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Joshua M. Rambahiniarison *, Mary Jane Lamoste *, Christoph A. Rohner 2, Ryan Murray *,
Sally Snow *, Jessica Labaja *, Gonzalo Araujo * and Alessandro Ponzo *

! Large Marine Vertebrates Research Institute Philippines,oBol, Philippines,? Marine Megafauna Foundation, Inhambane,
Mozambique

In light of the global decline of mobulid populations and thenecessity for sustainable
sheries management, baseline data for population dynamie were collected from
a targeted shery in the Bohol Sea, Philippines. This studyotused on life-history
parameters and reproductive cycles of four mobulid raysMobula thurstoni Mobula
japanica, Mobula tarapacana, and Manta birostris), and re-estimated their intrinsic
population growth rates. Size and reproductive data were clected from 1,509
specimens (30% of catch) landed in two shing seasons in 201%nd 2016. Size-at-birth
was reviewed, and analysis of the embryos and follicles didat show any clear seasonality
in the reproductive cycle, but supported an interbreedingriterval. Females of all species
matured at a larger size than males, and exhibited a larger z-at-pregnancy than
-at-maturity. This delay in reproduction resulted in popualtion growth rates lower than the
actual rmax when based on size-at-pregnancy (fat D fmax D 0.016—0.055 year 1 and
fpreg D 0.008-0.044 year 1), and a population doubling time of 15.8-86.6 years. This
study suggests that population growth rates previously reprted were overestimated.
In light of the Convention on International Trades of Endarged Species (CITES) and
Convention on Migratory Species (CMS) assessments, whilesheries management
should re ect the delayed maturation of these species and th slower population growth
potential, at the current status of these population, the sstainability of any exploitation
level seems unrealistic and strongly discouraged.

Keywords: elasmobranchs, sexual maturity, reproduction, in trinsic growth rate, population doubling time

INTRODUCTION

Many shark and ray species have conservative life-historgrpaters (i.e., late maturation, low
fecundity;Cortés, 2000, 2002; Dulvy et al., 2008, 2))1atad are therefore unlikely to sustain high
levels of shing pressureStevens et al., 2000; Dulvy et al., 20@3ear evidence of this is the local
and global decline of elasmobranch populatiofisilfry et al., 2014a Managing elasmobranch
sheries is restricted for many species by the lack of avkdldata on catch, e ort, landings and
trade, as well as limited information on biological paramsteDemographic data are needed
to assess the impacts of sherieSqtés, 2002; Musick and Bon |, 2004; Dulvy et al., 2014b;
Simpfendorfer and Wetherbee, 2Q1but are largely lacking for most devil rays (Chondrichelsy
Mobulidae).
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Available demographic data on mobulid species suggest thhere were caught with drift nets, a targeted but not selective
the reef manta rayManta alfredi Kret 1868 (Dulvy et al., shing gear, resulting in the catch oM. birostris despite it
2014H and the spine tail devil rayMobula japanicaMiiller  being protected nationally since 1998 (Fisheries Adminiistea
and Henle, 1841Kardo et al., 201§zhave one of the lowest Order 193; Republic of the Philippines., 1988and other
population growth rates amongst studied elasmobran€hg\(y  elasmobranchs, such as thresher shldpias sppjuvenile silky
et al.,, 2014} Mobulids give birth to single, large and lesssharksCarcharhinus falciformjsand large bony shes such as
vulnerable o spring per litter after an estimated gestatiomipg  bill shes.
of 1 year otarbartolo-Di-Sciara, 1988; Marshall and Bennett, The present outputs aim to provide information and
2010, with a pregnancy interval of 2-5 yearddmma et al., biological parameters as basis for population dynamics, and
1997; Marshall and Bennett, 2010; Croll et al., 0MLife history  inputs for quantitative population assessments. Life histoaitg
traits such as size-at-maturity were estimated from figigd)  were investigated as was the reproductive cycle of four mdbuli
individuals forManta alfredifrom Mozambique {/larshall et al., in the Bohol Sea, based on measurements and morphological
20113 and Hawaii Clark, 2010. In location such as Indonesia assessments of their fresh reproductive organs. This study
(White et al., 2006pand the Gulf of California flotarbartolo-  provides weight-at-width relationship, quanti es the siae-
Di-Sciara, 1988 the di culty to assess female sexual maturity birth, -at-maturity and -at-pregnancy, and examines theuget
from specimens landed eviscerated or in an advanced stasize distribution and ovarian follicles development thrbogt
of decomposition resulted mainly in the description of malethe season. Despite the recent updated taxonomic arrangement
parameters for the bent ns devil ralylobula thurstoniLloyd for the family Mobulidae resulting in a single genkbula as
1908 and the sickle n devil rajobula tarapacanaPhilippi,  well as the inclusion df. japanicaasM. mobular(White et al.,
1892. Our study therefore focuses on female parameters 917, the authors decided to keep the previous nomenclature
understand the size-at-pregnancy and the reproductive dpcle for M. birostristo facilitate advices to the local government,
M. thurstonj M. japanica M. tarapacanaand the oceanic manta considering the laws already in place. It was also decideddp ke
ray Manta birostrisWalbaum, 1792, considering its importance the nomenclature oM. japanica following Bustamante et al.
to estimate the reproductive potential within a population (2015)

(Mollet and Cailliet, 2002; Musick and Bon |, 20p4

Mobulid populations face heavy exploitation across theirMETHODS
whole geographical range from tropical to warm temperate
waters Couturier et al., 2012; Croll et al., 2Q1fer both meat  Study Site and Fishery
consumption and to supply a large international trade for theirMobulid shery monitoring was conducted daily at the
gillrakers Qulvy etal., 2014a; Croll et al., 2016iven therise in  landing site of Barangay Bunga Mar in the municipality of
their exploitation and reported population declin®(lvy et al., Jagna (B829N; 124 22520%), Philippines Eigure 1), from
2014a; Croll et al., 20),5all Mobulidae have been listed on the February to June 2015 and from November 2015 to May 2016.
Convention on International Trades of Endangered Species dfhe Bohol Sea is known as the main shing ground for mobulids
wild fauna and ora (CITES) Appendix Il and the Convention in the country, and Bunga Mar its largest landing port, making
on the Conservation of Migratory Species of wild animals (CMSan ideal study site for these species. The shing seasorftasts
Appendices | and Il between 2011 and 2016. This listing halovember to June. This targeted shery was composed of 1-12
been locally supported and implemented in the Philippines by thenobulid shing boats traveling daily up to 60 km o shore wiii
new Republic Act No. 10654 amending the Philippine Fisheriethe Bohol SeaRigure 1). Each of them used a drift net between
Code of 1998 prohibiting the catch, possession and trade df-1.5km in length and 30 m in height, shing at night between
aquatic species listed under CITES Appendi¢esplblic of the 10 and 40m depth, for a soak time of8h, and returning
Philippines, 201p to the landing site in the early morning. Ninety-six percerit o

