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Mesopelagic fishes are critical components of oceanic food webs, yet they face increasing pressure from emerging
fisheries. This study examines the role of ontogenetic and trophic strategies in the coexistence of two predom-
inant deep-sea fish species in the East China Sea (ECS): the lanternfish Diaphus watasei and the lanternbelly
Synagrops japonicus. Using an integrative framework combining otolith microstructure, stomach content analysis
(SCA), and stable isotope analysis (SIA), we reconstructed growth trajectories and ontogenetic trophic shifts.
Results revealed distinct life-history strategies: D. watasei exhibited near-isometric growth (b = 3.07), while
S. japonicus displayed negative allometric growth (b = 2.79), with ages ranging from 130 to 670 days and
190-640 days, respectively. Unlike previous reports of similar trophic habits between juvenile and adult stages,
both species demonstrated significant ontogenetic dietary shifts. Diaphus watasei transitioned toward higher
trophic positions characterized by increased piscivory, while S. japonicus exhibited a marked shift from benthic
invertebrates in juveniles to benthopelagic foraging in adults. SIA confirmed clear niche segregation in juveniles
but substantial isotopic overlap in adults. Crucially, this adult convergence is not solely due to competition but is
driven by asymmetrical trophic dependence, as adult S. japonicus incorporates D. watasei as a key prey resource.
These findings suggest that coexistence is mediated by a combination of spatial partitioning in early life stages
and intraguild predation in adulthood, providing a vital baseline for predicting the ecological impacts of fisheries
expansion in the ECS.

1. Introduction and ecological importance raise concerns regarding the potential con-

sequences of future large-scale harvests (Kourantidou andand Jin, 2022;

Over the past two decades, the exploitation of deep-sea fishery re-
sources, including those located beyond areas of national jurisdiction
(ABNJ), has expanded markedly at the global scale, despite evidence
that only 29 % of fish stocks are currently harvested in a sustainable
manner (Morato, 2006; Bensch, 2009; Sharma et al., 2025). Among
deep-sea organisms, mesopelagic fishes represent the largest vertebrate
biomass in the ocean and occupy a central position in marine food webs
and biogeochemical cycles (Wang et al., 2019; Iglesias et al., 2023;
Rayegani, 2024). In recent years, declining coastal and shelf stocks and
the persistent intensification of fishing activities have increased the
commercial interest in mesopelagic organisms as potential substitute
resources (Cadul et al., 2011; Grimaldo et al., 2020; Quang et al., 2024).
Although these species are not yet widely exploited, their high biomass

Prellezo et al., 2024). Understanding their trophic ecology, life-history
strategies, and interspecific interactions is therefore essential to antici-
pate how emerging fisheries may alter deep-sea ecosystems.

The East China Sea (ECS) is among the most biologically productive
yet heavily exploited marine regions worldwide (Li and Zhang, 2012;
Zhang et al., 2016; Wang et al., 2024). China has been the world’s
largest marine fish producer since 1989, with the ECS alone contributing
nearly 20 % of the total national landings (FAO, 2014). In this multi-
species fishery system, mesopelagic and bathypelagic organisms
constitute a substantial and recurrent component of the by-catch from
commercial bottom trawling operations (Sheng and Cheng, 1989;
Ohshimo et al., 2012; Sassa et al., 2016). Although these species are
generally considered of low commercial value and are not currently
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targeted directly, the magnitude and persistence of their by-catch sug-
gest increasing interactions with fishing activities, and potentially
growing exploitation interest as traditional stocks decline (Cheng et al.,
2009; Pauly et al., 2021). Their removal may have disproportionate
ecological consequences due to their role in mediating energy transfer
between epipelagic, mesopelagic, and benthopelagic compartments.

Among the species frequently encountered in ECS by-catch, the
lanternfish Diaphus watasei (Myctophidae) and Synagrops japonicus
(Acropomatidae) are of ecological relevance. Both species contribute
substantially to the regional food web (Sassa et al., 2010; Ohshimo et al.,
2012; Chen et al., 2025), yet their ecological significance remains poorly
understood. Previous studies have shown that adults of both species
occupy similar trophic positions based on stable isotope analysis (Chen
et al., 2025), despite their contrasting diet compositions. Diaphus
watasei, a vertical migrator, is predominantly piscivorous and feeds
largely on mesopelagic teleosts such as Maurolicus muelleri. In contrast,
S. japonicus, likely a weak or non-migrant, displays a broader feeding
strategy that includes both benthic invertebrates and mesopelagic fishes,
notably species of Diaphus spp (Ozawa and Zinno, 1990; Sassa et al.,
2016; Serena et al., 2022; Wang et al., 2019). Their coexistence is further
shaped by life-stage-specific vertical migration patterns: juveniles and
immature D. watasei undertake diel vertical migrations into epipelagic
layers at night, while adults remain largely in deeper waters where they
overlap more extensively with S. japonicus (Gartner et al., 1997; Sassa
et al., 2016; Eduardo et al., 2024; Chen et al., 2025).

These ontogenetic shifts in vertical distribution and prey use suggest
that trophic interactions between the two species may be more complex
than simple resource partitioning (Ross, 1986; Varghese et al., 2014;
Eduardo et al., 2020). The regular occurrence of D. watasei in the diet of
S. japonicus raises the possibility of an asymmetric trophic relationship
(Polis et al., 1989), where the latter despite its generalist feeding strat-
egy relies on D. watasei as a predictable mesopelagic prey resource
linking benthic and pelagic food webs (Trueman et al., 2014; Drazen and
Sutton, 2017). Testing this hypothesis requires not only documenting
dietary patterns but also linking them to growth trajectories and onto-
genetic transitions that govern habitat use and prey availability. In this
context, otolith microstructure analysis provides key insights into age,
growth, and life-history shifts, enabling the identification of size- and
age-dependent transitions that can structure trophic interactions and
influence vulnerability to predation (Sogard, 1997; Gagliano et al.,
2007). Size-weight relationships and otolith morphometrics further
allow the detection of phenotypic variations that may be associated with
ecological strategies, such as foraging behavior, vertical movement ca-
pacities, and life-history pacing traits directly relevant to predator—prey
dynamics (Tuset et al., 2003; Lombarte and Cruz, 2007).

