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The breeding trace fossils described herein along with the high density of Loloichnus baqueroensis in the
Cretaceous formations of Patagonia suggest that crayfishes were soil engineers along the Cretaceous in
southern South America, and that they had acquired many of the K-breeding behaviours recorded by insects
in latest and post-Cretaceous soils, such as pelletal constructions and excavation of breeding cells. The K–T
event was probably responsible for changes in environmental conditions in such a way that crayfishes finally
became restricted to two small distributional areas in southern South America, and K-breeding insects
replaced them as keystone organisms in Cainozoic and modern soils. Dagnichnus titoi igen. and isp. nov. and
Cellicalichnus meniscatus isp. nov., are created to include the new trace fossils attributable to crayfishes from
the Cretaceous of Patagonia, Argentina. The attribution to crayfishes is based on their association and
morphological affinities with the crayfish fossil burrows L. baqueroensis from the same geologic units. D. titoi
is represented by hemispherical chambers surrounded by thick and short, meniscate burrows, which can be
arranged in two or three tight whorls in the more regular specimens. Meniscate burrows are curved
downwards and have no neck. Walls are unlined. C. meniscatus are necked, horizontal, and straight cells,
showing meniscate fillings, attached to sub-vertical shafts, which are relatively much wider than the neck of
cells. Both, shafts and cells show a thin and smooth lining. The presence of cells or burrows smaller than the
putative parental burrows and comparisons with breeding traces of marine Decapoda support the
interpretation of breeding traces, Calichnia, of terrestrial crustaceans. C. meniscatus is interpreted as cells
excavated from parental burrows, whereas D. titoi are probably breeding structures completely produced in a
different palaeoenvironment where the female release juveniles.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

K-strategy, represented by adults showing parental care of
offspring, is shown by ecological keystone groups of insects, such as
ants, termites, bees, predatory wasps, and dung-beetles, among
others. Many species of these groups nest in soils, and their trace
fossils are the most common in post-Cretaceous palaeosols (Genise,
2004). Soils give the suitable support for making and provisioning
cells in nests in which to lay eggs and to develop up to adults, a
complex behaviour that finally allowed insects to colonize most
terrestrial environments, even the most arid ones, and to achieve all
their ecological importance. In parallel with insects, freshwater
crayfishes are also considered keystone components of continental
aquatic ecosystems (Horwitz, 1995). Brood care is rare among
crustaceans, and usually eggs hatch in water where larvae and
juvenile develop (Powers and Bliss, 1983). However, K-strategy cases
occur particularly in terrestrial decapods, inwhich the female carry on

her offspring until they reach the adult stage (Horwitz and Knott,
1983; Horwitz et al., 1985a; Turvey andMerrick, 1997; Rudolph 2002).
Until now, reports of breeding trace fossils for crustaceans are scarce
in the bibliography and in all cases involve marine examples (Verde
andMartínez, 2004; Lewy and Goldring, 2006 and references therein).

Ichnological data presented herein shows that in southern South
America, during the Cretaceous, terrestrial crayfishes shown someof the
behaviours that K-breeding insects utilized later to become ecological
keystone organisms in terrestrial ecosystems and particularly in soils.
Crayfish trace fossils have been extensively described from North
America (Hasiotis and Mitchell, 1993; Hasiotis and Honey, 2000 and
references therein). Only recently, they have been recorded from South
America (Bedatou et al., 2006, 2008), and no nesting structure has been
described until now. Also recently, different breeding trace fossils,
attributed to marine decapods, have been described (Curran, 1976;
Verde and Martínez, 2004; Lewy and Goldring, 2006 and references
therein). Abundant and diverse crayfish burrows, included in the
proposed ichnotaxon Loloichnus baqueroensis (Bedatou et al., 2008),
along with the new ichnotaxa, Dagnichnus titoi igen. and isp. nov. and
Cellicalichnus meniscatus isp. nov., are outstanding individual
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components of an ichnofabric that dominate Cretaceous palaeosols
along hundreds of square kilometres in southern South America.

The objectives of this contribution are: (1) to describe for the first
time breeding trace fossils from terrestrial crustaceans; (2) to provide
an ichnotaxonomical treatment for them; (3) to analyze the evolu-
tionary and palaeobiological significance of terrestrial crustacean
breeding trace fossils.

2. Geological setting

The trace fossils described in this paper were recovered from three
Cretaceous units of central Patagonia: the BajoTigre and Punta del Barco
formations of the Baqueró Group and the Laguna Palacios Formation of

the Chubut Group. The Baqueró Group represents Early Cretaceous
(Barremian to Aptian–early Albian) (Cladera et al., 2002; Corbella, 2005)
continental volcaniclastic sedimentation in the southern area of the
Deseado Massif (Santa Cruz Province), whereas the Chubut Group
corresponds to Late Cretaceous (Sciutto, 1981) sedimentation in
lacustrine,fluvial, and pyroclastic settings in the San Jorge Basin (Chubut
Province) (Fig. 1). The Bajo Tigre Formation is characterized by
volcaniclastic gravity-flow deposits composed of tuffaceous breccias
and massive, bioturbated tuffites, which are arranged in fining-upward
cycles (Cladera et al., 2002; Bedatou et al., 2008). The Punta del Barco
Formation contains lithic, massive conglomerates deposited by braided
rivers, which are replaced upward by thick primary and reworked
pyroclastic deposits with weakly developed palaeosols (Cladera et al.,

Fig. 1. Location map of studied localities (stars) and simplified stratigraphic chart of the Cretaceous continental units in the surveyed areas. Studied units in dark grey.
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2002). The Laguna Palacios Formation is the younger unit of the Chubut
Group and has been constrained to the Santonian–early Maastrichtian
interval (Sciutto, 1981; Fitzgerald et al., 1990; Bridge et al., 2000). The
Laguna Palacios Formation is an orange to reddish-grey, tuffaceous
loess–palaeosol succession, which records the final terrestrial sedimen-
tation inmarginal areas of the San Jorge Basin (Sciutto,1981; Bellosi and
Sciutto, 2002). Thementioned formations display a diversity of complex
ichnofabrics and discrete trace fossils, including Loloichnus baqueroensis
(Bedatou et al., 2008) and insect trace fossils, which are restricted to the
Laguna Palacios and Bajo Barreal formations, including Cellicalichnus
chubutensis, Rebuffoichnus casamiquelai, and R. sciuttoi (Genise et al.,
2002, 2007).

