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record and implications for the maximum size estimate
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Callianassoid burrowing ghost shrimps are mostly small animals, with a total length (from the tip of the rostrum to the end
of'the tailfan) typically not exceeding a few centimetres. Representatives of some species in the families Anacalliacidae,
Callianassidae, Callichiridae, Ctenochelidae, and possibly also Callianopsidae, however, may grow to relatively large
sizes, reaching 10 and more centimetres in length. The maximum size each of these species can attain remains a mere
estimate because it is difficult to catch ghost shrimps, particularly the large-sized tropical representatives. Since large
individuals have a greater fossilization potential, the ghost shrimp fossil record could contribute to our knowledge
about how large these animals can grow. The largest extant ghost shrimp reported to date is an individual of the species
Glypturus armatus (Callichiridae), with an estimated total length of 175 mm (based on the extrapolation from an isolated
ischium). The existence of even larger animals reaching a total length of approximately 200 mm is documented herein
from the Maastrichtian of Madagascar and the middle Eocene of Hungary, with both fossil individuals belonging to the
genus Karumballichirus (Callichiridae) and appearing to be closely related to the extant Karumballichirus karumba. An
overview of both extant and fossil ghost shrimp species suggests that a total length of 200 mm is rarely, if ever, exceeded
by these animals. We suggest that physiological limits imposed by the specialized burrowing lifestyle might prevent
ghost shrimp from growing any larger.
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Introduction

Burrowing ghost shrimps (Decapoda: Axiidea: Callianasso-
idea sensu Poore et al. 2019 and Robles et al. 2020) are major
components of many fossil shallow marine decapod crusta-
cean assemblages (Hyzny and Klompmaker 2015), which
reflects the fact that they, as major inter- and subtidal biotur-
bators (Rowden and Jones 1993; Curran and Martin 2003;
Dworschak et al. 2012; Kneer et al. 2013), often live in high
densities (Ziebis et al. 1996; Stamhuis et al. 1997; Bishop and
Williams 2005). Many of the known ghost shrimps, both
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fossil and modern, are relatively small animals with a total
length (from the tip of the rostrum to the end of the tailfan)
not exceeding a few centimetres. Just a few species grow to
relatively large sizes. The largest ghost shrimp alive today
are found in the family Callichiridae Manning & Felder, 1991
(Fig. 1, Table 1), with species in several genera exceeding a
total length of 100 mm, i.e., Audacallichirus Poore et al.,
2019; Callichirus Stimpson, 1866; Corallianassa Manning,
1987; Glypturus Stimpson, 1866; Karumballichirus Poore
et al., 2019; Lepidophthalmus Holmes, 1904; and Neocalli-
chirus Sakai, 1988 (e.g., Rodrigues 1971; Saint Laurent and
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Le Loeuff 1979; Vaugelas and Saint Laurent 1984; Vaugelas
1985; Poore and Suchanek 1988; Bishop and Bishop 1992;
Sakai 1999, 2011; Anker and Dworschak 2007; Dworschak
2011a, 2018, 2022; Sakai and Tiirkay 2014; Komai et al.
2015). Within other axiidean families, such a body length
was also documented in the Anacalliacidae (4Anacalliax Saint
Laurent, 1973), Callianassidae (Neotrypaea Manning and
Felder, 1991) and Ctenochelidae (Ctenocheles Kishinouye,
1926) (e.g., Ward 1945; Powell 1949; Biffar 1971a; Holthuis
1991; Wicksten 2011), and possibly also Callianopsidae
(Callianopsis Saint Laurent, 1973) (Table 1). Also, the fossil
record might provide some clues regarding maximum size
estimates of ghost shrimps.

The fossilization potential of ghost shrimps is relatively
high due to well-calcified chelae (Bishop and Williams
2005; Hyzny and Klompmaker 2015) and their burrowing
lifestyle enhancing preservation, as at least some moults
may remain in the burrow (HyZzny and Klompmaker 2015
and references therein). Although the taxonomic evaluation
of isolated cheliped fingers (the most common remains of
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fossil ghost shrimps) may prove to be difficult (Hyzny and
Klompmaker 2015), the information they can provide on
the ecology and lifestyle of the fossil animals should not be
neglected. The present contribution aims to discuss one spe-
cific aspect of ghost shrimps: their potential maximum size.
Living ghost shrimps are not easy to catch (Vaugelas 1985;
Dworschak 2015), as especially the large ones can burrow
more than 1.5 m deep into the substrate (Dworschak et al.
2012, and references therein), so the estimate of their maxi-
mum size based on specimens in zoological collections may
not be completely informative. However, large individuals
with well-sclerotized cuticle and heavily calcified chelipeds,
rather than smaller ones, are more easily preserved as fossils
(Bishop and Williams 2005; HyZzny and Klompmaker 2015).
This is why ghost shrimp fossils could help us find out more
about the maximum size these animals can attain.
Although body size is an important biological characteris-
tic affecting the physiology and ecology of organisms (Peters
1983; Bonner 2006; Maszczyk and Brzezinski 2018), only a
limited attention has been paid to body size of decapod crus-

Table 1. Overview of extant ghost shrimp species with a documented estimated total length of 100 mm or more. Data are largely based on a liter-
ature survey. Total length (in mm), i.e., the length from the tip of the rostrum to the end of the tailfan, is followed by carapace length (in mm). For
an exhaustive overview of all documented specimens reaching or exceeding a total length of 100 mm see SOM. Abbreviation: N/A, not available.

