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Paired fins are amajor innovation? that evolved in the jawed vertebrate lineage after
divergence fromliving jawless vertebrates®. Extinct jawless armoured stem
gnathostomes show a diversity of paired body-wall extensions, ranging from skeletal
processes to simple flaps*. By contrast, osteostracans (a sister group to jawed
vertebrates) are interpreted to have the first true paired appendages in a pectoral
position, with pelvic appendages evolving later in association with jaws’. Here we
show, on the basis of articulated remains of Tujiaaspis vividus from the Silurian period
of China, that galeaspids (a sister group to both osteostracans and jawed vertebrates)
possessed three unpaired dorsal fins, an approximately symmetrical hypochordal tail
and a pair of continuous, branchial-to-caudal ventrolateral fins. The ventrolateral fins

are similar to paired fin flaps in other stem gnathostomes, and specifically to the
ventrolateral ridges of cephalaspid osteostracans that also possess differentiated
pectoral fins. The ventrolateral fins are compatible with aspects of the fin-fold
hypothesis for the origin of vertebrate paired appendages®'°. Galeaspids have
aprecursor condition to osteostracans and jawed vertebrates in which paired

fins arose initially as continuous pectoral-pelvic lateral fins that our computed
fluid-dynamics experiments show passively generated lift. Only later in the stem
lineage to osteostracans and jawed vertebrates did pectoral fins differentiate
anteriorly. This later differentiation was followed by restriction of the remaining

field of fin competence to a pelvic position, facilitating active propulsion and steering.

Galeaspids are an extinct group of jawless vertebrates—members of a
paraphyleticarray of extinct stem gnathostomes that are more closely
related to living jawed vertebrates than to lampreys and hagfishes®. As
such, they provide key insights into the evolutionary assembly of the
gnathostome body plan, including the profound reorganization of
the vertebrate skull that occurred before the origin of jaws". Unfortu-
nately, knowledge of the anatomy of galeaspids has been limited almost
exclusively to their headshields; the few incomplete fragments of trunk
skeletons that have been discovered” ™ provide little insight into the
nature of their appendicular skeleton. Therefore, scenarios for the origin
and evolution of paired and unpaired fins remain contingent on discov-
ery of the condition in galeaspids. Here we describe an exceptionally
preserved and articulated galeaspid from the Silurian period of south
China that sheds light on the origin of vertebrate paired appendages.

Systematic palaeontology
Class Galeaspida Tarlo, 1967
Order Eugaleaspidiformes Liu, 1980
Tujiaaspis vividus gen. et sp. nov.
Etymology. The genus name tujia, Pinyin for the Tujia people, a
minority ethnic group in China, in reference to the two fossil sites

located in Xiangxi Tujia, Miao Autonomous Prefecture, Hunan Prov-
ince, and Xiushan Tujia, Miao Autonomous County, Chongqing
Municipality; aspis (Gr.), shield; and species name vividus(L.), spirited,
full of life.

Holotype. A nearly complete fishaccessioned as Institute of Vertebrate
Paleontology and Paleoanthropology (IVPP) V26668 (Fig.1).
Paratype. Two nearly complete and articulated fishes and their coun-
terparts, IVPP V27410 and IVPP V27411 (Fig. 2a).

Locality and horizon. Lianghe village, Yongdong town, Xiushan
County, Chongging Municipality; Kapeng Reservoir, Baojing County,
Xiangxi, Hunan Province (Extended Data Fig. 1a); Huixingshao Forma-
tion, middle-late Telychian age, Llandovery epoch, Silurian period
(about 436 million years old) (Extended Data Fig. 1b).

Differential diagnosis. Small-sized jawless fish up to 70 mminlength
withasuite of diagnostic characters of Eugaleaspidiformes, including
longitudinal oval median dorsal opening, developed medial dor-
sal canal and subtriangular headshield with cornual and inner cor-
nual processes. It differs from all known galeaspids in its festooned
reticulate sensory canal system with 2-3 subordinate subbranches
(autapomorphy); it differs from Shuyuidae, Sinogaleaspidae and
Eugaleaspidaeinitsleaf-shaped inner cornual process; it differs from
Tridensaspidaeinlackingthe rostral process and laterally projecting
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Fig.1|Holotypeof T. vividus.a,b,Photograph (a) and interpretative drawing
(b) ofacompletefish, the holotype, IVPPV26668. The outlinedregioninais
magnified in Fig. 2e. Scale bars, 4 mm. al, axial lobe; an, anal opening; ¢, cornual
process; df, dorsal fin; el, epichordal lobe; ic, inner cornual process; ifc,
infraorbital canal;Idc, lateral dorsal canal; Itc, lateral transverse canal; md.o,
median dorsal opening; orb, orbital opening; obr.f, oralobranchial fenestra;
s0c,, posterior supraorbital canal; st, strip; vIf, ventrolateral fins; vr, ventral rim.

cornual process. Three unpaired dorsal fins, but the anterior two
having joined bases; an approximately symmetrical hypochordal
caudalfin, the chordal lobe of which is gently inclined downwards; a
pair of pronounced ventrolateral fins that extend continuously from
abranchial to a caudal position.

