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Statistical method to assess Tachypleus gigas and
Carcinoscorpius rotundicauda (Xiphosura) allometry
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ABSTRACT: Morphology measurements could be used as a scale when converted into
length-length or length-weight relationships. Size relationships could indicate variability for
health and growth within horseshoe crab populations. However, in previous attempts, the
selection of morphology units changed with every population. Basically, mean, and standard
deviation was employed and median values became the baseline for normal classification. In
this study, a linear equation was extracted for each morphology measurement. After insert-
ing the mean values into the equation, a huge majority of Carcinoscorpius rotundicauda
were within the normal or enlarged size scale. The similar was achieved for Tachypleus
gigas except for the female group in which more crabs were indicated with normal body
size. Comparatively, a greater number of males were scaled in the larger range. Meanwhile
for other tests, the morphology measurements were square-root transformed. Resemblance
was used to obtain a mirror expression for the transformed data. Draftsman plot revealed
the data scattering while Link Tree analysis indicated dependable measurements and their
range for allometry. Then, stepwise regression was employed and only matching variables
were selected. Hence, the measurement units because reduced by 50%. This practice was
generally introduced to minimize the management of large datasets. Therefore, the telson,
prosoma length and opisthosoma width were selected for male horseshoe crabs whereas
prosomal length was replaced with interorbit distance for the female crab. In relation to
obtaining a huge majority of samples in the normal and positive allometry category, north-
ern shores of Java could be indicated with sufficient resource supply. This study highlights
revision in mean values which could become baseline for each morphology measurement
during the assessment of allometry in populations of Java, Indonesia.
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PE3IOME: Mopomoruaeckne mpoMepsl MOTYT OBITh UCTIONB30BAHbI KaK IKajda OyIydH
KOHBEPTUPOBAHBI B COOTHOIICHUA JJIMHA-AJIMHA U JIJINHA-BEC. CooTHOIIEHUS pasMeEpoB
MOT'YT YKa3bIBaTb Ha U3MCHCHHUA COCTOSAHHA 310POBbA U CTCICHU POCTAa B MOITYIALUAX
MEUYEeXBOCTOB. TeM He MeHee, B MPEbLIYIINX HCCIIETOBAHUIX BEIOOP MOP(OIOrNIECKUX
SIMHULL PA3INYaCS MEXKIY MOMyIsuIMA. VICXOIHO, B KaueCTBE OCHOBBI HOPMAJIbHOM
KJIacCU(HKALIMU HCIIOJIb30BAIN CPEIHNUE BEJIUYUHEL, T.€. CPEIHEE U CTaHIAPTHOE OTKIIO-
HeHue. B 1aHHOM HccnenoBaHuu, Ul KaXI0ro MOp(OIOrHYecKOro MpoMephl BEIBEICHO
JIMHEHHOE YpaBHCHHUC. Tlocne BBCACHUA B YPAaBHCHHUEC CPCAHUX BCIMYUH, MMOAABIAIONICE
GonbIMHCTBO 0cobeit Carcinoscorpius rotundicauda okazanoch BHYTpU HOPMJIbHOM WK
YBEIMYCHHOH pa3MepHO# mKasbl. CXOIHbIE pe3ybTaThl ObLIH MoNydeHs! it Tachypleus
gigas 3a MCKIIOYCHUEM TPYIIBI CAMOK, B KOTOPBIX O0JIbIIe 0co0el ObLIO yKa3aHO Uit
HOpMaIbHOTO pa3mepa Tena. COOTBETCTBEHHO, OOJIBIIIee YUCIIO CaMIIOB OBIJIO OTHECEHO K
mIkase 6oIbIIero pa3mepa. B cpaBHEHNY ¢ APYTHMH TeCTaMHU, MOP(OIOrHUSCKHE TPOMEPBI
ObLTH TPAaHC(POPMUPOBAHEI ITPH IOMOIITH yPaBHEHUS KBaAPaTHOTO KOpH:L. J{J151 3epKanbHOro
0TOOpakeHUsI TPAaHC(HOPMHUPOBAHHBIX TAHHBIX ObLIa HCIIOIb30BaHa Mepa roxooust. Ueprex-
HbIiT penaktop Draftsman mokasan pazopoc qaHHBIX, Toraa kak aHanu3 Link Tree BBISBHI
3aBHCHUMBIC H3MEPEHHUS U UX YPOBEHB IS aJlIOMeTpUH. TakuM 00pa3zom, Obuia HCIONIB30-
BaHa IIOIIAroBasi perpeccusi 1 BHIOpaHbI TOIBKO COIIaCOBaHHbIE epeMeHHble. [Ipu aTom
€IMHHUIIBI N3MEPEHUs ObITH peynupoBanbl Ha 50%. DTa mpakTHKa 0OBIYHO UCTIONB3YETCS
1A MUHUMU3alun YIIPaBJICHUA OOJIBIIUMH JaHHBIMH. I_I.]'Ifl CaMIIOB MCUYCXBOCTOB ObLTH
BLI6paH]>I JJIMHA T€JIbCOHA, JJIMHA IPOCOMBI U IUPHUHA ONMUCTOCOMBI, a JId CaMOK JJIMHA
IIPOCOMBI ObllIa 3aMEHEeHa Ha MeKopOHuTanbsHoe paccTosHue. CeBepHoe 1mobdepesxse SIBbI
MOXXET PacCMaTPUBATHCS KaK yIOBICTBOPHTEIIBHBIA HCTOYHUK MEUYEXBOCTOB, HOIABIISIO-
niee GONBIIMHCTBO KOTOPBIX OTHOCSTCS K HOPMAJIbHOM U O3UTUBHON aJNIOMETPHYECKUM
kareropusiM. Hacrosmiee uccieioBanue yka3pBaeT Ha HEOOXOIXMMOCTb PEBH3HHU CPEIHUX
BEJIMYHMH, KOTOPBIE MOTYT CTaTh 0CHOBOM Ka)KJI0T0 MOP(OJIOrHYECKOTO0 IIPOMepa JJIsl OLICHKH
AJUIOMETPUHN B TONYIANNUAX MEYEXBOCTOB Ha ﬂBe, I/IHJIOHC?)I/IH.
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Introduction

