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Abstract
Dietary variability impacts food web dynamics and resource partitioning among individuals and species
in a community. However, it is di�cult to characterize the ecological niche of sharks, a mobile and long-
lived predator. Stable isotope analysis allows the quanti�cation of niche width since it incorporates both
environmental and biological variation. Carbon isotope composition varies between marine productivity
regimes while nitrogen isotope composition indicates trophic position, but baseline can vary with
seasonal or regional shifts. We sampled dental collagen for stable isotope analysis. The conveyor-like
growth of shark teeth provides a time series allowing for multiple measurements per individuals.

We sampled 59 individuals from 11 species captured in 2005 at Suruga Bay, Japan (34°50'59.99" N
138°32'59.99" E). We estimated three ecological metrics based on stable isotope composition—standard
ellipse area, convex hull area, and Pianka’s measure—which elucidated the extent of ecological variation
and allowed comparisons among individuals and species. Our results show a signi�cant positive
correlation between dental collagen δ15N values and total length (r2 = 0.23; p = 2⨉10− 16), but individual
variability had a low coe�cient of determination. The variation in isotopic niche within and among
individuals as well between species across all habitat types suggest that many species spanned the
generalist – specialist continuum. Our �ndings indicate there are subtle ecological differences between
species and among individuals; multiple measurements of carbon and nitrogen composition from
multiple teeth series indicate variable ecological niches. Comparing patterns across habitats suggests
sharks have complex food web dynamics with extensive individual- and species-level variation.

Introduction
Predators play an important role in their ecosystems as biodiversity regulators with top-down pressures
(Myers et al. 2007; Baum and Worm 2009) as well as ecological integrators of bottom up processes
(Martinez del Rio et al. 2001; Bump et al. 2007). The ecological role of predators is linked to their network
connectivity and phenotypic variation (Bolnick et al. 2007a; Layman et al. 2007b; Quevedo et al. 2009),
which can be examined based on resource use. Two dimensions of resource use are diet variation and
ecological niche. Diet variation is often classi�ed with respect to generalist vs. specialist and ecological
niche width, but there is a growing body of research that indicates generalist populations can be made up
of specialist individuals (Bolnick et al. 2003, 2007b). The examination of population heterogeneity
relative to individual variation is part of the niche variation hypothesis (Bolnick et al. 2007a; Soule and
Stewart 2009) and requires niche widths on the population and individual level. These metrics can be
di�cult to discern for long-lived and wide-ranging predators, such as sharks, which have seasonal,
ontogenetic, and migratory changes in diet (Munroe et al., 2014).

Niche width and individual variability are often investigated with stable isotope analysis that provides
quantitative metrics to compare diet and trophic dynamics (Bortolotti et al., 2009; Newsome et al., 2009).
Since there are isotopic differences among primary producers which are transferred to consumers, the
relative abundance of 13C/12C or 15N/14N indicates energy �ow through a food web (Koch, 2007; Layman
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et al., 2007). In marine ecosystems, stable carbon isotope compositions (δ13C) vary among regions with
different productivity regimes (Goericke and Fry 1994), where variation within an individual or population
indicate seasonal variation in one location or movement/migration between habitats regimes (i.e.,
Carlisle et al., 2012; Carlisle et al., 2015; Kim et al., 2012). Stable nitrogen isotope compositions (δ15N) are
primarily used to determine an organism’s trophic position (see review of Layman et al., 2012).
Enrichment of 15N occurs in consumer tissues with the preferential excretion of 14N in waste. Therefore,
prey δ15N values increase and transfer to consumers with every trophic level (Koch 2007). Tissue
incorporation rate also in�uences stable isotope composition. While most tissues incorporate dietary
nutrients and maintain steady state, tissues with continuous incorporation and incremental growth
capture a time series of diet (i.e., whiskers [Hückstädt et al., 2012], baleen [Ryan et al., 2013], and shark
vertebrae [Kim et al., 2012)]). These accretionary structures offer multiple measurements of diet and
habitat preference that span seasonal and/or annual variability that can offer insight to differences
within and between individuals or species.

Shark teeth are continuously replaced in a conveyor belt-like formation, and analysis of dental collagen
from multiple, sequential shark teeth offers a time series of ecological information related to diet and
habitat (Shipley et al. 2021a). Shark teeth are organized in rows perpendicular to the jaw with multiple
series; the oldest teeth are in the functional position (i.e., series 1) while the most newly formed teeth are
below the epithelial tissue (Smith et al., 2018; Smith et al., 2013). A single tooth represents a relatively
short time (~ 45 days) but an entire of teeth row spans ~ 1 year (Zeichner et al. 2017). The advantage of
multiple stable isotope measurements from a single tissue is the ability to discern seasonal or
ontogenetic changes and individual variation (Kim et al., 2012; Newsome, Clementz, & Koch, 2010;
Shipley et al., 2021) without need to recapture individuals or make assumptions to normalize data. For
example, previous studies have sampled different tissues and rely on discrimination factors or
incorporation rates as transfer functions to determine within individual variation (Matich et al., 2021). The
analysis of multiple series within an individual’s jaw represents a timeframe of within individual
variability that gives insight to seasonal changes in environmental conditions or movement patterns that
can be compared to population or community level differences (Zeichner et al. 2017; Shipley et al.
2021a).

