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ABSTRACT OF THE THESIS

Development in Aulacopleura koninckii
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by
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University of California, Riverside, December 2011
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A concentration of well preserved, articulated juvenile and mature
exoskeletons of the Czech middle Silurian trilobite Aulacopleura koninckii
provides an unparalleled opportunity to explore the nature of exoskeletal growth
and morphological variation during trilobite development. A new dataset selected
via a comprehensive survey of the highest quality specimens offers improved
resolution of original morphology by all measures considered. It confirms that
meraspid size increase was exponential and the meraspid growth rate per instar
was strikingly constant. The degree of variation in both size and shape among
later meraspid instars was remarkably constant, and suggests that an active
process channeled the meraspid development of both these attributes. The
degree of precision of the growth control is remarkable given this species’ well-

known variance in holaspid trunk segment number. Size-related changes in the



shape of the dorsal exoskeleton and of the segment-invariant cephalon were
detected in the meraspid stage, but in the holaspid phase marked allometry was
detected only in the trunk region, with the pygidium showing notable expansion in
relative size. Meraspid cranidial allometry was subtle, with significant changes in
instar form detectable only after several molts. Analyses suggest that this
synarthromeric trilobite developed progressively without sharp transition
throughout meraspid and holaspid ontogeny, except for the synchronous
cessation of trunk segment appearance and release at the onset of the holaspid
phase. We suggest that the remarkably tight control of the development of
sclerite size and shape, and the gradual, “track-like” ontogeny of A. koninckii may
have resulted from development in conditions of reduced oxygen availability in

which physiological viability operated within narrow morphological limits.
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Introduction

Arthropod bodies are built from sets of serially repeated structural units
called segments. Variation in the manner of segment expression, integration of
segment boundaries among tissues, the total number of segments, and
regionalization of segment form underpins much of the diversity of the phylum.
Exploration of the developmental mechanisms responsible for the specification of
segments and the differences among them is currently a major area of research
in developmental and evolutionary biology (e.g. Akam, 2000; Damen and Tautz,
1999; Janssen et al., 2004; Minelli and Fusco, 2004; Patel, 1994; Pourquie,
2003; Damen et al., 2005; Liu and Kaufman, 2005). Recent symposia and
thematic volumes have sought to foster cross disciplinary approaches to
segmentation that include fossil-based perspectives (Hughes and Jacobs, 2005).
The fossil record provides an unique viewpoint on the early evolution of
metazoan segmentation (Jacobs et al., 2005) because some fossil groups, and
most particularly arthropods, record a wealth of data on the sequential
development of segments. Studies of ancient ontogenies can provide insights
into the manner in which segments were constructed and modified among
euarthropod and crustacean stem groups (Hughes, 2005; Walossek 1993;
Waloszek and Maas, 2005), and thus provide an empirical basis for assessing
the evolution of segmentation among living and extinct arthropods. Such studies

suggest that a major and repeated macroevolutionary trend in arthropod



evolution was increased regionalization and specialization of body segments and
their associated appendages (Budd, 2000; Cisne, 1974; Hughes, 2003; Wills et
al., 1997). Insights into the ways in which this regionalization arose remain
preliminary (Averof and Patel, 1997; Budd, 1999).

There are two major components to this trilobite developmental research.
The first is a detailed analysis of trunk segment development in the middle
Silurian aulacopleurid trilobite Aulacopleura koninckii. This species has proved
singularly useful as a model system for exploring the controls upon variation in
trunk segment numbers within a single trilobite species (Fusco et al., 2004;
Hughes and Chapman, 1995; Hughes et al., 1999). Arrangement of arthropod
bodies into sets of similar segments is contingent upon controlling the numbers
of segments, because high levels of regionalization occurs in forms with stable
numbers of segments (Hughes, 2003). Hence this study will provide insights into
both the microevolutionary origins of the changes in segment numbers evident
among trilobites (Hughes, 2005), and into the prerequisites for arthropod body
regionalization. A series of hypotheses are outlined, and test of these will
illuminate the ways in which trunk organization was controlled in A. koninckii. The
study addresses the core question on the mechanism in the arthropod body plan
to vary its segment numbers (Carroll et al., 2004, p. 232), and represents a
significant opportunity for the burgeoning interface between paleobiology and

evolutionary developmental biology.