In the Bohol Sea, Philippines, direct sheries have exploitecll specimensn( D 1,448 of 1,509) analyzed here were caught
mobulids for local consumption and gill rakers export for overby these boats targeting mobulids, and an additional 61 (4%)
a century Fowler et al., 2002; Rayos et al., 2012; Acebes aspecimens included in the dataset came from occasional tojrca
Tull, 2019, and are now banned since April 2017 after thefrom tuna shing boats operating in the same area. Mobulids
implementation of the CITES listing. In the municipality of brought to shore were freshly dead or occasionally stilkaliv
Jagna, in the south-east of the island of Bohol, industailin
of the shing eet in the 1970's transformed a traditionalastal Sampling
sailing harpoon-based shery into a motorized o shore dnéit  All data were collected at the landing site on the shorelifie o
practice Acebes and Tull, 20)6A monitoring program of this  Bunga Mar, Jagna, Bohol. Fishers and buyers allowed access to
shery revealed that over 2,000 individuals were landed pethe landed specimens as they were being prepared and sold
season (Authors, unpub data). The shing season for mobulidéo be processed locally or transported to other towns. In the
coincided with the northeast monsoon when increased upnglli  rst season, 402 specimens were randomly measured among the
leads to higher primary productivity in surface watefsaprera specimens landed(2,000), and a subset of 179 rays was assessed
et al., 2011; Gordon et al., 2Q1iwith proli c pulses of krill  for reproductive biology (i.e., sex, sexual maturity, pregryan
Euphausia diomedeaen which mobulids feed in the area Inthe second season, all specimens landed were counted and th
(Rohneretal., 2017; Stewart et al., 20The four species studied sex was determined for 80% of the total catoh)( 2,219). All
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FIGURE 1 | Location of the landing site and the shing grounds within theBohol Sea, Philippines. Black lines depict tracks from moblid shing boats while their drift
net was deployed 6 D 30). It is not exhaustive, but indicative of the shing grounds

identi ed females (100% D 1,069) were assessed for pregnancyand M. japanica. Specimens lighter than seven kilos were
The tail and pelvic ns of rays were cut most of the time byweighed using a digital scale (precisibn1.0g). Due to their
the shers before landing, thus sex was conrmed based otharge sizeM. birostris could not be weighed and only few
inspection of the internal organs. Species were identi echgisi M. tarapacana(n D 8) were weighed in three pieces after the
identi cation keys adapted fromCompagno and Last (1999) separation of the pectoral ns from the body. The relationship
and Stevens (20110ut of over 4,000 specimens landed in thebetween DW and TM was plotted fdW. thurstoni M. japanica
two seasons, 1,509 individuals from four species were examinfetus M. birostris and M. tarapacana and described by the
and included in the present analysis, respectilythurstoni  non-linear modelTM D aDW?® (Notarbartolo-Di-Sciara, 1998

(n D 817, 54%)M. japanica(n D 450, 30%)M. birostris wherea and b were determined by a non-linear least squares
(nD 173, 11%), an¥. tarapacangn D 69, 5%). estimation. The di erence between sexes for this relatigmsh
was tested using ANCOVA (covariates: disc width and sex).
Statistical analyses were conducted in R 3.3.1.

Disc Width and Body Weight
Disc width was recorded in centimeters (DW,
precision D 0.2cm) using a measuring tape in a straightReproductive Variables
line across the dorsal side when the animal was lying atTo investigate female reproductive variables, ovaries dad u
intact, on its ventral side, following\Notarbartolo-Di-Sciara were immediately assessed and measured from the specimens
(1987) As di erent researchers were involved in this study, weat the landing site according to criteria adapted frdnaccini
compared the DW measurements collected by three randorat al. (2006)and ICES (2013)Table 1), then sexual maturity
researchers for 64 specimens, and found no signi cant di @@n was determined as described in section Maturity and Pregpan
between researchers (Kruskall-Wallidf D 2, P > 0.05). Ogives. ForM. tarapacana82% ( D 17) of the females had
Therefore, the observer variability was excluded from amther  epigonal organs lique ed and follicles were partially danthge
analysis. The maximal size of each species was taken from thkis could possibly be due to a longer time under the sun prior
literature for M. japanica(250 cm DW) {Vhite et al., 2006 to be open as this species was usually sold last, or perhaps a
M. tarapacana328cm DW) Pardo et al., 2016¢cM. birostris  higher sensitivity to stress for this species when beingreyi¢a
(700cm DW) (Marshall et al., 201)b and from the present in the netinducing a faster deterioration of the epigonalamg,
study for M. thurstoni(197 cm DW) to calculate the percentagea lymphoid organ sensitive to stress hormones. Therefore, th
of maximal disc width at maturity. maturity assessment dfl. tarapacanawas based solely on
Total body mass was recorded in kilograms (TM,the uterus. For all other species, the largest follicle dtame
precision D 0.5kg) using a hanging scale ftM. thurstoni (LFD, precisionD 0.1cm) was measured using a caliper. The
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TABLE 1 | Criteria used to determine the internal maturity stage of é&aMobulidae,
adapted from Braccini et al. (2006)and ICES (2013)

Male Female

-Immature  Testes with undifferentiated thin Ovary with indistinguishable
tissue strip, small testicular follicles or small sized follicles
lobules. Generally dominated by ~ Uteri are thin strip-like or
epigonal organ partially enlarged
Epididymis begins to coil
Ductus deferent is thread-like

-Mature Testes are enlarged, highly Ovary has large and developed

follicles

Uteri are enlarged and tubular
with well-developed
trophonemata. Embryo or fetus
can be present

lobular and fully developed within
the epigonal organ

Epididymis is highly coiled
Ductus deferent is enlarged

reproductive cycle was investigated by plotting the LFD ofuret

appearance with fully developed trophonemata, resulting from
recent delivery or abortion. However, females in an earlgestaf
pregnancy could possibly be carrying an embryo not yet visible
to the naked eye and could have been overlooked. Pregnancy
status was assigned as zero (non-pregnant) or one (pregnant).
The pregnancy ogives were estimated using the same method as
above, where the size-at-pregnancy (B)fegnancy is the disc
width at which 50% of the female population was pregnant.