Here, we use stable isotope analysis to investigate trophic niche variation among 11 shark species within
a community assemblage from Suruga Bay, Japan (Fig. 1), to broadly investigate niche dynamics and
resource use withing and among species. First, we investigate how trophic niche space is partitioned
among species within the community assemblage. Second, we seek to quantify niche space within
individual sharks to better understand the dynamics of variation and competition among individuals of a
single species. In particular, intra-species variation is often hard to characterize because it relies on
multiple measurements from single individuals. We use stable isotope analysis of dental collagen from
multiple teeth to address this problem and create a time series of data to capture temporal variation in
dietary preference. Using these results, we quantify dietary variation using, convex hull and ellipse areas,
to estimate niche size, and Pianka’s measure to investigate the degree of generalist and specialist
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behavior within shark species. We found extensive isotopic variation within individuals and species as
well as little correspondence between species- and individual- level variation. In addition, stable isotope
values from sharks within Suruga Bay suggest connectivity between the various habitats and similar
variation in food web structure.

Methods

Study Area
Suruga Bay is in the Shizuoka Prefecture of central Japan (Fig. 1) and where Shimizu Port, Yui Port, and
Seno Umi are located. The Bay opens south to the Paci�c Ocean with a connection via the warm current,
Kuroshio, to the tropical ecosystems of the Philippine Sea. Surface water temperatures range between
19°C to 27°C in winter and summer, respectively, with a mean annual temperature of 23°C (Japan
Meteorological Agency 2020; Toyoda et al. 2021). Several rivers discharge along the western margin of
Suruga Bay into a large, �at seabed. However, at the Bay’s center, the Suruga Trough runs north and
descends steeply to depths greater than 2000 meters (Iwata et al., 2005; Urakawa et al., 2001). These
physical features affect Suruga Bay’s ecosystem due to seasonal changes in salinity (Tanaka et al.,
2009), nutrient concentrations, and as large redox gradients (Urakawa et al. 2001). Suruga Bay has high
biodiversity and 487 species of deep-water �shes have been identi�ed within it (Shinohara et al., 2011).
While deep-water sharks have been targeted by �sheries for squalene in their liver oil since World War II
(Yano & Tanaka, 1984), many aspects of their ecology remain elusive.

Sample collection
Samples for this study were salvaged from �shery discard at Shimizu and Yui Ports (Fig. 1). The sharks
were targeted or incidentally caught by �shing vessels in Suruga Bay during April - August 2005 with
baited longline (500-800m), bottom gill nets (50-250m), trap set-net (0-50m) and bottom trawl net (150-
300m). Species were identi�ed and metadata (i.e., sex, total length, mass, maturity, etc.) was recorded at
Port or in Tanaka’s laboratory during processing. Jaws were extracted and air dried before transporting to
the United States where they were prepared for stable isotope analysis. Collected species include Dusky
Shark Carcharhinus obscurus, Spinner Shark Carcharhinus brevipinna, Smooth Hammerhead Sphyrna
zygaena, Japanese Topeshark Hemitriakis japanica, Starspotted Smooth-hound Mustelus manazo,
Shortspine Spurdog Squalus mitsukurii, Rough Longnose Dog�sh Deania hystricosa, Needle Dog�sh
Centrophorus acus (granulosus), Roughskin Dog�sh Centroscymnus owstomi, Sharpnose Sevengill
Shark Heptranchias perlo, Japanese Velvet Dog�sh Scymnodon ichiharai.

Stable Isotope Analysis
Sections of jaw from 11 species of sharks were separated into tooth series and labeled from T1-Ti (where
1 = functional position and i = most recently formed tooth). Teeth were homogenized in a mortar and
pestle, and demineralized using 1.0 mL of 4°C 0.5M HCl to isolate dental collagen. After demineralization,
each sample was rinsed �ve times with deionized water and lyophilized before isotopic analysis.
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All samples were weighed to 0.3 ± 0.05 mg into tin capsules (3⨉5 mm, EA Consumables) and analyzed
at the Stable Isotope Ecosystem Laboratory of UC Merced (SIELO) using a Costech 4010 Elemental
Analyzer coupled with a Delta V Plus Continuous Flow Isotope Ratio Mass Spectrometer with a Con�o IV.
Isotope ratios are presented in in δ notation as follows:

δhX =
Rsample

Rstandard
− 1 ∗ 1000

where X is the element, h is the heavy isotope and R is the ratio of the heavy to light isotope of element X
(i.e., 13C/12C and 15N/14N). The standard used for δ13C is Vienna PeeDee Belemnite (VPDB) and for δ15N
is AIR. Carbon and nitrogen isotope compositions were standardized to the international scale using
USGS 40 (n = 15; δ13C = -26.4 ± 0.1‰; δ15N = 4.5 ± 0.2‰) and USGS 41a (n = 6; δ13C = 36.6 ± 0.1‰;
δ15N = 47.4 ± 0.3‰) reference materials. We also analyzed aliquots of in-house acetanilide (n = 6; δ13C =
-28.2 ± 0.1‰; δ15N = -0.4 ± 0.4‰) and homogenized squid tissue (n = 8; δ13C = -18.7 ± 0.1‰; δ15N =
11.7 ± 0.3‰) as quality control references. These results are indistinguishable from the SIELO long term
average (squid: δ13C = -18.7 ± 0.1‰; δ15N = 11.8 ± 0.2‰; n = 155; acetanilide: δ13C = -28.3 ± 0.2‰; δ15N
= -0.7 ± 0.3‰; n = 692). All uncertainties are reported as mean ± 1 standard deviation. All data were
corrected for mass linearity and instrument drift. We re-analyzed 10% of our samples and found isotopic
variation among re-runs to be within analytical error.

Statistical Analysis
Estimating Species Niche Size - We used the SIBER R package (Jackson et al., 2011) to estimate the
ecological niche occupied by each species. SIBER calculates a variety of ecological metrics, including the
corrected standard ellipse area (SEAc), which we used to estimate the isotopic niche width for a species
(see Layman et al., 2007). We also calculated the convex hull area (CHA) as a proxy for individual
isotopic niche, but recognize this metric is sensitive to differences in sample size (Layman et al. 2007a).

Estimating Niche Overlap - We calculated Pianka’s measure (w) of niche overlap (Pianka 1974) to
estimate niche partitioning within species. We used a version of the measure formulated for stable
isotope data by Yeakel et al., (2011)

ωij =

4
ΣiΣj

|
1
2Σi + Σj |

e −
1
2 ( μi−μj ) ' ( Σi−Σj ) −1( μi−μj )

Where µi and µj are vectors bivariate means of δ13C and δ15N, Σi and Σj are covariance matrices. See
Yeakel et al., (2011) for further mathematical details. We calculated wij for all individuals (i) relative to the
pooled data for each species (j). In effect, this calculates how much each individual overlaps with its
species population. Pianka’s measure varies from 0 to 1, where 0 is no niche overlap and 1 is perfectly

( )

√ | |
√
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overlapping niches which can indicate specialization or generalization (Kim et al., 2012; Yeakel et al.,
2011). If there is a high degree of overlap, w ≈ 1 and indicates similar ecologies among individuals
whereas less overlap (w ≈ 0) indicates more differentiation between individuals.

Results
We sampled 11 shark species (see §Sample Collection) from epipelagic, coastal, deep benthic, and
abyssal habitats within Suruga Bay (habitat types determined based on Yano & Tanaka, 1983). Dental
collagen was extracted and analyzed from 59 individuals (Table 1). Since individuals have multiple series
of teeth, 255 samples were analyzed from these individuals with 3–5 series available from most
individuals depending on the size of teeth and eruption pattern.
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Table 1
Summary of stable isotope data and ecological metrics. The mean δ13C and δ15N values as well as

convex hull area and Pianka’s measure are reported with ± 1s. The corrected standard ellipse area is a
species level metric.

Species n δ13C

(mean ± 
1s)

δ15N

(mean ± 
1s)

Standard
ellipse area
(SEAc)

Convex hull
area (CHA)

(mean ± 1s)

Pianka
(w)

(mean ± 
1s)

Dusky Shark

Carcharhinus
obscurus

5 -12.8 ± 
0.6

11.9 ± 
1.0

2.0 0.5 ± 0.5 0.5 ± 
0.1

Smooth
Hammerhead

Sphyrna zygaena

12 -14.4 ± 
0.6

12.2 ± 
0.8

1.5 0.5 ± 0.3 0.5 ± 
0.2

Spinner Shark

Carcharhinus
brevipinna

2 -14.0 ± 
0.6

11.8 ± 
0.5

0.7 0.5 ± 0.2 0.7 ± 
0.2

Japanese
Topeshark

emitriakis japanica

4 -13.5 ± 
0.5

11.0 ± 
0.6

0.9 0.3 ± 0.3 0.4 ± 
0.2

Starspotted
Smooth-hound

Mustelus manazo

5 -13.3 ± 
0.5

9.1 ± 
0.9

1.4 1.2 ± 0.8 0.8 ± 
0.2

Sharpnose
Sevengill Shark

Heptranchias perlo

8 -13.9 ± 
1.2

12.6 ± 
1.0

3.0 2.6 ± 1.9 0.7 ± 
0.1

Shortspine Spurdog

Squalus mitsukurii

3 -14.6 ± 
0.6

10.4 ± 
0.7

1.2 0.8 ± 0.7 0.8 ± 
0.1

Japanese Velvet
Dog�sh

Zameus ichiharai

2 -13.8 ± 
0.5

14.0 ± 
0.6

0.7 0.7 ± 0.1 0.9 ± 
0.0

Needle Dog�sh

Centrophorus acus
(granulosus)