Variation in thoracic segment numbers in maturity, such as in A. koninckii,
assumes a special significance because although quite common among
Cambrian trilobite species (Hughes et al., 1999), mature thoracic segment
numbers are generally stable at the family level and higher among derived
trilobites (McNamara, 1983). This trend toward stable numbers of segments has
been labeled the “the paradigmatic example of developmental entrenchment
associated with the Cambrian radiation” (Erwin, 2000). Understanding the basis
of this trend is central to understanding evolutionary trends in the regulation of
arthropod segmentation. Although A. koninckii showed plasticity in the
determination of its segment numbers, there is strong indication that its growth
was precisely controlled (Fusco et al., 2004). Hence the second component of
this project is a comparison of the variation in segment numbers in mature A.
koninckii with that belonging to the late Cambrian “ptychopariid” trilobites
Labiostria westropi and Wujiajiania sutherlandi, both phylogenetically much less
derived within the clade Trilobita with respect to A. koninckii (Fortey, 1990;
Hughes et al., 1999). This study will explore whether the control of segment
numbers and overall shape was similar among all these taxa, providing insights
into whether and how development became more tightly regulated among
derived trilobite clades (Hughes, 1991, 2005; McNamara, 1983), even those,
such as A. koninckii, that showed intraspecific variation in mature trunk segment

numbers.



The thesis compiled here is related to the results on the first major
component of the trilobite development research, which is analyzing the growth
of a derived, post-Cambrian trilobite Aulacopleura koninckii and understanding
how it achieved variations in segment numbers. Detailed size and shape
changes with the growth of A. koninckii is discussed in the thesis, and the results
will become the foundation for assessing general developmental plans of the

trilobite group.
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Chapter 1

The Growth in Size and Shape of the Silurian Trilobite Aulacopleura koninckii

Paul S. Hong, Nigel C. Hughes, and H. David Sheets

Introduction

This study concerns the growth pattern of a species that has provided
important glimpses into the factors controlling developmental regulation in
trilobites, the Middle Silurian trilobite Aulacopleura koninckii. Large numbers of
articulated exoskeletons covering a broad span of juvenile and mature ontogeny
occur in a thin interval of siltstone on Na Cernidlech hill near Lodenice in the
Czech Republic. Mature specimens within this assemblage show the greatest
degree of intraspecific variation in thoracic segment number known in any
hemianamorphically-developing trilobite (see Hughes et al., 1999; Hughes et al.,
2006), and the presence of such variability in a Silurian trilobite is remarkable
because variation in thoracic segment numbers is generally rare among post-
Cambrian trilobite species (Hughes et al., 1999). For all these reasons A.
koninckii serves as a fossilized “model organism”, in that aspects of its
morphological dynamics provide a standard to which other arthropods may be

compared. Of particular interest is the attempt to understand how the



unprecedented degree of variation in thoracic segment number seen in A.
koninckii relates to other aspects of the development of this animal, and what
insights might this variation provide into the microevolutionary basis of the
macroevolutionary changes in the evolutionary history of these early arthropods.
This study documents the construction of the new dataset, evaluates its quality,
and uses it to explore variation in the size and shape of the major exoskeletal
components of A. koninckii. This information is then integrated with an updated
systematic description of this taxon. Detailed quantitative analysis of the

development of individual trunk segments will be described elsewhere.

