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ABSTRACT: Proarticulata, the largest mobile animals of the Late Precambrian, inhabited
shallow marine basins of normal salinity in Baltica (eastern and northern Europe) and East
Gondwana (Australia) in the Late Ediacaran. They represented a substantial part of benthic
palaeocommunities of macroorganisms inhabiting microbial mats, and at least some of
them fed on the upper lamina of such a mat, absorbing the nutrition by their ventral side.
Moulds attributed to the Proarticulata were formed by sub-bilateral organisms, divided into
two transverse rows of half-segments (isomers). It was established that these moulds did not
represent the entire body, but only a part, that was relatively resistant to decomposition. This
sack-like structure, divided into transverse elements, enveloped the dorsal and ventral sides
of the body but did not spread to its inner parts. It was dense and probably served as a
resilient support. On the dorsal side, this integument created a continuous shield that
showed no signs of segmentation. The outer surface of the dorsal side of several genera of
the Proarticulata was covered with numerous evenly distributed tubercles. In a single
specimen, the tissue at the posterior end of the body formed a pair of long filamentous
outgrowths. Based on the feeding traces, it was inferred that the ventral side of the body was
segmented externally similar to the supporting structure. The cover tissue on the ventral side
probably bore cilia and furrows of suggested ciliary sweeping were preserved on the traces.
The integument and segmented structure are interpreted as an epidermal tissue and a basal
matrix underlying it. A tissue organization in combination with the anteroposterior and
dorsoventral polarity of the Proarticulata body allow us to assign them to the Eumetazoa and
Bilateria.
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Bantuku (Bocrounoit u Cesepnoii EBponsl) u Bocrounoit I'onnsansl (ABcTpanuu) B
KOHIIE DJIMaKapckoro nepuoja. OHM MPECTaBIsUIN CYIIECTBEHHYIO 4acTh COOOIIECTBa
OEHTOCHBIX MaKpOOPraHWU3MOB, HACEJSBLIMX MOJIS MHKPOOHBIX MaToB, M, IO KpaiHen
Mepe, HEKOTOPhIE W3 HHUX MUTAJIMCh BEPXHUM CIIOEM Mara, MOTJIONIasi MHILy OpIOLIHOM
cTopoHo# Tena. OTIeYaTKH, OTHOCHMBIE K MPOapTHKYJsiTaM, o0pa3oBaHbl cyOOmiare-
pabHBIMU 00BbEKTaMH, PACYJICHEHHBIMH B ITOTIEPEYHOM HAITPABJICHUH Ha JIBa Psi/ia «I10JTy-
CErMEHTOB» (M30MEpOB). Y CTaHOBJICHO, YTO TH OOBEKTHI MPEACTABISUIM HE BCE TEJO
MIPOAPTHUKYJISITHL, @ TOJIBKO €r0 YaCTh, OTHOCUTEIBHO YCTOHUMBYIO K IIPOLIECcCaM pa3iiokKe-
HUsL. DTO pa3/ielIeHHOE Ha TIONEPEYHbIE AIEMEHTHI MEIIKONOJ00H0e 00pa3oBaHue OOHU-
MaJIO CIMHHYIO U OPIOLIHYIO CTOPOHY Teja, HO HE PaclpoCTPaHsIOCh B Oosee TiryOoKue
ero yact. OHO OBLIO IMJIOTHBIM U, BEPOSITHO, Hec)I0 (pyHKIMIo onopkl. [ToBepx pacusieHeH-
HOTro 00pa3oBaHMs pacroaraics HOKPOBHEIHA CIIOH, KOTOPBII HAa CIIMHHOM CTOPOHE Teja
CO3/1aBaJl CIUIOLIHOM IIMT, HE MOKa3bIBABIIMK HUKAKHX MPU3HAKOB CerMeHTalnuu. Boe-
LITHSISL TIOBEPXHOCTH CIIMHHOM CTOPOHBI MTPOAPTUKYJIST HECKOJIBKUX POJIOB OblIa MOKPHITA
MHOT'OYHUCIICHHBIMH PABHOMEPHO PacCEsSHHBIMU OyropkaMu. Y OJHOTO BH/a MOKPOBBI Ha
3aJJHEM KOHIe Tena (OPMUPOBAIM MMapy JUIMHHBIX HUTEBHIHBIX BhIpOCTOB. Cyns Mo
clie/iaM ITUTaHMsl, BeHTPAJIbHAsi CTOPOHA OpraHu3Ma CHapy K ObliIa pacuyieHeHa aHAIOT Y-
HO ONIOpHOMY 00pa3oBaHui0. [I0KpOBBI BEHTPaJIbHOM CTOPOHBI, BEPOSTHO, HECIIU PECHUY-
KM, OOpO3JIKM OT JBIIKCHHUSI KOTOPBIX COXPAHSIOTCS Ha ciefax. [loKkpoBHbIE ciiow M
pacuiieHeHHOe 00pa30BaHNe HMHTEPIPETUPYIOTCS KaK AUIepMalibHasl TKaHb U MOJICTUIIA-
IolIMi ee Oa3aibHBIA MaTpuKc. TkaHeBas opraHu3alys B COYCTAaHNUU C IIEpeHe-3aHel 1
JIOPCO-BEHTPAILHOW ITOJIIPHOCTBIO TeNla MPOAPTHKYIST TMO3BOJISIIOT OTHOCHUTH HX K
Eumetazoa u Bilateria.
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Introduction

