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Three-dimensional models reveal how the mechanics of exoskeletal enrolment
changed during the development of a model organism for insights into
ancient arthropod development, the 429-million-year-old trilobite Aulacopleura
koninckii. Changes in the number, size and allocation of segments within the
trunk, coupled with the need to maintain effective exoskeletal shielding of
soft tissue during enrolment, necessitated a transition in enrolment style
about the onset of mature growth. During an earlier growth phase, enrolment
was sphaeroidal, with the venter of the trunk fitting exactly against that of the
head. In later growth, if lateral exoskeletal encapsulation was to be maintained
trunk length proportions did not permit such exact fitting, requiring an
alternative, non-sphaeoridal enrolment style. Our study favours the adoption
of a posture in later growth in which the posterior trunk extended beyond the
front of the head. This change in enrolment accommodated a pattern of notable
variation in the number of mature trunk segments, well known to characterize
the development of this species. It suggests how an animal whose early seg-
mental development was remarkably precisely controlled was able to realize
the marked variation in mature segment number that was related, apparently,
to life in a physically challenging, reduced oxygen setting.

1. Introduction

As a tool for glimpses into the behaviour of extinct organisms, virtual biomecha-
nical modelling [1-6] is most effective when the parameters of the model are well
constrained by biological data [6,7]. In this paper, we apply the exceptionally well-
known growth morphometry of the ancient arthropod Aulacopleura koninckii
[8-13], along with data from rare specimens preserved uncompressed in enrolled
posture (figure 1a—), to reveal how the changing shape and construction of the
organism during ontogeny apparently resulted in a change in the style in
which the animal enrolled when assuming defensive posture.

Thousands of complete exoskeletons of Aulacopleura koninckii are preserved
within a 1.4 m thick interval of siltstone near Lodénice in the Czech Republic
[14]. As these are both well preserved and span much of post-embryonic devel-
opment, the species serves as an informal but informative ‘model animal’ for
aspects of development in early arthropods, particularly those related to the
development of the number, form and sizes of trunk segments (see below)
[8-12]. Like most other trilobites, A. koninckii is known to have enrolled on
occasions [8] (figure 1d—e), most probably as a defensive posture. At Lodénice,
all enrolled specimens have been flattened during sediment compaction
(figure 1e-I), but several specimens are known from nearby localities that are
preserved uncompacted in limestone. Of these NMP-L12807 presents an excep-
tionally well-preserved case as the nearly entire dorsal exoskeleton, barring the
posteriormost trunk, is preserved enrolled in original relief. This specimen
reveals not only sclerite proportions, but also articulation angles between adja-
cent segments during enrolment. Based on the assumption that this specimen
preserves a posture typical of enrolled forms at its developmental stage and
that enrolment was laterally encapsulated throughout growth, we apply the
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Figure 1. (a—j) Enrolled specimens of Aulacopleura koninckii from the Silurian of the Czech Republic. (a—c) NMP-L12807, lateral (a), dorsal (b) and frontal views (c)
of the three-dimensionally preserved holaspid enrolled specimen used to create the three-dimensional models (see text for explanations). (d—/) Flattened enrolled
specimens. (d) CGS-2130 showing the ventral side of the pygidium (py) resting below the cephalon in an external spiral enrolment configuration. (e) NMP-P4257389
with flexure of the two anteriormost thoracic segments visible. () NMP-P4257389 with pleural tips fitting into the ventral doublure furrow (arrow), and missing
pygidium (py?). (g) CGS-5790 with flexure of rear part of trunk, and thus posteriormost segments and the pygidium hidden beneath the cephalon in typical
spiral enrolment configuration, with pleural tips fitting into ventral doublure furrow (arrow). (h) CGS-5790 with dorsal side of pygidium (py) resting below cephalon
showing an external spiral enrolment configuration, with pleural tips fitting into ventral doublure furrow (arrow). (i) CGS-2130 broken glabella reveals ventral side of
thoracic segments and posteriormost trunk (arrow), and suggesting sphaeroidal enrolment. ( j) CGS-JV13401 broken fixigena reveals ventral side of thoracic segments and
the posteriormost trunk (arrow), and suggesting sphaeroidal enrolment. (k/) Posterior trunk segments incompletely released from pygidium in Aulacopleura koninckii
from the Silurian of Czech Republic. (k) CGS-P2096 segment apparently released on right side and axial ring (arrows) but remaining fused to the pygidium on left side
(arrow). (/) NMP-L39401 with segment apparently released on right side and axial ring (arrows) but remaining fused to the pygidium on left side (arrow).

