 127.7 32.5 ± 6.8

25.4 1.34 ± 0.56

      Carcharhinus longimanus (10.2–48.6) (0.49–2.98)

Galapagos shark
9/10 4/6/0 63.4 ± 40.7 634 0–528 317.4 ± 126.0 53.2 ± 7.2

53.2 0.36 ± 0.74

      Carcharhinus galapagensis (32.4–74.2) (−0.89–1.58)

Caribbean reef shark
10/10 0/10/0 118 ± 97.4 1180 0–697 311.4 ± 161.9 29.5 ± 11.7

26.9 4.17 ± 2.26

      Carcharhinus perezi (18.6–33.4) (0.15–8.06)

White shark
93/187 126/41/20 113.5 

± 80.2 21,220 0–1277 541.5 ± 339.5 48.9 ± 38.5
21.3 2.49 ± 2.23

      Carcharodon carcharias (6.4–61.9) (−4.43–
10.01)

Basking shark
31/66 7/51/8 121.6 

± 77.9 8025 0–1504 782.6 ± 426.5 177.8 ± 140.1
123.9 1.68 ± 1.74

      Cetorhinus maximus (56.2–273.1) (−0.79–6.36)

Tiger shark
46/55 17/38/0

54.9
3019 0–1275 519.7 ± 241.7 40.1 ± 19.9

26.5 2.82 ± 1.75

      Galeocerdo cuvier ± 45.9 (10–53.5) (−0.17–8.85)

School shark
16/17 0/17/0 78.4 ± 47.3 1332 0–696 234.4 ± 226.0 68.5 ± 46

56.6 0.53 ± 1.03

      Galeorhinus galeus (38–86.8) (−1.32–2.82)

    continued on next page
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Species N (TS/
total)

Maturity 
status 
I/M/U

Mean 
data days 

± SD
Total 

data days
Depth range 

(min-max)
Mean max 

depth ± SD (m)
Mean depth 

± SD (m)

Median 
depth

Mean 
skewness 

± SD

(IQR) (m) (range)

Bluntnose sixgill shark
2/2 2/0/0 201 ± 0 402 159–904 891.8 ± 16.6 449 ± 1.7

528 −0.19 ± 0.01

      Hexanchus griseus (267.5–590.8) (−0.2 - −0.18)

Lutz’s stingray
1/2 0/2/0 17.5 ± 14.8 35 0–78 51.8 ± 36.4 3.1

1
4.94

      Hypanus berthalutzae (0–2.5)

Shortfin mako shark
9/57 54/2/1 94.9 ± 44.5 5409 0–1888 481.1 ± 346.3 55.5 ± 33.9

42.4 2.34 ± 1.67

      Isurus oxyrinchus (23.1–75.2) (0.88–5.3)

Longfin mako shark
1/3 0/3/0 94.7 ± 30.9 284 0–1752 1482.7 ± 459.6 222.5

239
0.21

      Isurus paucus (77–340.5)

Salmon shark
11/59 11/48/0 117.2 

± 68.3 6917 0–968 411.6 ± 193.6 49.6 ± 32.6
31.9 2.19 ± 1.66

      Lamna ditropis (10.4–71.9) (0.73–6.27)

Porbeagle shark
42/64 48/16/0 128.5 

± 78.7 8224 0–1305 601.7 ± 312.9 93.2 ± 73.7
66.7 1.71 ± 1.6

      Lamna nasus (23–138.4) (−0.04–7.78)

Reef manta ray
35/64 35/13/16 76.9 ± 52 4923 0–711 275.4 ± 161.2 25.2 ± 11.5

20.6 1.3 ± 1.03

      Mobula alfredi (8.6–38.1) (−0.48–4.85)

Oceanic manta ray
11/11 1/7/3 57.7 ± 22.5 635 0–1246 442.5 ± 325.3 38.2 ± 21.4

31.5 3.21 ± 3.47

      Mobula birostris (14–54.8) (0.37–11.15)

Spinetail devil ray
1/14 14/0/0 40.4 ± 26.2 565 0–476 340 ± 105.2 11.7

1
4.68

      Mobula mobular (0–7.5)

Munk’s pygmy devil ray
1/1 0/0/1 28 28 0–126 126 11.7

9
2.79

      Mobula munkiana (5.5–15)

Sicklefin devil ray
5/6 5/1/0 48 ± 40 288 0–1637 1208.1 ± 547.2 89.6 ± 11.3

59.4 3.96 ± 2.01

      Mobula tarapacana (26.8–107.6) (1.48–6.8)

Starry smooth-hound
7/7 5/2/0 129.3 

± 79.6 905 0–118 83.5 ± 35.9 30.5 ± 9.8
28 0.26 ± 0.27

      Mustelus asterias (18.4–43) (−0.01–0.69)

Broadnose sevengill shark
2/5 0/5/0 71.4 ± 51.1 357 0–222 194.8 ± 38.5 40.2 ± 7.3

26.5 1.52 ± 0.24

      Notorynchus cepedianus (20.5–55.5) (1.35–1.68)

Blue shark
52/101 10/86/5 77.9 ± 50.8 7871 0–1792 702.6 ± 411.9 86.5 ± 34.2

51.8 1.72 ± 0.85

      Prionace glauca (14.4–125.1) (−0.05–4.32)

Common sawshark
3/3 0/3/0 14.7 ± 7.5 44 5–121 105.4 ± 17.6 79.7 ± 10.1

81.7 −0.45 ± 0.27

      Pristiophorus cirratus (63.8–95.1) (−0.73 - −0.21)

Pelagic stingray
1/1 0/1/0 58 58 3–428 428 104

100.5
0.93

      Pteroplatytrygon violacea (68–129)

Whale shark
48/61 12/48/1 147.5 

± 161 8997 0–1896 1055.6 ± 537.2 40.8 ± 17
24 5.02 ± 3.3

      Rhincodon typus (6.8–51.1) (0.14–16.24)

Greenland shark
27/28 8/20/0 138.1 

± 126.7 3867 0–1547 969.2 ± 290.1 379.9 ± 155.8
379.7 0.66 ± 1.06

      Somniosus microcephalus (308.9–440.1) (−1.15–3.48)

Scalloped hammerhead
16/17 0/17/0 30.8 ± 42.8 523 0–971 555.3 ± 263.8 58.9 ± 33.8

43.3 2.83 ± 1.77

      Sphyrna lewini (26.3–64.5) (0.14–5.63)

Cuban dogfish 1/1 0/1/0 14 14 324–710 710.1 463 441.1 1.42
      Squalus cubensis (418.3–485.5)
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Tagging locations were distributed across 17 of the 31 marine 
biogeographic realms defined by Costello et al. (22) (Fig. 1). 
One-quarter (25.0%) of all tag deployments were in the North 
Pacific marine biogeographic realm, followed by the Tropical Western 
Atlantic (15.3%), and the Tropical Indo-Pacific and Coastal Indian 
Ocean (9.6%) (Fig. 1 and table S3). Tag detachment locations were 
available for 845 individuals and spanned 21 different marine 
biogeographic realms, with 70.3% of the tags detaching within the 
same marine biogeographic realm they were deployed in.

Vertical habitat use and reference metrics
A whale shark, Rhincodon typus, recorded the deepest depth in our 
dataset with a maximum depth of 1896 m, which approached the 
physical limit of the pressure sensors of electronic tags. Depths greater 
than 200 and 1000 m were attained by 31 and 13 of the 38 species, 
respectively (Table 1). A total of 26 species spent over 95% of their 
time within the top 250 m of the water column (Fig. 2), while 4 
species spent less than 50% of their time in the top 250 m (Fig. 2; 
table S4). Only 8 species spent more than 25% of their time in the 
top 5 m (a zone reflecting surface-oriented behaviors and where 
animals are potentially detected by aerial surveys), and 13 species 
spent less than 5% of their time within this zone (Fig. 2 and table 
S4). Coastal species spent the highest proportion of time in the top 
100 m of the water column (98.9 ± 1.6%), followed by transient 
(70.5 ± 30.8%) and oceanic (54.4 ± 36.2%) species. The range of 
mean sea surface temperature (SST) (°C), the difference between 
the minimum and maximum mean SST at a location of deployment 
for each species, was narrower for coastal species (3.1 ± 2.6) com-
pared to transient (5.2 ± 4.0) and oceanic (4.1 ± 5.1) species (fig. S2).

Median depths varied among species, ranging from the shallow 
occupancy of 1 m [interquartile range (IQR) = 0 to 2.5 m] for Lutz’s 
stingray (n = 1 with time-series data) and 11 m (IQR = 5.5 to 14.5 m) 
for blacktip sharks, Carcharhinus limbatus (n = 5) to deeper waters 
occupied by Arctic skate, Amblyraja hyperborea (892.5 m; IQR = 
835.3 to 1061.5 m; n = 5) (Table 1 and fig. S3). Distributions of 
depth data for 34 of the 37 species where time-series data were avail-
able were positively skewed (i.e., higher use of shallower depths with 
tails into deeper waters; Fig. 3, Table 1, and fig. S3). In contrast, depth 
data for the common sawshark, Pristiophorus cirratus, (skewness = 
−0.45 ± 0.27; n = 3) and bluntnose sixgill shark, Hexanchus griseus 
(−0.19 ± 0.01; n = 2), were negatively skewed toward deeper waters, 
whereas the depth distribution for the Arctic skate was symmetric 
(0.02 ± 0.71, n = 5) (Table 1).

Regional variability
Tag data were available from more than one Food and Agriculture 
Organization (FAO) region for 18 species, revealing patterns of 
intraspecific variation in depth use among regions (figs. S6 to S23). 
Six of the 12 species with enough individuals tagged among regions 
to enable statistical comparison displayed significant variation in 
depth use (differences among FAO areas were significant for >2 
metrics). Vertical distribution patterns of the other six species were 
consistent among regions (figs. S6 to S23).

Interspecific overlap in use of vertical habitats
Coefficients of similarity for time-series depth data binned and averaged 
at 10-m intervals for 28 elasmobranch species had a mean of 0.77 ± 0.27, 
ranging from 0 (between five coastal species and Arctic skates) to 

Fig. 1. Deployment and pop-up and/or recapture locations of tracked elasmobranchs. Yellow triangles indicate deployment and red circles indicate pop-up and/or 
recapture of the 989 elasmobranchs included within the analysis for this study. Numbers refer to the ocean biogeographic realms as defined by Costello et al. (22) 
(see table S3). Pop-up locations were not available for 144 tags.
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Fig. 2. Comparison of epipelagic water occupation by each tagged elasmobranch species. Mean percentage of time at liberty spent by tagged elasmobranchs within 
the (A) top 5, (B) top 50, (C) top 100, and (D) top 250 m of the water column. Error bars represent ±1 SD and are truncated at 0 and 100%. Exact values can be extracted 
from table S4, along with the mean percentage of time spent in the top 10 m. Species are sorted from top to bottom by lowest to highest use of the top 250 m to ease 
interpretability. Cuban dogfish and Arctic skate spent all their time deeper than 250 m.

Fig. 3. Vertical distributions and diel behavior of 15 elasmobranch species. The hourly median depth distributions of 15 elasmobranch species determined from 
hourly median depths from each satellite-tagged individual within each species. Only species with >1000 days of depth time-series data were incorporated into this figure 
(fig. S3 shows a corresponding figure with all available species). Violin plots represent the full distribution of the data, with colors relating to family. Boxplots depict the 
lower quartile, upper quartile (and thus the interquartile range), and median within the data, with whiskers extending from the shallowest to the deepest depth observed 
within each species. Whiskers are capped to 1200 m to improve visual interpretation, with the maximum depths of species that exceed this threshold stated at the bottom 
of the whisker. Bars represent the estimated detection zones of aerial surveys (top 5 m; drone icon), scuba-diving surveys (top 50 m; diver icon), and longline fishing (top 
250 m; fish and hook icon) used within this study. Pie charts represent the proportion of individuals within each species that primarily exhibited nDVM, rDVM, or no clear 
evidence of DVM (neutral) as determined by nonparametric Wilcoxon signed-rank tests applied to time-series data. Species are ordered by habitat type, moving from 
oceanic to transient to coastal species from left to right.
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0.996 (between whale sharks and tiger sharks, Galeocerdo cuvier) 
(Fig. 4). Hierarchical clustering based on dissimilarity revealed four 
discrete clusters (Fig. 5 and fig. S4). Cluster 1 contained seven of the 
eight coastal species and the oceanic whitetip shark, Carcharhinus 
longimanus, with six of these species being of the family Carcharhinidae. 
Species in this cluster had relatively high occupancy of the top 50 m 
of the water column, and very little use of depths >100 m (Fig. 5). 
Cluster 2 contained more than half of the total species included in 
this analysis (n = 16) and was distinguished by depth distributions 
spanning surface waters to depths >100 m (Fig. 5 and fig. S4). 
Cluster 2 could be further broken up into three subclusters. The first 
contained the silvertip shark, Carcharhinus albimarginatus, Galapagos 
shark, Carcharhinus galapagensis, scalloped hammerhead shark, 
Sphyrna lewini, and silky shark, Carcharhinus falciformis, and was 
characterized by a relatively even depth distribution across the top 
100 m. The second subcluster contained species with the most 
similar depth distributions, with a mean coefficient of similarity of 
0.97 ± 0.02, and included white sharks, oceanic manta rays, Mobula 
birostris, tiger sharks, whale sharks, salmon sharks, Lamna ditropis, 
and shortfin mako sharks, Isurus oxyrinchus. These species had 
depth distributions that were strongly right skewed, with high occu-
pation of the top 10 m. The final subcluster contained the basking 
shark, Cetorhinus maximus, sicklefin devil ray, Mobula tarapacana, 
pelagic thresher shark, Alopias pelagicus, school shark, Galeorhinus 
galeus, blue shark, Prionace glauca, and porbeagle shark, Lamna 
nasus, and was distinguished by having relatively higher occupation 
of deeper depths (Fig. 5 and fig. S4). Clusters 3 and 4 consisted of 
the Arctic skate and Greenland shark, Somniosus microcephalus, 
respectively, that resided in deeper waters (Fig. 5 and fig. S3).