Family Species 1:::;11 Clznrpi;ie Sex Repository number Reference
Anacalliacidae| Anacalliax agassizi 112 N/A |female| MCZH 12872 (paratype) Biffar 1971a
Anacalliacidae| Anacalliax argentinensis 143 N/A | male USNM 135056 Biffar 1971a
Callianassidae | Neotrypaea californiensis 120 N/A | female N/A Wicksten 2011
Callianassidae | Neotrypaea gigas 150 N/A | N/A N/A Holthuis 1991
Callianopsidae| Callianopsis goniophthalma | N/A | 27.5 | male USNM 28354 Lin et al. 2007

Callichiridae | Audacallichirus mirim 115 28 | female RMNH D 37701 Sakai 1999
Callichiridae | Audacallichirus monodi 130 N/A | female MNHN Th-390 Saint Laurent and Le Loeuff 1979
Callichiridae | Callichirus adamas 117 N/A | male MNHN Th-379 Saint Laurent and Le Loeuff 1979
Callichiridae | Callichirus garthi 130 35 male | MZUC-UCCC (holotype) Retamal 1975
Callichiridae | Callichirus major 150 N/A | female N/A Rodrigues 1971
Callichiridae | Callichirus seilacheri 117 25 male SMF 4941 Sakai 1999
Callichiridae | Corallianassa intesi 102 28 |female MNHN Th-368 Saint Laurent and Le Loeuff 1979
Callichiridae | Glypturus acanthochirus 140 31.5 |female MNHN Th-1593 this study
Callichiridae | Glypturus armatus 147 35 male ZMH K 38197 this study
Callichiridae | Glypturus armatus 175 50 N/A NHMW 25460 Dworschak 2018; based on a regression
Callichiridae | Glypturus laurae 153 33.4 |female NHMW 21940 Dworschak 2022
Callichiridae | Karumballichirus karumba 131 30 |female ZMB 3353 Sakai 1999
Callichiridae | Lepidophthalmus bocourti N/A 25 male ULLZ 4639 Felder 2003
Callichiridae | Lepidophthalmus eiseni N/A 26 | female MCZH 4370 Felder and Manning 1998
Callichiridae | Lepidophthalmus tridentatus| 100 18.1 |female NHML 2739 Sakai 1970
Callichiridae | Lepidophthalmus turneranus| 162 32 male ZMH K 26371 Sakai and Tiirkay 2014
Callichiridae | Neocallichirus darwinensis 110 24 | female NTM CR.000090 (holotype) Sakai 1988
Callichiridae | Neocallichirus grandimana 134 N/A | male MCZH 12873 Biffar 1971b
Callichiridae | Neocallichirus guassutinga 136 N/A | female N/A Rodrigues 1971
Callichiridae | Neocallichirus mericeae 115.2 | 31.1 | male USNM 268686 Manning and Felder 1995
Callichiridae | Neocallichirus natalensis 117 244 |female NHMW 24900 Dworschak 2011a; Sakai 2015
Callichiridae | Neocallichirus vaugelasi 139 29.8 |female MNHN Th-651 Dworschak 2011a
Callichiridae | Neocallichirus vigilax 124 324 | N/A N/A Dworschak 2011b; based on a regression
Ctenochelidae | Ctenocheles collini 120 N/A | N/A QM (holotype) Ward 1945
Ctenochelidae | Ctenocheles maorianus 122 N/A | N/A AMNZ (paratype) Powell 1949
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taceans in the fossil record (Klompmaker et al. 2015, 2016b).
As for ghost shrimps, their body size is tightly connected with
their burrowing activities and consequently the impact on
their environment as major bioturbators (Nickel and Atkinson
1995; Felder 2001; Kornienko 2013). The estimate of the max-
imum body size in selected ghost shrimp taxa throughout
their stratigraphic span is thus of great importance in evaluat-
ing the role of these animals as ecosystem engineers not only
in modern settings (Berkenbusch and Rowden 2003; Kneer et
al. 2013) but also in the geological past.

This contribution, based on the examination of rich fossil
ghost shrimp material largely consisting of isolated cheliped
elements and a comparison with material of extant taxa, aims
to: (i) provide an overview of the largest modern ghost shrimp
specimens collected to date; (ii) present the fossil material
belonging to arguably the largest documented ghost shrimp;
and (iii) discuss potential size limitations of these animals.

Institutional abbreviations.—AMNZ, Auckland Museum,
Auckland, New Zealand; CPAG, Centre for Pure and
Applied Geology, University of Sindh, Jamshoro, Pakistan;
GA, GeoSphere Austria, Vienna, Austria; MCZ, Museo
Civico “G. Zannato”, Montecchio Maggiore, Italy; MCZH,
Museum of Comparative Zoology, Harvard University,
Cambridge, USA; MBFSZ, Mining and Geological Survey
of Hungary, Budapest, Hungary; MSNM, Museo Civico
di Storia Naturale di Milano, Italy; MNHN.F, Collection
de Paléontologie, Muséum national d’Histoire naturel-
lein Paris, France; MZUC-UCCC, Museo de Zoologia de
la Universidad de Concepcion, Chile; NHML, Natural
History Museum London, UK; NHMW, Naturhistorisches
Museum Wien, Austria; NMCR, National Museum of the
Philippines, Manila, Philippines; NTM, Northern Territory
Museum, Darwin, Australia; QM, Queensland Museum,
Brisbane, Australia, RMNH, National Museum of Natural
History, Leiden, the Netherlands; SMF, Forschungsinstitut
Senckenberg, Frankfurt am Main, Germany; ULLZ, Zoo-
logical collections of the University of Louisiana, Lafayette,
USA; USNM, United States National Museum, Smithsonian
Institution, Washington, D.C., USA; ZMB, Zoologisches
Museum Berlin, Germany; ZMH, Zoologisches Museum
Hamburg, Germany.

Material and methods

Measurements on extant ghost shrimps were conducted on in-
dividuals collected in the field (Sulawesi) by one of us (DK),
and on specimens found in museum collections. Measuring
ghost shrimps can be influenced by numerous factors, in-
cluding the method of measuring and how well preserved the
respective specimen is. In museum collections, wet speci-
mens often curl up. Measured length values of curled animals
slightly differ from those measured if animals are stretched
out. Generally, the latter method gives lower values because
when curled, the measuring process may include also mem-
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branes between pleonal segments; the membranes are hidden
when the animals are stretched out and do not contribute to
the measured value. However, if parts of the exoskeleton are
very soft and transparent (e.g., due to some degree of decay),
it is easy to stretch the animal out to become unnaturally long.
Additionally, in some species, e.g., Lepidophthalmus turnera-
nus White, 1861, there is a narrow plate fringing the posterior
margin of the dorsal carapace. In well-preserved animals, this
plate preserves the same pigmentation as the rest of the dorsal
carapace and will likely be included in the measurement of
the carapace length. In not-so-well-preserved animals, it as-
sumes the same pigmentation as the soft tissue part connect-
ing the dorsal carapace to the first pleonal somite, potentially
leading to it not being included in the measurement of the
carapace length. Including or not including this plate in the
measurement of the carapace length can make a difference
of 1 or 2 mm. One of the methods for measuring museum
specimens is by using a thread; this method was used for
specimens measured by us.