methods of Esteve ef al. [15,16] to build three-dimensional
digital reconstructions of A. koninckii that can be digitally
manipulated to explore the range of biomechanically possible
stances across a wide range of ontogenetic stages. These
models shed new light on changes of functional morphology
during ontogeny, and into the kinematics required for
enrolment at each developmental stage.

A particular advantage of the Lodénice collection of
A. koninckii is that it spans an unusually wide range of devel-
opmental stages (Sn), including multiple successive instars
of the immature, meraspid period during which the thorax

sequentially acquired additional segments at a rate of one
per moult stage, and the following holaspid period during
which the number of segments in the thorax remained con-
stant between subsequent instars, or nearly so (see Fusco
[13] and Hughes et al. [10] for detailed examination of onto-
geny of this animal). An additional curiosity of A. koninckii
is that the species shows five varieties (morphotypes) of
holaspid form, which are distinguished by their number of
mature thoracic segments and that range from 18 (t18) to 22
(t22) thoracic segments. These attributes provide the unique
opportunity to explore whether enrolment style changed as
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the animal developed, and how the variation evident among
mature forms might relate to this.

Here we consider and evaluate three styles of enrolment that
may have applied in this animal: (i) sphaeroidal enrolment in
which the ventral rim of the posterior trunk fits exactly the ven-
tral rim of the cephalon [17,18], (ii) internal spiral enrolment in
which the posterior trunk is curled inside the cephalic venter
[17,18] and (iii) external spiral enrolment in which the distal mar-
gins of the posterior trunk and anterior pygidium are buttressed
against the ventral surface of the cephalon and the posterior of
the pygidium extends beyond the anterior of the cephalon [19].

An holaspid specimen (NMP-L12807) preserved enrolled with-
out compaction shows the position and arrangement of pleural
tips with respect to the cephalic venter in enrolled posture
(figure 1a—). This, coupled with measurement of the axial ring
lengths of individual segments and the degree of flexure between
adjacent segments in the same specimen, provided a guide for
modelling enrolment style both in animals at this particular
developmental stage, and across various ontogenetic stages.
Such modelling assumed that the pleural tips fitted against the
rim of the cephalic doublure during enrolment throughout onto-
geny, an assumption consistent with the condition in flattened
enrolled meraspid and holaspid specimens (figure le-1).

Given the assumption of a conserved profile for the great
majority of the trunk during enrolment at all stages of develop-
ment, the average degree of flexure between adjacent tergites
would necessarily have been greater in specimens with fewer
trunk segments (electronic supplementary material, figures
S1 and S2, and movies SM1-SM11). Although the model for
enrolment used here depends on the pattern in NMP-L12807
being general, this can be verified, within limits, by examining
whether the model would yield any exposed gaps between the
rear of a tergite and the anterior of the articulating half-ring of
the subsequent tergite at any developmental stage or, alterna-
tively, whether solid sclerite surfaces would interpenetrate
one another during enrolment. Given the protective function
of the exoskeleton, soft tissue exposure upon enrolment is
unlikely to have occurred, and interpenetration would clearly
be impossible. The model for enrolment derived from NMP-
L12807 did not result in either exposure or interpenetration at
any stage and is thus consistent with our assumption.

The trunk of this animal maintained a constant rearward-
increasing growth gradient throughout the interval of growth
considered in this study, with individual segment size deter-
mined by its position with respect to this gradient [11]. This
gradient formed the basis of a modelled ontogenetic pro-
gression for the growth of the tergites of this animal which
informed our geometric model building [10]. An estimate of
individual tergite length per stage was derived from detailed
morphometric analysis of hundreds of specimens from the
meraspid stage with five thoracic segments onwards up to
the size of the largest holaspid [11,12].