Diel variation in vertical distributions
Time series of depth data enabled daytime (10:00 to 14:00) and 
nighttime (22:00 to 02:00) median depths to be compared for 
577 tagged individuals of 37 species (Fig. 3 and Table 2). nDVM 
(diving deeper during the day than night) was the most common 
strategy across individuals and species (found in 46% of individuals 
and 89% of species), followed by neutral patterns (no difference 
between day and night; 41% of individuals and 73% of species) and 
rDVM (deeper during the night than day; 13% of individuals and 
38% of species). However, diel patterns of movement were not 
consistent within species. Twelve species had at least one individual 
present in each of these diel movement categories (Table 2), and 
three species did not have any individuals exhibiting patterns of 
nDVM or rDVM [Arctic skate (n = 5), blacktip shark (n = 5) and 
spinetail devil ray, Mobula mobular (n = 1)]. Of the 16 species with 10 
or more individuals tracked, 10 (63%) displayed all three behavioral 
modes (Table 2). Intraspecific variability in diel patterns tended to 
be more common in oceanic and transient species than in coastal 
species. The reef manta ray, Mobula alfredi, was the only coastal 
species to display all three patterns (nDVM = 36.1%, rDVM = 16.7%, 
neutral = 47.2%, n = 36), compared to 58 and 50% of transient and 
oceanic species, respectively.

Drivers of elasmobranch depth preferences
Our best model explaining variation in elasmobranch median depths 
(see table S5 for the full list of candidate models) indicated that spatial 
and species terms were strong predictors of median depth [Best 
Integrated Nested Laplace Approximation (INLA) regression model, 
Table 3]. Interaction terms between species and realm and sex had 
strong effects on median depths, whereas the interaction between 
species and SST had a weak positive effect. The fixed effects of sex, SST, 
and trophic level alone had no effect on median depth. Median depth 
also decreased with maximum size across species (posterior mean, −0.21; 
CrI, −0.32, −0.03) and for species primarily associated with coastal 
habitats (posterior mean, − 0.21; CrI, −0.38, −0.04) (Table 3). We 
found no evidence of an effect of maturity status on median depth, 
even when included as an interaction term with species.

DISCUSSION
The vertical dimension of movement is required to gain a complete 
understanding of aquatic species’ three-dimensional space use to 
inform ecology and management. Compiled vertical movement data 
for elasmobranchs derived from telemetry devices revealed high 
intra- and interspecific variability in vertical movement patterns, 
across both geographical and diel scales, highlighting the complex 
behaviors adopted by this diverse taxonomic group. Yet, substantial 
vertical overlap occurred between many epipelagic elasmobranchs, 
and vertical habitat use of certain threatened species was consistent 
across global oceans, indicating convergent strategies and potential 
for standardized management practices to mitigate bycatch and 
enact effective conservation measures. We discuss the ecological 
and applied implications of observed patterns and identify future 
research priorities.

Ecological insights
Vertical habitat use and reference metrics
The majority of the 38 species we examined had epipelagic distribu-
tions (n = 31), with median depths in the top 200 m of the water 

Fig. 4. Vertical habitat overlap between elasmobranch species. Matrix of vertical 
habitat overlap (Bhattacharyya coefficient) among species, where zero indicates no 
overlap between depth distributions and one indicates identical depth distributions. 
Calculations were based on time-series depth data binned at 10-m intervals for 
each individual and averaged across a species. Only species with five or more individual 
depth time-series datasets were incorporated into this analysis (n = 26).
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column. However, many of these species frequented deeper bathomes, 
with 31 recorded at mesopelagic depths (>200 m) and 13 at bathy-
pelagic depths (>1000 m). The motivation for irregular movements 
into deep, dark, cold waters for epipelagic species is difficult to 
determine but could be related to some combination of foraging 
opportunities, thermoregulation, bioenergetics, reproduction, predator 
avoidance, and/or navigation through magnetic, chemical, topo-
graphic, electric, and light cues (20). Entering deep waters for 
sustained periods, however, requires a capacity to endure cooler 
temperatures and potentially more hypoxic conditions that are likely 
to be outside the “normal” environmental niche of many epipelagic 
species. Seven of the 10 epipelagic species found to access depths 
>200 m have either morphological [i.e., large size and therefore 
thermal inertia; (23)] and/or physiological adaptations [i.e., regional 
endothermy; (24)] that slow the rate of body temperature cooling at 
depth to facilitate access to deeper maximum depths. Individuals 
may also use behavioral adaptations to cope with these unfavorable 
conditions, for instance, by bounce diving between shallow and 
deep waters to thermoregulate and/or reoxygenate (25).
Regional variability
Several species, including oceanic whitetip, tiger, scalloped hammer-
head, school, and silky sharks, though capable of undertaking deep 
dives to meso- and bathypelagic depths (26, 27), recorded consistent 
use of relatively shallow habitats across biogeographic realms. This 
uniform behavior identifies that generalized fisheries management 
approaches could be adopted among FAO regions, particularly 
where regional management is hindered by data limitations for a 
given species. However, high intraspecific variability in vertical 

movement patterns of species both within and between regions was 
also observed. While regional-scale studies have also recorded such 
variation (28), our global-scale study provides strong evidence that 
this phenomenon is common across species and regions. Drivers 
of intraspecific differences can be difficult to unravel without fine-
scale, species-level analyses but most likely relate to the combined 
effects of local prey composition, abundance and distribution, 
discrete oceanographic conditions that dictate water column struc-
ture, and bathymetry.
Interspecific overlap in use of vertical habitats
Vertical habitat overlap among species analyzed was generally high, 
potentially reflecting the bias toward tracking studies of more 
accessible, epipelagic species, as well as the current pressure limita-
tions of available tagging technologies. High overlap in use of vertical 
habitats among species indicates the increased likelihood of ecologi-
cal interactions, such as intraguild predation and competition. The 
cluster analysis revealed high overlap between more closely related 
species and/or species inhabiting similar habitat types (i.e., coastal 
or oceanic habitats). Depth distributions primarily limited to the 
top 50 m were recorded for species in cluster 1, reflecting their 
coastal distribution and therefore bathymetric limitations, with the 
notable exclusion of the oceanic whitetip shark, which inhabits 
the open ocean. Cluster 2 grouped 16 species with relatively broad 
epipelagic distributions that was then broken into three distinct 
subclusters. The first of these contained three carcharhinids and the 
scalloped hammerhead shark, all of which are primarily piscivorous 
species found in warm temperate to tropical waters. The second 
contained three lamnids (white shark, salmon shark, and shortfin 

Fig. 5. Clustered depth distributions of elasmobranchs. Depth distributions for 26 elasmobranch species with time-series data binned at 10-m intervals. Note that the 
plot has been limited to the top 150 m to ease interpretation but extends to 1850 m (see fig. S4 for the full plot). Italicized lettering next to each species name indicates 
the habitat type of each species (c = coastal, t = transient, and o = oceanic). The dendrogram and clusters on the right side of the figure resulted from hierarchical cluster 
analysis performed on dissimilarity of the Bhattacharyya coefficient. Numbered clusters represent species grouped according to similarity in vertical habitat use.
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Table 2. DVM patterns for elasmobranch species. Only species with time-series data available were used, with data split into local day (10:00 to 14:00) and 
night (22:00 to 02:00) periods. Percentage values represent the proportion of individuals of a species displaying nDVM, rDVM, or neutral patterns (no difference 
between day and night). Day and night counts display the number of days of data available for each respective diel period. 

Species Number of tags % nDVM % rDVM % Neutral Day count Night count

Pelagic thresher shark
5 100 0 0 368 422

      Alopias pelagicus

Bigeye thresher shark
3 100 0 0 144 144

      Alopias superciliosus

Arctic skate
5 0 0 100 143 133

      Amblyraja hyperborea

Big skate
2 50 0 50 387 407

      Beringraja binoculata

Silvertip shark
7 71.4 0 28.6 510 516

      Carcharhinus albimarginatus

Grey reef shark
3 33.3 33.3 33.3 92 92

      Carcharhinus amblyrhynchos

Bronze whaler shark
4 75 0 25 531 526

      Carcharhinus brachyurus

White shark
91 38.5 12.1 49.5 11,612 11,527

      Carcharodon carcharias

Silky shark
32 50 12.5 37.5 1323 1282

      Carcharhinus falciformis

Galapagos shark
9 66.7 0 33.3 443 459

      Carcharhinus galapagensis

Bull shark
16 62.5 0 37.5 1415 1432

      Carcharhinus leucas

Blacktip shark
5 0 0 100 457 452

      Carcharhinus limbatus

Oceanic whitetip shark
19 26.3 31.6 42.1 1676 1674

      Carcharhinus longimanus

Caribbean reef shark
10 80 20 0 1103 1103

      Carcharhinus perezi

Basking shark
30 26.7 13.3 60 3960 3760

      Cetorhinus maximus

Tiger shark
45 44.4 6.7 48.9 2069 2046

      Galeocerdo cuvier

School shark
14 64.3 0 35.7 1016 967

      Galeorhinus galeus

Bluntnose sixgill shark
2 100 0 0 400 398

      Hexanchus griseus

Lutz’s stingray
1 0 100 0 13 11

      Hypanus berthalutzae

Shortfin mako shark
9 55.6 22.2 22.2 1034 1032

      Isurus oxyrinchus

Longfin mako shark
1 100 0 0 115 94

      Isurus paucus

    continued on next page
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mako shark), the tiger shark, and the filter-feeding whale shark and 
oceanic manta ray, characterized by high surface use with occasional 
excursions into deeper waters. The latter three species contained 
the most similar vertical distributions of our analyses. Notably, 
these species also share other comparable movement behaviors, 
including distributions dominated by residency in coastal sites in 
warm temperate and tropical regions tied with preferential prey 
(i.e., zooplankton and sea turtles, respectively), where bathymetry 
may limit vertical movements, and offshore migrations through 
deeper waters with records of deep-diving behavior (29–31). In the 
case of the filter-feeding oceanic manta ray and whale shark, spatial 
overlap may result in competition for prey, whereas overlap of these 
taxa with tiger sharks may increase the likelihood of predator-prey 
interactions (32). The final subcluster recorded relatively deeper 
distributions at epi- and mesopelagic depths, grouping oceanic and 

transient species, all of which (excluding the relatively understudied 
pelagic thresher shark) have been tracked on long-distance move-
ments and/or migrations [e.g., blue shark (33), porbeagle shark 
(34), school shark (35), and sicklefin devil ray (17)]. These broad 
distributions could require changes in vertical behaviors with mi-
gration phase and/or horizontal position, as has been previously 
recorded for latitudinal migrations in basking sharks (36) and blue 
sharks (33). Although overlap in vertical habitats does not necessarily 
indicate that species are simultaneously present in space and time, 
similarities in habitat and horizontal distributions, and evidence for 
intraguild predation from diet studies (37) for species that clustered 
together in our analyses, support spatial and temporal overlap. 
Future work could consider range distributions and both horizontal 
and vertical movements concurrently and over time to quantify the 
full extent of species overlap for elasmobranchs.

