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ABSTRACT

Geometric morphometric analysis was used to desdhik variations in body shape existing in Sard#fiehbriata
sampled from Butuan Bay, Dipolog Bay, and Pagadiamy in Mindanao, Philippines. A notable degree of
significance was detected both within and betweepulations which is shown by the results obtainemnf
multivariate analysis of variance (MANOVA), canaticariate analysis (CVA), and discriminant functianalysis
(DFA). Within populations showed sexual dimorphiztween the two sexes while geographic isolatiag have
caused the variations that were detected betweethttee populations. Additionally, environmentaitéas such as
overfishing/overexploitation and different methoafs fishing could also be one of the factors causthgse
variations. Hence, this study proved the abilitynebdern geometric morphometrics to distinguish dedcribe
body shape variations existing within and betweeputations of S. fimbriata. It is recommended, hevethat a
genetic study regarding these shape variations lshbe as well conducted to understand more thersiiyeof this
species which would greatly contribute to mananag@mstrategies of stocks or populations of S. fiatar
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INTRODUCTION

The Philippines, according to Allen [1] boasts treatest number of marine fishes, corals [2], ses=gs [3], and
marine invertebrates [4] on the planet [5]. Amohg fishes found in the Philippine waters are sipallhgics which
compose about 60% of the total capture fishery petidn of the country as of 2003 [6]. Included Iistfishery is

one of the most common sardin8srdinellafimbriata also known afringescalesardinellaAccording to a review
by Willette and colleagues[7§. fimbriataranked & most common commercially caught fish species bighteand

3“ most common municipally caught fish species basedverage annual data from 2004 to 2008. Howeker,
same review indicated that along with other salif®e gibbosaandS. lemury, S. fimbriatafaces heavy fishing
pressure. Lesser standard length data of captisleddmpared to standard length at first matuntyvpd that such
species of fish are overexploited [7]. When onkstabout fishing, it could be generalized thasitimost always
non-random since gears are designed to selecthmmvefishes in preference to others, that is, ighat are bigger
in size are most of the time captured [8]. Mortalitought about by fishing therefore provides sdlegpressure to
such population of fish which may cause evolutigrdrange [8]. Evolutionary change would then suggkange
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in the genetic structure which is tantamount tongjes in phenotype or morphology of the organismef studies
have already shown that fishing could cause phe@imogvolution in fish stocks [9-12]. In additioet location of
fishing is as well non-random with respect to sdalistribution of stocks since fishing activitie®uld most likely
take place in locations where there is greater déce of fish, where they are most accessibleptir [8]. The
bays of Butuan, Dipolog, and Pagadian, are threatilons in Mindanao wher8. fimbriatais present and are
probably, widely fished. Taking this into accouintis the aim of the present study to investigatd describe the
body shape variations that could be occurring witd between populations $f fimbriatawhich may be caused
by selective pressure due to heavy fishing or oysoétation. This will be made possible through tiee of modern
tools such as landmark based geometric morphoreetsieveral studies already proved the efficacyeningetric
morphometrics in describing variations occurringhivi [13, 14] and between populations [15]. Fornarae has
also been studied in several animal species usamngtric morphometrics[16-19]. Studying the bodwapsh
variations within and between populationsSffimbriatawould reflect their adaptations to their enviromman
response towards fishing pressure. Additionallygpdation through natural selection is of course exglanation
for phenotypic differences observed between pojmnist however, differences could also arise throgghetic
changes from random genetic effects and througlir@maentally induced variation (which may be caussd
overfishing/overexploitation in the present stu@®]. Such was the explanation in the study of adhinook
salmon Oncorhynchustshawytsch&rom New Zealand and their source populationra@@ years of introduction
[20]. Studying this aspect db. fimbriata species would greatly contribute to the bettermainfuture stock
management strategies. This would give knowledgardéng the fish’s diversity since there is littteno published
work has been done yet regarding this aspect isgkeies of. fimbriatafound in the Philippines.