8 -13.4 ± 
1.0

13.4 ± 
0.9

2.0 0.8 ± 0.4 0.5 ± 
0.2

Rough Longnose
Dog�sh

Deania hystricosa

6 -13.6 ± 
0.6

12.5 ± 
0.8

1.4 0.5 ± 0.3 0.5 ± 
0.2
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Species n δ13C

(mean ± 
1s)

δ15N

(mean ± 
1s)

Standard
ellipse area
(SEAc)

Convex hull
area (CHA)

(mean ± 1s)

Pianka
(w)

(mean ± 
1s)

Roughskin Dog�sh

Centroscymnus
owstomi

2 -14.2 ± 
1.0

14.5 ± 
0.5

1.2 0.5 ± 0.4 0.6 ± 
0.3

Tooth samples for each species varied in δ13C and δ15N values. We monitored C:N ratio as an indicator
of collagen quality (mean C:N = 2.9±0.3). The δ13C and δ15N values for all specimens’ dental collagen
ranged from − 14.6 to -12.9‰ and 9.0 to 14.5‰, respectively, with mean values of -13.8±0.9‰ and
12.1±1.5‰, respectively (see Table 1; Fig. 2). The mean δ13C values for each habitat were as follows:
epipelagic = -14.0±0.8‰, coastal = -13.4±0.5‰, deep benthic = -14.1±1.1‰, and abyssal = -13.6±0.8‰
(Fig. 2). The mean δ15N values for each habitat were as follows: epipelagic = 12.1±0.9‰, coastal = 
9.9±1.2‰, deep benthic = 12.1±1.3‰, and abyssal = 13.3±1.0‰ (Fig. 2). The isotopic compositions for
each habitat were normally distributed (Shapiro-Wilkes Test, Table 1) and signi�cantly different for δ13C
values (ANOVA, F3,262 = 7.37, p = 0) and δ15N values (ANOVA, F3,262 = 91.50, p = 0). Further, δ13C values
were signi�cantly different for the habitat comparisons of epipelagic-coastal, coastal-deep benthic,
epipelagic-abyssal, and deep benthic-abyssal; the epipelagic-deep benthic and coastal-abyssal δ13C
values were not signi�cantly different (Table 2). A comparison among habitats for δ15N values yielded
more statistically signi�cant results; all habitat combinations were signi�cantly different except
epipelagic-deep benthic (Table 2).
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Table 2
Summary of statistical analyses by habitat. The species designated for each habitat are listed. We tested

for normality with the Shipiro-Wilkes test (W and p value reported for δ13C and δ15N values), then
performed pairwise comparisons with a Posthoc Tukey Honest Signi�cant Differences (HSD) test. The

Tukey HSD p-values for δ13C comparisons between habitats are above the “X” diagonal while δ15N
comparisons are below.

Habitat Species Shapiro-
Wilkes

Tukey Honest Signi�cant Differences

(depth
range,

color in
�gures)

W, p Epipelagic

(< 100m)

Coastal

(30-
300m)

Subarctic

(100-
400m)

Abyssal

(> 
500m)

Epipelagic

(< 100m,
oranges)

Dusky Shark

Smooth
Hammerhead

Spinner Shark

δ13C: 0.974,
0.062

δ15N:0.993,
0.927

X p = 
0.0020*

p = 0.96 p = 
0.019*

Coastal

(30-300m,
greens)

Japanese
Topeshark

Starspotted
Smooth-hound

δ13C: 0.962,
0.204

δ15N: 0.972,
0.433

p <<<
0.0001*

X p = 
0.0017*

p = 0.57

Subarctic

(100-400m,
blues)

Sharpnose
Sevengill Shark

Shortspine
Spurdog

δ13C: 0.977,
0.422

δ15N:0.979,
0.501

p = 1 p <<<
0.0001*

X p = 
0.016*

Abyssal

(> 500m,
purples)

Japanese Velvet
Dog�sh

Needle Dog�sh

Rough Longnose
Dog�sh

Roughskin
Dog�sh

δ13C: 0.994,
0.955

δ15N: 0.988,
0.648

p <<<
0.0001*

p <<<
0.0001*

p <<<
0.0001*

X

Our results also demonstrate a signi�cant relationship between dental collagen δ15N values and total
length (p = 2⨉10− 16), but individual variation resulted in a low coe�cient of determination (r2 = 0.23;
Fig. 3). To quantify individual isotope niche width, we used convex hull area based on individual tooth
series. The convex hull area for all individuals in our data set ranged from 0.7 to 4.5 (Fig. 4, 5B). Due to
the varying number of individuals per species, we used standard ellipse area to determine species-level
isotopic niche. The standard ellipse area for all species ranged from 0.6 (Spinner Shark) to 3.1
(Sharpnose Sevengill Shark) and species within each habitat (i.e., epipelagic, coastal, deep benthic, and
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abyssal) exhibited a range in standard ellipse area (Fig. 5A). The Sharpnose Sevengill Shark had the
largest standard ellipse area and individuals also had the greatest convex hull area. However, there are no
trends in standard ellipse area and convex hull area among other species or habitats.

