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On abnormal Carcinoscorpius rotundicauda (Latreille, 1802)
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ABSTRACT. Xiphosurida are iconic group of ma-
rine chelicerates that have been subject to more than
200 years of neonatological and palaeontological scru-
tiny. However, recent studies have identified that there
is very little data concerning abnormal specimens, and
even less data on wild populations. The present study
aims to rectify this dearth of information by document-
ing abnormal Carcinoscorpius rotundicauda from the
Indian Sundarbans. We illustrated 36 abnormal speci-
mens and attribute the abnormalities to injuries. Mor-
phological differences between injured relative to non-
injured individuals are considered and possible causes
for injuries are discussed. Major anthropogenic threats
are highlighted, with the aim of illustrating the key
directions needed to conserve the unique mangrove
horseshoe crab in the Indian Sundarbans.
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PE3IOME: MeuexBocTtsl (Xiphosurida) — rpymma
MOPCKHUX XEJIHIIEPOBBIX, KOTOphie Oomee 200 et cimy-
KaT OOBEKTOM KJIACCHUECKMX HEOHATOJIOTMYECKUX U
[aJICOHTOJIOTNYECKUX UccienoBaHuil. Tem He MeHee,

BBISICHHJIOCH, YTO JJaHHEIC 00 aHOMAJIbHBIX K3EMILIS-
pax, Tem OoJiee U3 TUKUX IMOMYJIANNH, KpaiHe HEMHO-
TOYHCIICHHBI. 3a/lada HacTOsmeH paboThl — ITOTION-
HUTH HEIOCTaTOK MH(POPMALIMU CBEACHUSAMH 00 aHO-
ManbHbIX Carcinoscorpius rotundicauda W3 WHIHIAC-
kot yactu CyHmapOaHa, 30HBI MAHTPOBBIX JIECOB B
ycTbe ["anra. Onucano 36 aHOMaJIbHBIX HK3EMIIISIPOB,
AHOMAJIMU KOTOPBIX MPUBS3aHBI K OMPEICICHHBIM TI0-
BpeXICHUAM. PaccMoTpeHsl Mopdororndeckue pas-
JUYUS MEXKY TTOBPEKICHHBIMHI F HETTOBPE)KICHHBIMH
9K3EMIUIIpaMH, OOCYKIAIOTCS BO3MOYKHBIE MPUUNUHBI
noBpexaeHui. C 1eNbl0 MIUTFOCTPAlluU KII0YEeBBIX Ha-
MPaBIICHUIA OXPaHbl YHUKAJIBHBIX MAHTPOBBIX MCUCX-
BoCcTOB B mHauiickom CyHmapOane 0co00 MOTUepKH-
BAIOTCSl OCHOBHBIC aHTPOTIIOTCHHBIE YTPO3HI B OTHOIIIE-
HUH 3TUX XEITUICPOBHIX.

Introduction

Xiphosurida, the so-called horseshoe crabs, are ex-
tant marine chelicerates that survived the major Phan-
erozoic mass extinctions [Rudkin et al., 2008; Bick-
nell, Pates, 2020a]. Their fossil record extends back at
least 480 million years [Van Roy et al., 2010] and
members of the group show little morphological change
between the Jurassic and extant taxa [Bicknell et al.,
2019b; Bicknell, Pates, 2020a]. Despite an exceptional
palaecontological record of diversity and disparity



64 S. Das et al.

[Naugolnykh, 2018; Bicknell, 2019¢; Bicknell, Pates,
2020a; Bicknell ef al., 2020], there are only four extant
horseshoe crabs species. These are the American horse-
shoe crab — Limulus polyphemus (Linnaeus, 1758), a
species found along the eastern North America coast
— and the three species restricted to Indo-Pacific re-
gion: Tachypleus tridentatus (Leach, 1819), T. gigas
(Miiller, 1785), and Carcinoscorpius rotundicauda (La-
treille, 1802) [Shuster Jr., 1982]. The north-eastern
Indian coast is a preferred breeding and spawning
ground for 7. gigas and C. rotundicauda. These co-
occurring species have a distribution from the West
Bengal to Odisha coasts, and possibly into the northern
Andhra Pradesh [Tripathy ef al., 2018]. Of these areas,
the Odisha coast represents the main habitat for horse-
shoe crabs in India, especially 7. gigas. This region has
therefore been more thoroughly studied than the West
Bengal population (Table 1).

The world’s largest mangrove delta — the Indian
Sundarbans — represents a dynamic ecosystem that
covers 9630 km? and is characterised by innumerable
rivers, rivulets, creeks, river estuaries, and unique salt
tolerant mangrove trees like Avicennia sp., Bruguiera
Sp., Rhizophora sp., Ceriops sp., and is an environment
where fresh- and seawater regular mix [Nandi ef al.,
2015]. The Indian Sundarbans are located within the
Bay of Bengal, a delta where the Ganges, Brahmaputra
and Meghna rivers terminate; extending from south-
west Bangladesh to south West Bengal [Ghosh et al.,
2015]. The Indian Sundarbans mudflats represent ideal
conditions for juvenile horseshoe crabs to forage and
therefore breeding grounds [Sekiguchi et al., 1988;
Chen et al., 2004; Almendral, Schoppe, 2005]. As
such, both Carcinoscorpius rotundicauda and Tachy-
pleus gigas are known to the Indian Sundarbans mud-
flats [Tripathy et al., 2018]. Of these two, C. rotundi-
cauda is more common, but has been understudied,
despite the iconic nature of horseshoe crabs in general
(Table 1). This is striking as C. rotundicauda is unique
amongst extant xiphosurids: it is the smallest species
(average adult size 28.0-33.5 cm long), can inhabit
freshwater and marine conditions, and spawns in the
mangroves.

Research into horseshoe crab ecology has recently
turned to consider injuries and other abnormal devel-
opments. Understanding abnormalities can inform our
understanding of recovery from injuries and present
insight into poor environmental or ecological condi-
tions [Bicknell, Pates, 2019a]. Presently, the key stud-
ies of abnormal xiphosurids are van der Meer Mohr
[1935], Shuster Jr. [1982], Jell [1989], Bicknell et al.
[2018], and Bicknell & Pates [2019a]. However, most
of these studies have considered museum collections
and only Bicknell & Pates [2019a] documented abnor-
mal Carcinoscorpius rotundicauda specimens. To de-
velop this research trend, we examine live abnormal C.
rotundicauda and consider the probable causes there-
of. We illustrate the main anthropogenic threats re-
quire mitigation for effective conservation of C. ro-
tundicauda within the Indian Sundarbans.

Studied Region

The Bengal Plain of India is characterised by exten-
sive coastal tract bordered by the southern Bay of
Bengal and is the world’s largest active delta [Umitsu,
1993; Rudra, 2014; Jana, 2019] and formed during the
last 11,000 years [Kuehl et al., 2005; Mikhailov, Dot-
senko, 2007; Jana, 2019]. It consists of two contrasting
coastal environments: the macro-tidal Hooghly estuary
and the mesotidal Midnapore Coastal plain [Mondal et
al., 2015]. Within Indian Sundarbans, there are 102
islands, 54 of which have human habitation and the
other 48 are covered by mangrove forest [Nandi ef al.,
2015]. Our study was conducted in two main areas
within the Indian Sundarbans in the South 24 Parganas
district of West Bengal: Sagar Island and Patiboni in
Frezerganj (Fig. 1). Sagar Island is the largest island of
the Sundarban deltaic complex and characterised by
numerous tidal creeks, canals, mud flats/salt marshes,
mangroves, and sandy beaches/dunes. The Patiboni area
in Frezerqani is located east of Sagar Island and has a
sandier substrate than Sagar Island. These two areas
were selected as study sites as they both have signifi-
cant mangrove cover. Neither the Royal Bengal Tiger
(Panthera tigris tigris) nor salt water crocodiles (Cro-
codylus porosus) are known to these areas, and these
regions are outside protected area boundaries.