MATERIALS AND METHODS

Collection of Samples

S. fimbriatdsee Figure 2) samples were collected from the b&yutuan City, Dipolog City, and Pagadian City.
There were 30 males and 30 females obtained fraim gite respectively. Figure 1 below shows thetloozof the
three sampling sites. The specimens were procegggdafter they were gathered since this spedidisio can be
easily damaged. Sex was determined through a tghreamination of the fish’s gonads. The samplagWept in
ice buckets for preservation and then image adeprsfollowed. These images were then used for imometric

analysis.
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Fig. 1. Sampling sites (Butuan City, Dipolog CityPagadian City) with reference to the whole archip&go of the Philippines. (Source:
www.maps.google.com)
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Image acquisition

A DSLR (Nikon D5100) camera was used to capturerttege of the specimens. It was mounted on a trjmods tc
make the camera stable and to allow uniform fodluthiughout the image auisition process. The samples w
placed in a standard position with fins teased sdoashow their natural position when swimming,saswn in
Figure 2. Only undamaged fish samples were incli

Morphometrics and Statistical Analysis

Geometric morphoetric analysis is carried out from a phenotypicnpaif view to determine the morphologit
differences associated with the origins of indilufrom different areas with distinct environmémtanditions. It
allows the precise and detailed analysishape change and shape variation in organismseobasis of position
of homologous anatomical landmarks or shapes dines [18]. Geometric morphometric methods also allow
the graphic presentation of results for visual ldig@nd comparison of ape changes based on measured dista
angles, and ratios.

In this study, body shape amo8gfimbriatispecies from the bays of Butuan City, Dipolog Citgd Pagadian Cit
were examined to assess their variations. Thispeasible through the aid of Geometric morphomeinalysis.

The images were processed through land-based morphometrics to ansdybody shape variations using Tps
freeware 2.12. This image analysis and processemnare facilitates the statistical analysis ofdlaark data ir
morphometrics by making it easier to collect andntaén landmark data from digitized imai [21]. There were 18
homologous anatomical landmarks that were usechatyse the body shape of the samples. Figure 2 shioe
landmarkghat were plotted on the imag

TR

21 22 23

Fig. 2. Locations of the 18 landmarks for analysing $h body shap, illustrated as red dot:

1) anterior tip of snout at upper jaw, 2) most @okiir aspect of neurocranium (beginning of scalape), 3) origin
of dorsal fin, 4) insertion of dorsal fin, 5) anier attachment of dorsal membrane from caudal @nposterior enc
of vertebrae colmn, 7) anterior attachment of ventral membrane fiauadal fin, 8) insertion of anal fin, 9) orig
of anal fin, 10) insertion of pelvic fin, 11) orygiof pectoral fin, 12> 16) contour of the gill cover, 1’
posteriormost portion of maxillary, 18) cer of the eye.

The geometric configurations composed of x andordimates from the digitized landmarks were tramatd first
into shape variables prior to executing the siatisainalyses of shape variation. Since the imagesain shape ar
non-shap variables resulting from the differences in thsifioon and orientation of the fishes during theagre
acquisition, Generalized Procrustes Analysis (GRAl used through TpsRelw software. Relative warpse
generated to determine the different bodape variations exhibited by this species of fisklave warp score
were subjected to Multivariate Analysis of Varian@dANOVA) which is further supported by Canonic
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VariateAnalyis (CVA) and Discriminant Function Agals (DFA) using PAST (Paleontological Statistissjtware
to further analyse the variations existing betwesales and females, and also between the geograpiiesions
from which this species of fish were collected.

RESULTS AND DISCUSSION

Geometric morphometric analysis was used to desdtib body shape variation that exists within aativben
populations ofS. fimbriata.Knowledge about this aspect of the fish is vitaksi there are several factors that may
contribute to the changes that occur in this paldicspecies of fish, such as sexual dimorphistecten pressures
(overfishing, overexploitation, types of fishing age used, etc.), geographical isolation and marherst
Determining sexual dimorphism would give an idea@she behaviour, ecology, and life history of atular
species which is essential in making comparisohsd®n populations.

The pattern of body shape variation within the pafon of S. fimbriatafrom the bays of Butuan (a), Dipolog (b),
and Pagadian (c) is summarized in Figure 3. Bogpdbthe relative warp scores for both sexes apgstogether
with the positive and negative extreme warps. Thpeumost relative warp is the mean body shape doh e
population. Accordingly, Table 1 contains the dgsmn of these variations or shape change for Isettes in each
population with their respective variances.