Species Number of tags % nDVM % rDVM % Neutral Day count Night count

Salmon shark
10 70 0 30 1653 1655

      Lamna ditropis

Porbeagle shark
42 81 0 19 5066 5074

      Lamna nasus

Broadnose sevengill shark
2 50 0 50 202 201

      Notorynchus cepedianus

Reef manta ray
36 36.1 16.7 47.2 2273 2246

      Mobula alfredi

Oceanic manta ray
11 9.1 54.5 36.4 510 582

      Mobula birostris

Spinetail devil ray
1 0 0 100 67 68

      Mobula mobular

Munk’s pygmy devil ray
1 100 0 0 27 27

      Mobula munkiana

Sicklefin devil ray
5 100 0 0 189 177

      Mobula tarapacana

Starry smooth-hound
7 71.4 0 28.6 900 905

      Mustelus asterias

Blue shark
54 59.3 7.4 33.3 4176 4132

      Prionace glauca

Common sawshark
3 33.3 0 66.7 40 44

      Pristophorus cirratus

Pelagic stingray
1 100 0 0 47 50

      Pteroplatytrygon violacea

Whale shark
48 12.5 45.8 41.7 7902 7922

      Rhincodon typus

Greenland shark
27 37 0 63 3380 2886

      Somniosus microcephalus

Scalloped hammerhead
15 20 26.7 53.3 441 456

      Sphyrna lewini

Cuban dogfish 1 100 0 0 13 13
      Squalus cubensis

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 05, 2022



Andrzejaczek et al., Sci. Adv. 8, eabo1754 (2022)     19 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 19

Diel variation in vertical distributions
Diel changes in vertical patterns were exhibited with nDVM the 
dominant behavior. Prevalence of nDVM patterns is expected, given 
the daily migration of global zooplankton, forage fish, and associated 
predators toward the surface at dusk and toward the mesopelagic at 
dawn driven by avoidance of visual predators in well-lit surface 
waters (38). While elasmobranch dive behavior is commonly linked 
to foraging (20), their time at depth can be limited by exposure to 
unfavorable physical conditions, such as reduced temperatures and 
dissolved oxygen concentrations, resulting in deviations to the model 
DVM pattern. Spatial and temporal plasticity in DVM patterns 
by zooplankton and other prey species as a result of “landscapes of 
fear” and lunar illumination can also modify systematic nDVM (39).

Many elasmobranch species showed high intraspecific variation 
and plasticity in DVMs, displaying various combinations of nDVM, 
rDVM, and neutral patterns. Variation in DVM can result from 

prevailing environmental conditions (40), bathymetry, spatial and 
temporal variation in prey distribution (41), and/or sample size 
limitations (42). Reef manta rays, for example, displayed nDVM 
patterns around the Chagos Archipelago (28), rDVM around the 
Seychelles (43), and both patterns off eastern Australia (44), pre-
sumably due to site-specific vertical distributions of zooplanktonic 
prey and baseline productivity. Individuals may also display both 
patterns of rDVM and nDVM tied with habitat type, as observed for 
basking sharks moving between shallow, inner shelf habitats and deep, 
shelf-edge habitats (41). Evidence for intraindividual flexibility in 
DVM is potentially favorable in the context of climate change, where 
plankton distributions are predicted to shift unpredictably with 
prevailing environmental conditions (45). The depth behavior of 
each individual was summarized across its full time at liberty, 
potentially masking discrete shifts in DVM throughout the tag 
deployment tied with specific locations.
Drivers of vertical distributions
Fine-scale vertical behaviors of elasmobranchs are thought to be 
driven by a need to optimize the energy costs of locomotion and 
foraging, while remaining within physiological limits imposed by 
abiotic factors, such as ambient water temperature and dissolved 
oxygen levels (16, 18). It was not possible to incorporate these fine-
scale variables into our analysis given data aggregation; however, key 
behavioral drivers emerged at the spatial-temporal range examined.

As would be expected, tagging location was a significant predic-
tor of median depth, a result of the heterogeneous environmental, 
oceanographic, and bathymetric conditions that drive the distribu-
tion of fishes (46) and are tied to the specific region of capture (i.e., 
shelf or open ocean). Our best model, however, included an interac-
tion between species and marine biogeographic realm, indicating 
that the unique environmental conditions that influence the hori-
zontal distributions of species and ultimately underpin the classi-
fication of realms (22) also drive variability in vertical habitat use 
among elasmobranchs.

While interspecies variation was a strong predictor of median 
depth for the species examined, phylogeny contributed little to 
explain variation in our models, raising the question over whether 
vertical ecology could be reliably predicted across the breadth of the 
elasmobranch phylogenetic tree. Limited evidence of relationships 
between phylogeny and functional diversity within sharks was re-
ported by Cachera and Le Loc’h (47) in agreement with our data for 
a subset of species. It is possible that distantly related species could 
have independently evolved similar patterns of depth use, driven by 
similar habitat and environmental conditions at discrete locations, 
such as those found in the deep ocean (20). Given that our global 
data were limited to only 38 of the 1143 recorded elasmobranch 
species and 15 of the 57 extant families (48), phylogenetic patterns 
cannot be ruled out and warrant further investigation. Furthermore, 
taxonomic, demographic, and geographic biases inherent in these 
data highlight the need for focused studies on underrepresented 
elasmobranch taxa. This is vital for effective conservation and 
management of elasmobranchs, given that more than one-third of 
all sharks and rays are threatened with extinction, according to the 
IUCN (International Union for Conservation of Nature) Red List of 
Threatened Species (5).

Trophic level and maximum size were both included in our best 
model, but only maximum size was a significant driver of median 
depth, with larger species residing in shallower waters. This may be 
explained by the fact that both large zooplanktivores (i.e., whale 

Table 3. Drivers of elasmobranch depth preferences. Mean of the 
posterior coefficient estimates and the quantiles of the posterior 
distribution (0.025 and 0.975) from the best Bayesian regression model 
examining the median depths of tagged elasmobranchs from 38 species 
within the first 7 days of tracking (excluding the first day of deployment) 
using INLA. Trophic level, maximum size, and primary habitat for each 
species were determined from existing literature (table S1). The maturity 
status for each individual was determined from length measurements 
taken when the animal was tagged and compared to published lengths at 
maturity (table S1). SST at the tagging location obtained from the 
National Oceanic and Atmospheric Administration’s Multi-Scale 
Ultra-High Resolution level 4 analysis on a 0.01° spatial resolution and 
averaged across the 7 days following deployment. Spatial terms are 
derived from the latitude and longitude of the tagging location, and the 
realm is the biogeographic realm (26) where the tagging occurred. Terms 
for which the 95% credible interval of the posterior does not overlap zero 
are italicized. Asterisk denotes the interaction term. 

Variable Mean 0.025 quantile 0.975 quantile

Intercept 1.91 0.29 3.42

Habitat: coastal -0.21 −0.38 −0.04

Habitat: coastal transient 0.16 0.00 0.32

Habitat: oceanic 0.05 −0.13 0.22

Maturity: immature −0.02 −0.08 0.04

Maturity: mature 0.03 −0.03 0.09

Maturity: unknown 0.00 −0.10 0.09

Max size −0.17 −0.32 −0.03

Sex: F −0.04 −0.12 0.05

Sex: M 0.02 −0.06 0.11

Sex: U 0.01 −0.12 0.15

SST 0.00 −0.01 0.01

Trophic level 0.00 −0.34 0.38

Range for space 18.80 8.20 37.30

Stdev for space 0.17 0.11 0.24

Precision for species 0.02 0.20 0.01

Precision for species*realm 0.14 0.27 0.09

Precision for sex*species 0.10 0.20 0.06

Precision for species*SST 0.01 0.02 0.01
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sharks, basking sharks, and manta rays) and large higher-order 
predatory species (i.e., white sharks and tiger sharks) were tagged 
during their surface-based foraging phase [see, e.g., (41)]. Models 
predicted that median depths were shallower for species associated 
with coasts than transient or oceanic taxa, which contain those 
feeding across a broad range of trophic levels and of various size 
classes. This is expected, given the greater habitat depth available to 
oceanic species and the oligotrophic environment that they inhabit 
compared to increased productivity in shallow water around islands 
and coastlines (49). Previous studies have also shown marked onto-
genetic shifts in horizontal habitat occupied [e.g., silky sharks in the 
Gulf of Mexico (50) and whale sharks in the northeast Pacific (51)], 
and species-specific shifts in vertical habitat use with age (52). 
We found no evidence, however, for a relationship between median 
depth and maturity stage, even when maturity was incorporated as 
an interaction term with species (which was not included in our 
best model). This lack of relationship highlights diverse strategies 
across the species studied, but we acknowledge the inherent limita-
tion of including only certain size classes for species within the 
analysis, likely constrained by tag size (i.e., ability to tag juveniles or 
small bodied species) and ease of capture (i.e., cryptic habitat use of 
certain life stages).

Unexpectedly, we found limited evidence that SST at the tagging 
location was a significant driver of median depth, even when 
considered as an interaction with species. Previous single-species 
studies have reported temperature as a strong regulator of distribu-
tion, especially for ectotherms with individuals moving into deeper, 
cooler waters when surface waters were warmer [e.g., basking 
sharks (36) and oceanic whitetip sharks (53)]. It is possible that the 
remotely sensed measure of SST used in the models was too coarse 
to describe the fine-scale effects on individual vertical movements. 
In addition, the effect of SST is modulated by subsurface physical 
variables, such as mixed-layer depth (21), which can be highly 
variable but could not be estimated here. Aligning vertical data with 
archived temperature records provides an alternative avenue to 
assess how elasmobranch movement in this plane will be influenced 
by changing climates.

The mating habits of most elasmobranchs remain poorly charac-
terized, yet many species are known to sexually segregate on horizontal 
axes because of habitat and prey preferences, and for females to re-
duce negative interactions during pregnancy and enhance offspring 
survival (54, 55). Yet, elasmobranchs are also known to sexually seg-
regate in the vertical plane [i.e., white sharks (56) and flapper skate, 
Dipturus intermedius (14)]. While sex on its own was not important, 
the interaction between sex and species had an effect within our 
model. However, while this interaction effect improved model fit, no 
species-specific effects were confidently (95% significance level) 
estimated as being either positive or negative. It is unclear whether 
this is a result of small effect sizes or data limitations for each of the 
species, or that our metric of central tendency masked variation in 
habitat use, particularly at fine temporal and spatial scales. Given the 
importance of understanding reproduction dynamics to conserva-
tion and management, more detailed investigations in this area 
should be a priority for future research.

Implications for management and monitoring
Assessing the efficacy of methods for detecting elasmobranchs (i.e., 
to assess biodiversity or abundance) and to mitigate against the like-
lihood of individuals encountering major threats (i.e., bycatch in 

fisheries) is key to ensure that approaches are effective and relevant 
for management. As a first step to incorporating vertical habitat use 
into these assessments, we generated the vertical metrics calculated 
for each species and estimated the proportion of time elasmobranchs 
spent within depth bins that overlapped with common detection 
methods and fishing efforts using pelagic longlines, providing an 
important first step for incorporating vertical habitat use into these 
assessments. In fisheries management, metrics of vertical habitat 
use can inform estimates of catchability to improve key fishery- 
derived abundance indices (57), bycatch mitigation strategies (58), 
and protected area designation and management (14, 59). Our 
estimates of vertical overlap with longline fishing are based on pub-
lished hook depths (60). However, they should be interpreted as 
indicative, rather than conclusive, given the high intraspecific 
variability in vertical movements displayed by many species, variation 
in hook depth of pelagic longlines, and catch rates of elasmobranchs 
that depend on the target species, season, habitat being fished (61), 
and vertical movements of animals attracted to bait.
Monitoring techniques
The proportion of time that a species spends near the surface 
dictates suitability for several techniques used to sample abundance. 
For example, aerial surveys are increasingly used in elasmobranch 
research to monitor occupancy and population size (62) but are 
only effective for species that spend a significant proportion of their 
time in the top few meters of the water column during daylight 
hours. This metric will therefore dictate confidence in estimated 
abundance values. Similar considerations of species depth use should 
be applied to each sampling approach on a case-by-case basis (i.e., 
detection bias), acknowledging that extrapolations on the estimates 
provided here should be undertaken with caution, as the maximum 
depth that an animal can be detected is likely spatially and tempo-
rally variable and influenced by prevailing ocean conditions, over-
head weather conditions, turbidity, the size and shape of the animal, 
and the underlying habitat (e.g., sandy bottom versus deep water) 
(62–64). The proportion of time that a species spends at the surface 
is also important for determining the utility of location-transmitting 
tags, such as Smart Position or Temperature Transmitting tags, in 
tracking the horizontal positions of a species. Consequently, while 
the thresholds presented here and the proportions of time spent 
within each band by each species should be considered as conserva-
tive, they serve as useful baselines for future monitoring activities, 
when accounting for local conditions and context.
Generalized management approaches
The identification of consistent patterns of vertical habitat use, both 
intra- and interspecifically, is important from a management per-
spective, when considering generalized management approaches 
for data-deficient regions. For example, species that displayed con-
sistent patterns of DVM among individuals (e.g., porbeagle sharks) 
would benefit from management strategies where fishing gears are 
only deployed during one diel period (i.e., day or night), or at target 
depths modified over a diel cycle, to reduce interaction rates (10). 
Similarly, for species that recorded similar vertical distributions 
among FAO areas (e.g., the “Critically Endangered” oceanic whitetip 
shark), depth-tied management approaches could be consistently 
applied among regions as a first step to proactive conservation. 
High overlap in the depth distributions among species indicates a 
similar risk of exposure to threats that vary on a vertical gradient 
(e.g., fishing gears), identifying that coordinated management ap-
proaches will be effective, especially in the short term while data 
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acquisition is ongoing. The next crucial step to inform spatial and 
temporal management strategies will be three-dimensional overlap 
analysis of elasmobranch species and their prey with fisheries and 
considering dynamic fisheries management approaches (13).