Size-at-Birth

Two hundred and one fetuses were collected from pregnant
females when shers opened them on the beach. Morphometric
measurements were recorded followigarshall et al. (2008)

For each species, inference of the size-at-birth was based on
the disc width of the largest fetus and the smallest freiegdiv
specimen landedT@able 2. Sex ratio's di erence from parity was
tested using &2-test.

Von Bertalanffy and Population Growth

females against the disc width and the calendar month. IRRate

addition, pregnancy was assessed for all females from NaemlGiven the life history parameter estimations reported herein
2015 to April 2016. Fetuses were collected, even if measantemerelated aged-parameters (i.e., age-at-maturity and -agypaacy)
for the mother were missing prior to being sliced, and the disand population growth rate were re-estimated fdr japanica

widths of fetuses were plotted against the calendar month.

M. thurstoni and M. birostris building on work by Cuevas-

To investigate male reproductive variables, the testegimbron et al. (2013)Dulvy et al. (2014h)and Pardo et al.
epididymis, and ductus deferent were immediately assesskd afP016a) A two-step approached was used:

measured according to criteria adapted fr@maccini et al. (2006)
andICES (2013{Table 1), then sexual maturity was determined
as described in section Maturity and Pregnancy Ogives. The
pelvic ns and claspers of rays were removed most of the
time by the shers previous to landing, thus for consistency,
male maturity status was based on internal organs assessmen
and the extent of clasper calci cation ( exible when none or
partially calci ed, rigid when fully calci ed) was only reocded

as additional data.

Maturity and Pregnancy Ogives

1) Age estimatior-emale age-at-maturity and -at-pregnancy for

mobulids was determined by using the Von Bertalan y (VB)
growth model followingCuevas-Zimbron et al. (201:3)

h i
DW; D DW; 1 e Kt 1)

where DW; the disc width at timet, DW; the theoretical
asymptotic disc width related to the maximal size as
DW; D 1.01 DWnax k the growth coe cient, andtp the
theoretical age at zero length. Due to the lack of size-at-ag

Sexual maturity stage for both sexes was based on visualdata forM. thurstonij growth parameter valudsandty were

examination of the reproductive organs according to créeri
adapted fromBraccini et al. (2006and ICES (2013)Table 1),
and a binomial maturity status was assigned as zero (imnejtur
or one (mature). Mating scarsYéno et al., 1999were not

assumed the same as fiot. japanica considering the close
growth curves, size range and ecology of these two species
(White et al., 2006b; Couturier et al., 2QJ#esent study).
Using estimations and various prior values froBuevas-

assessed because similar abrasions on the pectoral ns alsoZimbron et al. (2013andPardo et al. (2016ahree scenarios

resulted from shing gear and friction on boats when the
specimens were loaded and unloaded from the shing vessel.
The maturity ogives for both males and females were estegalis
separately, using a logistic modé&réccini et al., 2006; White

et al., 2006b; ICES, 2008; Harry et al., 3pWhere population
size-at-maturity (DWo) was the disc width at which 50% of
the population was mature. Model parameters were estimated
using a generalized linear model with a binomial error stune

and the maximum likelihood method of the logit-link function
The signi cance of tted models was assessed whhtests.

were therefore used with both species to calculate their. ages
For M. birostris k was taken fronDulvy et al. (2014h)and

to was similar as the other species above. Age estimations
related to their respective parameter values and priors are
reported inTable 3 Ages -at-maturity and -at-pregnancy refer

to the present respective size-at-maturity and -at-pregnancy
For M. japanica the estimated size-at-pregnancy (261.1cm,
seD 17.9,n D 8) was used whe®DW; was larger (299.0cm

for strong prior from Pardo et al. (2016x) However, the
mean size of pregnant females (223.5cmpPs#&.5,n D 8)

Pregnancy was assessed by visual inspection upon opening thewas used wheBW; was smaller [251.5 cm for weaker prior

uterus. A female was classi ed as pregnant if an embryo osfetu
was present in the uterus or if the uterus had a accid and ditat

from Pardo et al. (2016g&nd 233.8 cm for prior fronCuevas-
Zimbron et al. (2013)
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TABLE 2 | Summary of life-history traits and reproductive onset forhe four mobulids, in this study.

Species Mobula thurstoni Mobula japanica Manta birostris Mobula ta rapacana
Size range

Male 90.2-182.0 114.0-235.0 284.0-471.0 164.0-317.0
Female 92.0-197.0 99.8-239.0 230.0-554.4 160.0-295.0

Size-at-maturity (se, n)
Male

Female
Size-at-pregnancy (se,n)
Smallest mature female
Largest immature female
Smallest pregnant

Largest follicle diameter
Immature

Mature non-pregnant
Mature-pregnant

Mean size (se,n)

Mature male

Mature non-pregnant female
Pregnant females
Size-at-birth

Estimate size-at-birth
Largest fetus

Smallest free-living specimen

Proportion of size at birth to the mean size of pregnant femabk
Sex ratio of fetuses Female:Malen)

158.4 (0.9, 106)

163.6 (0.6, 224)

171.5 (0.8, 141)
146.0
169.0
148.0

0.0-2.4
0.8-4.1
0.8-4.1

166.5 (0.5, 106)
173.3 (0.7, 83)
174.8 (0.6, 141)

90.0
90.0
90.2
51%
1:1.25 (131)

205.8 (1.6,63)

217.8 (1.1,77)

261.1 (17.9,8)
204.0
227.0
218.0

0.0-2.2
0.5-4.0
1.6-1.9

217.2 (1.0,63)
223.6 (1.2,67)
2235 (1.5,8)

100.0
104.0
99.8
46%
1:0.7 (10)

381.9 (8.7,48)

448.0 (6.9,63)

532.9 (9.6,20)
402.0
479.0
476.0

14-3.2
1.7-105
2.3-6.8

419.8 (3.2,48)
499.1 (4.8,43)
520.7 (4.9,20)

200.0
199.4
230.0
38%
1:0.25 (10)

252.1 (3.4,19)
264.8 (6108.9,2)
271.8
258.0

0.1-0.9
3.2

275.1 (4.8,19)
283.4 (11.6,2)

All sizes are in centimeters, with se the standard error and n the sanpkize.

