ARTHROPOD SYSTEMATICS

73(3): 401-437
23.12.2015

& PHYLOGENY

© Senckenberg Gesellschaft fiir Naturforschung, 2015. SENCKENBERG

Systematics, phylogeny, and taphonomy of ghost
shrimps (Decapoda): a perspective from the fossil
record

MATUS Hyzny * 2 & ADIEL A. KLOMPMAKER?3

' Geological-Paleontological Department, Natural History Museum Vienna, Burgring 7, 1010 Vienna, Austria; Matas Hyzny [hyzny.matus@
gmail.com] — 2 Department of Geology and Paleontology, Faculty of Natural Sciences, Comenius University, Mlynska dolina, llkovicova 6,
SVK-842 15 Bratislava, Slovakia — 3 Florida Museum of Natural History, University of Florida, 1659 Museum Road, PO Box 117800, Gaines-
ville, FL 32611, USA; Adiél A. Klompmaker [adielklompmaker@gmail.com] — * Corresponding author

Accepted 06.viii.2015.
Published online at www.senckenberg.de/arthrapod-systematics on 14.xii.2015.

Editor in charge: Stefan Richter.

Abstract

Ghost shrimps of Callianassidae and Ctenochelidae are soft-bodied, usually heterochelous decapods representing major bioturbators of
muddy and sandy (sub)marine substrates. Ghost shrimps have a robust fossil record spanning from the Early Cretaceous (~ 133 Ma) to the
Holocene and their remains are present in most assemblages of Cenozoic decapod crustaceans. Their taxonomic interpretation is in flux,
mainly because the generic assignment is hindered by their insufficient preservation and disagreement in the biological classification. Fur-
thermore, numerous taxa are incorrectly classified within the catch-all taxon Callianassa. To show the historical patterns in describing fos-
sil ghost shrimps and to evaluate taphonomic aspects influencing the attribution of ghost shrimp remains to higher level taxa, a database of
all fossil species treated at some time as belonging to the group has been compiled: 250/274 species are considered valid ghost shrimp taxa
herein. More than half of these taxa (160 species, 58.4%) are known only from distal cheliped elements, i.e., dactylus and/or propodus, due
to the more calcified cuticle locally. Rarely, ghost shrimps are preserved in situ in burrows or in direct association with them, and several
previously unpublished occurrences are reported herein. For generic assignment, fossil material should be compared to living species be-
cause many of them have modern relatives. Heterochely, intraspecific variation, ontogenetic changes and sexual dimorphism are all factors
that have to be taken into account when working with fossil ghost shrimps. Distal elements are usually more variable than proximal ones.
Preliminary results suggest that the ghost shrimp clade emerged not before the Hauterivian (~ 133 Ma). The divergence of Ctenochelidae
and Paracalliacinae is estimated to occur within the interval of Hauterivian to Albian (133—-100 Ma). Callichirinae and Eucalliacinae likely
diverged later during the Late Cretaceous (100-66 Ma), whereas Callianassinae did not appear before the Eocene (56 Ma).

Key words

Crustacea, Decapoda, Callianassidae, Ctenochelidae, phylogeny, taxonomy, taphonomy, fossil record, burrow, heterochely.

1. Introduction

The vernacular term “ghost shrimp” usually refers to taxa
from the axiidean Callianassidae DaNa, 1852 and its al-
lies (Callianideidae Kossmann, 1880 and Ctenochelidae
MANNING & FELDER, 1991). However, sometimes it is used
also for Caprelloidea LeacH, 1814 (Amphipoda) (e.g., Hi-
RAYAMA 1988) or, mostly in aquarium trading, for Palae-

monidae RAFINESQUE, 1815 (Decapoda: Caridea). Here,
the first usage is adopted.

Ghost shrimps of Callianassidae and Ctenochelidae
(= Gourrettiidae Sakal, 1999) are soft-bodied, fossorial
decapods with a pleon distinctly longer than the carapace
(Fig. 1), inhabiting predominantly shallow intertidal and

ISSN 1863-7221 (print) ‘ elSSN 1864-8312 (online)

CO 401

open access



HyZNY & KLoMPMAKER: Ghost shrimp systematics, phylogeny, and taphonomy

pleon

P1/-La' - dactylus

-;l'— propodus

/i
;_ﬂ, - carpus
f I

’\R_‘/_, _ merus

major cheliped
—

_- antennule~____ —
" _antenna—__~__ M~ hook
" eyestalk — o [5G, — maxilliped 3
_—rostrum I y K)‘}ﬁ:_—‘:_};— P2
front y ]
%&u_ ~P3

————branchiostegite — | | Ny
—— —dorsaloval-—— %:
~——— cervical groove — lﬁ& {\\P4‘—g —~2

~ - / \\-'-;%fjw PS5
™ linea thalassinica =~ [ \d ¥
\ \j“lﬁ; 7
. ’___ﬂ_\cggz;f_,: '/
plecpod 1 \R

(
pleopod 2 ~—— %-_\_M

_——pleopod 3 — s’
_—pleopod 4 —_ “[fif\

_ 7
] —pleopod5— r;?‘
i %ﬁ
od of d —
- wopod of urapo _ \r\__"_\.\u,}}
by —endopod of uropod — ¥
_Fj\, —_'“— — — -‘:-]‘

Fig. 1. General morphology of a ghost shrimp. A,B: Dorsal and lateral view of Glypturus laurae (DE SAINT LAURENT in DE VAUGELAS & DE

SAINT LAURENT, 1984) (NHMW 6973). C: Generalized ghost shrimp morphology of a different species with body parts indicated (modified

after Birrar 1971). P1-P5 = pereiopods 1 to 5. Scale bars: 10.0 mm.

subtidal marine environments mainly in the tropics and
subtropics (DworscHak 2000, 2005). Ghost shrimps re-
present major bioturbators of muddy and sandy substrates
of fully marine environments as well as environments with
a changing salinity (e.g., DworscHak 2000; FELDER 2001).

While brachyuran crabs may be one of the best-pre-
served crustacean groups in the fossil record (BisHop
1986), ghost shrimps are one of the most ubiquitous.
Their remains are present in most assemblages of Ce-
nozoic decapod crustaceans described so far and, as
GLAESSNER (1969: R435) noted, their “chelae are almost
ubiquitous in Tertiary sediments”.

Interestingly, the number of fossil callianassid and
ctenochelid species as recognized by DE GRAVE et al.
(2009) is comparable with extant species (230 fossil vs.
223 extant species), which is not the case for many ar-
thropod groups. The fossil record is, thus, relatively rich,
and, if interpreted correctly, questions regarding phylog-
eny and evolution of these animals can be answered. The
interpretation of fossil material is difficult mainly be-
cause the generic assignment of ghost shrimp remains is
often hindered by their insufficient preservation. Incon-
sistencies in the biological classification and taxonomy
of the group are another issue (DworscHAK et al. 2012;
Poorek et al. 2014). Furthermore, ghost shrimp are un-
derstudied as exemplified by their unresolved taxonomy,
i.e., many taxa are still classified as “Callianassa” (see
chapter 3.2.). Additionally, they are not always reported
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in the scientific literature. If present only as fragmentary
elements, they were often neglected by scholars or men-
tioned only very briefly and treated in open nomencla-
ture (e.g., PHILIPPE & SECRETAN 1971; VEGaA et al. 1995;
ScHWEITZER & FELDMANN 2001; ScHWEITZER et al. 2006a;
DE ANGELI et al. 2010).

Understanding their fossil record is crucial for cor-
rect interpretation of the role of ghost shrimps in their en-
vironments throughout geologic time. Recently, interpre-
tations of the evolutionary history of fossorial shrimps
(including ghost shrimps) have been proposed based on
indirect (and partly dubious) evidence of trace fossils
without taking into account the body fossil record (Bau-
CoN et al. 2014).

In comparison to brachyuran and anomuran decapods,
only little attention has been paid to the systematics of
fossil callianassid and ctenochelid ghost shrimps, which
is a consequence of their puzzling fossil record. Inter- and
intraspecific variations, heterochely, sexual dimorphism
as well as ontogenetic changes have major impact on
identifying isolated ghost shrimp elements. The review of
thalassinidean taphonomy of Bisnopr & WiLLiaMS (2005:
p. 218) did not address taxonomy of the ghost shrimps
claiming that, in the context of their study, “the classi-
fication of these burrowing shrimp is much less impor-
tant than their functional role within ancient and modern
ecosystems”. They (p. 233) noted, however, that it would
be necessary to document the range of these variations in
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many extant taxa if the fossil record of these animals is
ever to be understood. We take this conclusion as a step-
ping stone for our research. Moreover, several aspects of
ghost shrimp taphonomy were not discussed by BisHor &
WiLLiams (2005).

Here, we address various major issues for understand-
ing the fossil record of ghost shrimps. The aims of the
present paper are (1) to discuss the taphonomy of ghost
shrimps and its bearing on the identification of fossil ma-
terial; (2) to address the taxonomic importance of the
characters present on chelipeds; (3) and to evaluate the
implications for systematics and phylogeny by using fos-
sil material.

2. Material and methods

The database (see Electronic Supplement) consists of all
fossil species-level taxa attributable to ghost shrimps or
originally thought to belong among them (i.e., described
as Callianassa). The census yielded 274 species, includ-
ing 17 junior subjective synonyms. Extant species with
a known fossil record were excluded from the database
because their description is based on complete or near-
complete individuals, which might skew the investigated
taphonomic patterns. After removal of synonyms and
taxa moved to families different from Callianassidae
and Ctenochelidae, 250 valid fossil ghost shrimp species
were retrieved.

The database was built using original published de-
scriptions, gathering the following data: (1) original
name, its authority and year of description; (2) current
taxonomic placement; (3) stratigraphic age; (4) type of
preservation; (5) and number of specimens on which the
original description was based. Data from subsequent ad-
ditions of known taxa and re-descriptions were not used.

For identifying stratigraphic ranges of genera, also
extant species with a fossil record and taxa in open no-
menclature were included in Fig. 3.

Issues concerning taphonomy and taxonomy are
based on the study of both fossil and extant material. Nu-
merous specimens deposited in various institutions were
studied. The specimens directly mentioned in the text or
figured are deposited in the following institutions or are
part of private collections:

CBG/CD — Centro para la difusion e investigacion de la Biodiver-
sidad y geodiversidad, Ciudad de Lepe (Center for diffusion and
research of biodiversity and geodiversity, City of Lepe), Spain;
FI — Hungarian Geological and Geophysical Institute, Budapest,
Hungary; GBA — Geological Survey, Vienna, Austria, HNHM —
Department of Paleontology and Geology, Hungarian Natural His-
tory Museum, Budapest, Hungary; KGP-MH — Department of
Geology and Palacontology, Comenius University, Bratislava, Slo-
vakia; MCZ — Museo Civico “G. Zannato”, Montecchio Maggiore
(Vicenzia), Italy; MFM — Mizunami Fossil Museum, Mizunami,
Japan; MNHN — Muséum National d’Histoire Naturelle, Paris,
France; MSNM — Museo Civico di Storia Naturale, Milano, Italy;

NHMW - Natural History Museum, Vienna, Austria; NM — Na-
tional Museum, Prague, Czech Republic; RE — Ruhr Museum, Es-
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sen, Germany; RMM — Regional Museum, Most, Czech Republic;
SMF — Senckenberg Museum, Frankfurt, Germany; SNM-Z —
Natural History Museum of Slovak National Museum, Bratislava,
Slovakia; SNSB-BSPG — Bayerische Staatssammlung fiir Paldon-
tologie und historische Geologie, Munich, Germany; UF — Florida
Museum of Natural History, University of Florida, Gainesville, Flor-
ida, USA; UMJGPA - Universalmuseum Joanneum, Graz, Austria;
USNM - United States National Museum, Smithsonian Institution,
Washington, D.C., USA; PCMH - Miroslav Hornacek private
collection (Smolenice, Slovakia); PCGW — Gerhard Wanzenbock
private collection (Bad Véslau, Austria); PCYC — Yvonne Coole
private collection (Stramproy, The Netherlands); PCZD — Zdenék
Dvoték private collection (Teplice, Czech Republic).

3. Ghost shrimps in the fossil
record

3.1. (Palaeo)ecology of ghost shrimps
Ghost shrimps live in a variety of marine environments
or environments under marine influence, e.g. estuar-
ies, marshes, and mangroves (DworscHAK & OTT 1993;
DworscHak 2000, 2004, 2005; FELDER 2001). Most extant
species have been described from the intertidal environ-
ment (DworscHak 2000, 2005), which is at least partly a
consequence of a collecting bias towards shallow-water
settings (Rex et al. 2000). Many fossil ghost shrimps are
known from shallow-water deposits. Although deep-
water (i.e., bathyal: depths below 200 m) sediments are
rarely preserved, such deposits can provide valuable data
on deep-water faunas when exposed. For instance, the
deep-water ghost shrimp Callianopsis DE SAINT LAURENT,
1973 is only known from a limited number of specimens
for extant species (ALcock & ANDERSON 1894; RATHBUN
1902; Scuwerrzer HorkiNs & FELDMANN 1997; LIN et al.
2007), whereas numerous fossil individuals of fossil spe-
cies attributed to the genus have been collected (Kato
1996; ScuwritzeR HopkiNs & FELDMANN 1997; EAsT
2006; Hyzny & ScHLocL 2011). From fossil occurrenc-
es, it is clear that representatives of the genus preferred
soft siliciclastic muddy bottoms as is the case for extant
representatives. The presence of individuals of Callian-
opsis marianae HyznY & ScHLOGL, 2011 preserved in
situ within their burrows from the early Miocene (~ 16
million years old; abbreviation “Ma [million years]” is
used in all instances below) of Slovakia suggests that the
animals fit tightly within their burrow (MH pers. obs.).
In general, the sediments in which fossil ghost shrimps
lived were quite variable, but usually siliciclastic (sandy
to muddy; with or without volcanoclastic admixture) to
carbonate mud (DworscHAK et al. 2012: p. 163).

The latitudinal distribution of extant ghost shrimps
is limited to 60° north and south (DworscHAk 2005). It
remains to be tested whether the dominant limiting fac-
tor is temperature and whether the latitudinal distribution
changed in the course of the geologic history.

Ghost shrimps have a sophisticated behaviour in-
volving digging complex permanent or semi-permanent
burrow systems (DworscHAK 1983; GRIFFIS & SUCHANEK
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1991; DworscHAKk & OT1T 1993; NICKEL & ATKINSON
1995; FELDER 2001), and they are important bioturbators.
They can rework huge amounts of substrate (RowDEN &
Jones 1993; KneER et al. 2013 and references therein)
and are considered true ecosystem engineers (BERKEN-
BUSCH & RowbDEN 2003; SiEBERT & BrancH 2006; BERK-
ENBUsCH et al. 2007; KNEEr et al. 2013). This behaviour
is often preserved in the fossil record as well as trace
fossils representing burrows. Several ichnogenera have
been attributed to decapod crustaceans by direct com-
parison to extant ghost shrimp burrows, i.e., Ophiomor-
pha LuNDGREN, 1891, Thalassinoides EHRENBERG, 1944
or Spongeliomorpha SAporTA, 1887 (e.g., SHINN et al.
1968; FrEy et al. 1978; BisHor & BisHor 1992; DE GIBERT
& ExpALE 2010).