Future directions
Through a global synthesis of elasmobranch vertical movement data 
collected by biologging and telemetry tags, it was possible to explore 
underlying relationships, commonalities, and variation among 
species and highlight opportunities for improved conservation and 
management. Yet, many questions remain. The investigation of the 
fine-scale physical and ecological drivers of vertical distributions at 
the assemblage level in particular should be prioritized. Given that 
temperature data are routinely recorded concurrently with pressure 
(i.e., depth), a pertinent next step would be to analyze the thermal 
niches of these species in relation to their vertical distribution and 
investigate potential thermal limits and thermoregulatory behaviors 
that may be driving observed vertical movement patterns among 
species with and without regional endothermy (65). Environmental 
modeling could also be used to investigate how reduced oxygen 
availability may physically limit vertical movements (66) to predict 
climate change effects. Fortunately, continued technological advance-
ment and innovation in the field promises to provide the tools needed 
to address these questions. Improvements to the diversity and trans-
mission capability of sensors in biologging and biotelemetry tags (67) 
are also allowing us to contextualize further the vertical movement pat-
terns of elasmobranchs, enabling comparisons of the energetics and 
foraging ecology among species and the investigation of the fine-scale 
mechanisms and processes underlying movement behaviors.

A wider range of species targeted by tagging studies is required 
to address spatial and taxonomic biases present in current global 
data. The creation of more affordable electronic tags will improve 
accessibility and equity in data-poor developing nations, whereas 
tag miniaturization will facilitate deployment on smaller-bodied 
species and younger-size classes that are currently underrepresented. 
Last, the development of tags that can withstand pressures >2000 m 
will be essential in extending movement studies to deep-water sharks 
that remain among the most understudied elasmobranch taxa.

MATERIALS AND METHODS
Data collection
Depth data were collated from either archived time series from 
recovered archival tags or transmitted time series and/or time- 
at-depth binned histogram data from satellite tags, for 1038 indi-
viduals across 38 species of elasmobranch tagged between 2000 and 
2019. Deployment locations and, where possible, end-of-track posi-
tions were also reported for each tag deployment. All data were 
quality- and suitability-checked before inclusion in the study (see the 
“Data processing” section below). All animal handling procedures 
were approved by the respective ethical review committees at the 
data owners’ institutions. Elasmobranchs were tagged throughout 
the Arctic, Atlantic, Indian, and Pacific Oceans (Fig. 1), and tags 
were deployed on animals captured using either baited lines, during 
commercial fishing operations (longlining or purse seine) or while 
the animals were free-swimming.

For each species with corresponding tag data, we synthesized 
information on principal biological traits. Estimates of trophic level, 
maximum reported size, primary habitat type occupied for each 

species, and maturity status of each individual were compiled from 
the published literature (table S1). Primary habitat type was based 
on the presence of species in continental shelf habitats (68), with 
species distributed exclusively on the continental shelf assigned as 
coastal, those off the continental shelf as oceanic, and those moving 
between the two and/or resident in both as transient (see table S1 
for classifications and associated citations). Sex-specific maturity 
status (“mature” or “immature”) was estimated on the basis of length 
measurements taken during tagging; all length measurements were 
converted to total length if an alternate measurement was provided 
(i.e., fork length) via established length-length conversions (table S2) 
before being referenced against published length-at-maturity data 
(table S1). Where length data were available, but the sex was not 
specified, we conservatively assessed maturity status on the basis 
that the individual was female (i.e., longer to mature). Where length 
data were lacking (n = 53), maturity was defined as “unknown.” All 
data processing, analysis, and visualization took place in the R 
Statistical Environment.

Data processing
Data from tagged individuals providing less than 7 days of depth 
data were excluded. Data were trimmed to the time at liberty by 
identifying the point of initial submersion (i.e., tag deployment), 
and the point at which a constant depth was recorded for >24 hours 
(i.e., tag detached from animal and floating at the surface and/or 
mortality whereby a constant depth was observed). The first day of 
data (24 hours) was removed from each dataset to reduce biases due 
to potential atypical behaviors associated with capture and tag 
deployment (69). Each tag dataset was also checked for drifting 
pressure sensors (i.e., a consistent and unnatural shift in the mini-
mum depths being recorded), and where drift was apparent, the 
dataset was either cut to the period before drift [n = 5; e.g., (34)] or 
removed from the database if the remaining period was less than 
7 days (n = 1), resulting in a final dataset of 989 usable tags. Data 
were also queried for values >0 m [i.e., above the surface, which can 
occur in instances of exposure of tag at the air-water interface such 
as when an individual breaches (70)] and where present, converted 
to zero values. To account for the influence of biogeography on 
vertical habitat use within and among species, we assigned marine 
biogeographic realms [as defined in (22)] to each individual on the 
basis of the start and end points of the tag deployment (see table S3 
for breakdown by species). Beyond latitude and longitude, these 
realm assignments account for influence of environmental hetero-
geneity and land barriers on species distributions and movements 
(22). Additional positional information for individual sharks was 
not included because of the variable accuracy of light-based geolo-
cation [error can be in the order of hundreds of kilometers; (71)] 
and the frequency of geolocation data collection among datasets, 
which varies with tag type and time spent in the photic zone (72). 
SST (°C) at the location of tag deployment was obtained from the 
National Oceanic and Atmospheric Administration’s Multi-Scale 
Ultra-High Resolution level 4 analysis on a 0.01° spatial resolution 
and averaged across the 7 days following deployment to correspond 
with INLA models (see the “Data analysis” section below).

Data analysis
Vertical habitat use and reference metrics
For each species, we calculated the mean and total data days (i.e., 
tracking days with vertical data available, this may not represent the 
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total days of a tag deployment because of transmission gaps in 
uplinks to satellites) and the absolute maximum and mean maxi-
mum depths across all individuals. Each dataset was summarized 
into the percentage of time that a species occupied a depth bin. For 
time-series data, bin sizes were set at the top 5, 10, 50, 100, and 
250 m. Where possible, these depth bins were also used to summa-
rize histogram data, combining existing bins where necessary (e.g., 
combining 0- to 5-m and 5- to 10-m bins into a single 0- to 10-m 
bin). Where this was not possible for a particular bin size, a tag was 
excluded from the respective calculation. Bin sizes were selected to 
coarsely correspond with the depth ranges represented in common 
monitoring methods and those widely reported in the literature. 
We therefore considered time spent within the following bands: (i) 
top 5 m of the water column for surface-oriented behavior and 
potentially detectable by aerial surveys (depending on turbidity) 
(73); (ii) the top 10 m (74); (iii) the top 50 m, which is commonly 
reported and represents a reasonable maximum detectable depth 
(considering dive depth and downward visibility) by scientific scuba 
surveys (75) and where the majority of BRUV deployments occur 
(76); (iv) the top 100 m; and (v) the top 250 m to be representative 
of pelagic longline set depths (60).

For individuals with time-series data available, we calculated the 
mean depth, mean skewness, and median depth and then averaged 
these for each species and determined the associated SD and/or 
IQR. This approach weighted each individual equally (i.e., did not 
bias to individuals with longer tracking durations). Given relatively 
high skewness values in many species, median rather than mean 
depth values were used in further visualization and analysis. To 
visualize core vertical habitat use, hourly median depths were calcu-
lated for each individual. These were then combined for each 
species and overall (grand) medians and IQRs were calculated. The 
full distributions of the data were visualized using violin plots for (i) 
species with >1000 days of combined time-series data available and 
(ii) all species with time-series data.
Regional variability
We also investigated intraspecific variation in vertical movements 
across the major FAO fishing areas. For species tagged in multiple 
FAO areas, we visualized vertical metrics (median depth, maximum 
depth, % top 5 m, % top 100 m, and % top 250 m) by deployment 
area, and statistical comparisons were made when sample sizes 
within FAO areas consisted of at least five individuals of a given 
species. Nonparametric Kruskal-Wallis tests were used to test for 
differences among FAO areas, given the data heteroscedasticity, 
with significance accepted at P < 0.05.
Interspecific overlap in use of vertical habitats
Overlap metrics and cluster analysis were used to compare the global 
vertical habitat use between species with five or more individuals 
with time-series datasets (n = 28 species). Specifically, depth data 
were binned into 10-m intervals for each individual and averaged, 
summarizing the proportion of time spent in each depth bin to a 
maximum of 1850 m (the maximum bin observed in time-series 
data). For each species, these proportions were averaged across 
individuals to obtain one distribution of proportion time at depth. 
Then, for each pair of species, the Bhattacharyya coefficient was 
computed using the proportion of time at depth. This coefficient 
ranges from 0 to 1 and measures the similarity between two discrete 
probability distributions, where 0 indicates no overlap between dis-
tributions and 1 indicates identical depth distributions (77). Last, 
hierarchical clustering analysis was performed, using the “hclust” 

function in R, on a dissimilarity measure (1 − Bhattacharyya coefficient) 
using Ward’s minimum variance method to group species with 
relatively high overlap in vertical distributions into clusters. The 
optimum number of clusters was chosen by plotting the within- 
cluster sum of squares against the number of clusters (fig. S1).
Diel variation in vertical distributions
Patterns of DVM (i.e., where vertical movements change across a 
daily cycle) are ubiquitous across elasmobranch species (19,  40). 
Variation in quantitative definitions, however, has precluded quanti-
tative comparisons among species. To compare standardized diel 
variation in vertical distributions, we calculated the median daytime 
and nighttime depths for each individual from available time-series 
data. To ensure that estimated medians were not biased by cre-
puscular activity and/or movements through regions of varying day 
length, daytime depths were calculated from data between 10:00 
and 14:00 local time and for nighttime between 22:00 and 02:00 local 
time. We note that, for all Arctic skates and some Greenland sharks, 
deployment of tags in the northern hemisphere summer resulted in 
almost constant daylight for tagged individuals. As data were often 
skewed, two-sample Wilcoxon tests with significance set at P < 0.05 
were used to compare median daytime and nighttime depth [as per 
(27)] within species and across biogeographic realms for each 
species. Movements were designated as nDVM, where depth was 
significantly deeper during the day than at night, rDVM, where 
depth was significantly deeper during the night than the day, and 
neutral, where no significant difference was found between daytime 
and nighttime depths.
Drivers of elasmobranch depth preferences
To investigate drivers of depth preferences of elasmobranchs, we 
fitted hierarchical Bayesian models with INLA using the “R-INLA” 
package (78). The INLA methods determine an approximation to 
the posterior marginal distribution for parameters, which affords a 
large reduction in computational time compared to simulation- 
based (e.g., Markov chain Monte Carlo) methods (78).

Within our initial full model, our response variable—log(median 
depth + 1)—was fitted within a normal likelihood. After removing 
data from the initial 24 hours after deployment, the next 7 days of 
track data per individual (or available data during this set period 
if data gaps occurred because of nonreceived transmissions) were 
used to ensure that the calculated median depths were closely tied to 
the spatial locations (i.e., the tagging location). This accepts varying 
levels of mobility among species, i.e., swim speeds that could lead to 
variable straight-line distances traveled over this set time period 
from the tagging location. We included an intercept term and a 
suite of fixed effects (“trophic level,” “maturity status,” “mean SST,” 
“max species size,” “primary habitat,” “marine biogeographic realm,” 
and “sex”) that were assigned conservative priors with a mean of 
0 and SD of 10, which, given the scale of the continuous covariates, 
were sufficiently wide to allow these covariates to explain the full 
range of the response data. The categorical variables (“maturity sta-
tus” and “primary habitat”) were given a sum-to-zero constraint to 
avoid identifiability issues with the intercept. Therefore, there was 
one parameter for each class in the variable and the parameter was 
interpreted as the difference from the mean over all classes (i.e., 
there was no reference class). We also included interaction terms 
between “species” (categorical) and “starting marine biogeographic 
realm” (i.e., tagging location), “maturity status” and “mean SST,” and 
“sex.” These were all included as hierarchical iid effects (i.e., random 
effects). As these interaction parameters could reasonably explain 
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the full range of the data, we applied penalized complexity priors 
(79) of P(SD > 0.5) = 0.01, which favor parsimony (i.e., an SD of 0 
for the random effect) and so act to regularize the model. As intrin-
sic and ecological traits are likely to be more similar between closely 
related species, we also included a phylogenetic term, based on the 
one fossil calibration full elasmobranch tree in (48)—accessible via 
www.sharktree.org—and an iid species term. This was implemented 
as a correlated random effect using the covariance matrix that 
described the phylogeny. As with other random effects, this model 
component was hierarchical, with the strength of the effect being 
determined by a hyperparameter that was learned along with the 
rest of the model. When using structured random effects such as 
this, including an unstructured term is important to prevent forcing 
variance into the structured component and thus confounding 
inferences. Penalized complexity priors were assigned to both the 
phylogenetic and species terms with P(SD > 0.5) = 0.01. Last, we 
included a full hierarchical spatial term with a spatial Gaussian 
process over the latitude and longitude of the tagging location (decimal 
degrees). Here, we included penalized complexity priors (80) on the 
range [P(range < 10) = 0.01] and the marginal SD [P(SD > 0.1) = 0.01]. 
From this initial full model, we performed model selection by 
removing terms and comparing Watanabe–Akaike information 
criteria (WAIC) scores to compare the predictive fit of each model. 
We then selected the most parsimonious model (based on the number 
of effective parameters) within a delta-WAIC of two of the lowest 
WAIC as the best model.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1754

REFERENCES AND NOTES
 1. R. I. Holbrook, T. Burt de Perera, Three-dimensional spatial cognition: Freely swimming 

fish accurately learn and remember metric information in a volume. Anim. Behav. 86, 
1077–1083 (2013).

