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Early Paleozoic brachiopod larva:
true larva, not a juvenile
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ABSTRACT: The ontogeny of extinct brachiopods is often reconstructed from specimens
with well-preserved juvenile shells. However, paleontological reconstructions based on the
fossil material contradict the reconstruction of the evolution of brachiopod life cycles based
on the analysis of the ontogeny of recent brachiopods. Ifthe paleontological reconstructions
suggest a planktotrophic stage with a shell as the initial type of the brachiopod ontogeny,
the biologists suppose true planktotrophic larva to be the basic stage of the brachiopod life
cycles. In the present paper, the paleontological data are considered in correspondence with
the data on the different developmental stages of recent brachiopods. The large size and
presence of the impressions of larval setal sacks are interpreted as evidence of the stage of
true planktotrophic larva in the ontogeny of the Early Paleozoic brachiopods.
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PE3IOME: OHTOTreHe3 BRIMEPIIHX OpaXxHOIO ] 00BIYHO PEKOHCTPYHUPYIOT ITO CTPOSHHIO UX
FOBCHIIBHBIX pakoBHH. OHAKO MPECTABICHHUS MMaJCOHTOIIOTOB 00 YBOIIOIUH KU3HEH-
HBIX ITUKJIOB OPaxHOIOJ YacTO MPOTHBOPEYAT MHEHHIO OMOJIOTOB, THIIOTE3BI KOTOPBIX
OCHOBAHBI Ha TAHHBIX IT0 PA3BUTHIO COBPEMEHHBIX Opaxuomnos. Tak, HarpuMmep, B MaIeoH-
TOJIOTHYECKOM TUTEePaType TOCTIOACTBYET MHEHHE, YTO )KU3HEHHBIH IIUKJI C TNTAHKTOTPOd-
HOH cTaauei, maBaBIieil ¢ pakoBUHOU U JT0HOPOpOM, SBIIIETCS UCXOTHBIM )KHU3HEHHBIM
IIUKIJIOM Ji71s1 Opaxuono. B 3To ske Bpemsi OMOIOTH CYUTAIOT, YTO MIEPBUIHOM JIJIsi Opaxwu-
oroJ] OblJIa HACTOSAIIAS TIAHKTOTPO(HAS JUUUHKA 0e3 pakoBUHBI. B HacTosmei padore
MIPOBEACH CPAaBHUTEIBHBIN aHAIN3 TUTEPATYPHBIX TAHHBIX [0 CTPOCHUIO CTa NI Pa3BUTHS
y BBIMEPIIIUX B COBPEMEHHBIX Opaxuomnos. [lokazano, 94To B paHHEM Masie030¢ IOBESHIIIb-
HBbIE PAaKOBHHBI OpaxnoIo IMEIH KPYIHBIN pa3Mep U Heclu Ha cebe penbed, KOTOPHIHA
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COOTBETCTBYCT PACHOJIOKCHUTIO HICTUHKOHOCHBIX MECIIKOB Y JINUYMHOK COBPEMCHHBIX 6pa—
Xyuomnoa, 4To AOKa3bIBaCT HAJIUYUC Yy PAHHUX MaJIe030UCKUX 6anI/IOHOI[ HaCTOHHIeﬁ
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Introduction

Brachiopods are the relic group of marine
invertebrates, which appeared in the Early Cam-
brian and experienced their heyday during the
Paleozoic. The phylum Brachiopoda is divided
into three subphyla: Linguliformea, Rhynchonel-
liformea, and Craniiformea (Williams et al.,
1996). The first brachiopods appeared in the
Lower Cambrian and belong to Linguliformea
and Rhynchonelliformea. In recent years, many
attempts were undertaken to reconstruct the
ontogeny of the Early Paleozoic brachiopods.
Most of them were based on paleontological
material (e.g. Popov et al., 2007; Hints et al.,
2013; Ushatinskaya, 2016; Bassett, Popov,
2017) except for a few based on the life cycles
of recent brachiopods (Nielsen, 1991; Liiter,
2001; Kuzmina et al., 2019). As a result, the
conclusion of research undertaken with paleon-
tological material contradicts the biological
conclusions. In short, the conflict of theories is
as follows. In the paleontological papers the
ontogeny of ancient brachiopods is reconstruct-
ed based on the molds of the first-formed shell
on the umbones of both valves; most paleontol-
ogists suppose the Early Cambrian brachiopods
had a planktotrophic stage with a shell (e.g.,
Zhang et al., 2018). However, some biological
reconstruction suggests the initial stage of the
evolution of brachiopod life cycles to be a true
planktotrophic larvae lacking the shell; the adult
body plan and the shell formed only after the
settlement (Nielsen, 1991; Kuzmina et al.,
2019). This stage is absent in recent brachio-
pods but may be compared with the trochozoan
trochophore.