Ghost shrimps live in high densities. For instance, for
Callianassa subterranea (MonTaGu, 1808) 40 individuals
per m? were reported by Stamnuis et al. (1997) and for
Callianassa truncata GIARD & BoNNIER, 1890, ZIEBIS et
al. (1996) mentioned up to 120 burrow openings per m?
(for more examples see BisHor & WiLLiams 2005: p. 221).
Great abundance of fossil ghost shrimp remains at some
localities (e.g., BisHor 1983; East 2006; SCHWEITZER et
al. 2006a; HyzNny & ScHLOGL 2011; Hyzny & HUDACKOVA
2012) suggests the same for the past.

3.2. History of describing fossil ghost

shrimps

The fossil record of callianassid ghost shrimps has been
characterized as being “essentially a series of major che-
lae” (DworscHak et al. 2012: p. 110). Although this is
not always the case, numerous fossil taxa are based on
a few isolated cheliped fragments. Thus far, 274 species
were treated at some time as a ghost shrimp; 17 of them
are currently recognized as junior subjective synonyms.
As many as 99 species (36.1%) were described based
only on the propodus. More than half of all described
taxa (160 species, 58.4%) are known only from their dis-
tal cheliped elements, i.e., dactylus and/or propodus. An
extreme case is a monograph of RatusuN (1935), who
erected numerous taxa based on incomplete elements
(e.g., Callianassa cretacea, C. valida, C. beta, C. gamma,
C. delta), a few even based on isolated fingers alone (e.g.,
C. floridana, C. oktibbehana). Ironically, in that very work
she (p. 29) noted that “the wide distribution of a species
also promotes diversity of form. An extensive series of
specimens is needed to determine the composition of a
species in this genus [“Callianassa]”. Recently, also

some new taxa have been described based on isolated
major propodi (e.g., BEscHIN et al. 2005, 2009; BRETON
2011), although there is a trend to abandon this approach:
from 54 ghost shrimp species described since 2000, only
16 (29.6%) were based on distal elements (i.e., propodus
and/or dactylus).

MANNING & FELDER (1991) first considered that the
cheliped characters were of great taxonomic importance
in addition to the morphology of more weakly sclerotised
parts of the exoskeleton (the latter is called ,,weak-part
morphology* in the following, as opposed to ,,hard-part
morphology* for strongly sclerotised body parts). Subse-
quently, several fossil callianassid and ctenochelid spe-
cies were reassigned to extant genera, acknowledging
the work of MANNING & FELDER (1991) (e.g., SCHWEITZER
Horkins & FELDMANN 1997; STiLweLL et al. 1997; Sch-
WEITZER & FELDMANN 2002; Topp & CoLLins 2005). Since
the 1980s, researchers on extant taxa have attempted to
divide the genus Callianassa LeacH, 1814 into several
independent genera given the heterogeneous nature of
this taxon and because they also assigned many species
to “Callianassa” (see discussions in BiFrar 1971; FERRA-
Rl 1981; MANNING & FELDER 1991). Numerous different
genera have been erected since then, nearly always based
on weak-part morphology (Poore 1994, 2008: table 1).
Most recently, SakAl and colleagues erected an array of
new genera, largely based on male pleopods (Saka12011;
Sakar et al. 2014), but their diagnoses are not supple-
mented with information on chelipeds so that their recog-
nition in the fossil record becomes much more difficult.

A broadly defined concept of the genus has been used
many times in the past for fossils: any ghost shrimp with
mainstream cheliped morphology has been attributed
to Callianassa, and, as a result, 190 species have been
described under the collective taxon “Callianassa”. No
attention has been paid to many of them since the first
description.

Interestingly, since 2000 only 4 (out of 54) newly
erected fossil ghost shrimps were attributed to Callia-
nassa (see Karasawa 2000b, 2011; BreTon 2011; Hyzny
et al. 2013b), and, in most cases, it was clearly stated
that the concept of Callianassa s.1. was adopted (e.g.,
Karasawa 2000b, 2011; Hyzny et al. 2013b). Given the
common assignment of new ghost shrimp to other gen-
era, the narrow definition of Callianassa as proposed by
MANNING & FELDER (1991) has been adopted by palacon-
tologists. Prior to MANNING & FELDER (1991), 182 fossil
Callianassa species were described (66.4% of all ghost
shrimps), but only 8 fossil Callianassa species have been
described (2.9%) since then.

— Fig. 3. Stratigraphic ranges of ghost shrimp genera recognized in the fossil record based on the species database (Electronic Supple-

ment). The oldest records of respective genera: Asterisk 1: Gourretia sp. from the early Miocene of Austria (Hyzny et al. 2015). Aste-

risk 2: Calliax sp. from the Paleocene (?Thanetian) of Pakistan (CHARBONNIER et al. 2013). Asterisk 3: Neocallichirus rhinos SCHWEITZER &

FELDMANN, 2002 from the late Eocene of Mexico (ScHWEITZER & FELDMANN 2002); older occurrences were doubted by Hyzny & KArRAsAWA
(2012). Asterisk 4: Glypturoides trilobatus (BIFraR, 1970) from the Plio-Pleistocene of Florida (PorTELL & AGNEW 2004). Asterisk 5: Pe-
starella sp. from the early Miocene of Switzerland (FRAAUE et al. 2010). Asterisk 6: Neotrypaea sp. from the Plio-Pleistocene of Florida

(PorTELL & AGNEW 2004). Asterisk 7: Nihonotrypaea sp. from the Pleistocene of Japan (Karasawa 2000a).
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Many taxa have also been ascribed to Profocallianas-
sa. BEURLEN (1930) erected Protocallianassa to accom-
modate Callianassa archiaci A. MILNE-EDWARDS, 1860.
This genus has subsequently been used for almost any
callianassid remain from Cretaceous rocks or for those
possessing a distal margin of the major propodus at an an-
gle greater than 90° (see SCHWEITZER & FELDMANN 2012).
For example, ScHwEITZER et al. (2010) listed 21 species
assigned to the genus. However, SCHWEITZER & FELDMANN
(2012) called attention to the type material of C. archiaci,
showing that the distal margin of the propodus possesses
an angle around 90°. Moreover, Hyzny (2012) opined
that an angle of the carpus/propodus articulation is a sub-
jective and variable character in some extant taxa (genus
Eucalliax), suggesting that ascription of many taxa to
Protocallianassa may not be justified. Therefore, all taxa
previously assigned to the genus need to be revised. Thus,
Callianassa and Protocallianassa, so well established in
the palacontological literature, appear to be “waste-basket
taxa”, perhaps analogous to that of Hoploparia McCoy,
1849 among nephropid lobsters as suggested by TsHuDY
& SorHANNUS (2003; but see FELDMANN et al. 2007).

In the last decade, more fossil ghost shrimp species
were erected than during any comparable period since
World War II (Fig. 2), suggesting that more taxa remain
undiscovered and/or are undescribed. The most pro-
ductive time for description of new fossil ghost shrimp
taxa were 1920s and 1930s. At that time, Mary J. Rath-
bun erected numerous taxa (RatHBun 1918, 1919, 1926,
1930, 1935) based often on very fragmentary material.
During her career, she erected 51 new fossil ghost shrimp
species (nearly all of them as Callianassa), of which 25
were described on the basis of one or two specimens and
as many as 40 were based on the description of the dac-
tylus and/or propodus (i.e., the most variable elements).
This calls for a revision of many of these taxa. Recently,
Callianassa anguillensis RATHBUN, 1919 and C. latidigita
RaTHBUN, 1919 were reassigned to Glypturus by KrLomp-
MAKER et al. (2015a). They, however, were treated in
open nomenclature as Glypturus sp. given the incomplete
preservation of the material.

It has to be noted that fossils were directly compared
to extant material in only some cases (e.g., HyZny &
MULLER 2010; Hyzny & MuRiz 2012; BALDANZA et al.
2013; KroMPMAKER et al. 2015a). We argue that fossil
material should always be compared to living species
because many of them have modern relatives, to better
understand the taxonomic placement of fossils, and to
evaluate inter- and intraspecific variation properly (see
chapter 5.).

3.3. Stratigraphic distribution of ghost
shrimps

Ghost shrimps have a robust fossil record spanning from
the Early Cretaceous to the Holocene. All Jurassic spe-
cies previously referred to Callianassa are now inter-
preted to be representatives of Axiidae HuxLey, 1879
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(ForsTER 1977). Since the Early Cretaceous (~130—120
Ma), callianassid and ctenochelid ghost shrimps have
become common macrofaunal elements in most studied
fossil assemblages. Based on the compiled database (see
Electronic Supplement), 250 valid fossil ghost shrimp
species are known.

Nearly fifty extant callianassid and ctenochelid gen-
era are currently recognized (DE GRAVE et al. 2009; AN-
KER 2010; see Sakar 2005, 2011 and Saxkar et al. 2014 for
a different view). However, as noted by HyZnY & MULLER
(2010: p. 37), less than a quarter of these have a fossil
record that extends back before the Pliocene. This can be
ascribed not only to collecting and reporting biases, but
also to a preservational bias (see chapter 4.2.). As many
extant genera are differentiated based on weak-part mor-
phology, they will remain unrecognized in the fossil re-
cord if not re-diagnosed to include hard-part morphology.
Discerning proxy characters present on chelipeds that are
consistent throughout the genera will help to better clas-
sify their remains from older stratigraphic levels. This ap-
proach has led to relatively long stratigraphic ranges for
genera previously unknown from the fossil record, spe-
cifically Calliaxina Ncoc-Ho, 2003 (Hyzny 2012: middle
Miocene, 13 Ma); Calliax bE SAINT LAURENT, 1973 (CHAR-
BONNIER et al. 2013: Paleocene [?Thanetian, ~58 Ma];
Hyzny & Gasparic 2014: Oligocene [Rupelian], 28 Ma);
and Lepidophthalmus HoLmEes, 1904 (Hyzny & Dutat
2014: Oligocene [Rupelian], 28 Ma).

Most fossil ghost shrimp taxa (78 species) have been
described from Eocene strata (56—34 Ma). More than
forty species are described from Upper Cretaceous strata
(100—66 Ma) and more than thirty and fifty species from
the Oligocene (34—23 Ma) and Miocene strata (23—5
Ma), respectively. No more than fifteen fossil species are
known from the Paleocene (66—56 Ma). From the Plio-
cene (5—2.5 Ma) and Pleistocene (2.5—-0.01 Ma), less
than ten exclusively fossil species are known (Electronic
Supplement), but several extant species are also known
from Pliocene and Pleistocene strata (e.g., ABRARD 1947,
PorTELL & AGNEW 2004). It is difficult to interpret these
raw data as there still are numerous species classified
within Callianassa s.l. that need to be revised, which
may alter diversity patterns. Pending thorough species
revisions, the oldest fossil occurrences of genera indi-
cated in Fig. 3 should be taken as preliminary.

4. Taphonomy of ghost shrimps

4.1. Decay

Ghost shrimp decay has not been investigated in detail.
Therefore, observations on other shrimps are used herein.
For example, PLotnick (1986) argued that the physical
disturbance of a buried decaying shrimp by bioturba-
tion and scavenging are important processes in addition
to bacterial decay based on field experiments using the
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caridean shrimp Pandalus danae Stimpson, 1857. Jar
experiments (where bacterial decomposition dominated)
resulted in the disassociation of legs, pleon, and cara-
pace; major disintegration of soft tissue; and softening of
the cuticle after two weeks. Doubling that time resulted
in tiny fragments for open jars. Likewise, ALLIsON (1988)
found that only a few fragments of the carapace were
left when another caridean shrimp, Palaemon adspersus
RATHKE, 1837, was put in a jar for 25 weeks. For the same
caridean shrimp, ArLisoN (1986) found that turbulent
movement by tumbling resulted in faster disintegration
after the shrimp had been decaying for a while prior to
the experiment. For freshly killed specimens, tumbling
for five hours resulted only in the carapace being sepa-
rated from the pleon. Several stages of decay were postu-
lated by BrigGs & KEeaRr (1994) based on jar experiments
with the caridean shrimps Crangon crangon (LINNAEUS,
1758) and Palaemon elegans RaTHKE, 1837: swollen,
rupturing, hollow (muscle degeneration), disarticulation,
and fragmentation. Complete decay was on the order of
tens of weeks.

The availability of oxygen does not seem to play a
major role in the decay of shrimps (ALLisoN 1988; BRrIGGS
& KEAR 1995), but the open or closed nature of the sys-
tem does by influencing the pH and early mineralization
enhancing their preservation potential (BriGs & KEAR
1995). Closed systems may be promoted by deep burial,
the formation of microbial films on the carcass’s surface,
or by a large size promoting an internal closed system
(Briggs & KEear 1995). The amount of calcium pre-
sent in the cuticle may influence caridean shrimp decay
as Briges & KEar (1995) noted that Crangon crangon
(<0.1% Ca in cuticle) decayed faster than did Palae-
mon elegans (8% Ca). It is important to note that these
shrimps exhibit no major, well-calcified claw, as opposed
to nearly all ghost shrimps. Therefore, complete decay of
the major claw may take longer in the absence of other
physical disturbances, which is confirmed by the fossil
record as elements of the major chelae, namely the pro-
podus and to a lesser extent the carpus and dactylus, are
more often preserved than other parts of these shrimps.
This is further supported by their ubiquitous presence in
the fossil record (e.g., GLAESSNER 1969; BisHop & WiL-
Liams 2005), also relative to modern representatives (DE
GRAVE et al. 2009).

4.2. Preservation

Due to the delicate nature of most of the cuticle of ghost
shrimps, only the hardened parts are usually preserved,
i.e., the chelae, the antero-dorsal portion of the carapace,
and sometimes the posterior pleonal segments and the
telson. Heavily calcified chelipeds are preserved most
frequently (ScHAFER 1972: p. 314; BisHor & WILLIAMS
2005), although other parts are sometimes preserved as
well. Altogether, 38 fossil ghost shrimp species (13.9%)
were described based on material including at least a par-
tial pleon and/or carapace. In some other species, how-
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ever, weakly sclerotised parts were found after their first
description.