For the three-dimensional shape reconstruction, a three-
dimensionally preserved and articulated specimen (NMP-L12807)

from the Literi Formation at Lodénice was scanned at the National
Museum in Prague by X-ray micro-tomography using a SkyScan
1172 at 141 pA and 70 kV with Al+ Cu Filter. N-Recon Software
(Bruker) was used for reconstruction (electronic supplementary
material, Dataset S1 and three-dimensional model of NMP-
L12807). A second three-dimensionally preserved specimen, from
Kozel, is housed at the Museum of Comparative Zoology, Harvard
University (MCZ103482, Schary and Krantz collections) [8]
(figure 1d); however, this specimen is slightly compressed and con-
sequently is not suitable for the kinematic analysis. All studied
specimens are housed at the collections of the National Museum,
Cirkusova 1740, Prague 9, Czech Republic (prefix NMP-L/P) and
the Czech Geological Survey, Klarov 3, Prague 1, Czech Republic
(prefix CGS/]JV). A combination of pictures and photogravimetry
of three-dimensional prone specimens preserved in limestone
including CGS2185 and CGS-JV14949 from Na Cernidlech Hill
near Lodénice, and CGS-JV1708 from Listice allowed us to model
the missing rear trunk of NMP-L12807 (see electronic supplemen-
tary material, three-dimensional models in Blender B1-B11).
Flattened enrolled specimens from Na Cernidlech Hill include
CGS1359, CGS2130, CGS2130, CGS2169, CGS5790, CGL-JV14964,
NMP-L39947, NMP-L39979, NMP-L39988, NMP-L39989, NMP-
P4257380, NMP-P4257381, NMP-P4257382, NMP-P4257385,
NMP-P4257387, NMP-P4257389.

The open-source three-dimensional graphics software MeshLab
(http://www.meshlab.net/) was used to visualize the mesh
and was then imported into the open-source three-dimensional
graphics and animation software Blender (https:/ /www.blender.
org/). This was done so that different morphological elements
could be digitally distinguished and their relative movements
inferred, informing the computer models of enrolment. Using Blen-
der, we then retopologied (i.e. retopology is a procedure for
simplifying the topology of a mesh to make it cleaner and easier
to work with) each sclerite to complete the missing parts and to
obtain an accurate but lower resolution three-dimensional model
which described the geometry of the original scanned specimen.
In the resulting model, we define a ‘rig’ for each sclerite that
allowed us to individually describe its kinematics and to manip-
ulate it independently of other sclerites, according to the
constraints described above. Following the known functional mor-
phology related to trilobite enrolment (see [15-17]), we assigned the
centre and axis of rotation to the anterior edge of each trunk pleura,
which fits below the posterior edge of the previous segment. The
variation around the axis of rotation for successive segments was
obtained with the following logarithmic expression which, in
polar coordinates, can be written as Ln[ a(i)|b, where a and b are
two variables and depend on the particular enrolment style
(or stage in our case), i is a counter for successive segments [15]
(electronic supplementary material, table S1). The angles between
segments yielding enrolment were derived from NMP-L12807,
and using these and tergite lengths, we were able to derive a logar-
ithmic expression of the trunk curvature during enrolment that was
also compatible with geometry of prone (i.e. naturally outstretched)
specimens at the same developmental stage. Using these same par-
ameters, we then reverse modelled, deriving tergite lengths from
prone specimens and using the same geometric profile upon enrol-
ment to ensure that, when the model enrolled this specimen, the
result matched that of the original enrolled specimen. Segment
length data applied in our models were based primarily on the
modelled data from an A. koninckii with 22 segments in the holaspid
phase, as this was the maximum number observed in the species.
We then built a series of three-dimensional models for individuals
at meraspid instars (= numbers of thoracic segments) 5, 10, 15
respectively, and then for individuals entering the mature growth
phase (i.e. holaspid growth identified by the number of instars
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Figure 2. (a—c) Three-dimensional S20-t20 model of Aulacapleura koninckii from the Silurian of Czech Republic based in NMP-L12807 (see text for explanation). (a)
Prone model in lateral view. (b) Prone model in dorsal view. (c) Enrolled model in lateral view. S = instar stage after the first meraspid stage (=50), t = morphotype
according to number of thoracic segments. Arrows point the border between the thorax and the pygidium. Scale bar =1 mm.

following release of the first thoracic segment) with segment
lengths computed from Fusco et al. [11], equating to specimens
with occipital-glabellar lengths greater than 1.4 mm. Scans and
the resulting three-dimensional reconstructions (electronic sup-
plementary material, data S1-S11) are provided in the electronic
supplementary material.