Many fossil brachiopods have first-formed
regions that strikingly differ from the first-formed

shells of recent brachiopods suggesting that
their types of life cycles are not represented in
the modern brachiopod fauna. A good example
are the Early Paleozoic brachiopods of the sub-
phyla Linguliformea and Rhynchonelliformea,
whose first-formed shells were repeatedly de-
scribed in the literature (e.g., Williams et al.,
1998; Madison, 2004; Popov et al., 2007; Ush-
atinskaya, 2016). Although both subphyla ap-
peared in the Early Cambrian and have living
relatives today, their Early Paleozoic first-
formed shells strongly differ from that of the
modern brachiopods but were identical in the
Cambrian and Ordovician.

Here we analyze the literature data on the
life cycles of fossil and modern brachiopods in
order to reconstruct the life cycle of the Early
Cambrian brachiopods based on the structure of
their first-formed shell.

Results and Discussion
Structure of brachiopod juvenile shell

The juvenile brachiopod shell is divided
into three regions that are successively secreted
in the ontogeny: protegulum, brephic, and nean-
ic shells (Holmer, 1989; Williams, Brunton,
1997; Zhang et al., 2018). However, the corre-
spondence of each of listed shell regions to
certain stage of the shell growth is variously
understood by different authors. Here we accept
the terminology adduced in Madison & Kuzmi-
na (2019, in press). The protegulum is secreted
simultaneously by the whole mantle surface at
the earliest secretory stage and thus lacks any
growth markings. The brephic shell grows ac-
cretionary and may bear faint growth lines; its
microstructure is similar to the protegular mi-
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crostructure. The neanic shell is in fact a transi-
tionary stage to adult shell and differs from the
adult shell in the absence of radial ornamenta-
tion. Different types of the brachiopod ontoge-
ny are variously reflected on the structure of
these juvenile shell regions. The ontogeny of
fossil brachiopods may be reconstructed only
on the base of the structure of their first formed
shells.

Connection of the type of life cycle
and the first-formed shell structure in
recent brachiopods

Recentbrachiopods have four different types
of life cycles:

1. In craniiformeans the blastula hatches
from the egg envelopes and after the gastrula-
tion transforms into the bilobed lecithotrophic
larva with three pairs of bundles of larval setae.
The craniiformean larva lacks the shell, turns on
the ventral side after the settlement and after that
the protegulum and other shell regions are se-
creted (Nielsen, 1991).

2. In rhynchonelliformeans the blastula
hatches from the egg envelopes and after the
gastrulation transforms into the trilobed leci-
thotrophic larva with two pairs of bundles of
larval setae. The rhynchonelliformean larvalacks
the shell, reverses the mantle lobes after the
settlement and after that the protegulum and
other shell regions are secreted (Stricker, Reed,
1985; Long, Stricker, 1991).

3. In discinides (Linguliformea) the bilobed
lecithotrophic larva with three pairs of long
solitary larval setae hatches from the egg enve-
lopes; larval setal sacks are unknown for these
brachiopods. At the pelagic stage the discinide
larva transforms into the planktotrophic juve-
nile with the mouth, anus, and lophophore ten-
tacles; the protegulum and brephic shell form at
the pelagic stage (Chuang, 1977, Liiter, 2001).

4. In lingulides (Linguliformea) the larval
stage is completely absent and their juvenile
hatches already with the protegulum and rudi-
ment of lophophore (Yatsu, 1902; Liiter, 2001).

It is generally accepted that the plank-
totrophic stage with a shell and rudiment of

lophophore of recent linguliformeans is a juve-
nile stage and is not homologous to the larvae of
the rhynchonelliformeans and craniiformeans
(Liiter, 2001; Kuzmina et al., 2019).

Thus there are two main types of planktonic
stages in the life cycles of recent brachiopods:
lecithotrophic larva lacking the shell and having
bundles of setae growing from the setal sacks
(Rhynchoneliformea and Craniiformea) and
planktotrophic juvenile with the shell and adult
setae (Linguliformea). Both types of ontogeny
are variously reflected on the structure of the
protegular and brephic regions, which here are
referred to as a first-formed shell. In linguli-
forms the protegulum and brephic shells are
formed at the planktonic stage whereas in rthyn-
chonelliforms and craniiforms the shell forms
only after settlement. The first-formed shell of
linguliforms is about four or five times as large
as the first-formed shell of rhynchonelliforms.
The difference in size is probably connected
with different modes of life: the planktonic
linguliform juvenile feeds using the lophophore
tentacles and grows in the water column where-
as in rhynchonelliforms and craniiforms, the
first-formed shell appears before the develop-
ment of the lophophore and thus its secretion is
provided by means of lecithotrophy. Thus the
size may be considered as a reliable criterion for
distinguishing between the planktotrophic and
lecithotrophic stages in the ontogeny (Freeman,
Lundelius, 1999, 2005). The presence of bun-
dles of larval setae with the setal sacks reliably
indicates the larval stage in the ontogeny. The
larval setae are preserved for some time after the
settlement in modern rhynchonelliforms and
craniiforms and the larval setal sacks seem to be
faintly reflected on the relief of the Novocrania
anomala juvenile dorsal valve as inflations
(Nielsen, 1991, fig. 15C). Thus two main crite-
ria may be distinguished for the reconstruction
of the life cycles of fossil brachiopods by their
first-formed region: size (large protegulum and
brephic shell are considered as evidence of the
planktotrophy at the pelagic stage) and relief
(presence of molds of the larval setal sacks
indicate true larva) (Freeman, Lundelius, 1999;
Williams ez al., 1998).