An overview of the largest modern ghost shrimps col-
lected to date was compiled via screening the literature as
well as adding new data on previously unpublished speci-
mens, and some of the previously published specimens were
re-measured (Table 1; SOM, Supplementary Online Material
available at http://app.pan.pl/SOM/app70-Hyzny etal SOM.
pdf). All the fossil material was studied first-hand by one
of us (MH). Some specimens were coated with ammonium
chloride prior to photography (see figure captions for details).
Fossil samples consisted of isolated and/or fragmentary che-
liped elements. Estimates of the total length are based on
extrapolations of the regression growth curve of extant con-
generic specimens of Karumballichirus karumba (Poore &
Griffin, 1979) as published by Dworschak (2008); the follow-
ing regressions (Peter Dworschak, personal communication
2015 and 2024) were used: CL (carapace length) =0.2313 TL
(total length) + 1.6722; P1Ma (pereiopod 1 manus) = 0.9528
CL -4.6965 (for males). Specimens of K. karumba, deposited
in the NHMW (published previously by Dworschak 2008),
were examined for comparative purposes.

Systematic palacontology

Order Decapoda Latreille, 1802

Infraorder Axiidea Saint Laurent, 1979
Family Callichiridae Manning & Felder, 1991
Genus Karumballichirus Poore et al., 2019

Type species: Callianassa karumba Poore & Griffin, 1979, by original
designation; Recent, Australia (Queensland, Karumba).

Remarks.—The systematic overview of (sub)fossil large-
sized Karumballichirus presented below focuses on taxa per-
sonally studied by one of the authors (MH). It is not meant
to be exhaustive by any means, but rather to demonstrate the
geographic and stratigraphic distribution of the genus.
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Fig. 1. Ghost shrimp Glypturus armatus (Milne-Edwards, 1870), the largest documented extant ghost shrimp species. Specimens shown here are smaller
representatives. A. ZMB 32002 (total length = 107 mm), dorsal view of entire animal; Barrang Lompo, Sulawesi, Indonesia. B. NMCR 39031 (total length
= 82 mm), outer lateral view of left major cheliped; Panglao Island, the Philippines. C. NHMW 25460 (total length = 175 mm, based on a regression),
outer lateral view of left major cheliped ischium; Panglao Island, the Philippines. D. ZMH K 38197 (total length = 147 mm), dorsal (D) and lateral (D,)
views of entire animal; Somalia, unknown locality. Photo: ©LIB, Mercado-Salas.

Karumballichirus khadroensis (Hyzny &
Charbonnier in Hyzny et al., 2016a) comb. nov.
Fig. 2.

2016a Neocallichirus khadroensis Hyzny & Charbonnier; Hyzny et al.
2016a: 344, figs. 2, 5A;, C,, D3, 61

Material —Holotype: CPAG.RAN.L.55 (cast MNHN.F.
AS52405), left propodus with articulated dactylus; paratypes:
8 specimens, CPAG.RAN.L.56-1.63 (casts MNHN.F.A52406—
AS52413), isolated cheliped elements; from Gawar Band sec-
tion (Khadro Formation, Danian), Ranikot, Sindh, Pakistan.

Description—Detailed description of the species was pro-
vided by Hyzny et al. (2016a) and is therefore not repeated
here.

Remarks.—Hyzny etal. (2016a) assumed that the growth rate
of Neocallichirus khadroensis was largely the same as the
one of Neocallichirus karumba; the assumption was based
on striking morphological similarities between both taxa as
shown by Hyzny et al. (2016a: fig. 5). Based on an extrap-
olation of data on the growth of N. karumba (Dworschak
2008), Hyzny et al. (2016a) estimated the total length of the
largest individuals of N. khadroensis to be 120 mm. The
establishment of Karumballichirus (with the type species
N. karumba) allows re-assignment of N. khadroensis to the
respective genus.

Stratigraphic and geographic range—Danian (Paleocene)
of Pakistan (Hyzny et al. 2016a).
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Fig. 2. Ghost shrimp Karumballichirus khadroensis (Hyzny & Charbonnier in Hyzny et al., 2016a) comb. nov., Danian (Paleocene) of Ranikot, Sindh,
Pakistan. A. CPAG.RAN.L55 (holotype), left major chela (propodus and dactylus) in outer lateral view. B. CPAG.RAN.1.63 (paratype), right major che-
liped merus in outer lateral view. C. CPAG.RAN.L.60 (paratype), left major chela (propodus and dactylus) in outer lateral view. All specimens are shown

to the same scale.

Karumballichirus lakhraensis (Hyzny &
Charbonnier in HyZny et al., 2016a) comb. nov.
Figs. 3, 4.

2013 Calliax sp.; Charbonnier et al. 2013: 106, fig. 2A, B.

2016a Neocallichirus lakhraensis Hyzny and Charbonnier in Hyzny et
al., 2016a: 346, figs. 4, 5A,, B,, C;, D, E,, 6H.

Material—Holotype: CPAG.RAN.1.64 (cast MNHN.F.
AS52414), right propodus with articulated dactylus; paratypes:

CPAG.RAN.L.65-1.72 (casts MNHN.F.A52415-A52422), 4
additional specimens: CPAG.RAN.1.85-1.87 (casts MNHN.F.

A91718—-A91720), largely articulated chelipeds consisting of
dactylus, propodus, carpus, merus, and ischium; all from
Rhob Nala section (Lakhra Formation, Ypresian), Thatta
District, Sindh, Pakistan; MNHN.F.A47685, right major
propodus, Lakhra Dome coal mine field (Bara Formation,
Paleocene, Thanetian?), Thatta District, Sindh, Pakistan.

Description.—Detailed description of the species was provi-
ded by Hyzny et al. (2016a) and is therefore not repeated here.

Remarks.—Hyzny et al. (2016a) assumed that the growth rate
of Neocallichirus lakhraensis was largely the same as the

Fig. 3. Ghost shrimp Karumballichirus lakhraensis (Hyzny & Charbonnier in Hyzny et al., 2016a) comb. nov., Ypresian (Eocene) of Thatta District,
Sindh, Pakistan. A. CPAG.RAN.1.64 (holotype), right major chela (propodus and dactylus) in outer lateral (A;) and inner lateral (A,) views. B. CPAG.
RAN.I.85 (cast MNHN.F.A91718), left major chela (incomplete propodus and dactylus). C. CPAG.RAN.I.86 (cast MNHN.F.A91719), left major chela in
inner lateral (C;) and outer lateral (C,) views. D. CPAG.RAN.1.87 (cast MNHN.F.A91720), right major dactylus in outer lateral view. E. CPAG.RAN.L.70
(paratype), right major cheliped (ischium, merus, incomplete carpus) in outer lateral view. All specimens are shown to the same scale. Specimens in B-D
were covered with ammonium chloride prior to photography.



