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1.  INTRODUCTION 

Members of the family Molidae (genera Mola, 
Masturus, and Ranzania) are distributed worldwide 
from tropical to temperate regions. The family in -
cludes the world’s heaviest bony fish, the bumphead 
sunfish Mola alexandrini, which weighs up to 2.7 t 
(Gomes-Pereira et al. 2023). The Molidae play an 
important ecological role as predators in the gelati-

nous food web (Grémillet et al. 2017), and most Mola 
species were regarded as obligate gelativores that 
typically feed on scyphozoan jellyfish (Fraser-Brun-
ner 1951, Hooper et al. 1973). However, recent stud-
ies using stomach content analysis (SCA) and bulk 
tissue stable isotope analysis (SIA) have revealed a 
wider range of prey items consumed by ocean sun-
fish Mola mola, including pelagic and neritic prey 
such as crab megalops and amphipods (Syväranta et 
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al. 2012, Harrod et al. 2013, Nakamura & Sato 2014). 
Using DNA metabarcoding, SIA, and compound-
specific isotope analysis of amino acids (CSIA-AA), 
researchers found evidence of an ontogenetic shift in 
the diets of ocean sunfish. Small-sized individuals 
were found to have a mixed diet of both benthic and 
pelagic prey, while larger individuals occupied a 
higher trophic position and fed primarily on pelagic-
derived prey (Sousa et al. 2016, Phillips et al. 2020). 
These observations might reflect ontogenetic dietary 
changes or could be related to seasonal migration 
patterns (Dewar et al. 2010, Chang et al. 2021) and 
variability in foraging behaviors across region and/or 
life stage. For instance, small ocean sunfish off Japan 
stayed near the shallow seabed, whereas larger indi-
viduals moved back and forth between surface and 
deeper waters (Nakamura & Sato 2014). 

Sharptail mola Masturus lanceolatus share a cir-
cumglobal distribution with ocean sunfish (Caldera 
et al. 2020). They have similar physical features as 
well as behavioral and movement patterns, including 
migration patterns and depth distributions (Seitz et 
al. 2002, Dewar et al. 2010, Chang et al. 2020). Sharp-
tail mola are captured as bycatch globally (Nyegaard 
et al. 2018, Arostegui et al. 2020) and are targeted for 
human consumption regionally (e.g. Taiwan, average 
annual catch: 436 t in 2006−2019; Fisheries Agency 
2020). While the International Union for Conserva-
tion of Nature (IUCN) assessed the conservation sta-
tus of the sharptail mola as ‘Least Concern’ in 2015, 
this was largely based upon lack of available data 
(Leis et al. 2015). Broadly, limited data are available 
on sharptail mola, and their diets are poorly de -
scribed. Bakenhaster & Knight-Gray (2016) noted that 
remains of fishes and some invertebrates were found 
in the stomach contents of 2 sharptail mola from 
waters off Florida (USA). In addition, sand and leaves 
were discovered in the stomach of 1 stranded sharp-
tail mola in Japan (Sawai et al. 2019), although this 
likely reflects ingestion of these items during strand-
ing. Overall, it is difficult to characterize sharptail 
mola diet due to lack of data and the highly digested 
nature of their gut contents. As such, more robust 
diet studies are required to understand the trophic 
ecology of this species and how it partitions the envi-
ronment with the closely related ocean sunfish. 

Coupling SCA and SIA provides insight into the 
feeding habits of sharptail mola across ontogeny and 
habitats. SCA provides a detailed snapshot of dietary 
information that reflects recent foraging (i.e. hours to 
days/weeks; Cortés 1997), whereas SIA can provide 
information on the sources of primary production 
that support their diet and their trophic relationships 

integrated over longer time scales. Stable isotope 
ratios (13C/12C and 15N/14N; δ13C and δ15N) in preda-
tor tissues reflect their diets over the previous weeks, 
months, or >1 yr, depending on the tissue examined 
and its isotopic incorporation rate (Madigan et al. 
2021). In particular, δ15N values increase signifi-
cantly (2~4‰) with each trophic level (Vander Zan-
den & Rasmussen 2001, Post 2002), and as a result 
are frequently used to examine trophic dynamics and 
trophic position of animals. However, it can be chal-
lenging to distinguish the relative importance of vari-
ation in baseline δ15N values of the food web from 
increases in δ15N associated with feeding at higher 
trophic levels. CSIA-AA is a more recently devel-
oped tool that overcomes these limitations of bulk 
SIA. The δ15N values in ‘source’ amino acids (e.g. 
lysine, phenylalanine, serine, tyrosine, and some-
times glycine) change little with increasing trophic 
level and reflect the baseline of food webs, whereas 
other amino acids, in particular the ‘trophic’ amino 
acids (e.g. alanine, glutamic acid, leucine, proline, 
valine), which exhibit high isotope fractionation, re -
flect an organism’s trophic level (McClelland & Mon-
toya 2002, Popp et al. 2007, Chikaraishi et al. 2009). 
Therefore, δ15N values of amino acids retain informa-
tion about isotopic baselines and trophic isotope frac-
tionation. Differences in δ15N values of source and 
trophic amino acids can thus be used to determine 
both the δ15N values at the base of the food web and 
trophic positions of animals (McClelland & Montoya 
2002, Bradley et al. 2015). 

In this study, we used SCA, bulk SIA, and CSIA-
AA to reveal the trophic ecology of sharptail mola. 
We aimed to explore (1) whether sharptail mola feed 
mainly on Scyphozoa, other gelatinous taxa, or on 
more diverse prey, and (2) potential ontogenetic or 
seasonal shifts in sharptail mola diet. The results 
will provide new insights into the trophic ecology of 
sharp tail mola in oceanic food webs. 