44

Reconstruction of the life cycle of
Early Cambrian brachiopods by their
first-formed shell

The Cambrian representatives of Linguli-
formea (orders Paterinida, Lingulida, Acrotreti-
da, Siphonotretida; Williams et al., 1998; Pop-
ovetal.,2009; Ushatinskaya, 2016) and Ordov-
ician representatives of Rhynchonelliformea
(orders Orthida; Madison, 2004; Billingsellida;
Popov et al., 2007) have large (up to 1 mm),
similarly structured first-formed shells (for the
general scheme for these orders see Balthasar,
2009). The ventral first-formed shell is shaped
as two swellings divided by a median groove
and the dorsal first-formed shell contains a
system of inflations, one central and one to three
pairs of lateral bulges. Fig. 1 represents the
protegulum and brephic shell and their schema-
tic reconstruction for the paterinide Olenekotre-
ta olenekensis (Ushatinskaya, 1997) from the
Cambrian of Siberia (Ushatinskaya, 1997,
2016). This structural plan of the first-formed
shell characterizes many Cambrian linguliforms
and Ordovician rhynchonelliforms. Judging by
the size and location, the inflation in the middle
of the ventral valve is possibly a protegulum
(Fig. 1A, C). Anterior to the protegulum, the
ventral brephic shell is divided by a median
groove that runs strictly in the sagittal plane.
Williams et al. (1998) reconstructed this medi-
an groove as the site of attachment of ventral
mesentery. In recent craniids the mesenteries
form at the stage of the brephic shell secretion
(Nielsen, 1991), which supports the assumption
made by Williams et al. (1998). The central
inflated lobe on the dorsal first-formed shell is
possibly a protegulum (Fig. 1B, D). The prote-
gulum is framed by two pairs of lobes whose
location corresponds to the impressions of lar-
val setal sacks on the brephic shell of recent
Novocrania anomala (Nielsen, 1991, fig. 15C).
The dorsal protegulum of O. olenekensis is
about three times as large as the ventral proteg-
ulum. In many papers (e.g., Freeman, Lunde-
lius, 2005; Popov et al., 2007) the differences in
the protegular sizes are interpreted as the evi-
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dence of the delay in the formation of the mantle
ventral lobe. The only recent brachiopods with
different timing of formation of the mantle lobes
are the craniids (Altenburger, 2013); however,
there are no data on the sizes of their protegular
and brephic shells and thus such interpretation
is still speculative. The brephic shells are equal-
ly sized. Williams et al. (1998) was the first to
interpret the impressions on the Cambrian dor-
sal brephic valves as the molds of setal sacks
and later this view was shared by all paleontol-
ogists working on the ontogeny of fossil brachi-
opods (Balthasar, 2009; Ushatinskaya, 2016;
Zhangetal.,2018). We suppose the short groove
located on the dorsal brephic shell between two
anterior impressions of setal sacks to be a site
ofattachment of dorsal mesentery, which forms
inrecent craniids simultaneously with the ven-
tral mesentery.

The considered first-formed regions are up
to 1 mm wide that is four or five times as much
as the eggs of recent brachiopods; probably the
large size is evidence of the planktotrophic
stage. The presence of larval setal sacks reliably
indicates the larval stage with setal bundles in
the ontogeny of the Early Paleozoic brachio-
pods. Thus the size and structural plan of the
first-formed shell of the Early Paleozoic brachi-
opods determine true larva that fed and grew at
the planktonic stage but lacked a shell.