 2. N. Levin, S. Kark, R. Danovaro, Adding the third dimension to marine conservation. 
Conserv. Lett. 11, 1–14 (2018).

 3. B. Block, I. Jonsen, S. Jorgensen, A. Winship, S. Shaffer, S. J. Bograd, E. L. Hazen, D. G. Foley, 
G. A. Breed, A. L. Harrison, J. E. Ganong, A. Swithenbank, M. Castleton, H. Dewar, 
B. R. Mate, G. L. Shillinger, K. M. Schaefer, S. R. Benson, M. J. Weise, R. W. Henry, D. P. Costa, 
Tracking apex marine predator movements in a dynamic ocean. Nature 475, 86–90 
(2011).

 4. N. Queiroz, N. E. Humphries, A. Couto, M. Vedor, I. da Costa, A. M. M. Sequeira, 
G. Mucientes, A. M. Santos, F. J. Abascal, D. L. Abercrombie, K. Abrantes, D. Acuña-Marrero, 
A. S. Afonso, P. Afonso, D. Anders, G. Araujo, R. Arauz, P. Bach, A. Barnett, D. Bernal, 
M. L. Berumen, S. B. Lion, N. P. A. Bezerra, A. V. Blaison, B. A. Block, M. E. Bond, R. Bonfil, 
R. W. Bradford, C. D. Braun, E. J. Brooks, A. Brooks, J. Brown, B. D. Bruce, M. E. Byrne, 
S. E. Campana, A. B. Carlisle, D. D. Chapman, T. K. Chapple, J. Chisholm, C. R. Clarke, 
E. G. Clua, J. E. M. Cochran, E. C. Crochelet, L. Dagorn, R. Daly, D. D. Cortés, T. K. Doyle, 
M. Drew, C. A. J. Duffy, T. Erikson, E. Espinoza, L. C. Ferreira, F. Ferretti, J. D. Filmalter, 
G. C. Fischer, R. Fitzpatrick, J. Fontes, F. Forget, M. Fowler, M. P. Francis, A. J. Gallagher, 
E. Gennari, S. D. Goldsworthy, M. J. Gollock, J. R. Green, J. A. Gustafson, T. L. Guttridge, 
H. M. Guzman, N. Hammerschlag, L. Harman, F. H. V. Hazin, M. Heard, A. R. Hearn, 
J. C. Holdsworth, B. J. Holmes, L. A. Howey, M. Hoyos, R. E. Hueter, N. E. Hussey, 
C. Huveneers, D. T. Irion, D. M. P. Jacoby, O. J. D. Jewell, R. Johnson, L. K. B. Jordan, 
S. J. Jorgensen, W. Joyce, C. A. K. Daly, J. T. Ketchum, A. P. Klimley, A. A. Kock, P. Koen, 
F. Ladino, F. O. Lana, J. S. E. Lea, F. Llewellyn, W. S. Lyon, A. MacDonnell, B. C. L. Macena, 
H. Marshall, J. D. McAllister, R. McAuley, M. A. Meÿer, J. J. Morris, E. R. Nelson, 
Y. P. Papastamatiou, T. A. Patterson, C. Peñaherrera-Palma, J. G. Pepperell, S. J. Pierce, 
F. Poisson, L. M. Quintero, A. J. Richardson, P. J. Rogers, C. A. Rohner, D. R. L. Rowat, 
M. Samoilys, J. M. Semmens, M. Sheaves, G. Shillinger, M. Shivji, S. Singh, G. B. Skomal, 
M. J. Smale, L. B. Snyders, G. Soler, M. Soria, K. M. Stehfest, J. D. Stevens, S. R. Thorrold, 
M. T. Tolotti, A. Towner, P. Travassos, J. P. Tyminski, F. Vandeperre, J. J. Vaudo, 
Y. Y. Watanabe, S. B. Weber, B. M. Wetherbee, T. D. White, S. Williams, P. M. Zárate, 

R. Harcourt, G. C. Hays, M. G. Meekan, M. Thums, X. Irigoien, V. M. Eguiluz, C. M. Duarte, 
L. L. Sousa, S. J. Simpson, E. J. Southall, D. W. Sims, Global spatial risk assessment of sharks 
under the footprint of fisheries. Nature 572, 461–466 (2019).

 5. N. K. Dulvy, N. Pacoureau, C. L. Rigby, R. A. Pollom, R. W. Jabado, D. A. Ebert, B. Finucci, 
C. M. Pollock, J. Cheok, D. H. Derrick, K. B. Herman, C. S. Sherman, W. J. VanderWright, 
J. M. Lawson, R. H. L. Walls, J. K. Carlson, P. Charvet, K. K. Bineesh, D. Fernando, 
G. M. Ralph, J. H. Matsushiba, C. Hilton-Taylor, S. V. Fordham, C. A. Simpfendorfer, 
Overfishing drives over one-third of all sharks and rays toward a global extinction crisis. 
Curr. Biol. 31, 4773–4787.e8 (2021).

 6. D. J. McCauley, H. S. Young, R. B. Dunbar, J. A. Estes, B. X. Semmens, F. Micheli, Assessing 
the effects of large mobile predators on ecosystem connectivity. Ecol. Appl. 22, 
1711–1717 (2012).

 7. N. Hammerschlag, O. J. Schmitz, A. S. Flecker, K. D. Lafferty, A. Sih, T. B. Atwood, 
A. J. Gallagher, D. J. Irschick, R. Skubel, S. J. Cooke, Ecosystem function and services 
of aquatic predators in the anthropocene. Trends Ecol. Evol. 34, 369–383 (2019).

 8. H. Murua, S. P. Griffiths, A. J. Hobday, S. C. Clarke, E. Cortés, E. L. Gilman, J. Santiago, 
H. Arrizabalaga, P. de Bruyn, J. Lopez, A. M. Aires-da-Silva, V. Restrepo, Shark mortality 
cannot be assessed by fishery overlap alone. Nature 595, E4–E7 (2021).

 9. N. Queiroz, N. E. Humphries, A. Couto, M. Vedor, I. da Costa, A. M. M. Sequeira, 
G. Mucientes, A. M. Santos, F. J. Abascal, D. L. Abercrombie, K. Abrantes, D. Acuña-Marrero, 
A. S. Afonso, P. Afonso, D. Anders, G. Araujo, R. Arauz, P. Bach, A. Barnett, D. Bernal, 
M. L. Berumen, S. B. Lion, N. P. A. Bezerra, A. V. Blaison, B. A. Block, M. E. Bond, R. Bonfil, 
R. W. Bradford, C. D. Braun, E. J. Brooks, A. Brooks, J. Brown, B. D. Bruce, M. E. Byrne, 
S. E. Campana, A. B. Carlisle, D. D. Chapman, T. K. Chapple, J. Chisholm, C. R. Clarke, 
E. G. Clua, J. E. M. Cochran, E. C. Crochelet, L. Dagorn, R. Daly, D. D. Cortés, T. K. Doyle, 
M. Drew, C. A. J. Duffy, T. Erikson, E. Espinoza, L. C. Ferreira, F. Ferretti, J. D. Filmalter, 
G. C. Fischer, R. Fitzpatrick, J. Fontes, F. Forget, M. Fowler, M. P. Francis, A. J. Gallagher, 
E. Gennari, S. D. Goldsworthy, M. J. Gollock, J. R. Green, J. A. Gustafson, T. L. Guttridge, 
H. M. Guzman, N. Hammerschlag, L. Harman, F. H. V. Hazin, M. Heard, A. R. Hearn, 
J. C. Holdsworth, B. J. Holmes, L. A. Howey, M. Hoyos, R. E. Hueter, N. E. Hussey, 
C. Huveneers, D. T. Irion, D. M. P. Jacoby, O. J. D. Jewell, R. Johnson, L. K. B. Jordan, 
W. Joyce, C. A. K. Daly, J. T. Ketchum, A. P. Klimley, A. A. Kock, P. Koen, F. Ladino, F. O. Lana, 
J. S. E. Lea, F. Llewellyn, W. S. Lyon, A. MacDonnell, B. C. L. Macena, H. Marshall, J. D. McAllister, 
M. A. Meÿer, J. J. Morris, E. R. Nelson, Y. P. Papastamatiou, C. Peñaherrera-Palma, 
S. J. Pierce, F. Poisson, L. M. Quintero, A. J. Richardson, P. J. Rogers, C. A. Rohner, 
D. R. L. Rowat, M. Samoilys, J. M. Semmens, M. Sheaves, G. Shillinger, M. Shivji, S. Singh, 
G. B. Skomal, M. J. Smale, L. B. Snyders, G. Soler, M. Soria, K. M. Stehfest, S. R. Thorrold, 
M. T. Tolotti, A. Towner, P. Travassos, J. P. Tyminski, F. Vandeperre, J. J. Vaudo, 
Y. Y. Watanabe, S. B. Weber, B. M. Wetherbee, T. D. White, S. Williams, P. M. Zárate, 
R. Harcourt, G. C. Hays, M. G. Meekan, M. Thums, X. Irigoien, V. M. Eguiluz, C. M. Duarte, 
L. L. Sousa, S. J. Simpson, E. J. Southall, D. W. Sims, Reply to: Shark mortality cannot 
be assessed by fishery overlap alone. Nature 595, E8–E16 (2021).

 10. R. Coelho, J. Fernandez-Carvalho, M. N. Santos, Habitat use and diel vertical migration 
of bigeye thresher shark: Overlap with pelagic longline fishing gear. Mar. Environ. Res. 
112, 91–99 (2015).

 11. E. Gilman, M. Chaloupka, P. Bach, H. Fennell, M. Hall, M. Musyl, S. Piovano, F. Poisson, 
L. Song, Effect of pelagic longline bait type on species selectivity: A global synthesis 
of evidence. Rev. Fish Biol. Fish. 30, 535–551 (2020).

 12. N. M. Whitney, K. O. Lear, J. J. Morris, R. E. Hueter, J. K. Carlson, H. M. Marshall, Connecting 
post-release mortality to the physiological stress response of large coastal sharks 
in a commercial longline fishery. PLOS ONE 16, e0255673 (2021).

 13. A. J. Hobday, J. R. Hartog, T. Timmiss, J. Fielding, Dynamic spatial zoning to manage 
southern bluefin tuna (Thunnus maccoyii) capture in a multi-species longline fishery. 
Fish. Oceanogr. 19, 243–253 (2010).

 14. J. Thorburn, P. J. Wright, E. Lavender, J. Dodd, F. Neat, J. C. A. Martin, C. Lynam, M. James, 
Seasonal and ontogenetic variation in depth use by a critically endangered benthic 
elasmobranch and its implications for spatial management. Front. Mar. Sci. 8, 656368 (2021).

 15. L. C. Ferreira, K. Mansfield, M. Thums, M. G. Meekan, in Shark Research: Emerging 
Technologies and Applications for the Field and Laboratory, J. C. Carrier, M. R. Heithaus, 
C. A. Simpfendorfer, Eds. (CRC Press, 2019), pp. 357–377.

 16. F. G. Carey, J. V. Scharold, A. J. Kalmijn, Movements of blue sharks (Prionace glauca) 
in depth and course. Mar. Biol. 106, 329–342 (1990).

 17. S. R. Thorrold, P. Afonso, J. Fontes, C. D. Braun, R. S. Santos, G. B. Skomal, M. L. Berumen, 
Extreme diving behaviour in devil rays links surface waters and the deep ocean. Nat. Commun. 
5, 1–7 (2014).

 18. P. A. Klimley, S. C. Beavers, T. H. Curtis, S. J. Jorgensen, Movements and swimming 
behavior of three species of sharks in La Jolla Canyon, California. Environ. Biol. Fishes 63, 
117–135 (2002).