Description

Theholotype of T. vividusis about 70 mminlength, with adorsoventrally
flattened headshield that comprised about half of its total length and
aslightly depressed trunk with a laterally compressed tail (Figs. 1and
2a,g). The postcranial skeletal anatomy of T. vividus is well-preserved
in the holotype and paratype (Figs. 1a and 2a). The trunk is elongate
and approximately semi-circularin cross-section with slightly convex
lateral flanks and an approximately flat ventral surface; itisincreasingly
laterally compressed in proximity to the tail (Figs.1and 2a,g). The trunk
insertsinto the headshield between the paired inner cornual processes,
just posterior to the branchial region, tapering to a fine point caudally
(Figs.1and 2a,g). The maximum length, width and height of the trunk
in the holotype is about 30.5 mm, 13.0 mm and 4.0 mm, respectively
(Fig.1). The trunk is mostly covered in relatively large scales arranged
inoblique rows and there are about 16 diamond-shaped scales per mm?
(Figs.1and 2a,g). Three well-developed erect dorsal fins are observed
along the dorsal midline of the body of specimens V27410 and V27411
(df,_;in Fig.2a). The anteriormost two dorsal fins are triangular in lat-
eral aspect, with a convex leading edge and a concave rear margin;
in specimen V27411 their maximum width is 5.8 mm and 7.6 mm, and
their maximum height is 7.5 mm and 3.8 mm (Fig. 2a). They are posi-
tioned closer to the headshield than to the tail, just posterior to the
inner cornual processes and interconnected such that they may be
interpreted as acomposite dorsal fin. The third dorsal finis located at
ashort distance rostral to the caudal fin and could be the homologue
ofthe anterior part of the epichordal lobe of anaspids, thelodonts and
lampreys. Itis slightly smaller and more curved, or sickle-shaped, than
its two more rostral counterparts, with a maximum width of 5.5 mm
and height of 3.6 mmin specimen V27410 (Fig. 2a). The dorsal fins are

Fig.2| The postcranial anatomy of galeaspids. a, Photograph of two nearly
complete fish preserved together, the paratype of T. vividus, IVPP V27410
(right) and IVPP V27411 (left), external mould, in ventral view. b, Magnification
ofthe posterior dorsalfin, as outlined in a, inlateral view. c-f, Magnification
ofapairof pronounced ventrolateral fins. ¢, Magnification of specimen

IVPP V26669, as outlined in Extended Data Fig. 3b, in ventral view.
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d, Magnification of specimen VPP V27412, in dorsal view. e, Scanning electron
microscopy image of the holotype IVPP V26668, as outlined in Fig. 1a.
f,Magnification of theregion outlined in g, in ventral view. g, Virtual
three-dimensional reconstruction, inlateral view. br.o, branchial opening;

le, lepidotrich-like scale; vp, ventral plate; other abbreviations asin Fig.1.Scale
bars,4 mm (a),2mm (candd)and1mm (bande).
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Fig.3|Results of CFD simulations. a,b, Surface-pressure distribution (a) and
pathlines patterns of flow along the ventral surface of the body (coloured
accordingto velocity) (b) inthe models of Tujiaaspis withand without
ventrolateral ridges (leftand right, respectively). ¢, Cross-sectional planes
(P1-P4) show the variationin velocity magnitude and Z-vorticity patterns along
the models of Tujiaaspis with and without ventrolateral ridges (leftand right,

covered in scales organized in a lepidotrich-like linear arrangement
(Fig. 2a,b). Enlongate dermal tubercles are observed in the posterior
part of the third dorsal fin (Fig. 2b). The three dorsal fins do not vary
greatly in size, and probably were not very flexible in life.