4. Results

Three-dimensional models (figure 2—4; electronic supplemen-
tary material, figures S1 and S2, and movies M1-M11) built
for a series of developmental stages according to the con-
straints discussed above show that, given modelled segment
ontogeny and a conserved, simple logarithmic function guid-
ing flexure throughout the trunk, meraspid enrolment was
able to position the border of the trunk exactly under the cepha-
lic border, yielding sphaeroidal enrolment. However, flexure
observed beyond the approximately 18th thoracic segment
(figure 3a) requires a different pattern, with alternatives related
to whether the trilobite tucked the rear trunk inside the cepha-
lon (internal spiral enrolment), or whether it extended it
beyond the cephalic anterior (external spiral enrolment).

In internal spiral enrolment, each of the posteriormost thor-
acic segments tucked inside the cephalic vault would show an
elevated and equal degree of flexure markedly greater than

those segments immediately preceding them. A sharp increase
in the flexure of the posterior trunk would be required at the
onset of spiral enrolment because the pygidium itself, being
made of fused segments, allowed no internal flexure in itself.
Given the physical constraints mentioned above, in A. koninckii
such a transition from sphaeroidal to internal spiral enrolment
type would accompany transition into the holaspid 518 t18
stage and would maintain encapsulation.

According to the internal spiral model, the extent to which
the posterior trunk penetrated the cephalic vault increased
during subsequent growth stages, especially as the trunk
segment-rich A. koninckii morphotypes continued to add
additional trunk segments for several more stages, and as exist-
ing segments increased in size during the subsequent moults of
all morphotypes. The kinematic plots showing the angle of flex-
ure between adjacent thoracic segments follow a simple log
function up to S18 but changed notably thereafter (figure 3a,b).

In our reconstruction (figure 3; electronic supplementary
material, figures S1 and S2), those posteriormost thoracic seg-
ments with elevated and equal degrees of flexure in internal
spiral enrolment show consistent angles of flexure for those
morphs that achieved 19, 20 and 21 thoracic segments as
their maximum number. For those that achieved 22 thoracic
segments, the angle of curvature was a little higher and those
with 18 segments higher still (figure 3b). The different patterns
for these two ‘end-member’ morphs are consistent with the
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Figure 3. (a,b) Kinematic curve showing the articulation angle between successive segments obtained with the expression Ln[ a(i)]b. (a) Models based on indi-
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correspond with the trajectories of individuals with two instars (electronic supplementary material, table S1).

(a) (1)
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Figure 4. (q,b) Three-dimensional models showing possible enrolment postures for latest stage instars of morphotypes with 18 and 22 thoracic segments, respect-
ively, of Aulacopleura koninckii from the Silurian of Czech Republic. (a) S32-t18, (i) internal spiral enrolment, (ii) external spiral enrolment with pygidium projected

beyond the cephalic edge, (iii) cylindrical enrolment with the pygidium resting beneath the cephalon. (b) $32-t22, (i) internal spiral enrolment, (ii) external spiral
enrolment with pygidium projected beyond the cephalic edge, (iii) cylindrical enrolment with the pygidium resting beneath the cephalon. Arrows point out the gap

of non-encapsulated forms (see electronic supplementary material).

following: (i) in the form with 22 segments the greater total
number of trunk segments led to a longer total trunk than in
other morphs and therefore greater flexure per segment articu-
lation in that region tucked inside the cephalon, and (ii) in the
morph with 18 thoracic segments the pygidium transitioned to
an alternative growth mode four moults prior to that achieved
in forms with 22 segments: a result of it assumed its holaspid

pygidial segment growth mode earlier, generating a relatively
larger pygidium than in other morphs, the accommodation of
which under the cephalic vault required greater flexure in the
posteriormost thoracic segments.

Accordingly, logarithmic distribution of flexure regarding
all segments operated during sphaeroidal enrolment when
the pygidium fit against the cephalic venter, but could not
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apply during internal spiral enrolment because of the need to
accommodate the inflexible pygidium against the sloped
cephalic undersurface.