4.2.1. Types of preservation

Three main types of preservation in terms of complete-
ness of the material can be observed for fossil ghost
shrimps (modified after Bisvor & WiLLiams 2005), dis-
cussed in decreasing order of completeness:

(1) (Near) complete body fossil — completely pre-
served decapod crustacean, although some parts may be
missing, but the majority of all three main parts of the
shrimp should be present (i.e., carapace, legs, and pleon).
Whole-body fossils of ghost shrimps are rare; from the
250 valid fossil species of Calianassidae and Ctenocheli-
dae described so far, only 19 species (6.9%) were origi-
nally described from whole-body fossils. They usually
represent moults with the chelipeds positioned anteriorly
to the rest of the body. The central part of the carapace to-
gether with the branchiostegites is flipped over, whereas
the pleon is bent inward so that the telson points ante-
riorly. Examples include Protocallianassa archiaci (A.
MiLNE-EpwarDs, 1860) from the “Cretaceous” of France
(ScuwerTzer & FELDMANN 2012: fig. 1); Callianassa jah-
ringensis GLAESSNER, 1928 from the middle Miocene
(~ 16 Ma) of Slovenia (GLAESSNER 1928: pl. 4); Rathbu-
nassa aquilae (RATHBUN, 1935) from the mid-Cretaceous
(Albian, ~ 110 Ma) of Mexico (VEGa et al. 2007: fig. 6.9)
and Colombia (BERMUDEZ et al. 2013: fig. 5D).

(2) Disassociation unit — a natural aggregation of
exoskeleton elements commonly preserved together. As
ghost shrimps decompose, they disintegrate into disas-
sociation units comprised of the more heavily calcified
parts of the exoskeleton. Disassociated chelipeds are
more common than disassociated pleonal units: 90 spe-
cies (32.9% of all species) were described using chelae
consisting of at least three elements, usually preserved
as a disassociation unit. Examples of disassociated cheli-
peds include: Lepidophthalmus crateriferus (LORENTHEY
in LORENTHEY & BEURLEN, 1929) from the Oligocene
(~28 Ma) of Hungary (Hyzny & Dutar 2014: figs.
2A,C,F); Callianassa oregonensis Dana, 1849 from the
Oligocene (~23 Ma) of Oregon, USA (RATHBUN 1926:
pl. 28.9); C. parinasensis Woobs, 1922 from the mid-
dle Eocene (~40 Ma) of Peru (Woobs 1922: pl. 17.4);
Callianopsis marianae HyZzNY & ScHLOGL, 2011 from the
early Miocene (~ 16 Ma) of Slovakia (HyZNY & ScHLOGL
2011: text-fig. 2). More examples are shown in BisHopr &
WiLLiams (2005: fig. 4a—j,1).

(3) Isolated elements — single part of the exoskel-
eton found without any associated parts from the same
specimen. If the cheliped disassociation unit disinte-
grates further, only often fragmentary, isolated cheliped
elements remain (that is, an isolated propodus or dacty-
lus not attached to one another and not in the immediate
proximity of another). This mode of preservation consti-
tutes the most abundant portion of the ghost shrimp fossil
record: 160 species (58.4% of all species) were originally
described based on the distal cheliped elements, i.e., dac-
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e 2N propodus
merus

Fig. 4. Types of fossil ghost shrimp preservation as discussed in chapter 4.2.1. A: Type 1: near-complete animal, Callianopsis marianae
Hyzny & SchHLocL, 2011 (early Miocene of Slovakia), KGP-MH/CLO010. B,C: Type 3: isolated dorsal carapace, Callianassa oroszyi (BAch-
MAYER, 1954) (middle Miocene of Austria), holotype NHMW 2009/0095/0001 (B) and paratype NHMW 2009/0095/0002 (C). D: Type 2:
cheliped disassociation unit (isolated major chela), Callianassa floriana GLAESSNER, 1928 (early Miocene of Slovenia), holotype NHMW
1846/0049/0009. E: Type 2: cheliped disassociation unit (both chelae), Protocallianassa antiqua (ROEMER, 1841) (Late Cretaceous of the
Czech Republic), NM-07577. F: Type 3: isolated major propodus, Glypturus munieri (BroccHi, 1883) (middle Miocene of Hungary), FI
M.2355. G: Type 2: major chela (propodus + dactylus), Eucalliax pseudorakosensis (LORENTHEY in LORENTHEY & BEURLEN, 1929) (middle
Miocene of Romania), lectotype FI M.21. H,I: Type 2: cheliped disassociation unit (major propodus + carpus + merus), Glypturus sikesi
KrompMAKER et al., 2015a (late Miocene of Florida, USA), paratype UF 248042. JK: Type 3: isolated major carpus, Glypturus sikesi (late
Miocene of Florida, USA), paratype UF 248029. L: Type 3: isolated major propodus (fixed finger only), Podocallichirus laepaensis HyzNy
& Muniz, 2012 (late Miocene of Spain), CBG/CD/066. M: Type 3: isolated major merus, Glypturus sikesi (late Miocene of Florida, USA),
paratype UF 248038. N,O: Type 3: isolated major dactylus, Glypturus sikesi (late Miocene of Florida, USA), paratype UF 235166. H-K
and M—O from KromPMAKER et al. (2015a). Specimens in A, D, F and G were coated with ammonium chloride prior to photography. Scale

bars equal 5.0 mm.
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near-complete other

body fossils 1.8%

6.9%

chelae chelae

(incl. proximal elements) (distal elements only)
32.8% 58.4%

Fig. 5. Proportions of fossil ghost shrimp descriptions (n=274)
based on different types of elements. Only original species descrip-
tions are included in the diagram. Near-complete body fossils cor-
respond to Type 1 preservation in chapter 4.2.1.; chelae including
proximal elements largely correspond to Type 2 in chapter 4.2.1.;
and only distal elements largely correspond to Type 3 in chapter
42.1.

Species in burrows. Ctenao-
chelidae

Species in burrows Callia-
nassidae

|
140 120 100 a0 [s18] 40 20 0
Age (Ma)

Fig. 6. The confirmed stratigraphic ranges of named species of Cte-
nochelidae and Callianassidae as well the stratigraphic ranges of
their species found in burrows (see Table 1 in situ for full data).
Given that both groups are known to burrow, a large overlap is to
be expected.

tylus and/or propodus. A cephalic disc disassociation
unit sensu BisHor & WiLLIAMS (2005) is here considered
an example of an isolated part because it usually does not
break into recognizable parts unlike a complete cheliped.
Examples of such preservation are shown in Fig. 4B—C.
Some of the many examples of species known from the
isolated cheliped elements include: Calliaxina chalmasii
(Brocchi, 1883) from the middle Miocene (~12.5 Ma) of
Hungary (Hyzny 2012: fig. 4); Neocallichirus brocchii
(LORENTHEY, 1897) from the middle Miocene of Slova-
kia (Hyzny & HupAckova 2012: figs. 3—5); Podocalli-
chirus laepaensis Hyzny & Muniz, 2012 from the late
Miocene (~5 Ma) of Spain (Hyzny & Muriz 2012: figs.
5-6); Glypturus spp. from the Oligocene—Pleistocene of
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the Western Atlantic (RatHBUN 1935; KLoMPMAKER et al.
2015a); and callianassids from the Early Cretaceous of
Europe (KLomPMAKER et al. 2012).

Based on the completeness of the original mate-
rial and reflecting the classification given above, fossil
ghost shrimp species can be divided in taxa described
using the near-complete body fossils (Type 1), chelae
including proximal elements (Type 2) and using only
distal cheliped elements (Type 3) (Fig. 5). Five species
were described either as isolated carapaces [Callianassa
oroszyi (BACHMAYER, 1954), Callianassa taiwanica Hu
& Tao, 1996 (no ghost shrimp, see Karasawa 2000a:
p- 192), and Dawsonius tigris FRaNTEscU, 2014] or the
information of the type of preservation is not available
(Callianassa persica A. MILNE-Epwarps, 1860, and C.
primaeva PHiLpPI, 1887).

4.2.2. Preservation in burrows

Ghost shrimp burrows function as structural components
of the animals’ skeletal support (as the animals them-
selves are largely soft-bodied) and act as their shelter.
As a result, much of the shrimp’s integument is reduced
because the burrow walls replace many of the cuticle’s
functions such as protection from predation.

Ghost shrimps may be preserved in burrows as a disk,
button (sensu BisHor & WiLLiams 2005), or a tube-like
portion of sediment that formed around the ghost shrimp
remains. Burrow buttons represent body fossils preserved
as parts of burrows themselves (e.g., Hyzny 2011; Hyzny
& HupAckova 2012). Death or moulting within burrows
followed by rapid burial may lead to this mode of pre-
servation. Other examples of ghost shrimps preserved
within their burrows or in close association with them
are known (e.g., MERTIN 1941; SHINN 1968; BEIKIRCH &
FeLbMaNN 1980; ScHwEITZER & FELDMANN 2000; CrRAW-
FORD et al. 2006; Hyzny 2011: table 1; Hyzny & Muniz
2012: fig. 7; Table 1). BisHor & WiLLiams (2005) argued
that the preservation of the major and minor chelipeds in
close proximity may be taken as evidence for burrows,
because the chelipeds would almost certainly have been
separated otherwise.

ScHAFER (1972) noted that moulting of Callianassa
takes place in the burrow, but the moult is taken out-
side the burrow subsequently (see MUrRrRAY & HANLEY
1986 for a different strategy for the mud lobster Thalas-
sina anomala (HErBsT, 1804)). Importantly, the heavy
(= major) claw of Callianassa separates from the ex-
uvia and is left in the burrow, apparently too large and
rounded to be moved outside the burrow as well. He fur-
ther noted that these animals leave the burrow prior to
death, whereas Bisnor & WiLLiams (2005) mention that
“thalassinideans” are thought to die in their burrow (p.
223), not citing SCHAFER (1972) in their paper. BisHopr
& WiLLiams (2005: fig. 1b), however, showed a dead
specimen of Callichirus major (Say, 1818) outside its
burrow. This was also supported by Frey et al. (1978),
who observed moribund specimens of C. major outside
their burrow after they destroyed the burrow’s narrow
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Fig. 7. Ghost shrimp body fossils preserved in burrows. A: Grynaminna grandis (Karasawa et al., 2006) from the Pleistocene of Japan in

a hollow burrow (cross-sectional view) (MFM 142500). B: Eucalliax pseudorakosensis (LORENTHEY in LORENTHEY & BEURLEN, 1929) from
the middle Miocene of Slovakia, three individuals (moults?) in a single burrow (SNM-Z 21373). C—E: Mesostylus faujasi (DESMAREST,
1822), from the Late Cretaceous (Campanian) of Germany. Three individuals (numbered) in a single burrow (C) (RE A 6075). Single
individual (moult?) at the end of a burrow tunnel (D, E) (RE A 5009/03). F: Mesostylus faujasi from the Late Cretaceous of the Czech
Republic, major chela (circled) in a burrow (NM-07576). G: “Callianassa” almerai MULLER, 1993 from the middle Miocene of Austria
(GW RET93-021). H-K: Ctenocheles sp. from the middle Eocene of Italy (see also BEscHIN et al. 1998: fig. 6.1) in a large burrow (MCZ
1484) in three different views (I-K) and a closeup of the specimen (H). Specimens in A and B were coated with ammonium chloride prior
to photography. A is from Hyzny & Karasawa (2012). Scale bars equal 10.0 mm.

apertural neck. This species may leave the burrow due
to noxious chemical stimuli (SCHAFER 1972) or at night
for foraging (FrRey et al. 1978). WIENBERG RASMUSSEN
(1971) explained that when the Callianassa animal is
near death or sick, it leaves the burrow because it cannot
maintain the water current (for breathing purposes, see
ScHAFER 1972: p. 314).
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Assuming that ScHAFER’s (1972) observations apply
to ancient ghost shrimps as well, callianassid remains
preserved in burrows should primarily be moulted ma-
jor claws. Furthermore, it should be rare to find well-
preserved shrimp bodies within, unless a sudden event
(storm, anoxia) caused the animal to die in its burrow. In
general, carcasses would typically be found only outside
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burrows, implying a limited preservation potential. How-
ever, various fossil ghost shrimps preserved in situ or in
direct association with burrows are known (Table 1, Figs.
6—7). Interestingly, individuals of presumable represent-
atives of Rathbunassa aquilae (RATHBUN, 1935) from the
Late Cretaceous (Turonian, ~90 Ma) of Texas (SHINN
1968: pl. 11, fig. 3), Mesostylus faujasi DESMAREST, 1822
from the Late Cretaceous (Campanian, ~80 Ma) of Ger-
many (Mourik et al. 2005: pl. 2), and “Callianassa’ alm-
erai MULLER, 1993 from the middle Miocene (~15 Ma)
of Austria (Hyzny 2011: figs. 2—3), are preserved lying
on their side and retaining both chelae and/or pleon with-
in the burrows. Hyzny (2011: p. 43) hypothesized that
supposedly dead animals or moults sank down with the
heaviest exoskeleton part (major chela) to the bottom of
the burrow tunnel. A crucial question is in which part of
the burrow ghost shrimps moult and in which orientation
they do so. If they moult in the deepest part of the burrow
(for example to avoid any disturbance) then not much
transport is possible. Alternatively, the animal itself may
move the moult to the deepest part of the burrow to avoid
potential inaccessibility of part of the burrow (see also
below). The water current within the burrow may not be
strong enough to transport the relatively heavy claw.

The preservation of several individuals preserved in
situ within the same burrow as reported for Mesostylus
Sfaujasi (Mourik et al. 2005; Fig. 7C—E), “Callianassa”
almerai (Hyzny 2011), and Eucalliax pseudorakosensis
(LORENTHEY in LORENTHEY & BEURLEN, 1929) (Hyzny
2011; Hyzny & Hupackova 2012; Fig. 7B) is difficult to
explain. Mourik et al. (2005) hypothesized that the dead
individuals were carried away and stored in dead-end
tunnels by living ones. BisHor & WiLLiams (2005) men-
tioned such systematic removal of exoskeletal fragments
(moults or corpses) into disposal chambers that subse-
quently may be closed off. This behaviour, however, has
never been directly observed in extant species, although
this may be due to the limited number of studies on be-
havioural aspects of ghost shrimps in general. We can
only note that the preservation of successive moults of
the same individual seems unlikely, because the moults/
corpses reported by Mourik et al. (2005), Hyzny (2011),
and HyZnY & HupAckova 2012 are of similar size. More-
over, specimens preserved within a single tunnel do not
always have the major chela preserved on the same side
of the body (Mourik et al. 2005: pl. 1D).

Ghost shrimps may vary markedly in exhibiting dif-
ferent behaviours dealing with stressful situations as well
as indifferent ways of handling the moults. The possibil-
ity that at least some species live or lived gregariously
should not be excluded based on observations of antago-
nistic behaviour under laboratory conditions (MAcGIN-
ITE 1934; FELDER & Lovert 1989; RobpriGues & HobpL
1990; Suimopa et al. 2005).

4.2.3. Soft tissue preservation

Only rarely soft tissue is preserved in ghost or mud
shrimps, requiring special taphonomic conditions includ-
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ing rapid burial. HAuG et al. (2013) reported on muscles
in Upogebia aronae Haug, NYBORG & VEGA, 2013 from
the Eocene (~46 Ma) of California (USA). No example
of similarly preserved callianassid or ctenochelid ghost
shrimp has been reported yet.