The four studied localities were: Cerro La Horqueta (47°42′58″S;
68°07′48″W) at Monumento Nacional Bosques Petrificados in north-
western Santa Cruz Province; Estancia Bajo Grande (47°47′32″S;
68°44′55″W) a few kilometres to the west of the later; Estancia Bajo
Tigre (48°29′26″S; 69°07′10″W) in the centre of the Santa Cruz
Province and; Cerro Colorado de Galveniz (45°25′42″S; 69°46′59″W)
in the south of the Chubut Province. In the first three localities the Bajo
Tigre Formation is exposed, in the third locality the Punta del Barco
Formation is also exposed, and the fourth locality contains outcrops of
the Laguna Palacios Formation (Figs. 1–3).

2.1. Lithofacies and palaeoenvironments

2.1.1. Bajo Tigre Formation
The Bajo Tigre Formation is characterized by extensive outcrops of

tabular and laterally continuous beds of primary ash fall deposits and
fluvial and aeolian reworked tuffaceous deposits (Fig. 2A). The typical
cycles of this unit are poorly-developed at Cerro La Horqueta locality,
which corresponds to the upper section of the formation. The studied
interval (Fig. 3F) exhibits a dominance of white or light-gray massive
tuffs of silt to fine-grained sands with occasional incipient reddening
and abundant rhizoliths. Rare decimetre-thick intercalations of fine-
grained breccia beds with scarce specimens of Loloichnus baquer-
oensis, are present. The most common trace fossils at this locality are
1–15 mm thick rhizoliths, which can be locally very abundant, and the
new ichnotaxon Dagnichnus titoi. Estancia Bajo Grande is a classical
palaeontological locality for the Baqueró Group (Archangelsky, 1967;
Cladera et al., 2002; Petrulevicius and Nel, 2002) (Fig. 3D–E). At this
locality, the sedimentary succession is very similar to that from Cerro
La Horqueta. D. titoi occurs in an immature palaeosol, along with
rhizoliths and meniscate burrows, isolated and in tangled groups (Fig.
6D). The Bajo Tigre Formation has been interpreted as a sediment of
unconfined gravity flows followed by diluted flows in a low-lying
relief, represented by the mentioned cycles, with strong pyroclastic
input and subsequent palaeosol development, evidenced by massive
tuffaceous beds and by soil structures (Cladera et al., 2002; Bedatou et
al., 2008). This late scenario would be the best represented at La
Horqueta. The palaeonvironmental scenario for the Bajo Tigre
Formation at Cerro La Horqueta and Bajo Grande localities is
envisaged as a lowland area located distally in relation with coeval
pyroclastic eruptions. Fine grained and massive tuffs and tuffites have
been mostly transported or reworked by aeolian processes. Localized
reworking by aqueous currents is suggested by laminated intervals
showing breccia clasts. These substrates supported incipient soil-
forming processes, as suggested by reddening and presence of
rhizoliths.

2.1.2. Punta del Barco Formation
This unitwas studied at Estancia BajoTigre,where the dominant facies

is fine-grained tuffites with sparse intraclasts, erosive bases, and normal
grading. Beds are 0.5–1.5 m thick and display sparse to abundant Lo-
loichnus baqueroensis, meniscate burrows and common root traces (up to
30mmwide) in the upper part, alongwith occasionalmottling, reddening
and prismatic peds (Bedatou et al., 2008) (Fig. 2C). The upper part of the

section is composed of laminated tuffites with erosive bases (relief about
0.5 m) that are replaced upward by structureless tuffites with Fe–Mn
nodules. The latter bed contains abundant rhizoliths with a strong axial
development, one stump cast, sparse L. baqueroensis and the new
ichnotaxa Dagnichnus titoi and Cellicalichnus meniscatus (Fig. 3A–B). The
Punta del Barco Formation facies suggest prevailing of dilute fluvial flows
and a greater degree of development of palaeosols. The upper part of the
section contains finer-grained sediments with Fe–Mn nodules that
suggest a transient water logging during the soil development.

2.1.3. Laguna Palacios Formation
The Laguna Palacios Formation was studied at Cerro Colorado de

Galveniz locality, where the middle member of the unit is exposed
(Fig. 3C). The section is characterized by an extensive development of

Fig. 2. Sedimentary logs of: A) Bajo Tigre Formation at Cerro La Horqueta; B) Laguna
Palacios Formation at Cerro Colorado de Galvéniz; and C) Punta del Barco Formation at
Estancia Bajo Tigre.
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mature tuffaceous palaeosols, which are more indurated than the rest
of the rock, forming cornices (Fig. 2B). Macroscopic soil structure
includes granular peds, root traces, colour mottling and incipient
reddening of the upper horizon. Microscopically, mosaic speckled b-
fabric and clay coatings in pores and clasts are the most common soil
features; all terms after Bullock et al. (1985). The palaeosols contain
abundant Loloichnus baqueroensis and rare Cellicalichnus meniscatus.
The Laguna Palacios Formation is usually interpreted as deposited in
broad fluvial plains, where frequent ash fall deposits were reworked
by rivers and by wind action (Sciutto, 1981; Genise et al., 2002). Soil

formation processes were very common in this unit, specially in the
middle section.

3. Systematic ichnology

The material examined herein is housed at the ichnological
collection of the Museo Regional Provincial “Padre Manuel Jesús
Molina” Río Gallegos, Santa Cruz, Argentina (MPM-PIc) and at the
ichnological collection of the Museo Argentino de Ciencias Naturales
“Bernardino Rivadavia”, Buenos Aires, Argentina (MACN-Icn).