We measured the extent of overlap among individuals within a species with Pianka’s measure (w). Our
results ranged from 0.06 to 0.94 (Fig. 5C), which encompasses almost the complete range of possible
results (0 = no overlap and 1 = complete overlap). The mean wrange (i.e., maximum w – minimum w) for
eight species with N > 2, was 0.52 ± 0.17. Generally, species with fewer individuals exhibited smaller
wrange but even species with only two individuals indicated substantial variation (e.g., Roughskin Dog�sh
and Spinner Shark). Smooth Hammerheads had the largest range in w and highest number of individuals
sampled (wrange = 0.79, N = 12). Interestingly, the Starspotted Smooth-hound also had a large wrange, but
four individuals had w = 0.82–0.92 while one individual had w = 0.24. We did not observe a relationship
between w and standard ellipse area or convex hull area.

Discussion
Ecological theory suggests generalists with large ecological niches are more likely to persist through
stochastic processes. However, there is growing evidence that many generalist populations are comprised
individual specialists (Bolnick et al., 2002). The stable isotope analysis of dental collagen from shark
teeth provides multiple measurements per individual and can elucidate the extent of individual and
population-level variation (Zeichner et al. 2017; Matich et al. 2021; Shipley et al. 2021). This study of the
Suruga Bay shark community reveals a large variation in isotopic niche width. Generally, δ15N values
increase with total length, suggesting correspondence of trophic level and size, but there is substantial
variation within individuals (Fig. 3). Our results demonstrate that individuals within a species have
different isotopic niche widths (Fig. 4), which does not necessarily correspond with the species-level niche
width or overlap between individuals within a species (Fig. 5). The variation within individuals and among
species indicates a continuum of generalists and specialists with a complex and diverse food web.

Ecological Niche Width with Standard Ellipse Area (SEAc)
We estimated species-level isotopic niche using standard ellipse area (SEAc) to reduce errors associated
with sample size. While this metric accounts for sample size bias, we found that species with a greater
total length diversity among individuals also had the largest standard ellipse area. This pattern reinforces
that many sharks are gape-limited predators and undergo ontogenetic dietary shifts (Heupel et al., 2014),
which is supported in this study by the signi�cant relationship between total length and δ15N values
(Fig. 3). The largest sharks in this study are the Needle Dog�sh, which were near maximum adult size, but
did not have the largest total niche width based on standard ellipse area (SEAc=1.96). A telemetric study
of Needle Dog�sh in Suruga Bay found bimodal depth preference (i.e., 300–400 and 580-620m) but little
horizontal movement (Yano & Tanaka, 1986); the limited range of habitat is re�ected in its relatively low
SEAc. In contrast, the Sharpnose Sevengill shark had the largest length range (78.3–117.5 cm), which
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spans the size at maturity (95–105 cm for females and 70–85 cm in males) (Tanaka & Mizue, 1977), and
largest standard ellipse area (SEAc=3.26). Previous studies found evidence of an ontogenetic shift in
Sharpnose Sevengill diet (Barnett et al., 2012; Braccini, 2008), which likely accounts for the large isotopic
niche exhibited in this study. The largest size distribution in this study was among Smooth hammerhead
(58.4–106.1 cm) but the estimated isotopic niche width (SEAc=1.46) only re�ects juveniles since the
individuals sampled were substantially smaller than total length at maturity (250–260 cm; Miller, 2016).
These comparisons of standard ellipse area among species imply the importance of size and ontogeny
on the overall niche width sharks. We expect the actual isotopic niche to be larger for the species that we
had limited representation, such as Spinner Shark, Rough Dog�sh, and Japanese Velvet Dog�sh. An
assessment of population-level isotopic niche width is necessary to compare within vs. between
individual variation, which is the greatest asset of using shark teeth as a substrate for stable isotope
analysis.

Individual Variability with Convex Hull Area (CHA)
We used convex hull area to investigate how individuals parse the species-level isotopic niches. Using
convex hull area as a metric for determining niche width is often criticized for biased niche geometry due
to outlying data points and inconsistent sample sizes (Shipley and Matich 2020). However, convex hull
areas are well suited to shark teeth because the same number of possible data points is controlled by the
number of teeth available, and within a shark species the number of series is relatively constant (i.e., 3–
5), so sample size bias is of less concern. Through teeth, we can compare convex hull areas of
individuals within a species. Individuals that behave as generalists will have larger convex hull areas,
whereas individual specialists will have smaller convex hull area.

Our results indicate no relationship between individual- and species- level niche width as evidenced by
convex hull area and standard ellipse areas, respectively, which suggests a continuum of ecological
strategies spanning specialists to generalists in these adjacent shark communities within Suruga Bay. We
chose to highlight the substantial individual-level variation within many species with convex hull area and
compare to a species-level summary since this feature is uniquely captured in the stable isotope analysis
of shark teeth. For example, individual Sharpnose Sevengill sharks have a convex hull area range of 0.2–
5.65 (n = 8) while Smooth Hammerhead have a convex hull area range of 0.02–1.10 (n = 12). The
differences in maximum convex hull area for these species indicate the extent of diet variation while the
range demonstrates individual-level dietary differences. The range of convex hull area for each species
loosely increases with number of individuals and given the wide range of individuals per species in this
study, we are cautious to designate species as generalists or specialists with these estimates of convex
hull area.