The exoskeleton structure of horseshoe
crabs has remained unchanged throughout their
existence. However, the arthropods were thought
to shrink in size with every generation cycle.
For instance, the total length of 500-million-
year-old fossils that measured 84 cm (Moreau
et al., 2014) were then replaced by smaller
surviving generations that age 280—450 mil-
lion years. These include the Carcinoscorpius
rotundicauda (Latreille, 1802) with total length
of 40 cm, it is 69 cm for Tachypleus gigas (O.F.
Miiller, 1785), 62 cm for Limulus polyphemus
(Linnaeus, 1758) and 79.5 cm for T tridentatus
(Leach, 1819) (Srijayaet al.,2010; Mohamad et
al.,2016; Jawahir et al., 2017). Size reductions
were perhaps an evolutionary response as each
younger generation adapts with the changing
environment. Meanwhile, horseshoe crabs take
about 17 molt cycles to reach maturity; the male
has one moltshortand ends atthe 16" moltcycle.
Therefore, sexually mature male horseshoe crabs
would generally occur in the smaller size range
if compared to its suitor. In L. polyphemus, a
single female would measure 22% larger than
a male and individuals from southern waters
were appearing larger than individuals from the
North (Botton, Loveland, 1992). Meanwhile, the
prosoma of 7. tridentatus and C. rotundicauda
measured larger for populations in Hong Kong
when compared to individuals retrieved from
the mainland in Fujian, China. Interestingly, the
variations were not limited to sexually mature
adults but it did occur in samples from differ-
ent life stages; such as sixth-molt juveniles and
onwards (Chiu, Morton, 2003). This indicates
that not all horseshoe crabs end up in standard
or similar size after completing the final molt or
when reaching maturity.

In early periods of research concerning the
biology ofhorseshoe crabs, retrieving horseshoe
crabs in different sizes did not receive much
attention because literature was scarce as well
as inadequate to make viable comparisons. In

addition, researchers assumed these arthropods
endured a series of fixed annual molt cycles
that give each individual uniform size appear-
ance upon reaching sexual maturity. However,
literature begun to emerge with mentions on
size variations in the arthropod. First observa-
tions emerged for both, the American (Botton,
Loveland, 1992) and Asian species (Vijayakumar
et al., 2000). With this, the influence of size
towards fitness became another mode in explor-
ing the biology of horseshoe crabs. Yet, visual
inspections alone were somewhat focused on
epibiont infestation, degeneration, and deformi-
ties, and carapace damage (John et al., 2018).
Disease does not occur in horseshoe crabs unless
they became weak or fatigue from dehydration.
Since horseshoe crabs were only encountered
during mating where they emerge into shallow
waters in amplexus (Nelson et al., 2015), their
participation in this monthly routine overrides
any form of understanding produced from visual
inspections alone. Basically, for researchers, if
the arthropod could attract a mate, they were
assumed with good health.