Methods and Materials

A field survey was conducted between March 2019
and July 2020. Specimens were identified during full
and new moon periods to maximise the exposed inter-
tidal zone. Four sites on Sagar Island were selected:
Koshtola, Krishnanagar, Bankimnagar, and Mayagoal-
inir Ghat. The Frezerganj surveys were conducted about
Patibonia. Study areas were divided into ten 100 m x
100 m grids. Each grid was randomly sampled for horse-
shoe crabs for ~20 minutes. Size measurements and the
gender of any identified specimens were gathered for
Supplemental Data 1 (see Fig. 2 for gathered measure-
ments). Occasionally, the complete suite of measure-
ments could not to be gathered, reflecting constraints
on data collection time. When abnormal individuals
were identified, the GPS location, size data, and abnor-
mality data were documented. Amplexed pairs were
noted, but morphometric and injury data were only
gathered if the pair separated. Abnormal individuals
were photographed with a Nikon 5600 DSLR (18-55
mm or 75-300 mm lens). Photographs were stacked
using Adobe Photoshop 7.0 software. Five abnormal
specimens were collected for this study and placed in
70% ethanol solution for photography in lab with a
Nikon 5600 DSLR (18-55 mm lens). Specimens were
considered abnormal if they had deformed/missing
exoskeleton sections, malformed growths and general-
ly non-standard exoskeletal morphologies [sensu Owen,
1985; Bicknell et al., 2018; Bicknell, Pates, 2019a,
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Fig. 1. Study area map showing distribution of horseshoe crabs. Studied area has been colour coded for regions and locations of

mangrove development.

Puc. 1. KapTa obsacTi HCCJICAOBAHUA, MOKA3bIBAKOMIAsA PACHPOCTPAHCHUEC MCYECXBOCTOB. I_IBETOM BBIICJICHBI PETUOHBI U MECTa

Pa3sBUTUA MaHI'POB.

2020b; Bicknell, Holland, 2020]. Only five abnormal
specimens were collected for in-lab consideration as
we wanted to avoid impacting the already fragile popu-
lation. Anthropological activities at study sites were
documented to illustrate possible human influences on
the population. The dataset of measurements and in-
jured/not injured specimens were plotted to determine
whether patterns injury was influenced by size or gen-
der. Supplemental Data 1 were imported into R [R
Core Team, 2020] and the measurements were log
normalised to account for allometry within the popula-
tion. The log normalised data for prosomal (=cephal-
othoracic) and thoracetronic (=opistosomal) measure-
ments were plotted. Plots were colour coded for in-
jured and non-injured specimens and for the gender/
juvenile assignment.

Results

A total of 46 abnormal Carcinoscorpius rotundi-
cauda individuals (18 adult males, 18 adult females
and 10 juveniles) were identified within the sampled

181 specimens (87 females, 63 males and 31 juve-
niles). The most common abnormalities were prosomal
(n=19), thoracetronic (n=15), and telsonic (z=10).
There were rare examples of lateral compound eye
(n=3) and appendage (n=2) abnormalities. The major-
ity of abnormal individuals were located in the Patibo-
ni area (n=17), Bankimnagar (n=13), and Mayagoalin-
ir Ghat (n=10); with limited numbers in Kashtola (n=5)
and Beguakhali (n=1). A large selection (n=36) of the
abnormal specimens are figured and described below
(Figs 3-17).

An adult female with a malformed prosoma (Fig.
3A—C). An indentation slightly posterior to the anteri-
or-most section of the prosomal rim and malformed
genal spines are observed. The left genal spine is round-
ed, while the right genal spine has two ‘U’-shaped
indentations.

A juvenile specimen with a deformed thoracetron
(Fig. 3D-F). On the left pleural lobe, the two posterior-
most moveable and fixed spines are missing. On the
right pleural lobe, the third moveable spine is missing,
but the fixed spines are present and not malformed.
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PW 2

Fig. 2. Line drawing of measurements taken from the sampled
Carcinoscorpius rotundicauda specimens. Acronyms: PW —
prosomal width, PL — prosomal length, TL — thoracetron length,
TW — thoracetron width.

Puc. 2. Cxema npomepoB obpasyoB Carcinoscorpius rotundi-
cauda. Coxpamenns: PW — mupuna npocomsl, PL — nnnna
npocombl, TL — niiHa Topaterpona (3aaHero otaena tena), TW —
IIMPHUHA TOPALETPOHA (3aJJHETO OTJENa Tela).

An adult female with a malformed right genal spine
and two abnormalities on the thoracetron (Fig. 4A-D).
The distal edge of the genal spine is rounded and there
are multiple rounded bulges on the dorsum of the spine.
The left thoracetronic pleural lobe shows two movable
spines within the same spine notch. Furthermore, the
three posterior-most spines on the left pleural lobe are
stunted, showing reduced fixed spines and associated
notches. The right pleural lobe has five movable spines
and the posterior-most movable spine, and associated
spine notch, are absent.

A juvenile with malformed genal spines (Fig. 4E—
G). There is a ‘U’-shaped indentation on both genal
spines, proximal to the ophthalmic ridges. A scar ex-

tending into the left genal spine is also noted. A hole is
present on right genal spine, near the ‘U’-shaped in-
dentation.

An adult male with a highly malformed genal spine
and thoracetron (Fig. 5A, B). Left genal spine has a
serrated border proximal to the thoracetron and at least
three ‘V’-shaped indentations. Left lateral compound
eye is damaged. The left thoracetronic pleural lobe
lacks anterior movable spines and associated spine
notches. The border of this section is smooth and po-
tentially cicatrised. Posterior movable spines are ei-
ther shortened, or absent.

An adult female with a malformed prosomal rim,
thoracetronic border and telson (Fig. 5SC—E). The proso-
mal rim has multiple shallow ‘U’-shaped indentations
on the right side. These indentations extend into the
right genal spine tip. Telson is short, blunt and has a
cicatrised hole within the last fifth of the spine length.
Posterior movable spines on both thoracetronic pleural
lobes are missing and terminal thoracetronic spines are
stunted.

A large adult female with a distorted prosoma (Fig.
5F). The prosoma appears to be completely collapsed
from the left ophthalmic ridge through to the anterior
border on the right side.

An adult male with a malformed prosoma and tel-
son spine (Fig. 5G). The anterior prosomal rim on the
ventral side has a circular depression anterior to the
mesial spine. This same specimen lacks a telson.

An adult male specimen with a malformed prosoma
and telson (Fig. 6A). The right prosomal rim has and
multiple ‘V’- and “W’-shaped indentations along the
border. This specimen also has a twisted telson that is
kinked towards the specimens’ dorsum.

An adult female specimen with a severely damaged
left prosoma and thoracetron (Fig. 6B, C). The left
genal spine shows extensive cicatrised along the poste-
rior border and is missing the left lateral compound
eye. Anterior section of thoracetron shows a ‘W’-shaped
abnormality with a cicatrised edge and butterfly spawn-
ing scars.

A male with a malformed prosoma and thoracetron
on the right side (Fig. 6D, E). The thoracetron has a
large, irregular section removed that is not cicatrised
and a hole within the posterior quarter. Recovered
holes are noted on the right ophthalmic ridge, proximal
to the prosomal-thoracetron hinge.

A juvenile specimen with malformations on both
thoracetronic pleural lobe (Fig. 6F). On the right side,
all movable spines and associated spine notches are
absent. “W’- and ‘V’-shaped indentations are also
present. On the left pleural lobe, the posterior section
lacks moveable spines and there is a deep ‘V’-shaped
indentation. Furthermore, the telson is shorter and more
blunt than would be expected for a specimen this size.

An adult male with a deformed genal spine on the
left side (Fig. 7A, B). The genal spine is blunt and has a
‘V’-shaped indentation proximal to the sagittal line of
the individual.
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Fig. 3. Carcinoscorpius rotundicauda with prosomal and thoracetronic abnormalities. A—C — an adult female from the Patiboni
region with malformed prosoma: A — complete specimen; B — close-up of malformations on the left prosomal side. An indentation is
observed near anterior prosomal rim (white arrows) and the genal spine is rounded compared to the right side (grey arrows); C — close-up
of right genal spine showing ‘U’-shaped indentations (white arrows). D-F — juvenile from the Patiboni region with abnormal movable
spines: D — complete specimen; E — close-up of missing moveable spines on the left side (white arrows); F — close-up of missing
moveable spine on the right side (white arrow).