2) Intrinsic population growth rate estimatiofihese age values RESULTS

were then used to estimate the intrinsic population growthS ies C it S d Bod
rater for mobulids based on the updated Euler-Lotka equation pecies Lompositon, -ize, an ody

(Pardo et al., 2016a,b, 2018 Weight Relationships
A total of 1,509 mobulids were examined during this study,

comprisingM. thurstoni(n D 817, 54%)M. japanica(n D 450,
30%), M. birostris (n D 173, 11%), andM. tarapacana
(n D 69, 5%).Manta birostriswas the largest species, followed

whereL mat is survival to maturity ag met D e M M by M. tarapacana M. japanica and M. thurstoni (Table 2.

b the annual reproductive output as 0.25 assuming one quOth mature and immature males and females could be

every 2 years and a 1:1 sex rationat the age-at-maturity andgd from a single net fo_r each of the four specie_s.
and -at-pregnancy estimated in step (1),the instantaneous Multiple species were landed in the same net as well, with
mortality from Pardo et al. (2016as M D 0.087 (95th instances where all four species were landed by the same

percentile 0.079-0.097), with a maximum lifespan of 2¢/€Ssel- ) _ _
years forM. thurstoniand M. japanica(Pardo et al., 201§a Weight-at-width data were available for 3¥D thurstoni The

assuming as above a comparable lifespan, and 40 years ft§aviest female was 84 kg at 185cm DW, and the heaviest male

M. birostris (Marshall et al., 2019p and r the intrinsic Was 67kg at 176cm DW. Excluding the 39 pregnant females,

neither sex, nor sex-width interaction were signi caft@ 0.351,

df D 1 and 298,P > 0.05). Stepwise backward elimination

In the aim of documenting the degree of delay between theesulted in a single slope for both sex@alfle 4 Figures 2A,B.

maturity and the rst reproduction, and its consequences ona signi cant sex-width interaction was noted when inclugjn

population dynamic models, intrinsic population growth rate pregnant females.

was estimated using age-at-maturityiat (D max), and using Weight-at-width data were available for 1B¥ japanica The

age-at-pregnantipreg heaviest female was 127 kg at 239 cm DW, and the heaviest male
Finally, population doubling time 3> was calculated a% was 110kg at 226 cm DW. Excluding the ve pregnant females,

(Simpfendorfer, 2000 neither sex, nor sex-width interaction was signi caftlp 0.474,

Lmat bDer mat eM é mat 1

population growth rate.
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h i
TABLE 3 | Parameters' values foDW; D DW; 1 e kt to) and estimated age-at-maturity Tyat and -at-pregnancy Tpreg corresponding to the various priors.

Species Priors DW 1 (cm) k(year 1) to (year)  DW; mat(cm)  Tmat (year) DW¢ preg (cm) Tpreg (year)

Mobula japanica  Pardo et al., 2016a 299.0 0.12 1.68 217.0 9.1 223.5* 9.8
Strong prior 261.1** 15.6
Pardo et al., 2016a 2515 0.221 1.68 217.0 7.4 223.5* 8.3
Weaker prior
Cuevas-Zimbrén et al., 233.8 0.28 1.68 217.0 7.9 223.5* 9.5
2013

Mobula thurstoni  Pardo et al., 2016a 198.9 0.12 1.68 163.6 12.7 171.5%* 14.9
Strong prior
Pardo et al., 2016a 198.9 0.221 1.68 163.6 6.1 171.5** 7.3
Weaker prior
Cuevas-Zimbrén et al., 198.9 0.28 1.68 163.6 4.5 171.5** 5.4
2013

Manta birostris Dulvy et al., 2014b 707 0.1 1.68 448.0 8.6 532.9** 12.6

*DW; preg based on mean size of pregnant femalesTable 2), *DW; preg based on estimated SAP Table 5). DW; disc width at time t, DW;  theoretical asymptotic disc width related
to the maximal size as DW D 1.01*DWpnax , k the growth coef cient, and ty the theoretical age at zero length.

TABLE 4 | Relationship between body mass and disc width.

Species Age class Fig n a (se) b (se) r2
Mobula thurstoni All 2.a 301 5.414e-06 (2.405-06) 3.139 (8.698e-02) 0.97
Fetus only 2.b 91 5.220e-05 (1.789e-05) 2.657 (7.999e-02) ®6
Mobula japanica All 2.c 162 6.506e-05 (3.047e-05) 2.641 (8.718e-02) 0.93
Manta birostris Fetus only 2.d 5 1.874e-05 (3.105e-05) 2.884 (3.398e-01) @9
Mobula tarapacana All 2.e 8 7.344e-07 (1.010e-06) 3.486 (2.460e-01) 0.98

Values and parameters estimated by non-linear regression for the eqtion TM D aDWP are following: where TM is the body mass, DW is the disc width, a and b are paraeters, n is
the number of specimens, # is the square of correlation coef cient.

df D 1 and 159,P > 0.05). Stepwise backward elimination (283.4 cm, sB 11.6) could be used until accurate maturity ogives
resulted in a single slope for both sex&alfle 4 Figure 20). can be provide.
Weight-at-width data were only available foM8 tarapacana
The lightest on was 48kg at 164 cm DW, and the heaviest was . . .
299 kg at 295 cm DWTable 4 Figure 2D). Weight-at-width data -ecundity and Size-at-Birth
for M. birostriswere only available for ve fetuses. The lightest/n total, data were collected from 201 fetuses comprising 164

one was 2.6kg at 54.8cm DW, and the heaviest was 29 kg Mt thurstoni 12 M. japanica and 25M. birostris No fetus
138 cm DW {Table 4 Figure 2B). was observed foM. tarapacana Pregnant females carried a

single fetus in the left uterus for all species (98.6%). Exagptio

. . were observed two times (1.4% of pregnancy) when pregnant
Maturity and Pregnancy Ogives M. thurstoni carried twins in the left uterus. These fetuses had
For all species, maturity ogives were estimated for bothssexgimilar size than other single embryos at the same developmen
separately and maturity was reached at a larger size in femalgage, based on morphological appearance and coloration. Size
than in males Kigure 3. Depending on the species, femalesyt pirth represents 38-51% of the maternal size, depending
and males matured at 64-87 and 54-82%, respectively, gf the speciesTable 2. Smaller species carried proportionally
the maximum size in the literature, and 81-87 and 69-82%grger embryos. For all species, the sex ratios did not dier
respectively, of the maximal size recorded in this stub(e 2. signi cantly from parity ($2, df D 1,P> 0.05:Table 2.