Fig. 4. Ghost shrimp Karumballichirus lakhraensis (Hyzny & Charbonnier
in Hyzny et al., 2016a) comb. nov., Paleocene of Lakhra Dome coal mine
field (Bara Formation, Paleocene, Thanetian?), Pakistan. MNHN.F.A47685,
right major propodus in outer lateral (A), inner lateral (A,), and ventral
(A3) views.
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one of Neocallichirus karumba; the assumption was based
on striking morphological similarities between both taxa as
shown by Hyzny et al. (2016a: fig. 5). Based on an extrap-
olation of data on the growth of N. karumba (Dworschak
2008), Hyzny et al. (2016a) estimated the total length of the
largest individuals of N. lakhraensis to be 110 mm. The es-
tablishment of Karumballichirus allows the re-assignment
of N. lakhraensis to the respective genus.

Charbonnier et al. (2013) reported a single isolated pro-
podus from the ?Thanetian (upper Paleocene) of southern
Pakistan. They interpreted it tentatively as a minor chela
propodus of Calliax sp. Personal re-examination of the
specimen by one of us (MH) revealed that the specimen is
not complete and what appeared to be a short fixed finger
is actually part of a broken fixed finger, much larger than
anticipated previously (Fig. 4).

Stratigraphic and geographic range.—?Thanetian (upper
Paleocene)—Ypresian (lower Eocene) of Pakistan (Charbon-
nier et al. 2013; Merle et al. 2014; Hyzny et al. 2016a).

Fig. 5. Ghost shrimp Karumballichirus maximus (Milne-Edwards, 1870) comb. nov. from the Holocene (subfossil strata) of Thailand. A. MNHN.F.A74264
(lectotype), left major chela (propodus and dactylus) in outer lateral (A,), proximal (A,), inner lateral (A3), ventral (Ay4), and dorsal (As) views, the oc-
clusal view of dactylus (Ag). B. MNHN.F.A74265 (paralectotype), right major chela (propodus and dactylus) in outer lateral (B;) and inner lateral (B,)
views, occlusal view of dactylus (Bs).
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Karumballichirus maximus (A. Milne-Edwards,
1870) comb. nov.
Fig. 5.

1870 Callianassa maxima; Milne-Edwards 1870: 97, pl. 2: 5.

non 1915 Callianassa maxima Milne-Edwards, 1870; Kemp 1915:
252, pl. 13: 1-5.

non 1954 Callianassa maxima Milne-Edwards, 1870; Pillai 1954: 23,
figs. 1-5.

non 1981 Callianassa (Callichirus) maxima Milne-Edwards, 1870;
Daniel 1981: 193, pl. 6: 1A-1.

Material —Lectotype: MNHN.F.A74264, left major chela
(propodus and dactylus) (Fig. 5A; Milne-Edwards 1870:
pl. 2: 5); paralectotype: MNHN.F.A74265, right major chela
(propodus and dactylus) (Fig. 5B). The type material was
originally composed of several syntypes, the two of which
were recently rediscovered by one of us (SC) in the palacon-
tological collections at the MNHN, Paris.

Description—Major cheliped manus subquadrate; upper
and lower margins keeled and distinctly serrated, especially
the lower one; lower margin concave at junction with fixed
finger; distal margin with large, sharp tooth at articulation
with dactylus. Inner and outer lateral surfaces densely cov-
ered with evenly spaced tubercles. Major cheliped fixed fin-
ger approximately as long as manus; lateral surface with
faint ridge with row of seven large tubercles running onto
manus; occlusal surface unarmed. Major cheliped dactylus
long and slender, approximately four times longer than high;
upper margin proximally adorned with tubercles; lateral sur-
faces tuberculated proximally and adorned with complex
setal pores; occlusal margin armed with complex molariform
protuberance proximally with two blunt teeth and followed
by a gap, one peg-like blunt tooth, another gap and a saw-like
series of teeth ending with a sharp curved fingertip.

103

Remarks—Callianassa maxima was described based on
several subfossil chelae found during the construction of
a channel in the territory of present-day Thailand (Milne-
Edwards 1870). Kemp (1915), Pillai (1954) and Daniel (1981)
provided a more detailed description based on more com-
plete material from India, including larval stages (Daniel
1981). Sakai (1999), however, argued that the material of
Kemp (1915) differs from C. maxima and erected a new spe-
cies for it, Neocallichirus kempi. Dworschak (2008) re-in-
vestigated the specimens attributed at that time to C. max-
ima (except its type material) and N. kempi, and considered
them conspecific with Callianassa karumba; Callianassa
maxima was considered a separate species by Dworschak
(2008). The type material of Callianassa maxima was con-
sidered lost (Sakai 1999: 103) and found again in the col-
lection of MNHN.F; photographs of it are provided herein
for the very first time. The material has been suggested to
conform to the intraspecific variation of K. karumba (Peter
C. Dworschak, personal communication 2019). However,
we have not studied the type material of C. karumba and N.
kempi first-hand, so we are reluctant to synonymise these
taxa with C. maxima at present.

It should be noted that C. maxima was described based
on more than one specimen, as is clearly mentioned by
Milne-Edwards (1870: 97-98). However, all subsequent au-
thors erroneously stated that it was described based on a sin-
gle subfossil chela (Kemp 1915: 252; Pillai 1954: 23; Daniel
1981: 193; Sakai 1999: 103; Dworschak 2008: 75).

Schweitzer et al. (2010) incorrectly attributed the author-
ship of C. maxima to A. Milne-Edwards (1860) instead of
Milne-Edwards (1870).

Stratigraphic and geographic range.—Holocene (subfossil
strata) of Thailand (A. Milne-Edwards 1870).

Fig. 6. Ghost shrimp Karumballichirus tuberculatus (L6renthey in Lérenthey and Beurlen, 1929), middle Eocene of Kosd, Hungary. A—-F. MBFSZ E9465
(syntype collection of Callianassa tuberculata), consisting of isolated major cheliped elements: carpus (A), propodus (C, D), fixed finger (A, F), and
dactylus (B, E).
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Karumballichirus tuberculatus (Lérenthey in
Lorenthey and Beurlen, 1929)
Fig. 6.