Scars from muscle attachments are often preserved in
fossil ghost shrimps. This reticulate pattern has been re-
ported or depicted for isolated callianassid propodi (e.g.,
GLAESSNER 1928; Karasawa 1997; Hyzny & MULLER
2010; BreTON 2011; KLoMPMAKER et al. 2012; Hyzny &
GASpARIC 2014), but it has barely been discussed in detail.
The scars show direct places where muscle bands were
attached during the animal’s life (Fig. $A—B). During the
fossilisation process, these scars can be expressed in dif-
ferent ways depending on the type of preservation. Usu-
ally, they are preserved on the specimens without the up-
per layers of cuticle preserved (Hyzny & MOULLER 2010)
or without any cuticular surfaces (Fig. SE—F). The scars
can even attain positive relief, which can happen when
an internal mould is preserved without any remains of
cuticule (Hyzny & Gasparic 2014: fig. 8A—B; Fig. 8C),
suggesting that the rock around the location where the
muscles were present is more prone to erosion.

4.2.4. Taphonomy and preservation of the cuticle

Decapod cuticle in general tends to disintegrate within
weeks to months in experimental settings (see above).
Another major factor impacting the preservation of the
cuticle is the type of substrate. As noted by FORSTER
(1966), the uppermost layer of the decapod cuticle, the
epicuticle, is often absent in carbonate rich deposits,
whereas it is preserved in lithographic limestones and in
clays. When preserved in concretions, the decapod fos-
sils usually break along the exo-endocuticle boundary
(WaugH et al. 2009). All these aspects have to be taken
into account when interpreting characters supposed to
be present on the cuticular surfaces, such as tubercles or
spines. These features often are eroded away and may
hinder identification of the specimens if such charac-
ters are considered of taxonomic importance. Recently,
KrompmakeR et al. (2015b) discussed the effect of pres-
ervation of cuticle on the taxonomy of decapod crusta-
ceans. Ghost shrimps preserved in fine siliciclastics may
exhibit preservation of the cuticle (Fig. 8D,G—I).

The types of cuticle preservation in ghost shrimps can
be divided in three main types:

(1) No cuticle — cheliped elements are preserved as
internal moulds, often three-dimensionally. The speci-
mens are smooth and shiny and muscle scars may be vis-
ible as coloured patches (Fig. 8E—F).

(2) Altered cuticle — no or few structural details of
the cuticle are observable due to obvious recrystalliza-
tion or, rarely, replacement. Some cuticle layers may be
absent as well. This preservation is typical in carbonates
(Hyzny 2012: fig. 5).

(3) Cuticle preserved completely — the specimens
have the complete cuticle including all layers preserved,
seemingly unaltered. They can be flattened if preserved

in
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in lithographic limestones (Garassmo 2001: fig. 5),
marls (Fig. 8G), or clays (Fig. 8H-I). In clays, however,
the elements can be preserved also three-dimensionally
(Hyzny & Gasparic 2014: fig. 8D—H).

4.3. Major vs. minor chelae

A strong preservational bias is observed in the cheli-
peds of heterochelous ghost shrimps. ScHAFER (1972: p.
314) noted that “mainly the large palmae of the claws”
of Callianassa were found as fossils. Major chelae con-
stitute one of the most common fossil decapod remains;
on the other hand, minor chelae are rare (KLOMPMAKER
et al. 2015a, for Glypturus). Because of their less cal-
cified and/or thinner cuticle and their relatively small
size, they preserve less commonly than major chelipeds
do. Moreover, a collecting bias may also exists because
they are usually much smaller, and, therefore, are easily
overlooked. HyZny & Hupickova (2012) reported nu-
merous disassociated chelipeds and isolated elements of
Eucalliax pseudorakosensis and Neocallichirus brocchii
from a single site. Major claws were extremely abundant
and only a handful of minor chelae have been identified
(Hyzny & HupAckova 2012: tables 1-2). In the studied
sample of E. pseudorakosensis, 57 majors and 7 (10.9%)
minors were identified, whereas for N. brocchii, 46 ma-
jors and 6 (11.5%) minors were present. Conversely, Cal-
liaxina chalmasii (BroccHi, 1883) has subequal chelae,
and, indeed, minors (originally described as Callianassa
rakosensis LORENTHEY, 1897) were nearly as abundant
as majors (MULLER 1984; Hyzny 2012: table 2, fig. 4),
constituting 38.7% of the sample. In this particular case,
however, the calculation is somewhat biased because
material from three localities with a different number of
specimens was included.

In a study on Glypturus StimpsoN, 1866, Kromp-
MAKER et al. (2015a) mentioned that fossil minors should
be smaller than the majors (by definition), may have no
tubercles, and may have a relatively long fixed finger
compared to the major by analogy with modern Glyp-
turus acanthochirus STIMPSON, 1866. Despite their large
samples of fossil Glypturus, no unequivocal minors were
found, possibly due to their small size making them more
fragile, although the thickness of equal-sized majors and
minors is not known. Their observation that minors are
rare is in line with ScHAFER (1972), who found that the
heavy claw of Callianassa separates from the exuvia and
is left in the burrow, increasing the preservation potential
of majors.

Thus far, no study explored possible differences in
the thickness of equal-sized majors and minors from
the same taxon (P.C. Dworschak pers. comm., February
2015). The assumption that the cuticle of minor chelae
is thinner than that of the majors of equal size, as tenta-
tively suggested by KLompmaKER et al. (2015a), requires
further testing.
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Fig. 8. Preservation of the muscle scars and cuticle in fossil ghost shrimps. A,B: Right major chela of a modern specimen of Paragourretia

phuketensis Sakal, 2002 (SMF 29522) in outer (A) and inner lateral view (B); transparent cuticle allows observation of the cheliped mus-
culature. C: Internal mould of the major chela of Calliax michelottii (A. MiLNE-EpwaRDs, 1860) (UMJGPA 77874) from the early Miocene
of Slovenia showing muscle scars preserved as positive relief. D: Major propodus of Ctenocheles fritschi Hyzny, KotovA VESELSKA &
DvorAk, 2014 (RMM G-Pa 1031) from the Late Cretaceous (Coniacian) of the Czech Republic showing muscle scars as stains preserved
on the cuticular surface. E,F: Right propodus of Callianassa hulli RatusuN, 1935 (holotype USNM MO371576) from the Paleocene of
the USA (Arkansas) in two views showing muscle scars. G: Near-complete individual of C. fritschi with preserved cuticle on all parts
including abdominal somites (PCZD). H,1: Major chela of Callianopsis marianae HyznNy & ScHLOGL, 2011 (SNM-Z 24826) from the early
Miocene of Slovakia exhibiting preservation of the cuticle on the occlusal surface of the fixed finger. It also shows a reticulate pattern of
propodal muscle scars. J: Right major propodus of C. michelottii (GBA 2009/014/0027) from the middle Miocene of Slovenia with pre-
served muscle scars. Note that the muscle scars can be seen on the internal mould, but not on the cuticle. Specimens in C and J were coated

with ammonium chloride prior the photography. Scale bars equal 5.0 mm.

4.4. lIsopod induced swellings found in fossil ghost shrimps because carapaces are only
rarely preserved (see 4.2.1.). A swelling in a propodus
of Glypturus panamacanalensis KLOMPMAKER, HyZNY,
PorTELL & KowaLEWskl, 2015a, has another origin most

likely (KLoMPMAKER et al. 2015a).

A part of modern ghost shrimp specimens exhibit swell-
ings in the branchial region, usually attributed to parasitic
bopyroid isopods (e.g., MarkHAM 2001; AN et al. 2009).
Thus far, not a single fossil ghost shrimp with such a
swelling in the branchial region is known (e.g., WIENBERG
Rasmussen et al. 2008; KLomPMAKER et al. 2014). Howev-
er, one fossil (Early Cretaceous, Albian, ~ 110 Ma) repre-

4.5. Fecal pellets

sentative of Axiidae showed such a swelling (FRANTEsCU
2014: fig. 2C). It is not surprising that such swellings,
ichnotaxonomically named Kanthyloma crusta KLomp-
MAKER, ARTAL, VAN BAKEL, FRAADE & JaGT, 2014 (see
also KrompmAKER & BoxsHALL 2015), have not been
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Ghost shrimps produce rod-shaped striated feces, which
are compact and greatly resistant to disintegration (Pry-
oR 1975; BRoMLEY 1990), but Bisnor & WiLLiams (2005)
stated that, upon settling, fecal pellets slowly lose their
coherent shape and become indistinguishable as pellets.
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Nevertheless, decapod pellets have been preserved in the
sedimentological record (e.g., SHINN 1968; BRONNIMANN
1972; Pryor 1975; Kuss & SENOWBARI-DARYAN 1992;
ScHWEIGERT et al. 1997; MEHLING 2004; SENOWBARI-DAR-
vAN et al. 2009), but ascribing them to taxa of lower taxo-
nomic ranks is difficult because no detailed comparative
studies on fecal pellets of extant axiidean and gebiidean
taxa have been performed, to our knowledge. Kuss &
SENOWBARI-DARYAN (1992) reported on fecal pellets as-
sociated with Thalassinoides burrows from the Upper
Cretaceous (Cenomanian and Turonian, ~100—90 Ma)
limestones of Egypt and Jordan, but no body fossils were
found. MEHLING (2004) reported on fecal pellets from the
Late Cretaceous (Campanian, ~80 Ma) of Monmouth
County, New Jersey, USA, interpreted as products of
callianassids based on the fact that numerous remains of
Mesostylus mortoni (PiLsBRY, 1901) were known previ-
ously from the same formation (RATHBUN 1935), although
not directly associated with fecal pellets. Later, this inter-
pretation has been confirmed, as FELDMANN et al. (2013)
reported and figured the only occurrence of the ghost
shrimp fecal pellets preserved together with a supposed
producer Mesostylus mortoni from the Late Cretaceous
(Campanian, ~80 Ma) of Delaware, USA.

Although Pryor (1975: p. 1246) claimed that the mor-
phology of decapod fecal pellets are probably species-
specific, SCHWEIGERT et al. (1997: p. 67) concluded that
microcoprolites alone “only allow distinguishing differ-
ent families of producing crustaceans, but a separation on
the biospecies-level seems rather impossible”. Identifica-
tion on the family-level, however, would be sufficient to
identify ghost shrimp fecal pellets in the fossil record.
More comparative studies on this topic are needed to
demonstrate whether differences in pellet morphology
and structure can be used for genus-level identifications
in ghost shrimps.

5. Taxonomy of the fossil ghost
shrimps based on chelipeds

Since Callianassa sensu MANNING & FELDER (1991)
or Ngoc-Ho (2003) is currently diagnosed on the ba-
sis weakly sclerotised parts, most of the fossil species
of “Callianassa” do not fit the diagnosis. Rather, fos-
sil “Callianassa” represents a heterogeneous mixture
of several independent genera. Thus, a major issue in
deciphering the fossil record of ghost shrimp is the as-
cription of fossil specimens to extant genera. If the ma-
terial is complete enough, i.e., exceptionally preserved
including some weak-part morphology, direct compari-
son with extant taxa is possible. However, as mentioned
above (chapter 4.2.) palacontology is often necessarily
focused on isolated cheliped remains. Identification of
proxy characters of taxonomic importance of these ele-
ments is crucial to assign the fossil material to higher
taxa.

SENCKENBERG

5.1. Taxonomically important characters

in neontological studies

Several views exist regarding the evaluation of taxonom-
ically important characters (see BIFFAR 1971; MANNING
& FELDER 1991; Poore 1994, 2008; Sakar 1999, 2005,
2011). The major revisions by Sakar (1999, 2005, 2011)
remain questionable at the subfamily- and genus-levels
(cf. DworscHak 2007; Poore 2008; DworscHak et al.
2012).

The chelipeds of Callianassidae and many Ctenochel-
idae are subject to intraspecific variation as well as sexu-
al dimorphism (e.g., MANNING & FELDER 1986; FELDER &
Loverr 1989). This is the main reason as to why neonto-
logical studies do not consider them to be taxonomically
significant. Instead, features of the carapace, maxillipeds,
eyes, pleopods, uropods, and telson are used to assign ex-
tant species to a genus. These characters are very rarely
preserved in the fossil record. As a consequence, more
recent literature dealing with fossil ghost shrimps usu-
ally emphasizes the contribution of MANNING & FELDER
(1991), who opined that certain characters on the ischium
and merus of the major cheliped (serration, presence/
absence of proximal hook) are taxonomically important
for genus-level assignment (see also chapter 5.3.). The
taxonomic importance of the chelipeds for systematics
of extant callianassid genera was also emphasized by
Ncoc-Ho (2003: table 1) when comparing genera within
Eucalliacinae (specifically Calliax, Calliaxina, and Pa-
raglypturus TURKAY & Sakal 1995). In addition to weak-
part morphology, she also considered the degree of het-
erochely (unequal vs. subequal chelae), morphological
similarity of chelae (similar vs. dissimilar), and whether
the chelipeds were laterally compressed (Calliax, Cal-
liaxina) or massive (Paraglypturus).

Both studies (MaANNING & FELDER 1991; Ncoc-Ho
2003) discussed characters present on chelipeds in addi-
tion to other characters from weak-part morphology. Care-
ful examination of chelipeds in all congeneric species is
needed to identify taxonomically important characters at
the genus-level, as was done for Glypturus. For instance,
the presence of spines on the upper margin of the pro-
podus is diagnostic for all representatives of Glypturus
(MANNING 1987; HyZNY & MUOLLER 2012; KLOMPMAKER et
al. 2015a). This does not imply that spination is generi-
cally important for all ghost shrimp taxa. For example,
all Glypturus species possess major carpi with spines on
their lower margin, but the same character is also present
in Corallianassa intesi (DE SAINT LAURENT & LE LOEUFF,
1979) (pE SAINT LAURENT & LE Loturr 1979: fig. 21a,c),
whereas other Corallianassa species do not have a spinu-
lose carpus.

5.2. Variation in chelipeds within species
Heterochely, intraspecific variation, ontogenetic changes

and sexual dimorphism are all factors that have to be tak-
en into account when working with fossil ghost shrimps.
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As pointed out by BisHor & WiLLiams (2005: p. 233), “it
will be necessary to document the range of these varia-
tions in many extant ghost shrimp taxa if the fossil record
of these structures is ever to be understood”. To docu-
ment variations in fossil taxa statistically, many speci-
mens need to be evaluated.

5.2.1. Heterochely

Heterochely is a condition in decapods where the two
claws of an individual differ in size, shape, and often
function, which usually occurs in both sexes of a species
(Hart~oLL 2012). In many decapod taxa heterochely be-
comes more evident in larger specimens, and is generally
more obvious in males (PrziBRAM 1905; SCHAFER 1954;
HarTNOLL 2012).