Overlap among individuals within a species with Pianka’s Measure (w)

A key feature of proposed quantitative comparisons of individual vs. population niche width is the extent
of overlap (i.e., within vs. between individual component as outlined in Bolnick et al. 2002). We use
Pianka’s measure to estimate this proportional overlap between individuals within a population while
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accounting for multivariate covariance (Pianka 1974; Yeakel et al. 2011). This metric complements
convex hull area and standard ellipse area because it demonstrates the similarity among individuals
within a population. In other words, Pianka’s measure can help distinguish if a generalist population is
composed of specialist individuals behaving differently or individuals are also generalists. The most
notable result of Pianka’s measure in this study is a broad range throughout both shark communities and
within species that encompasses almost the entire possible range: 0.06–0.94 (Fig. 5). Some species
featured in this study had small sample size (i.e., n ≤ 3) and therefore their range of Pianka’s measure
was limited.

While the correspondence of increasing δ15N values with total length supports some in�uence of gape-
limited predation among sharks in these ecosystems (Fig. 3), most prominent in our results is the
variation among individuals. For example, Needle Dog�sh have the largest total length, highest δ15N
values, and Pianka’s measure span 0.16–0.71, which suggests a range of foraging behaviors and/or
preferences. We note the lack of correlation between Pianka’s measure and convex hull area throughout
our dataset, which suggests the extent of individual diet variation is not tightly coupled to niche breadth
for an individual or population.

Comparing the ecology of sharks within Suruga Bay’s
habitats
Suruga Bay is an ideal location to explore patterns in ecological organization among predators given the
proximity of multiple marine habitats. The spatial heterogeneity of this region coupled with the diverse
shark community results in resource partitioning as evidenced by differences in stable isotope
composition of sharks in the four habitats (Fig. 2, Table 2). Further, the population vs. individual stable
isotope variation for habitats within Suruga Bay resemble ecological models with patch formation and
emergence of specialist competitors (Levin and Paine 1974).

Epipelagic - We sampled juvenile Spinner Shark, Smooth Hammerhead, and Dusky Shark in the epipelagic
zone of Suruga Bay. Based on δ13C and δ15N values, this habitat is well linked to the deep benthic
habitat, but statistically different from the coastal and abyssal habitats. This dissociation between the
epipelagic and coastal habitats is surprising since their proximity would suggest energy and resource
exchange. However, the individuals featured in this study were all juveniles based on their total length
(Compagno 2001). Further, it is likely that most individuals were young of the year given their total length
compared to published the length at birth for each species (Joung et al., 2005; Choi, 2018; Rosa et al.,
2017; Joung et al., 2015). The δ15N values of these juvenile sharks likely re�ect a maternal signal given
their age (Olin et al. 2011; Tamburin et al. 2019) and incorporation rate of dentin collagen (Zeichner et al.
2017). There is previous evidence for long distance migration in Spinner Shark (Rigby et al., 2020),
Smooth Hammerhead (Santos and Coelho 2018), and Dusky Shark (Rogers et al., 2013). Further, studies
from Korea and Taiwan on these species report the absence of the smallest size classes (Joung et al.
2005, 2015; Choi 2018). It is possible that the stable isotope compositions in this study re�ect adult diet
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in these other localities. The epipelagic habitat of Suruga Bay may serve as an important nursery for
these species throughout the western North Paci�c Ocean.

Coastal - The two species from the coastal habitat, Japanese Topeshark and Starspotted Smooth-hound,
are endemic to the western Paci�c Basin and listed as endangered by the International Union for
Conservation of Nature (Rigby et al., 2020; Walls et al., 2021). These two species exhibit a relatively
narrow and overlapping range in δ13C values, which are distinct from all other habitats in Suruga Bay
except the abyssal zone (Table 2). The Japanese Topeshark exhibits a smaller isotopic niche on the
species and individual level based on standard ellipse and convex hull area (Fig. 5) but has higher δ15N
values than the Starspotted Smooth-hound (Fig. 2). A previous study focused in the Seto Inland Sea,
located southwest of Suruga Bay, found that Japanese Topeshark were only seasonally present and
predominantly preyed on benthic cephalopod and �sh whereas Starspotted Smooth-hound were present
year around and fed on crustaceans and polycheates (Kamura and Hashimoto 2004). Starspotted
Smooth-hound are known to have variable diets; a comparison of stomach contents between �ve
localities found differences in prey preference (i.e., mantis shrimp, crab, hermit crab, shrimps, crustacean
fragments, and polychaetes) with less diversity in larger individuals (Yamaguchi and Taniuchi 2000). In
Suruga Bay, Starpotted Smooth-hound feed at a low trophic level (i.e., low δ15N values; Fig. 2) and the
variation within and among individuals suggest it is a true generalist with variable individual diet (i.e.,
larger convex hull area; Fig. 4) and extensive overlap within the population with Pianka’s measure > 0.75
for four individuals (Fig. 5C). The stable isotope composition of Japanese Topeshark in Suruga Bay
re�ects their diet of small �shes and cephalopods (Kamura and Hashimoto 2004), which are higher
trophic prey than consumed by Starspotted Smooth-hound. In addition, Japanese Topeshark are caught
in deeper waters (Yano & Kugai, 1993), which often have food webs enriched in 13C and 15N compared to
epipelagic waters (Davison et al., 2013; Mintenbeck et al., 2007). These data contribute to growing
evidence of the importance of sharks and �sh in transferring energy and nutrients to deeper marine
habitats (Carlisle et al., 2021; Davison et al., 2013; Trueman et al., 2014).