Pregnancy ogives were estimated for all species except

M. tarapacana,and shifted to the right of maturity ogives
(Figure 3). For M. thurstonj only 9% @ D 6) of mature females Ovarian Follicles
were pregnant when reaching the size-at-maturitgtfle 5, and The largest follicle diameter (LFD) was measured from
only 15% ( D 33) were pregnant between size-at-maturity andl62 M. thurstoni 103 M. japanica 47 M. birostris and 3
-at-pregnancy. Only two mature femald. tarapacanawere M. tarapacanaincluding mature and immature specimens. For
included in the analysis, resulting in a large standard erroall species, only the left ovary was active, showing various
(seD 6108.9). The maturity ogive for this species should theeeforstages of follicle development with increasing maturity from
be taken with caution, and the mean size of mature specimerike posterior to the anterior of the ovary, whereas the right
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FIGURE 2 | Relationship between body mass and disc width foA,B) M. thurstoni, (C) M. japanica, (D) M. birostris, and (E) M. tarapacana Values and parameters
estimated for the equationTM D aDWP are summarized inTable 4.
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FIGURE 3 | Maturity and pregnancy ogives fo(A,B) Mobula thurstoni, (C,D) Mobula japanica (E,F) Manta birostris and (G2H) Mobula tarapacana Dashed lines are
In1g/ _-OW DWso/ 1
disc widths for DWs values. Statistical quantities values of parameters and atistical quantities for the equatiorP D Pmax 41 C e -DWgs DWso/ 5 are

summarized inTable 5. DW the total size,P the proportion of specimens atDW, DWs( the size at which 50% of the population is mature or pregnantDWgs the size
at which 95% of the population is mature or pregnant.

one remained quiescent. The LFD in the left ovary ranged 4.0ligue ed, even though they were landed at the same time as the
10.5cm depending on the speciekalfle 2, while follicles in  other species, which had intact epigonal organs.

the right ovary did not develop, with a LFD of 0.0-0.7 cm.

Henceforth the LFD refers to the largest follicle from thet lef Reproductive Cycle

ovary. ForM. birostris the exceptional presence of a developingnvestigation of the ovarian cycle was based on the LFD otingat
follicle of 1.8 cm diameter in the right ovary was observediie  females only, from 1181. thurstonj 45M. japanica,and 38M.
pregnant female, although it is still small (20% of maximunDi.F birostris.We did not nd a signi cant di erence for the LFD
compared to mature follicles from left ovaries observed iis th throughout the months foM. thurstoni(Kruskall-Wallis,df D 7,
study. Furthermore, this specimen presented a follicle ofi®.4 c P > 0.05,Figure 4A), M. japanica(Kruskall-Wallis,df D 3, P
diameter in the left ovary and the fetus was in the left utekkr > 0.05,Figure 4B), and M. birostris(Kruskall-Wallis,df D 6, P
M. tarapacana82% ( D 17) of the females had epigonal organs> 0.05,Figure 40). It was not possible to determine so fit.
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TABLE 5 | Maturity and pregnancy ogives parameters foMobula thurstoni, Mobula japanica Manta birostris, and Mobula tarapacana

Species Sex Analysis Fig N n DWsq ( se) DWogs ( se) Intercept $2
Mobula thurstoni Male SAM 3.a 160 106 158.4 (0.9) 167.7 (1.5) 48.99 il
Female SAM 3.b 353 224 163.6 (0.6) 172.8 (1.1) 91.67 ok

SAP 3.b 353 141 171.5 (0.8) 189.9 (2.4) 167.06 ok

Mobula japanica Male SAM 3.c 108 63 205.8 (1.6) 219.2 (2.7) 30.74 ok
Female SAM 3d 206 7 217.8 (1.1) 234.0 (2.8) 39.50 Fohx

SAP 3.d 206 8 261.1 (17.9) 301.5 (35.7) 19.06 *x

Manta birostris Male SAM 3.e 63 48 381.9 (8.7) 436.2 (12.4) 24.42 ok
Female SAM 3.f 85 63 448.0 (6.9) 490.5 (10.4) 16.26 fd

SAP 3.f 85 20 532.9 (9.6) 610.3 (30.1) 35.72 i

Mobula tarapacana Male SAM 3.9 42 19 252.1 (3.4) 267.5(6.2) 7.88 il
Female SAM 3.h 17 2 264.8 (6108.9) 265.8 (6298.4) 1.05e-09 il

Dashed lines are pointing disc widths for DWj values, and statistical quantities for the size-at-maturity (SAM) andzs-at-pregnancy (SAP) analysis are following: N the total number
of specimens examined and n the number of mature or pregnant specimen®Ws the size at which 50% of the population is mature or pregnant, D¢ the size at which 95% of the
population is mature or pregnant, Intercept the intercept value for the modghnd $2 the probability of statistical signi cance with***P<0.001, **P<0.01.

tarapacanawith only one record ofa 3.2 cm LFD from a271.8 cmDISCUSSION

DW mature female. if . .
The timing and periodicity of pregnancy was based on fetuselsI e History Traits ) . .
collected from 164M. thurstoni and 25M. birostris Due to the N the present study, we provide female maturity ogives for fou
low number of fetuses foM. japanica(n D 11), this species mo_bulld spe(:les,where_females matt_lre atalarg_er3|ze thEsma
ndings that are essential in population dynamics to assess th

was not included in the analysis. Fit. thurstoni (Figure 5A), ? . )
the mean fetus size (cm DW) di ered between the months ofustainability of this shery and any other comparable sfe.