1929 Calianassa [sic!] tuberculata Lorenthey; Lérenthey and Beurlen
1929: 51, pl. 1: 9.

2006 Neocallichirus borensis; Beschin et al. 2006: 97, fig. 2, pl. 1: 4—6.

2016 Neocallichirus tuberculatus (Lérenthey in Lorenthey and Beur-
len, 1929); Hyzny et al. 2016a: 350, fig. 6D-F.

2020 Karumballichirus tuberculatus (Lérenthey in Lorenthey and
Beurlen, 1929); Hyzny and Zorn 2020: 21, pl. 5: 3-5. [cum. syn.]

Material—Callianassa tuberculata syntypes: MBFSZ
E9465 (16 specimens with collective repository number), iso-
lated major cheliped elements (carpus, propodus, dactylus)
from the middle Eocene of Kosd, Hungary; Neocallichirus
borensis holotype: MCZ 2423, isolated left major propodus
from the Eocene (Priabonian) of Priabona, Italy; additional
specimens: GA 2010/035/0021, isolated left major propodus
from the Eocene (Guttaring Group) of Guttaring, Austria;
GA 2010/266/0001, isolated right major propodus with bro-
ken fixed finger from the Eocene of Meledo Basso, Italy; GA
2010/029/0008, incomplete right major propodus from the
Eocene (Priabonian) of Mortisa, Belluno, Italy.

Description.—A detailed description of the species was pro-
vided by Lorenthey and Beurlen (1929) and is therefore not
repeated here.

Remarks—Lérenthey in Lorenthey and Beurlen (1929) de-
scribed Callianassa tuberculata based on a number of frag-
mentary specimens from the middle Eocene of Hungary. It
is important to note that his figure (Lérenthey in Lérenthey
and Beurlen 1929: pl. 1: 9) is a reconstruction and does not
represent any particular specimen from the studied sample.
Nevertheless, the largest fragment probably belonged to an
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animal with a total length exceeding 180 mm, as already
suggested by Hyzny et al. (2016a). Neocallichirus boren-
sis, originally described from the upper Eocene of Italy
(Beschin et al. 2000), has recently been considered a junior
subjective synonym of Callianassa tuberculata by Hyzny
and Zorn (2020). They also reassigned the species to the
genus Karumballichirus.

Stratigraphic and geographic range—Eocene of Hungary
(Lérenthey and Beurlen 1929), Italy (Beschin et al. 2006;
Hyzny and Zorn 2020), and Austria (HyZzny and Zorn 2020).

Karumballichirus sp.
Fig. 7.

Material —MSNM 128030 (collective number), one entire
right major cheliped dactylus and two fingertips of left major
cheliped dactyli. It was collected in the surrounding of the
village of Berivotra, ca. 50 km S of the city of Mahajanga,
NW Madagascar where the Berivotra Formation of the late
Maastrichtian age crops out (Rogers et al. 2000). Brief over-
view of the accompanying fauna (including other decapods)
was presented by Garassino and Pasini (2003).

Description.—Major cheliped dactylus long and slender,
approximately seven times longer than tall. Upper margin
proximally adorned with tubercles and with five complex
pores accommodating tufts of setae during life. Lateral sur-
faces tuberculated proximally and adorned with complex
setal pores; outer lateral surface with two distinct rows of tu-
bercles positioned in the upper half and five large elongated
setal pores perpendicular to the dactylus-longitudinal axis;
inner lateral surface with tubercles arranged in less-dis-
tinct rows and adorned with setal pores with oval outline.
Occlusal margin armed with a number of teeth; complex

Fig. 7. Ghost shrimp Karumballichirus sp. (MSNM i28030), Maastrichtian of Berivotra, Madagascar. A. Right major cheliped dactylus in dorsal (A),
proximal (A,), dorso-lateral (As), inner lateral (A,), outer lateral (As, Ag), and occlusal (A5, Ag) views. B. Incomplete left major cheliped dactylus in
outer lateral view. C. Incomplete left major cheliped dactylus in outer lateral (C;) and occlusal (C,) views. Specimens are shown to the same scale. All
specimens were covered with ammonium chloride prior to photography.
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molariform protuberance positioned proximally with four
blunt teeth and followed by a gap, two peg-like blunt teeth
of unequal length, another gap and a saw-like series of 10+
teeth ending with a sharp curved fingertip.

Remarks—The studied material is fragmentary, no propo-
dus is preserved. Identification based on isolated dactyli
of decapod crustaceans may prove difficult; in the present
case, however, we argue for assignment to ghost shrimps,
and the genus Karumballichirus in particular, based on the
following characters:

(1) arrangement of setal pores; ghost shrimps often have
large setal pores on the dactylus of the major cheliped, es-
pecially on the upper margin and outer lateral surface. In
representatives of Karumballichirus (e.g., Dworschak 2008:
figs. 4b, 5k), Lepidophthalmus (e.g., Felder and Manning
1997: figs. 1b, 3a, 4d, f) and Callianopsis Saint Laurent,
1973 (Schweitzer Hopkins and Feldmann 1997: fig. 4A, B),
to name a few examples, they are elongated and oriented
perpendicularly to the longitudinal axis of the dactylus. This
character is also present in many ghost shrimp fossils (e.g.,
Schweitzer Hopkins and Feldmann 1997: fig. 7D; Hyzny
and Klompmaker 2015: fig. 4D; Hyzny et al. 2016a: figs. 5,
6D). Moreover, dactyli from Madagascar show rather com-
plex setal pores which, during life, accommodated tufts of
setae, a condition which is common in extant ghost shrimps
(e.g., Felder and Manning 1997, Dworschak 2008, 2011a,
b). Similar setal pores can be found in some hermit crabs
(Komai and Rahayu 2014; Fraaije et al. 2015; Hyzny et al.
2016b), their chelae, however, have a completely different
general morphology, usually having robust, suboval propodi
with short fingers (McLaughlin 2003);

(i1) curvature of the dactylus; ghost shrimps have major
cheliped dactyli curved inward in a specific manner; the
proximal portion is relatively straight whereas curvature is
present in the distal portion close to the tip (Klompmaker et
al. 2016a: figs. 14R, 14T, 15C-D);

(ii1) dentition; decapod crustaceans are highly variable
in the shape of chelipeds and development of their den-
tition (Schifer 1954; Glaessner 1969). Often, dentition is
regular along the occlusal margin of the fingers. Many ghost
shrimps have highly irregular “tooth formulae”, often with
large blunt molariform teeth positioned proximally and
many near-equal teeth positioned close to the tip (e.g., Pillai
1954; Sakai 1969; HyZzny 2012; HyZzny and Hudackova 2012;
Hyzny and Muiiz 2012). Additionally, a strongly hooked
dactylus is rather typical for ghost shrimps (e.g., Sakai 1969;
Manning and Felder 1991; Hyzny and Hudackova 2012),
whereas it is fairly uncommon among brachyurans (see
some representative figures in Ng et al. 2008 and in Poore
and Ahyong 2023). The dentition of the studied dactyli from
Madagascar is similar to several fossil and extant ghost
shrimps (see discussion below).