Deep benthic - The deep benthic habitat of Suruga Bay is represented by the Shortspine Spurdog and
Sharpnose Sevengill Shark. These two species differ in their distribution and stable isotope results
provide new ecological insights. The Sharpnose Sevengill Shark is globally distributed in deep benthic
habitat up to 1000m depth on the upper slope and has dietary data available from multiple regions
(Barnett et al., 2012; Finucci et al., 2020). Previous studies determined Sharpnose Sevengill Shark diet to
specialize on �sh, crustaceans, and cephalopods in the Mediterranean, central Eastern Atlantic, and
southern Australia (Braccini 2008; Barnett et al. 2012). However, in the context of the Suruga Bay shark
assemblage, Sharpnose Sevengill Sharks have the largest isotopic niche on both the population and
individual-level based on standard ellipse area and convex hull area, respectively, with a high degree of
overlap among individuals (Fig. 2, 4, 5). This high degree of individual variation is also supported by two
specimens analyzed for compound speci�c isotope analysis of amino acids; the δ15N values for the
baseline are similar, but trophic variation is high (Fujiwara et al. 2021). In contrast, the Shortspine
Spurdog has a limited distribution in deep benthic habitats of the Northwestern Paci�c Ocean (Finucci et
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al., 2020; Ziadi-Künzli et al., 2020). The three specimens of Shortspine Spurdog in this study are
immature females based on total length (Taniuchi and Tachikawa 1997) and their δ15N values suggests
a lower trophic level diet than the Sharpnose Sevengill but similar to the Japanese Topeshark in the
coastal habitat (Fig. 2). Further, the Shortspine Spurdog has a constrained isotopic niche based on dentin
δ13C and δ15N values; this species has a smaller standard ellipse area and convex hull area than the
Sharpnose Sevengill but also has high overlap with Pianka’s measure > 0.50 (Fig. 5). The species within
the deep benthic habitat have different population- and individual-level isotopic niches, but individuals
within each species have a similar feeding ecology and exhibit a high degree of overlap in their isotopic
composition.

Abyssal - The deepest habitat of Suruga Bay is its central trough where the Japanese Velvet Dog�sh,
Roughskin Dog�sh, Rough Longnose Dog�sh, and Needle dog�sh inhabit (Yano & Tanaka, 1983). The
specimens for each species represent a relatively narrow range of total length and are fully mature adults
so there is minimal ontogenetic insight from their stable isotope composition. Generally, the diet of
Squaliformes is known to be �sh and squid, but more speci�c diet data is sparse given that many
stomachs are emptied as specimens are brought to the surface (Yano & Tanaka, 1983). The δ13C and
δ15N values from dentin collagen suggest there are differences in ecological niche among species as well
as extensive individual-level variation within species. Our results indicate Needle Dog�sh to occupy the
largest isotopic niche as a species in the abyssal habitat with a standard ellipse area = 2.0, but this may
also be a function of the relatively high sample size (N = 8; Table 1). The convex hull areas for individual
Needle Dog�sh spanned the largest range within this habitat and the extent of overlap among individuals
varied widely (Table 1, Fig. 5). Our study only included two specimens of Japanese Velvet Dog�sh, but its
diet is completely undescribed to date (Rigby et al. 2021). The Japanese Velvet Dog�sh had elevated
δ15N values, which is likely a result of feeding in the abyssal food web (Mintenbeck et al. 2015; Trueman
et al., 2014) rather than high trophic level given that the specimens caught were < 100cm (Fig. 2). This
species had the smallest isotopic niche and complete overlap in isotopic composition among individuals
(Fig. 5). While these traits could be due to low sample size of Japanese Velvet Dog�sh, we also only
sampled two individual Roughskin Dog�sh. These Roughskin Dog�sh specimens produced similar
results for species- and individual-level isotopic niche with their standard ellipse area and convex hull
area, respectively (Fig. 5), but each specimen had different δ13C and δ15N distributions from dentin
collagen and therefore diverged in their overlap. This variation among individuals aligns with a previous
result from compound speci�c isotope analysis of amino acids that indicated similar baselines but
different trophic level from two other specimens caught in Suruga Bay (Fujiwara et al. 2021). The �nal
species caught in the abyssal habitat is the Rough Longnose Dog�sh, which has reported distribution
data but no published record of diet (Compagno 2001; Carpenter and Garilao 2021). The isotopic niche
for Rough Longnose Dog�sh are similar to the Roughskin Dog�sh on the species- and individual-level as
well as extent of overlap among individuals (Table 1; Fig. 5). However, the Rough Longnose Dog�sh has
the lowest mean δ15N values from dentin collagen of all species within the abyssal habitat, which could
indicate foraging on prey from a shallower depth. Previous studies featuring deep water consumers and
stable isotope analysis demonstrate the importance of diel-vertical migration, which transfers nutrients