December (49.8; sB 2.6:n D 38) and May (38.5; sB 2.4; Ma!e ma.turity ogives were co.nsistent With literature valuars f
n D 63) (Pairwise WilcoxonP < 0.05). However, near-term M_. Japamcaand M. tarapacgnan other regions (\Iotgrbartolo-
fetuses were observed throughout the season.MEobirostris Di-Sciara, 1987, 1988, _Wh'te etal., 2006b; CO‘_“U”ef eEGILZ_;
the mean fetus size did not di er by month (Pairwise Wilcoxon, Pardo et al., 20169,lwhile males reached maturity at larger sizes

P > 0.05;Figure 58 and near-term fetuses were recorded inthan previously reported foM. birostris(Marshall et al., 2019b
February, March and April and M. thurstoni (Notarbartolo-Di-Sciara, 1988; White et al.,

From November 2015 to June 2016, specimens Wei?e006b;WaIIsetaI.,20)Lﬂi)espitealackofmatum.tarapacana

sexed for 1,25M. thurstoni (71% of M. thurstoni landed), € Smallest mature female (271.8cm DW) was within the size
as well as 110M. birostris (99%), and 777M. japanica 'ande at maturity (270.0-280.0 cm DW) in the Gglfongllf@n
(89%). From these subsets, pregnant females represen tarbartolo-Di-Sciara, 1998We found sexual dimorphism in
20% 6 D 129), 9% § D 10), and 1% 1§ D 10) for the size-at-maturity for all species, a trait commonly obseirior

M. thurstonj M. birostris and M. japanica respectively. sharks and rays likely related to the energetic and physiadse

During November and December 2015, 12 (67%)japanica for the fel.m?les tg_supp_(c)jr:]o sprirrl]glolrtés, 2201) ok th .
mature females landed presented the same reproductive Results from disc width-weight relationships f. thurstoni

stage with a large and thick left uterus, and well developefnd Mh' Japamcashow_thathma:(es alnd femarl1es exhibit S|m|II§1r
red-purple trophonemata, suggesting a probable recerflfoWih rates, supporting that females reac maturity at older
age than males, rather than females growing faster thanstale

parturition. A o
reach a larger size, indicating a delayed onset of sexuatityatu
) females. Females reached maturity 80% of their maximal size,
Von Bertalanffy and Population Growth which is among the latest for elasmobranchs(tés, 200)) and
Rate underlines the extremely conservative life history of matsili

Depending on species and priors, age-at-maturity estimation€ulvy et al., 20140
are 4.5-9.1 years, and 5.4-12.6 years for the age-at-pgnan Results show a delayed onset between maturity and
estimations Table 6. The mean delay between maturity and pregnancy, meaning that at least 50% of females within the
pregnancy represents about a year and half (1.6Ds@.5), population do not reproduce when reaching maturity. Such a
with a minimum of 0.7 year foiM. japanica up to 4 years for delay is common among live-bearing elasmobranchs, because
M. birostris These age estimations result jguf (Drmax) between of the important maternal inputs due to a relatively large
0.016 and 0.055 yearand fyregbetween 0.008 and 0.044 yetr  fetus nourished over a long period, and selection pressure for
Considering age-at-maturity, population doubling time large body size in females is expecté€mités, 2000; Goodwin
represents 12.6-43.3 vyears, and 15.8-86.6 years withal., 2002; Sims, 2003A near-term M. thurstoni fetus
age-at-pregnancy. represents up to half the disc width and 1/7th of the weight of
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FIGURE 4 | Largest follicle diameter distribution per month fo(A) M. thurstoni, (B) M. japanica, and (C) M. birostris. For each distribution, horizontal lines from
bottom to top: lower value, rst quartile, median, third quatile, and upper value. Dots in(B,C) represent suspected outliers.

the mother. This di erence in sizes might also re ect the longthe literature for mobulids Qulvy et al., 2014b; Pardo et al.,
gestation period Nlusick and Bon |, 200} for these species 2016a; Nozu et al., 20}, 7supporting the plausibility of these
currently assumed to last approximately a yedoiarbartolo-  scenarios. FoM. japanica an additional 2—3 years compared to
Di-Sciara, 1988; Marshall and Bennett, 2010; Dulvy et althe previous estimation of age-at-maturity of 5-6 yedrarfio
2014p. Similar estimates of delay have been reported it al., 2016gare ect an entire reproductive cycle, based on a
other chondrichthyes, such as the piked spurd8gualus 2-yearinterbreeding interval. It therefore represents ass pup
megalop$Braccini et al., 200Q6the spot-tail sharlCarcharhinus per female within the population over their complete lifespan.
sorrah or the Australian blacktip shariCarcharhinus tilstoni This nding a ects the maximum population growth ratenfax
(Harry etal., 2018 (Drmat) and results in lower values than previously estimated for

The present age-at-maturity estimations §-9 vyears, M. japanica(0.077 year!, 95th percentildd 0.042—0.10&ardo
depending on the species and the priors) are consistent withiat al., 2016g
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FIGURE 5 | Fetus size distribution throughout the months fofA) M. thurstoni, and (B) M. birostris. For each distribution, horizontal lines from bottom to toplower
value, rst quartile, median, third quartile, and upper vale. Circles represent suspected outliers.