The caudalfin of T vividusis approximately symmetrical and distinctly
hypocercal withaslightly posteroventrally directed axial lobe and alarge
dorsal epichordal lobe. The axial lobe is very long and tapers to a fine
pointatits posterior end (Figs.1and 2g). Faint traces of the emarginate
posterior margin of the epichordal lobe in paratype IVPP V27411 indi-
catesthat T. vividus probably possessed a slightly forked tail with more
than six intermediate, narrower strips composed of radiating ray-like
rows of very small scales as in thelodonts and heterostracans (Extended
Data Fig. 2b-e). Their precise anatomy remains to be resolved; gaps
betweenthe strips of scales could well have been bridged by an unscaled
finweb. The ventral surface of the trunk s flat and covered in numerous
minute scales (around 49 per mm?) (Figs. 1and 2d) that are much smaller
thanthose covering the body dorsally and laterally (Fig. 2d). Asmall oval
orifice preserved in the midline of the abdominal area at about half of
the body length is probably the anal opening (cloaca), but no anal fin
is observed posterior to the anus (Figs. 1and 2f).

Perhaps the most unexpected feature of the postcranial anatomy
of galeaspids is a pair of pronounced ventrolateral fins that extend
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respectively). Arrows indicate the position of the ventrolateral fins and the flow
disturbances caused by them. Theseresults correspond to simulations atan angle
ofattack of 0°withaninletvelocity of 0.3 ms™. d, Values of drag and lift forces and
thelift-to-dragratio of CFD simulations at different angles of attack (AOA) and
inlet velocities. Data of the models of Tujiaaspis with and without ventrolateral
ridgesarerepresented as continuous and dashed lines, respectively.

continuously from a branchial to a caudal position, effectively bifur-
cating fromthe ventral lobe of the caudal fin. The paired ventrolateral
fins are composed of numerous V-shaped skeletal units and covered
inelongate, parallel scales (Figs.1and 2c-gand Extended Data Fig. 3).
These paired fins are similar to the discontinuous pectoral and pelvic
fin flaps of thelodonts* and the continuous paired ventrolateral fins
of anaspids”®. They are also morphologically and topologically com-
parable to the ventrolateral ridges of cephalaspid osteostracans®® 2,
which, in addition, have differentiated pectoral fins.

To constrain the functional interpretation of the paired ventrolateral
fins in T. vividus, we subjected virtual models of T. vividus with and
without these anatomical units (Fig. 3) to experimental analysis using
computed fluid dynamics (CFD). Our experiments estimate drag and
lift forces as the flow of water over the body is simulated under vary-
ing attitudes to the current (angles of attack). The highest pressures
exerted on the body occur on the dorsal surface of the snout and the
leading edges of the dorsal fins; the lowest pressures occurred on the
ventral part of the snout and the most posterior area of the median
dorsal opening (Fig. 3a). The presence of the ventrolateral fins in the
model hasanotableimpact, the fins experienced high pressures at the
rostral extremity, which directly faced the flow of water. These anatomi-
calstructures disrupt the trajectory and velocity of flow, directing the

Nature | Vol 609 | 29 September 2022 | 961



Article

a b
(] Apsent <> Gnathostomata Od ébsent <¢°=° Gnathostomata
sen . ontinuous .
g Arthrodira O ventrolateral fins €L Arthrodira

[ Present
=~ Antiarchi

<«<=%> Osteostraci
Q=== Tuji
<= 2¢ Thelodonti

[ =<( Pteraspidomorphi
~——=_ Cyclostomata

== Tunicata
O«——= Cephalochordata

[l Anterior fins only

D Seperate anterior
and posterior fins

<%= Antiarchi
<<=*= Osteostraci
i Tujiaaspis
< Thelodonti

[ < Pteraspidomorphi
== Cyclostomata
(= Tunicata

(O «——= Cephalochordata

r:‘ Absent =" Gnathostomata ;Absent <="9 Gnathostomata
[ Present <> Arthrodira [ Present € > Arthrodira
« == Antiarchi « =~ Antiarchi
<<% Osteostraci <<= Osteostraci
===« Tujiaaspis «=Z—=x Tujiaaspis
<=7 Thelodonti <= Thelodonti
[ =< Pteraspidomorphi S =< Pteraspidomorphi
==== Cyclostomata «—==- Cyclostomata
&~ Tunicata &= Tunicata
O «——= Cephalochordata O «—= Cephalochordata