Puc. 3. Carcinoscorpius rotundicauda ¢ anomanusiMu 1pocoMsl M TopanerpoHa. A—C — B3pocnast caMku U3 paifoHa ITatuGonu c
IIPOCOMOM HETIPaBHIIbHOM (GOpMBI: A — dK3eMIULIp LenukoM; B — nedopmarust 1eBoit CTOPOHB! IPOCOMBI KPYIHBIM InTaHOM. Habmrona-
eTCsl BAABJICHUE OKOJIO MEPEIHEro Kpasi IPOCOMBI (Oelble CTPEIIKM) U MIEUHBII yroil 3aKpyIJIeH M0 CPaBHEHHUIO C TIPaBOW CTOPOHOM (cepble
cTpenkn); C — KpyIHBIH IIIaH IPaBoro MWEIHOro yriia, nokazansl ‘U’-00pa3uble BraBineHus (6emble crpenku). D-F — 1oBeHmIb U3 paifona
[TaTnOOHM ¥ aHOMAJIbHBIMHU IMMOABHIXKHBIMH IIHUIIAMM: D— OK3EMILIAP LETUKOM; E— prl’le]ﬁ IJIaH OTCYTCTBYIOIIUX ITOJABHKHBIX IIHIIOB
Ha JIeBOU cTOpoHe (Oenble CTpenku); F — KpymHBIHA M1aH 0TCYTCTBYIOIIETO MOABIKHOTO MINIA Ha NPaBoi cTopoHe (Oemast cTpenka).

An adult male with a malformed left genal spine
(Fig. 7C, D). There are two ‘V’- shaped indentations
along the genal spine length. A ‘U’-shaped indentation
is noted on the posterior border of the spine, proximal
to the body.

A juvenile specimen with a deformed right thora-
cetronic pleural lobe (Fig. 7E, F). The lobe lacks ante-
rior movable spines and associated spine notches. The

malformed border is cicatrised and lacks indentations.
The posterior-most movable spines are stunted and all
show a kink half way along the spine length.

An adult male with three prosomal abnormalities
(Fig. 8A-D). The left anterior side shows a ‘U’-shaped
indentation with exoskeletal breakage. A hole is noted
in the exoskeleton proximal to the prosomal-thoracetron
hinge, suggesting carapace decay. A ‘U’-shaped inden-
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Fig. 4. Carcinoscorpius rotundicauda with prosomal and thoracetronic abnormalities. (A-D): — adult female from the Patiboni
region with malformed right genal spine and thoracetron: A — complete specimen; B — close-up of left thoracetronic pleural lobe showing
two movable spines present within the same spine notch (white arrows) and stunted/missing moveable spines (grey arrow); C — close-up
of right genal spine showing rounded edge (white arrows) and bulges on the dorsum (grey arrows); D — close-up of right thoracetronic
pleural lobe showing missing movable spines (white arrow). E-G — juvenile from the Patiboni region with malformed genal spines: E —
complete specimen; F — close-up of ‘U’-shaped indentation (white arrow) and scar (yellow arrows) on the left genal spine; G — close-up
of ‘U’-shaped indentation (white arrow) and hole (grey arrow) on the right genal spine.

Puc. 4. Carcinoscorpius rotundicauda ¢ aHOMaIusAMH ITPOCOMBI U TopaneTpoHa. (A—D): — B3pocnasi camka u3 paiiona [TatuOonu c
HENpPaBUWIbHBIMU MPaBbIM LIEYHBIM YIJIOM U TOPALIETPOHOM: A — BK3eMIUIAp LEJIUKOM; B — KpymHbIH u1aH JIeBOi mieBpaibHON 10JH
TOpALEeTPOHA, TOKA3aHbI [[Ba MO/BIKHBIX IIIMMA B OJHOM BBIEMKE (OEIIbIe CTPENIKH) M YMCHBIICHHBIE/OTCYTCTBYOIIHE MO/IBHYKHBIC IIHIIbI
(cepast ctpenka); C — KpynHBIH IUIaH MPABOro MEYHOro yria, HoKa3aH 3aKpyIJICHHBI kpail (Oesble CTPENKH) U BBIIYKIOCTH Ha J0pCyMe
(cepbie crpenkn); D — KpymHBIi UIaH MpaBoil IJIEBPAIBHOM J0IH TOPAIICHTPOHA, MOKA3aHbl OTCYTCTBYIOIIME TTOABIKHBIC MBI (Oemast
crpenka). E-G — roBeHmb u3 paiiona ITatnGoHN ¢ BUIOM3MEHEHHBIMHI MIEYHBIMU yrilaMu: E — sK3eMIunsip nenukoM; F — kpynHblii miaH
‘U’-00pa3Horo BuaBieHus (Oenast cTpekiia) u pyOua (KenThle CTPENKN) Ha MOBEPXHOCTH JIEBOTO MEYHOro yria; G — kpymnHblii mian ‘U’-
oOpasHoro BaasieHus (Oenast crpeska) U yriryoseHus (cepas CTpeska) Ha MOBEPXHOCTH MPABOTro MIEYHOrO yriia.

tation in the posterior side of the right genal spine.
There is exoskeletal deformation about this indenta-
tion, suggesting possible injury during a post-moult
stage.

An adult female with thoracetronic and telson ab-
normalities (Fig. 8E, F). The distal section of the telson
is broken and rounded. Butterfly spawning scars are
noted half way along thoracetronic midline.

An adult female with genal spine and thoracetron-
ic abnormalities (Fig. 9A-D). The right genal spine is
truncated and rounded. Distal edge has a slight ‘U’-
shaped indentation and the area proximal to the mid-
line has a pronounced ‘V’-shaped indentation. Genal
spine point shows evidence of recovering but is more
rounded than the left genal spine. Both the thora-
cetronic pleural lobes have stunted fixed and move-
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Fig. 5. Carcinoscorpius rotundicauda with prosomal, thoracetronic, and telson abnormalities. A, B — adult male from the Mayagoal-
inir Ghat region with highly malformed genal spine and thoracetronic abnormalities: A — complete specimen; B — close-up of injured
lateral compound eye (yellow arrow), a serrated genal spine border (white arrows) and a “V’-shaped indentation with missing movable
spines (grey arrow). C—E — adult male from the Patiboni region with prosomal, thoracetronic, and telson abnormalities: C — complete
specimen detailing thoracetronic injuries (white arrows); D — close up of multiple ‘U’-shaped indentations on right side of prosoma
(white arrows); E — close-up of stunted telson (white arrows); F — adult female from the Bankimnagar region with distorted prosoma
(white arrows); G — adult male from the Mayagoalinir Ghat region in ventral view with circular depression in prosoma (box) and heavily
reduced telson spine (white arrow).

Puc. 5. Carcinoscorpius rotundicauda ¢ aHOManusIMU IIPOCOMBI, TOpalleTpOHA M TeldbcoHa. A, B — B3pocnas camka u3 paifona
Mayagoalinir Ghat ¢ cuIbHO U3MEHEHHBIM IEYHBIM YITIOM U @aHOMAIMAMHU TOPAleTPOHA: A — DK3EMILIAP LeIHKoM; B — kpymnHslil naaH
MIOBPEXKICHHOTO GOKOBOTO CJIOXKHOTO TIa3a (KeNTasi CTpelika), 3youarslii kpail meéuHoro yria (6enble cTpenku) U “V’-o0pa3Hoe BIaBIeHHe
C OTCYTCTBYIOIIMMH MOJBIKHBIMU HnnaMu (cepast ctpenka). C—E — B3pocuslit camer u3 paifona [TatnOoHM ¢ aHOMAIHAMU TIPOCOMBI,
TOpameTpoHa U TeinbcoHa: C — DIK3EMIULIP LEIMKOM, ITOKAa3aHBI MOBPEXKICHUS TOpauleTpoHa (Oeible crpenku); D — KpymHbIH IuiaH
MHOXeCTBEHHbIX ‘U’-00pa3HbIX BAABJICHUI HA MPAaBOW CTOPOHE MPOCOMBI (Oenbie CTpenkH); E — KpynHbIil M1aH YMEHBIIEHHOTO TEIbCOHA
(6emble cTpenkn); F — B3pocnast camka u3 paifona bankuMHarap ¢ HCKpHUBIICHHOIT TpocoMoit (Genble crpesk); G — B3poCIblil camer U3
paiiona Mayagoalinir Ghat BEeHTpanbHO C OKPYIJIbIM YIJIyOJeHHEM Ha mpocoMe (0OBEJEHO KBAJpaTOM) M CHIIBHO PElyLUpPOBAHHBIM
LIMIIOM TellbCOHA (Oenast cTpeska).