The Proarticulata (Fedonkin, 1985)isalarge
group of Precambrian macroorganisms with a
transversely divided body, including such well-
known genera as Dickinsonia and Yorgia. Ac-
cording to M.A. Fedonkin’s opinion, joined by
the authors of this article, this group represents
apeculiar extinct phylum ofthe Metazoa. Proar-
ticulates inhabited shallow marine basins of
normal salinity of Baltica (nowadays eastern
and northern Europe) and East Gondwana (Aus-
tralia) in the Late Ediacaran (c. 550—560 million
years ago). These were the largest benthic mo-
bile animals of the Late Precambrian; the body
length of some of their representatives was
dozens of centimeters, and in some cases (Dick-
insonia rex) it was up to a meter or more (Jen-

kins, 1996). Proarticulates represented a sub-
stantial part of benthic palacocommunities of
macroorganisms inhabiting shallow-water mi-
crobial mats (Droser ef al., 2006; Zakrevskaya,
2014; Coutts et al., 2016; Evans et al., 2018).
The upper lamina of such a mat served as their
food source, as it was observed on several fossil
species. The animals absorbed nutrients by the
ventral side of the body (Ivantsov, Mala-
khovskaya, 2002; Gehling et al., 2005), accu-
mulating food particles into elongated, slit-like
open cavities (Ivantsov, 2008, 2013).

All the data on proarticulates were obtained
from the study of their fossil remains, preserved
on the bedding planes of sedimentary rocks as
low-relief body impressions and imprints of
feeding traces. Such fossils were found in the
burials of the Flinders-Belomorian-style pres-
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ervation, specific to the Late Precambrian. These
burials were formed during clastic material dep-
osition by storms or turbidites and further rede-
position of these sediments on a seabed cover-
ing its inhabitants (Narbonne, 2005; Ivantsov,
Zakrevskaya,2018). Moulds attributed to proar-
ticulates were formed by sub-bilateral organ-
isms, entirely or partly transversely divided
within two rows of half-segments (isomers).
The isomers were located on both sides along
the main axis of the body in accordance with the
glide plan of symmetry.