Internal spiral enrolment is plausible for A. koninckii but, in
large forms with many segments, requires the posteriormost
trunk to extend far inside the cephalic vault (e.g. figure 3b,
4ai, bii; electronic supplementary material, figure S2). Given
that there were internal cephalic organs in this region, includ-
ing the stomach, this degree of penetration seems surprising.
Hence, we considered other possible enrolment strategies.

Requiring the posterior of the trunk match the anterior of
the cephalon at all ontogenetic stages for all morphs upon
enrolment (figure 4aiii, biii) would maintain sphaeroidal
enrolment throughout ontogeny. However, when so applied,
the exoskeleton failed to fully encapsulate the body upon
enrolment in specimens at stage S32-t18 and above, leaving
a cylindrical pattern of enrolment with an unprotected gape
at the abaxial, lateral margin (figures 3b, 4aiii, biii). Further-
more, unlike either of the spiral enrolment models (see
below), the kinematic curves for this cylindrical enrolment
model do not conserve an even gradient in the degree of flex-
ure throughout much of the trunk in the later stages of
development (figure 3b). This model was thus rejected.

The final alternative considered is that in the more mature
forms the posteriormost trunk extended forward of the cepha-
lic anterior upon enrolment, leaving a gape that exposed
the pygidial venter (figure 4giii, biii). Such an external spiral
enrolment style does not require the posteriormost thoracic
segments to flex during such enrolment, ie. these could
show zero degrees of flexure between adjacent segments
when obtaining this posture, (figure 4aiii, biii). Hence, rather
than the sharp increase in the degree of flexure in the posterior-
most segment required in the internal spiral mode (figure 4ai,
bi), external spiral posture accords with the consistently declin-
ing gradient of flexure from the anterior to the posterior of the
trunk based on our observations of NMP-L12807.

Our kinematic model is based on the profile of enrolment in
NMP-L12807 up to the 17 thoracic segment being conserved
among all specimens, across all the developmental stages mod-
elled. This assumption is not necessarily valid, as similarly
sized members of the same species are known to show some
variation in enrolment profile [20] accompanied by minor vari-
ation in overall trunk segment number [15,21]. However, in the
case of A. koninckii, correlations between the changes in enrol-
ment style predicted based on the assumption of a maintained
enrolment geometry and other patterns of variation discussed
below support this assumption.

Our analysis suggests that in A. koninckii a transition in
enrolment style took place at the point at which the number
and sizes of trunk segments exceeded the possibility for encap-
sulated sphaeroidal enrolment. As we discount cylindrical
enrolment in this form (see above), two alternatives remains:
internal spiral enrolment or external spiral enrolment. While
internal spiral enrolment would maintain exoskeletal encapsu-
lation, it requires both an abrupt increase in the degree of
flexure of the posteriormost thoracic segments, and that the
posterior trunk occupied a considerable volume of the cephalic
vault. External spiral enrolment, on the other hand, requires no
sharp change in the profile of flexure degree between adjacent

segments but did not afford complete exoskeletal encapsula- [ 6 |

tion. In order to decide which of these scenarios might have
been more likely employed, we consider additional data that
is independent of our growth model.