Given this complex interplay of life-history and trophic strategies,
their partial spatial overlap, comparable trophic positions, and shared
reliance on mesopelagic prey have led several authors to consider po-
tential competitive interactions within multispecies mesopelagic as-
semblages (Sassa et al., 2016; Chen et al., 2025). In the ECS, such
overlap is expected to be further intensified by the cumulative removal
of higher-trophic predators and the progressive “fishing down” of the
food web (Liang and Pauly, 2017; Szuwalski et al., 2017), which can
increase competition among mid-trophic-level consumers. Here, we do
not assume that competition necessarily occurs between D. watasei and
S. japonicus but instead treat it as a plausible ecological mechanism that
may influence their coexistence. Clarifying whether these species coexist
primarily through resource partitioning, symmetric competition, or an
asymmetric predator-prey relationship is therefore essential to under-
standing the trophic functioning of mesopelagic communities under
increasing fishing pressure.

Therefore, the main objective of this study is to test the hypothesis
that the coexistence of D. watasei and S. japonicus in the ECS is mediated
not only by interspecific resource partitioning but also by an asymmetric
trophic dependency, in which S. japonicus incorporates D. watasei as a
key prey resource. To achieve this objective, we used an integrative
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framework combining: (1) otolith microstructure and morphometric
analyses to reconstruct growth trajectories and identify major life-
history transitions; (2) stomach content analysis (SCA) to document
direct feeding relationships and ontogenetic diet shifts; and (3) stable
isotope analysis (SIA) of carbon (5'°C) and nitrogen (5'°N) to quantify
trophic positions and long-term resource use. This combined approach
allows us to (i) assess the trophic interaction and potential dependency
between S. japonicus and D. watasei across life stages, (ii) determine how
growth and ontogenetic habitat shifts shape trophic niches, and (iii)
evaluate the relative contributions of resource partitioning and asym-
metric trophic relationships to the coexistence of these two species in the
deep-sea ecosystem of the East China.

2. Materials and methods
2.1. Sample collection

The samples of D. watasei and S. japonicus were obtained as bycatch
from the commercial bottom trawl fisheries at four stations in the ECS
during two sampling periods: February to April 2023 and April 2024
(Fig. 1). The trawling operations were conducted at depths ranging from
300 and 400 m, using nets with a mesh size of 40 mm, primarily tar-
geting demersal species. After collection, the samples were sorted and
then stored at —20 °C for further analysis.

2.2. Morphometric measurements

In the laboratory, the specimens were visually identified and, when
necessary, confirmed using DNA barcoding technology. Then standard
length (SL + 0.01 mm) and body weight (W + 0.01 g) (0.1 g in a few
cases) were measured. Life stages (adult or juvenile) for S. japonicus were
determined based on the presence, absence, or condition of the gonads
following the MEDITS protocol (Relini, 2015). This evaluation relied on
key morphological criteria, including the appearance of the ovarian
tunic, testis length, and the presence of free spermatozoa. The mean
length at maturity for this species was established at 110 mm. In
contrast, individuals of D. watasei were classified as juveniles when their
standard length was below 120 mm, based on the known size at matu-
rity for this species in the ECS (Sassa et al., 2016). Sagittal otoliths of
each specimen were extracted, carefully cleaned of any soft tissue,
air-dried at room temperature, and subsequently examined under an
optical microscope (Olympus U-TVO.63XC) equipped with a digital
camera connected to a computer. Otolith length (OL) and width (OW)
were measured with a precision of + 0.01 mm using Digimizer image
analysis software and embedded in epoxy resin, placed in appropriate
molds, and left to harden for 24 h. Polishing was performed using a
Struers LaboPol-6 polishing unit with abrasive papers of varying grits
sizes dependent on the species: 600, 1200, and 3000 grit for Diaphus
watasei, and 600, 1200, and 2500 grit for S. japonicus otoliths respec-
tively. Micro-increments were observed using an OLYMPUS CX23 op-
tical microscope equipped with a digital camera. Visualization and
increment count were conducted using FCsnap software. Each otolith
was read twice, from the core to the outer edge and then in the reverse;
when no significant difference was observed between readings (paired
t-test, p > 0.05), the average count was used, following the methodology
outlined by Campana and Jones (1992) and Tomas and Panfili, (2000).
Age (in days) was estimated based on the number of daily growth in-
crements, and age-length growth was modeled using non-linear growth
functions, including the von Bertalanffy, Gompertz, and Logistic models,
following standard fish growth modeling approaches (Cailliet et al.,
2006).

2.3. Stomach content analysis

Stomachs were dissected, and their contents preserved in 70 %
ethanol. Prey items were examined and counted under a stereoscopic
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Fig. 1. Map of the sampling area. The black rectangle indicates the collection zone.

microscope, weighed to nearest 0.01 mg, and identified to the lowest
possible taxonomic level depending on their state of digestion. The prey
preference was determined through the prey-specific index of relative
importance (%PSIRI):

9%FOi(%PNi + %PWi)

PSIRI =
SIRI 5

€9)

Where %PNi is the prey-specific abundance by counts, %PWi the
prey-specific abundance by weights, and %FOi the frequency of occur-
rence (Brown et al., 2012). Unlike the traditional compound IRI, the %
PSIRI was selected for its additive properties and its ability to prevent
the overestimation of rare but voluminous prey, offering a more robust
estimation of dietary importance across taxonomic levels. The vacuity
index (VI) was calculated using the following formula: VI (%) = (A x /
B, where A is the number of empty stomachs and B is the total number of
stomachs examined (Hyslop, 1980).