able spines. Furthermore, there is overlap between the An adult male with an abnormal right thoracetron
second and third fixed spines on the right pleural and telson (Fig. 10A—C). The right thoracetronic pleu-
lobe. ral lobe has a large ‘U’-shaped indentation that is show-

A juvenile specimen with a malformed telson (Fig.  ing limited cicatrisation along the posterior margin.
9E). The telson has a bend half way along the telson  The telson is curved to the right and with increased
spine. truncation in the last fifth of spine length.
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Fig. 6. Carcinoscorpius rotundicauda with prosomal, thoracetronic, and telson abnormalities. A — adult male from the Patiboni
region with prosoma exhibiting multiple ‘V”-shaped injuries (white arrows) and a malformed telson (grey arrow). B, C — adult female
from the Mayagoalinir Ghat region with damaged left prosomal side: B — complete specimen; C — close-up of the abnormalities. The left
lateral compound eye is damaged (white arrow), the genal spine has a damaged and cicatrised posterior border (grey arrow) and the
thoracetronic pleural lobe has a “W’-shaped abnormality (yellow arrow). D, E — adult male from the Patiboni region with malformed right
prosomal and thoracetronic side: D — complete specimen; E — close-up of malformations showing recovering holes on the right
ophthalmic ridge (white arrows), the hole in the thoracetron (grey arrow) and the thoracetronic section that appears to have been removed
(yellow arrow). F — juvenile specimen from the Patiboni region with malformed thoracetron and telson. Right thoracetronic pleural lobe
has “W’- and “V’-shaped indentations (grey arrows) and missing movable spines (blue arrow). Left thoracetronic pleural lobe has “V’-
shaped indentation and missing movable spines (yellow arrow).

Puc. 6. Carcinoscorpius rotundicauda ¢ aHOManHsIMH IIPOCOMBI, TOPALIETPOHA M TEIbCOHA. A — B3POCIBIH caMell W3 paiioHa
[MaTnGonu ¢ MPOCOMOil ¢ MHOXKECTBEHHBIMHU ‘V”-00pa3HbIMU MOBPEXICHUAMU (Oesble CTPEKH) U 1epOPMUPOBAHHBIM TEILCOHOM (cepast
crpenka). B, C — B3pocnas camka u3 paiiona Mayagoalinir Ghat ¢ oBpe»JeHHBIM JIEBBIM KpaeM IPOCOMBL: B — sk3emmsip nemikom; C —
KPYIHBIi TJ1aH aHoMauui. JIeBbIii OOKOBOM CIIOKHBIH T71a3 OBPEX/ICH (Oemnas cTpenka), EUHBIN Yyrol ¢ TOBPEXICHHBIM U 3apyOIl0BaHHBIM
3aIHEM KpaeM (cepast CTpeka) ¢ IUIeBpalbHas J0Jsl TopaneTpoHa umeer ‘W’-o0pa3Hyio anoManuio (xkenras crpenka). D, E — B3pocisrit
camel U3 paiioHa [TaTnOOHM ¢ BUIOM3MEHEHHOM MPaBOM CTOPOHOM MPOCOMBI M TOpaleTpoHa: D — sk3emmusip uenukoM; E — kpynHbiid
IUIaH BHIOM3MEHCHUH, MOKa3aHbl BOCCTAHABIIMBAIOIIMECS YIIyOJIICHHS Ha IpaBOM IJIa3HOM rpeOHe (Oelnble CTpenku), yriayOieHue B
TOpaleTpoHe (cepasi CTPENKa) U 4acTh TOPALETPOHA, KOTOpask OKas3ajaach yAaleHHOH (kenTas crpenka). F — I0BEHMIbHBINA SK3EMILISp U3
paiiona IlaTuboHH ¢ BHIOM3MEHEHHBIMH TOPAILETPOHOM M TelbcoHOM. [IpaBast muieBpanbHast oyt TopamerpoHa mmeer “W’- m “V’-
o0OpasHble BIaBICHUS (Cepble CTPEIKH) U OTCYTCTBYIOIIUE MOABMKHBIC LIMIBI (CHHSAS cTpelika). JIeBas mieBpaiabHas J0Jis TOpALETPOHA ¢
‘V’-00pa3HbIM BIABJICHHEM U OTCYTCTBYIOIIVMH ITOJBIDKHBIMU HINTIAMH (SKEITasi CTPEJIKa).

An adult male with a malformed prosomal shield
and thoracetron (Fig. 10D-F). Left prosomal side has a
‘V’-shaped indentation that slightly deforms the exosk-
eleton. The left thoracetronic pleural lobe has three
types of abnormalities. The free lobe is folded back
over itself, the anterodistal section of the pleural lobe
lacks any movable and fixed spines, and the posterior
three movable spines are stunted.

An adult male with a malformed thoracetron and
telson (Fig. 11A-D). The moveable and fixed spines
on both thoracetronic pleural lobes are either stunted
or entirely missing. This is especially notable in the
more posterior sections. The telson is stunted, with a
rounded terminus and is curved to the right. A small
projection is noted where the curve begins.
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Fig. 7. Carcinoscorpius rotundicauda with prosomal and thoracetronic abnormalities. A, B — adult male from the Patiboni region
with malformed left genal spine: A — complete specimen; B — close-up of blunt left genal spine with ‘V’-shaped indentation (white
arrow). C, D — adult male from Patiboni region with malformed left genal spine: C — complete specimen; D — close-up of ‘U’-shaped
(white arrow) and “V’-shaped (grey arrows) indentations. E, F — juvenile from the Patiboni region with thoracetronic abnormalities: E —
complete specimen; F — close-up of right thoracetronic pleural lobe showing cicatrised border (white arrows) and stunted movable spines.

Puc. 7. Carcinoscorpius rotundicauda ¢ aHOMaTHsIMH IPOCOMBI U TopaneTpoHa. A, B — B3pocuslil camen u3 paiiona Ilatubonn c
BUJIOU3MEHEHHBIM JIEBBII IEUHBIM YIIOM: A — 3K3eMILUIAP LEIUKOM; B — KpyHHBIH M1aH NPUTYIIEHHBIM JIEBBIH IEYHBIM YIJIOM € V-
o0pa3HbIM BiraBiieHueM (Oenas crpenka). C, D — B3pocislii camer u3 paiiona [TaTnO0HN ¢ BUIOH3MEHEHHBIM JICBBIM MIEYHBIM yriaom: C —
9K3EMILISP LenukoM; D — kpynubiil mian ‘U’-o0pa3Horo (6enas crpenka) u “V’-00pas3HbIX (cepble cTpenku) Baasiaenuil. E, F — roBeHupb
n3 paiiona IlaTubonu ¢ anomanusiMu Topanerpona: E — sx3eMmmstp nenukoM; F — KpymHBIHA [1aH paBoi INIBepaIbHOM JOJIN TOPALlEHTPOHA

¢ 3apy0O110BaHHBIM KpaeM (Oenble CTPEeNIKH) U YMEHBIICHHBIMH MOABMKHBIMH IHIAMH.

An adult male specimen with two prosomal abnor-
malities (Fig. 11E, F). A small ‘U’-shaped indentation
is noted on the left genal spine lateral border and a “V’-
shaped indentation is noted on the left genal spine
posterior margin. This indentation also shows a hyper-
trophied the genal spine point.