Ghost shrimps are usually strongly heterochelous
(conspicuous asymmetry sensu BaBcock 2005) as only a
few taxa (Calliaxina and Eucalliax MANNING & FELDER,
1991) exhibit subequally-sized chelipeds (subtle asym-
metry sensu BaBcock 2005). The extent of handedness in
heterochelous decapod species varies from rigid handed-
ness (left vs. right with the preference for one; directional
asymmetry sensu BaBcock 2005) to a lack of preference
(random asymmetry sensu BaBcock 2005). The only ma-
jor decapod group in which rigid handedness is univer-
sal are the hermit crabs (HARTNOLL 1982, 2012), whereas
there is a complete lack of preference in ghost shrimps
(LABADIE & PALMER 1996; FELDER & LOVETT 1989; NATES
& FELDER 1999). In the fossil record, a lack of prefer-
ence can be observed using large samples, in which the
same propodus morphotype usually occurs as right and
left-handed (dextral and sinistral forms) in about equal
numbers. For example, for the middle Miocene (~ 13 Ma)
Calliaxina chalmasii 8 right vs. 11 left major chelae were
reported (Hyzny 2012), for the middle Miocene (~12 Ma)
Neocallichirus brocchii 23 right vs. 24 left major chelae
were reported (Hyzny & HupAckova 2012), for the mid-
dle Miocene (~12 Ma) Eucalliax pseudorakosensis 27
right vs. 28 left major chelae were reported (Hyzny &
HupAckova 2012), for the late Miocene (~8 Ma) Glypt-
urus sikesi 36 right vs. 34 left major chelae were reported
(KromPMAKER et al. 2015a), and for the Holo-Pleistocene
(~2.5-0Ma) G. panamacanalensis 193 right vs. 159 left
major chelae were reported (KLoMPMAKER et al. 2015a).

Minor chelipeds are often distinctly different from
major ones other than size. This may lead to the recogni-
tion of two separate species in the fossil record, espe-
cially when dealing with isolated cheliped elements. For
instance, Callianassa chalmasii (Fig. 9C) and Callianas-
sa rakosiensis (Fig. 9B), both from the middle Miocene
(~13 Ma) of Austria and Hungary are now interpreted
to represent major and minor chelae of a single species
re-assigned to Calliaxina (Hyzny 2012). Similarly, Cal-
lianassa nuda BEURLEN, 1939 (Fig. 9H) from the Oligo-
cene (~28 Ma) of Hungary was recently identified as the
minor chela of Ctenocheles rupeliensis (BEURLEN, 1939)
(Fig. 9G), known from the same locality (HyZny & DuLal
2014). The latter example is particularly interesting be-
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cause C. rupeliensis was originally described as the lob-
ster Thaumastocheles Woob-Mason, 1874. Thus, major
and minor chelae of a single animal were originally mis-
interpreted to represent not only two distinct taxa within
a single monophyletic group, but as representatives of
two different unrelated groups, i.e., ghost shrimps and
nephropid lobsters.

Minor chelipeds usually do not bear the pronounced
features as observed in major chelipeds. Consequently,
there are plenty of species whose minor chelipeds are
very similar within a single genus (e.g., for Callichi-
rus see KENSLEY 1974: fig. 2B; DE SAINT LAURENT &
LE Loeurr 1979: fig. 16f—g; MANNING & FELDER 1986:
figs. 1d, 2d). In the fossil record, the attribution of mi-
nor chelae to certain species is difficult unless they co-
occur with major chelae in the same assemblage (Hyzny
& HupAckova 2012; Hyzny & Durar 2014; Fig. 10) or
based on morphological evidence from extant species.
Collecting all material by hand picking or even better by
bulk sampling of unlithified sediments from one locality
or horizon is crucial. This may help to statistically at-
tribute morphologically distinct specimens to the same
species.

5.2.2. Sexual dimorphism

Males and females differ morphologically for most ghost
shrimp species. There is only one exception known with-
in Callianassidae: in all studied individuals of Callia-
nassa aqabaensis DworscHAK, 2003 with a carapace
longer than 3 mm both male and female gonopores were
reported (DworscHAk 2003).

The knowledge on the reproductive morphology of
fossorial shrimps is very poor or lacking completely
(DworscHak et al. 2012: p. 155). Sexual dimorphism is
mainly observed in the first and second pleopods. All fe-
males possess these appendages, but they are lacking in
many male callianassids (DworscHAK et al. 2012), i.e.,
males of some genera within Callianassinae do not have
them at all (Sakar 2011: table 9).

The chelipeds are sexually dimorphic in some callia-
nassid species because the major cheliped becomes larger
and more massive in mature males (SHiMoDA et al. 2005
and references therein). Sexual dimorphism in decapods
is usually a consequence of the widespread use of che-
lae by males in combat, display or courtship (HARTNOLL
1974, for crabs). Sexually dimorphic chelipeds, accom-
panied by allometric growth enhancing the differences
between male and female chelae, have been convincingly
demonstrated for several ghost shrimp taxa, including
representatives of Callichirinae such as Callichirus (Bo-
TELHO DE Souza et al. 1998) or Lepidophthalmus (FELDER
& Loverr 1989; Nates & FELDER 1999), and representa-
tives of Callianassinae such as Neotrypaea MANNING &
FELDER, 1991 (LABADIE & PALMER 1996), Nihonotrypaea
MANNING & Tamaki, 1998 (SHimopa et al. 2005), Para-
trypaea KoMal & TacHikawa, 2007 (DworscHAK 2012),
Pestarella Ncoc-Ho, 2003 (DworscHAK 1998), and Try-
paea Dana, 1852 (HAILSTONE & STEPHENSON 1961).
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Fig. 9. Heterochely in ghost shrimps. A: Holotype of Callianopsis marianae Hyzny & ScHLOGL, 2011 (SNM-Z 24.810) from the early

Miocene of Slovakia showing both chelae. B: Minor propodus of Calliaxina chalmasii Brocchi, 1883 from the middle Miocene of Hun-
gary (holotype FI M.29 of Callianassa rakosiensis LORENTHEY, 1897). C: Major propodus of C. chalmasii from the middle Miocene of
Hungary (HNHM PAL 2011.33). D: Major propodus and dactylus of Neocallichirus brocchii (LORENTHEY, 1897) (PCRB-DHO008) from the
middle Miocene of Slovakia. E: Minor propodus of N. brocchii (PCRB-DHO013). F: Both chelae of Corallianassa acucurvata SweN et al.,
2001 from the Late Cretaceous (Maastrichtian) of the Netherlands (PCYC). G: Major propodus and dactylus of Ctenocheles rupeliensis
(BEURLEN, 1939) (HNHM M.66.961) from the Oligocene of Hungary. H: Minor chela of C. rupeliensis (HNHM M.59.4691), originally de-
scribed as Callianassa nuda BEURLEN, 1939. LJ: Major and minor chela from a modern specimen of Calliax cf. C. lobata NHMW 25511).
K: Major chela of Eucalliax pseudorakosensis (LORENTHEY in LORENTHEY & BEURLEN, 1929) (PCMH-005) from the middle Miocene of
Slovakia. L: Minor chelae of E. pseudorakosensis (KGP-MH/DH070). Note that the couples in B—C, D—E, G—H, and K—L are not from
the same individuals. All specimens except F, I, and J were coated with ammonium chloride prior to photography. Scale bars equal 5.0 mm.

Sexual dimorphs can express not only different
growth rates of chelipeds but also different morpholo-
gies of the major chela. This has been demonstrated in
representatives of the ctenochelid Callianopsis in which
the major propodus differs distinctly between sexes
(Scuwertzer Hopkins & FeLDMANN 1997; Fig. 101-J).
Two distinct morphotypes of major chelae can also be
recognized for Lepidophthalmus spp., which have been

SENCKENBERG

tentatively attributed to sexual dimorphism (Hyzny &
Durar 2014). Two morphs of majors, possibly sexual
dimorphs, have also been identified for Neocallichirus
brocchii and Eucalliax pseudorakosensis from the mid-
dle Miocene (~ 13 Ma) of Hungary and Slovakia (Hyzny
& Hupackova 2012). A special case is Callichirus; sexu-
ally mature males of Callichirus spp. usually possess
greatly elongated elements of the major chela (Man-

417



HyZNY & KLoMPMAKER: Ghost shrimp systematics, phylogeny, and taphonomy

Fig. 10. Sexual dimorphism in the chelipeds of ghost shrimps. A: Male of a modern specimen of Trypaea australiensis DaNa, 1852 (NHMW
24988). B,C: Males of Callianassa macrodactyla A. MILNE-EDWARDS, 1860 from the middle Eocene of France (MNHN.F.B71835). D: Sex-
ually mature male of a modern specimen of Callichirus major Say, 1818 (NHMW 19354). E: Sexually mature male of Callichirus berta-
lani HYZNY & MULLER, 2010 from the middle Miocene of Hungary (holotype HNHM M.2009.2334.1). F: Presumed female propodus and
dactylus of Callianassa heberti A. MILNE-EpwARDS, 1860 from the middle Eocene of France (NHMW 2011/0169/0009). G: Male propodus
and dactylus of C. heberti from the middle Eocene of France NHMW 2011/0169/0011). H: Female chela from a modern specimen of Cal-
lichirus seilacheri (Bott, 1955) (SMF 2184). I: Female chela of Callianopsis marianae HyzNy & ScHLOGL, 2011 from the early Miocene
of Slovakia (SNM-Z 24815). J: Male chela of C. marianae (KGP-MH uncatalogued). Arrows show deep notch typical of sexually mature
males. Specimen in J was coated with ammonium chloride prior to photography. B and C were photographed by Ch. Lemzaouda (MNHN).

Scale bars equal 5.0 mm.

NING & FELDER 1986; Fig. 10D). This characteristic can
be identified also in the fossil record (HyzNY & MULLER
2010; Fig. 10E).

In the fossil record, differences in the sexual morphs
can lead to the incorrect recognition of two separate taxa,
as was the case of Callianopsis clallamensis (WITHERS,
1924) from the Oligocene and Miocene (~25-20 Ma) of
Washington state, USA. Its female morph was originally
described as Callianassa twinensis RATHBUN, 1926 (for
details see ScHweITzER Hopkins & FELDMANN 1997 and
East 2006).

For ghost shrimps, usually only a single animal oc-
cupies a burrow (DworscHAK et al. 2012; but see PrRYor
1975: p. 1246) and under laboratory conditions, antago-
nistic behavior has been reported. Documented examples
include species of Neotrypaea (MacGINITIE 1934), Ni-
honotrypaea (Tamaxl et al. 1997; SHimopa et al. 2005),
Callichirus (RopriGUEs 1983), Sergio (RODRIGUES &
HobL 1990), Lepidophthalmus (FELDER & LoverT 1989),
and Callianassa subterranea (WITBAARD & DUINEVELD
1989; RowpeN & Jones 1994). This behaviour seems
more frequently employed by males. SHiMopA et al.
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(2005) documented attacks in several species of Nihono-
trypaea, usually between males, in which major cheliped
acts as a tool to grip the rival’s one. This is in agreement
with the observation of LABADIE & PALMER (1996), who
analyzed the morphology of chelipeds of its close rela-
tive Neotrypaea and argued that the presence of propodal
notch, distally hooked dactylus, and serration on fingers
seem to be functional in gripping/grappling of the rival.
They came to conclusion that sexual dimorphism in the
nature of major chelae probably reflects the antagonis-
tic behaviour occurring more often among males than in
females. In all the above mentioned genera, of which re-
presentatives show antagonistic behaviour (Neotrypaea,
Nihonotrypaea, Callichirus, Sergio, Lepidophthalmus,
and Callianassa), the presence of notch is observed (Fig.
10). There are ghost shrimps lacking a notch or any sex-
ual dimorphism in the morphology of chelipeds. A good
example is Glypturus with males and females having the
same cheliped morphology (Birrar 1971; Poore & Su-
CcHANEK 1988). It may be speculated that representatives
of this genus may not express antagonistic behaviour
frequently.
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Fig. 11. Intraspecific variation in the major chelae of ghost shrimps. Examples include Podocallichirus laepaensis Hyzny & Muriz, 2012
from the late Miocene of Spain (A—M) and Callianassa heberti A. MiLNE-EpwaRDs, 1860 from the middle Eocene of France (N—T). Note
variation in the teeth formula of the dactylus and the curvature of the fixed finger in P. laepaensis. Note different propodus length/height
ratio, variation in the development of propodal notch and the tooth on the fixed finger (arrows) in C. heberti. A: CBG/CD/029. B: CBG/
CD/076a. C: Paratype CBG/CD/010. D: CBG/CD/015. E: Paratype CBG/CD/037. F: CBG/CD/018. G: CBG/CD/076b. H: CBG/CD/025.
I: Paratype CBG/CD/003. J: CBG/CD/071. K: Paratype CBG/CD/064. L: CBG/CD/066. M: CBG/CD/062. N: NHMW 2011/0169/0014.
O: HMW 2011/0168/0006. P: NHMW 2011/0169/0015. Q: NHMW 2011/0168/0007. R: NHMW 2011/0169/0013. S: NHMW 2011/0169/

0010. T: NHMW 2011/0169/0012. Scale bars equal 5.0 mm.

5.2.3. Intraspecific variation and polymorphism

Ghost shrimps can express definite intraspecific varia-
tion in the major cheliped morphology causing major dif-
ficulties for the taxonomic interpretation of the isolated
elements in the fossil record. The morphology of merus
and carpus are usually quite consistent within the genus,
but the nature of the propodus and dactylus, especially
the fixed fingers, can be variable. For instance, in ex-
tant Sergio mericeae MANNING & FELDER, 1995 the fixed
finger can be armed with numerous teeth or completely
unarmed (MANNING & FELDER 1995: fig. 1b,d,h). Another
example is the fossil species Neocallichirus brocchii ex-
hibiting a variable armature on the major dactylus (Hyzny
& HupAckova 2012: fig. 2F). The same can be postulated
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for Podocallichirus laepaensis Hyzny & Muniz, 2012
(Hyzny & Muniz 2012: fig. 6, see also Fig. 11). Krowmp-
MAKER et al. (2015a) reported intraspecific variation in
Glypturus panamacanalensis and G. sikesi in the strength
of the teeth on the dactylus and the tooth on the fixed
finger.

Polymorphism in relative growth refers to differences
in form not related to sex or maturity, whereby two or
more morphs co-occur within the same growth phase
(HartnoLL 2012). Definitive polymorphism appears to
be a purely male phenomenon for crustaceans in general
(HartnoLL 2012). For ghost shrimps, polymorphism is
known to occur only in male populations of Callichirus
species, e.g., Callichirus major (BOoTELHO DE Souza et
al. 1998). Regarding the fossil record, it is questionable
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whether polymorphism can be detected and distinguished
from intraspecific variation. SWEN et al. (2001) reported
polymorphism in Mesostylus faujasi from the Late Creta-
ceous (Maastrichtian, ~70 Ma) of the Netherlands. Their
results, however, do not seem to be a case of definitive
polymorphism as defined above. Within the studied sam-
ple, SweN et al. (2001) recognized three morphotypes in-
terpreted as mature females, mature males and immature
males; however, within the same growth phase only one
morphotype for each sex was determined.