Fig.4|Ancestral-state estimation analysis for the evolution of paired
appendagesin vertebrates. Summary of the results of analyses based on 55
livingand extinct chordate taxa, conducted under likelihood and parsimony
optimization; the full results are shownin Supplementary Data4.The
phylogenetic framework is based onrefs. 2%, The pie charts on the internal

current over the ventral surface of the body (Fig. 3b), slowing down the
flow around them and generating stronger vortical structures on their
external face (Fig. 3c). In both models, drag and lift forces increase
with the angle of attack, but the latter decreases abruptlyin all simula-
tions above 40° (that is, stall) (Fig. 3d). Until this point, lift increases
with a higher rate and reaches a higher maximum in the model with
the ventrolateral fins (Fig. 3d and Extended Data Fig. 4). The model
with ventrolateral fins always shows higher lift for equivalent angles
of attack and is sufficient to counteract body weight in all scenarios
except when positioned at 0°, considering aninlet velocity of 0.3 ms™
(Supplementary Datal). This translates to a higher swimming efficiency
(lift-to-dragratio) for the model with the ventrolateral fins at low angles
ofattack (Fig.3d), compatible with theirinterpretationas adaptations
for passively generating lift.

Theresults of our CFD experiments also suggest that, irrespective
of adebateregarding their homology*>?*>%, the prevalence of diverse
paired body-wall extensions in jawless stem gnathostomes reflects
widespread adaptation to passively generating lift before the ori-
gin of muscularized paired fins. In particular, we draw comparison
to the morphologically and topologically comparable ventrolateral
body-wall extensions in the trunk of cephalaspid osteostracans that
arealso continuous with the ventral lobe of the caudal fin from which
they effectively bifurcate' . This structural and topological similarity,
combined with the sister relationship between galeaspids and oste-
ostracans plus jawed vertebrates®*? suggests that these structures
are ashared characteristic retained in galeaspids and osteostracans,
butlostinjawed vertebrates. The ventrolateral body-wall extensions
do not extend to the branchial region in cephalaspids, nor do they
overlap topologically with the paired pectoral fins. Thus, the acqui-
sition of pectoral fins in osteostracans and jawed vertebrates may
reflect division of abroader zone of fin competence into pectoral and
post-pectoral domains, retaining the benefits of passive lift facilitated
by the ventrolateral fins while also actively generating propulsion
and steering through muscularized pectoral fins. The origin of paired
pelvicfinsinjawed vertebrates may be interpreted asafurther caudad
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nodesofthetreereflect theinferred probability of anancestral character
state. a, Paired ventrolateral body-wall extensions. b, Topological extent of
paired flexible ventrolateralfins. ¢, Pectoral appendicular endoskeleton and
girdle.d, Pelvicappendicular endoskeleton and girdle.

restriction of fin development in this zone of fin competence, repre-
senting a permanent shift towards active propulsion associated with
the feeding ecology of jawed vertebrates, as long hypothesized by the
‘new head’ hypothesis®?,

The phylogenetic interpretation of pectoral paired appendages
evolving before their pelvic counterparts hasimposed considerable
constraints on models of their developmental evolution'*?228731,
This constraint may now be relaxed if distinct paired fins are instead
interpreted to have emerged phylogenetically from a broader rostro-
caudal zone of fin competence that we can now extend from a shared
feature of crown gnathostomes®to a shared primitive character that
extends deep into the gnathostome stem lineage. Nevertheless, the
emergence of regionalized monobasal fins from ancestors with con-
tinuous ventrolateral fins occurred, as found in osteostracans, in the
same order of pectoral before pelvic fins. This is similar to, but dis-
tinct from the lateral fin-fold hypothesis®°, which is problematic for
anumber of reasons®'%, albeit especially in regard to its prediction
that the pectoral and pelvic fins arose, complete with radials, simul-
taneously from an ancestrally continuous fin fold. Indeed, the lack
of endoskeletal fin elements in fossils of early vertebrates has made
the identification of fin homologues and testing of this hypothesis
challenging*. However, the absence of endoskeletal elements may
not be an artefact of preservation as the results of our CFD experi-
ments are compatible with the view that these structures evolved,
initially, to passively generate lift and required no articulation. Only
after fin regionalization in co-option for propulsion (such as the
monobasal fins of osteostracans and placoderms) did a supporting
endoskeleton evolve.