Page 15/22

and links epipelagic, deep benthic, and abyssal marine habitats (Carlisle et al., 2021; Trueman et al.,
2014). Although this study presents stable isotope compositions of consumers without prey data, the
assessments individual vs. population variation provides an ecological context to evaluate resource use,
ecological niche, and food web structure, which are substantial contributions for these species that are
largely classi�ed as “data de�cient” and/or “vulnerable” (Froese and Pauly 2021).

Conclusions
Essentially all sharks are carnivorous and occupy upper trophic levels within marine ecosystems, but the
more subtle ecological differences between species as well as within and among individuals remains
elusive. Here, we examine ecological niche using stable isotope analysis from dentin collagen, which
provides a more nuanced perspective of diet and habitat with multiple measurements of carbon and
nitrogen isotope composition per individual. We compare within vs. between individual variation using a
suite of computational metrics without assumptions related to tissue speci�c discrimination factors or
incorporation rates. Our stable isotope results indicate substantial variation in δ13C and δ15N values for
the shark community in adjacent habitats of Suruga Bay, Japan. A general trend in increasing δ15N
values with total length (Fig. 3) suggest gape limited predation. In addition, we found a range of isotopic
niche widths among species (e.g., standard ellipse area) and individuals (e.g., convex hull area), but no
correlation between these ecological levels of organization. For example, Smooth Hammerhead and
Needle Dog�sh are generalist species with largest standard ellipse area, but individual convex hull areas
vary in their size and distribution (Fig. 4), which indicates some niche partitioning. However, it is
important to note the differences among individuals as evidenced by the distribution of Pianka’s measure
(Fig. 5). Acknowledging this individual variation has ecological, evolutionary, and conservation
implications to consider in future studies.
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Figures

Figure 1

A) The sharks in this study were caught within Suruga Bay on the southern coast of Honshu Island,
Japan (indicated with a red box). B) This nearshore marine habitat has variable depth gradients and
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includes a central trough that reaches depths of 2500m (bathymetry contours by 100m, darker colors are
deeper). Opportunistic samples were taken for stable isotope analysis from the discard at either Shimizu
or Yui Ports. One area targeted by �sheries within Suruga Bay is Seno Umi, shown as a grey shaded
region on the western side of Suruga Bay. 

Figure 2

The carbon and nitrogen isotope composition of dental collagen from sharks caught in Suruga Bay
categorized by preferred depth/habitat. Warmer to cooler colors indicating preferred depth/habitat as
follows: A) epipelagic (<100m) in oranges, B) coastal (30-300m) in greens, C) deep benthic (100-400m) in
blues, and D) abyssal (>500m) in purples. Each color represents a single species with data for individual
tooth series as well as standard ellipse areas (SEAc). The collated data for all individuals and species in
each habitat are shown as marginal rug plots.  

Figure 3
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Nitrogen isotope composition vs. total length across all species. There is an overall positive relationship,
but the multiple d15N values from multiple tooth series per specimen indicate the extent of temporal
variation in diet and habitat. Species colors re�ect those in Figure 2 with oranges representing epipelagic
(<100m), greens representing coastal (30-300m), blue representing deep benthic (100-400m), and purples
representing abyssal (>500m) habitats.

Figure 4

The extent of individual variation is shown as the convex hull area (CHA), a polygon based on the
isotopic composition of dental collagen from multiple series of an individual. Shark species featured in
this study are shown in each inset with colors corresponding to those in Figure 2. The preferred habitat
and depth with color schematic are as follows: A – C) epipelagic (<100m) in oranges; D – E) coastal (30-
300m) in greens; F & G) deep benthic (100-400m) in blues; H – K) abyssal (>500m) in purples.

Figure 5

A) The isotopic variation among shark species in Suruga Bay is captured with the standard ellipse area
(SEAc). B) Multiple d13C and d15N values per individual from tooth series provides a measure of
individual variation as Convex Hull Area (see Fig. 4). C) A comparison of individual vs. population
similarity within each species is based on Pianka’s measure, w, where 0 = no overlap and 1 = complete
overlap. There is a gradient from generalists to specialists based on these metrics within this shark
assemblage that span all habitats (epipelagic [<100m] in oranges, coastal [30-300m] in greens, deep
benthic [100-400m] in blues, and abyssal [>500m] in purples).