 19. S. Andrzejaczek, A. C. Gleiss, C. B. Pattiaratchi, M. G. Meekan, Patterns and drivers 
of vertical movements of the large fishes of the epipelagic. Rev. Fish Biol. Fish. 29, 
335–354 (2019).

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 05, 2022

http://www.sharktree.org
https://science.org/doi/10.1126/sciadv.abo1754
https://science.org/doi/10.1126/sciadv.abo1754


Andrzejaczek et al., Sci. Adv. 8, eabo1754 (2022)     19 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

17 of 19

 20. C. D. Braun, M. C. Arostegui, S. R. Thorrold, Y. P. Papastamatiou, P. Gaube, J. Fontes, 
P. Afonso, The functional and ecological significance of deep diving by large marine 
predators. Ann. Rev. Mar. Sci. 14, 129–159 (2021).

 21. D. J. Madigan, A. J. Richardson, A. B. Carlisle, S. B. Weber, J. Brown, N. E. Hussey, Water 
column structure defines vertical habitat of twelve pelagic predators in the South 
Atlantic. ICES J. Mar. Sci. 78, 867–883 (2021).

 22. M. J. Costello, P. Tsai, P. S. Wong, A. K. L. Cheung, Z. Basher, C. Chaudhary, Marine 
biogeographic realms and species endemicity. Nat. Commun. 8, 1057 (2017).

 23. M. G. Meekan, L. A. Fuiman, R. Davis, Y. Berger, M. Thums, Swimming strategy and body 
plan of the world’s largest fish: Implications for foraging efficiency and thermoregulation. 
Front. Mar. Sci. 2, 1–8 (2015).

 24. D. Bernal, J. K. Carlson, K. J. Goldman, C. G. Lowe, in Biology of Sharks and Their Relatives, 
J. C. Carrier, J. A. Musick, M. R. Heithaus, Eds. (CRC Press, 2012), pp. 211–237.

 25. M. Thums, M. Meekan, J. Stevens, S. Wilson, J. Polovina, Evidence for behavioural 
thermoregulation by the world’s largest fish. J. R. Soc. Interface 10, 20120477 (2013).

 26. S. J. Jorgensen, A. P. Klimley, A. F. Muhlia-Melo, Scalloped hammerhead shark Sphyrna 
lewini, utilizes deep-water, hypoxic zone in the gulf of California. J. Fish Biol. 74, 
1682–1687 (2009).

 27. D. J. Curnick, S. Andrzejaczek, D. M. P. Jacoby, D. M. Coffey, A. B. Carlisle, T. K. Chapple, 
F. Ferretti, R. J. Schallert, T. White, B. A. Block, H. J. Koldewey, B. Collen, Behavior 
and ecology of silky sharks around the Chagos Archipelago and evidence of Indian Ocean 
wide movement. Front. Mar. Sci. 7, 596619 (2020).

 28. S. Andrzejaczek, T. K. Chapple, D. J. Curnick, A. B. Carlisle, M. Castleton, D. M. P. Jacoby, 
L. R. Peel, R. J. Schallert, D. M. Tickler, B. A. Block, Individual variation in residency 
and regional movements of reef manta rays Mobula alfredi in a large marine protected 
area. Mar. Ecol. Prog. Ser. 639, 137–153 (2020).

 29. B. J. Holmes, J. G. Pepperell, S. P. Griffiths, F. R. A. Jaine, I. R. Tibbetts, M. B. Bennett, Tiger 
shark (Galeocerdo cuvier) movement patterns and habitat use determined by satellite 
tagging in eastern Australian waters. Mar. Biol. 161, 2645–2658 (2014).

 30. J. P. Tyminski, R. de la Parra-Venegas, J. González Cano, R. E. Hueter, Vertical movements 
and patterns in diving behavior of whale sharks as revealed by pop-up satellite tags 
in the Eastern Gulf of Mexico. PLOS ONE 10, 1–25 (2015).

 31. S. Andrzejaczek, R. J. Schallert, K. Forsberg, N. S. Arnoldi, M. Cabanillas-Torpoco, 
W. Purizaca, B. A. Block, Reverse diel vertical movements of oceanic manta rays off the 
northern coast of Peru and implications for conservation. Ecol. Solut. Evid. 2, 1–13 (2021).

 32. A. D. Marshall, M. B. Bennett, The frequency and effect of shark-inflicted bite injuries 
to the reef manta ray Manta alfredi. African J. Mar. Sci. 32, 573–580 (2010).

 33. S. E. Campana, A. Dorey, M. Fowler, W. Joyce, Z. Wang, D. Wright, I. Yashayaev, Migration 
pathways, behavioural thermoregulation and overwintering grounds of blue sharks 
in the Northwest Atlantic. PLOS ONE 6, e16854 (2011).

 34. G. Biais, Y. Coupeau, B. Séret, B. Calmettes, R. Lopez, S. Hetherington, D. Righton, Return 
migration patterns of porbeagle shark (Lamna nasus) in the Northeast Atlantic: 
Implications for stock range and structure. ICES J. Mar. Sci. 74, 1268–1276 (2017).

 35. J. Thorburn, F. Neat, I. Burrett, L. A. Henry, D. M. Bailey, C. S. Jones, L. R. Noble, 
Ontogenetic variation in movements and depth use, and evidence of partial migration 
in a benthopelagic elasmobranch. Front. Ecol. Evol. 7, 1–14 (2019).

 36. G. B. Skomal, S. I. Zeeman, J. H. Chisholm, E. L. Summers, H. J. Walsh, K. W. McMahon, 
S. R. Thorrold, Transequatorial migrations by basking sharks in the Western Atlantic 
Ocean. Curr. Biol. 19, 1019–1022 (2009).

 37. M. L. Dicken, N. E. Hussey, H. M. Christiansen, M. J. Smale, N. Nkabi, G. Cliff, S. P. Wintner, 
Diet and trophic ecology of the tiger shark (Galeocerdo cuvier) from South African waters. 
PLOS ONE 12, 1–25 (2017).

 38. U. H. Thygesen, T. A. Patterson, Oceanic diel vertical migrations arising from a predator-
prey game. Theor. Ecol. 12, 17–29 (2019).

 39. S. S. Urmy, K. J. Benoit-Bird, Fear dynamically structures the ocean’s pelagic zone. Curr. Biol. 
31, 5086–5092 (2021).

 40. G. C. Hays, A review of the adaptive significance and ecosystem consequences 
of zooplankton diel vertical migrations. Hydrobiologia 503, 163–170 (2003).

 41. D. W. Sims, E. J. Southall, G. A. Tarling, J. D. Metcalfe, Habitat-specific normal and reverse 
diel vertical migration in the plankton-feeding basking shark. J. Anim. Ecol. 74, 755–761 
(2005).

 42. P. J. Burke, J. Mourier, T. F. Gaston, J. E. Williamson, Novel use of pop-up satellite archival 
telemetry in sawsharks: Insights into the movement of the common sawshark 
Pristiophorus cirratus (Pristiophoridae). Anim. Biotelemetry 8, 1–11 (2020).

 43. L. R. Peel, G. M. W. Stevens, R. Daly, C. A. K. Daly, S. P. Collin, J. Nogués, M. G. Meekan, 
Regional movements of reef manta rays (Mobula alfredi) in Seychelles Waters. Front. Mar. Sci. 
10, 10.3389/fmars.2020.00558, (2020).

 44. F. R. A. Jaine, C. A. Rohner, S. J. Weeks, L. I. E. Couturier, M. B. Bennett, K. A. Townsend, 
A. J. Richardson, Movements and habitat use of reef manta rays off eastern Australia: 
Offshore excursions, deep diving and eddy affinity revealed by satellite telemetry.  
Mar. Ecol. Prog. Ser. 510, 73–86 (2014).

 45. W. J. Chivers, A. W. Walne, G. C. Hays, Mismatch between marine plankton range 
movements and the velocity of climate change. Nat. Commun. 8, 14434 (2017).

 46. M. Espinoza, M. Cappo, M. R. Heupel, A. J. Tobin, C. A. Simpfendorfer, Quantifying shark 
distribution patterns and species-habitat associations: Implications of Marine Park 
zoning. PLOS ONE 9, e106885 (2014).

 47. M. Cachera, F. Le Loc’h, Assessing the relationships between phylogenetic and functional 
singularities in sharks (Chondrichthyes). Ecol. Evol. 7, 6292–6303 (2017).

 48. R. W. Stein, C. G. Mull, T. S. Kuhn, N. C. Aschliman, L. N. K. Davidson, J. B. Joy, G. J. Smith, 
N. K. Dulvy, A. O. Mooers, Global priorities for conserving the evolutionary history 
of sharks, rays and chimaeras. Nat. Ecol. Evol. 2, 288–298 (2018).

 49. D. Hasegawa, H. Yamazaki, R. G. Lueck, L. Seuront, How islands stir and fertilize the upper 
ocean. Geophys. Res. Lett. 31, 2–5 (2004).

 50. R. Bonfil, in Sharks of the Open Ocean: Biology, Fisheries and Conservation, M. D. Camhi, 
E. K. Pikitch, E. A. Babcock, Eds. (Blackwell Publishing Ltd., 2008), pp. 114–127.

 51. D. Ramírez-Macías, N. Queiroz, S. J. Pierce, N. E. Humphries, D. W. Sims, J. M. Brunnschweiler, 
Oceanic adults, coastal juveniles: Tracking the habitat use of whale sharks off the Pacific 
coast of Mexico. PeerJ. 2017, 1–23 (2017).

 52. A. S. Afonso, F. H. V. Hazin, Vertical movement patterns and ontogenetic niche expansion 
in the tiger shark, Galeocerdo cuvier. PLOS ONE 10, 1–26 (2015).

 53. S. Andrzejaczek, A. C. Gleiss, L. K. B. Jordan, C. B. Pattiaratchi, L. A. Howey, E. J. Brooks, 
M. G. Meekan, Temperature and the vertical movements of oceanic whitetip sharks, 
Carcharhinus longimanus. Sci. Rep. 8, 1–12 (2018).

 54. V. J. Wearmouth, D. W. Sims, Chapter 2 Sexual segregation in marine fish, reptiles, birds 
and Mammals. Adv. Mar. Biol. 54, 107–170 (2008).

 55. A. P. Klimley, The determinants of sexual segregation in the scalloped hammerhead 
shark,Sphyrna lewini. Environ. Biol. Fishes 18, 27–40 (1987).

 56. S. J. Jorgensen, N. S. Arnoldi, E. E. Estess, T. K. Chapple, M. Rückert, S. D. Anderson, 
B. A. Block, Eating or meeting? Cluster analysis reveals intricacies of white shark 
(Carcharodon carcharias) migration and offshore behavior. PLOS ONE 7, 1–10 (2012).

 57. S. K. Lowerre-Barbieri, R. Kays, J. T. Thorson, M. Wikelski, The ocean’s movescape: Fisheries 
management in the bio-logging decade (2018-2028). ICES J. Mar. Sci. 76, 477–488 (2019).

 58. E. L. Hazen, K. L. Scales, S. M. Maxwell, D. K. Briscoe, H. Welch, S. J. Bograd, H. Bailey, 
S. R. Benson, T. Eguchi, H. Dewar, S. Kohin, D. P. Costa, L. B. Crowder, R. L. Lewison,  
A dynamic ocean management tool to reduce bycatch and support sustainable fisheries. 
Sci. Adv. 4, eaar3001 (2018).

 59. A. B. Carlisle, D. Tickler, J. J. Dale, F. Ferretti, D. J. Curnick, T. K. Chapple, R. J. Schallert, 
M. Castleton, B. A. Block, Estimating space use of mobile fishes in a large marine protected 
area with methodological considerations in acoustic array design. Front. Mar. Sci. 6, 256 (2019).

 60. M. Mohri, T. Nishida, Consideration on distribution of adult yellowfin tuna (Thunnus 
albacares) in the Indian Ocean based on Japanese tuna longline fisheries and survey 
information. J. Natl. Fish. Univ. 49, 1–11 (2000).

 61. D. Bromhead, S. Clarke, S. Hoyle, B. Muller, P. Sharples, S. Harley, Identification of factors 
influencing shark catch and mortality in the Marshall Islands tuna longline fishery 
and management implications. J. Fish Biol. 80, 1870–1894 (2012).

 62. P. A. Butcher, T. P. Piddocke, A. P. Colefax, B. Hoade, V. M. Peddemors, L. Borg, B. R. Cullis, 
Beach safety: Can drones provide a platform for sighting sharks? Wildl. Res. 46, 701–712 
(2019).

 63. S. Oleksyn, L. Tosetto, V. Raoult, K. E. Joyce, J. E. Williamson, Going batty: The challenges 
and opportunities of using drones to monitor the behaviour and habitat use of rays. 
Drones 5, 12 (2021).

 64. W. D. Robbins, V. M. Peddemors, S. J. Kennelly, M. C. Ives, Experimental evaluation 
of shark detection rates by aerial observers. PLOS ONE 9, e83456 (2014).