2.4. Carbon (6*°C) and Nitrogen N isotopes analysis

Stable isotopes analysis was performed on dorsal white muscle tissue
(without skin) obtained from 97 fish. Each sample was rinsed with ul-
trapure water, freeze-dried at —55°C for 36 h, and then homogenized
into a fine powder using a freeze mixer ball mill. Lipids were extracted
from the samples (~1.5 mg) according to the method of Li et al. (2016).
Briefly, 12 mL of a chloroform: methanol solution (2:1, v/v) was added,
and the mixture was vigorously vortexed and incubated for 24 h.
Following centrifugation, the supernatant was collected, and the
remaining sample was dried in an oven at 40 °C. The resulting defatted
powder (~1.5 mg) was then encapsulated in a tin capsule for subsequent
analysis. §'3C and 8'°N values were determined using a Vario ISOTOPE
cube elemental analyzer (Germany), coupled with a continuous flow
IsoPrime 100 mass spectrometer (United Kingdom), the results are
expressed using delta notation (8X, in %o), according to the following
equation:
oX = [(Rsample - Rstandard) - 1] x 1000 (2)

where X is §'3C or 5!°N, Rsample is the isotopic ratio between (**C/**C and

I5N/1N), and Rtandard is the international standard.

To validate the precision and accuracy of the isotopic measurements,
laboratory internal standards (protein: &C = —26.98 %o,
8'5N = 5.96 %0) were analyzed in triplicate within each batch of 15
unknown samples. Instrumental calibration was performed against the
international reference materials USGS 24 (—16.5 %o, relative to VPDB)
for carbon and USGS 26 (453.7 %o, relative to N2) for nitrogen. This
calibration procedure ensured measurement uncertainties of +0.20 %o
for 8' 3C and &' °N.

Isotopic measurements were carried out at the Key Laboratory of
Sustainable Exploitation of Pelagic Fishery Resources, Ministry of Edu-
cation, at Shanghai Ocean University.

2.5. Data analysis

The allometric growth of the organisms was modeled to define
discrete life stages for subsequent analysis of trophic shifts. The rela-
tionship between standard length (SL) and weight (W) was expressed by
the power function W = al®. This equation was linearized as log (W) =
log (a) + blog (L)and the parameters a(the intercept) and b(the slope, or
allometric coefficient) were estimated using an ordinary least squares
(OLS) regression (Le Cren, 1951). To account for the snapshot nature of
stomach content (SCA) data, the species were subdivided into life stages
for dietary analysis. For each species, designated here as consumers
(D. watasei adults, D. watasei juveniles, S. japonicus adults and
S. japonicus juvenile). We used an iterative, randomised procedure to
determine the sufficiency of the sample size for dietary characterisation.
The representativeness of the collected stomachs was evaluated by cu-
mulative prey diversity curves, which plotted the progressive increase in
trophic diversity against the number of stomachs. The process involved
1000 randomisations of the stomach analysis sequence for each desig-
nated group, from which a mean diversity curve was derived using the
Shannon index (H'). According to Alonso et al. (2002), sample size was
considered adequate when the asymptote of the mean diversity curve
was reached. This stabilisation point was identified as the number of
samples after which at least two consecutive points on the curve stayed
within a + 5 % range of the overall trophic diversity calculated for all
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the samples.

The stomach contents were tested to determine whether diet com-
positions differed among consumers. An initial PERMDISP test revealed
significant heterogeneity in multivariate dispersions (F = 249.75,
p < 0.001); a one-way permutational multivariate analysis of variance
(PERMANOVA) to a matrix derived from square-root transformed of
preys abundance data (at the species taxonomic level) using Bray-Curtis
similarity matrices with 9999 permutations were applied. If significant
results were found (p < 0.05), post hoc analyses (pairwise comparisons)
were applied to identify specific differences between consumers. To
explore the structure of predator—prey relationships, a principal
component analysis (PCA) was performed based on the cumulative
abundance of each prey category found in consumer stomachs. Principal
components were extracted by using the correlations among cumulative
prey as variables and PCA plots were used to visualise the trophic
interaction among consumers with highly correlated (Pearson correla-
tion > 0.5) prey.

The trophic niche dimensions for the consumers were quantified
using metrics derived from both SCA and SIA. From the SCA data, the
standardized Levin index (Bsta) was used to evaluate the diet breadth
(Krebs 1999):

1 1

Byo = -1
sta n-1 EPljz
J

3

where Pij = proportion of the diet of consumer i on prey j, and

n = total number of prey categories. Bstp values were interpreted as
indicating narrow to broad diet breadth (Krebs, 1999). The Pianka niche
index (Pianka, 1973) was used to determine the diet overlap among the
different consumers, as:

n

2P Py
O = —— )

n n ’
(2P P
1 1

Where Oj = Pianka's measure of niche overlap between species j and
species k, P;j = Proportion resource i is of the total resources used by
species j; Pik = Proportion resource i is of the total resources used by
species k, and n = Total number of prey categories. A key characteristic
of this latter metric is its symmetrical nature, wherein the calculated
overlap from consumer A to consumer B is identical to that from con-
sumer B to consumer A. The index yields values bounded between 0 (no
overlap) to 1 indicating (total overlap). The resulting overlap values
were categorised as low (0-0.39), intermediate (0.4-0.6), or high
(0.61-1) according to Grossman and Hart (1986). The unidentified fish
group was excluded from these analyses.