Nevertheless, the available evidence is compatible with the hypoth-
esis that paired fins derived ultimately from heterotopic expression
of fincompetence that must have originated in unpaired fins because
those evolved first. Both paired and unpaired fins have common fea-
turesintheir development, including expression domains of transcrip-
tion factors (Hox and Thx), cell-signalling molecules (Shhand Fgf) and
enhancers (ZRS and sZRS)***5*°, Caudal extension of the ventrolateral



finsingaleaspids and osteostracans, such that they are continuous with
the caudal fin, may be important in supporting the view that this was
achieved through bifurcation of an ancestrally ventral midline zone of
fin competence*. Inany case, our insights into the postcranial anatomy
of galeaspids allow us to constrain uncertainty over the intermediate
sequence of evolutionary steps through which the monobasal paired
fins of living jawed vertebrates evolved from the unpaired fins of the
ancestral vertebrate®2,

Ancestral-state estimation using parsimony and likelihood optimi-
zation under alternative topologies of stem-gnathostome interrela-
tions?** suggests that paired ventrolateral body-wall extensions, as
well as flexible paired fins, evolved early in the gnathostome stem
lineage, before the divergence of osteostracans and jawed vertebrates
(Fig.4a).In contrast to the lateral fin-fold hypothesis, our results sug-
gest that paired body-wall extensions were separated into pectoral
and pelvic regions from the beginning, although this body plan was
modified independently in numerous stem-gnathostome lineages,
including galeaspids (Fig. 4b). This finding suggests that pectoral and
pelvic regionalization through the co-option of existing regulatory
domains®*? may have started early in gnathostome evolution. By
contrast, appendicular girdles and their associated endoskeletons
evolved lateinthe gnathostome stem lineage. Of these, the pectoral
region appeared first, before the divergence of jawed vertebrates
(Fig. 4c,d). The pelvic fin evolved subsequently through caudal
diminution of the ventrolateral fin, laying the foundation for the
disparity of fins and their derivatives that characterize gnathostome
biodiversity.
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Methods

Specimens and provenance

The specimens of T. vividus described in this study were collected from
the upper part of the Huixingshao Formation (middle-late Telychian
age of the Llandovery epoch, Silurian period) at two fossil sites: the
Kapeng Reservoir of Baojing county (Xiangxi Tujia and Miao Autono-
mous Prefecture) and the Xiushan area of Chongqing municipality
(Xiushan Tujiaand Miao Autonomous County) (Extended DataFig. 1a).
The Silurian marine strata in western Hunan and eastern Chongqing
include the Lungmachi, Hsiaohopa, Rongxi, Xiushan, Huixingshao and
Xiaoxiformationsinascending chronological order***¢ (Extended Data
Fig.1b). Three fish-bearing strata, including the Rongxi, Huixingshao
and Xiaoxi formations, are recognized in this region and correlate
well with the Lower Red Beds, Upper Red Beds and Ludlow Red Beds
insouth China, respectively***. The middle fish-bearing Huixingshao
Formation is about 85-350 m thick, and is commonly dominated by
greyish greenand purplishred (less) argillaceous siltstones, silty mud-
stones intercalated with fine sandstones. It is conformably overlying
the Xiushan Formation and disconformably underlying the Xiaoxi
Formation®**. T, vividus was collected from the grey-green argillaceous
siltstones of the Huixingshao Formation. The geological age of the
Huixingshao Formation can be assigned to the middle-late Telychian
of the Llandovery based on gradation of the rocks from the underly-
ing Xiushan Formation, in which the Xiushan faunais recognized and
was assigned to the Pterospathodus celloni biozone or Monoclimacis
griestoniensis biozone of the middle Telychian***. All specimens are
permanently housed and accessible for examination in the collections
of the Institute of Vertebrate Palaeontology and Palaeoanthropology
(IVPP), Chinese Academy of Sciences, Beijing.

Specimen preparation

Thefossils were prepared mechanically using a vibro tool with atung-
sten carbide bit or a needle to remove the surrounding matrix, meas-
ured with digital vernier callipers and studied under an Olympus SZ61
Z0Oom stereo microscope.

Imaging and figures

Specimens were optically imaged, using a Nikon D810 camera cou-
pled with a Nikon AF-S Micro Nikkor 60 mm 1:2.8G photo lens and an
Olympus SZ61zoom stereo. The specimens were whitened by coatinga
non-destructive layer of ammonium chloride sublimate to enhance the
details. The details of the pronounced ventrolateral fins in the holotype
were examined using Zeiss EVO MA 25 scanning electron microscopy
with an energy-dispersive X-ray spectroscopy system at the IVPP. Speci-
mens were uncoated, but surrounded by a circle of electroconduc-
tive rubber, and were then mounted on pin stubs using double-sided
carbon tape. The vacuum is less than 1.29 x 10~* mbar, working dis-
tance, WD =17.0 mm, operating voltage, EHT =3.00 kV, current /
probe =5 pA, signal A = SE1. The image of the three-dimensional res-
toration was generated using the digital sculpting software Zbrush on
the basis of fossil specimens IVPP V26668, V27410 and V27411 (Fig. 2g
and Extended Data Fig. 5).