 65. L. Harding, A. Jackson, A. Barnett, I. Donohue, L. Halsey, C. Huveneers, C. Meyer, 
Y. Papastamatiou, J. M. Semmens, E. Spencer, Y. Watanabe, N. Payne, Endothermy makes 
fishes faster but does not expand their thermal niche. Funct. Ecol. 35, 1951–1959 (2021).

 66. M. Vedor, N. Queiroz, G. Mucientes, A. Couto, I. da Costa, A. Dos Santos, F. Vandeperre, 
J. Fontes, P. Afonso, R. Rosa, N. E. Humphries, D. W. Sims, Climate-driven deoxygenation 
elevates fishing vulnerability for the ocean's widest ranging shark. eLife 10, e62508 
(2021).

 67. M. Whitford, A. P. Klimley, An overview of behavioral, physiological, and environmental 
sensors used in animal biotelemetry and biologging studies. Anim. Biotelemetry 7, 1–24 
(2019).

 68. C. W. Speed, I. C. Field, M. G. Meekan, C. J. A. Bradshaw, Complexities of coastal shark 
movements and their implications for management. Mar. Ecol. Prog. Ser. 408, 275–293 
(2010).

 69. N. M. Whitney, C. F. White, A. C. Gleiss, G. D. Schwieterman, P. Anderson, R. E. Hueter, 
G. B. Skomal, A novel method for determining post-release mortality, behavior, 
and recovery period using acceleration data loggers. Fish. Res. 183, 210–221 (2016).

 70. E. M. Johnston, L. G. Halsey, N. L. Payne, A. A. Kock, G. Iosilevskii, B. Whelan, 
J. D. R. Houghton, Latent power of basking sharks revealed by exceptional breaching 
events. Biol. Lett. 14, 20180537 (2018).

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 05, 2022

http://dx.doi.org/10.3389/fmars.2020.00558


Andrzejaczek et al., Sci. Adv. 8, eabo1754 (2022)     19 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

18 of 19

 71. S. Lisovski, S. Bauer, M. Briedis, S. C. Davidson, K. L. Dhanjal-Adams, M. T. Hallworth, 
J. Karagicheva, C. M. Meier, B. Merkel, J. Ouwehand, L. Pedersen, E. Rakhimberdiev, 
A. Roberto-Charron, N. E. Seavy, M. D. Sumner, C. M. Taylor, S. J. Wotherspoon, 
E. S. Bridge, Light-level geolocator analyses: A user’s guide. J. Anim. Ecol. 89, 221–236 
(2020).

 72. C. D. Braun, G. B. Skomal, S. R. Thorrold, Integrating archival tag data and a high-
resolution oceanographic model to estimate basking shark (Cetorhinus maximus) 
movements in the western Atlantic. Front. Mar. Sci. 5, 25 (2018).

 73. P. A. Butcher, A. P. Colefax, R. A. Gorkin, S. M. Kajiura, N. A. López, J. Mourier, C. R. Purcell, 
G. B. Skomal, J. P. Tucker, A. J. Walsh, J. E. Williamson, V. Raoult, The drone revolution 
of shark science: A review. Drones. 5, 1–28 (2021).

 74. D. M. Coffey, A. B. Carlisle, E. L. Hazen, B. A. Block, Oceanographic drivers of the vertical 
distribution of a highly migratory, endothermic shark. Sci. Rep. 7, 10434 (2017).

 75. S. Mitchell, D. Doolette, Recreational technical diving part 1: An introduction to technical 
diving methods. Undersea Hyperb. Med. 43, 86–93 (2013).

 76. S. K. Whitmarsh, P. G. Fairweather, C. Huveneers, What is Big BRUVver up to? Methods 
and uses of baited underwater video. Rev. Fish Biol. Fish. 27, 53–73 (2017).

 77. G. Carroll, K. K. Holsman, S. Brodie, J. T. Thorson, E. L. Hazen, S. J. Bograd, M. A. Haltuch, 
S. Kotwicki, J. Samhouri, P. Spencer, E. Willis-Norton, R. L. Selden, A review of methods 
for quantifying spatial predator–prey overlap. Glob. Ecol. Biogeogr. 28, 1561–1577 (2019).

 78. F. Lindgren, H. Rue, Bayesian spatial modelling with R-INLA. J. Stat. Softw. 63, 1–25 (2015).
 79. D. Simpson, H. Rue, A. Riebler, T. G. Martins, S. H. Sørbye, Penalising model component 

complexity: A principled, practical approach to constructing priors. Stat. Sci. 32, 1–28 
(2017).

 80. G. A. Fuglstad, I. G. Hem, A. Knight, H. Rue, A. Riebler, Intuitive joint priors for variance 
parameters. Bayesian Anal. 15, 1109–1137 (2020).

 81. E. Cortés, Standardized diet compositions and trophic levels of sharks. ICES J. Mar. Sci. 56, 
707–717 (1999).

 82. T. Otake, K. Mizue, Direct evidence for oophagy in thresher shark, Alopias pelagicus. 
Japanese J. Ichthyol. 28, 171–172 (1981).

 83. J. C. Pérez-Jiménez, thesis, Universidad de Guadalajara (1997).
 84. D. A. Ebert, M. Dando, S. Fowler, Sharks of the World: A Complete Guide (Princeton Univ. 

Press, 2021).
 85. R. Froese, D. Pauly, Fishbase. World Wide Web electronic publication. FishBase (2019).
 86. J. Mendizabal, D. Oriza, thesis, UNAM, Mexico City (1995).
 87. N. E. Kohler, J. G. Casey, P. A. Turner, Length-length and length-weight relationships for 

13 shark species from the Western North Atlantic (NOAA Tech. Memo. NMFS-NE-110, 
1996).

 88. I. Byrkjedal, J. S. Christiansen, O. V. Karamushko, G. Langhelle, A. Lynghammar, Arctic 
skate Amblyraja hyperborea preys on remarkably large glacial eelpouts Lycodes frigidus. 
J. Fish Biol. 86, 360–364 (2015).

 89. R. Lopez Climent, thesis, The Arctic University of Norway (2021).
 90. P. Last, G. Naylor, B. Séret, W. White, M. de Carvalho, M. Stehmann, Eds., Rays of the World 

(CSIRO Publishing, 2016).
 91. I. G. Taylor, V. Gertseva, A. Stephens, J. Bizzaro, Status of Big Skate (Beringraja binoculata) 

off the U.S. Pacific Coast in 2019 (Pacific Fishery Management Council, Portland, OR, 2020).
 92. J. J. Smart, A. Chin, L. Baje, A. J. Tobin, C. A. Simpfendorfer, W. T. White, Life history 

of the silvertip shark Carcharhinus albimarginatus from Papua New Guinea. Coral Reefs. 
36, 577–588 (2017).

 93. P. R. Last, J. D. Stevens, Sharks and Rays of Australia (CSIRO Publishing, ed. 2, 2009).
 94. M. Drew, P. Rogers, C. Huveneers, Slow life-history traits of a neritic predator, the bronze 

whaler (Carcharhinus brachyurus). Mar. Freshw. Res. 68, 461–472 (2017).
 95. S. J. Joung, C. T. Chen, H. H. Lee, K. M. Liu, Age, growth, and reproduction of silky sharks, 

Carcharhinus falciformis, in northeastern Taiwan waters. Fish. Res. 90, 78–85 (2008).
 96. B. M. Wetherbee, G. L. Crow, C. G. Lowe, Biology of the Galapagos shark, Carcharhinus 

galapagensis, in Hawai’i. Environ. Biol. Fishes 45, 299–310 (1996).
 97. S. Branstetter, Age, growth and reproductive biology of the silky shark, Carcharhinus 

falciformis, and the scalloped hammerhead, Sphyrna lewini, from the northwestern Gulf 
of Mexico. Environ. Biol. Fishes 19, 161–173 (1987).

 98. S. J. Joung, N. F. Chen, H. H. Hsu, K. M. Liu, Estimates of life history parameters 
of the oceanic whitetip shark, Carcharhinus longimanus, in the Western North Pacific 
Ocean. Mar. Biol. Res. 12, 758–768 (2016).

 99. R. Tavares, Fishery biology of the Caribbean reef sharks, Carcharhinus perezi (Poey, 1876), 
in a Caribbean insular platform: Los Roques Archipelago national park. Venezuela. Panam. 
J. Aquat. Sci. 4, 500–512 (2009).

 100. H. M. Christiansen, V. Lin, S. Tanaka, A. Velikanov, H. F. Mollet, S. P. Wintner, S. V. Fordham, 
A. T. Fisk, N. E. Hussey, The last frontier: Catch records of white sharks (Carcharodon 
carcharias) in the northwest pacific ocean. PLOS ONE 9, e94407 (2014).

 101. J. G. Casey, H. L. Pratt, Distribution of the white shark, Carcharodon carcharias, 
in the western North Atlantic. Mem. Calif. Acad. Sci. 9, 48–90 (1985).

 102. L. J. Compagno, Sharks of the world. FAO Species Cat. Fish. Purp. 4, 251–655 (1984).

 103. N. M. Whitney, G. L. Crow, Reproductive biology of the tiger shark (Galeocerdo cuvier) 
in Hawaii. Mar. Biol. 151, 63–70 (2007).

 104. L. O. Lucifora, R. C. Menni, A. H. Escalante, Reproductive biology of the school shark, 
Galeorhinus galeus, off Argentina: Support for a single south western Atlantic population 
with synchronized migratory movements. Environ. Biol. Fishes 71, 199–209 (2004).

 105. C. Capapé, F. Hemida, O. Guelorget, J. Barrull, I. Mate, J. Ben Soyissi, M. N. Bradaï, 
Reproductive biology of the bluntnose sixgill shark Hexanchus griseus (Bonnaterre, 1788) 
(Chondrichthyes: Hexanchidae) from the Mediterranean Sea: A review. Acta Adriat. 45, 
95–106 (2004).

 106. Gabriela-Aguilar, thesis, Universidad Nacional Autónoma de México (2007).
 107. T. N. Schwanck, M. Schweinsberg, K. P. Lampert, T. L. Guttridge, R. Tollrian, O. O’Shea, 

Linking local movement and molecular analysis to explore philopatry and population 
connectivity of the southern stingray Hypanus americanus. J. Fish Biol. 96, 1475–1488 
(2020).

 108. J. D. Stevens, Observations on reproduction in the shortfin Mako Isurus oxyrinchus. Copeia 
1983, 126–130 (1983).

 109. M. P. Francis, M. S. Shivji, C. A. J. Duffy, P. J. Rogers, M. E. Byrne, B. M. Wetherbee, 
S. C. Tindale, W. S. Lyon, M. M. Meyers, Oceanic nomad or coastal resident? Behavioural 
switching in the shortfin mako shark (Isurus oxyrinchus). Mar. Biol. 166, 5 (2019).

 110. R. G. Gilmore, observations on the embryos of the longfin mako, Isurus paucus, 
and the bigeye thresher, alopias superciliosus. Copeia 1983, 375–382 (1983).

 111. A. Ruiz-Abierno, J. F. Márquez-Fariás, M. Trápaga-Roig, R. E. Hueter, Length at maturity 
of two pelagic sharks (Isurus paucusandCarcharhinus longimanus) found off northern 
Cuba. Bull. Mar. Sci. 97, 77–88 (2021).

 112. N. Queiroz, N. E. Humphries, G. Mucientes, N. Hammerschlag, F. P. Lima, K. L. Scales, 
P. I. Miller, L. L. Sousa, R. Seabra, D. W. Sims, Ocean-wide tracking of pelagic sharks reveals 
extent of overlap with longline fishing hotspots. Proc. Natl. Acad. Sci. U.S.A. 113, 
1582–1587 (2016).

 113. K. J. Goldman, J. A. Musick, Growth and maturity of salmon sharks (Lamna ditropis) 
in the eastern and western North Pacific, and comments on back-calculation methods. 
Fish. Bull. 104, 278–292 (2006).

 114. M. P. Francis, C. Duffy, Length at maturity in three pelagic sharks (Lamna nasus, Isurus 
oxyrinchus, and Prionace glauca) from New Zealand. Fish. Bull. 103, 489–500 (2005).

 115. J. D. Stewart, F. R. A. Jaine, A. J. Armstrong, A. O. Armstrong, M. B. Bennett, K. B. Burgess, 
L. I. E. Couturier, D. A. Croll, M. R. Cronin, M. H. Deakos, C. L. Dudgeon, D. Fernando, 
N. Froman, E. S. Germanov, M. A. Hall, S. Hinojosa-Alvarez, J. E. Hosegood, T. Kashiwagi, 
B. J. L. Laglbauer, N. Lezama-Ochoa, A. D. Marshall, F. McGregor, G. N. di Sciara, 
M. D. Palacios, L. R. Peel, A. J. Richardson, R. D. Rubin, K. A. Townsend, S. K. Venables, 
G. M. W. Stevens, Research priorities to support effective manta and devil ray 
conservation. Front. Mar. Sci. 5, 1–27 (2018).