Fig. 3. Studied localities. (A) Punta del Barco Formation at Ea. Bajo Tigre. (B) Detail of the stratigraphic level bearing D. titoi and C. meniscatus at Ea. Bajo Tigre. (C) Laguna Palacios
Formation at Cerro Colorado de Galvéniz. (D) Bajo Tigre Formation at Ea. Bajo Grande. (E) Detail of the stratigraphic level bearing D. titoi at Ea. Bajo Grande (the man in the picture is
Prof. Tito Andreis). (F) Bajo Tigre Formation at Cerro La Horqueta. Arrows show stratigraphic levels with trace fossils.
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3.1. Cellicalichnus Genise 2000

Diagnosis: Rows orwhorls of tear-shaped or ellipsoidal cells attached
by means of short necks to main tunnels (Genise, 2000).

Type ichnospecies: Cellicalichnus dakotensis Elliott and Nations
(1998).

Remarks: The ichnogenus Ardelia Chamberlain and Baer (1973) was
briefly described as composed of short, small radiating burrows
associated to larger, principal ones, roughly resembling the bauplan of
Cellicalichnus. However, the illustrations of Ardelia show a very
different morphology from that of Cellicalichnus. Curran and White
(1999) described unnamed stellate burrows from the Holocene
carbonate eolianites from Bahamas, resembling the bauplan of Celli-
calichnus. Upward ramification of shafts and upward orientation of
radiating burrows, in contrast to the described ichnospecies of Celli-
calichnus, suggest a crustacean breeding structure more likely than
bee trace fossils as suggested therein. Recently, Martin (2006)
proposed that those were composite trace fossils composed of bee
cells attached to abandoned land crab burrows. Alternatively Martin
(2006), based on the morphology and interpretation of the ichno-
genus Maiakarichnus, also proposed a crustacean breeding structure
for those trace fossils.

3.2. Cellicalichnus meniscatus isp. nov.

Etymology: After the meniscate fillings of cells (Fig. 4A–D).
Diagnosis: Necked, horizontal and straight cells, showing menis-

cate fillings, attached to sub-vertical shafts, which are relatively much

wider than the neck of cells. Both, shafts and cells show a thin and
smooth lining.

Remarks: None of the described ichnospecies of Cellicalichnus has
meniscated cells, although one of the specimens illustrated by Elliott
and Nations (1998; Fig. 5E) shows a rough patterned structure inside,
which is not commented by authors. In any other ichnospecies the
difference in diameter between cell neck and main shaft is so large as
in C. meniscatus.

Holotype: The only collected specimen of this ichnospecies is
represented by a cell attached to the shaft in a piece of palaeosol
bearing other burrows from Estancia Bajo Tigre (Lower Cretaceous
Punta del Barco Formation) (Departamento Gregores, Santa Cruz,
Argentina) (MPM-PIc 3789) (Fig. 4A–B).

Examined material: Apart from the holotype other two specimens
were examined, measured, and photographed in the field (Fig. 4C–D).
One of them occurs in the same deposit of the holotype, and the other
is from Cerro de Galveniz (Late Cretaceous Laguna Palacios Formation)
(Departamento Sarmiento, Chubut, Argentina).

Description: In the field, the holotype occurred in a naturally
exposed horizontal bedding plane as a cross-section of a thinly lined
shaft, connected with a single, radiating, meniscate cell, 22 mm long,
and 16 inmaximum thickness. The cell shows a neck,14mmwide, and
a 1 mm thin lining, which is similar and continuous with that of the
shaft. The concavity of cell menisci, which are 1 mm wide, faces the
shaft (Fig. 4A–B). There are no differences between the rock matrix
and the fillings of the burrow and cell. In the same bed, and included
in a cone truncated structure, which can be interpreted as a cast of a
tree stump, occurs a second example, which was also naturally

Fig. 4. Cellicalichnus meniscatus isp. nov. (A) Holotype (MPM-Pic 3789) as found in the field from the Punta del Barco Formation at Estancia Bajo Tigre. Coin: 25 mm. (B) Holotype after
preparation in laboratory, note other burrows that were not evident in the field. Bar: 10 mm. (C) Another specimen from the same stratigraphic level, note the meniscate filling of the
cell. Coin: 2.5 mm. (D) Specimen from the Laguna Palacios Formation at Cerro Colorado de Galvéniz. Coin: 23 mm. Arrows indicate cells.
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exposed in cross-section (Fig. 4C). This specimen was composed of a
vertical shaft, 25 mm in diameter, showing a 3 mm thin lining, and
an attached necked cell showing also a 3 mm thin lining. The cell,
which is 34 mm long and 15 mm in maximum diameter, has 1 mm
thick menisci whose concavities face the shaft. The neck is 11 mm
wide. Fillings of the shaft and the cell are similar to the rock matrix
(Fig. 4C).

The other specimen, from the Laguna Palacios Formation, exposed
in cross-section on a horizontal bedding plane, is different from the
previous ones in lacking fillings in the cells. The vertical shaft is 10mm
in diameter, whereas the cell is 16 mm long and 6 mm wide, with a
neck of 4mm. The presence of a very thin lining can be recognized by a

smoother and darker film than the rock matrix. The filling of the shaft
is similar to the rock matrix, whereas the cell lacked the fillings
probably by weathering (Fig. 4D).

3.3. Dagnichnus igen. nov.

Etymology: Derivated from the Mapuche language of Patagonia,
Dañe meaning nest, and from the Greek Ikhnos, meaning trace.

Diagnosis: Hemispherical chamber surrounded by thick and short,
meniscate burrows, which can be arranged in two or three tight
whorls in the more regular specimens. Meniscate burrows are curved
downwards and have no neck. Walls are unlined.