Like geospatial scaling, the body plan of
horseshoe crabs could be mapped and measured
using a series of morphology units. However,
obtaining these units is not easy because horse-
shoe crabs have an uneven 3-dimentional body
plan and therefore, every measurement needs
to be short and the measuring points must be
near. Interestingly a total of 36 length and
width measurements were proposed (Wardi-
atno et al., 2021). Unfortunately, specialists
in big dataset were needed to manage a high
number of measurements. Basically, fewer
keys and small set of data were preferred for
the length-length and length-weight analysis.
Then, a range of body scale or allometry could
be proposed in the form of negative, normal, or
positive definitions (Vijayakumar et al., 2000).
Again, researchers such as Sahu & Dey (2013),
Mohamad et al. (2016), Jawahir et al. (2017),
Razak & Kassim (2018) and Agustriani & Putri
(2021) were challenged by inconsistencies in
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choosing the most influencing morphology
units to indicate allometry. Since the study of
Vijayakumar ef al., 2000, the 8-9 morphology
units were maintained and it followed with
descriptive analysis such as average, percent-
age and standard deviation values (Mohamad
et al., 2016). Generally, any outliers from this
range would be considered with negative (if
below the range) or positive (larger exhibits
in value) allometry.

This idea was retained in setting a new ap-
proach that used statistics. In the first attempt,
Mohamed ez al. (2021) indicated the differences
of using the descriptive methodology and com-
pared it with a series of data treatments that
used linear equation, correlation, and regression.
Stepwise regression was essential to limit the
morphology keys to fewer measurements that
have the best validation. Only then a baseline
median value could be proposed for each of the
morphology unit. It follows with organizing
large and small values into classifications like
positive, normal, or negative for the allometry.
In the second attempt, Chan et al. (2022) used
a larger set of samples and divided the entire
group into male and female.

Stepwise analysis was reliable in both stud-
ies when applied to select morphology units
that influence allometry. Interorbit distance
and prosoma length were respectively suitable
for female and male while samples containing
juveniles could rely on telson and carapace
width measurements. Correct allometry sug-
gestions could have added support in studies of
Fairuz-Fozi et al. (2018), Zauki et al. (2019),
Patiet al. (2021) and Pramanik ez al. (2021) that
examined feeding habits and size variations. To
this point, the published method was only tested
on crabs from Malaysia. The aim of this study is
to carry out similar assessments on 7. gigas and
C. rotundicauda from northern shores of Java,
Indonesia. These arthropods were measured
from local mongers in Semarang who associ-
ated with suppliers. Hence, the only awareness
concerning location source is the regional waters
of northern Java, Indonesia. Based on the aim of
this study, if the morphology keys such as telson,
carapace width, interorbit distance (female) and
prosoma length (male) were still indicated after
the stepwise analysis, this approach could be the
breakthrough inanalyzing the scale (or allometry)
of these arthropods.

L. Meilana et al.

Materials and Methods

DESCRIBING THE MORPHOLOGY. The
dorsal section of a horseshoe crab is divided into
prosoma, opisthosoma and telson. With an uneven
3-dimentional shape, each section could be measured
by using a flexible measuring tape. The starting
point for each section whether plotted diagonally or
horizontally implies a single measurement for the
morphology. For instance, the interorbit distance is
considered the length between each of the false-eye
sockets whereas carapace width is the measurement
between two prosoma spines. Therefore, a total of 9
length measurements could be proposed to measure
the body plan for a single horseshoe crab (Fig. 1).

SCALE METHODOLOGY. A total of 115 C.
rotundicauda and 89 T. gigas were collected from
northern shores of Jawa, Indonesia. The morphology
ofthese crabs was measured by using length and width
dimensions to scale their body plan (Fig. 1, Suppl.
Tables S1, S2). Every dimension was arranged by
species and separated by gender in an ascending order
before the extraction of mean and standard deviation.
This was the descriptive analytical method which was
introduced by Vijayakumar et al. (2000). After set-
ting a baseline (the median value for a series of data),
relevant morphology measurements were compared
to develop allometry relationships. Any size below
the baseline value was classified as negative whereas
values larger than the baseline was positive.