An adult male with a highly malformed thoracetron
(Fig. 12A, B). The anterior section of the right thora-
cetronic pleural lobe lacks spines and is cicatrised.
Only one movable and fixed spine is noted on the
posterior section of the right pleural lobe; both are
reduced. A “W’-shaped indentation and an irregular

hole in the exoskeleton are noted on the posterior right
pleural lobe margin.

An adult male with an abnormal right genal spine
(Fig. 12C, D). The genal spine point is rounded when
compared to the left side. Furthermore, an additional
projection is noted along the posterior margin of the
right genal spine.

A large juvenile with an abnormal thoracetron (Fig.
13A). The left thoracetronic pleural lobe has a “W’-
shaped indentation that is slightly cicatrised. There
are no moveable and fixed spines along the injury
margin.
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Fig. 8. Carcinoscorpius rotundicauda with prosomal and telson abnormalities. A—D — adult male from the Patiboni region showing
three prosomal abnormalities: A — complete specimen; B — close-up of U’-shaped indentation (white arrow) on left side of prosomal
shield; C — close-up of hole close to prosomal-thoracetron hinge (grey arrow); D — close-up of ‘U’-shaped indentation on the posterior
margin of right genal spine (white arrow). E, F — adult female from the Bankimnagar region with butterfly spawning scars and telson
abnormality: E — complete specimen showing spawning scars (white arrows); F — close-up of broken telson. Images converted to greyscale.

Puc. 8. Carcinoscorpius rotundicauda ¢ anHOMaMsIMU TIPOCOMBI M TelIbcOHA. A—D — B3pocublii cament u3 paiiona ITaTn6ouu ¢ Tpems
AQHOMAJMSIMU POCOMBL: A — HK3EMIULIP IeauKoM; B — kpymHbiii man U’-06pa3Horo BaasiaeHust (Oenast CTpeKka) Ha JICBOM Kpae I[UTa
npocombl; C — KPYNHBIN MUIaH yriyOineHus OJIM3K0 K COUICHEHHIO MPOCOMBI M TOpaleTpoHa (cepast crpenka); D — kpynnbiid man ‘U’-
00pa3HOro BAABJICHHUs Ha 3aJHEM Kpae mpasoro miéuxoro yria (Gemas crpenka). E, F — B3pocnas camka u3 paiioHa bankumuarap c
6a004YKOBHHBIMK HEPECTOBBIMU PyOILIaMK M aHOMAJIMEH TelbCOHA: E — 3K3eMIUIAp HENMKOM C HepecTOBBIMU PyOIamu (Oeble CTPEIKH);
F — KkpynHbI# 1aH 06JI0MaHHOTO TeNIbCOHA. VuTrocTpanny npeoOpa3oBaHbl U3 IBETHBIX B IPAJAIlU CEPOTO.

A juvenile with a malformed prosoma and telson telson is stunted, with a rounded terminus and is curved
(Fig. 13B). The prosoma has at least two small “V’-  to the left of the specimens’ long axis.

shaped indentations on the anterior border and a large A juvenile with a malformed telson (Fig. 13D, E).
‘V’-shaped indentation on the right genal spine. The  The telson is kinked to the right of the long axis.

most posterior telsonic section has a slight kink to the An adult male with a deformed genal spine and
right of the specimen’s long axis. thoracetron (Fig. 14A—C). The right genal spine has a

A juvenile with a malformed telson (Fig. 13C). The rounded edge and is approximately half the length of



76 S. Das et al.

Fig. 9. Carcinoscorpius rotundicauda with prosomal, thoracetronic, and telson abnormalities. A—D — an adult female from Patiboni
region with a malformed genal spine and thoracetronic abnormalities: A — complete specimen; B — close-up of left thoracetronic pleural
lobe having stunted fixed and moveable spines (white arrows); C — close-up of truncated and rounded right genal spine with ‘U’- and ‘V’-
shaped indentations (white arrows); D — close-up of right thoracetronic pleural lobe showing stunted fixed and moveable spines (white
arrow) and the overlap between the second and third fixed spines (grey arrow). E — juvenile from Patiboni region with malformed telson
(white arrows).

Puc. 9. Carcinoscorpius rotundicauda ¢ aHOMAamussMH TPOCOMBI, TOpAaleTPOHA M TeabcoHa. A—D — B3pocias camka u3 paifoHa
ITaTnGoHM ¢ BUIOM3MEHEHHBIM IIEUHBIM YIJIOM M aHOMAJMSIMUA TOPALEHTPOHA: A — 3K3eMIUIIp LENUKOM; B — KpyIHBIN U1aH JieBoi
[UIEBPAJIbHOI IO TOPAIEHTPOHA C HEMOPA3BUTHIMU (DHKCHPOBAHHBIMHU ¥ TTOABIKHBIMU munamu (Oembie ctpenkn); C — KPYIHBIH T1aH
YCEUEHHOro M 3aKpyrieHHoro meéunoro yrina ¢ ‘U’- m “V’-o0pasHbiMH BiaBieHUsMH (Oeible cTpenku); D — KpynHbIH IUtaH npaBol
[UIeBPATIbHON JIOJM TOPAIIEHTPOHA C HEMOPa3BUTHIMH (DPUKCHPOBAHHBIMH W TOMABIDKHBIMH minamu (Oenmas CTpenka) W pa3pacTaHHeM
MEXIy BTOPbIM M TPEeThUM (PUKCHPOBAaHHBIMU IHIamu (cepas crpernka). E — roBeHusb u3 paiiona ITatnOGoHM ¢ BHIOM3MEHEHHBIM
TENBCOHOM (Oeble CTPENKH).

the left genal spine. The left thoracetronic pleural lobe
has two movable spines in the anterior-most spine notch.
The posterior-most fixed and movable spines are ab-
sent and the terminal thoracetronic spine is blunt.

A juvenile with a malformed telson (Fig. 14D, E).
The telson is approximately 50% the length of a non-
injured individual and has a broken terminus.

An adult female with a malformed thoracetron and
telson (Fig. 15A, B). The anterior-most movable spine
on the right thoracetronic pleural lobe is ~50% smaller
than the corresponding spine on the left side. The two
posterior-most movable and fixed spines on the right

thoracetronic pleural lobe are apparently absent. A “W’-
shaped abnormality is noted on the left thoracetronic
pleural lobe and the posterior most movable spines on
the right thoracetronic pleural lobe are absent and lack
associated spine notches. Finally, the telson is short
and has a blunt terminus.

An adult female with malformations on the proso-
ma, thoracetron and telson (Fig. I5C—F). A depression
is noted on the ventral prosomal surface, anterior to the
mesial spine. The left thoracetronic pleural lobe has at
least two ‘V’-shaped indentations and two “W’-shaped
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25 mm

Fig. 10. Carcinoscorpius rotundicauda with prosomal, thoracetronic, and telson abnormalities. A—C — adult male from Patiboni
region with abnormal right thoracetron and telson: A — complete specimen; B — close-up of telson showing decrease of telson width at
the distal section (white arrow); C — close-up of right thoracetronic pleural lobe with large ‘U’-shaped indentation (white arrow). D-F —
adult male from the Patiboni region with abnormal prosoma and left thoracetronic side: D — complete specimen; E — close-up of left
prosoma with ‘V’-shaped indentation (white arrow); F — close-up of abnormalities on the thoracetron. The posteriorly folded free lobe
(white arrow) and the anterior thoracetronic border lacking fixed and moveable spines (grey arrows).