Fig. 5. Dagnichnus titoi igen. and isp. nov. from Bajo Tigre Formation at Estancia Bajo Grande. (A) Holotype (MPM-Pic 3790) as found in the field. (B) Back aspect of the holotype after
preparation. (C) The largest specimen (MPM-Ic 3791) as found in the field. (D) Specimen (MPM-Ic 3791) after preparation in laboratory. (E) Specimen (MPM-Pic 3792) as found in the
field. (F) Non-collected specimen. Coin: 2.5 cm. Scale bar: 10 mm.
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Remarks: It can be distinguished from Maiakarichnus (Verde and
Martínez, 2004) because it lacks a complete spherical chamber, and
the radiating burrows are thick, short, meniscate, and connected to
the bottom and equator of the chamber. Phoebichnus (Bromley and
Asgaard, 1972) is also comparable with Dagnichnus, however the
former show long radiating burrows with annulated mantle.

Type ichnospecies: Dagnichnus titoi, only known ichnospecies.

3.4. Dagnichnus titoi isp. nov.

2001 Meniscate trace Genise, p. 43 (Figs. 5A–E and 6A–C).
Etymology: Dedicated to Professor Renato “Tito” Andreis, friend,

sedimentologist, and one of the pioneers on palaeosol research in
South America, who participated in several field trips with one of us
(JFG), and particularly in that inwhich the first specimens were found.

Holotype: A specimen in which meniscate burrows surround the
chamber entirely with a very regular arrangement. The Lower
Cretaceous Bajo Tigre Formation of Cerro Bayo (47°47′32″S; 68°44′
55″), Departamento Gregores, Santa Cruz, Argentina. (MPM-PIc 3790)
(Fig. 5A–B).

Paratype: One specimen similar to the holotype, in which some of
the lateral burrows are covered by rock matrix; from the Lower
Cretaceous Bajo Tigre Formation of Cerro Madre e Hija at Cerro La
Horqueta, Monumento Nacional Bosques Petrificados, Santa Cruz,
Argentina (MACN-Icn 2322) (Fig. 6A).

Examined material: Three specimens from the type locality (MPM-
PIc 3791–3793). Other three specimens examined and photographed
in the field from the Lower Cretaceous Punta del Barco Formation,

Estancia Bajo Tigre (Departamento Gregores, Santa Cruz, Argentina)
and two specimens from the Lower Cretaceous Bajo Tigre Formation,
Cerro Madre e Hija (Monumento Nacional Bosques Petrificados, Santa
Cruz, Argentina).

Diagnosis: Only known ichnospecies, same as for the ichnogenus.
Description: The holotype (MPM-PIc 3790) is composed of a sub-

circular half chamber, 30–35 mm in diameter and 20 mm deep,
surrounded by about 25 short (24–29 mm) and thick (11–15 mm)
meniscate burrows radiating in all directions, around the perimeter,
and also at the bottom of the chamber. The menisci are scarcely
marked. Burrows arise beneath the chamber margin, and curve
upwards. They have a regular arrangement in two whorls, in lateral
view, and up to three in one side. There are no differences between the
rockmatrix and the fillings of the burrows or the chamber. No lining or
surface texture can be observed in this specimen, which is one of the
smallest but regularly arranged specimen (Fig. 5A–B). The paratype
(MACN-Icn 2322) is an elliptical chamber, 30 mm in long axis, 20 mm
in short axis, and 15 mm deep, surrounded by about 18 short (24–
26 mm) and thick (12–14 mm) meniscate burrows radiating in all
directions, around the perimeter, and also at the bottom of the
chamber. In some parts the boundaries between burrows are poorly
preserved. The menisci are also scarcely marked. Burrows arise
beneath the chamber margin and curve upwards. There are no
differences between the rock matrix and the fillings of the burrows or
the chamber. No lining or surface texture can be observed (Fig. 6A).
The largest specimen (MPM-PIc 3791) is in plain view a semisphere,
elliptical, 80 mm in long axis, and 60 mm in short axis, about 30 mm
deep, surrounded by about 19 short (32–60 mm) and thick (16–

Fig. 6. (A) to (C) Dagnichnus titoi igen. and isp. nov. from Bajo Tigre Formation at Cerro la Horqueta. (A) Paratype (MACN-Icn 2322) as found in the field. Coin: 24mm. (B) and (C) Non-
collected specimens. Coin: 25 mm. (D) Tangled group of meniscated burrows commonly associated with Dagnichnus titoi. Coin: 23 mm.
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22 mm) meniscate burrows radiating all around the chamber, except
for a short, probably broken section of 20 mm. The menisci are about
2 mm thick and their concavities face the chamber. Some of the
burrows arise at the same depth of the chamber bottom, being curved
and directed upwards to connect with the chamber. The bottom of this
specimen, partly coveredwithmatrix, shows no burrows. There are no
differences between the rock matrix and the fillings of the burrows or
the chamber. No lining or surface texture can be observed (Fig. 5C–D).
The specimen (MPM-PIc 3792) is mostly similar to the holotype, but
more elliptical and not so well preserved. The elliptical semichamber
is 44 mm in long axis, 34 mm in short axis, and 12 mm deep. Eleven
short (25–30 mm) and thick (10–12 mm) burrows showing poorly
preserved menisci surround the chamber perimeter. They arise at
some depth and curve upwards to connect with the chamber. Burrows
are undistinguishable at the bottom of this chamber. There are no
differences between the rock matrix and the fillings of the burrows or
the chamber. No lining or surface texture can be observed in this
specimen (Fig. 5D). The remaining collected specimen (MPM-PIc 3793)
is a broken one, preserving part of the chamber perimeter with 12
meniscate burrows, 20 to 48 mm long, and 11 to 14 mm thick. Menisci,
facing to the chamber,1 to 2mm thick, arewell preserved and similar in
composition to the rock matrix. Burrows are arranged in three oblique
rows, as seen laterally. Specimens examined in the field show similar
morphologies and sizes that those described herein (Fig. 6B–C).