5.2.4. Size

The size (total length from rostrum to telson) of adult
ghost shrimp ranges from about 1.5cm to ~16cm
(DworscHak 2015). It is, however, difficult to estimate
their maximum size because they supposedly have in-
determinate growth (i.e., without terminal anecdysis).
For decapods in general, the percentage of moult incre-
ment (i.e., the percentage of size increase at each moult)
declines and the intermoult period increases with size,
thereby limiting growth (HartnoLL 1983). Growth rate
decrease has not been determined for any ghost shrimp
known to the authors, in part due to difficulty with catch-
ing ghost shrimps (Garcia et al. 2003; DwORSCHAK
2015), especially the large-sized tropical species (SHINN
1968; DE VAUGELAS 1985; KNEER et al. 2013; DWORSCHAK
2015). Assuming that large specimens have a greater fos-
silization potential, the fossil record can provide insight
into this issue, i.e., maximum size.

Size on its own should never be considered of taxo-
nomic importance because size can be influenced by en-
vironmental conditions (ecophenotypic variation), but in
some cases it may supplement other characteristic differ-
ences among taxa. For instance, representatives of extant
Paratrypaea usually does not exceed a total length of
2 cm (DworscHak 2012), and, thus, it may be speculated
that its size would be similar for fossil species of this
genus. On the other hand, representatives of Callichirinae
can reach a total length of 10—16 cm (DE VAUGELAs 1985;
DworscHak 2008, 2015), including the largest ghost
shrimps known to date (Glypturus, Neocallichirus). As a
result, one would not expect to identify typically small-
sized ghost shrimp genera with a total body length usually
not exceeding 2 cm (e.g., Biffarius MANNING & FELDER,
1991, Paratrypaea, Pseudobiffarius HEARD & MANNING,
2000) in a sample of exclusively large-sized isolated pro-
podi. Size may influence the composition of fossil as-
semblages as poorly calcified, small-sized callianassid
genera have a lower fossilisation potential compared to
larger-sized specimens. For instance, Thomassiniidae, con-
sisting of small-sized taxa (total body length ~1-2 cm;
DworscHAk 2015: p. 5), is represented in the fossil re-
cord by only one known species, Crosniera schweitzerae
Hyzny & ScHrocr, 2011 from the early Miocene (~16
Ma) of Slovakia. Not surprisingly, this occurrence is
known from very fine clays and the largest propodus
found is not longer than 3.5 mm (HyZnY & ScHLOGL
2011: table 3).
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Growth can influence the morphology of cheliped
elements. Especially length/height ratios of the propo-
dus and merus are prone to change with growth. This
has been reported for both extant (for Neocallichirus
see DworscHak 2008) and fossil taxa (for Glypturus see
KrompmakeR et al. 2015a). Based on three Glypturus spp.
assemblages from different stratigraphic levels (Recent,
Holo-Pleistocene and late Miocene), KLOMPMAKER et al.
(2015a) observed that the propodal length/height ratios
increased faster throughout growth in geologically older
assemblages, suggesting possible heterochrony.

5.3. Evaluation of characters present on

chelipeds

Of a great importance is the selection of systematically
important characters to be used for the identification of
taxa in the fossil record. Ghost shrimp chelae offer nu-
merous characters for evaluation. Some of them can be
subject to intraspecific variation. Therefore, a thorough
study of extant material is needed prior to any assignment
of fossil material to an extant genus. Distal elements (i.e.,
dactylus and propodus) are usually more variable than
proximal ones (i.e., carpus, merus, and ischium).

5.3.1. Suprageneric-level

In cases when only the distal parts of the chelipeds (dac-
tylus, propodus, carpus) are available, ctenochelids and
callianassids occasionally cannot be distinguished, with
the exception of the genus Ctenocheles KisHINOUYE, 1926.
As a result, numerous authors have used Callianassa as a
collective name resulting in its waste-basket nature of the
genus (i.e., mixture of several genera).

Without having diagnostic characters of the maxilli-
peds and pleopods (e.g., MANNING & FELDER 1991) on which
neontologists base their subfamily assignment, the assign-
ment of fossil species to a subfamily is virtually impos-
sible. For fossils, the subfamilial assignment is dependent
on identifying fossil specimens as a representative of an
extant genus. Consequently, several exclusively fossil cal-
lianassid genera have not been assigned to any subfam-
ily (see DE GRrAVE et al. 2009: p. 22). Re-diagnosing the
subfamilies with the implementation of characters with
higher fossilization potential may resolve this problem.

BEURLEN (1930: p. 332) proposed Protocallianassa to
be placed within its own monotypic subfamily Protocal-
lianassinae based on well-developed pleurae on pleonal
segments 2—6. Since species attributed once to Protocal-
lianassa are in a need of revision (SCHWEITZER & FELD-
MANN 2012), the usage of Protocallianassinae has been
abandoned for the time being (DE GRAVE et al. 2009;
ScHWEITZER et al. 2010).

5.3.2. Genus-level

Since the work of MANNING & FELDER (1991), who called
attention to the taxonomic importance of the nature of the
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chelipeds in generic assignments, there has been a strong
tendency to classify fossil ghost shrimps within neonto-
logically diagnosed genera for Cenozoic ghost shrimp. In
the case this is not possible, CoLLINs et al. (1996) recom-
mended classifying fossil specimens within Callianassi-
dae (or Callianassa) s.1. without reference to a subfamily
or genus. This is not a solution to the problem. Without a
thorough comparison to extant counterparts, almost any
fossil ghost shrimp would be classified as Callianassa
s.l.. Unfortunately, there are several different neontologi-
cal concepts of the genus Callianassa (e.g., MANNING &
FELDER 1991; Ncoc-Ho 2003; Sakar 1999, 2005, 2011),
hampering progress with fossil representatives. The
practice of using Callianassa s.l. for problematic ghost
shrimp remains creates a difficult situation when distin-
guishing between Callianassa s.str. and Callianassa as a
waste-basket taxon. For instance MULLER (1984: p. 48)
used ‘Callianassa’ as a collective taxon, whereas KARA-
SAWA (2000b) and Hyzny et al. (2013b) used Callianassa
(s.1.) to distinguish a waste-basket genus from the one
diagnosed by MaANNING & FELDER (1991) or Ncoc-Ho
(2003).

When evaluating the characters on the major
cheliped, much attention was paid to the morphology of
the merus of the major cheliped, notably the nature of its
lower margin and the presence or absence of the meral
hook (MANNING & FELDER 1991). The discussion on this
topic between Raymond Manning and Rodney Feldmann
(for details see SCHWEITZER & FELDMANN 2002: p. 940) re-
sulted in two critical points: for confident generic assign-
ment, the merus and carpus have to be preserved and the
angle of the propodus/carpus joint is significant. It has
been argued (ScHWEITZER & FELDMANN 2002) that living
forms typically exhibit the same type of articulation (at
right angle along the axis of the articles). This assump-
tion has recently been doubted (Hyzny 2012; HyZNyY et
al. 2013b) and the presence of the propodus/carpus joint
with an angle more than 100° in extinct Protocallianas-
sa has also been re-evaluated (SCHWEITZER & FELDMANN
2012). Instead, a unique suite of more than one character
present on chelipeds is needed to diagnose ghost shrimp
genera.

Although the work of MANNING & FELDER (1991) was
a very important step forward for classifying fossil ghost
shrimps, more progress is called for. Diagnoses present-
ed in their contribution appear insufficient for recogniz-
ing genera in the fossil record: whether or not the taxon
exhibits a proximal meral hook has to be supplemented
with other characters. For assignment to Callianopsis,
the presence of a small proximal meral hook has been
considered taxonomically important, but HyzNY & Dutat
(2014; see also Gaspari¢ & Hyzny 2015) demonstrated
that a very similar meral hook can also be present in Le-
pidophthalmus. They suggested the usage of an addi-
tional character, the distal meral lobe, to be present for
generic assignment to Lepidophthalmus. Additionally,
the shape of the meral hook can be subjected to changes
during growth (e.g., DworscHAk 2012: fig. 6); therefore
the developmental stage should be taken into account.
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For some genera, the morphology of the major pro-
podus can also be of taxonomic importance: Calliaxina
(Hyzny 2012), Glypturus (Hyzny & MULLER 2012), and
Calliax (Hyzny & Gasparic 2014). The preservation of
minor chela, at least for representatives of Eucalliaci-
nae (Calliax, Eucalliax, and Calliaxina), helps in distin-
guishing respective genera (Hyzny 2012: fig. 2; Hyzny &
GASPARIC 2014).

Many extant genera are based on rather minor differ-
ences in weak-part morphology or even on the basis of a
single character. If not rediagnosed with respect to most
durable body parts (i.e., chelipeds), it is difficult to reco-
gnise these taxa in the fossil record. For instance, Sergio
is differentiated from the morphologically similar Neo-
callichirus on the basis of differences in the telson and
uropods (MANNING & LEMAITRE 1994). A molecular study
by FELDER & RoBLES (2009) cast doubt on the monophyl-
etic nature of the genus Sergio in its present arrangement.
The problem dates back to 1988, when Sakai erected
Neocallichirus. Its original diagnosis (Sakar 1988: p. 61)
is vague resulting in the erection of several additional ex-
tant genera (including Sergio) from the “common stock”
of Neocallichirus as well as erecting numerous fossil
species of Neocallichirus based on a limited number of
characters of minor taxonomic significance (Hyzny &
Karasawa 2012: table 1). Sometimes, the assignment was
even based on a single character (Neocallichirus mannin-
g1 SCHWEITZER, FELDMANN, Fam, HEssIN, HETRICK, NYBORG
& Ross, 2003 = N. rodfeldmanni Hyzny, 2010). Given
the many different morphologies considered to be typi-
cal for the genus, Neocallichirus may be heterogeneous
(Hyzny & Karasawa 2012: p. 61).

For assignment on the genus-level, a certain suite of
characters can be used. For instance, Glypturus can be
readily distinguished from all other genera by spines on
the upper margin of the propodus and merus and on the
lower margin of the carpus (Hyzny & MULLER 2012).
This does not mean that a different configuration of
spines calls for erection of a new genus, but rather that
prominent spines consistently present at the same place
allow distinguishing one genus from a different one. To
not confuse an intraspecifically variable feature with a
taxonomically important character on the genus-level,
many specimens need to be examined typically. In this
respect, some of the extinct genera are based on only a
limited number of specimens. Twenty-six ghost shrimp
genera are known from the fossil record, of which 11 are
exclusively fossil. Eight of them are monotypic genera.
Some of them (Brecanclawu ScHWEITZER & FELDMANN,
2001; Comoxianassa SCHWEITZER, FELDMANN, COSOVIC,
Ross & WauGH, 2009; Cowichianassa SCHWEITZER, FELD-
MANN, Cosov1c’, Ross & WauaH, 2009; Eoglypturus BE-
SCHIN, DE ANGELI, CHECCHI & ZARANTONELLO, 2005, and
Turbiocheir SCHWEITZER, FELDMANN, CASADIO & RAISING,
2012) are based on less than five specimens, implying that
the intraspecific variability is difficult to evaluate. More-
over, their justification often is insufficient. For instance,
chelipeds of Turbiocheir were compared only to Neocal-
lichirus (i.e., a vaguely defined genus) without referring
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to any published or studied comparative material. The
authors (SCHWEITZER et al. 2012: p. 176) also stated: “To
avoid needless confusion and additional biogeographic
chaos, it seems most prudent to erect a new genus for the
new material from Rio Turbio, instead of referring the
material to an extant genus.” It is questionable whether
such approach can lead to a better understanding of the
ghost shrimp fossil record. Careful comparison to extant
taxa may resolve the affinities of fossil taxa better than
erecting new genera without sound reasoning as has been
shown by Hyzny and others (e.g. SCHWEITZER-HOPKINS
& FeELpMANN 1997; Hyzny 2012; Hyzny & HubpAckova
2012; Hyzny & Durar 2014; Hyzny & GASPARIC 2014).
Additionally, the fact that there are 11 exclusively fos-
sil and largely monotypic genera tell us more about the
taxonomic practice within the group than about real di-
versity /disparity pattern of the ghost shrimps in the geo-
logical past.

5.3.3. Species-level

Unfortunately, most fossil species are based on fragmen-
tary material comprising propodi and dactyli only (160
species, 58.4%). These elements can be subject to in-
traspecific and possible size-related variation (see chap-
ters 5.2.3. and 5.2.4.). Therefore it is important to gather
a large number of specimens containing a growth series
of the (supposedly) same taxon to recognize variable fea-
tures. Congruence in the presence of otherwise variable
features (tuberculation, armature of fingers) may point to
recognition of the diagnostic characters on the species-
level.

Prominent tuberculation is often considered a taxo-
nomically important character in decapod taxonomy in-
cluding ghost shrimps. One should, however, be aware
of character changes during ontogeny because the tuber-
culation on ghost shrimp chelipeds may appear in large
specimens in some cases, whereas much smaller indi-
viduals may be completely smooth. DworscHAk (2008)
reported this phenomenon for extant Neocallichirus
karumba Poore & GrIFFIN, 1979, in which individuals
with a total length not exceeding 40 mm exhibit smooth
major chelipeds (except for a few tubercles on the lateral
surface of the propodus below the articulation with the
dactylus), whereas larger specimens can be heavily tu-
berculated (DworscHAk 2008: figs. 2e—f, 4b—c). Thus,
tuberculation can be successfully used for taxonomy on
the species-level in cases where its development is not
linked to growth. In Glypturus, it has been demonstrated
that already very small specimens (propodus length less
than 5 mm) possess tubercles on the lateral surfaces of
major propodus (KLoMPMAKER et al. 2015a). The extent
and presence of tuberculation differs among species
(KrompMmAKER et al. 2015a) so that this character can be
used for species identification in almost any case.

Setal pores are present in all ghost shrimps, but their
shape, number, and arrangement vary markedly. It has to
be stressed, however, that the mere presence or absence
of setal pores cannot be taken as taxonomically important
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because it represents often only a preservational artefact.
All ghost shrimps possess sensitive setae on the cheli-
peds, and, if preserved without cuticle as fossils, the setal
pores may not be discernible. PoLkowsky (2004) erected
Ctenocheles chattiensis as a new species largely based on
the presence of setal pores on isolated fingers. He stated
that the pores are not present in its relative C. rupeliensis,
which appears incorrect. Moreover, the new species was
based on fragmentary material, namely an isolated dac-
tylus and a doubtful minor propodus (PoLkowsky 2004:
figs. 22—24). Therefore, Hyzny & DuLai (2014) consid-
ered Ctenocheles chattiensis to be a junior subjective
synonym of the well-documented C. rupeliensis.

6. Origins and evolution of the
ghost shrimps

The evolutionary history of ghost shrimps is very much
understudied. Without proper classification of the often
fragmentary fossils of fossorial shrimps, no reliable cali-
bration points based on fossils can be identified. Re-eval-
uation of the ghost shrimp fossil record has the potential
to provide answers about the origin and phylogeny of this
decapod group.