THEANALYTICALPROCEDURES. Inanother
Microsoft Excel sheet, a linear graph was developed
from each set of morphology measurements. Then,
linear equations (y = mx + ¢) and regression (R?)
scores were extracted and compiled. Meanwhile, a
new Microsoft Excel sheet was created before exported
into Primer v.7. In this dataset, the samples were
already divided by species (C. rotundicauda and T.
gigas) and gender (male and female). The protocols
of Mohamad ez al. (2021) and Chan et al. (2022) were
adopted for the following analyses. Square root (VXi)
transformation was carried out on the data before Bray-
Curtis cluster analysis to generate the Resemblance
matrix. The first analysis was Draftsman’s plot for
observations related to scatter of data. Second, Link
Tree analysis was carried out to identify relative sub-
group separation and absolute measure of group dif-
ferentiation (through the Similarity Percentage). This
information could be retrieved from indicative values
that associate with each set of morphology variable.
In the last step, a stepwise regression amalgamated
with Pearson’s correlation was developed. The high-
est stepwise regression scores (value ~1) were used
in the final selection of measurements. These scores
were assumed with reliability for exact indication
of allometry. In the second sheet, only the standard
deviation (o) was used to produce a revised range for
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Fig. 1. The body plan of a female Tachypleus gigas and basic morphological measurements.

1 — prosoma length, 2 — carapace length, 3 — opisthosoma length, 4 — telson length, 5 — interorbit width, 6 — prosoma
width, 7 — opisthosoma width, 8 — carapace width, 9 — total length.

Puc. 1. Ctpoenue tena camku Tachypleus gigas 1 0CHOBHbIE MOP(OIOTHYECKUE TPOMEPHL.

1 — nnmHA MPOCOMBI, 2 — JUTHHA Kaparakca, 3 — JUIMHa OMUCTOCOMBI, 4 — JUIMHA TeIbCOHA, 5 — MHTEpOpOUTaIbHASL
LIMpUHA, 6 — IIMPHHA IPOCOMBI, 7 — IIMPHUHA OITUCTOCOMBI, 8 — IIMPUHA Kapanakca, 9 — o0mias JauHa Tena.

each set of morphology. These values were manually
inserted as x- value into the previously extracted linear
equation (y = mx + ¢). The range of values whether
large or small was determined by the mean (X) value
which was the new baseline for each morphology
cluster Only them, it is possible to organize the final
output into abody scale reservation c.f. (Vijayakumar
etal.,2000) classified as negative, normal, or positive.

Results

The horseshoe crab body plan was assessed
by each species and in the first assessment, there
were 47 female and 68 male C. rotundicauda. A
total of 9-morphometric indicators were selected
to represent the exoskeleton dimensions of this
arthropod (Suppl. Table 3). Length-length and
length-width relationships via Draftsman’s plot
indicated 1-2 asymmetrical measurements for
female C. rotundicauda that involved prosoma,
opisthosoma, carapace and telson (Fig. 2A). It
was 1-5 asymmetrical measurements between
eachmorphological variable in the male crab (Fig.
2B). The linear equations produced regression
scores (R?) that ranged 0.633-0.991. Through
descriptive analysis (x+c), 6—11 female crabs

couldbe considered withnegative allometry. The
ascending order for measurements were opist-
hosoma length<prosoma width, telson length,
total length, carapace length<prosoma length,
opisthosoma width, interorbit length<carapace
width. Ahuge majority between 29 and 37 female
crabs were having normal allometry. In fact, 37
female crabs could be considered with normal
allometry if opisthosoma length was used and
it reduced to 29 crabs if the total length and
prosoma length was considered.
Comparatively, between 4 and 10 fe-
male crabs were considered with positive
allometry when the morphology measure-
ments were arranged into an ascending
order from opisthosoma length<carapace
length, carapace width<prosoma width, in-
terorbit length<telson length, opisthosoma
width<prosoma length<total length. Only the
carapace length and opisthosoma length were
reliable for having closely associated organiza-
tion for the number of crabs. In another analysis,
47-59 male horseshoe crabs were indicated with
normal allometry with 4-10 individuals having
negative allometry and 4—12 individuals having
positive allometry. Only the interorbit length,



184 L. Meilana et al.
Sl o mied Female Carcinoscorpius rotundicauda
R

150 o .