However, in many of the cited paleontolog-
ical papers (Popov et al., 2007; Hints et al.,
2013; Bassett, Popov, 2017; Zhang et al., 2018)
the Early Paleozoic brachiopod larva is sup-
posed to have a shell at the planktonic stage;
according to these authors, the protegulum and
brephic shell were formed at the planktotrophic
stage and the end of the metamorphosis was
marked by shedding off the larval setac and
formation of the adult shell. However, the meta-
morphosis in brachiopods is considered to con-
sist of the folding on the ventral side (Cranii-
formea) or reversal of the mantle lobes (Rhyn-
chonelliformea); the shell secretion starts at the
juvenile stage after the metamorphosis. The
rudiment of the mantle developed at larval stag-
es of craniiforms and rhynchonelliforms cannot
be considered as the protegulum. Thus the larva
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Fig. 1. Paterinide Olenekotreta olenekensis (Ushatinskaya, 1997): A—B — photographs of O. olenekensis
by courtesy of G.T. Ushatinskaya: A — specimen PIN, no. 4290/206, first-formed region of the ventral valve;
B — specimen PIN, no. 4510/141, general view of the dorsal valve with well-preserved protegulum and
brephic shell; middle course of the Kotui River; uppermost Middle—lowermost Upper Cambrian; C-D —
structural schemes of the first-formed shell regions: C— ventral valve; D — dorsal valve (reconstructed from
Ushatinskaya, 2016, text-fig. 2c).

Abbreviations: dm — site of dorsal mesentery attachment, gl — growth lines, pl — impression of pedicle lobe, ss —
impression of setal sack, vim — site of ventral mesentery attachment; protegulum yellow, brephic shell blue, neanic shell
green.

Puc. 1. llarepununa Olenekotreta olenekensis (Ushatinskaya, 1997): A—B — ¢ororpaduu O. olenekensis,
mo6e3no npenocrasiennsle I.T. Ymatunckoit: A — o6p. [TMH, Ne 4290/206, nepBruaHO-chOpMHUPOBaH-
HBIH ygacTok Ha OpromHoit ctBopke; B — 00p. [TMH, Ne 4510/141, o6mmii B CHHHHOI CTBOPKHU C XOPOIIO
COXPaHHUBIIMMCS NPOTETYIIIOMOM M Opedrueckoil pakoBHHOIL; cpennee Tedenue p. KoTyii; Bepxu cpenne-
ro—HHU3bl BepxHero kemOpus; C—D — cxembl cTpoeHHs! IMepBUYHO c(HOPMUPOBAHHBIX y4dacTKoB: C —
OpromHas cTBopka; D — crmnHas ctBopka (mo: Ushatinskaya, 2016, puc. 2c¢).

O6o3HaueHus: dm — MecTO MPUKPEIUICHHs TIOPCANIBHOTO Me3eHTepHst, gl — JIMHUM pOCcTa, pl — OTIEYaTOK HOKHOM
JIONACTH, SS — OTHECYATOK METUHOYHOTO MEIIKA, VIN — MECTO NPUKPCIUICHNA BEHTPAJIBHOTO ME3CHTEPUA,; IIPOTETYIIIOM
0003HaYeH XKENThIM, Opeduyeckasi pakoBHHA royObIM, B3pOCiiasi PAKOBHHA 3€JICHBIM.

completely lacks the shell and the shell is formed
only after the metamorphosis and formation of
the adult body plan. The juvenile shells of both
recent and fossil brachiopods may be divided
into different regions (protegulum, brephic,
neanic shells) but irrespectively of the time of
the protegulum formation (within the egg enve-
lopes, at the pelagic stage or after the settle-

ment), the shell may be developed only in the
animal with adult body plan that forms after the
metamorphosis in the taxa with indirect devel-
opment. Therefore, if the brachiopod has a shell
at the pelagic stage, it is not a larva, but only a
juvenile. Besides, the life cycle with planktonic
juvenile is the most evolutionary advanced type
of ontogeny that could not be formed at the
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dawn of the brachiopod evolution. Zhang et al.
(2018) assumed that the metamorphosis of the
Early Cambrian acrotretoids included axial
modifications, i.e. the folding but they supposed
that the larva metamorphozed already having a
shell. Therefore it cannot be regarded as a larva
but a juvenile with an adult body plan and could
not have undergone any metamorphosis.

It is worth noting that the terms “metamor-
phic shell” and “metamorphic protegulum” that
are used in the mentioned papers make no sense
as brachiopods lack shell during the metamor-
phosis.

Conclusion

Large first-formed shell with the impres-
sions of larval setal sacks in the Early Paleozoic
subphyla Linguliformea and Rhynchonelli-
formea probably indicates the planktotrophic
larva. The life cycle with the planktotrophic
larva (not a juvenile!) was probably plesiomor-
phic for all brachiopods. Thus the paleontolog-
ical data confirm, based on the biological data
assumption, that the initial stage of the evolu-
tion of brachiopod life cycles included the plank-
totrophic larva without a shell (Nielsen, 1991;
Kuzmina et al., 2019).
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