The isotopic tracers 8'3C and 5'°N, were used to quantify the isotopic
niche size and overlap among the consumers using a Bayesian frame-
work NicheROVER (Swanson et al., 2015). This approach generates
probabilistic estimates of niche region by calculating the proportion of
the posterior distribution of one consumer’s niche region (e.g., juvenile
D. watasei) that is contained within that of a second consumer (e.g.,
juvenile S. japonicus). Niche overlap was calculated from 1000 Monte
Carlo draws with an alpha = 0.95 probability level and is defined as the
probability of finding a consumer from one group in the Isotopic niche
regions (Ng) of another consumer group.

Trophic levels of each consumer group were estimated through the
prey found in the stomachs (TPg.,) and the values of the isotopic tracers

(TPCOnsumer)' TPsca =1 + (2}1:1 Pj * TL]'), where TLgca is the trophic

level of the consumer, P; is the proportion of each prey category in the
stomach (W %), and TIL; is the trophic level of each prey category j. TL;
were obtained from Chen et al. (2025) and the information registered in
Fishbase (www.fishbase.org).

(8" Neongumer— 5" Npaseline)

15 s
TPconsumer = AN + 4 where & Nconsumer 1S the
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value for the consumers, 5'°Nbaseline = 7.73 %o, AN = 3.4 %o and A
= 2 according to Zou et al. (2022).

Prior to analysis, the assumptions of normality and homogeneity of
variances were verified. The distribution of residuals was assessed for
normality using Q-Q plots and the Shapiro-Wilk test, while homogeneity
of variances was checked using Levene's test. Based on these diagnostic
checks, differences in isotopic values (5'°C and §'°N) between consumer
groups were tested using either a one-way ANOVA or a Kruskal-Wallis
test (when one or both assumptions were violated). For significant ef-
fects, post-hoc comparisons were performed using Tukey's HSD test for
ANOVA results, or Dunn's test with Bonferroni correction for Kruskal-
Wallis results, to identify specific differences between factor levels
(species/maturity stage). Ontogenetic shifts in stable isotope values
(8'3C and 8'°N) relative to standard length (SL) were investigated using
segmented linear regression. This method, implemented with the
segmented package in R (Muggeo, 2008), identified significant break-
points where isotopic signatures changed with size, reflecting potential
shifts in feeding strategies or habitat use. Analyses were conducted
separately for each species and for each stable isotope. In this study, the
results from SCA and SIA were not significantly different between the
two sampling years, and consequently, the data were pooled into a
single dataset for subsequent analyses. All analyses were conducted in R
version 4.3.2, and results were considered significant at a = 0.05.

3. Results
3.1. Length-weight relation and growth modelling

A total of 860 samples were collected and analysed to examine the
relationships between standard length, body weight, and otolith di-
mensions. The length of D. watasei ranged from 60 mm to 165 mm, and
body weight from 2.1 to 50.4 g, while S. japonicus specimens ranged
from 85 to 178 mm, and from 6.1 to 108 g (Table 1). Diaphus watasei
exhibited a near-isometric growth pattern, as indicated by the regression
coefficient (b = 3.07), which did not significantly differ from the theo-
retical value of 3 (t-test, p > 0.05, df = 490). In contrast, S. japonicus
showed a negative allometric growth pattern (b = 2.79), significantly
lower than the isometric threshold (t-test, p < 0.05, df = 366).

A total of 290 and 380 otoliths from D. watasei and S. japonicus
respectively have allowed for a clear reading of daily increments. Daily
growth increments (age proxy) were obtained by summing up all the
daily growth increments. Age estimated was ranged from 130 to 670 for
D. watasei (355.9 + 65.7 and 517.5 + 91.8, respectively for the juvenile
and adult life stage) and 190-640 for S. japonicus (227.5 + 27.24 and
421.2 + 107.8, respectively for the juvenile and adult life stage). Based
on the observed data, the standard von Bertalanffy growth model pro-
vided a more accurate estimation of the growth parameters for both
species (Supplementary Material S1). In Diaphus watasei, the estimated
growth parameters were described by L(t)=237.94 x (1 —g 00015
(7183))  and  S.  japonicus L(D)= 232.66 x (1 —e 0-0020(t+55.00)
(Supplementary material S1).

3.2. Diet preferences

A total of 5340 prey items belonging to 22 prey taxa were identified
from 860 stomach samples. SCArevealed that both species exhibited a
predominantly nektophagous feeding strategy, with diets largely
composed of mesopelagic fishes. Teleosts constituted the predominant
prey category for both juvenile and adult Diaphus watasei (%
PSIRI=58.57 % and 50.06 %, respectively), with Maurolicus muelleri and
Myctophum spp. being the most frequent taxa. Decapod crustaceans
(25.95 % for juveniles; 13.39 % for adults) and euphausiids (15.47 %
and 11.99 %, respectively) followed in importance. Cephalopods
(8.52 %) were exclusively recorded in the adult diet. In juvenile
S. japonicus, microbenthic organisms constituted the primary prey group
(PSIRI = 53.32 %), followed by teleosts (22.57 %) and decapods
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Table 1
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Biological parameters (mean =+ standard error) of Diaphus watasei and Synagrops japonicus for juvenile and adult life stages in the East China Sea, including coefficients
a'and 'b' from the Length-Weight Relationship (LWR) equation (W = aTLP). n: sample size; SL: Standard Length (mm); W: Total weight (g); Age: Age (days); OL: Otolith
length (mm); OW: Otolith width (mm); a: intercept of the LWR equation; b: slope of the LWR equation (allometric coefficient). These descriptive statistics, along with
the allometric coefficients, provide an overview of the sampled populations' growth characteristics and morphology.