Figure 3a shows the boxplot of the relative warpres with the variances of both the sexes withinBotuan City
population. In here, the females show greater tianavhen it comes to the curvature of the body pared to the
males. The males however, show greater variatidherdistension in the mid-section of the body while females
show much variation in the length of the area betwthe origin of anal fin and insertion of pelviig; fchange in the
position of the gill cover, eye, and most postedspect of neurocranium. Additionally, the femadekibit dorsal
fins that are longer than that of the males.

a i b i .

Fig. 3. Summary of landmark based geometric morphostric analysis showing the boxplot and variation ofthe body shapes between
sexes ofS. fimbriatafemales and males as explained by each of the siggant relative warps.(a) Butuan Bay population (b) Dipolog Bay
population (c) Pagadian Bay population

For the Dipolog Bay population, Figure 3b contaims box plots of the relative warps and varianddsoth sexes
with the negative and positive extremes. In thipybation, the males show greater variation the atume of the
body but much less variation in the distensionha tid-section of the body as compared to the fesnalhe
females also show a lengthier dorsal fin.
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The box plots and relative warps for the Pagadiag Bopulation is shown in Figure 3c where the femahow
greater variation in the curvature of the body, anthe distension in the mid-section. The maldsikdk lengthier

dorsal fin compared to the females.

Table 1. Variation in the body shapes o8. fimbriatapopulations as explained by each of the significamelative warp and its
corresponding percentage variance

RW Female Male
Butuan Bay
1 Variation in the curvature of the body. Positiveiremne Variation in the curvature of the body. Positivéreme relative warp
42.17% relative warp bends body upward and slightly bendsends body upward and slightly bends downward amhiag the
downward approaching the negative extreme from timegative extreme from the mean.
mean.
2 Variation in the compression and decompressioh@iid Variation in the dorsal and ventral part of the yoo@hange in the
13.24% section of the body. Positive extreme shows comses position of the eye and gill cover. Distension jostow the gill cover
while negative extreme shows decompression emphgsizwhich slowly shifts toward the belly area approachinegative
distension of the belly. Change in the positiontha# gill extreme.
cover and eye.
3 Variation in the position of the caudal pedunclea@ige in Variation in the area right after the gill coverdan the area above the
9.47% length of the area between the origin of anal fird a anal fin. Change in the position of the anal firdaaudal peduncle.

insertion of pelvic fin. Changes in the positiontbé gill
cover, eye, and most posterior aspect of neuraamani
4 Variation in the position and length between thigiorof
6.70% anal fin and insertion of pelvic fin. Change in thesition
of anterior attachment of ventral membrane fromdeéin
to insertion of anal fin.
5 Variation in the length from the origin to insertiof dorsal

Change in the position of the gill cover, eye aadowing of the head
approaching the negative extreme.

Change in the length from the origin to insertidrdorsal fin; length
from the origin to insertion of the anal fin. Chenig the position of
the insertion of pelvic fin. Change in the positiohthe eye and gill
cover, and posteriormost portion of maxillary.

Change in the position of the eye. Narrowing of ¢aeidal peduncle.

5.13% fin. Change in the caudal peduncle. Change in ¢ngth Change in length from the origin to insertion ofrshd fin, origin to
between origin and insertion of anal fin. insertion of anal fin.
Dipolog Bay
1 Variation in the curvature of the body. Positiveiremne Variation in the curvature of the body. Positivéreme relative warp
36.46% relative warp bends body downward and slightly lsendends body downward and slightly bends upward amhiag the

upward approaching the negative extreme from thenme
2 Change in the position of the eye, gill cover, anidin of

negative extreme from the mean.

Change in the position of the eye, gill cover, andteriormost portion
of the neurocranium. Change in length from originnsertion of anal
fin; from origin to insertion of dorsal fin; andoim origin to insertion
of pectoral fin.

Change in the position of the eye, gill cover, pastmost portion of
the neurocranium, snout region, and caudal pedu@tienge in length
between origin and insertion of dorsal fin, anal ind between origin
of anal fin and insertion of pectoral fin.

Change in the position of the gill cover. Changdeimgth from origin

to insertion of dorsal fin; origin to insertion afal fin; and from origin
of anal fin to insertion of pectoral fin.

Pagadian Bay

18.88% pectoral fin. Slight variation in the length betweerigin
and insertion of anal fin. Distension near and abpectoral
fin.