Three-dimensional virtual modelling

Two different digital reconstructions of Tujiaaspis, with and without
ventrolateral ridges, respectively, were obtained through three-
dimensional virtual modelling and using Zbrush. Digital models
obtained by this procedure constitute reliable approximations to evalu-
ate function through computational analysis and represent asuitable
alternative to those derived from tomographic or surface-based tech-
niques*®. Digital models were smoothed, repaired and converted into
NURBS surface using Geomagic Studio 2012 (www.3dsystems.com)
and subsequently converted into STEP format and scaled to life size
using Rhinoceros 3D 6.34 (www.rhino3d.com) (Extended DataFig. 6a).

CFD analyses

Simulations of water flow around the three-dimensional models of
Tujiaaspiswere performed using ANSYS-Fluent 2020 R1 Academic (www.
ansys.com). The computational domain consisted of arectangular prism
(1,820 mm in length and 610 mm in both width and height) in which
the model was centrally fixed and positioned at 13 different angles of
attack (0°to 60°, every 5°) (Extended DataFig. 6b). The angle of attack
is defined here as the angle between the incoming flow and the longitu-
dinal body axis of the fish, thus allowing comparison of biologically ana-
logue positions between the models with and without ventrolateral fins.

Aninletboundary condition with anormalinflow velocity and with
aturbulence intensity of 0.05 was defined at the upstream end of the
domain and a zero-pressure outlet boundary condition at the down-
stream end. Slip symmetry boundary conditions were assigned to the
sides of the rectangular prism modelling a zero-shear wall, whereas the
walls of the model were assigned a no-slip boundary condition, fixing
the fluid velocity at zero (Extended Data Fig. 6b).

The domain was meshed with ANSYS-Meshing. Tetrahedral elements
were used in the interior and the walls of the rectangular prism. An
inflation layer with amaximum of 23 layers of prismatic elements and
agrowth rate of 1.1 was created at the no-slip boundaries (that is, the
walls of the Tujiaaspis model) to model the boundary layer region. We
added a volume of extra refinement around the wake, consisting of a
rectangular prism with alength of 700 mm, height of 200 mm and
width of 120 mm. Finally, the domain was converted to a polyhedral
mesh (Extended DataFig. 6¢,d). The number and minimum-maximum
size of the mesh elements used in the CFD simulations are shown in
Supplementary Datal.

We performed independence tests for mesh size, domain size and
refinement volumeto ensure that our results were independent of these
elements. A solution was considered independent if the converged
value for drag and lift forces did not change by more than1% between a
simulation and the next one considering a coarser mesh, bigger domain
or refinement volume. The number of inflation layers was also deter-
mined by performing mesh sensitivity tests (Supplementary Data 2).
We validated the CFD parameters by replicating data in the literature
from real water-tank experiments on an ellipsoidal body with similar
proportions to Tujiaaspis in which turbulence was forced by placing
trip strips (Supplementary Data 2).

We simulated three-dimensional, incompressible flow through the
domain, withadouble precision stationary solver and a second-order
discretization method used to compute the steady-state flow. The
Reynolds-averaged Navier-Stokes equations were solved using
the Spalart-Allmaras model and a pressure-based segregated algo-
rithm. Convergence of the simulations was evaluated on the basis of
astable numerical solution for the integrated values of drag and lift,
root-mean-square residual levels of 10 and a mass flow rate imbal-
ance smaller than 1%. We considered a range of realistic ambient flow
velocities (0.3 ms™, 0.5ms™and 1.0 ms™, with Reynolds numbers of
25,378,42,296 and 84,593, respectively), in agreement with swimming
speed records of similarly sized living fishes*.

Plots of pressure (Pa) over the surface of the models and pathlines
were used to visualize the results. Drag and lift forces and their coeffi-
cients were determined by considering the whole surface of the models
asthereference area. The apparent weight of each model was calculated
assuming abody density 0f 1,100 kg m~, whichis based on the highest
density records of living taxa® and is a coherent value for galeaspids,
according to previous estimations for other stem gnathostmes that
considered the distribution and density of the different tissues and
internal cavities®.