The material from Madagascar exhibits a strong resem-
blance to ghost shrimps of the genus Karumballichirus (as
discussed above). Although it most probably belongs to a
species yet unknown to science, the material is simply not
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sufficient to justify the erection of a new taxon. In ghost
shrimps, intraspecific variation and sexual dimorphism
is commonly expressed in the morphology of the major
pereiopod 1 dactylus (as discussed in detail by Hyzny and
Klompmaker 2015). Therefore, assignment of the dactyli
from Madagascar to the species level must await the discov-
ery of more complete material.

Discussion

Taxonomic evaluation of isolated cheliped elements.—
The decapod cheliped is a multifunctional organ, often
quite characteristic for respective groups (Schifer 1954; Lee
1995; Mariappan et al. 2000). Taxonomic evaluation of iso-
lated fossil cheliped elements and their fragments can be
challenging.

In brachyuran crabs, for example, the taxonomic eval-
uation of cheliped fragments can be troublesome due to
intraspecific variation and use-induced changes (e.g., Smith
and Palmer 1994; Schenk and Wainwright 2001; Silva et
al. 2017), even though there have been many attempts to
identify them at least to the family level (e.g., Forster 1979a,
b; Miiller 1984; Kato and Karasawa 1998; Ando et al. 2015,
2016). Therefore, brachyuran claws seldom are in the fo-
cus of alpha-taxonomists, but paguroid hermit crabs (e.g.,
McLaughlin 2003; Komai and Rahayu 2014; Fraaije et al.
2015; Hyzny et al. 2016b) and axiidean shrimps (e.g., Sakai
1969; Schweitzer Hopkins and Feldmann 1997; Hyzny and
Klompmaker 2015; Klompmaker et al. 2016a), to name at
least two major clades, are commonly classified based on
cheliped elements. These are often the only parts that are
preserved, and they can be used successfully to assign to
low taxonomic ranks. There are even extreme cases where
isolated fossil cheliped fingers were used for the erection
of new species (e.g., Rathbun 1935), although this has been
criticised by Hyzny and Klompmaker (2015). In some ghost
shrimps, however, attribution to the genus level is possible
based only on isolated major cheliped dactyli. Such is the
case of Karumballichirus sp. presented herein.

Careful comparison with extant taxa is always necessary
to evaluate fossil remains to some degree of confidence. In
this respect, it can be stated that the more specialized the
studied animal is, the easier and more straightforward the
identification of its fossil remains may be. The cheliped
dentition of large ghost shrimps, especially of the callichirid
genera discussed above, i.e., Glypturus, Karumballichirus,
Lepidopthalmus, and Neocallichirus, exhibits a great array
of characters (e.g., tubercles, occlusal teeth and setal pores)
which can be evaluated taxonomically and identified in the
fossil record.

Size estimates of ghost shrimps based on isolated che-
liped elements.—Based on the reported occurrences of
modern taxa, the size, i.e., total length of an adult ghost
shrimp from the tip of the rostrum to the end of the telson,
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Table 2. Fossil callichirid ghost shrimp species exceeding a total length of 100 mm (as based on size estimation discussed in the text).

Taxon Age Occurrence Total length
Karumballichirus maximus (Milne-Edwards, 1870) Holocene Thailand ~150 mm
Karumballichirus tuberculatus (Lérenthey in Lorenthey and Beurlen, 1929) middle Eocene Hungary >180 mm
Karumballichirus lakhraensis (Hyzny & Charbonnier in Hyzny et al., 2016) early Eocene Pakistan ~110 mm
Karumballichirus khadroensis (Hyzny & Charbonnier in HyZny et al., 2016) Paleocene Pakistan ~120 mm
Karumballichirus sp. Maastrichtian Madagascar >180 mm

ranges from about 15 mm to 175 mm (Dworschak 2015,
2018). Of 265 species in 74 genera (Robles et al. 2020), 28
species in 10 genera within the four families Anacalliacidae,
Callianassidae, Callichiridae, and Ctenochelidae reach or
exceed a total length of 100 mm (Table 1). Within the family
Callianopsidae, Lin et al. (2007) reported a male individ-
ual of Callianopsis goniophthalma Rathbun, 1902 (USNM
28354) with a carapace length of 27.5 mm. Based on the
comparison with other representatives of this species as
well as other ghost shrimp taxa, the total length of the re-
spective individual probably reached 100 mm. The largest
specimens, reaching at least 150 mm, were documented in
one genus (Neotrypaea) within the family Callianassidae
and three genera (Callichirus, Glypturus, Lepidophthalmu.s)
within the family Callichiridae.

The maximum size of ghost shrimps remains a mere
estimate because it is difficult to catch ghost shrimps, par-
ticularly the large-sized tropical representatives (Shinn
1968; Vaugelas 1985; Garcia et al. 2003; Kneer et al. 2013;
Dworschak 2015). Because of these constraints, the fossil
record could be helpful in providing additional clues, espe-
cially considering the suggestion that larger specimens have
a greater fossilisation potential (Hyzny and Klompmaker
2015). However, the fossil record is biased towards isolated
cheliped elements (Hyzny and Klompmaker 2015) and the
size estimate of a once living animal is not straightforward.