6.1. Phylogenetics of Axiidea

As inferred from molecular data (RoBLEs et al. 2009; Fig.
12F), two distinct lineages seem to be present within
Axiidea: one embracing Axiidae (= Calocarididae OrrT-
MANN, 1891 = Eiconaxiidae Sakal & OHTa, 2005), and
the second consisting of Callianassidae and Ctenocheli-
dae (both sensu MANNING & FELDER 1991) together with
less diverse Strahlaxiidae Poore, 1994, Callianideidae (=
Thomassiniidae DE SAINT LAURENT, 1979b), and Miche-
leidae Sakar, 1992. These two lineages are sometimes as-
cribed to Axioidea and Callianassoidea (e.g., SAka1 2011;
AHYONG et al. 2011) in which Axiidae and Callianassidae
apparently represent the most derived states within their
lineages. The position of less diverse clades, however, is
contentious (cf. Poore 1994; Tupck et al. 2000; RoBLES
etal. 2009; Fig. 12). It should be noted that the superfam-
ily Callianassoidea as in Poore (1994, 2004; Fig. 12A),
MARTIN & Davis (2001), Sakar (2011) and AHYONG et al.
(2011) is not supported by molecular analyses (e.g., Ro-
BLES et al. 2009; see also DworscHAK et al. 2012: p. 186).
Within Axiidea, Callianassidae and Ctenochelidae seem
to constitute a monophyletic group (cf. TupGe et al.
2000; FELDER & RoBLEs 2009; RoBLEs et al. 2009; but
see TsanG et al. 2008; Fig. 12), but its internal relation-
ships are not clear. Ctenochelidae appear to be para-
phyletic in several phylogenetic analyses (e.g., POORE
1994), whereas it is considered monophyletic in others
(Tupck et al. 2000; FELDER & RoBLEs 2009). Callianassi-
dae in the present arrangement (sensu DE GRAVE et al.

SENCKENBERG



ARTHROPOD SYSTEMATICS & PHYLOGENY — 73 (3) 2015

A B
Poore 1994 Tudge & Cunningham 2002
Anomura - ———————Astacidea
Calocarididae 5 Brachyura
Axiidae [=) Anomura
Strahlaxiidae e Achelata
Micheleidae _E, Upogebiidae (<]
Thalassinidae | Axianassidae a
Laomediidae ? Thalassinidae @
Upogebiidae % Laomediidae &l
Callianideidae o Strahlaxiidae z
Thomassiniidae |0) L_| Callichirus w
Paracalliax i’(’ T Sergio g
Ctenocheles <Z( ' Neocallichirus é
Gourretia | Callianassinae L]
Anacalliax 3:'
Callianassa O]
C E
Tsang et al. 2008 Felder & Robles 2009
Astacidea Axiidae
Thalassinidae E Eucalliax
Laomediidae 1O Calliaxina
Axiidae ] Dawsonius
Calocarididae Gourretia
Eiconaxiidae Callichirus
Strahlaxiidae ﬁ Glypturoides
Micheleidae a Corallianassa
Callianideidae é Glypturus
Lepidophthaimus Grynaminna
Sergio Neocallichirus + Sergio
Callichirus Lepidophthalmus
Ctenocheles L Callianassinae
D F
Tsang et al. 2008 Robles et al. 2009
Astacidea Caridea
Upogebiidae [<] Upogebiidae g
Thalassinidae | Thalassinidae a
Laomediidae o Laomediidae ﬁ
Axianassidae & Axianassidae o
— Callianideidae [ | Astacidea
Micheleidae Achelata
Strahlaxiidae Anomura
Axiidae Brachyura
Eiconaxiidae 5 Axiidae ]
Calocarididae ) Micheleidae
Ctenocheles > Callianideidae
Lepidophthaimus < Strahlaxiidae
Callichirus Dawsonius
i ) <
Sergio Gourretia w
ENeoca/ﬁchims Vuicanocalliax a]
Callianassinae Glypturoides ;
Callichirus <
Neocallichirus
Lepidophthalmus
Glypturus
Neocallichirus + Sergio
Callianassinae L

Fig. 12. An overview of published phylogenies involving ghost shrimps. The schemes are simplified to include only generic and familial
taxa. Outgroup taxa or taxa different from axiidean and gebiidean shrimps are indicated with shorter branches. An indication of Axiidea and
Gebiidea does not necessarily mean that the respective study recognized these taxa as separate infraorders. A: Phylogeny based on mor-
phology, after Poore (1994: fig. 9). B: A composite of the consensus trees from the Bayesian analysis and the single maximum-likelihood
(ML) tree for the combined mitochondrial 16S rDNA and nuclear 18S rDNA data, after Tunce & CunNINGHAM (2002: fig. 3). C: ML tree
from combined 16S, 18S and 28S rDNA analysis, after TSANG et al. (2008: fig. 2). D: ML tree from combined 16S and 18S rDNA analysis,
after TsanG et al. (2008: fig. 1). E: Cladogram inferred from a maximum parsimony (MP) analysis of 16S and 12S rDNA, after FELDER &
RoBLES (2009: fig. 1). F: Cladogram inferred from a Bayesian analysis of 16S and 18S rDNA, after RosLEs et al. (2009: fig. 1). Abbrevia-
tions: GEB. = Gebiidea; TH. = Thalassinoidea. For commentary see the text (chapter 6.1.).
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2009) appears to be a non-natural grouping in the latest
molecular analysis (FELDER & RoBLEs 2009; Fig. 12E).
Specifically, Eucalliacinae Manning & Felder, 1991 ap-
pears to be paraphyletic, suggesting that Calliaxina may
share a common lineage with Ctenochelidae. Both Eucal-
liacinae and Ctenochelidae appear to be ancestral with
respect to the more advanced Callichirinae and Callia-
nassinae. This seems supported by fossils from the Cre-
taceous. For Ctenochelidae, the fossil record of Cteno-
cheles goes back to the Cenomanian (~95 Ma) (Hyzny &
Durar 2014; Hyzny et al. 2014) and the oldest and only
fossil representative of Dawsonius MANNING & FELDER,
1991 is known from the Albian (~105 Ma) (FRANTEsCU
2014), if the generic assignment is correct. The oldest
known representative of Eucalliacinae appears to be Eu-
calliax burckhardti (Bonm, 1911) from the Late Creta-
ceous—Paleocene (Maastrichtian—Danian, ~70—65 Ma)
of Argentina and Mexico (Hyzny et al. 2013b). From
coeval strata, also Callianassa (s.l.) ocozocoautlaensis
Hyzny, VEGA & CoutiNo, 2013 is known, interpreted as a
representative of Callianassinae. The Cretaceous occur-
rences of Neocallichirus, a representative of Callichiri-
nae, have been recently doubted by HyZny & Karasawa
(2012).

6.2. Origins of Axiidea

Fossils provide important calibration points for the diver-
gence times of major clades. Because the ghost shrimp
fossil record is understudied, the selection of fossil taxa
as calibration points is rather difficult.

PorTER et al. (2005), using a limited dataset for mo-
lecular clock estimates, argued for a possible divergence
time of “thalassinideans” (to which ghost shrimps belong)
from other reptantian decapods around the mid-Carbon-
iferous (~325 Ma). No fossil representatives of Axiidea
or Gebiidea were chosen as calibration points, and, as
pointed out by DworscHAK et al. (2012: pp. 110—-111),
this estimate must apply only to axiideans because the
five extant representatives used in the analysis of PORTER
et al. (2005) were all callianassids (no gebiidean was ana-
lysed). An alternate view has been presented by BRACKEN
et al. (2010), who suggested an independent radiation
of Gebiidea to have occurred within the Carboniferous
(~309 Ma) and a radiation of Axiidea within the Permian
(~255 Ma). Although these results are based on a more
robust molecular phylogenetic analysis, no calibration
point for Axiidea or Gebiidea based on fossils was used.
Calibration points based on the oldest known axiidean
and gebiidean taxa were used for the first time by Brack-
EN-GrissoMm et al. (2013), namely Callianassa bonjouri
ETaLLON, 1861 (now treated as Magila OppEL, 1861; see
FORrsTER 1977 and ScHWEITZER et al. 2010) from the Early
Jurassic (Toarcian, ~ 180 Ma) of France and ?Gebia ob-
scura voN MEYER, 1834 (now treated as Upogebia LEACH,
1814; see ScHWEITZER et al. 2010) from the Early Triassic
(~248 Ma) of France. Both taxa, however, need to be
revised. FORSTER (1977: p. 145) noted that the holotype
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of Magila bonjouri could not be found and the original
figure does not allow detailed comparison to congeneric
species. Regarding Upogebia obscura voN MEYER, 1834,
even VON MEYER (1834) classified the poorly preserved
specimen as ?Gebia. The analysis of BRACKEN-GRISSOM
et al. (2013) was primarily focused on anomurans with
other higher taxa of decapods serving as outgroup taxa.
Thus, it is difficult to make further conclusions about the
estimated divergence times of Axiidea and Gebiidea dur-
ing the Devonian (~370 Ma) and Permian (~265 Ma),
respectively.

Most recently, Baucon et al. (2014) studied the fluvial
succession of the Permian—Triassic (270 Ma) boundary
in Sardinia, Italy. Based on the presence of Ophiomor-
pha ichnofossils in freshwater sediments, they suggested
a sister-group relationship between Thalassinidea and
Astacidea (see PorTER et al. 2005; Tsang et al. 2008).
Baucon et al. (2014: p. 99) concluded that both lineages
derived from the same biological population and inter-
preted that “astacid/thalassinid diversification to have
taken place in fluvial environment between the Carboni-
ferous (~310 Ma) and early Permian (~295 Ma) times,
while ghost shrimps had invaded marine environments at
the Permian—Triassic boundary”. Their usage of the term
“ghost shrimp” is, however, rather vague because they
use it instead of “thalassinideans”, i.e., in a rather broad
sense. Most importantly, identifying the tracemaker of
freshwater Ophiomorpha to be of “thalassinidean” origin
does not take into account the possibility of other deca-
pod taxa that may be able to produce these burrows. As
Frey et al. (1978: p. 214) noted, thalassinideans are “by
no means the only animals to employ sediment pellets in
the construction of at least a part of a burrow”. Crayfishes
can produce burrows with knobby walls (CHAMBERLAIN
1975; Hasiotis & BourkEe 2006 and references therein)
and this morphology was linked to crayfish in the fos-
sil record (BaBcock et al. 1998; Bepatou et al. 2008),
although fossil burrows referred to crayfish were not as-
cribed to Ophiomorpha. Baucon et al. (2014) ascribed
some of the investigated trace fossils to crayfishes. In-
deed, these animals may have been around at that time
because BaBcock et al. (1998) already reported on Early
Permian (~295 Ma) crayfish. Could it be possible that
crayfishes exhibited different burrowing behaviours to
produce burrow similar to Ophiomorpha? If so, then this
may be more reasonable than to postulate a freshwater
origin of otherwise fully marine axiideans and gebiid-
eans. In this respect, it has to be stressed that “thalassi-
nidean” taxa tolerating salinity fluctuations are positioned
relatively high in the proposed phylogenies (TsANG et al.
2008; RoBLEs et al. 2009), suggesting that resistance to
freshwater may be derived.

6.3. What is the oldest ghost shrimp?
The oldest known representative of Axiidea (to which

ghost shrimps belong) is the axiid Magila bonjouri
(ETaLLON, 1861) from the Early Jurassic (Toarcian, ~ 180
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Fig. 13. Some of the supposedly oldest ghost shrimps. A: ?Etallonia sensu GarassINO & TEruzzi (2001) from the Early Jurassic (Toarcian)

of Italy, MSNM i 10855. B: Protocallianassa antarctica TAYLOR, 1979 from the Early Cretaceous (early Aptian) of Antarctica (redrawn

after TAYLor 1979: fig. 9a). C,D: Callianassa infracretacea pE TRIBOLET, 1874 from the Early Cretaceous (Hauterivian) of France; digital

image from DE TrRiBoLET (1874: pl. 15.1). E—G: Callianassa uncifera Harsort, 1905 from the Early Cretaceous (late Hauterivian) of
Germany, SNSB-BSPG 1988 111 373 (E), 1988 111 372 (F), and 1988 111 374 (G). Scale bars equal 5.0 mm. Specimens in A and B are not
considered ghost shrimps herein, whereas C. infracretacea and C. uncifera await revision. For commentary see the text (chapter 6.3.).

Ma) of France. Garassino & Teruzzi (2001) question-
ably assigned a fragmentary chela (Fig. 13A) from the
Toarcian of Italy to ?Etallonia. Later, SCHWEIGERT (2003)
suggested a possible relationship to his newly described
axiid Megachela frickhingeri SCHWEIGERT, 2003 from the
Late Jurassic (early Tithonian, 150 Ma) of Germany and
re-assigned the Italian ?Etallonia to ?Megachela sp. Re-
examination (MH, pers. obs. Nov. 2014) of the original
material of GarassiNno & Teruzzi (2001) cast doubt on
the axiidean affinity of the specimen. We suggest that it
may represent a polychelid chela because the dactylus is
curved in a manner resembling polychelids (e.g., Aupo et
al. 2014). Moreover, polychelid lobsters are known from
the same strata as the discussed specimen (GARASSINO &
Teruzzi 2001). No material attributable to Callianassidae
or Ctenochelidae is known from the Jurassic strata.
There are several candidates for the oldest representa-
tive of Callianassidae, all of Cretaceous age: Callianassa
uncifera HARBORT, 1905 is known from the Hauteriv-
ian—Barremian (125-133 Ma) of Germany (Fig.
13E-G), C. sakakuraorum Karasawa, 2000b has been
reported from the Barremian (~127 Ma) of Japan, and
Protocallianassa patagonica AGUIRRE URRETA, 1982 is
known from the late Barremian (~126 Ma) of Argentina
(AGUIRRE URRETA 1982, 1989). Callianassa infracretacea
DE TRIBOLET, 1874, from the Hauterivian (~130 Ma) of
France (Fig. 13C—D), most probably is a representative
of Axiidae because FORSTER (1977) suggested assignment
to Etallonia MUNSTER, 1839. Glyphea carinata bE TRrIBO-
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LET, 1875 from the same formation was recently ques-
tionably re-assigned to ?Callianassa by CHARBONNIER et
al. (2013), to which we concur.