According to a grade of the body segmenta-
tion, the Proarticulata Phylum is subdivided
into three classes: Vendiamorpha Fedonkin,
1985, Dipleurozoa Harrington et Moore, 1955,
and Cephalozoa Ivantsov, 2004. In the body of
the Vendiamorpha, isomers only are observed.
A nonsegmented lobe is observed in the Dipleu-
rozoa; it has triangular or rhombic outlines in
young specimens and becomes narrow and lan-
ceolate in mature individuals. In the Cephaloz-
0a, anonsegmented lobe has a crescent or horse-
shoe appearance and is preserved in this shape
through the entire ontogeny of these animals. In
a number of juveniles and in several species of
the Cephalozoa, known only by small speci-
mens, a nonsegmented lobe entirely embraces
an isomeric area inside a fossil (Figs 2.6, 3).
Feeding traces help to determine an anteropos-
terior orientation of proarticulate bodies and
reveal that the nonsegmented lobe was located
at the anterior end in the direction of the ani-
mal’s movement (Ivantsov, 2011, 2013; Ge-
hling et al., 2005, 2014).

Proarticulate individuals developed by ad-
dition of new isomers and a subsequent increase
in their linear dimensions (Runnegar, 1982). A
formation of the isomers occurred terminally at
the posterior end of the body. This suggestion is
confirmed by the presence of specimens being
damaged during their lifespan with an injured
and then regenerated growth zone (Fig. 1.5,
1.6). Although this process cannot be observed
directly, the fossil material shows that in some
cases the posterior end is bifurcated and an
additional series of isomers appeared there which
isindicative for aterminal location of the growth
zone (Ivantsov et al., 2018a, b).

The transverse elements of the Proarticulata
and some other Ediacarian organisms had stiff
walls imparting the fossils a “quilting” appear-
anceaccordingto A. Seilacher (Seilacher, 1992).
It is believed that the whole animal was isomer-
ic, or it possessed an isomeric special stiff cover
(Seilacher, 1989; Dzik, Ivantsov, 2002; Fe-
donkin, 2002). New data allow us to clarify this
problem.

Material

The material for this study was a series of
unique specimens of proarticulate fossils col-
lected in the southeastern White Sea area (Rus-
sia, Arkhangelsk region) and stored in the Lab-
oratory of Precambrian Organisms of PIN RAS
(collection No. 3993 and 4716).

Results and discussion

Our observations show that the majority of
known moulds of the Proarticulata (Figs 1.1,
1.2,1.5,1.6,2.1,2.3) did not represent remains
of complete bodies of an organism, but only a
part, that was relatively resistant to decomposi-
tion and further diagenetic changes. Despite all
these alternations, organic matter of such a
fossil is able to be preserved to the present
allowing biochemical studies (Bobrovskiy et
al., 2018). The body isomers are expressed in
the organic matter in the form of alternating
stripes of a different dark colour hue. On the
most representative specimens, we observe im-
prints of the upper side of a segmented structure
with a more or less uniform arrangement of the
isomers (Fig. 1.1a). Ifthe organic matter itselfis
preserved, a shift of the striped pattern in rela-
tion to the transverse elements of the imprint can
be seen at different, sometimes quite large an-
gles (Fig. 1.1b). The same shift is also observed
in the position of the food-accumulating cavi-
ties (Ivantsov, 2013), which are bent towards
the ventral side of the body. The pattern on the
organic matter distribution also seems to reflect
the segmentation of the lower side. This means
that a mechanical connection between the upper
and lower parts of the divided structure was
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Fig. 1. Proarticulata of the southeastern White Sea area (A, E, F — Dickinsonia cf. menneri, natural moulds,
B-D — Dickinsonia cf. tenuis, latex casts of moulds; length of the scale segment — 1 cm): A — specimen
PIN No. 4716/5147, imprint of the dissected structure with preserved organic matter (A1 — relief of the
dorsal side, photo with oblique lighting, A2 — fragment of organic matter with larger magnification and
frontal lighting, the group of the isomers of the ventral side are marked with an arrow); B — specimen PIN
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rather weak. It was easily disrupted during buri-
al compression within the sediment leading to a
shift of the upper and inner parts relative to each
other on the resulting imprint. Thus, the struc-
ture, divided into transverse elements, had an
appearance of a sack developed on the dorsal
and ventral sides of a proarticulate body, but
probably did not spread to its inner parts. The
common preservation of such fossils, including
organic matter, indicates that the material form-
ing the divided structure was relatively stiff and
biochemically stable. It can be suggested that
this structure served as a resilient support in the
body of the Proarticulata.