4. Discussion

Three basic questions are to be answered for both Cellicalichnus
meniscatus and Dagnichnus titoi for understanding the evolutionary
and paleobiological significance of these trace fossils: (1) what are the
probable trace makers, (2) what is the function of these structures,
and (3) how were palaeoenvironmental conditions during their
production.

4.1. Trace makers

The attribution of Dagnichnus titoi and Cellicalichnus meniscatus to
crustaceans is based on their relationshipswith Loloichnus baqueroensis,
which has been attributed to crayfishes based on burrow morphology,
wall surface texture, association with root traces, and sedimentological
evidence contrasted with possible environments habited by different
groups of land and freshwater crustaceans (Bedatou et al., 2008). L.
baqueroensis was proposed for vertical to sub-vertical thickly lined
burrows, in some cases Y-branched; passively filled, less commonly
showing pelletal filling; and with a grooved inner surface texture. All
these features are consistent with those of extant crayfishes and also
with previously described fossil crayfish burrows (Bedatou et al., 2008).

Cellicalichnus meniscatus, Dagnichnus titoi and Loloichnus baquer-
oensis occur in the same formations, althoughwith different densities.
In those stratigraphic levels in which L. baqueroensis is abundant, D.
titoi is lacking, whereas in those inwhichD. titoi occurs, L. baqueroensis
is scarce, probably reflecting different palaeoenvironmental condi-
tions for the occurrence of both that are analyzed below. C. meniscatus
occurs in low numbers with D. titoi in the Punta del Barco Formation
at Estancia Bajo Tigre and with abundant L. baqueroensis in the Laguna
Palacios Formation at Cerro de Galveniz. The occurrence of breeding
structures and undisputed crustacean trace fossils in the same beds, in
some cases in connection, have been already used by former authors,
such as Curran (1976), Verde and Martínez (2004), and Lewy and
Goldring (2006) to attribute breeding structures to decapods in
absence of modern analogues or homologues of such trace fossils. The
similarity between Dagnichnus and Maiakarichnus bauplans, and
other decapod trace fossils discussed below also support this
assertion. The holotype and the paratype show a central chamber
whose diameter is only a bit larger than the shaft of L. baqueroensis,
suggesting that the radiating tunnels arose originally from a slightly

enlarged bottom of L. baqueroensis. Finally, specimens of C. meniscatus
represent cells associated with shafts that according to their
morphology, lined wall, and diameter correspond to those of L.
baqueroensis.

4.2. Function

Different functions were reported and postulated in the literature
for chambers and small burrows associated with crustacean extant
traces and trace fossils: (1) food storage and/or gardening (Frey and
Howard, 1975; Grow, 1981; Richardson, 1983; D'Alessandro and
Bromley, 1995; Dworschak, 2002; Dworschak et al., 2006; Lewy and
Goldring, 2006; Nesbitt and Campbell, 2006), (2) gardening for
offspring feeding (Bromley in Frey and Howard, 1975; Bottjer, 1985),
(3) associated organisms (Hogue and Bright, 1971; Suter and
Richardson, 1977; Powers and Bliss, 1983; de Gibert et al., 2006), (4)
breeding of juveniles (Forbes, 1973; Frey and Howard, 1975; Curran,
1976; de Gibert et al., 1999; Verde andMartínez, 2004; de Gibert et al.,
2006; Lewy and Goldring, 2006), (5) turnovers and terminal chambers
(Grow, 1981; Hobbs, 1981; Horwitz et al., 1985a; Horwitz and
Richardson, 1986; Bromley, 1990), (6) storage of garbage (coarse
material) related with feeding and pumping (Tudhoppe and Scoffin,
1984; Dworschak and Ott, 1993; Dworschak et al., 2006; Lewy and
Goldring, 2006), and (7) storage of pellets (Kilian, 1959; Rudolph,
1997).

Some of these functions are very unlikely for Dagnichnus titoi and
Cellicalichnus meniscatus. Turnovers and terminal chambers (5) are
enlargements located along or at the bottom of tunnels, which is not
the case presented herein. Similarly, chambers for pellets (7) are also
reported to be enlargements of tunnels, and more important, pellets
were not found in the trace fossils studied herein. Food storage
chambers or bacterial gardens have been postulated for some trace
fossils based mostly on negative evidence (1). Only Nesbitt and
Campbell (2006) have recently identified remains of organic matter
inside chambers. In all cases these structures are also enlargements of
tunnels. D'Alessandro and Bromley (1995) interpreted the chambers
associated to Spongeliomorpha sicula as microbial gardens, and
Dworschak (2002) and Dworschak et al. (2006) interpreted those
associated with burrows of two species of callianassid as storage
chambers. Tudhoppe and Scoffin (1984) described Callianassa burrows
with chambers from which short tunnels radiate, in whose enlarged
bottoms, bivalve shells were accumulated (6). The structures
described by Tudhoppe and Scoffin (1984) match the bauplan of D.
titoi. However, these authors considered the terminal chambers at the
bottom of the radiating burrows as a kind of garbage room where
coarse sediments accumulate during callianasid burrowing activity.
Lewy and Goldring (2006) interpreted these accumulations as passive.
Whereas, Dworschak and Ott (1993) and Dworschak et al. (2006) also
found shell particles accumulated in chambers in callianassid burrows
as a by-product of feeding on fine material. There are neither remains
of organic matter nor coarse material in D. titoi or C. meniscatus to
postulate their function as storage or garbage chambers or bacterial
gardens. The latter is not an enlargement of a tunnel, and even when
the central chamber of the first may be interpreted as a storage
chamber, the radiating meniscate burrows suggest that this function
would not be the single one for this structure. The possibility of a
composite trace fossil (3) can be analyzed only for C. meniscatus since
in the case of D. titoi, the meniscate burrows are not associated with a
shaft that could be attributed to other organism. Martin (2006)
analyzed the possibility for the stellate burrows of Bahamas described
by Curran andWhite (1999) of being composite trace fossils produced
by crabs and bees. However, as stated in that contribution the upward
orientation and other characters of those cells, and also its construc-
tion in abandoned tunnels, are unlikely for bees. In addition, the
regular co-occurrence, the large number, and the regular arrangement
of cells in burrows suggest that more probably they are an important
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part of a structure constructed by a single producer and not an addi-
tional trace added by another.