- . 5 b s

3 :;: .-..; Eo) h :.-.u._? [

100| ,\.ﬂ‘ . -:-.

20 ot ot

JE5S ¢

acl ISR AP

olLet” kT
[, o
o 3, - : s L

“Lawu ey R P
g | ane

X
2, T % o
5 slfais sar e o
. .ot ~at ol sty
2 at ar? fans

110
= 100
O 50|

20fla, ol

il i 5 el T s
Z 119 SR it P e S
O 100)| o . Cis 2 e %

sofe e 3+ 2 R PR KA

250 300 100 150 100 120 140 160 60 70 80 60 80 100 120 140 160 50 55 60 65 70 80 90 100 110
TL Telson CL PL oL PW 1oL ow

Telson
r
‘%‘!

Male Carcinoscorpius rotundicauda

O | st

%
’ .
& -

S

70|

0| . aauty ® .
ol A e

s : ]

%0 B ol o~ P

2 2 - ] Ll

& 100] ;,Jﬁ- d “-_-F-E -_ﬁ‘#
|
48 i o5 " -
= H F ’ .

o et o ol

100 o P a |
= oo 3 enet aiie 2ot Py P
5 « W B e s 7

o e He o & i

O gl
. 'ad . . s ™ P L3
A e . o g L i
200 250 300 100 120 140 160 100 150 60 70 80 30 40 50 60 70 100 120 140 50 60 70 70 80 90 100
Telson CL PL Ol PW oL ow

Fig. 2. Draftsman’s plot for series of resemblance involving (A) female and (B) male Carcinoscorpius ro-

tundicauda morphology values.

CL — carapace length, CW — carapace width, [IOL — interorbit length, OL — opisthosoma length, OW — opisthosoma
width, PL — prosoma length, PW — prosoma width, Tel — telson, TL — total length.

Puc. 2. Pesynbrarsl ucnons3oBanust pegakropa Draftsman ans mogo6ust Mopdonornyeckux moxasareneit
camok (A) u camuos (B) Carcinoscorpius rotundicauda.

CL — nnnna xapamnakca, CW — mupuHa kapanakca, IOL — unTepopOuTansHas mHa, OL — 1yiMHa OnmucToCOMBI,
OW — ummpuna onuctocoMsl, PL— nimaa npocomst, PW — mmprna mpocomsl, Tel — tenbcon, TL— o6mast jutiHa tena.

carapace width and carapace length could be
considered with reliability.

Link Tree cluster of female C. rotundi-
cauda was indicated with relative = 0.97 and
absolute similarity percentage = 98% for the
prosoma width (130—159 mm), interorbit length
(65-80 mm), prosoma length (75-88 mm),

carapace width (115-135 mm), total length
(286312 mm), opisthosoma length (64—71 mm),
opisthosoma width (100-105 mm) and telson
length (165-167 mm; Fig. 3). It was relative =
0.82 and absolute similarity percentage = 93%
and only the carapace width with medial range
(baseline) at 99—105 mm was indicated for the



Horseshoe crab allometry through statistics

Link Tree for female Carcinoscorpius rotundicauda
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OL: 43-50 mm, IOL: 45-50 mm, OW: 75-77 mm, CW: 89-91 mm, CL: 100-103 mm, Telson: 122-123 mm
3 TL: 260-262 mm

; OW: 87-90 mm

PL: 58-60 mm, PW: 106-109 mm, CL: 103-107 mm, CW: 98-100 mm, TL: 233-234 mm

CL: 113-115 mm

5 IOL: 53-54 mm, TL: 240-244 mm, PW: 111-112 mm

; CW: 91-100 mm, PL: 60-63 mm, OW: 82-85 mm, CL: 109-115 mm, IOL: 50-52 mm, OL: 50-52 mm, Telson: 146-150 mm

AM: R=0.78; B%=22; |OL: 53-58 mm, Telson: 155-165 mm, OL: 55-59 mm, CL: 119-125 mm, PW: 118-120 mm, TL: 270-271 mm

Fig. 3. Link Tree analysis for each female Carcinoscorpius rotundicauda morphology separated by relative

and absolute measures of its values. Abbreviations as is Fig. 2.