Judging by rare specimens of a peculiar
preservation, another cover layer or integument
is inferred over the divided structure. On the
dorsal side of the body, it creates a continuous
shield that lacks signs of segmentation (Fig.
2.2). The outer surface of the dorsal side of
several genera (Dickinsonia, Yorgia, Archae-
aspinus, Lossinia, Onega) is covered with nu-
merous evenly distributed tubercles (Figs 1.3,
1.4,2.2,2.5,2.6,2.7). Onega stepanovi, known
by the small specimens not exceeding a few
millimeters in length, sometimes has a pair of
long filamentous outgrowths at the posterior
end of the body (Fig. 3). The outgrowths are
approached spatially the last two isomers; how-
ever, they do not affect neither the size nor the
shape of the isomers. Therefore, it can be as-
sumed that the filamentous outgrowths of One-
ga were formed by cover tissue.

Judging by feeding traces, the ventral side of
the organism was subdivided externally alike

the supporting structure. The boundaries be-
tween the transverse elements (crests on the
original trace and furrows on its mould, marking
the location of the slit-like apertures of the food-
collecting grooves) are not always clearly ex-
pressed here; they can be vanished on the lateral
margins of the body (Fig. 2.4). Based on the
details of the trace fossil morphology, it is
suggested that the traces were created mechan-
ically, most likely by a ciliary sweeping. In
Yorgia waggoneri, which left the most pro-
nounced traces, these hypothetical cilia appear
to have been arranged in bunches, the furrows
from the movement of which are preserved on
trace fossils (Ivantsov, 2008, 2011).

Thus, the integuments of the dorsal and
ventral sides of the Proarticulata were different.
The dorsal cover was continuous and bore rela-
tively large tubercles and sometimes long out-
growths. The ventral one was dissected by
grooves and had a smooth surface, probably
bearing cilia (Fig. 4). The integument and the
segmented structure of proarticulates can be
interpreted as an epidermal tissue and a basal
matrix underlying it respectively, which is in
character with the eumetazoan level of organi-
zation.

An inner part of proarticulate body occurred
deeper under the layer of the basal matrix and
exceeded the volume of the integument. In part
this room was occupied by food-accumulating/
digestive cavities having a different pattern in
various genera. Other data on the structure of
the inner part are rather scarce. For instance,
thin branching canals (Fig. 1.3), which were

No. 3993/5172, upper surface of the dissected structure; C, D — specimen PIN No. 3993/8500 and 3993/
6414, respectively, nonsegmented structure with fragments of the tuberculate dorsal cover; E, F — dissected
structure with signs of regeneration of the posterior end (E — specimen PIN No. 4716/5187, normal
recovering of the growth zone; F — specimen PIN No. 4716/5146, splitting of the growth zone in two).