Apart from this negative evidence, there is a positive one that
suggests that Cellicalichnus meniscatus and Dagnichnus titoi may be
breeding structures, or at least structures constructed partly by juve-
niles. The diameter of meniscate burrows in D. titoi (mean=16 mm,
N=89) and that of cell necks of C. meniscatus (mean=9 mm, N=4) is
smaller than that of Loloichnus baqueroensis, (mean=20 mm, N=167)
(Bedatou et al., 2008) suggesting juvenile instead of adult activity.
C. meniscatus is probably a more simple structure than D. titoi
composed only of one or more radiating cells, from a central, non-
enlarged shaft, which correspond to those of L. baqueroensis. The size
of the cell and particularly the neck diameter, which is much smaller
than the shaft, suggests that juveniles excavate cells instead of adults,
as is the case of other small burrows associated to parental ones
discussed below. The recorded cases of marine nests support this
hypothesis, not to mention the potential impossibility of the adult to
excavate a cell smaller than its own body size. An important
difference between C. meniscatus and D. titoi, is that radiating bur-
rows are not comparable with the cells of the former. Radiating
burrows of D. titoi are not necked, not lined, and they are curved
downward. C. meniscatus would represent cells radiating from the
parental one, indicating that juveniles were released in the same
habitat where the adults live. Forbes (1973) found that burrows of
juveniles of Callianassa kraussi (Thalassinidea) taper off slightly
before they join the parent burrow, as in the cases shown here. The
necessity of juveniles for constructing their own small burrows may
be based on cannibalism by parents as reported for several crus-
taceans (Powers and Bliss, 1983; Alcorlo et al., 2004).

Crustacean breeding traces are few and briefly described, probably
because brood care is rare in this group of organisms, and usually eggs
hatch in water where larvae and juvenile develop. Exceptions occur
particularly in some terrestrial decapods, inwhich the female carry on
her offspring until they reach the adult stage (e.g. Horwitz and Knott,
1983; Powers and Bliss, 1983; Horwitz et al., 1985a; Rudolph 2002).
However, different extant and fossil traces attributed to crustacean
breeding behavior have been reported until now from marine
environments (e.g. Forbes, 1973; Frey and Howard, 1975; Curran,
1976; Bottjer, 1985; Curran and White, 1999; de Gibert et al., 1999;
Shimoda and Tamaki, 2004; Verde and Martínez, 2004; Lewy and
Goldring, 2006). They follow two basic types: small tunnels radiating
from a host burrow as in Cellicalichnus meniscatus, or radiating from a
chamber as in Dagnichnus titoi.

The first type was formerly described by Forbes (1973), who re-
ported small tunnels at the non-enlarged bottom of the parent burrow
in Callianassa kraussi. Particularly interesting is that the small burrows
show a neck nearby the parent burrow, which can be compared with
those shown by chambers in Cellicalichnus meniscatus. Frey and
Howard (1975) described small burrows in the parent burrows of
Upogebia affinis, which might be associated with terminal enlarged
chambers, or directly with the non-enlarged burrows, showing that
both types may be present in the tunnel system of the same species.
They also reported apertural necks in the juvenile burrows, and
discussed the possibility that the chamber represented a provision
chamber, in which plant material stored served as medium of culture
of bacteria that would be used as food for juveniles (Bromley, in Frey
and Howard, 1975). The latter possibility was not considered by
Nesbitt and Campbell (2006) in their comment on Maiakarichnus
preserving organic matter in the central chamber. Similar small
burrows radiating from a central chamber were described by Curran
(1976) and later included in the ichnogenus Maiakarichnus by Verde
and Martínez (2004). In addition, Frey and Howard (1975) described
two trace fossils from the Cretaceous of Utah that follow the same
patterns described herein. One of them shows clusters of small
burrows occurring at many places along a host burrow resembling the
pattern of C. meniscatus, and in the other, the tiny burrows are

clustered in small depressions (Frey and Howard, 1975, Fig. 7),
resembling the bauplan of Dagnichnus titoi. Bottjer (1985) described
chambers in Thalassinoides accepting the proposal by Bromley (in Frey
and Howard, 1975) that they might represent bacterial cultures for
feeding adults and brooded offspring. Curran and White (1999) and
Martin (2006) described trace fossils from the Holocene carbonate
aeolianites from Bahamas showing Y-branched shafts and upward
orientated radiating burrows, suggesting another crustacean breeding
structure similar to C. meniscatus. Lewy and Goldring (2006) went
further, proposing that one type of the chambers they described
associated with an Spongeliomorpha tunnel systemwas performed by
the adult female for laying eggs, and for protecting them during the
development of the hatching, even when no crustacean is known to
show this type of breeding strategy similar to insects. The other type
of chamber was interpreted as a storage chamber in which also
juveniles might be housed.

Genise (2001) described briefly Dagnichnus titoi, without naming
it, concluding that it might be considered as a kind of nest of an
unknown group of organisms that could have dominated soils pre-
vious to nest producing insects during the Lower Cretaceous. Such
prediction is confirmed with the data presented herein, where in
addition, other type of breeding trace fossil, Cellicalichnus meniscatus,
is also described. As Maiakarichnus, the new ichnogenus Dagnichnus
can be included in the ethological category for nests, calichnia, pro-
posed by Genise and Bown (1994).