Puc. 3. Ananuz Link Tree mns mopgonorun xaxaoit camku Carcinoscorpius rotundicauda, otneneHHoR

OTHOCHUTEJIbHBIMU U a0COTIOTHBIMHU JJAaHHBIMU €€ ToKazareJsien. COKpaH.[eHI/IH Kak Ha puc. 2.
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Fig. 4. Link Tree analysis for each male Carcinoscorpius rotundicauda morphology separated by relative
and absolute measures of its values. Abbreviations as is Fig. 2.

Puc. 4. Amamu3 Link Tree s mopdonorun kaxxnoro camua Carcinoscorpius rotundicauda, oTaeneHHOro
OTHOCHTEIBHBIMH U a0CONIOTHBIMH JAHHBIMH €TO0 Noka3zareneil. CokpalieHus Kak Ha puc. 2.

male C. rotundicauda (Fig.4). However, after the
stepwise analysis, only telson and opisthosoma
width were indicated with best reliability. If the
telson was considered since it had the highest
regression score (0.964), 31 female crabs were
demarcated with normal allometry. It became
reduced to 23 if the opisthosoma width was
considered. Comparatively, if the analysis was
specific towards female crabs, the interorbit
length was preferred. Therefore, about 18
horseshoe crabs could be considered with nor-
mal allometry whereas the remaining 29 were
demarcated with positive allometry for having
larger size than the baseline value. Percentage
values were added into morphometric revisions
to indicate changes after resetting the baseline
values for morphology measurements. It could
lead to drastic reorganization of male and fe-
male allometry (Suppl. Table 3). For example,
the changes between descriptive analysis and

baseline corrections were large that it could vary
from —29.8 to —2.1% for the normal allometry
of female crabs.

Although telson length was the second larg-
est measurement (X = 129.1 mm) for the male
horseshoe crab, butthe range of x became reduced
to 114.6 mm in the linear equation (Suppl. Table
3). Alike the female, the male was indicated with
0.956 for their stepwise regression score of the
telson. From this, 1 male crab was indicated
with negative allometry, 62 crabs were having
normal allometry and only 5 crabs were having
positive allometry. Ifthe opisthosoma width was
considered, the percentage of male crabs with
positive allometry increased by 47.1% or by 32
individuals. Overall, the prosomal length was
selected as preferred morphology to scale the
size of male horseshoe crab (stepwise regres-
sion score = 0.953). With this, 31 crabs could be
considered with normal allometry whereas most
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Fig. 5. Draftsman’s plot for series of resemblance involving (A) female and (B) male Tachypleus gigas

morphology values. Abbreviations as is Fig. 2.

Puc. 5. Pesynbrars! ucronszoBanus pepakropa Draftsman aist cepuu mogo0uii Bkitodas Mopdosioruueckne
noka3zarenu caMok (A) u camuoB (B) Tachypleus gigas. Coxpamienus kak Ha puc. 2.

of them (37 individuals) were demarcated with
positive allometry.

The abundance of 7. gigas was slightly less
in northern shores of Java during the sampling
period. Only 50 female and 39 male crabs were
retrieved. The 7. gigas isroughly 28% larger than
C. rotundicauda and has a telson-to-carapace
ratio of 1 : 0.96; somewhat with symmetrical
body dimensions. However, the 7. gigas were
occurring in wide range of measurements for
each morphology unit. Values for opisthosoma

length, prosoma length and telson length of the
female 7. gigas were scattered in resemblance
relationships (via Draftsman’s plot) (Fig. 5A).
Comparatively, the values of all male 7. gigas
morphology units were horizontally aligned and
itimplies thatx/y>1 (Fig. 5B). The male 7. gigas
could be considered with disproportional body
plan for its length and width scale. In addition,
the X total length for both, female and male were
327.0 and 319.8 mm and ¢ were large in range,
at £97.1 mm for the female and £30.3 mm for
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Fig. 6. Link Tree analysis for each female Tachypleus gigas morphology separated by relative and absolute

measures of its values. Abbreviations as is Fig. 2.
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1 a0COMIOTHBIMH JaHHBIMH ee MokasaTesneid. COKpaleHus Kak Ha puc. 2.

the male. Perhaps, the disproportional body plan
between male crabs was responsible for the R?
scores thatrange 0.5653—0.9903 (Suppl. Table 4).