Puc. 10. Carcinoscorpius rotundicauda ¢ aHOMaIWsIMH TIPOCOMBI, TOpaleTpoHa u TeiabcoHa. A—C — B3poOCIbIil camel] U3 paiioHa
[TaTnOOoHN ¢ aHOMAJIMSIMK [IPABOIl YaCTH TOPALICHTPOHA U TEJIBCOHA: A — 9K3EMILIAP LEIUKOM; B — KpyITHBIl [U1aH TeIbCOHA, TOKA3aHO
YMEHBILICHHE [IUPHHBI TEICOHA B €r0 AUCTaIbHOI yacTh (Oenas crpenka); C — kpyHHbIii miaH of mpaBoii IIeBpaIbHOI 0N TOPALIEHTPOHA
¢ ‘U’-o0pa3ubiM BaasieHueM (Oenast ctpenka). D-F — B3pociblii camenr u3 paiiona [TaTnOOHM ¢ aHOMaJIbHOI IPOCOMOI M JIEBOM CTOPOHON
TOpaLeHTpoHa: D — sK3eMIusip neankom; E — KpynHBIil mi1aH JIeBOi CTOPOHBI IPOCOMBI ¢ “V’-00pa3HbIM BaaBiieHHeM (Oenast cTpenka); F —
KPYIHBIH IUTaH aHoManuii TopaueHTpoHa. CiokeHHas c3aau cBOOOAHas ot (Oemast CTpeika) W MEpeiHssi TPaHHIa TOPALCHTPOHA C
OTCYTCTBYIOIIUMHU (DUKCHPOBAHHBIMHU U MOJBIDKHBIMH LIMIAMH (CEpbIe CTPEIIKH).

indentations. The pleural lobe is half the length of the erally. The posterior-most movable and fixed spines
right pleural lobe. Only the three anterior-most mov-  are absent. The right thoracetronic pleural lobe has
able spines are noted and these are stunted. Two spines  stunted moveable and fixed spines in the posterior-
are orientated laterally, as opposed to being posterolat-  most section. The terminal thoracetronic spine is curved
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Fig. 11. Carcinoscorpius rotundicauda with prosomal, thoracetronic, and telson abnormalities. A-D — adult male from the
Bankimnagar region with malformed thoracetron and telson: A — complete specimen; B — close-up of left thoracetronic pleural lobe
showing stunted (white arrows) and missing moveable spines (grey spines); C — close-up of telson with small projection half way along
spine (white arrow); D — close-up of right thoracetronic pleural lobe showing stunted (white arrows) and missing moveable spines (grey
arrows). E, F — adult male from the Patiboni region with abnormal prosoma: E — complete specimen showing “V’-shaped indentation on
posterior margin of left genal spine (grey arrow); F — close-up of left genal spine showing ‘U’-shaped indentation (white arrow).

Puc. 11. Carcinoscorpius rotundicauda ¢ aHOManusIMU MTPOCOMBI, TOpPAIETPOHA U TeibcoHA. A—D — B3pOCIHBIi camel U3 paiioHa
BankuMHarap ¢ BUAOM3MEHEHHBIMH TOPAILICHTPOHOM M TEIBCOHOM: A — 9K3EMIUIIP IEIMKOM; B — KpynHBIN MIaH JIEBOM MieBpanbHON
JIOJI TOPALIEHTPOHA C HEJOPa3BUTBIMK (O€Jble CTPENKM) M OTCYTCTBYIOIIMMHU IMOJBIKHBIMU IIKNaMu (cepbie cTpenikn); C — KpYITHbIi
TUIaH TeJIbCOHA C HEOOJIBIIMM BBICTYIIOM Ha ceperHe Uikl (0enas ctpenka); D — KpyIHbIi Ii1aH npaBoii MIBEepaibHON JJOJIM TOPALEHTPOHA
C HeJ0pa3BUTHIMU (Oelble CTPENKH) U OTCYTCTBYIOIIMMU MOABMKHBIMU Iunamu (cepble crpeniku). E, F — B3pociblii camer u3 paiiona
[NatnGonu ¢ anHomManIbHOU NPocoMoii: E — sk3eMmuisip nenukom ¢ “V’-00pa3HbIM BAABICHUEM Ha 3a/IHEM Kpae JIEBOTo MIEYHOr0 yria (cepas
cTpenka); F — kpynHslil miaH seBoro meéunoro yria ¢ ‘U’-o0pa3HbIM BaBieHueM (Oenast CTpeka).

towards the sagittal axis. The telson is kinked to the three moveable spines and four moveable spine notch-
right within the last quarter of the spine length. es. The right thoracetronic pleural lobe is missing the

A juvenile with a malformed thoracetron and telson  anterior-most movable. The telson is kinked at two
(Fig. 16A-D). The left thoracetronic pleural lobe has  points and has a slightly rounded terminus.
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Fig. 12. Carcinoscorpius rotundicauda with prosomal and thoracetronic abnormalities. A, B — adult male from the Patiboni region
with abnormal right thoracetron: A — complete specimen; B — close-up of malformed thoracetron showing cicatrised region lacking
movable spines (white arrow) and a W’-shaped indentation next to hole in exoskeleton (grey arrow). C, D — adult male from the Patiboni
region with abnormal right genal spine: C — complete specimen; D — close-up of rounded genal spine showing posteriorly directed
projection (white arrow).

Puc. 12. Carcinoscorpius rotundicauda ¢ anoManusiMu IpocoMbl U TopanerpoHa. A, B — B3pocislii camen u3 paiiona Ilatnbonu c

AQHOMAJMAMM IPaBOH YAaCTH TOPALEHTPOHA: A — HK3EMIUIP LEIUKOM; B — KpyIHBIH IJIaH BHIOM3MEHCHHOTO TOPALCHTPOHA C
3apyOLOBaHHOI 00JIACTBIO C OTCYTCTBYIOIIMMH IOABIKHBIME Mumamu (6enast crpenka) 1 W’-00pa3HbIM BAABICHUEM PSIIOM C yIIIyOJIeHH-
eM B ak3ockenere (cepast crpenka). C, D — B3pocnblii camen u3 paifona IlaTuOoHH ¢ aHOMaNbHBIM NPaBbIM IEUHBIM yriaom: C —

OK3EMILISAP LEITUKOM; D— prHHBIﬁ TIJIaH 3aKPYTJIEHHOTO EYHOTO yriia ¢ HallpaBJICHHBIMU Ha3al BBICTYIIOM (66J’[aﬂ CTpeJ’IKa),
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Fig. 13. Carcinoscorpius rotundicauda juveniles showing prosomal, thoracetronic and telson abnormalities. A — specimen from the
Beguakhali region with a “W’-shaped indentation on left thoracetronic pleural lobe (white arrow). B — specimen from the Patiboni region
with ‘V’-shaped indentations on prosoma (white arrows) and a kinked telson (grey arrow). C — specimen from the Patiboni region with a
stunted and curved telson (white arrow). D, E — specimen from Jharkhali region with a malformed telson (white arrows), in lateral (D) and
dorsal (E) views.

Puc. 13. ¥YOBenunu Carcinoscorpius rotundicauda ¢ aHOMaTHIMH IPOCOMBI, TOPALIETPOHA U TEIBCOHA. A — JK3EMIUIIp M3 paifoHa
Beryaxxamu ¢ ‘W’-00pa3HbIM B/IaBICHHEM Ha JICBOHM IUIEBPAJIbHOW J10J€ TOpaleHTpoHa (Oenas crpenka). B — sk3eMmusip u3 paiiona
[Tatu6onu ¢ ‘V’-00pa3HBIMH BIABICHHSIMH Ha IpOcoMe (Oeible CTPEeIKH) H HepeKpyUdeHHBIM TeILCOHOM (cepast crpeinka). C — dK3eMILLIp
u3 paiiona [laTMOOHM C HEIOPa3BUTBIM M M30THYTHIM TelbcOHOM (Oenast ctpenka). D, E — sx3emmisip u3 paiiona Jxxapkxamu c
BHJIOM3MEHEHHBIM TEJIbCOHOM (Oebie cTpenkn), narepanbHo (D) u nopcansHo (E).
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Fig. 14. Carcinoscorpius rotundicauda with prosomal, thoracetronic and telson abnormalities. A—C — adult male from the Patiboni
region showing deformed genal spine and thoracetron in ventral view: A — complete specimen; B — close-up of left thoracetronic pleural
lobe with two moveable spines at the same notch (white arrow) and missing spines and spine notches (grey arrows); C — close-up of right
genal spine with rounded edge (white arrows). D, E — juvenile specimen from the Patiboni region with malformed telson: D — complete
specimen; E — close-up of broken telson (white arrow). D and E are converted to grayscale.