4.3. Palaeobiological inferences

Terrestrial crustaceans show larval recruitment and parental care,
however, no trace fossils have been described until now for them and
the records of modern ones are few and brief described. Juveniles of
terrestrial crabs were found inside parental burrows (Litulo, 2005;
Hartnoll and Clark, 2006), and at least in one case they are reported to
excavate small burrows (=diverticula) inside them (Vannini et al.,
2003). For crayfishes, different behaviors were reported. In some
cases, juveniles are released in the parental burrow, or at least adults
of different sizes are found in the burrows, although these construct
no particular diverticula or small burrows (Williams et al., 1974; Lake
and Newcombe, 1975; Suter and Richardson, 1977; Hobbs, 1981;
Horwitz et al., 1985a,b; Rudolph, 1997). In others, juveniles inhabiting
the parental burrows are reported to construct small burrows or
enlarge mating chambers (Horwitz et al., 1985b; Horwitz and
Richardson, 1986). However, even in these latter cases there are no
records of the more complex structures described for marine deca-
poda. Horwitz et al. (1985a) proposed that crayfishes that are more
independent fromwater bodies or water table release juveniles in the
parental burrow, whereas, other species that burrow in or close to
water bodies, release juveniles into or nearby these water bodies. For
Cambaridae, the common North American crayfishes, Hobbs (1981)
found that in hundreds of burrows studied of primary burrowers (i.e.
those that spent most of their lives in burrows) none contained
juveniles or small tunnels connected. Only in secondary and tertiary
burrowers that live increasingly in superficial waters, juveniles were
found in parental burrows, although without excavating apparently
their own tunnels (Hobbs, 1981). In contrast to the Southern Hemi-
sphere Parastacidae, in Cambaridae, the occurrence of members of
more than two generations in the same burrow is occasional (Hobbs,
1988). Some species of Parastacidae, which live in water bodies, are
known to burrow in soils when the female is gravid (e.g. Horwitz and
Richardson, 1986) or seek for a more appropriate aquatic environment
to release juveniles (e.g. Rudolph, 2002). In contrast, other species
inhabit burrows close to a water body, where females move to release
juveniles, which are never found in parental burrows (e.g. Borsboom,
1998) as in most Cambaridae. Juvenile release is seasonal (Bocic et al.,
1988; Rudolph, 2002) and occurs mostly in summer (Honan and
Mitchell, 1995). In some species, release of juveniles is gradual (e.g.
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Lake and Newcombe, 1975; Suter, 1977; Bocic et al., 1988), whereas in
other it is synchronized (i.e. Borsboom, 1998).

Evidence presented herein suggests that Cellicalichnus meniscatus
and Dagnichnus titoi might represent different breeding strategies. C.
meniscatus occurs always in few numbers in the study cases, in beds
where Loloichnus baqueroensis are present (Laguna Palacios Forma-
tion), and also where D. titoi occurs (Punta del Barco Formation).
Whereas, D. titoi occurs in deposits, where L. baqueroensis and C.
meniscatus are scarce, suggesting that it reflects a different breeding
strategy probably controlled by environmental conditions or season-
ality. In addition, in those deposits where D. titoi is abundant also
occur tangled groups of meniscate burrows (Fig. 6D) of similar
diameter to those of D. titoi, suggesting another behaviour of the same
juveniles. Frey and Howard (1975) found for the same thalassinidean
shrimp, tunnels of juveniles directly radiating from the host burrow or
from chambers. Turvey and Merrick (1997) proposed that even
different reproductive strategies, such as K and R, could be present
in the same population of one species of Euastacus (Parastacidae) to
deal with different environmental conditions.

If high densities of Loloichnus baqueroensis reflect the best
palaeoenvironmental conditions for its potential producers (adult
decapods), then Dagnichnus titoi will reflect the best palaeoenviron-
mental conditions for nesting and young larvae development. The
gravid females of an Australian crayfish, which inhabits open water,
burrow in a drier location not connected with the water body
(Horwitz and Richardson, 1986). Juveniles of Cambarus fodiens
congregate in pools in the drying stream-bed, but none showed any
signs of burrowing (Williams et al., 1974). Others release juveniles
seasonally in a more appropriate environment, for instance in water
bodies with greater rotten organic matter content (Rudolph, 2002).
Honan and Mitchell (1995) distinguished for crayfishes between
winter brooders (Astacidae), having long breeding periods and
releasing juveniles in spring or summer, and summer brooders
(Cambaridae), having short breeding periods during summer.
Although many species release larvae, juveniles or miniature adults
in groups, there are still others that release juveniles individually and
gradually (Lake and Newcombe, 1975; Suter, 1977; Bocic et al., 1988).
Non-social gregariousness is known in terrestrial crustaceans, mostly
produced by environmental constraints (Powers and Bliss, 1983;
Horwitz and Richardson, 1986).

Sedimentological data presented herein show that the most
suitable environmental conditions for juvenile crayfish (as suggested
by the join occurrence of Dagnichnus titoi and Cellicalichnus menisca-
tus) can be found at the Punta del Barco Formation, reflecting lowland
areas filled with fluvial deposits showing weak soil development and
hydromorphic features. This was also a tolerable setting for adults,
according to the few Loloichnus baqueroensis also present there,
although the high density of Loloichnus burrows found in the Bajo
Tigre Formation suggests that the most appropriate for adults were
lowland areas with well-drained soil profiles, incipient soil develop-
ment, probably under a seasonal climate (Bedatou et al., 2008). In
addition, D. titoi was also recorded in low-relief areas with well-
drained, poorly-developed soil profiles, where the wind action was
important for transport of pyroclastic detritus (Cerro La Horqueta and
Estancia Bajo Grande localities).