If descriptive statistics were considered for
the female, between 24 and 35 crabs would be
classified with normal allometry, between 3 and
13 crabs with negative allometry and between
9 and 13 crabs with positive allometry. The
ascending order for negative allometry would
be opisthosoma length<prosoma width<telson
length<total length, prosoma length, carapace
width<carapace length, interorbit length, opist-
hosoma width; for normal allometry it would be
carapace length<interorbit length<opisthosoma
width, prosoma length<total length<carapace
width<telson length<opisthosoma length, pro-
soma width and; forpositive allometry it would be
organized as telson length, carapace width<total
length, opisthosoma width<opisthosoma length,
interorbit length<carapace length, prosoma
length (Suppl. Table 4).

There was contrasting difference for the male
as 3-8 crabs were demarcated with negative
allometry, 27-34 crabs with normal allometry
and 1-7 crabs with positive allometry. However,
based onthe R?scores, only total length (0.9162)

and carapace width (0.9288) could be accepted
for the descriptive statistics. As such, 6 crabs
were both indicated with negative and posi-
tive allometry whereas the remaining 27 crabs
were having normal allometry; n = 39 (Suppl.
Table 4). Link Tree clustering of female 7. gigas
morphology was indicated with relative = 0.91
and absolute similarity percentage = 97% for its
interorbit length (70-80 mm), carapace width
(115-125 mm), carapace length (142—154 mm),
opisthosoma width (95-100 mm) and total length
(296-304 mm; Fig. 6). It was relative = 0.98
and absolute similarity percentage = 99% for
the male T gigas in which, the interorbit length
(54-66 mm), carapace width (102—112 mm),
total length (245-267 mm), prosoma length
(61-65 mm) and carapace length (110-113) were
best to indicate the allometry (Fig. 7).

The stepwise regression could be considered
the best protocol in choosing measurements
that have the most relevance with allometry of
horseshoe crabs. The telson and carapace width
was indicated with highest regression scores
in the range of 0.880-0.945. Meanwhile, the
stepwise regression was consistent for interor-
bit length and prosomal length measurements
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Fig. 7. Link Tree analysis for each male Tachypleus gigas morphology separated by relative and absolute

measures of its values. Abbreviations as is Fig. 2.

Puc. 7. Ananus Link Tree juist Mopdonoruu kaxaoro camua Tachypleus gigas, OTAGIEHHOTO OTHOCUTEIEHBIMU
1 aOCOFOTHBIMHU JTAHHBIMH €ro rokasateneil. COKpalieHus Kak Ha puc. 2.

when tested to select measurements that were
most desired for horseshoe crab size analysis
according to their gender. After revising the X
(as median baseline) measurement, between 9
and 32 female crabs were indicated with positive
allometry (Suppl. Table 4). However, if interorbit
length was solely considered, only 28 female
crabs were having normal allometry. It was 16
male crabs if prosoma length was considered.
Comparatively, 14 female crabs were indicated
with negative allometry if interorbit length was
observed whereas only 2 male crabs were hav-
ing negative allometry when prosoma length
was considered. About —8.0% female crabs or
reduction of 4 individuals and +35.9% or sur-
plus of 14 crabs were associated with positive
allometry for the same indicators. This shows
revision in baseline values produced consistent
results especially in samples comprising of sexu-

ally mature adult horseshoe crabs that occur in
broad range of body dimensions.

Discussion

Previously, pairs in length-length, length-
width, length-weight, and width-weight relation-
ships were used for horseshoe crab allometry
analysis (Jawahir et al., 2017). Generally, raw
data were consecutively matched but the mea-
surement pairs were inconsistent. This was
generally the treatment seen in Draftsman’s plot
where forthe male 7. gigas, the plot areas became
horizontal instead of being linear. In comparison,
this study used the protocol of Mohamad et al.
(2021) to set medial measurement (perhaps
a baseline) for 7. gigas and C. rotundicauda
morphology. The populations of northern Java,
Indonesia were assessed. Stepwise regression
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was used to screen gender-exclusive measure-
ments. For instance, about 23-31 female and
25-62 male C. rotundicauda were normal sized
whereas 11-24 female and 37—43 male crabs
were oversized. By revising the mean baseline,
this study corrects an opinion (¢f. Syuhaidaetal.,
2019) that horseshoe crabs of Java were mostly
inthe negative allometric range. For populations
of northern Java, 40% were having normal al-
lometry and 35% were having positive allometry.