Parameters n SL (mm) W (g Age (days) OL (mm) Ow (mm) a b
Diaphus watasei Juvenile 113 109 + 14.5 12.2+3.3 355.9 + 65.7 5.3+0.8 3.5+05 6.47 3.07
Adult 274 137.8 £ 13.0 249+ 8.0 517.5+91.8 7.5+1.0 4.5+ 0.4
Synagrops japonicus Juvenile 95 96.7 £ 14.5 10.5+2.0 227.5 + 27.24 41+0.1 2.7 £0.08 3.11 2.79
Adult 378 140.2 + 18.6 33.2+15.9 421.2 +107.8 54+0.7 3.2+0.2

(11.93 %). In contrast, adults’ life stage diet was dominated by meso-
pelagic teleosts (57.03 %), decapod crustaceans (22.64 %), and eu-
phausiids (12.36 %), with a minor contribution from cephalopods
(5.21 %) (Table 2).

Principal Component Analysis (PCA) on major prey categories
explained 89.86 % of the total variance, revealing clear functional
segregation among groups (Fig. 2). The first axis (PC1, 75.99 %) drove a
major habitat partitioning, isolating juvenile S. japonicus strongly
correlated with Annelida and Mollusca from all other groups. The sec-
ond axis (PC2, 13.87 %) differentiated the pelagic cluster based on prey
size: juvenile D. watasei were associated with Copepoda, reflecting a
zooplanktivorous strategy, whereas adults of both species converged
closely around micronektonic prey vectors (Teleost, Decapoda, Cepha-
lopod, and Euphausiacea).

3.3. Stable isotope compositions

Stable &' °N isotope values showed significant differences among
consumer groups (Kruskal-Wallis, §'°N, ¥*> = 51.30, p < 0.05), with the

Table 2

exception between adult S. japonicus and juvenile D. watasei (p > 0.05),
as well as between the juvenile stages of the two species (p > 0.05),
according to Dunn’s post hoc test with D. watasei displaying significant
high mean values. Similarly, &' *C isotope values varied significantly
among consumer groups (Kruskal-Wallis, §'*C, y*> = 29.41, p < 0.05),
except between the adult stages of both species (p > 0.05) and between
their respective juvenile stages (p > 0.05), as indicated by Dunn’s post
hoc comparisons. 5!°N values ranged from 8.83 %o to 14.26 %o, with
means of 10.97 + 0.97 %o and 10.49 + 0.68 %o in juvenile D. watasei and
S. japonicus, respectively, and 12.39 + 0.59 %o and 11.51 + 0.73 %o in
adults, and &' 3C values ranged from —20.19 %o to —17.29 %o, with mean
values of -19.49 +0.54 %0 and -19.05+ 0.14 %o in juveniles of
D. watasei and S. japonicus, respectively, and -18.51 + 0.46 %o and
-18.69 + 0.41 %o in adults (Table 3).

Segmented regression analysis revealed clear size-related shifts in
the isotopic signatures of both species. In S. japonicus, a significant
breakpoint was detected at 126.7 mm, beyond which the increase in
&' °N values with body size markedly slowed (slope decreasing from
0.050 to 0.006). A comparable pattern was observed in D. watasei, with a

Composition of the diet of Diaphus watasei and Synagrops japonicus for juvenile and adult life stages by percentage of prey by wet weight (%PW), percentage of prey by
number(%PN), frequency of occurrence (%FO), and percentage of the Prey-Specific Index of Relative Importance(%PSIRI).

Prey groups Diaphus watasei juvenile Diaphus watasei adult

Synagrops japonicus juvenile Synagrops japonicus adult

%PW %PN %FO % %PW %PN %FO % %PW %PN %FO % %PW  %PN %FO %
PSIRI PSIRI PSIRI PSIRI
Euphausiacea
Euphausia nana 9.18 17.68 29.84 4.01 6.24 17.55 3370 4.01
Pseudeuphausia sp. 9.89 17.50 27.23  3.73
Pseudeuphausia sinica 6.70 17.41 3260 3.93
Euphausiacea 14.00 21.45 4159 7.37 13.66 2282 2330 4.25 28.82 21.54 31.58 7.95 7.50 16.91 36.26 4.42
unidentified
Amphipoda 0.48 22.23 36.28 4.12 1.24 22.38 32.20 3.80 1.59 20.68 37.89 4.22 0.32 22.12 24.54 2.75
unidentified
Polychaeta 5.89 26.88 56.84 9.31
unidentified
Scaphopoda 5.39 31.24 8211 15.04
unidentified
Gastropoda 40.54 33.85 77.89 28.97
unidentified
Copepoda 0.04 2246 3540 3.98 1.25 2415 21.73 276
unidentified
Decapoda
Heterocaspus sp. 19.08 19.74 4513 8.76 1469 16.86 46.60 7.35 11.14 1550 2821 3.76
Plesionika sp. 23.21 26.00 23.01 5.66 1851 21.20 25.39 5.04 13.63 15.88 22.34 3.30
Oplophorus sp. 32.08 27.16 16.81 4.98 23.54 22.52 18.85 4.34 15.49 16.91 45.42 7.36
Systellaspis sp. 13.04 16.64 23.08 3.42
Decapoda 21.43 26.33 27.43 6.55 17.73 2238 26.70 5.36 37.48 2219 40 11.93 13.46 19.32 29.30 4.80
unidentified
Teleostei
Diaphus sp. 37.29 2539 16.81 5.27 33.17 2079 1832 494 2833 20.55 30.77 7.52
Myctophum sp. 40.81 27.34 4248 14.48 36.63 2497 43.46 13.39 26.61 20.52 1429 3.37
Maurolicus muelleri 38.29 27.22 61.06 20.00 27.38 22.48 64.40 16.05 23.24 23.53 45.89 10.96
Benthosema fibulatum  37.27 2819  30.09 9.85 28.21 2197 3325 851 22,55 1810 27.11 551
Argyropelecus sp. 25.10 18.32 45.05 9.78
Polyipnus sp. 19.68 14.95 26.01  4.50
Teleost unidentified 39.79 2786 26.55 8.98 3249 2118 26.70 7.17 69.7 17.82 51.58 2257 3250 20.00 58.61 15.39
Cephalopoda 49.76 2596 2251 8.52 4591 1597 16.85 5.21
unidentified
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Fig. 2. Principal Component Analysis (PCA) biplot of major prey categories
from Diaphus watasei and Synagrops japonicus across juvenile and adult stages.
The plot illustrates the segregation of consumer groups (large colored dots) and
the contribution of individual prey items (blue vectors) to the dietary differ-
entiation. The first two principal components (PC1 and PC2 explain 75.99 %
and 13.87 % of the total variance, respectively, totaling 89.86 %). PC1 pri-
marily differentiates groups based on overall dietary composition, while PC2
highlights secondary gradients in prey utilization. This visualization clearly
demonstrates the distinct dietary patterns and trophic partitioning among
species and life stages.