3 Variation in the snout region. Change in the positf the
10.76% eye and gill cover. Change in length from originrteertion
of dorsal fin and origin to insertion of anal fin.

4 Variation in the length from origin to insertion dérsal fin;

7.91% from origin to insertion of anal fin; and from oirigof anal
fin to insertion of pelvic fin.

1 Variation in the curvature of the body. Positivetremne

32.99%

upward approaching the negative extreme from thenme
2 Variation in the area near pectoral fin and aregheftail
17.41% approaching caudal fin. Change in the positionhef ¢ye,
gill cover, and insertion of pectoral fin. Distemsi just
below the gill cover which slowly shifts toward ttelly
area approaching negative extreme.
3 Change in the position of the eye, gill cover, pastmost
10.05% part of the neurocranium. Change in the length ftbm
origin to insertion of anal fin; origin of anal fio insertion
of pelvic fin; and from origin to insertion of daisfin.
Change in position of caudal pedun
4 Change in the length from origin to insertion ofsHd fin;
7.58%  from origin to insertion of anal fin; and from oirigof anal
fin to insertion of pelvic fir
5 Change in the length from the origin to insertidrdorsal
5.47% fin and from origin to insertion of anal fin. Chandn
position of caudal pedunc

Variation in the curvature of the body. Positivareme relative warp

relative warp bends body downward and slightly Isendends body downward and slightly bends upward amiiog the

negative extreme from the mean.

Variation in the area near pectoral fin and aretheftail approaching
caudal fin. Change in the position of the eye, giliver, caudal
peduncle, and insertion of pectoral fin. Changleigth from origin to
insertion of anal fin. Distension just below thé gover which slowly
shifts toward the belly area approaching negatieeee.

Change in the position of the eye, gill cover, pastmost part of the
neurocranium. Change in the length from the origimsertion of anal
fin and origin of anal fin to insertion of pelvinf

Change in the length from origin to insertion ofshd fin; from origin
to insertion of anal fin; and from origin of anah fto insertion of
pelvic fin. Change in position of pectoral fin and gill co’

Change in the length from the origin to insertidrorsal fin and from
origin to insertion of anal fin. Change in positiohcaudal peduncle.

To summarize, the main variations that occur irs¢hiairee populations &. fimbriataare in the curvature of the
body of which the Butuan population got the great@siation; distension in the mid-section of thedip near the
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belly part with the population from Dipolog havitige greatest variation; changes in length of ddiealanal fin,
and pelvic fin wherein the three populations got@dt the same variation; change in position ofetye gill cover,
and most posterior aspect of the neurocranium wiher8utuan City population got the least percemtance.
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Fig. 4. Canonical VariateAnalysis and Discriminant~unction Analysis plots of the relative scores @. fimbriatapopulations (CVA) (a, c,
e); (DFA) (b, d, f); Butuan Bay (a,b), Dipolog Bay (c,d),Pagadian Bay (ef)

To further emphasize the comparison between tHerdifce of the body shapes between both sexes damh
population, statistical tools such as Multivari&ealysis of Variance (MANOVA), Canonical Variate Alysis
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(CVA), and Discriminant Function Analysis (DFA) veedone. Tables 2 and 3 contain the results from K&K
and DFA for each of the population respectively.

To show whether there are significant differencesthie body shapes of males and females for eactheof
population, CVA plots and DFA plots were generaieek Figure 4 a, ¢, and e). Figures 4 a, ¢, atdw snuch of
the variation between the two sexes and accounhdarly 100% of the variance within each of the ydations
while Figures 4 b, d, and f show the DFA plotstwé pooled scores of both males and females. diinbriatafrom
each population. The DFA plots further emphasites difference between the two sexes showing a nainim
overlap of some of their morphological charactersst

Table 2. Summary of the MANOVA results forS. fimbriatain the three different populations

Butuan Dipolog Pagadian
Wilks’ lambda 0.1825 0.2899 0.4651
Pillai trace 0.8195 0.7106 0.5349
P-Values 3.512E-37; 1.651E-37 8.021E-24; 7.057E-24493:-11; 3.476E-11
Eigenvaluel 4.467 2.446 1.15
Eigenvalue2 0.002477 0.0008075 7.37E-05

Table 3. Summary of the DFA results forS.fimbriata in the three different populations