2.  MATERIALS AND METHODS 

2.1.  Sample collection 

We collected tissue and stomach samples from 
sharptail mola at fish markets in eastern Taiwan from 
2017 to 2021. All sharptail mola were caught off east-
ern Taiwan by set-net and longline fisheries (Fig. 1), 
preserved on ice, and brought back to local fish mar-
kets for sale on the same day. Total length (TL, from 
the tip of the snout to the end of the caudal fin) and 
standard length (SL, from the tip of the snout to the 
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line in front of the caudal fin) were measured. We 
used SL in analyses here, as in some cases, caudal 
fins had been removed and discarded before land-
ing. Stomach contents (n = 162) and white muscle 
samples (n = 213, collected from the abdomen) were 
collected, and muscle samples were frozen at −80°C. 
Stomach contents were processed immediately due 
to the rapid digestion of gelatinous prey (Arai et al. 
2003). 

Prey items for SIA were collected to match, as 
closely as possible, prey found in stomach contents of 
sharptail mola. Scyphozoa (Atolla spp.) (n = 8) were 
collected with hand-nets from a boat during the sum-
mer in the waters off eastern Taiwan in 2019, and the 
whole body was processed immediately. Cephalo -
pods (n = 4) were collected from fish markets in east-
ern Taiwan from the same fishing regions as those for 
sharptail mola. Mantle tissues of cephalopods were 
taken and frozen at −80°C until processing. Undi-

gested tunicates (Pyrosoma spp. and Salpidae, n = 
16), amphipods Phronima spp. (n = 7), and pteropods 
(n = 10) were collected directly from stomach con-
tents of sharptail mola and preserved at −80°C for 
processing. 

2.2.  Stomach content analysis 

In the laboratory, prey items were identified to 
the lowest possible taxon, and their abundance and 
weight were measured. Cephalopods were identified 
from beaks. After measurement, the prey items were 
preserved in 95% ethanol. All prey items were cate-
gorized into 9 functional groups based on their habi-
tat and taxon (Table S1 in the Supplement at www.
int-res.com/articles/suppl/m715p113_supp.pdf). Un -
identified items, sand, and plastics were not included 
in these functional groups and the analyses, and a 
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stomach without any prey was counted as an empty 
stomach. 

2.3.  Bulk tissue stable isotope analysis 

Sharptail mola muscle tissue and prey items were 
rinsed with distilled water and dried for 48 h at 60°C 
and then ground into a homogeneous powder. 
Approximately 0.4−0.8 mg (depending on the spe-
cies) of powder were packed into ultra-clean tin cap-
sules. Pteropods and Phronima spp. were weighed 
into silver cups and acidified with 10% HCl for 
removing the carbonate, after which the samples 
were dried for 24 h at 60°C. δ13C and δ15N values 
were determined using an elemental analyzer (Cos -
tech ECS 4010 Elemental Combustion System using 
a Zero Blank Autosampler) and mass spectrometer 
(Thermo-Delta V Advantage). The bulk isotope val-
ues were expressed in standard ‰ notation relative 
to Vienna Pee Dee belemnite (V-PDB) for carbon and 
atmospheric N2 for nitrogen. The analytical error 
derived from multiple analyses of reference materi-
als for both δ13C and δ15N was <0.2‰. Because lipids 
have lower δ13C values relative to other animal tis-
sues, and the variability in tissue lipid content can 
affect δ13C values (Focken & Becker 1998), the δ13C 
values of sharptail mola muscle (C:N > 3.5) and in -
vertebrate prey items (C:N > 3.8) were normalized 
using lipid normalization algorithms for muscle from 
Atlantic bluefin tuna Thunnus thynnus (Logan et al. 
2008) and from zooplankton (Syväranta & Rautio 
2010), respectively. 

2.4.  Nitrogen isotope analysis of individual  
amino acids 

Ten sharptail mola across size classes were selected 
for CSIA-AA. The preparation for CSIA-AA followed 
the methods of Hannides et al. (2009). Approximately 
10−15 mg of homogenized white muscle tissue were 
hydrolyzed, then esterification and trifluoroacetyla-
tion were undertaken. The δ15N values of individual 
amino acids were analyzed using a Delta V Plus mass 
spectrometer interfaced to a Trace GC gas chromato-
graph. All samples were analyzed in triplicate, and 
measured δ15N values were corrected relative to the 
known δ15N values of a norleucine internal refer-
ence. Standard deviation for triplicate injections of 
each sample averaged 0.55‰ (±0.3‰) and ranged 
from 0.03 to 1.95‰. Three trophic amino acids (ala-
nine, leucine, glutamic acid) and 3 source amino 

acids (glycine, phenylalanine, lysine) were selected 
to calculate a weighted average for trophic position 
(TP) estimation based on Bradley et al. (2015). 

2.5.  Data analysis 

To classify sharptail mola into ecologically relevant 
size groupings, we used LOESS smoothing and a 
piecewise linear regression model in R version 4.0.4 
(‘fANCOVA’ and ‘segmented’ packages) (Cleveland 
et al. 1992, Muggeo 2008) to find breakpoints in the 
relationship between isotopic data and body size of 
sharptail mola. The discontinuous values in δ13C and 
δ15N implied a change in diet of sharptail mola across 
size, with breakpoints found at approximately 80 and 
120 cm for both δ13C and δ15N values (Fig. S1). Thus, 
sharptail mola were categorized into 3 size classes: 
Class I (<80 cm SL), Class II (80−120 cm SL), and 
Class III (>120 cm SL). Subsequent diet composi-
tions and isotopic values of sharptail mola were ana-
lyzed by these 3 size classes. The analysis did not 
include the interannual variation in diets of sharptail 
with the as sumption of similar prey availability across 
years. 