Puc. 1. [Ipoapruxynstel FOro-Bocrounoro benomopss (A, E, F — Dickinsonia cf. menneri, ecrectBeHHbIe
orneuatku, B-D — Dickinsonia cf. tenuis, NaTeKkCHBIE CIENKH C €CTECTBEHHBIX OTIIEYATKOB; JIHHA
macmTabHoro orpeska — 1 cm): A — 9k3. [IMH Ne 4716/5147, ornedaTok pacuieHEHHOTO 00pa30BaHUA
C COXpaHUBIIMMCSI OpraHudeckuM BeiectBoM (Al — penbed CHHHHOI CTOPOHBI, (GOTO MPH KOCOM
ocBemeHnn, A2 — QparMeHT OpraHMYecKOro BEHIECTBA IPH OOJIBIIEM YBEIUUCHUH M (DPOHTATEHOM
OCBEIICHNH, CTPEIIKA YKa3bIBAET HA TPYIIITY H30MEPOB BEHTPAIBHOH cTOpoHbI); B — ak3. [TMH Ne 3993/5172,
BEPXHsASA MOBEPXHOCTh pacuwieHeHHOro obpasoBanus; C, D — ok3. [IMH Ne 3993/8500 u 3993/6414,
COOTBETCTBEHHO, pacwIeHEeHHOE 00pa3oBaHue ¢ pparmMeHTamMu OyropyaToro Jop3aisHOro mokposa; E, F —
pacuneHeHHOEe 00pa3oBaHME CO clenamu pereHepauuu 3agHero konma (E — sk3. IIMH Ne 4716/5187,
HOPMaJILHOE BOCCTAHOBIICHHUE 30HbBI pocTa; F — 9k3. [TMH Ne 4716/5146, paciieruieHre 30HbI pOCTa HAIBOC).
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Fig. 2. Proarticulata of the southeastern White Sea area (A—C, E-G — latex casts of moulds, D — natural
imprint of the feeding trace; length of the scale segment — 1 cm (A-E), 0.3 cm (F, G)): A-D — Yorgia
waggoneri (A, C — upper side of the dissected structure, specimen PIN, No. 3993/5135 and 3993/9820,
respectively; B — dorsal side of the body, specimen PIN no. 3993/5501, D — ventral side, specimen PIN
No. 3993/5149); E — Archaeaspinus fedonkini specimen PIN No. 3993/5633; F — Onega stepanovi,
specimen PIN No. 3993/6795; G — Lossinia lissetskii, specimen PIN, 3993/9819.
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Fig. 3. Onega stepanovi: A—C — latex casts of moulds (A — specimen PIN No. 3992/5005, B, C — samples
from a private collection; the arrow marks the filamentous outgrowths; length of the scale segment — 0.5
cm), D — schematic reconstruction. Abbreviations: nl — nonsegmented lobe, ia — isomeric area, fo —
filamentous outgrowth.

Puc. 3. Onega stepanovi: A—C — naTeKcHbIE CICTIKH C €CTECTBEHHBIX 0TIedaTkoB (A — ax3. [TMH Ne 3992/
5005, B, C — o0pasubl U3 4aCTHOH KOJUIEKIIMM; CTPEJKa YKa3bIBaeT HAa HUTEBHUJHBIC BBIPOCTHI; AJIMHA
macmtabroro orpeska— 0,5 cm), D — cxemaruueckas pexoHcTpykuusi. O0o3HaueHus: nl — HepacuIeHeH-

Hasl JIONAaCTh, ia — HU30MepHas 00J1acTh, 0O — HUTEBUIHBINA BBIPOCT.

interpreted as probable ducts of the secretory
glands (Ivantsov, 2008), were distinguished in
the head lobe of a number of the Cephalozoa. A
structure, resembling the digestive-distributive
system of some turbellarians, was detected in
one of the species of the Dipleurozoa (Ivantsov,
2008; Dzik, Ivantsov, 2002). Our imperfect
knowledge of the internal anatomy of the Proar-
ticulata is explained by the masking effect of
external integuments. However, the accumulat-
ed dataasawholeindicate arelatively high level
of organization of these animals. The antero-
posterior and dorsoventral polarity of the body
in combination with signs of an incipient ceph-
alization (expressed in a morphological distinc-
tion of the anterior section and a directional
movement of these animals in a search for food)
suggest that the Precambrian Proarticulata al-
ready achieved a bilaterian grade of develop-
ment, although they had a specific type of sym-
metry atypical for the Bilateria.
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