Mobula thurstonihas a higher population growth rate than et al., 2008 However, the subsequent revision of the genus
M. japanicaalthough we assumed a similar growth curve, whichManta (Marshall et al., 20Q09and photographic evidence shows
suggests thaM. thurstoni reproduce faster, being a slightly that this size-at-birth estimation was favl. alfredi (Marshall
smaller species with a possible higher vulnerability to priedat et al., 2008 which is the smaller of the two species. Consequently,

Realistic scenarios fdvl. japanicasrpreg are based on the the size-at-birth values reported in this study fbt. birostris
mean size of pregnant females, while estimations based en sizhould be used in demographic models. Present estimations of
at-pregnancy resulted in implausible values describeédylo  size-at-birth forM. thurstoniand M. japanicaare slightly larger
et al. (2018) Similarly, realistic scenarios fdvl. thurstoniin  than literature values from elsewheridtarbartolo-Di-Sciara,
the present study are based on the weaker prior freardo  1988; White et al., 200¥fand size of the smallest free-swimming
et al. (2016g)and prior from Cuevas-Zimbron et al. (201,3) M. tarapacanain this study (137 cm DW) supports the range
and estimation based on the strong prior were excluded dusuggested in Sri Lanka (117-132cm DW®4rdo et al., 201¢c
to implausible values. It shows that population dynamics basedlthough further validation will be appropriate due to the sial
solely on maturity ogives would overestimate the recruittne samples size.
outputs and reproductive potential for species exhibiting a The absence during the study of speci c periods for ovulation
similar delay between maturity and pregnancy. Authors atesth and the wide embryo size-ranges throughout the months do
encouraged to document the degree of delay between maturityot show any clear seasonality in the reproductive cycle at th
and pregnancy in order to re-estimate and compare those newopulation level for bothM. thurstoni and M. birostris The
values. study period only covered seven months of the year, and so thei

Present results show thit birostrisare bornat 200-210cm  activities (i.e., reproduction, movements) during the resthe
DW, which is larger than the free-living size range of 13B-dm year when they were not landed in Jagna is unknown. Despite
DW reported forManta sppin southern MozambiqueNJarshall  this lack of seasonality on the ovarian and reproductive ecl
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TABLE 6 | Intrinsic population growth rate and population doubling the relating to the age-at-maturity and -at-pregnancy foM. japanica, M. thurstoni, and M. birostris.

Species Priors T mat mat (95th Tx2 mat Tpreg Tpreg (95th Tx2 preg
percentile) percentile)
Mobula japanica Pardo et al., 2016a 9.1 0.016 43.3 9.8* 0.012 57.8
Strong prior (0.006-0.024) (0.002-0.020) -
15.6** 0*** (0-0)
Pardo et al., 2016a 7.4 0.027 25.7 8.3* 0.021 33.0
Weaker prior (0.017-0.035) (0.011-0.029)
Cuevas-Zimbrén et al., 7.9 0.023 30.1 9.5* 0.014 495
2013 (0.013-0.031) (0.004-0.022)
Mobula thurstoni Pardo et al., 2016a 12.7 0*** (0-0.008) - 14.9** 0*** (0-0.001) -
Strong prior
Pardo et al., 2016a 6.1 0.037 18.7 7.3** 0.028 24.8
Weaker prior (0.027-0.045) (0.018-0.036)
Cuevas-Zimbrén et al., 4.5 0.055 12.6 5.4%* 0.044 15.8
2013 (0.045-0.063) (0.034-0.052)
Manta birostris Dulvy et al., 2014b 8.6 0.019 36.5 12.6** 0.0001 (0-0.008) 86.6

(0.009-0.027)

fmat D max (year ) population growth rate relating to the age-at-maturity i (vear). preg (year *) population growth rate relating to the age-at-pregnancy freg (year). ko mat and
Tx2 preg (Year) population doubling time relating to the age-at-maturity and -at-pgnancy, respectively. Related priors' values are presented ifiable 3. *Tpreg based on mean size of
pregnant females Table 2), **Tpreg based on estimated size-at-pregnancy (SAPTable 5), **implausible values.

for M. thurstoni higher proportions of pregnant females were observations reported in the literature of a potential biexini
observed during particular months in 1 year (up to 38% in Mayor triennial reproductive cycleNotarbartolo-Di-Sciara, 1988;
2016,n D 63). Females at di erent stages of pregnancy couldlarshall and Bennett, 2010; Dulvy et al., 2014b; Broadtaiait,

be caught in the same net refuting a geographical segregati@d1§. The length of an inter-pregnancy period could depend on
between near-term pregnancy and the rest of the populatiorthe availability of resources, suggested previously asvardior
Coordinated breeding activity was suggested in Baja Caldo reproductive potential. The low proportions of pregnant females
(Notarbartolo-Di-Sciara, 1998 as well as o northern New within those populationsil. thurstoni20% M. birostris9%, and
South Wales foM. kuhlii cf. eregoodootenké@roadhurst et al., M. japanical%) underline the vulnerability of this cohort. It is
2019, although data were sparse in both cases. In Mozambiquan actual baseline regarding reproductive success in deapbgr

M. alfrediseemed to show seasonal peakarshall and Bennett, models.

2010, while in Hawaii mating trains were observed during 10

months of the year peaking in January and Apfilgakos et al., Reproductive Biology

2017). The combined evidence supports the ability of mobulidsThis study reports the presence of twinshh thurstoni Despite

to reproduce year round, with some cases specifying a period tiie usual production of a single o spring per litter for all
higher reproductive activity. mobulids, a rare observation of twins was also reported from

Considering the high amount of energy invested inMozambique inM. alfredi(Marshall and Bennett, 20).0Here,
reproduction (i.e., pregnancy, potential migration to matingtwo sets of twins were observed M. thurstonj representing
site), food availability is suggested to be an important eiriv 1.4% of the pregnancies recorded in this study. Both sets were
for reproductive success. Planktivorous elasmobranchd ten from the left uterus and were within the normal size range of
follow productive ephemeral pulses that may vary in time ancembryos, and not smaller as could be expected, as reported in
space $ims, 2003; Rohner et al., 201Bhe presence of higher cownose raysRhinoptera bonasuwere twins were below the
numbers of pregnant females in the region could be relateehean size of single embrydsigher, 201)) A signi cant negative
to the high primary productivity and food availability in the correlation between mean litter size and o spring size wa® al
area for these specieBd¢hner et al., 2017; Stewart et al., 2017 stated for the Dasyatidae familiigrce et al., 2009and more
Investigations based on catch data coupled with GPS trackgenerally as a life history correlation in elasmobranchsr(és,
of shing vessels and environmental parameters (i.e., primar2000. However, this assumption was not met in the two sets of
productivity) would provide further insight on areas with tiigr  twins here. Observations of more twins and investigatiothefr
densities of pregnant females and this relationship withdfoo anatomical development would give better opportunities to test
availability. this possible correlation favl. thurstoni.