For SCA, 5 diet indices were calculated: frequency 
of occurrence (%FO) as the proportion of predator 
stomachs containing a prey item; gravimetric impor-
tance (%W) as the proportion of the weight of a prey 
item in the total weight of stomach contents; numeri-
cal abundance (%N) as the proportion of the number 
of a prey item in the total number of all prey; the 
index of relative importance (IRI) as an index of the 
combination of these 3 metrics (Pianka 1973); and 
%IRI as the proportion of IRI of a prey item in the sum 
of all IRI values. The indices for prey composition and 
proportion for functional prey groups among each 
size class and seasons of sharptail mola were calcu-
lated. Diets (%N and %W) among size classes and 
seasons were compared using a percent similarity 
index (PSI, Hurlbert 1978). Cumulative prey curves 
were used to determine whether there was a suffi-
cient number of stomach samples across size and 
seasons to describe the diet of sharptail mola. The 
diet compositions (%N and %W) of sharptail mola 
across all size classes and seasons were compared 
using a 2-way nested analysis of similarities (ANO -
SIM, 9999 permutations) with pairwise tests, all based 
upon a Bray-Curtis similarity matrix. This analysis 
was done using PRIMER software (version 6, Ply-
mouth Marine Laboratory; Clarke 1993). 

For bulk SIA, nonlinear regression was used to test 
the relationships between δ13C and δ15N values and 
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SL for sharptail mola. Differences in δ13C and δ15N 
values between body size and seasons were tested 
using ANOVA (mixed design; Underwood 1997), with 
size class and season as fixed effects, and Tukey’s 
post hoc test in R version 4.0.4. The differences in 
δ13C and δ15N values among prey categories and 
sharptail mola were tested using 1-way ANOVA with 
Tukey’s post hoc tests in R version 4.0.4. 

TPbulk using bulk δ15N values was estimated using 
the equation: 

                                                                          (1) 

where δ15Nconsumer represents the δ15N value of sharp-
tail mola and δ15Nbaseline represents the baseline spe-
cies δ15N values. Here, we used δ15N values (5.1‰) of 
zooplankton from the waters off Taiwan as δ15Nbaseline 
and a trophic level of 2 (TP = 2) for TPbase (Weng et al. 
2015). The trophic discrimination factor (TDF) for 
ocean sunfish muscle (3‰) was used (Phillips et al. 
2020). Differences in TP across size classes were 
tested using 1-way ANOVA in R version 4.0.4. 

Due to the high variability in bulk δ15N values 
of  zooplankton as the base of food webs, CSIA-AA 
was used to estimate a more accurate TP for sharptail 
mola. TPAA using δ15N values of amino acids was esti-
mated using the equation: 

                                                                          (2) 

where δ15NTrp and δ15NSrc are the weighted averages 
of selected trophic and source amino acids. β (3.6‰; 
Bradley et al. 2015) represents the difference be -
tween the δ15N values of trophic and source amino 
acids in primary producers. TDFAA (5.7‰; Bradley et 
al. 2015) represents the TDF for the δ15N values of 
trophic (alanine, leucine, glutamic acid) and source 
(glycine, phenylalanine, lysine) amino acids for each 
trophic level. 

The Bayesian mixing model in the ‘MixSIAR’ pack-
age (Stock & Semmens 2013) was applied in R ver-
sion 3.6.0 to estimate relative contributions of prey 
taxa to each sharptail mola size class. The most com-
mon prey items found in the stomach contents of 
sharptail mola were used, including Phronima spp. 
(n = 7), tunicates (Pyrosoma spp. and Salpidae, n = 
16), and pteropods (n = 10). Scyphozoa (Atolla spp.; 
n = 8) were selected because Scyphozoa are regarded 
as the major food source for other molids. Pyrosoma 
spp. and Salpidae had similar isotopic values and 
ecological niche. They were weighted equally in cal-
culated tunicate values. Cephalopods (n = 4) were 
used because the proportion of cephalopods in the 

gut contents of sharptail mola increased with size, 
reflecting increased contribution to the diets of large 
sharptail mola. Gravimetric importance (%W) repre-
sents the total mass or energy transferred from prey 
to sharptail mola. We constructed the informative 
priors based on the diet compositions (by %W) of 
sharptail mola in this study. The informative priors 
were scaled to have a total weight equal to the num-
ber of sources (Stock et al. 2018). We used bulk tissue 
TDF values for ocean sunfish, where Δ13C = 2 ± 1.3‰ 
and Δ15N = 3 ± 1.2‰ (Phillips et al. 2020). For model 
inputs, Markov chain Monte Carlo was set to normal 
length. Both Gelman-Rubin (Gelman et al. 2013) and 
Geweke diagnostics (Geweke 1991) were used to 
test for model convergence. 

Stable Isotope Bayesian Ellipses in R version 4.0.4 
(SIBER; Jackson et al. 2011) was used to calculate the 
isotopic niche width among 3 size classes. Specifi-
cally, we estimated trophic niche metrics including a 
convex hull (Layman et al. 2007), a corrected stan-
dard ellipse area (SEAc), and a Bayesian standard 
ellipse area (SEAb) (Jackson et al. 2011, 2012). 

3.  RESULTS 

3.1.  Diet composition across size classes 

A total of 162 stomachs of sharptail mola were col-
lected, of which 57 were empty (35%). A wide vari-
ety of prey taxa were identified in stomachs, includ-
ing gelatinous organisms, mollusks, crustaceans, and 
fishes (Table 1). One of the stomach samples was 
excluded from analysis because it contained a rela-
tively large abundance of flying fish eggs compared 
to other stomachs, which led to a disproportionate 
influence of this single fish on overall diet estimates. 
Tunicates (both salps and pyrosomes), Phronima spp. 
amphipods, and pteropods were the most frequently 
consumed prey. Pteropods (35%N) and tunicates 
(29%N) were the most numerically abundant. Based 
on weight, all predators fed predominantly on epi- 
and mesopelagic tunicates (Pyrosomatidae: 48%W; 
Salpidae: 33%W) that made up a total of 80% in 
weight and 75% in %IRI of the prey. 