Table 3

Mean values (+ standard error) of stable isotopes (6§13 C and 615 N, in %o) and
trophic position (TP) for Diaphus watasei and Synagrops japonicus in the East
China Sea, stratified by life stage. n: sample size. These values characterize the
average isotopic signatures and trophic levels of each group.

Species Life stage  n 815N (%o) 5" 3C (%o0) TP

D. watasei Juvenile 23 10.97 £ 0.97 -19.49 + 0.54 2.95 + 0.08
Adult 26 12.39 + 0.59 -18.51 + 0.46 3.37 £ 0.03

S. japonicus Juvenile 21 10.49 + 0.68 -19.05 + 0.14 2.81 + 0.07
Adult 27 11.51 £0.73 -18.69 + 0.41 3.11 £ 0.03

breakpoint at 117.4 mm indicating a similar reduction in the rate of
8! °N enrichment (slope declining from 0.035 to 0.006) beyond this size.
Analysis of &' C further highlighted species-specific ontogenetic dy-
namics: in S. japonicus, a breakpoint at 186.5 mm revealed a slight
enrichment in &' C up to that size (slope = 0.009), followed by a sig-
nificant depletion in larger individuals (slope = —0.016), whereas in
D. watasei, a breakpoint at 116.3 mm indicated a slowdown in &' 3C
enrichment with increasing body size (slope decreasing from 0.024 to
0.006)(Figs. 3 and 4, Supplementary material S2).

3.4. Niche estimation and overlap

Based on stomach content composition, revealed a high intraspecific
trophic overlap based on Pianka’s index between juvenile and adult life
stages of D. watasei (0.98), indicating strong ontogenetic dietary simi-
larity. In contrast, S. japonicus exhibited low intraspecific overlap (0.26),
suggesting marked ontogenetic dietary segregation. Interspecific com-
parisons showed low trophic overlap between the juvenile stages of both
species (0.19) and between juvenile S. japonicus and adult D. watasei
(0.17). However, a substantial overlap was observed between adult
D. watasei and adult S. japonicus (0.69). The standardized Levin’s niche
index (BSTA) indicated a relatively narrow niche breadth for all groups,
except for adult S. japonicus, which displayed a comparatively broader
trophic niche (Table 4). In isotopic space, the size of the isotopic niche
(95 % credibility region) reveals distinct patterns. Juvenile D. watasei
displayed the largest niche area (12.56 + 3.63 %0%), indicating high
inter-individual variability in assimilated food sources in isotopic space.
In contrast, juvenile S. japonicus exhibited the smallest niche area (3.36
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Fig. 3. Segmented regression analysis of 8' °N values against Standard Length
(SL, mm) for Synagrops japonicus. The plot illustrates a significant breakpoint
detected at approximately 126.7 mm, indicating a marked change in the
ontogenetic trajectory of trophic position. Beyond this breakpoint, the increase
in &' °N values with body size significantly slows (initial slope = 0.050, post-
breakpoint slope = 0.006). The grey points represent individual &' °N values,
and the red lines show the fitted segmented regression model with the vertical
dashed line indicating the breakpoint.
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Fig. 4. Segmented regression analysis of &' °N values against Standard Length
(SL, mm) for Diaphus watasei. The plot illustrates a significant breakpoint
detected at approximately 117.4 mm, indicating a marked change in the
ontogenetic trajectory of trophic position. Beyond this breakpoint, the increase
in 8" °N values with body size significantly slows (initial slope = 0.035, post-
breakpoint slope = 0.006). The grey points represent individual ' °N values,
and the red lines show the fitted segmented regression model with the vertical
dashed line indicating the breakpoint.

Table 4

Pianka's trophic niche overlap and standardized Levin's niche breadth values
(BSTA) indices among species and ontogenetic stages for Diaphus watasei and
Synagrops japonicus in the East China Sea. Adu: Adult stage; Juv: Juvenile stage.
This table quantifies the extent of dietary resource sharing and specialization
among the different consumer groups.

Species D. D. S. S.
watasei_Juv watasei Adu Jjaponicus_Juv japonicus_Adu
D.watasei_Juv 0.98 0.19 0.69
D.watasei_ Adu 0.17 0.69
S.japonicus_Juv 0.26
Levin niche 0.30 0.34 0.25 0.69
(Bsta)
TPsca 3.96 3.99 3.42 3.88

+ 1.17), supporting the hypothesis of trophic specialization at this life
stage (Fig. 5).
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Fig. 5. Isotopic niche plots for Diaphus watasei (juvenile: blue-green, adult: light orange) and Synagrops japonicus (juvenile: light blue, adult: goldenrod). Panel (a)
displays kernel density distributions of &' C values, illustrating resource utilization differences. Panel (b) shows Bayesian standard ellipses of the isotopic niche for
each group (95 % credibility region), indicating dietary overlap and segregation in &' *C and &' °N space. Panel (c) presents a scatter plot of individual &' °N versus
&' 3C values, with points colored by species and life stage. Panel (d) displays kernel density distributions of &' °N values, illustrating trophic position differences.
DWA: Diaphus watasei Adult; DWJ: Diaphus watasei Juvenile; SJA: Synagrops japonicus Adult; SJJ: Synagrops japonicus Juvenile.