 116. A. D. Marshall, L. J. V. Compagno, M. B. Bennett, Redescription of the genus manta 
with resurrection of Manta alfredi (Krefft, 1868) (Chondrichthyes; Myliobatoidei; 
Mobulidae). Zootaxa 28, 1–28 (2009).

 117. Manta Trust, Mobula mobular; mantatrust.org/mobula-mobular.
 118. Manta Trust, Mobula munkiana; mantatrust.org/mobula-munkiana.
 119. E. D. Farrell, S. Mariani, M. W. Clarke, Reproductive biology of the starry smooth-hound 

shark Mustelus asterias: Geographic variation and implications for sustainable exploitation. 
J. Fish Biol. 77, 1505–1525 (2010).

 120. C. A. Awruch, S. M. Jones, M. G. Asorey, A. Barnett, Non-lethal assessment of the 
reproductive status of broadnose sevengill sharks (Notorynchus cepedianus) to determine 
the significance of habitat use in coastal areas. Conserv. Physiol. 2, 1–14 (2014).

 121. A. Barnett, J. D. Stevens, S. D. Frusher, J. M. Semmens, Seasonal occurrence 
and population structure of the broadnose sevengill shark Notorynchus cepedianus 
in coastal habitats of south-east Tasmania. J. Fish Biol. 77, 1688–1701 (2010).

 122. M. C. Fernandez, F. Galvan-Magana, B. P. C. Vazquez, Reproductive biology of the blue 
shark Prionace glauca (Chondrichthyes: Carcharhinidae) off Baja California Sur. México. aqua 
Int. J. Ichthyol. 16, 1–10 (2011).

 123. V. Raoult, V. Peddemors, J. E. Williamson, Biology of angel sharks (Squatina sp.) 
and sawsharks (Pristiophorus sp.) caught in south-eastern Australian trawl fisheries 
and the New South Wales shark-meshing (bather-protection) program. Mar. Freshw. Res. 
68, 207–212 (2017).

 124. H. F. Mollet, J. M. Ezcurra, J. B. O’Sullivan, Captive biology of the pelagic stingray, Dasyatis 
violacea (Bonaparte, 1832). Mar. Freshw. Res. 53, 531–541 (2002).

 125. D. P. Veras, F. H. V Hazin, I. S. L. Branco, M. T. Tolotti, G. H. Burgess, Reproductive biology 
of the pelagic stingray, Pteroplatytrygon violacea (Bonaparte, 1832), in the equatorial 
and south-western Atlantic Ocean. Mar. Freshw. Res. 65, 1035–1044 (2014).

 126. B. M. Norman, J. D. Stevens, Size and maturity status of the whale shark (Rhincodon typus) 
at Ningaloo Reef in Western Australia. Fish. Res. 84, 81–86 (2007).

 127. J. NielsenI, R. B. Hedeholm, A. Lynghammar, L. M. McClusky, B. Berland, J. F. Steffensen, 
J. S. Christiansen, Assessing the reproductive biology of the Greenland shark (Somniosus 
microcephalus). PLOS ONE 15, 1–22 (2020).

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 05, 2022

http://mantatrust.org/mobula-mobular
http://mantatrust.org/mobula-munkiana


Andrzejaczek et al., Sci. Adv. 8, eabo1754 (2022)     19 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

19 of 19

 128. P. de Bruyn, S. F. J. Dudley, G. Cliff, M. J. Smale, Sharks caught in the protective gill nets off 
KwaZulu-Natal, South Africa. 11. The scalloped hammerhead shark Sphyrna lewini 
(Griffith and Smith). African J. Mar. Sci. 27, 517–528 (2005).

 129. J. L. Y. Spaet, C. H. Lam, C. D. Braun, M. L. Berumen, Extensive use of mesopelagic waters 
by a Scalloped hammerhead shark (Sphyrna lewini) in the Red Sea. Anim. Biotelemetry. 5, 
1–12 (2017).

 130. J. R. Pulver, A. Whatley, Length-weight relationships, location, and depth distributions for 
select gulf of Mexico reef fish species (NOAA Tech. Memo. NMFS-SEFSC-693, 2016).

 131. A. Tagliafico, S. Rangel, M. K. Broadhurst, Maturation and reproduction of Squalus 
cubensis and Squalus cf. quasimodo (Squalidae, Squaliformes) in the southern Caribbean 
Sea. Ichthyol. Res. 66, 1–8 (2019).

 132. O. Shipley, B. Talwar, D. Grubbs, E. Brooks, Isopods present on deep-water sharks Squalus 
cubensis and Heptranchias perlo from The Bahamas. Mar. Biodivers. 47, 789–790 (2017).

 133. J. I. Castro, Biology of the blacktip shark, Carcharhinus limbatus, off the southeastern 
United States. Bul. Mar. Sci. 59, 508–522 (1996).

 134. F. Mas, R. Forselledo, A. Domingo, Length-length relationships for six pelagic shark 
species commonly caught in the Southwestern Atlantic Ocean. Collect. Vol. Sci. Pap. ICCAT 
70, 2441–2445 (2014).

 135. L. M. Jones, W. B. Driggers, E. R. Hoffmayer, K. M. Hannan, A. N. Mathers, Reproductive 
biology of the cuban dogfish in the northern Gulf of Mexico. Mar. Coast. Fish 5, 152–158 (2013).

 136. S. P. Wintner, Preliminary study of vertebral growth rings in the whale shark, Rhincodon 
typus, from the east coast of South Africa. Environ. Biol. Fishes 59, 441–451 (2000).

 137. K. J. Goldman, Aspects of age, growth, demographics and thermal biology of two 
Lamniform shark species. Sch. Mar. Sci. Virginia Inst. Mar. Sci., 220 (2002).

 138. J. Ariz, A. Delgado de Molina, M. L. Ramos, J. C. Santana, Length-weight relationships, 
conversion factors and analyses of sex-ratio, by length-range, for several species 
of pelagic sharks caught in experimental cruises on board Spanish longliners in the South 
Western Indian Ocean during 2005. A Doc. Present. to Indian Ocean Tuna Comm. Work. 
Party Ecosyst. Bycatch 2007, 1–24 (2007).

 139. S. Watanabe, WAIC and WBIC are information criteria for singular statistical model 
evaluation, in Proceedings of the Workshop on Information Theoretic Methods in Science 
and Engineering (2013), pp. 90–94.

Acknowledgments: We would like to extend our thanks to J. Carlson and R. Carter for their 
data contribution and to Marilla Lippert for data collection support. We would also like to 
acknowledge the contribution of F.H., both directly to this paper and to the field of 
elasmobranch research, who sadly passed away during the preparation of this manuscript. 
 F.H. was an outstanding human being. Not only was he brilliant at his work but he also 
developed to be a second father to his team and students, who had the honor and privilege to 
take part in his life. Brazil, as much as the whole world, lost a persevering leader in the field of 
fishery sciences, and a void will inevitably remain among us for a long time. His former 
students and colleagues can only grant him a loud round of applause while regretting that 
forthcoming students will no longer be able to experience his teaching and companionship. 
You will always remain with us, Fábio. Funding: We would like to thank all the organizations 
that funded the studies contributing to this work and those who supported the collection of 
the data used within this manuscript. Data analysis was funded by the Bertarelli Foundation 
through the Marine Science program through grants to D.J.C., B.A.B., and S.A. D.J.C. is also 
funded through Research England, UK. S.A. and B.A.B. thank the Moore Foundation and the 
Packard Foundation. F.G.-M. thanks the Instituto Politecnico Nacional for fellowships (COFAA, 
EDI). S.B.W. thanks funding from the Darwin Initiative (DPLUS046). A.D.M.D. acknowledges 
funding from the Research and Conservation Budget at Georgia Aquarium, including 
philanthropic gifts from several anonymous donors. K.F. acknowledges funding from the 
Rolex Awards for Enterprise and the Whitley Fund for Nature. Author contributions: 
Conceptualization: D.J.C. and S.A. Data collection: All authors. Methodology: D.J.C., S.A., 
T.C.D.L., and M.C.G. Investigation: S.A. and D.J.C. Visualization: S.A., D.J.C., T.C.D.L., and 
M.C.G. Supervision: D.J.C. and B.A.B. Writing—original draft: S.A., D.J.C., N.E.Hus., T.C.D.L., M.C.G., 
A.J.A., A.C., D.M.C., A.C.G., C.H., D.M.P.J., M.G.M., J.M., and L.R.P. Writing—review and editing: All 
authors. Competing interests: The authors declare that they have no competing interests. 
Data and materials availability: Processed data and code used in the analysis are accessible 
from the Zenodo Repository: 10.5281/zenodo.6885455

Submitted 25 January 2022
Accepted 7 July 2022
Published 19 August 2022
10.1126/sciadv.abo1754

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 05, 2022

http://dx.doi.org/0.5281/zenodo.6885455


Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

Diving into the vertical dimension of elasmobranch movement ecology
Samantha AndrzejaczekTim C.D. LucasMaurice C. GoodmanNigel E. HusseyAmelia J. ArmstrongAaron CarlisleDaniel
M. CoffeyAdrian C. GleissCharlie HuveneersDavid M. P. JacobyMark G. MeekanJohann MourierLauren R.
PeelKátya AbrantesAndré S. AfonsoMatthew J. AjemianBrooke N. AndersonScot D. AndersonGonzalo AraujoAsia O.
ArmstrongPascal BachAdam BarnettMike B. BennettNatalia A. BezerraRamon BonfilAndre M. BoustanyHeather D.
BowlbyIlka BrancoCamrin D. BraunEdward J. BrooksJudith BrownPatrick J. BurkePaul ButcherMichael CastletonTaylor
K. ChappleOlivier ChateauMaurice ClarkeRui CoelhoEnric CortesLydie I. E. CouturierPaul D. CowleyDonald A.
CrollJuan M. CuevasTobey H. CurtisLaurent DagornJonathan J. DaleRyan DalyHeidi DewarPhilip D. DohertyAndrés
DomingoAlistair D. M. DoveMichael DrewChristine L. DudgeonClinton A. J. DuffyRiley G. ElliottJim R. EllisMark V.
ErdmannThomas J. FarrugiaLuciana C. FerreiraFrancesco FerrettiJohn D. FilmalterBrittany FinucciChris FischerRichard
FitzpatrickFabien ForgetKerstin ForsbergMalcolm P. FrancisBryan R. FranksAustin J. GallagherFelipe Galvan-
MaganaMirta L. GarcíaTroy F. GastonBronwyn M. GillandersMatthew J. GollockJonathan R. GreenSofia GreenChristopher
A. GriffithsNeil HammerschlagAbdi HasanLucy A. HawkesFabio HazinMatthew HeardAlex HearnKevin J. HedgesSuzanne
M. HendersonJohn HoldsworthKim N. HollandLucy A. HoweyRobert E. HueterNicholas E. HumphriesMelanie
HutchinsonFabrice R. A. JaineSalvador J. JorgensenPaul E. KaniveJessica LabajaFernanda O. LanaHugo
LassauceRebecca S. LipscombeFiona LlewellynBruno C. L. MacenaRonald MambrasarJaime D. McAllisterSophy R.
McCully PhillipsFrazer McGregorMatthew N. McMillanLianne M. McNaughtonSibele A. MendonçaCarl G. MeyerMegan
MeyersJohn A. MohanJohn C. MontgomeryGonzalo MucientesMichael K. MusylNicole Nasby-LucasLisa J. NatansonJohn
B. O’SullivanPaulo OliveiraYannis P. PapastamtiouToby A. PattersonSimon J. PierceNuno QueirozCraig A. RadfordAndy
J. RichardsonAnthony J. RichardsonDavid RightonChristoph A. RohnerMark A. RoyerRyan A. SaundersMatthias
SchaberRobert J. SchallertMichael C. SchollAndrew C. SeitzJayson M. SemmensEdy SetyawanBrendan D. SheaRafid A.
ShidqiGeorge L. ShillingerOliver N. ShipleyMahmood S. ShivjiAbraham B. SianiparJoana F. SilvaDavid W. SimsGregory
B. SkomalLara L. SousaEmily J. SouthallJulia L. Y. SpaetKilian M. StehfestGuy StevensJoshua D. StewartJames A.
SulikowskiIsmail SyakurachmanSimon R. ThorroldMichele ThumsDavid TicklerMariana T. TollotiKathy A. TownsendPaulo
TravassosJohn P. TyminskiJeremy J. VaudoDrausio VerasLaurent WantiezSam B. WeberR.J. David WellsKevin C.
WengBradley M. WetherbeeJane E. WilliamsonMatthew J. WittSerena WrightKelly ZilliacusBarbara A. BlockDavid J.
Curnick

Sci. Adv., 8 (33), eabo1754. • DOI: 10.1126/sciadv.abo1754

View the article online
https://www.science.org/doi/10.1126/sciadv.abo1754
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 05, 2022

https://www.science.org/about/terms-service