Cumulative prey curves indicated that sample size 
for sharptail mola <80 cm and 80−120 cm reached an 
asymptotic relationship (Fig. S2A). Thus, the sample 
sizes were sufficient to describe the diets of sharptail 
mola <120 cm. The stomach samples of sharptail 
mola >120 cm were probably not adequate to fully 
describe the diets. Sharptail mola diet compositions 
by %N (ANOSIM: R = 0.78, p = 0.001) and %W (R = 

TPbulk = TPbase +
�15Nconsumer ��15Nbaseline

TDF

TPAA =1+
�15NTrp ��15NSrc ��

TDFAA

117



Mar Ecol Prog Ser 715: 113–127, 2023

0.09, p = 0.017) showed significant differences among 
size classes (Table 2a). The diets were more similar 
across all size classes by %N (higher PSI values) than 

%W (Table 2a). Sharptail mola <80 cm 
fed mainly on prey from offshore, epi- 
and mesopelagic habitats, and sharp-
tail mola >80 cm fed on prey from 
coastal, benthic, and epi- and meso-
pelagic habitats (Fig. 2). Tunicates 
were the most important prey in diets 
of sharptail mola across size groups. 
With in this prey category (epi-/
mesopelagic tunicates), small sharptail 
mola (<80 cm) fed mainly on Sal pidae 
(57%W) compared to larger indi -
viduals (80−120 cm: 40%W; >120 cm: 
5%W), which primarily fed on Pyro-
soma (80−120 cm: 38%W; >120 cm: 
79%W) (Table S2). The weight pro-
portions of pteropods and amphipods 
Phronima spp. (epi/mesopelagic crusta -
ceans) in diets decreased with increas-
ing sharptail mola size. The occur-
rences and abundances of crusta cean 
juveniles were mainly composed of 
crab zoea in the guts of sharptail 
mola >120 cm and were mainly com-
posed of phyllosoma in the guts of mola 
<80 cm. Sharptail mola 80−120 cm fed 
more on fish (Scombridae and Lutja -
nidae) than those <80 cm and >120 cm. 
In addition, sharptail mola >80 cm in -
dividuals foraged more on cephalopods 
than those <80 cm, although they were 
still only a minor component of the 
diet. A large amount of sand was 
found in stomachs of sharptail mola 
>120 cm (20% FO, Table S2). 

3.2.  Seasonal trend in diet  
composition across size classes 

Cumulative prey curves indicated 
that sample size for sharptail mola in 
autumn, summer, and spring were suf-
ficient to describe their diet (Fig. S2B). 
Overall, the diets of all sharptail mola 
showed seasonal variations by %N 
(R = 0.17, p = 0.002) and %W (R = 0.18, 
p = 0.001) (Table 2b). Summer diets 
were similar to autumn diets with high 
PSI values (%W: 72.5; %N: 63.3), and 

sharptail mola consumed more crustacean juveniles 
and cephalopods than during other seasons (Fig. S3). 
Most of the flying fish eggs were consumed in sum-

118

Prey item                                                      %FO      %N    %W         IRI     %IRI 
 
SCYPHOZOA 
Atollidae — Atolla spp.                                10.48      1.03    3.10       43.35    0.52 

MOLLUSCS 
Cephalopoda 
Ommastrephidae (beak)                              7.62      0.38    0.51        6.77    0.08 
Gonatidae (beak)                                          0.95      0.05    0.00        0.05    0.00 
Pen of unidentified cephalopod                  1.90      0.09    0.00        0.18    0.00 
Eye lens of unidentified cephalopod         12.38      1.60    0.12       21.23    0.26 
Hook of unidentified cephalopod               0.95      1.46    0.09        1.47    0.02 
Pteropoda 
Cavoliniidae — Diacavolinia longirostris  36.19       13.91    1.02        540.45    6.54 
Cavoliniidae — Cavolinia spp.                   10.48      2.30    0.16       25.78    0.31 
Cavoliniidae — Diacria costata                   6.67      0.42    0.01        2.87    0.03 
Creseidae — Creseis conica                       27.62       11.00    0.82        326.22    3.95 
Cliidae — Clio pyramidata                           2.86      0.14    0.00        0.41    0.00 
Carinariidae — Carinaria spp.                    23.81      5.50    0.61        145.46    1.76 
Atlantidae                                                     17.14      1.60    0.08       28.76    0.35 
Gastropoda 
Benthic gastropod (unidentified)                3.81      0.23    0.02        0.96    0.01 
Heteropoda 
Heteropod radula                                        12.38      4.28    0.18       55.18    0.67 

TUNICATES 
Salpidae                                                        60.95       15.55     32.81         2948.11      35.67 
Pyrosomatidae — Pyrosoma spp.               52.38       13.67     48.02         3231.48      39.09 
Pyrosomatidae — Pyrosomella spp.            0.95      0.05    0.03        0.07     0.00 

CRUSTACEANS 
Amphipoda 
Phronimidae — Phronima spp.                   47.62       11.56    3.56        719.82    8.71 
Hyperiidae — Hyperia spp.                         4.76      0.23    0.00        1.12    0.01 
Euphausiacea                                                                                                        
Euphausiidae — euphausiids                      1.90      0.38    0.02        0.76    0.01 
Decapoda                                                                                                               
Gnathophausia sp.                                       0.95      0.05    0.16        0.20    0.00 
Shrimp (unidentified)                                  14.29      1.79    0.26       29.25    0.35 
Crab megalopa (unidentified)                     0.95      0.09    0.01        0.10    0.00 
Scyllaridae phyllosoma                               10.48      1.46    0.49       20.39    0.25 
Crab zoea (unidentified)                              3.81      0.23    0.01        0.95    0.01 

FISH 
Scombridae                                                   0.95      0.05    1.19        1.18    0.01 
Lutjanidae                                                     0.95      0.05    0.68        0.69    0.01 
Lutjanidae (teeth)                                         1.90      0.09    0.01        0.19    0.00 
Exocoetidae (egg)                                        12.38      4.79    0.39       64.23    0.78 
Fish (unidentified)                                        1.90      0.09    0.73        1.58    0.02 
Otolith of unidentified fish                          1.90      0.19    0.00        0.36    0.00 
Bone of unidentified fish                             4.76      1.08    0.03        5.28    0.06 