The interpretation of the breeding strategy represented byDagnichnus
titoi is complex. The size of the chamber is directly related to the size and
number of meniscate burrows, suggesting that the fillings from the
meniscate burrows come at least in part from the excavation or
enlargement of the central chamber. The dispersion in diameters of
meniscate burrows from different specimens shows that organisms of
different size excavate them. If only one species of producer is involved,
this evidence shows that juveniles in different developmental stages may
produce the original structure. In all cases the size ofmeniscate burrows is
slightly smaller than the shaft of Loloichnus baqueroensis, suggesting that
juveniles are more likely involved than adults. On the other hand, the

holotype and paratype of D. titoi achieve a so regular arrangement and
optimal use of space that they seems to have been produced by a single
breeding female instead of a group of non-cooperative group of juveniles.
As mentioned previously, the chamber of D. titoi may be involved in
juvenile development. For instance, the chamber would act as a pool in
waterlogged soils, collectingwater where offspring can live for some time
before beginning adult life and constructing their own burrows. Suter and
Richardson (1977) found that chambers of Engaeus cisternariuswere very
efficient for collecting soil water even when the water table was not
available. Similarly, the central chamber may be involved in food
provisioning. For developing, the immature stages should feed. Larvae of
crayfishes feed on egg yolk for a long period time up to reaching the
juvenile stage (Rudolph, 2002). Different marine and terrestrial crusta-
ceans are known to feed inside burrows and are supposed to store plant
material that would allow the culture of bacteria onwhich juveniles may
feedon (i.e. FreyandHoward,1975;Green, 2004; LewyandGoldring, 2006
and references therein). Crayfishes usually feed on decaying organic
matter and/or root mats that develop inside burrows favoured by the
availability of oxygen (e.g. Richardson, 1983; Growns and Richardson,
1988; Richardson andWong, 1995). The presence of a central chamber in
D. titoi may indicate the storage of decaying organic matter or a suitable
locus for the developing of root mats.

4.4. Evolutionary significance

The recent record of dense crayfish burrows (Bedatou et al., 2006,
2008) and the new breeding structures presented herein from different
Cretaceous palaeosols of southern South America indicate that cray-
fishes were probably the ecosystem engineers of those Cretaceous soils.
In addition, that by the Early Cretaceous, crustaceans probably acquired
complex behaviors that at the same time or probably later appeared in
ecological keystone groups of insects, as shownby the ichnofossil record
(Genise, 2004). Extant burrows of crayfishes show thick lined walls
constructed with soil pellets (Kilian, 1959; Hobbs, 1981; Rudolph, 1997;
Bedatou et al., 2008). Such behaviour can be traced back up to the
Triassic (Hasiotis and Mitchell, 1993) and perhaps up to the Permian for
marine decapods (Chamberlain and Baer, 1973). In contrast, the use of
soil pellets in insect constructions can be traced back with certainty up
to the Late Cretaceous (Genise, 2004; Genise et al., 2007). The
advantages of burrowing in soils for crayfishes, such as protection for
predators, access to underground food and water, and creation of
microhabitatswith optimalmoisture, temperature andoxygen (Horwitz
and Knott,1983), may be similar to those found by insects. For achieving
all these objectives, the possibility of constructing thick linings for walls
is essential. In addition, trace fossils presented herein indicate that
crayfishes also burrowed in soils during the Cretaceous for making
breeding structures inwhich juveniles found an optimal microenviron-
ment for developing. The same K-breeding strategy recorded for
ecological keystone groups of insects along the Cainozoic as shown by
the ichnofossil record (Genise, 2004; Genise and Bown, 1994).

Crustaceans probablymade their best attempt to dominate thedriest
land environments and particularly soils during the Cretaceous in
Southern South America. However, their keystone role in Southern
South American Cretaceous soils was interrupted during the K–T
boundary, as shown by their trace fossils, which almost disappear
from palaeosols, to remain present in few Cainozoic localities (Genise,
unpubl. data). Finally, extant soil crayfishes became restricted to two
small distributional areas in Chile (west) and South Brasil and Uruguay
(east) (Morrone and Lopretto, 1994). Probably, their condition of water-
breathers, in contrast with air-breather insects, environmental changes
during the K–T boundary, and the subsequent diversification of
mammals and birds, their main predators (Gherardi et al., 2000;
Rudolph, 2002) finally aborted the crustacean realm, and settled insects
as dominant invertebrates in post-Cretaceous soils.

Hasiotis (2000, 2004) postulated that trace fossils of crayfishes, but
also of mud-loving and carrion beetles, bees, wasps, ants, and termites
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among other insects could be recognized in North American Mesozoic
soils. Those proposals were criticized based on the poor documenta-
tion presented for supporting the attributions of trace fossils (Bromley
et al., 2007 and references therein). The new evidence presented
herein, along with other scattered in the literature (e.g. Martin, 2006),
shows that crustaceans were capable of constructing nests and cells,
suggesting the possibility that some of the North American trace
fossils recognized as produced by insects, were actually produced by
crustaceans. At least, in southern South America, Cretaceous paleosols
are dominated by ichnofabrics of crayfish trace fossils, whereas insect
trace fossils are mostly absent during the Cretaceous (and the rest of
the Mesozoic) only appearing in the latest Cretaceous (Genise, 2004;
Genise et al., 2007).

5. Concluding remarks

• Two new ichnotaxa from the Cretaceous of Patagonia, Dagnichnus
titoi igen. and isp. nov. and Cellicalichnus meniscatus isp. nov., are
created to include trace fossils attributable to crayfishes based on
their association and morphological affinities with Loloichnus
baqueroensis.

• Dagnichnus titoi and Cellicalichnus meniscatus are interpreted as
breeding traces, calichnia, based on the presence of cells or
burrows of small diameter and by comparison with breeding
traces of marine Decapoda. Both trace fossils are the first breeding
traces recorded from terrestrial crustaceans.

• Both ichnotaxa would represent two different breeding strategies:
while Cellicalichnus meniscatus is interpreted as cells excavated
from parental burrows, Dagnichnus titoi would be breeding
structures completely produced in a different palaeoenvironment
where the female probably released juveniles.

• The high density of Loloichnus baqueroensis parental burrows and
the association to breeding trace fossils described herein indicate
that crayfisheswere soil engineers along the Cretaceous in southern
South America, and that they had acquired many of the K-breeding
behaviours recorded by insects in latest and post-Cretaceous soils,
such as pelletal constructions and excavation of breeding cells.

• The K–Tevent probably changed environmental conditions in such a
way that crayfishes finally became restricted to two small distribu-
tional areas in southern South America, and K-breeding insects
replaced them as keystone organisms in Cainozoic andmodern soils.
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