Isotopic niche regions (Ng) differed among the four consumer groups
(Fig. 6). A substantial trophic overlap (83.15 %) was observed between
adults of D. watasei and S. japonicus, whereas juveniles of S. japonicus
showed minimal overlap (10.61 %) with adult D. watasei. Conversely,
the very low overlap between adult D. watasei and juvenile S. japonicus
further supports near-complete trophic segregation. A high degree of
overlap (80.87 %) between juvenile and adult S. japonicus confirms
strong ontogenetic continuity already highlighted by stomach content
analysis.

4. Discussion
4.1. Discussion length weight relationship

Age estimation based on daily otolith increment counts proved to be
areliable and robust method for both species, D. watasei and S. japonicus,
supported by the substantial number of otoliths examined (290 and 380,
respectively). The observed age ranges (130-670 days for D. watasei and
190-640 days for S. japonicus) encompass a significant portion of their
life cycle, enabling a detailed analysis of their ontogenetic development.
The distinct mean ages identified for the juvenile and adult stages of
each species confirm the presence of well-defined life phases and sup-
port the ontogenetic framework adopted.
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Fig. 6. Bayesian analysis of isotopic niche overlap (NicheROVER results) for Diaphus watasei and Synagrops japonicus across juvenile and adult stages. The plot shows
the posterior probability (%) for an individual from the consumer group in the row to occupy the 95 % isotopic niche region of the consumer group in the column.
Posterior means are displayed as bold lines, and 95 % credible intervals as dashed lines. Grouping and color codes (DWA, DWJ, SJA, SJJ) correspond to those in
Fig. 5. This figure quantifies the extent of isotopic niche overlap and segregation among species and life stages.
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In this study, Synagrops japonicus exhibited negative allometric
growth, consistent with a previous study in the Arabian Sea and in the
southwest coast of India reporting a similar length-weight pattern for
the species (Renjith et al., 2020; Augustine et al., 2022). This type of
growth can be considered a way of balancing energy use (Battaglia et al.,
2015; Mcbride et al., 2015), where, upon reaching a certain body size,
potentially corresponding to sexual maturity, acquired energy is pref-
erentially allocated to reproductive output rather than somatic growth.
This shift could potentially provide an adaptive advantage in mesope-
lagic environments, particularly for species engaged in active vertical
migrations (Moku et al., 2000). Negative allometry has also been re-
ported in several other mesopelagic fishes, including non-migratory
species such as Ichthyococcus ovatus (Phosichthyidae), Sternoptyx
diaphana (Sternoptychidae), Diretmus argenteus and Diretmoides paucir-
adiatus (Diretmidae), Zaphotias pedaliotus (Stomiidae), and Electrona
risso (Myctophidae), as well as in migratory myctophids like Diaphus
dumerilii and Diaphus perspicillatus (Czudaj et al., 2022).

In contrast, Diaphus watasei exhibited nearly isometric growth, a
pattern typical of many lanternfish species (Badouvas et al., 2022;
Czudaj et al., 2022), where the body mass increases proportionally with
length. This result is consistent with other regional studies on mycto-
phids, although considerable variation has been reported often attrib-
uted to local environmental conditions, prey availability, or sexual
maturation stage (Vipin et al., 2011; Lopez-Pérez et al., 2020). In the
East China Sea, Zhang and Guo (2024) previously reported allometric
growth in D. watasei, a finding that contrasts with the present results.
However, this discrepancy may be explained by differences in size range
between the sampled populations; our dataset included marginal size
classes (60-165 mm), which were not considered in their study. This
methodological variation is significant and highlights a persistent
problem in myctophid research. The inclusion of extreme size classes
particularly small juveniles (<80 mm) and large adults (>150 mm) can
significantly affect the parameters of length-weight relationships.
Growth patterns in D. watasei may vary markedly across ontogenetic
stages, with juvenile individuals exhibiting a tendency toward negative
allometry. The inclusion of these marginal sizes in our dataset may
therefore explain the reversion toward isometric growth observed in our
analysis.

4.2. Ontogenetic trophic shift

The dietary composition of mesopelagic fishes in the ECS is poorly
documented; however, the species analysed in this study demonstrated
significant variability in feeding strategies, with distinct species-specific
patterns supported by our multi-tracer methodology. While stomach
content analysis revealed a shift toward larger prey such as cephalopods
in adulthood, stable isotope analysis provided quantitative evidence of
this trophic elevation. Most studies report that mesopelagic fishes pre-
dominantly feed on copepods and various crustaceans (Tanaka et al.,
2013; Badouvas et al., 2024). This general pattern contrasts with our
findings, in which both species displayed ontogenetic shifts charac-
terised by distinct dietary preferences between life stages.

For Diaphus watasei, the diet was found to be relatively balanced,
consisting of mesopelagic fish, crustaceans, and, to a lesser extent, co-
pepods. The discrepancy likely results from the broader size range
examined in the present study (60-165 mm) and the use of the PSIRI
method, which reduces overestimation of rare but voluminous prey
(Brown et al., 2012). The species displayed a narrow dietary spectrum
but a marked ontogenetic shift, quantitatively supported by segmented
regression analysis (Fig. 4). The significant &' °N breakpoint at
117.4 mm corresponds to the transition to a more piscivorous and
cephalopod-based diet, reflecting an increase in trophic position. §' *C
values stabilized beyond 116.3 mm, suggesting that adults occupy a
consistent habitat, likely reducing vertical migration amplitude
compared to juveniles (Gartner et al., 1997; Yamada et al., 2007; Sassa
et al., 2016). These results indicate that adult feeding habits may reflect
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the exploitation of relatively homogeneous habitats with stable prey
availability, a major adaptive advantage in the variable mesopelagic
zone (Suntsov and Brodeur, 2008; Timmerman et al., 2021).