OTHER 
Sand                                                               1.90        –       4.49        8.55    0.10 
Plastics                                                           6.67      3.95    0.05       26.68    0.32 
Unidentified organisms                               5.71      0.66    0.32        5.61    0.07 

TOTAL                                                           105       2128  821 g

Table 1. Prey items of collected sharptail mola with stomach content. Five diet 
indices were calculated: %FO: frequency of occurrence; %N: numerical abun-
dance; %W: gravimetric importance; IRI: index of relative importance; %IRI:  

proportion IRI of a prey item relative to the sum of all IRI values
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mer and autumn, including the one stomach sample 
with a large abundance of eggs. Autumn diets dif-
fered from spring diets in terms of %W (ANOSIM 
pairwise-test: R = 0.235, p = 0.007) and %N (R = 
0.328, p = 0.002), and sand was found in the stomachs 
of sharptail mola in summer and autumn. 

Seasonal variation in sharptail mola diets was exam-
ined by size group. The diet composition of sharptail 
mola <120 cm displayed seasonal variation (%N, 
80 cm: R = 0.32, p = 0.005, 120 cm: R = 0.16, p = 0.013; 
%W, 80 cm: R = 0.2, p = 0.01, 120 cm: R = 0.15, p = 
0.039) whereas that of mola >120 cm did not (%N, R = 
0.17, p = 0.227; %W, R = 0.1, p = 0.281) (Table 2c−e). 

In sharp tail mola <80 cm, most diets were distinct 
among seasons (%N, R = 0.316, p < 0.001; %W, R = 
0.198, p = 0.01) (Table 2c). The proportion of ptero -
pods was lower in summer diets than in other seasons 
in terms of %N (Fig. 3). Few crustacean juveniles 
(predominately phyll o soma) were found in  summer 
and autumn diets, and a high mass of Phronima spp. 
was found in winter diets. In diets of sharptail mola 
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Fig. 2. Numerical (%N) and gravimetric (%W) diet compo-
sitions of sharptail mola for each size class (sample sizes: 
<80 cm, n = 34; 80−120 cm, n = 61; >120 cm, n = 10). Prey  

items were categorized into different functional groups

(a) Size class (ANOSIM: p < 0.05) 
                        <80 cm     80−120 cm   >120 cm 
 
<80 cm                 −               76.6*           33.4* 
80−120 cm        58.9*               −              44.3* 
>120 cm            59.8*           51.2*              − 
 
(b) Season (ANOSIM: p < 0.05)                   
                         Spring        Summer      Autumn      Winter 
 
Spring                  −                  37.9             55.9*           26.9 
Summer               64.7                 −                 72.5             57.3 
Autumn            50.5*              63.3                −             60.0* 
Winter                  38.8                48.3                50.3               − 
 
(c) <80 cm (ANOSIM: p < 0.05) 
                         Spring        Summer      Autumn      Winter 
 
Spring                  −                  66.4             61.7*           37.4 
Summer               22.4                 −              81.5*           36.8 
Autumn                43*                  29*                 −             40.5* 
Winter                  23.7             21.5*           30.1*             − 
 
(d) 80−120 cm (ANOSIM: p < 0.05)             
                         Spring        Summer      Autumn      Winter 
 
Spring                  −                  44.7                38.9             63.6 
Summer               26.9                 −                 78.5             63.2 
Autumn            44.6*                 56                   −              57.3 
Winter                     40                   45.9                57.7               − 
 
(e) >120 cm (ANOSIM: p > 0.05)                 
                         Spring        Summer      Autumn      Winter 
 
Spring                  −                  12.4               5.7               − 
Summer               12.9                 −                 76.1               − 
Autumn                  3                   56.9                −                 − 
Winter                  −                  −                 −                 −

Table 2. Percent similarity index (PSI) values among size 
classes of sharptail mola and seasons; measured in terms of 
prey numbers (%N, below diagonal dashes) and weights 
(%W, above diagonal dashes). Comparisons do not include 
unidentified organisms, plastics, and sand. *significant dif-
ferences in ANOSIM results (p < 0.05) between groups in  

terms of %N and %W
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80−120 cm, spring diets significantly 
differed from autumn diets in terms 
of numerical index (R = 0.162, p = 
0.013); these fish fed on numerous 
tunicates in spring and shifted to 
ptero pods in summer, autumn, and 
winter. Numerous cepha lo pods and 
fish were also found during sum-
mer, autumn, and winter. The %W 
of Scy pho zoa was higher in summer, 
au tumn, and winter compared to 
spring. 

3.3.  Seasonal variation in bulk 
isotope values across size classes 

Isotopic compositions of carbon 
and nitrogen in bulk tissues were 
positively related to body size of 
sharptail mola (nonlinear regression: 
δ13C: R2 = 0.07, p = 0.007; δ15N: R2 = 
0.14, p < 0.001). The δ15N values for 
sharptail mola >80 cm were sig nif -
icantly higher than those for mola 
<80 cm (ANOVA: F2, 202 = 4.646, p = 
0.011), and values did not differ 
across seasons (F3, 202 = 1.074, p = 
0.361) with no interaction between 
size and season (F5, 202 = 0.75, p = 
0.587). δ13C values significantly dif-
fered across size groups, increasing 
with body size (F2, 202 = 4.164, p = 
0.017). δ13C values also differed sig-
nificantly across seasons (F3, 202 = 
5.777, p = 0.001). δ13C values in 
spring were the highest and those in autumn were 
the lowest across all size classes. Seasonal patterns 
of δ13C values in sharptail mola evaluated by size 
groups showed significant seasonal variations in 
individuals <120 cm (<80 cm: F3, 45 = 4.897, p = 0.005; 
80−120 cm: F3, 114 = 3.001, p = 0.034). In mola <80 cm, 
δ13C values in spring were significantly higher than 
the values in autumn (post hoc test: p = 0.004), 
whereas in mola 80−120 cm, none of the pairwise tests 
between seasons showed significant differences. 