A proportion of observed mature females (¥jregnancy for Ovarian follicles developed only on the left ovary, supporting
M. thurstoni M. japanicaand M. birostriswere neither pregnant previous observations for these speclgstarbartolo-Di-Sciara,
nor had recently given birth, supporting a resting period bedwe 1988; Broadhurst et al., 201 @s well as for many other batoids,
pregnancies. This suggests that a proportion of females withisuch as the cownose raygigher, 2010 and other stingrays
the population do not reproduce every year and corroborate¢Pierce et al., 2009; Mejia-Falla et al., J08ne exceptional
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observation of a femal. birostriswith a surprisingly developed this class was not reported in the catch from Indonesié(te
follicle in the right ovary suggest that production of a pup inetal., 2006} and 73%1G D 48) of the males were larger than the
the right uterus could be possible in rare cases. Despite the nomaximum size reported in Indonesia (200—400 cm DWhite
maturation of the follicles in the right ovary, both right ddeft et al., 2006 Comparisons are however delicate because results
uteri appear functional, with a similar developmental stagénef from Indonesia were obtained before the re-description & th
wall and the trophonemata, and the regular presence of a gregenusManta, resulting in possible species misidenti cation.

or white substance in both uteri. Further support comes from Many mobulids are distributed globally, hence the same
a female cownose ray. bonasusbserved with a fetus in the species are reported from around the worldr6ll et al., 201p

right uterus Eisher, 201)) the species usually exhibits only the However, variations in species and population composition
maturation of the left ovary. Nonetheless, only the leftrutewas reported could re ect preferential distribution areas. Theam
observed to further develop to allow embryonic developmentaumber of mature femal®/l. tarapacana12%,n D 2) and the
Although both specimens from the two present sets of twingbsence of pregnantindividuals for this species in the Bobai$
were from the left uterus, given the relative size-at-battd the  in contrast with observations from Azores, where femalsgally
potential energy investment for the mother, the development oappearing to be pregnant are seen weekly at least between June
only one ovary would avoid the risk of carrying two o spring and October (Ana Sobral, pers. comm.). This could suggest that
at the same time and could thus be a bene cial evolutionanM. tarapacanasegregate based on their maturity status. Further

trait. investigations are needed to better understand the eccdogly
S distribution of this species locally and worldwide.
Mobulids in the Bohol Sea Recent studies on the movements and population connectivity

This study con rms the presence of four mobulids within an of M. birostris did not show any long-range migratory
important shing ground. While the targeted shery in Bohol movements Graham et al., 2012; Stewart et al., 201t a
has been banned since April 2017, further monitoring of by-ne-scale population structure with non-overlapping geographic
catch from tuna sheries and targeted landings at otherssiteranges Gtewart et al.,, 20)6 These ndings suggest higher
in the Bohol Sea is needed. As the dierent mobulids werasolation than previously assumed between sub-populations in
regularly caught in the same net, it is certain that theseisgec these di erent regions, and the possibility of local populagon
all share the same habitat, at least for a portion of the timewith little exchange among them. If B. birostrispopulation
This niche overlap is supported by previous work on stomaclexhibits similar isolation within the Bohol Sea, its hatwssuld
content analyses in the short ternR¢hner et al., 20)7and  highly increase the risk of local extinction, and conseqlyent
stable isotope analyses in the longer tefdte{vart et al., 20).7 local shing management strategies could have a clear impact on
A further 5th species, the reef manta rdjanta alfredj was their population recovery. Further studies are needed to bette
recently conrmed from the area, but only found once overunderstand the movements of these species, both geogrdyhical
four monitoring seasonsRambahiniarison et al., 20).&Vlanta  and temporally, while continuous monitoring on landings and
alfrediwere also caught in a nearby sheryl30 km from Jagna, area-specic conservation actions in the Bohol Sea are nkede
o Dinagat Island in the Surigao StraitAcebes et al., 20).6 to anticipate and reduce by-catch by regulating and limiting
It is unclear whyM. alfredi were not caught together with the non-selective shing gears such as gill nets.
other mobulids, but this trend may indicate habitat partitiog Although mobulids can exhibit diverse ecological behavior
(Marshall et al., 2009; Deakos et al., 2011; Rambahiniagisaln,  (e.g. schooling, deep-diving, distribution range), reprdile
2016, or local extirpation. Historical shing grounds were clrs traits are consistent among species such as a similar age-at-
to the coast than at present\¢ebes and Tull, 20)6covering maturity (i.e., 7-10 years old foM. alfrediDulvy et al., 2014b;
a habitat with di erent oceanographic characteristics (i@ Nozu et al., 201.,7M. japanica, M. thurstoni, and M. birostjis
500m depth, slower currents in historical shing grounds).and their low number of pups in a lifespan. Population growth
Although M. alfrediis not as coastal as assumed in the pastate for these species are extremely low, lower than the whale
(Jaine et al., 20)4previous local population extinction could sharkRhincodon typuéPardo et al., 201§aecently reclassi ed
explain its current absence among the landed species. Witts “endangered” on the IUCN redlistP{erce and Norman,
at least ve species con rmed, the Bohol Sea is an importanR016, and similar to the “critically endangered” western small
habitat for mobulids, representing a pupping and a matingtooth saw sh Pristis pectinata(Simpfendorfer, 2000; Carlson
ground for at least three specibk thurstonj M. japonica,and et al., 2018 Doubling population times show that it would take
M. birostris based on the fetus size distribution throughout thedecades, and more than a generation for these populations to
season. recover after stock depletion. In light of the natural susdwity

The size ranges of the mobulids caught in the Bohol Sea wete the detrimental e ects of over-exploitation of mobulids,
largely within the literature values from elsewhere, aliffio we based on their intrinsic biological characteristics preeen
extend here the maximum size ®&A. thurstoni from 180cm here, and in-line with the new amended Philippines Fisheries
(White et al., 2006b; Couturier et al., 2018 197 cm DW, with  Code (R.A 10654) and the procedure delineated in the “CITES
regular records of large females over 190 cm DW. Moreover, wdon-detriment Findings Guidance for Shark Speciggu(dy-
record a larger size range fit. birostrisin the Philippines than Taylor et al., 201)at the current status of the population, the
in Indonesia {Vhite et al., 2006f Forty-six percentrf D 39) sustainability of any level of harvesting and shery exg@tin
of females were larger than 500 cm DW in the Bohol Sea, whilseems unrealistic and strongly discouraged.
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