If internal spiral enrolment pertained, it would have placed
a premium on efficient, relatively high-angle articulation across
segment boundaries in the posterior part of the thorax and at
the anterior margin of the pygidium. To permit this greater
flexure, the articulating half-rings of these segments are
expected to be longer than those immediately anterior to
them. They should also have functioned efficiently. Neither
of these expectations is met by the data available. Although
accurate measurement of individual articulating half-ring
lengths across a sufficient sample size is unfeasible due to pre-
servational constraints, no departure from a consistent gradient
of declining half-ring length along the trunk is evident to us in
any specimen. Nor is there an indication of enlarged longitudi-
nal muscle apodemes in these segments. More tellingly, an
unusually large proportion of the total sample of measurable
A. koninckii specimens reveals trunk segments that commonly
remained partially fused along some portion of their length
to those posteriors to them (i.e. the articulations between seg-
ments are incompletely developed). Such segments could not
have permitted flexure at any point along their margins.
Given that thoracic segments originate by release from the
anterior margin of the meraspid pygidium such cases of
fusion are often classed as ‘incomplete release’ (figure 1k-I;
electronic supplementary material, figure 35D). As such seg-
ments cannot have permitted flexure, the animals that bore
them are highly unlikely to have exhibited spiral enrolment.
All known cases of such fusion (which can include up to two
conjoined, partly released segments) occur in the posterior
thorax of specimens with 18 or more thoracic segments, and
none are known either in younger specimens or more ante-
riorly in the trunk. Although detecting partial release may be
challenging in smaller specimens, the fact that fused segments
occur only in the posterior portions of specimens with above
the minimum number of holaspid segments suggests that
such fusion was only preserved in larger specimens. As such
fusion occurred in approximately 10% of specimens of this
size [14], it appears to have been tolerated among living indi-
viduals. Accordingly, while the number and sizes of trunk
segments was precisely controlled throughout the develop-
ment of A. koninckii, control of late-stage functional
articulation formation was apparently more lax.

As external spiral enrolment would not have required flex-
ure of the posteriormost trunk segments, it is consistent with
these observations. The underside of the pygidium extending
immediately anterior of the cephalon would have been
exposed, and several flattened, enrolled specimens from Na
Cernidlech Hill show such a condition (e.g. figure 1d-h).
Although in such cases, the exact position of the posterior
trunk was modified taphonomically during sediment com-
pression it seems unlikely that flattening alone could have
transformed an internal spirally enrolled specimen into an
external spirally enrolled one. A further benefit of the external
spiral enrolment type is that due to the contact between the
inner part of cephalic doublure and the lateral margins of
the posterior thoracic segments and anterior pygidium, lateral
shearing would be impeded [19].

Attainment of 18 thoracic segments marked the earliest
onset of an important ontogenetic transition in A. koninckii:
the initiation of the holaspid period of growth, which is defined
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by having stable numbers of thoracic segments despite contin-
ued moulting [22]. Aulacopleura koninckii is remarkable for
having five different holaspid morphotypes, which span the
range from 18 and 22 thoracic segments. For all morphotypes,
including that with 20 thoracic segments in maturity, the tran-
sition from sphaeroidal enrolment style invoked herein
apparently occurred at or close to the stage with 18 thoracic
segments, irrespective of the morphotype. In the case of indi-
viduals attaining a maximum of 20 thoracic segments, this
would have been two instars before onset of their holaspid
stage (figure 3a). That transition in enrolment style coincided
with the initiation of a major developmental transition in seg-
ment expression and trunk tagmosis within the species, is
intriguing, as the remarkably variable mature thoracic segment
number seen in A. koninckii [10] became manifest after the tran-
sition from sphaeroidal enrolment had taken place. Both the
internal and external spiral enrolment styles offered more lati-
tude in the size and placement of the posteriormost trunk
because the constraint of a precise shape match between the
cephalon and trunk required for sphaeroidal enrolment
became partly relaxed.

Our proposed transition from sphaeroidal enrolment
coincides with another notable ontogenetic transition in this
species. The majority of specimens of A. koninckii from Lodé-
nice are at least partially disarticulated [14, pp. 229-230].
Among such there is a notable change from separated cranidia
and free cheeks in specimens up to the size expected to have
about 18 thoracic segments, to a mature condition in which
the cephalic dorsal suture, although still clearly incised, appar-
ently failed to open during moulting. Thereafter the dorsal
elements of the cephalon remained articulated, and moulting
was apparently facilitated by opening of the ‘neck joint’ (see
[14], fig. 14A). For reasons unknown, but probably involving
movements associated with moulting, onset of failure of the
cephalic sutures broadly coincided both with the transition in
enrolment mode and with the increasing prevalence of partly
fused sutures in the posterior part of the trunk.

These observations suggest that several behavioural traits
related to segment articulation changed at a point in ontogeny
broadly coincident with the switch in enrolment style.
Although overall shape and sclerite proportions were regu-
lated with a notable degree of precision in A. koninckii [11,19],
onset of the transition to the holaspid/epimorphic stage in
this trilobite coincided with several significant changes in life
habits. One explanation may be that above a certain size
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