Butuan Dipolog Pagadian
P-Value 3.41E-36 8.926E-24 1.893E-10
Correctly classified (%)  96.67% 93.89% 86.11%

To see the variations existing within sexes betwmmwulations, pooled relative warps and boxploteevgenerated.
Figure 5 shows the summary of relative warps with ¢orresponding variance between populatiorss. diimbriata

[females (a), and males (b)]. The figure shows thateneral, the pooled female population exhibéskr variation
in terms of the curvature of the body as well asde variation in the compression/decompressidheomid-section
of the body and lesser variation in the changeh&gnout region compared to the male populatior. fEmales
however, show much variation in the change of lerajtthe dorsal fin while the males show much va&iain the

change of length from the insertion of pelvic finarigin of anal fin.

a R b

RW1 38415

1200
W3 1213 RW3 11.08%
P I3

D P R D

RW4 9.55% RWA 10.12%

Fig. 5. Summary of landmark based geometric morphostric analysis showing the boxplot and variation ofhe body shapes between
populations of S. fimbriataas explained by each of the significant relative wps.(a) females (b) males
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CVA and DFA plots for within sexes between populasi were also done. Figures 6 a and ¢ show the GbiAs
each sex and Figures 6 b and d show the DFAs [E(al b), and males (c, d) respectively. Lookintha CVA
plots in each sex, it can be observed that theresigmnificant differences in the morphological iatites existing
between the sexes for each population since tliselittlé to no overlap between them, hence eachulpdipn are
separated from each other. The DFA further suppghesesult obtained in CVA since it shows thatr¢his also
minimal overlap (with nearly or 100% correct cléissition) of the morphological attributes betweaspplations.
Tables 4 and 5 contain the results for the MANOVW ®FA between the three populations respectively.

Table 4. Summary of the MANOVA results forS.fimbriata females and males between the three populations

Females Males
Wilks’ lambda 0.02449 0.04037
Pillai trace 1.608 1.47
P-Values 2.875E-146; 7.016E-125 6.412E-122; 7.978E-9
Eigenvaluel 11.85 9.846
Eigenvalue2 2.176 1.284

Table 5. Summary of the DFA results forS.fimbriata females and males between the three populations

Females Males
P-Value Correctly Classified (%) P-Value Correctly Classified (%)
ButuanVsDipolor 1.047E-72 100% 5.85E-61 100%
ButuanVsPagadian  2.462E-108 100% 5.048E-100 99.26%
DipologVsPagadian  5.188E-34 98.33% 7.528E-27 94.44%

The MANOVA results obtained from comparing the féesaand males from each population justifies thate are
differences existing between the two sexes, thergja dimorphism has been detected and is exigtirtige three
populations ofS. fimbriata Wilks’ lambda and Pillai trace emphasize thiglfirg. DFA and CVA are tools that test
whether groups or populations can be well separfabed each other or blend into each other into@tiocaum [22].
Looking at the CVA and DFA plots, it can be seeattthe females and males overlap at around zer@isho

minimal overlap allowing separation of the two seX€hus, it suggests that there are differencesdwmat the two
sexes which can be attributed to sexual dimorphism.