3.4.  δ15N values of amino acids and TP estimates 

Similar to observed patterns for bulk δ15N values, 
mean δ15N values of trophic and source amino acids 
in sharptail mola slightly increased with size, from 

21.5 to 23.6‰, and from 3.2 to 4‰, respectively 
(Table 3). TPAA across size classes of sharptail mola 
were consistent with TPbulk estimates. Mola >120 cm 
had higher mean TP than size classes of 80−120 cm 
and <80 cm (Table 3). Mean TPbulk showed signifi-
cant differences across size class (F2, 210 = 11.601, p < 
0.001), whereas mean TPAA did not (F2,7 = 1.658, p = 
0.26). Mean δ15N values of all prey items (except for 
cephalopods) were significantly lower than those of 
sharptail mola (F5, 252: 77.811, p < 0.001; post hoc test: 
p < 0.05) (Fig. 4A). Across prey items, the lowest mean 
δ15N value and TPbulk were observed in Phronima 
spp., and the highest values and TPbulk were ob served 
in cephalopods (Fig. 4B). The lowest mean δ13C val-
ues were found in pteropods, and the highest δ13C 
values were found in Atolla spp. (epi-/mesopelagic 
Scyphozoa). 
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Fig. 3. Seasonal diet composition of sharptail mola <80 cm and 80−120 cm in 
terms of numerical (%N) and gravimetric (%W) indices. Sample size (n) repre-
sents sample size for each size class in each season. Individuals >120 cm were 
excluded because their diet compositions were not significantly different  

among seasons (p > 0.05)
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3.5.  Isotopic niche width across 
size classes 

Results of isotopic niche area across 
3 size classes of sharptail mola, cal -
culated using SEAc and SEAb, were 
similar (Fig. 4A). The trophic isotopic 
niche decreased gradually with in -
creasing size (SEAc: <80 cm: 1.85, 80−
120 cm: 1.72, >120 cm: 1.56) (Fig. S4). 
The overlap in SEAc among the 3 size 
classes was high, with overlap per-
centage estimates between <80 cm and 
80−120 cm, 80−120 cm and >120 cm, 
and <80 cm and >120 cm of 78, 85, 
and 70%, respectively. 

3.6.  Mixing models 

Mixing model results indicated that 
prey contributions varied across size 
classes of sharptail mola (Fig. 5). The 
most important prey items for all size 
classes were tunicates, with decreas-
ing proportions (median) with increas-
ing size (92, 82, and 75% for <80, 
80−120 and >120 cm size classes, re -
spectively). The relative proportion of 
cephalopods increased across mola 
size, from 0.4% in fish <80 cm to 10 and 
17% in fish 80−120 and >120 cm, re -
spectively. The contributions of Atolla 
spp., pteropods, and Phronima spp. to 
the diets of sharptail mola were low 
for all 3 size groups (Fig. 5). 

4.  DISCUSSION 

Sharptail mola from waters off Tai-
wan fed extensively on gelatinous 
organisms, similar to observations of 
diet in other molids. However, unlike 
other molids that typically feed on scy -
phozoans, tunicates were the most im -
portant gelatinous prey in the diets of 
sharptail mola in this study. The TP 
estimated from δ15N values in bulk 
tissues and amino acids slightly in -
creased with the increase in size, sug-
gesting a continuous ontogenetic shift 
in their diet. 
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Size class          δ15NTrp (‰)          δ15NSrc (‰)               TPAA                 TPbulk 
 
<80 cm             21.49 ± 1.4           3.51 ± 0.2             3.5 ± 0.3            3.5 ± 0.4 
80−120 cm        22.00 ± 2.0           3.48 ± 3.8             3.6 ± 0.4            3.7 ± 0.3 
>120 cm            24.41 ± 1.0           4.52 ± 1.1             3.9 ± 0.2            3.8 ± 0.3

Table 3. Mean ± SD δ15N values of trophic (δ15NTrp) and source amino acids 
(δ15NSrc), and trophic positions (TPs) estimated by isotopic data from individual 
amino acids (TPAA) and bulk tissues (TPbulk) across size classes of sharptail mola

Fig. 4. (A) Biplot of δ13C and δ15N values from sharptail mola and their prey 
items (mean ± 1 SD) off eastern Taiwan and (B) trophic position (TP) estimates 
in bulk tissues of sharptail mola and their prey items. Isotopic niche for sharp-
tail mola across size classes in (A) shows corrected standard ellipse areas 
(SEAc, dashed lines) and total area of convex hull (dotted lines). Open circles 
in (A) represent the δ13C and δ15N values for all specimens of sharptail mola
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4.1.  Diets of sharptail mola 

Sharptail mola principally fed on gelatinous prey, 
mainly salps and pyrosomes, which corroborates 
sparse prior observations and suggests that they are 
selective and targeted predators (Harbison & 
Janssen 1987, Bakenhaster & Knight-Gray 2016). 
This feeding strategy is similar to other molids with 
described diets, such as the ocean sunfish (Pope et al. 
2010). In our study, sharptail mola principally con-
sumed tunicates, but also salps and pyrosomes, as 
demonstrated by SCA and SIA. Typically, due to high 
water content, gelatinous species have low energy 

density and are regarded as unfavorable foods in 
pelagic food webs (Larson 1986). However, some 
studies (Davenport & Balazs 1991, Davenport 1998, 
Doyle et al. 2007) have indicated that leatherback 
sea turtles Dermochelys coriacea are able to con-
sume enough Scyphozoa daily to maintain sufficient 
energy intake. Like sea turtles, sharptail mola con-
sume huge quantities and biomass of gelatinous food 
(tunicates) which are likely their main energy source. 