A clear ontogenetic shift was observed in S. japonicus, transitioning
from a benthic-oriented juvenile phase to a more benthopelagic adult
foraging behavior. Juveniles fed predominantly on macrobenthic prey,
particularly benthic invertebrates (Gastropoda, Scaphopoda) and small
polychaetes. This reliance on sedentary prey is characteristic of
demersal species constrained by limited locomotory capacity and
reduced gape size, promoting energy-efficient foraging within nursery
habitats (Scharf et al., 2000; Fanelli and Cartes, 2010). Such ontogenetic
niche conservatism aligns with ecological theory, which predicts that
juveniles reduce intraspecific competition by exploiting a narrower prey
spectrum (Labropoulou and Eleftheriou, 1997), as reflected in the low
Levin’s niche breadth estimated for juveniles (Table 4).

Adults exhibited a marked expansion of their trophic niche and po-
sition, as demonstrated by the broader Levin’s index and the increase in
8! °N values up to the 126.7 mm breakpoint (Fig. 3; Table 2). This
transition involved active benthopelagic foraging, targeting vertically
migrating prey such as myctophids, pelagic crustaceans, euphausiids,
and cephalopods. Capturing this more evasive prey requires enhanced
swimming performance (Scharf et al., 2000). §' 3C depletion observed in
large adults (>186.5 mm) supports a functional decoupling from the
benthic food web in favour of pelagic carbon sources (Supplementary
material S2). The inclusion of diverse, higher-trophic-level prey un-
derscores the ontogenetic trophic shift typical of deep-sea generalists
and highlights the role of diel vertical migrators in transferring energy to
demersal predators (Drazen and Sutton, 2017; Afonso et al., 2014).

4.3. Trophic niche expansion and overlap

The interspecific differentiation in diet between D. watasei and
S. japonicus reveals contrasting ecological strategies facilitating coexis-
tence within the same habitat. Juveniles of both species exhibited low
dietary overlap (Pianka’s index = 0.19), indicating clear resource par-
titioning driven by the spatial segregation described in Section 4.2:
S. japonicus juveniles are strictly demersal foragers, while D. watasei rely
on vertically migrating pelagic sources.

In contrast, adult stages showed considerable convergence in their
diet (Pianka’s index = 0.69). This increased overlap is a direct conse-
quence of the ontogenetic niche expansion observed in S. japonicus,
which transitions to benthopelagic foraging in adulthood. Despite this
convergence, adult S. japonicus maintained a broader trophic niche
width compared to D. watasei (Table 4), reflecting a more generalist
strategy. This pattern aligns with the theory of competitive coexistence,
where interspecific competition is mitigated through partial niche
divergence (Eurich et al., 2018; Luo et al., 2024). Similar dietary
segregation strategies between vertically migrating Myctophidae and
non-migratory taxa have been documented to facilitate the coexistence
of dominant mesopelagic groups (Bernal et al., 2023).

The convergence in adult trophic structure appears to result from
asymmetrical trophic dependence rather than simple resource compe-
tition: S. japonicus incorporates D. watasei as a key prey item (Hopkins
and Sutton, 1998; Sutton et al., 2008). This predator-prey interaction
explains the apparent discrepancy between the high dietary overlap and
the persistent isotopic differences. While diets converge, vertical habitat
segregation likely remains influential. The consistently higher &' °N
values in juvenile S. japonicus compared to juvenile D. watasei despite
both occupying mid-trophic positions reflects the enrichment of basal
particulate organic matter (POM) with depth, differentiating the
demersal resident (S. japonicus) from the vertical migrator (D. watasei)
(McClain-Count et al., 2017; Choy et al., 2015).

Regional comparisons suggest that these isotopic variations must be
interpreted in the context of local baselines. Absolute ' °N values in our
study were slightly higher than those reported for myctophids in the
Southern Ocean (Saunders et al., 2019) or the subtropical North Pacific
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(Choy et al., 2015), likely reflecting regional variations in isotopic
baselines rather than true differences in trophic position (Magozzi et al.,
2017). Similarly, the §' *C variations we observed (-18.51 to —19.49 %o)
corroborate findings from other ECS studies (Asante et al., 2008; Chen
et al., 2025), confirming that while trophic niches overlap in adulthood,
the two species maintain subtle but ecologically meaningful differences
in primary carbon source reliance. Overall, coexistence is maintained
through a combination of ontogenetic spatial segregation in juveniles
and asymmetrical trophic interaction in adults.

5. Conclusion

This study enhances our understanding of the mechanisms struc-
turing mesopelagic communities and underscores the crucial role of
ontogenetic differentiation in maintaining marine biodiversity. The
coexistence of Diaphus watasei and S. japonicus relies on a delicate
relationship between spatial segregation in juveniles and trophic
convergence in adults. Our isotopic and stomach content analyses reveal
that this adult convergence does not stem from simple competition but
rather from an asymmetric trophic relationship in which S. japonicus
incorporates D. watasei into its diet, illustrating niche expansion rather
than displacement. This trophic plasticity, characterized by size-related
dietary shifts (isotopic breakpoints), suggests a certain resilience in
these species. However, the strong dependence of juveniles on benthic
networks and of adults on vertical migrators highlights their potential
vulnerability to disturbances affecting the biological pump and the
structure of zooplankton communities. In the context of climate change
and increasing pressure from deep-sea fisheries, understanding these
benthopelagic couplings is essential for predicting the response of con-
tinental slope ecosystems.
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