Puc. 14. Carcinoscorpius rotundicauda ¢ aHOManusIMH IPOCOMBI, TOpaleTpoHa M TeibcoHa. A—C — B3poCiblii camelrl U3 paifoHa
[Matn6oHu ¢ AeOPMHUPOBAHHBIMH MIEYHBIM YITIOM M TOPALIEHTPOHOM, BEHTPAIBHO: A — JK3eMIUBIP LEIUKOM; B — KpymHSIil 1uiaH JeBoit
NPEeBPAJIBHOIT TOJIH TOPALIGHTPOHA C JBYMs MOABIKHBIMH IIMIIAMU B OJHOM BbIeMKe (Oenasi CTpenka) U OTCYTCTBYIOIIMMH IIHIAMH ¥ UX
BIeMKaMu (cepsbie cTpeikn); C — KpYIHBIH IUIaH IPaBOro MEYHOTO yIia ¢ 3aKpyriIeHHBIM KpaeM (Oesbie crpenkn). D, E — roBeHMIbHBII
9K3eMIULIP U3 paiioHa [1aTHOOHM ¢ BUIOU3MEHEHHBIM TEILCOHOM: D — dK3eMIuIsip HeiankoMm; E — kpymHsIil miaH 06JI0MaHHOTO TeJIbCOHA
(6enas crpenka). Pucynku D u E npeoOpa3oBaHbl B rpajialiui ceporo.

An adult male with a deformed thoracetron (Fig.
16E, F). The left thoracetronic pleural lobe has a cica-
trised edge and a ‘W’-shaped indentation along the
posterior margin. Furthermore, only one small mov-
able spine and spine notch are noted.

An adult male with malformed appendages (Fig.
17). The distal sections of the first left leg are missing
and the damaged section is cicatrised. The distal region
of the coxal section on the left pushing leg has a hole.
Finally, the posterior sections of the genital opercular
have ‘U’-shaped indentations on both sides.

Both malformed and normal specimens fall into
similar spaces for the prosomal and thoracetronic
datasets when considering the distribution of speci-
mens in log-normalised bivariate space (Fig. 18). The
malformed specimens have a slightly courser frequen-
cy distribution, likely reflecting the smaller counts,
relative to normal individuals. Specimens with a slight-
ly wider than long prosoma are more likely to show

some form of abnormality (Fig. 18A). Thoracetronic
measurements show that those individuals with a smaller
thoracetron are likely to show an abnormality (Fig.
18B). Overall, these data also show clear clusters in
bivariate space, suggesting a possible record of onto-
genetic change.

Anthropogenic pressures that negatively impact xi-
phosurids were observed during the study. We noted
that telsons are often gathered and used as amulets.
Furthermore, a subset of the local people consume
Carcinoscorpius rotundicauda as a food source. Be-
yond these uses, iron rods, fish nets, boats in the Pati-
boni, Bankimnagar, and Mayagoalinir Ghat regions
interact and impact the local C. rotundicauda popula-
tions. Grazing livestock were observed in association
with horseshoe crab populations, an interaction that
may also impact the xiphosurids as well. Finally, the
mangroves are often harvested for fuel, so habitat mod-
ification will have influenced the species.
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Fig. 15. Carcinoscorpius rotundicauda with thoracetronic and telson abnormalities. A, B — adult female from the Bankimnagar
region with malformed thoracetron and telson in ventral view: A — complete specimen showing deformed moveable spines on right
thoracetronic pleural lobe (white arrows) and broken telson; B — close-up of left thoracetronic pleural lobe showing ‘W’-shaped

abnormality (white arrows). C—F — adult male from the Kostola region with thoracetronic and telson abnormalities in ventral view: C —
complete specimen showing circular depression in prosoma (white arrow); D — close-up of right-kinked telson; E — close-up of stunted
moveable spines on right thoracetronic pleural lobe (white arrows); F — close-up of ‘V’-shaped (grey arrows) and ‘W’-shaped (white
arrows) indentations on right thoracetronic pleural lobe.

Puc. 15. Carcinoscorpius rotundicauda ¢ anHoManIusiMu TopaLeTpoHa U TelbcoHa. A, B — B3pociast camka u3 paiiona bankumuarap c
BH/IOM3MEHEHHBIMH TOPALIEHTPOHOM H TEICOHOM, BEHTPAIBHO: A — JK3EMIUBIP LIEIHKOM C Ae(OPMUPOBAHHBIMHU TTOABHKHBIMH LINTIAMH
Ha IpaBoil IIEBPAILHON J0JIe TOpaLleHTPOHA (Oeble CTPEeNIKH) 1 00JIOMaHHBIM TeIbCOHOM; B — KpyITHBIH IIaH JIeBOH IIIeBpaIbHOMN JOIN
TopaueHTpoHa ¢ ‘W’-o0pa3Hoii aHomanueit (6enbie crpenku). C—F — B3pocuslii camer u3 paiiona Kocrona ¢ aHoManusmMu TopaneHTpoHa
U TeNbCOHA, BEHTpalIbHO: C — OJK3eMIUIIp LEIHKOM C KPYroBBIM BIaBIEHHEM Ha IpocoMe (Oemast crpenka); D — kpymnHBIi miaH
3aKPYUCHHOTO HANpPaBO TEIbCOHA; E — KPYMHBINA [UIaH HEJOPa3BUTHIX MOJBIKHBIX LIMIIOB HA MPABOH IUIEBPAIbHON J0JI€ TOPAlEHTPOHA
(6ensle crpenkn); F — kpynHbiil miaH ‘V’-o0pasHbIx (cepble cTpenku) u “W’-00pa3HBIX (Oeible CTpPENKH) BIABICHHI Ha NPaBOit
IUIEBPAJIbHON JI0JIe TOPAICHTPOHA.

Discussion bites — organisms with a morphologically comparable
body plan [Owen, 1985; Babcock, 1993; Bicknell et
al., 2019d; Bicknell, Pates, 2020] — we conclude that

Comparing the documented abnormalities to other  the majority of abnormalities documented here repre-

malformed horseshoe crabs [Shuster Jr., 1982; Bick-  sent injuries. The ‘V’-, “U’- and ‘W’-shaped indenta-

nell ez al., 2018; Bicknell, Pates, 2019] and to trilo-  tions on prosomal and thoracetronic sections likely
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Fig. 16. Carcinoscorpius rotundicauda with thoracetronic and telson abnormalities. A—-D — juvenile specimen from the Patiboni
region with malformed thoracetron and telson in ventral view: A — complete specimen; B — close-up of right thoracetronic pleural lobe
showing missing moveable spine (white arrow); C — close-up of left thoracetronic pleural lobe showing missing moveable spines (white
arrow); D — close-up of telson abnormality showing kinked areas (white arrows). E, F — adult male from the Patiboni region with
thoracetronic abnormality: E — complete specimen; F — close-up of the deformed left thoracetronic pleural lobe showing missing
moveable spines (white arrows) and a stunted moveable spine (grey arrow).

Puc. 16. Carcinoscorpius rotundicauda ¢ aHOMaIHsIMH TOPALETPOHA U TeNbCOHA. A—D — IOBEHHIBHBIH JK3eMIULIp U3 paiioHa
[TaTnOOHM ¢ BUAOU3MCHEHHBIMH TOPALIEHTPOHOM H TEIbCOHOM, BEHTPAIbHO: A — 3K3eMIUIAP LEINKOM; B — KpymHbIil mnaH npaBoii
IUICBPAJIBHOI JIOM TOPALICHTPOHA C OTCYTCTBYIOIIMM IHOABIDKHEIM InumoM (Oemast crpenka); C — KpYHHBIN IUIaH JICBOH IUIEBPaIbHOM
JIOJIM TOPALICHTPOHA C OTCYTCTBYIOIIMMH MOJBIKHBIMH IitMamu (Oenast cTpeska); D — KpynHbIil M1aH aHOMAIHI TelIbCOHA ¢ 00IaCTIMH
ckpyunBanus (6ensle crpenkn). E, F — B3pocuslii camer u3 paiiona ITatuGonn ¢ anomanneld TopaneHTpoHa: E — sKk3eMIusip nesnukom;
F — xpynHbiii mnan nedopMupoBaHHON JIEBOH IUICBPAJIBHOM J0JIM TOPALEHTPOHA C OTCYTCTBYIOIIMMHM TOJBM)XHBIMH IunamMu (Oenbie
CTPEJKN) ¥ YMEHBIICHHBIM MTOJABIKHEIM HIUIIOM (cepast CTpelIKa).

record mechanical damage to the exoskeleton. The shal-  ing cicatrisation represent definite evidence of recov-
lower ‘U’- and “V’-shaped injuries record possible tear-  ery from the injury event.

ing of softer exoskeleton after moulting and/or an inju- The causes of these injuries should be considered.
ry that has recovered during more recent moulting events ~ The most extreme records of damage (e.g. Figs 5A, B;
[Pates, Bicknell, 2019]. Further, those specimens show- 9 A; 15C, F) may reflect interactions with boats and
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Fig. 17. Adult male Carcinoscorpius rotundicauda from the Patiboni region with malformed appendages. The first male leg on the left
side is stunted (grey arrow), the coxal section of the left pushing leg is damaged (yellow arrow) and there are ‘U’-shaped indentations are

noted on both sides of the genital opercula (white arrows).