Sharptail mola mainly consumed gelatinous prey 
but augmented their diet with various other prey 
from epi- and mesopelagic, coastal, and benthic 
habitats, suggesting they search for prey sources in 
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Fig. 5. Estimated contribution of common prey species to sharptail mola diet based on Bayesian isotope mixing models. 
Informative priors were based on diet compositions (by % weight, %W) of sharptail mola. Boxplots represent the 25th, median,  

and 75th quartiles of data; whiskers represent 1.5× the interquartile range; and open circles represent outliers
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various habitats and thus expand their feeding niche. 
Similar dietary observations were reported for 2 
stranded sharptail mola on the Atlantic coast of 
Florida, which fed on prey from pelagic (tunicates) 
and benthic habitats (various invertebrates) (Baken-
haster & Knight-Gray 2016). Foraging in diverse 
habitats (from epi- to mesopelagic, and from pelagic 
to benthic) might be relevant to the wide-ranging 
vertical movement behavior of sharptail mola, which 
potentially track prey on the seafloor, surface, and 
deep water (Cartamil & Lowe 2004, Dewar et al. 
2010). These vertically variable foraging strategies 
have been observed in other molids and in other con-
sumers of gelatinous prey, such as loggerhead sea 
turtles Caretta caretta and leatherback sea turtles, 
that search for prey in various habitats (Houghton et 
al. 2006, Marshall et al. 2012, Nakamura & Sato 
2014). 

While both sharptail mola and ocean sunfish are 
gelativores, their diets and habitat uses across 
ontogeny differ. Notably, a small amount of Scypho-
zoa was found in the stomachs of sharptail mola 
across size groups, in contrast to the diets of ocean 
sunfish, which are dominated by this prey group 
(Pope et al. 2010, Nakamura & Sato 2014). There are 
2 possible explanations for this difference. One is 
that sharptail mola have a selective preference for 
other gelatinous species and invertebrates, suggest-
ing potential resource partitioning from ocean sun-
fish. Indeed, tunicates have rarely been found in the 
stomachs of Mola spp. captured in the same location 
off east Taiwan (C.-T. Chang unpubl. data). Another 
reason might be underestimation of Scyphozoa from 
stomach contents. Systematically underestimating 
soft-bodied prey is a well-documented problem in 
diet studies based on SCA (Symondson 2002). How-
ever, such prey are regularly recognized in ocean 
sunfish stomachs, suggesting they would be present 
in sharptail mola stomachs if they were being con-
sumed. Further, the low contribution of Scyphozoa 
from Bayesian mixing models indicated minimal 
importance of Scyphozoa in sharptail mola diet, so 
the lack of Scyphozoa in stomachs might not be due 
to poor preservation but to actual infrequency in 
overall diet. 

4.2.  Size effects 

Size-related changes in sharptail mola diets sug-
gest intraspecific resource partitioning. In our study, 
the diet composition of sharptail mola changed with 
increasing sizes from low-mobility prey (e.g. small 

invertebrates) to include more active prey (e.g. cepha -
lo pods and fish), from epi- and mesopelagic habitats 
to pelagic, benthic, and coastal regions. These changes 
are likely related to body size and swimming per-
formance of sharptail mola. Molas are thought to be 
suction feeders (Gregory 1933), and prey availability 
is constrained by gape size, similar to tunas (Ménard 
et al. 2006). Increased swimming ability of fish may 
enable them to forage in various habitats or on higher-
mobility prey (Sánchez-Hernández et al. 2019). Fur-
ther increasing body size may increase competitive 
performance and decrease predation risk, thus ex -
panding the habitats (pelagic, benthic, and coastal 
habitats) within which they can forage. Similar pat-
terns were found in studies of ocean sunfish, with 
small fish targeting a mixed diet in nearshore waters 
and large individuals exploiting prey from a broad 
depth range from epipelagic to mesopelagic zones 
(Nakamura & Sato 2014, Sousa et al. 2016, Phillips et 
al. 2020). 

Despite these slight but significant changes in diet 
with size, all sharptail mola predominately fed on 
tunicates. Little variance in niche width across sharp-
tail mola size groups also suggested high similarity of 
food sources (gelatinous prey) at all life stages, and 
the δ15NSrc values suggest they feed from the same 
habitats, similar to sea turtles, which have been 
shown to feed mainly on Scyphozoa throughout their 
lifespans (Pate & Salmon 2017). This high utilization 
of gelatinous prey regardless of size was also demon-
strated in mixing model diet estimates, which sug-
gested dominance of tunicates across sizes. Large 
sharptail mola did have slightly higher TPs (in both 
TPAA and TPbulk) and δ15NTrp values than small indi-
viduals, which may result from their ability to cap-
ture slightly higher quantities of higher-mobility 
prey of higher TP. 

4.3.  Seasonal effect 

Seasonal shifts in diets and isotopic compositions of 
sharptail mola were observed, suggesting that sharp-
tail mola may adjust their diets to seasonally abun-
dant or particularly energy-rich prey when they are 
available. During spring, δ13C values of mola were 
highest, and the very high mass of tunicates found 
(especially for small mola) suggests that they fed on 
these filter-feeding prey during the high-productiv-
ity spring season (González et al. 2000, Czudaj et al. 
2020, Lan et al. 2020). Moreover, a regular seasonal 
bloom of tunicates occurs on the waters off Taiwan in 
the high-productivity season, suggesting that sharp-
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tail mola may advantageously feed on highly abun-
dant prey when available (Kuo et al. 2015, Franco 
et  al. 2016, 2019), similar to observations of meso-
pelagic fishes (Cailliet 1972). During summer and 
autumn, sharptail mola had low δ13C values, suggest-
ing feeding in different habitats or on different sea-
sonally available resources. This difference was con-
sistent with SCA results that showed mola feeding on 
more pelagic prey in winter and spring and more 
coastal, benthic, and pelagic prey in summer and 
autumn. Additionally, the fact that most flying fish 
eggs were found in summer and autumn diets is fur-
ther evidence for opportunistic feeding on pulses of 
available prey abundance; similar foraging patterns 
were observed in green turtles Chelonia mydas off 
Taiwan, which fed on eggs during flying fish egg-
harvest seasons (Ng et al. 2014). We propose that in 
high-productivity seasons (spring and winter), sharp-
tail mola (especially larger individuals) can obtain 
adequate energy from tunicates from pelagic regions. 
In low-productivity seasons (summer and autumn), 
they might move closer inshore, where productivity 
is higher (Guo 1991, Chung et al. 2007), or move 
back and forth between the surface and benthic 
habitats to expand available prey resources. 