Karasawa (2000b: p. 237) noted that “the earliest
representatives of Callianassa (s.1.) have been recorded
from the Neocomian [Berriasian—Hauterivian, 145—130
Ma] of Europe (GLAESSNER 1929) and the Valanginian
(~135 Ma) of Argentina (AGUIRRE URRETA 1989)”. No
European pre-Hauterivian callianassid occurrences are
known to the authors. AGUIRRE URRETA (1989: text-fig.
6) provided a table summarizing Cretaceous decapod
crustacean occurrences of Argentina and Antarctica. De-
capod taxa of the Fossil Bluff Formation of the Western
Atlantic Basin originally described by TayLor (1979) are
in the aforementioned table listed in the column span-
ning the range of Berriasian to Aptian (145—115 Ma).
Protocallianassa antarctica TAYLOR, 1979 appears to
occur in the Berriasian (~140 Ma), but this age seems
incorrect because AGUIRRE URRETA (1989) filled the stra-
tigraphic column of the Fossil Bluff Formation, known
to span from the Berriasian to Aptian, with the names
of taxa. TAvLor (1979) mentioned the probable age of
P. antarctica to be early Aptian (~120 Ma). The species
is based on several chelae with long and robust fingers
with prominent longitudinal ridges (Fig. 13B) remi-
niscent of the axiid Schlueteria FritscH in FrITSCH &
Karka, 1887. Interestingly, the Berriasian Schlueteria
carinata TAYLOR, 1979 is known from the same forma-
tion. Based on the comparison with chelipeds of Schlue-
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teria (FritscH & Karka 1887: pl. 6; CHARBONNIER et al.
2012: fig. 24), Protocallianassa antarctica may be a re-
presentative of this genus or its close relative. In the table
presented by AGUIRRE URRETA (1989: text-fig. 6), Callia-
nassa aff. C. peruviana is reported from the Lower Cre-
taceous of the Neuquen Basin. It appears to represent a
Valanginian (~ 135 Ma) occurrence, but given the nature
of the table (taxa listed across the entire stratigraphic
span of the formation in which they occur), one cannot be
certain about this. Callianassa peruviana RATHBUN, 1947
was originally described from the Albian (~110 Ma) of
Peru.

MAnGano & Buatois (1991) reported “callianassid
claws” associated with burrows from the Berriasian/ Va-
langinian (~140 Ma) of Argentina. Since no additional
information or detailed photo-documentation was includ-
ed, it is difficult to accept this as the oldest ghost shrimp
occurrence.

To conclude, no unequivocal ghost shrimp (i.e., cal-
lianassid or ctenochelid) older than the Hauterivian (133
Ma) is known to date. Thus, based on fossils, the emer-
gence of axiideans can be expected to occur in the Juras-
sic followed by a major radiation during the Cretaceous.
This hypothesis contradicts the Paleozoic origin of axiid-
eans proposed by others (see chapter 6.2.).

6.4. Evolution of ghost shrimps

The evolutionary scheme plotted against the geologi-
cal time scale in Fig. 14 is based largely on phylogenies
proposed by FELDER & RoBLEs (2009) and RoBLEs et al.
(2009: fig.1; see also DworscHAK et al. 2012: fig. 69.32).
The scheme considers only taxa with a known fossil re-
cord. Since numerous fossil ghost shrimp taxa await ge-
neric or familial re-assignment, it necessarily represents
only a preliminary outline of suggested relationships.

The oldest axiidean fossil Magila bonjouri is also the
oldest record for Axiidae (asterisk 1 in Fig. 14). In his
morphological analysis Poore (1994) resolved Thomas-
siniidae/Callianideidae as a sister taxon to ghost shrimps
(Ctenochelidae + Callianassidae). Based on RoBLEs et
al. (2009), the sister group to ghost shrimps is a clade
containing representatives of Strahlaxiidae and Thomas-
siniidae/Callianideidae. Since only one fossil occur-
rence is known from this grouping, Crosniera schweit-
zerae HyZzNy & ScHLOGL, 2011, from the early Miocene
(~16 Ma) of Slovakia (asterisk 2 in Fig. 14), Thomas-
siniidae (considered synonymous to Callianideidae by
DworscHAk et al. 2012) is shown as a sister taxon to
ghost shrimps in Fig. 14.

The relationship between the ingroups (subfamilies
in the Linnean classification) of ghost shrimps is largely
unresolved and, therefore, all lineages are shown here as
a polytomy. This is because of contradictory results from
the phylogenetic analyses conducted so far (TupGe et al.
2000; TubGce & CunNINGHAM 2002; TsaNG et al. 2008;
FELDER & RoBLEs 2009; RoBLEs et al. 2009). The old-
est ghost shrimp as recognized herein and discussed in
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chapter 6.3. is considered the “calibration point” of this
polytomy (asterisk 3 in Fig. 14).

FELDER & RoBLES (2009) resolved Eucalliacinae and
Callichirinae as paraphyletic groupings, with Eucalliaci-
nae sharing the lineage with Ctenochelidae. Dawsonius
has been recognized as a sister taxon to Gourretia by
FELDER & RoBLEs (2009) and RosLEs et al. (2009), al-
though it must be noted that no other representatives of
Ctenochelidae were included in their analyses. Thus,
the relationships among Ctenocheles, Callianopsis, and
Gourretia/ Dawsonius are largely unexplored, although
the monophyly of Ctenochelidae is presumed here. As far
as the status of Ctenochelidae as a sister taxon to Callia-
nassidae, the results of TsanG et al. (2008) and RoBLEs et
al. (2009) offer only modest support. The oldest fossil re-
cord of Gourretia is the occurrence of Gourretia sp. from
the early Miocene (18 Ma) of Austria (HyZnY et al. 2015;
asterisk 4 in Fig. 14). Observations (MH pers. obs.),
however, suggest a much older history of the genus, go-
ing back at least into the middle Eocene (~42 Ma).

Paracalliacinae includes two extinct genera, Rath-
bunassa HyZNY in BERMUDEZ et al., 2013, and Pleuro-
nassa OssO-MORALES, GARASSINO, VEGA & ARTAL, 2011.
Both were included in the subfamily by BERMUDEZ et al.
(2013). Rathbunassa, known from the Early Cretaceous
(Albian, ~ 110 Ma) (BERMUDEZ et al. 2013), is consistent
with the results in Poore (1994), who recognized its ex-
tant relative Paracalliax to be positioned even more ba-
sally than Ctenocheles. The fossil record cannot resolve
this issue yet because the oldest records of Rathbunassa
and Ctenocheles are roughly coeval.

In the ghost shrimp phylogeny, pronounced hetero-
chely appears to be a derived state, as representatives of
Thomassiniidae are only slightly heterochelous. Inter-
estingly, fossil members of Paracalliacinae show slight
heterochely as well. From the viewpoint of the charac-
ter evolution, Paracalliacinae appears more plesiomor-
phic than Ctenochelidae (suggested also by Poore 1994:
fig. 9), as Ctenocheles clearly is already a specialized,
strongly heterochelous form.

Eucalliacinae was resolved as a paraphyletic group-
ing by FELDER & RoBLEs (2009). Interestingly, it appears
to represent early branching off the lineage towards Cal-
lichirinae and Callianassinae, but the fossil record is not
sufficiently known to support this. The oldest record is
Eucalliax burckhardti from the Late Cretaceous (Maas-
trichtian, ~70 Ma) of Argentina and Mexico (HyZny et al.
2013b), but numerous older taxa (treated as Callianassa)
from the Late Cretaceous possess characters typical for
Eucalliacinae (see Hyzny 2012). The oldest record of
Calliax is Calliax sp. from Paleocene (?Thanetian, ~58
Ma) of Pakistan (CHARBONNIER et al. 2013; asterisk 5 in
Fig. 14). Eucalliacinae include also nearly isochelous
taxa (Calliaxina and Eucalliax); thus, the combination of
their suggested early branching off the lineage towards
Callichirinae and Callianassinae (FELDER & ROBLES
2009), and the near-isochely of Jurassic axiids (BEURLEN
1930) would imply character evolution from ancestral
isochelous to derived heterochelous chelipeds. If correct,
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Fig. 14. Evolutionary scheme of ghost shrimps based on the fossil record and phylogenies of modern ghost shrimps. For commentary see

the text (chapter 6.4.).

heterochely would have arisen at least two times within
Axiidea, once in Axiidae and once in ghost shrimp clade.
However, convergence within the ghost shrimp lineage
cannot be ruled out.

The oldest fossil occurrence of a representative of
Callichirinae is Callichirus waagei and Corallianassa
acucurvata from the Late Cretaceous (Maastrichtian,
~70 Ma) of the USA (Crawrorp et al. 2006) and the
Netherlands (Swen et al. 2001), respectively. Corallia-
nassa rigoi DE ANGELI & GARASSINO, 2006 from the Early
to Late Cretaceous (Aptian—Campanian) of Italy is here-
in considered to be closer to Protocallianassa and Meso-
stylus. Analyses of FELDER & RoBLEs (2009) and RoBLEs
et al. (2009) resolved Callichirus as the sister group to
the rest of Callichirinae, in disagreement with TsanG
et al. (2008). Moreover, due to the unstable position of
Lepidophthalmus within Callichirinae/Callianassinae
clade, the relationships among derived callianassids are
unresolved in Fig. 14. Lepidophthalmus was considered
a representative of Callichirinae by MANNING & FELDER
(1991), and, as such, appeared also in major revisions by
Sakar (2005, 2011). The analysis of FELDER & ROBLES
(2009) contested this view because it resolved Lepidoph-
thalmus positioned basally within the clade together with
Callianassinae. The fossil record of the genus is large-
ly unknown: only recently fossils have been identified
(Hyzny & Durar 2014; Gasparic & Hyzny 2015). It is
likely that after applying proxy characters as discussed
by Hyzny & Durar (2014), more ghost shrimp taxa will
be re-assigned to this genus. So far, its oldest record is
L. crateriferus from the late Oligocene (~28 Ma) of Hun-
gary (Hyzny & Durar 2014).

Eoglypturus, although originally not ascribed to a
subfamily (BescHIN et al. 2005; see also DE GRAVE et al.
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2009), was considered a representative of Callichirinae
by HyznY & MULLER (2012). The presence of spines on
the upper margin of the propodus is considered a taxo-
nomically important character on the supraspecific level
(Hyzny & MOLLER 2012; HyZny et al. 2013a). Eoglypt-
urus possesses similar spines and is, therefore, consid-
ered a sister genus to Glypturus. Corallianassa was re-
solved as a sister taxon to Glypturus by FELDER & ROBLES
(2009).

Based on HyZny & Karasawa (2012: table 1), Neo-
callichirus rhinos from the middle Eocene (~45 Ma) of
Mexico (ScHWEITZER & FELDMANN 2002) is considered
the oldest confirmed record of the genus (asterisk 6 in
Fig. 14), although there are several older occurrences de-
scribed as Neocallichirus. The oldest one, Neocallichirus
agadirensis from the Late Cretaceous (Cenomanian, ~95
Ma) of Morocco (Garassivo et al. 2011), is currently be-
ing redescribed by one of us (MH).

The sister group relationship between Grynaminna
and Neocallichirus was resolved by FELDER & ROBLES
(2009). Interestingly, although numerous fossil species
of Neocallichirus were described, only one species was
assigned to Grynaminna (Hyzny & Karasawa 2012).

The fossil record of Callianassinae is poorly known.
Most species attributed to Callianassa do not conform to
Callianassa sensu MANNING & FELDER (1991) or NGoc-
Ho (2003). The oldest recorded representative of the
subfamily is Trypaea mizunamiensis KArasawa, 1993
from the early Miocene (~20 Ma) of Japan. However,
older taxa may be accommodated within Callianassinae
as well, e.g., Callianassa heberti MiLNE-EDWARDS, 1860
or C. macrodactyla MILNE-EDWARDS, 1860 from the Eo-
cene (Bartonian, 40 Ma) of France. Formal reassignment
of these taxa, however, awaits a more detailed study.
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7. Conclusions

The ghost shrimp fossil record is rich, but largely under-
studied. This is mainly because the generic assignment
of ghost shrimp remains is often hindered by their insuf-
ficient preservation and inconsistencies in the biological
classification and taxonomy of the group. Furthermore, a
broadly defined concept of the genus Callianassa has been
used many times in the past: almost any ghost shrimp with
mainstream cheliped morphology has been attributed to
that genus. Altogether, 190 fossil species have been de-
scribed under the collective taxon “Callianassa”, which
represents a heterogeneous mixture of several genera.

So far, 274 fossil species once attributed to ghost
shrimps were recognized, and 250 of them are considered
valid taxa. Interestingly, in the last decade, more fossil
ghost shrimp species were erected than during any com-
parable period since World War II, suggesting that more
taxa remain undiscovered and/or undescribed.

Major conclusions from this fossil ghost shrimp re-
view involve (1) taphonomical aspects, (2) generic as-
signment of the fossil taxa, and (3) remarks on the ghost
shrimp phylogeny.

(1) Due to the delicate nature of most ghost shrimp
cuticle, only the hardened parts are usually preserved,
i.e., the chelae, the antero-dorsal portion of the carapace,
and sometimes the posterior pleonal segments and the
telson. Heavily calcified chelipeds are preserved most
frequently. Whole-body fossils of ghost shrimps are rare;
only 19 species were described as such. Disassociated
chelipeds are more common than disassociated pleonal
units and cephalothoracic region units. When a cheliped
disassociation unit disintegrates further, only often frag-
mentary, isolated cheliped elements remain. This mode of
preservation constitutes the most abundant portion of the
ghost shrimp fossil record. Altogether 160 species, which
is more than half of all described species, are known only
from their distal cheliped elements, i.e., dactylus and/or
propodus.

The majors of ghost shrimp chelae constitute one
of the most common fossil decapod remains, but minor
chelae are rare. Scars from muscle attachments are often
preserved in the fossil ghost shrimps. Only rarely, ghost
shrimps are preserved in situ in burrows or in direct as-
sociation with them.

(2) For successful generic assignment, fossil materi-
al should always be compared to modern genera because
many of them have modern relatives. In the neontologi-
cal literature, the morphology of the major cheliped is
rarely closely examined for features that can be used for
identification on the genus-level. Instead the telson, uro-
pods, and maxillipeds are used typically. It is suggested
that neontologists should provide detailed descriptions of
cheliped morphology more frequently and that paleon-
tologists should look at modern taxa more often.

Heterochely, intraspecific variation, ontogenetic
changes, and sexual dimorphism are all factors that have
to be taken into account when working with fossil ghost
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shrimps. In the fossil record, differences in the sexual
morphs can lead to the incorrect recognition of two sepa-
rate taxa. Despite being used frequently necessarily to
erect fossil ghost shrimp species, distal elements (i.e.,
dactylus and propodus) are usually more variable than
proximal ones (i.e., carpus, merus, and ischium).

(3) Based on fossils, the emergence of axiideans can
be expected to occur within Jurassic and a major radia-
tion is suggested for the Cretaceous. No ghost shrimp
(i.e., callianassid or ctenochelid) older than the Early
Cretaceous (Hauterivian, ~133 Ma) is known to date.
The divergence of Ctenochelidae and Paracalliacinae is
estimated to occur at least before the Albian (~113 Ma),
but most probably not before the Hauterivian (~ 133 Ma),
as the oldest ghost shrimp is known from around that
time. Callichirinae and Eucalliacinae likely diverged dur-
ing the Late Cretaceous, whereas Callianassinae did not
appear before the Eocene (56 Ma).
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