Sexual dimorphism is an ubiquitous phenomenon imaltaxa. The three main adaptive mechanisms favgthe
evolution of sexual dimorphism according to Hedriald Temeles[23] are: sexual selection, dimorphibas, and
food competition. Sexual selection typically acts roales, e.g., when females show assortative matinghen
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mate competition enforces selection on certain naigs. The dimorphic niche hypothesis howevergests
selection acting mainly on females due to reprddectonstraints [23]. Additionally, ecological sefien acting
differently on both sexes can influence sexual dphism by favouring both dimorphic niches and as a
consequence, dimorphic trophic structures [23].e8avstudies show that different reproductive roleshe
divergence between the sexes, preference of onefogeparticular traits of the other sex, and intexual
competition can influence differences in externalures [24-27]. A few studies also showed sexlimlorphism
that has been noted in dorsal and anal fin beinmtgd in mature males and rounder in females in
SarotherodongalilaeuélLinnaeus) andreochromisaureugSteindachner) [28], pelvic fins reaching or pagsihe
anus in males but not in femalesTiitapia zillii (Gervais),S. galilaeusandO. aureus[29], a thicker and continuous
dorsal fin in mature males and notched dorsal fifieimales ofO. aureuf30], and a thicker lip in upper jaw in
mature males o®. mossambic(i81]. Such studies show that males and femalest daty differ in terms of their
reproductive organs but also in external structaihes$ are not directly linked or related to repreiikon [24, 32].
Another study revealed that environmental pararseserch as salinity can influence fish shape—sigauif
differences in sea bass shape were detected afénation to freshwater [33]. Many animals, espéigithe males,
display extravagant characteristics that are useclias in both female mate choice and male to pwigetition
[24, 34]. In choosing a mate, females would of seuprefer males with traits that are honest indisabdf quality
that are passed on to their offspring [35, 36]. SEh&raits may also indicate social status and reseolding
potential in intrasexual communication [37], dentcatting dominance and/or fighting ability, thergingventing or
reducing the costs of combats with a predictabteaue [38-40]. In the present study, it has beeseoked that the
variations existing in these populationS. fimbriata are mainly on the curvature of the body,
compression/decompression in the mid-section ofttbay, change in the dorsal fin length, change andal
peduncle, and change in the snout region. Thusyutd be that the possible causes of these changbes body
shape ofS. fimbriatacould be attributed to one or few of the factoentioned above.

The pooled data from the three populations accgrttirthe CVA and DFA plots (see Figure 6) indichiat there is
a clear difference between the three populationS.dfmbriata This is further supported by the results from the
MANOVA exemplified by the Wilks’ lambda, Pillai tce, and the P-Values (Table 4 and Table 5). Thiglrenay
suggest that geographic separation could be aibotitrg factor to the population’s distinction froeach other
since there is little to no interaction/intermimgji and/or migration between these populations [Whjation also
permits populations to be subjected to varyingdigle pressures, one of the preconditions for allop speciation.
Such isolated populations may become morphologicatid genetically differentiated through adaptivenon-
adaptive processes [42] eventually leading to fdioneof distinct gene pools. Hence, the abilityfish populations
or stocks to adapt and evolve as separate biologitdies is limited by the exchange of genes agnpopulations.
Isolation thereby permits notable morphologicalyiste and genetic differentiation among stockshivita species,
which may serve as a basis for proper managemesiooks [41]. A study of Liza abu from the riversoftes,
Euphrates, and Tigris demonstrated that there wles distinctions in the morphology between thespulations
of fish [41]. The same finding was observed in thiee populations oEngraulisencrasicolus. from the Black,
Aegean, and Northeastern Mediterranean Seas [#8]distinction between populations observe8.ifimbriatain
the present study could be attributed to the pdjoas response to their present environment ang tio the
present selection pressures existing in each gpbigi location they are in. One example of setecpressure that
could have contributed to their differentiatioroigerfishing/overexploitation sinc®. fimbriatais one of those fishes
in the Philippines reported to be under heavy fighpressure along witls. gibbosaand S. lemur{#4].
Consequently, the phenotypic plasticity of fishréi®y allows them to respond and adapt to enviromnahe@hange
by modifying their morphology and behaviour whickeetually lead to changes in their morphology, oejpiction,
or survival that alleviate the effects of such eowimental change [45].

CONCLUSION

Geometric morphometric analysis was applied indhscription of body shapes 8frdinellafimbriatafrom the
bays of Butuan City, Dipolog City, and PagadianyCResults from the MANOVA, CVA, and DFA indicatkat
there are significant differences between sexeS. dimbriatain each population as well as significant diffaes
within sexes between populations. Hence, sexuabilihism was observed to be existing in each populat
Geographical isolation also is a great contributfagtor to the observed distinction between pojumat of S.
fimbriata since isolation permits little to no interactiontérmingling between populations causing limitasiam the
exchange of genes. Additionally, it could also bmpbasized that such changes resulted from the
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response/adaptation developed by each populatictheio environment or to different selection pressulike
overfishing/overexploitaion present in their regpacgeographical location. Overall, geometric nieometric once
again proved its ability to distinguish variatiotigat exist within and among populations. Howevearpwledge
about the genetics of these morphological variatiwould give this study a more solid ground sinsevidedge of
both phenotypic and genetic aspects are equallgpitapt in studying the diversity of an organismezsally when
it comes to their proper management.
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