Compared to Link Tree analysis and other
multivariate analysis, stepwise regression could
identify predictors and is applicable for large
datasets (Bain et al., 1988). Link Tree analysis
was used for categorizing samples with inde-
pendent and dependent variables but mostly, it
involvedaseries of biological and environmental
attributes (Lloyd et al., 2020). Based on the
outcome, stepwise regression was a preferred
choice for analysis that involves morphometric
datasets (Dibble ef al., 2015; Prather, Kaspari,
2019). Previously, stepwise regression was useful
to identify predictors in both, abundance, and
edaphic conditions. However, log-transformation
and Kendall’s resemblance was used (Nelson et
al.,2016). Another study used log-transformation
and Bray-Curtis’s resemblance in predicting the
influence of environment conditions towards
organism size (Sari et al., 2020; Meilana et al.,
2021;Maulanaetal.,2023). At present, by using
square-root transformation and Bray-Curtis’s
resemblance, the prosoma length and interorbit
length were best to ascertain gender-wise al-
lometry. General measurements such as carapace
width and telson length could result in false
readings when horseshoe crabs were discovered
damaged or deformed.

With similarities to Chan et al. (2022),
firstly, stepwise regression screened the nine
measurements and only indicated four as most
influential units for allometry analysis. Secondly,
there was consistency in the selection; prosoma
length, carapace width, interorbit length and
telson length exhibit the highest scores (R? ~1).
Thirdly, mean baseline measurements for C.
rotundicauda and T. gigas morphology were
revised and the number of crabs associated with
positive allometry became increased. Fourthly,
this approach sets a nominal size baseline in
comparison to descriptive statistics that only
use mean and standard deviation. Lastly, by
being able to screen baseline size measurements

L. Meilana et al.

of geographical isolated populations, this uni-
versal approach is novel and breakthrough for
horseshoe crab allometry. With 1 : 1 ratio for its
length-to-width (Buhler, Grey, 2017) and asym-
metrical aperture (Chamberlain, Barlow, 1987),
this approach could be used in L. polyphemus
for the understanding of retrogressive edaphic
adaptation with modernization.

The samples in Java were mostly skewed
towards normal size or otherwise a small portion
were having larger dimensions for their body
plan. These samples have already reached the
final 16" and 17" molt (Sekiguchi et al., 1988).
Number of molts are responsible for dimorphic
observations between their genders. Basically,
the morphological dimensions classify these 7.
gigas and C. rotundicauda as sexually active in
the mature size class. These crabs were discov-
ered in mating pairs (or in amplexus). While
the horseshoe crabs were not demarcated with
deformities or damage, these arthropods were
assumed to have occurred naturally with their
existing body size. Parental genetics could be
responsible. It was indicated with populations
of L. polyphemus (Botton, Loveland, 1992) and
both, C. rotundicauda as well as T. tridentatus
(Chiu, Morton, 2003). Similarly, these arthropods
(or current samples) were from northern Javaand
both species co-existed as a single population.

With telemetry conformationin 7. tridentatus
that a single female has smaller range than the
male (Watanabe et al., 2022), the chances of
populations to have mixed constituents could
be rare because sperm competition does not
occur entirely in Java, Indonesia. Recent find-
ings stipulate between 4-5 female crabs for
every male crab encountered (Supadminingsih
et al.,2022). Meanwhile, though segregated by
a large peninsula, genetic information revealed
that populations of horseshoe crabs do not mix
unless, they were intentionally discarded after
becoming entangled in fishermen nets (Fairuz-
Fozietal.,2021). Therefore, in this circumstance
concerning the populations from northern Java,
capturing normal and enlarged sizes would
generally mean that resources (or sustenance)
were beyond adequate in supporting all life
stages during the horseshoe crab development.
The richness or diversity in food sources have
provided sufficient nourishment to 7. gigas and
C. rotundicauda and this demarcates northern
waters of Java with stable food network.
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Conclusion

The population of horseshoe crabs from
northern Java, Indonesia was inspected for their
allometry using statistics that involve mean size
revision and only predictive morphology mea-
surements were selected after stepwise regres-
sion analysis. Initially, mean values demarcate
C. rotundicauda and T. gigas in the normal
allometry but with the median baseline, the
number of individuals having negative allometry
became reduced and those having positive al-
lometry was increased. Firstly, the assessment
method is a breakthrough for allometry analysis
in horseshoe crabs. It was useful for populations
that have 1 : ~1 body plan. Secondly, by having
a greater number of crabs in normal and positive
allometry, there is possibility that northern shores
of Java, Indonesia have diverse assemblages of
food sources that support healthy feeding habits
for horseshoe crabs.
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