A strong correlation between the size of ghost shrimp
chelipeds and carapace length has been observed. Therefore,
the total length of the animal may be estimated with some
certainty using chelipeds. Such estimates must be done care-
fully, as in some genera allometric growth has been iden-
tified in sexually mature animals, including differences in
the growth of males and females (e.g., Callichirus, Hernaez
and Wehrtmann 2007; Eucalliaxiopsis, Dworschak 2006;
Lepidophthalmus, Felder and Lovett 1989; Nates and Felder
1999; Neotrypaea, Labadie and Palmer 1996; Nihonotrypaea,
Shimoda et al. 2005). Moreover, the slope of increase can
differ greatly between and within species of the same genus
(e.g., Paratrypaea, Dworschak 2012: fig. 3), although this
apparently does not apply universally to all ghost shrimps.

As for reliable estimates, based on careful examina-
tion of numerous specimens, one may refer to Dworschak
(2011b, 2018). Dworschak (2011b) reported remains of Neo-
callichirus vigilax (Man, 1916) with a total length estimated
as 124 mm,; in this case the size was calculated from re-
gressions of propodus length/carapace length and carapace
length/total length. Based on an isolated major cheliped
ischium of Glypturus armatus (Milne-Edwards, 1870) col-

lected at Panglao Island, Philippines (Fig. 1C), Dworschak
(2018) estimated the total length of the animal as reaching at
least 175 mm, making it the largest documented extant ghost
shrimp known to date.

To name another aspect that may hinder the correct to-
tal length estimate based on isolated fossil chelipeds, and
hence evolutionary change, Klompmaker et al. (2016a)
demonstrated that the major propodus length/height ratios
increased faster throughout growth in geologically older
assemblages based on three assemblages of Glypturus spp.
from the Late Miocene, Holo-Pleistocene, and modern
times. This could be a case of heterochrony, although more
data are needed to test this rigorously.

The (sub)fossil taxa discussed briefly in the systematic
section above are based on close morphological similarities,
considered to represent a single lineage with the modern
Karumballichirus karumba. Assuming the growth rate was
the same for all species of this lineage, the total length of
various animals can be calculated based on the data from
their extant representatives. These estimates are summarised
in Table 2 and graphically presented in Fig. 8. They demon-
strate that a total length exceeding 150 mm was reached by
ghost shrimp individuals throughout a stratigraphic span of
70 million years, ranging from Karumballichirus sp. from
the Maastrichtian of Madagascar over Karumballichirus
tuberculatus from the Eocene of Hungary to the subfossil
Karumballichirus maximus. The material of Karumballichirus
sp. from Madagascar represents remains of an animal with a
total length of approximately 200 mm. Interestingly, within
representatives of Glypturus, this length apparently is reached
but not exceeded (Table 1, Fig. 1).

How big can ghost shrimps grow?—Other decapods with
a comparable (not crab-like) general body shape, e.g., ne-
phropid lobsters (Homarus spp.) and palinurid spiny lob-
sters can attain a length of up to 600 mm or more (Holthuis
1991). As discussed above, we know there are ghost shrimps
with a total length of at least 175 mm, and we also know
that this size was attained by some ghost shrimps in the
distant past, going back to at least 70 million years ago
as documented by the Maastrichtian occurrence reported
herein. Is this the size limit of ghost shrimps? So far, no
remains of larger ghost shrimp individuals have been found.
Interestingly, ghost shrimp with a total length of approx-
imately 200 mm are documented from various ages, in-
cluding the Maastrichtian, Eocene, and Holocene (Table 2).
Even though these data come from a single ghost shrimp
lineage (i.e., species of Karumballichirus within the fam-
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Karumballichirus maximus (Holocene of Thailand)

Karumballichirus tuberculatus (middle Eocene of Hungary)

Karumballichirus lakhraensis (early Eocene of Pakistan)
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50 mm

Karumballichirus khadroensis (Paleocene of Pakistan)

Karumballichirus sp. (Maastrichtian of Madagascar)

Fig. 8. Graphical representation of the total length estimate for fossil Karumballichirus species (compare with Table 2). The base outline represents extant

Karumballichirus karumba (Poore & Griftin, 1979).

ily Callichiridae), they are considered representative herein
because there are only a few extant ghost shrimp species
known to reach more than 150 mm in length. It appears that
indeed the representatives of the family Callichiridae may
have been the largest ghost shrimps ever.

Ghost shrimp burrows may be indicative of the size of
their architects. Although in many ghost shrimps, there is a
tight fit between their body width and height and the burrow
diameter (Dworschak et al. 2012), the size estimate of the
burrow inhabitant can be difficult. Based on burrow casts of

extant Neocallichirus vigilax and Glypturus armatus from
Sulawesi (Kneer et al. 2013), some sections of the burrows
(vertical parts connecting galleries) show a consistent di-
ameter which only permits the passage of a single animal
and does not allow it to turn around (presumably this is also
where shrimp will position themselves in order to efficiently
ventilate their burrows), whereas others (horizontal galleries)
can be two- or threefold wider and higher to allow turning
around, passing other shrimps and relocating larger shell/
coral fragments (Kneer et al. 2013; DK unpublished data).
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Fossil burrows pose additional problems due to the fact that it
may be hard to distinguish between overlapping burrows con-
structed by different individuals at different times (Bromley
and Ekdale 1986; Tedesco and Wanless 1991), and the cre-
ators of the burrows are rarely found within their burrows
(Hyzny and Klompmaker 2015; HyZzny and Summesberger
2019). Also, the attribution of various ichnogenera to ghost
shrimps is not always straightforward, because the ichnotaxa
do not relate to taxonomic groups but are based on burrow
shape representing behaviour (Bertling et al. 2006).

Both determinate and indeterminate growth occurs in a
wide range of decapod groups, and both can occur within
the same higher taxon (Hartnoll 1983). Unfortunately, we
do not know what the case is in ghost shrimps. However,
the fact that growth is indeterminate in many decapod crus-
taceans, in the sense that moulting does not stop, does not
mean that size is unrestricted (Hartnoll 1983). For decapods
in general, the percentage of the moult increment (i.e., the
percentage of size increase with each moult) declines and
the intermoult period increases with size, thereby limiting
growth (Hartnoll 1983). A growth rate decrease has not
been determined for any ghost shrimp known to the authors.
If only hard evidence is considered, all we can say is that the
maximum ghost shrimp length is around 200 mm and that
this has not changed at least since the Maastrichtian.