Puc. 17. B3pocnsiii camen Carcinoscorpius rotundicauda w3 paiiona ITaTuOOHM ¢ BUIOM3MEHEHHBIMHM NpuaaTkamu. llepsas neBas
HOra yMEHbIIICHA (cepasi CTpelika), KOKCaIbHas 4acTh JIEBOIl TONKATEIbHOM HOTH MOBPEXICHA (XKeNTas cTpelsika) u umerores ‘U’-o0pa3Hble
BJIABJICHUS HA 00EMX CTOPHAX T€HUTAIBHOM KpbIIIEUKH (Oesble CTPENIKN).

livestock that now co-occur with horseshoe crabs. Se-
lect injuries could be considered bite marks (Figs 7B,
10A) and they are likely record of predator-prey inter-
actions. The local people suggest rats are possible cul-
prits for such injuries. As turtles and gulls are known to
cause injuries to Limulus polyphemus [Keinath, 2003;
Bicknell et al., 2018], similar predators may also have
contributed to the records observed here.

There is an array of morphologies that reflect ab-
normal recovery from injuries. The rounded genal spines
(Figs 4A, 9A, 12C, 14A) undoubtedly reflect regenera-
tion from an injury, but a lack of sufficient moulting
events to completely recover the spine. The condition
where two moveable spines are noted within the same
thoracetronic spine notch (Figs 4B, 12B) likely reflects
a developmental malfunction during recovery of an
injury to the thoracetronic margin. An unequal number
of moveable and fixed spines indicates an injury that
resulted in the removal of a spine and this removal has
not completely recovered (Figs 3D, 11A, 15A, 16A).
Finally, stunted, kinked or absent telson spines (Figs
7B, D, 9B, D, 10D, 13B, E, F, 14F) likely reflect
deformation of the spine through mechanical damage
and the propagation of the malformation during subse-
quent moults [Bicknell et al., 2018].

Previous studies of horseshoe crab abnormalities
[Shuster Jr., 1982; Botton, Loveland, 1989; Bicknell et

al., 2018] suggested that telson abnormalities were the
most documented examples of horseshoe crab malfor-
mations. However, the studied Carcinoscorpius ro-
tundicauda populations illustrate that prosomal and
thoracetronic injuries are most abundant. This suggests
that, as Bicknell & Pates [2019] postulated, there may
be species-specific patterns of injuries. Alternatively,
the prevalence of injury locations is dictated by the
ecological conditions imposed on a given population.
Regardless, further research into injury patterns is need-
ed; specifically using living populations. Such studies
will likely identify those populations with abundant
injuries and ideally help inform conservation efforts
that are direly needed to prevent the extinction of these
iconic organisms.
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Fig. 18. Bivariate plots sampled horseshoe crabs coded for gender and the presence of absence of an abnormality. A — plot of log-
normalised prosomal measurements with groups bound by convex hulls. Malformed specimens generally fall within the convex hull of
normal specimens. Both groups have a similar frequency plot, with abnormal specimens peaking more along the prosomal length axis; B —
plot of log-normalised thoracetronic measurements with groups bound by convex hulls. Malformed specimens fall within the convex hull
of normal specimens. Both groups have a similar frequency plot, although the malformed specimens have a lower resolution distribution,
reflecting the limited population relative to normal specimens. The data associated with these plots are found in Supplemental Data 1.

Puc. 18. JIBymepHbie rpa¢uki cOOpaHHBIX MEYEXBOCTOB C YKa3aHHEM I0JIa M HAJIWYHs/OTCYTCTBHs aHOManuil. A — rpaduk log-
HOPMAaJIbHBIX IIPOMEPOB MPOCOMBI, ¢ 00IACTIMU 3HaueHHs. Bujon3MeHeHHbIe 00pasiibl 00BIYHO MOMAAAI0T B 001aCTH 3HAYCHHST HOPMaJlb-
HBIX 00pa3ioB. O6e rpyIIbl UMEIOT CXOAHBII IPadUK 4acTOT, C AHOMAJIBHBIMU IK3EMIUISIPAMH, TAFOMINMI OOJIBIINIT MK BOIb OCH JUIHHBI
npocombl; B — rpaduk log-HopManabHBIX POMEPOB TOPALCHTPOHA, ¢ OOIACTAMH 3HAYCHHs. DK3EMIUISPbI C OTKIOHCHHSMH MONAJaloT B
006J1aCTh 3HAUCHHIT HOPMAIBHBIX 9K3eMJIIpOB. O0€ IpyIIIbl HMEIOT CXO/AHBIH rpauK 4acToOT, XOTS BUIOM3MECHEHHBIC SK3EMIUISIPBI HMEIOT
6oJiee HU3KOE PaCIpPEeeICHNE, YTO OTPAKACT MEHbIIEE UX KOIMYECTBO M0 CPABHEHUIO ¢ HOPMATbHBIMU dK3eMIUIIpaMu. JlaHHbIC IO 9TUM
rpadukam nansl B Supplemental Data 1.
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Fig. 19. Illustrations of anthropogenic activities that negatively impact horseshoe crabs at the study sites. A, D — fishing nets (Bet

jals) at the intertidal zone to collect small and medium sized fish during low tide; B — the collection of decapod crustaceans in mud-flats
using iron rods; C — livestock grazing on the mudflats; E — anchors located on the mudflats; F — Carcinoscorpius rotundicauda telson
spines that are broken and collected by local people; G — destruction of mangrove trees for fuel and food; H — a horseshoe crab entangled
in abandoned fish net; I — trade of horseshoe crabs at a local market of Kolkata, West Bengal.

Puc. 19. [Ipumepsl aHTPONOreHHOW aKTUBHOCTH, HEIaTHBHO BIIUSIOLICH HA MEYEXBOCTOB B U3y4YEHHBIX MecTax. A, D — pbIO0I0BHBIE
cetu (Bet jals) B mpuIMBHO-OTIMBHOMN 30HE, IpeHA3HAYECHHEIE JUIs cOOpa MEJIKOH U cpefHepa3MepHOil peIObI BO BpeMs oTnBa; B — cOop
JICATHHOTHX PaKOOOPA3HBIX HA IPSI3EBBIX OTMENSAX MPH MOMOIM MAIKKH ¢ METaUIM4ecKUM munoM; C — CKOT MacyILIMics Ha IPsi3eBbIX
orMmemsix; E — sKopH, pa3sMelleHHbIE Ha Ips3eBBIX OTMeNsiX; F — mmmsl TenscoHoB Carcinoscorpius rotundicauda, obl1oMaHHBIE U
coOpaHHbIe MECTHbIM HaceneHueM; G — 3aroToBKa NEPeBbEB MAHIPOB Ui TOIIMBA M muiy; H — MedexBocT, 3amyTaBLIMFCS B

3a0pOLICHHO PBIOOIOBHOM ceTH; I — TOproBis MedyexBocTaMu Ha MecTeHo pbiHke B Koskare, 3amajaubiii beHrain.
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