Additionally, seasonal shifts in δ13C values of sharp-
tail mola might be affected by the seasonal variabil-
ity in the carbon isotopic composition of lower trophic 
level prey or particulate organic matter (POM). The 
δ13C values of POM showed seasonal variations due 
to different oceanographic processes near the waters 
surrounding Taiwan (Lin et al. 2014, Ho et al. 2021). 
The seasonal variabilities in the base of the food web 
propagate to the consumer, i.e. mola, via foraging. 

4.4.  Integrating SCA and SIA in estimating diets 
of sharptail mola 

There were some discrepancies between SCA and 
SIA that highlighted the differences in dietary reso-
lution between the 2 approaches and the importance 
of integrating them in studying foraging ecology. The 
importance of tunicates in diets of sharptail mola 
were shown in both approaches, whereas other 
organisms like cephalopods or benthic organisms 
were shown only using SCA. SCA results can pro-
vide a snapshot of diets but cannot reflect long-term 
dietary prey proportions (e.g. %N or %W) because of 
variability in digestibility of prey items. In addition, 
multiple indices (number, weight, occurrence, IRI, 
PSI) and approaches (ANOSIM) were combined and 
used to fully describe the diet composition in SCA 

due to the high variability of gut contents between 
individual fish. In diet compositions of sharptail mola, 
some groups’ diets had high/low PSI but significant/
non-significant differences in ANOSIM. It may seem 
counterintuitive that the diet between groups with 
low PSI (low overlap) would not have a significant 
difference and vice versa. This could be due to inher-
ent differences in both approaches. PSI is a compari-
son of diet overlap between groups using overall %N 
or %W values (Hurlbert 1978), while ANOSIM uses 
all diet data, including the variability, in a statistical 
test (Anderson & Walsh 2013). When a group’s diets 
has low PSI values but the result of ANOSIM is non-
significant, it implies a large variation in diets within 
the group. Therefore, a lower overlap (low PSI val-
ues) may not accurately reflect the diets. 

SIA results provide time-integrated information 
on  assimilated prey and their energy contribution 
(Peterson & Fry 1987). For example, in our study, 
cephalopods contributed little to the diets (based on 
%FO, %N, and %W) of large sharptail mola because 
they were only occasionally observed and highly 
digested. However, SIA results indicated that cepha -
lopods were more important to the long-term diet of 
large sharptail mola than apparent from SCA. The 
inconsistency between SIA and SCA was also found 
in the trophic niche widths across the size of sharptail 
mola. The decrease in trophic niche widths with 
body size was not shown in the SCA results in our 
study. Instead, large sharptail mola exploit their diets 
in different habitats. Newsome et al. (2007) men-
tioned that the limitation of an SIA-derived niche is 
that a small niche width of a consumer would result 
from consumers feeding on varied resources that 
have similar isotopic compositions. These types of 
discrepancies have also been described in studies of 
apex predators (Chiang et al. 2020, Petta et al. 2020). 
Thus, integrating the SCA and SIA provides a more 
holistic view of the trophic ecology of sharptail mola. 

There are some limitations in this study. First, we 
did not explore the interannual variation in diets due 
to the small sample size, and we assumed that prey 
availabilities are similar across years. Second, the 
sample sizes in different seasons across all size 
groups were unbalanced because of the seasonal 
occurrence of sharptail mola in waters off Taiwan. 
However, an unbalanced design might decrease the 
statistical power and the robustness (Anderson & 
Walsh 2013), and increasing the sample size would 
improve the robustness of the method. Additionally, 
some gut contents were not identifiable because they 
were highly digested. DNA metabarcoding could be 
used to cope with unidentified prey and improve the 
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accuracy of the diet estimates in future work. Last, 
similar isotopic values of tunicates and pteropods 
contribute to the uncertainties of the mixing model 
results (Phillips et al. 2005). The model can perform 
well when prey sources have dissimilar isotopic val-
ues, and vice versa. If tunicates and pteropods, which 
have similar isotopic values, are combined (resulting 
in a total of 4 prey sources), the contribution of tuni-
cates is slightly higher than the results with 5 prey 
sources due to the increase in the percentage of tuni-
cates + pteropods (%W). However, in the present 
study, we chose not to combine these 2 prey sources 
because of the differences in their trophic niche and 
taxonomy. 

5.  CONCLUSION 

We found that sharptail mola predominately fed on 
tunicates, although increasing diet diversity with in-
creasing body size and seasonal shifts in diet suggest 
the possibility of reducing intra- and inter-specific 
competition for prey resources. Sharptail mola diets 
differed unexpectedly from co-occurring ocean sun-
fish in that they did not feed extensively on scypho-
zoans, suggesting a potential for resource or trophic 
niche partitioning among Molidae. The present study 
further describes the resource use and ecological role 
of the poorly studied sharptail mola, ad ding to the un-
derstanding of trophic interactions of Molidae in mar-
ine ecosystems. Understanding pelagic predator feed-
ing strategies helps clarify how species modify diet 
and behavior across onto geny and seasons, identify-
ing key prey species and feeding habitat that may be 
integrated into more holistic population assessments 
and conservation and management initiatives. 
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