Why do ghost shrimps not grow larger?>—Two hundred
millimetres may be the upper limit to which an animal with
a specialized burrowing lifestyle such as a ghost shrimp can
grow, because not only does the volume of the animal grow
relatively faster than its surface area with increasing size, but
so does the volume of the water that needs to be moved to
keep the extensive burrow system ventilated. For such spe-
cialized burrowers living in often dysoxic/anoxic sediments
(Dworschak et al. 2012 and references therein), growing any
larger might simply make respiration too energetically costly
without bringing any significant other advantages: as deposit
feeders, ghost shrimps do not need to grow big to be able to
overpower larger prey, and because they are already well
protected by their burrows, there is less pressure to grow
large to avoid predation than there would be if they spend
extended periods of time on the sediment surface.

Today, most ghost shrimp species occur in very shal-
low (less than 2 m depth) water, and the highest diver-
sity is found in the tropical latitudes (Dworschak 2000,
2005). The largest representatives reaching a total length
of 150 mm are known not only from the tropics, as docu-
mented by the Callichiridae (Glypturus, Karumballichirus,
Lepidophthalmus, and Neocallichirus spp.) (Sakai 1999,
2005; Wicksten 2011; Kneer et al. 2013), but also from
temperate regions, as documented in the Anacalliacidae
(Anacalliax) and in the Callianassidae (Neotrypaea) (Biffar
1971a; Sakai 1999, 2005). A particularly large size may
help to fend off competitors and/or play role in both intra-
sexual and intersexual fighting; in most documented cases
of Neotrypaea spp. fighting, the winners were larger than
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the losers (Shimoda et al. 2005). In decapods, there is a
positive correlation between the body size of females and
their fecundity (Corey and Reid 1991; Hines 1991; Reid
and Corey 1991a, b), which has been demonstrated also for
ghost shrimps (Botter-Carvalho et al. 2007; Hernaez et al.
2008; Rosa-Filho et al. 2013; Peird et al. 2014; Hernaez and
Araujo Jodo 2018). In fact, females of decapods (including
ghost shrimps) attain, on average, a larger body size than
males (Hernaez 2018; Herndez et al. 2008). The overview of
the largest documented ghost shrimp specimens presented
herein (Table 1; SOM) confirms this observation.

Among extant decapods, other large burrowing represen-
tatives are the gebiidean Thalassina anomala (Herbst, 1804),
reaching a length of up to 300 mm (Holthuis 1991) or even
350 mm (Dworschak 2015), and the astacideans Nephrops
norvegicus (Linnaeus, 1758), attaining a length of 240 mm
(Holthuis 1991); Acanthacaris caeca (Milne-Edwards, 1881),
reaching a length of up to 400 mm (Holthuis 1991); Homarus
gammarus (Linnaeus, 1758) and Homarus americanus (Milne
Edwards, 1837) which are able to grow up to a length of 600
and 640 mm, respectively (Holthuis 1991). Their burrowing
strategy differs from the one employed by ghost shrimps in
being much simpler; Thalassina is moving around clumps
of mud, with the excavated mud resulting from the burrow-
ing activity forming a chimney or mound over the open-
ing of the burrows (Sankolli 1963; Holthuis 1991; Ngoc-Ho
and Saint Laurent 2009), Nephrops and young Homarus digs
simple U-shaped tubes (Rice and Chapman 1971; Lawton
and Lavalli 1995), and adult Homarus lobsters create hollow
spaces under e.g., large stones (Atema and Voigt 1995). The
burrows of Acanthacaris are 100 to 200 mm deep and con-
tain near-vertical walls (Correa et al. 2012). Ventilation may
also be simpler for Thalassina, Nephrops, and Homarus, as
the burrow of Thalassina can be found far above high-tide
level and is therefore filled with air during low tides (Sankolli
1963), and the burrows of Nephrops and Homarus are rel-
atively short and unlined, meaning the animals are always
relatively close to sources of oxygen due to water circulation;
severe hypoxia has not been detected in burrows of Nephrops
(Atkinson and Taylor 1988). Outside the Decapoda there is
Lysiosquilla maculata (Fabricius, 1793) (Stomatopoda) with
a maximum total length of 380 mm (Manning 1998), which
is digging relatively straight and short burrows and then stays
close to the entrance most of the time waiting to ambush
prey, which again makes ventilation relatively simple. More
comparative research is needed to explain the advantages of
growing large, particularly in malacostracan taxa.

Conclusions

Ghost shrimps are mostly small animals with a total length
not exceeding a few centimetres; however, representatives
of some tropical taxa can grow to relatively large sizes.
The collection and/or literature survey presented herein
has yielded a number of ghost shrimp individuals with
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a total length reaching or exceeding 100 mm, belong-
ing to 10 genera in four families, namely Anacalliacidae
(Anacalliax), Callianassidae (Neotrypaea), Callichiridae
(Audacallichirus, Callichirus, Corallianassa, Glypturus,
Karumballichirus, Lepidophthalmus, Neocallichirus), and
Ctenochelidae (Ctenocheles), and possibly also in the fam-
ily Callianopsidae (Callianopsis). It should be noted that
the maximum size of ghost shrimps often remains a mere
estimate because it is difficult to catch ghost shrimps, par-
ticularly the large-sized tropical representatives. However,
large individuals have a greater fossilization potential, so
the ghost shrimp fossil record may provide relevant infor-
mation on the maximum size of these animals. The larg-
est extant ghost shrimp individual reported to date is an
individual of Glypturus armatus from Panglao Island,
Philippines, with an estimated total length of 175 mm
(Dworschak 2018). The existence of even larger animals
reaching a total length exceeding 180 mm is documented
herein from the Maastrichtian of Madagascar and the mid-
dle Eocene of Hungary, with both belonging to the genus
Karumballichirus. The overview of both extant and fossil
ghost shrimp occurrences suggests that a total length of 200
mm is rarely, if ever, reached or exceeded by these animals.
We therefore assume that physiological limits imposed by
the specialized burrowing lifestyle might prevent ghost
shrimp from growing any larger. In burrowing animals, not
only does the volume of the animal grow relatively faster
than its surface area with increasing size, but so does the
volume of the water that needs to be moved to keep the ex-
tensive burrow system, which is typical for ghost shrimps,
ventilated. Growing any larger might simply make respi-
ration too energetically costly without bringing any sig-
nificant other advantages. Large ghost shrimps are mostly
deposit feeders, they do not need to grow exceedingly large
to be able to overpower big prey, and because they are al-
ready well protected by their burrows, there is less pressure
to grow large to avoid predation than there would be if they
spend extended periods of time on the sediment surface.
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