To assess the hydrodynamic benefit in lift generation associated
with the presence of ventrolateral fins (Extended Data Fig. 7), we tested
whether the rate of change of lift force with angle of attack is higher
in the model with these structures (before the stall is reached). To do
so, we compared the difference in lift force between the models with
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and without ventrolateral fins against the angle of attack and assessed
the significance of the slope by applying a linear regression analysis.
Asslope equal to O is expected if the rate of change of lift force with
angle of attack is equal in both models.

Ancestral-state estimation

We coded 55 taxa (18 extant and 37 extinct) for five discrete char-
acters: (i) paired ventrolateral cephalothoracic dermal skeletal
body-wall extensions, absent =1, present = 2; (ii) paired ventrolateral
fins, absent =1, present = 2; (iii) extent of paired ventrolateral fins,
absent =1, continuous anteroposterior fins = 2, anterior finsonly = 3,
separate anterior and posterior fins = 4; (iv) pectoral appendicular
endoskeleton and girdle, absent =1, present = 2; (v) pelvic appen-
dicular endoskeleton and girdle, absent =1, present = 2. Character
states were obtained from the literature (table 1 of Supplementary
Data 3). Ancestral states were estimated using two phylogenetic
hypotheses, either with anaspids as sister to all other ostracoderms +
jawed vertebrates (asinref. 2*) or assister to cyclostomes + conodonts
(asinref. %). Interrelationships of heterostracans, thelodonts, oste-
ostracans, placoderms and actinopterygians were based on refs. 3¢,
Firstand last occurrence dates for fossil taxa were obtained from the
literature (table 2 of Supplementary Data 3). Mean molecular node
ages for major chordate clades were obtained from refs. **%, Trees
were time-scaled using the ‘equal’ method of the function timePaleo-
Phy() from the R package ‘paleotree™®. Mean molecular node ages for
extant clades were used as minimum ages for internal nodes using the
node.mins argument. In practice, this forces the ages of the internal
nodestobe equal to the mean molecular node age. All ancestral states
were estimated using the ‘castor’ R package®. Parsimony ancestral
states were estimated using the hsp_max_parsimony() function,
which permits uncertain tip states. Likelihood ancestral states were
estimated using the asr_mk_model() function, using the equal rates
model. Ancestral states were plotted using the R packages ‘strap™°
and phytools®. The full results of these analyses are shown in Sup-
plementary Data4. The Rscript used to for these analyses is available
as Supplementary Data 5.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data analysed in this paper are availablein the Article, Extended Data
Figs.1-7 and Supplementary Data 1-5. The nomenclatural acts in this
publication have beenregistered at ZooBank (LSID: urn:lsid:zoobank.
org:pub: BD7A6929-33DE-4DDD-ADE2-51A67A489E1B).

Code availability
TheRscript used for the analyses is available as Supplementary Data 5.
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Extended DataFig.1|Geological setting of Tujiaaspisvividus. a, Maps of the two fossil localities in Xiangxi and Xiushan Tujia and Miao Autonomous Prefecture
(County). b, Horizon of the fish-bearing Huixingshao Formation.



Extended DataFig.2|The postcranial anatomy of Tujiaaspisvividus. ofthe tail magnified from the box region of (b), in lateral view. e, Close-up of the
uncoated counterpart (b) with aninterpretative drawing (c), the paratype, tailof the holotype, IVPP V26668, in lateral view. Abbreviations asin Figs.1, 2.
IVPP V27410 (right, in dorsal view) and V27411 (left, in ventral view).d, Close-up
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Extended DataFig. 3| The postcranial anatomy of another new form of and coated (b) by alayer of ammonium chloride sublimate, respectively, in
Eugaleaspidiformes from the same locality and horizon with the holotype ventral view, Abbreviations asinFigs.1,2.
of Tujiaaspisvividus. a,b. Photographs of specimen IVPP V26669 uncoated (a)
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Extended DataFig. 4 | Differenceinlift force (N) between the models with and without ventrolateral fins (ALift) against the angle of attack (AoA). Linear
regression coefficient and significance of the slopeis showed.
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Extended DataFig. 5|3D virtual restoration of Tujiaaspisvividus. a,In dorsal view. b,

thetail, (c,d), inlateral view.




Extended DataFig. 6 | Computed Fluid Dynamics analysis of Tujiaaspis dorsal (dr) and ventral (vn) views, and general mesh (c) employed in the CFD
vividus.a,3D modelincluding ventrolateral ridges in dorsal (dr), ventral (vn), analysis noting the different boundary conditions (in, inlet; ou, outlet;

lateral (It) and frontal (fr) views. b, ¢, d, Computational domain (b), mesh ns, non-slip; ss, slip symmetry), refinement volume (rf) and inflation layers (if).
overlying the models without (upper) and with (lower) ventrolateral fins in
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7
Extended DataFig.7|Theartistic life restoration of Tujiaaspisvividus Computed Fluid Dynamic experiments demonstrate passively generate lift to

(Picture credit Qiuyang Zheng). The ventral side of the body in Tujiaaspis escape from predatorssuch as seascorpions to escape from predators such as
vividus manifests a pair of continuous pectoral-pelviclateral fins which our seascorpions.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Photographs of the fossils were taken using Nikon D850 Full Frame Digital SLR Camera, the Broncolor Scope D50 light dome containing
48 LEDs, and the Zeiss EVO MA 25 scaning electron microscopy(SEM) in IVPP with an energy-dispersive X-ray spectroscopy.

Data analysis The picture of 3D restoration is generated by the digital sculpting software Zbrush. Digital models were repaired and converted into
NURBS surface using Geomagic Studio 2012 (www.3dsystems.com) and subsequently converted into STEP format and scaled to life size
using Rhinoceros 3D 6.34 (www.rhino3d.com). Computational fluid dynamics analyses were performed using ANSYS-Fluent 2020 R1
Academic. Ancestral state reconstructions were conducted in R programming language (www.r-project.org) using the packages
'paleotree’ (Bapst 2012), 'castor' (Louca & Doebeli 2018), 'strap' (Bell & Lloyd 2015) and 'phytools' (Revell 2012). The custom script for
our ancestral state reconstructions is included in our supplementary material.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The authors declare that all data, including the photographs (Figures 1, 2, and Extended Data Figures 2—4), computational fluid dynamics analysis files (see
Supplementary data) that support the findings of this research are included. All the specimens (IVPP V26668, V26669, V27410, V27411) described in this study are
archived and available on request from the Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing, China.
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Ecological, evolutionary & environmental sciences study design
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Study description In this study, which stands as one of a batch of the papers on the early Silurian Chongging Lagerstatte, we report several superbly
preserved jawless galeaspid specimens, which, for the first time, reveal the details of the postcranial anatomy in Galeaspida that is
sister to osteostracans and jawed vertebrates.
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Research sample Investigated materials were collected from a horizon of the Huixingshao Formation. Sample size comprises all available material
attributed to the new taxon.

Sampling strategy Standard bulk sampling protocols for vertebrate fossils were followed in the collection and extraction of studied specimens. Selection
of a holotype and referred specimens was dictated by specimen completeness and whether the specimen yields further
morphological information than other specimens.

Data collection Sediment samples from a horizon of the Huixingshao Formation were collected by the authors during field trips to the site from
2020-2021. Data collection involving observation and recording of specimen features employing light microscopy, and scanning

electron microscopy was performed from November 2020 to August 2021.

Timing and spatial scale  N/A

Data exclusions No data is excluded. We exammed all the availble specimens attributed to the Tujiaaspis described.

Reproducibility The results of the analyses in this study can be reproduced and verified by re-analyzing the given data set.

Randomization N/A. Not applicable to the study as it does not have an experimental component.

Blinding N/A. The study is not subject to selection bias and thus blinding is not applicable to the investigation of this previously undescribed

fossil material.

Did the study involve field work? Yes [ Ino

Field work, collection and transport

Field conditions The weather of the field site varied during the field season. The fossils were collected from outcrops naturally exposed, mostly
on the roadside. The excavation was conducted manually.

Location The section through the Huixingshao Formation at Yongdong, Xiushan County, Chongging, and Kapeng, Hunan.

Access and import/export This is part of a project supported by the Chinese Academy of Sciences and the National Natural Science Foundation of China.
The access to the field region follows the national laws.

Disturbance There is no disturbance in the field region. After collection, the outcrops were restored to the original status by the field team.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

|:| Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology |Z |:| MRI-based neuroimaging

]
X
|:| Animals and other organisms
]

Human research participants

XXXOXX &

|:| Clinical data

Palaeontology

Specimen provenance The specimens, which were collected and processed by the authors, belong to Institute of Vertebrate Paleontology and
Paleoanthropology, Chinese Academy of Sciences.

Specimen deposition The specimens are housed in Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences. They
are available on request.

Dating methods The Silurian strata in the Xiushan County of Chongging and the neighboring Guizhou and Hunan provinces have been extensively
studied. The dating of the fossil is based on the well-established stratigraphic sequence.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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