The geological setting of A. koninckii at the Na Cernidlech site

All the material considered in the quantitative analysis presented below
came from a 1.4 meter interval of the Homerian Aulacopleura shales that likely
accumulated over an interval spanning a few thousand years (Hughes et al.
1999). It was deposited on the flanks of a basaltic volcanic massif as part of an
extensional basin associated with the Perunica microcontinent (Storch, 2006;
Fatka and Mergl, 2009). The taphonomy of the assemblage as assessed from
museum collections has been reviewed in Hughes and Chapman (1995), and a
further study based on field observations will be published elsewhere.
Aulacopleura koninckii occurs in large numbers as articulated, partially

articulated, and disarticulated specimens on multiple bedding planes within this

10



interval. The occasional occurrence of enrolled specimens suggests that
individual surfaces were buried by obrution events, but the degree of
disarticulation present on bedding plane collections suggests that all surfaces are
time-averaged to some extent. Prone specimens apparently include both
carcasses and intact exuviae. Mean specimen size can vary markedly between
individual bedding planes. On some bed surfaces A. koninckii is accompanied by
a diverse range of Silurian skeletonized benthos, but others are virtually
monospecific assemblages of A. koninckii. Large specimens bearing different
numbers of thoracic segments occur on individual bedding surfaces and, to the
maximum stratigraphic resolution available, all of the 5 mature thoracic segment
morphotypes occur together. No morphological variations were observed that
could distinguish individuals from one bedding plane from those from any other

bedding plane.

Prior research on the development of A. koninckii

Barrande (1852) described the meraspid ontogeny of A. koninckii,
documenting the sequential addition of segments. He also noted that large
individuals from the Na Cernidlech site displayed between 18 and 22 thoracic
segments. Multivariate analysis of various linear dimensions of 86 specimens of
A. koninckii (Hughes and Chapman, 1995) suggested some patterns of allometric

growth and showed that shape variation remained approximately constant during
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growth and that shape change between developmental stages occurred
gradually, suggesting a track-like developmental trajectory in which changes
were progressive and slow. No correlation was detected between the number of
segments in the thorax and in the meraspid or holaspid pygidium. Accordingly,
variation in thoracic segment numbers was not evidently compensated for, or
explained by, variation in the numbers of pygidial segments.

A Procrustes-based geometric analysis was used to compare of the
degree of morphological variability among holaspid A. koninckii with that of the
holaspids of six other trilobite species present in 1.4 m interval (Hughes et al.,
1999). Each of these six other species were invariant in the holaspid number of
thoracic segments. When differences in degrees of allometry and sample size
were taken into account, each species showed a comparable degree of shape
variation species (Hughes et al., 1999; Hughes and Chapman, 2001). This
comparability contrasted with the variability in thoracic segment numbers seen in
mature A. koninckii and suggested a degree of compensation between the
number of thoracic segments and the sizes of individual segments in that
species. The constant holaspid segment number of the other, co-occurrent
trilobite species indicated that variation in mature thoracic segment number in A.
koninckii was specific to that species, and not due to a variable environmental
factor that influenced the segmentation of all trilobite species in a similar way.

Analysis of 391 well-preserved specimens, ranging from forms 1.5mm

long with 5 thoracic segments to large holaspids over 24 mm long showed
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meraspid growth of A. koninckii to be remarkable in two ways (Fusco et al.,
2004). Firstly, the growth rate between stages (= intermolt phases = instars) was
extremely constant from meraspid stage 5 to 17. This suggests that this portion
of meraspid growth conformed to Dyar’s rule, a geometric progression typical of
the development of many arthropods, but not previously recorded in trilobites
over an extended set of molts. Secondly, the degree of size variance within
stages remained constant during growth. This indicated that size increase in A.
koninckii was targeted during this portion of ontogeny, rather than showing an
expansion of variance that commonly accompanies growth. This result is
important not only as the most ancient example of targeted growth known, but
also because it suggests that the size range of meraspid instars of A. koninckii
was under active control.

The degree of size control in A. koninckii suggested that, despite the
variation the number of holaspid thoracic segments, growth in this trilobite was
tightly coordinated. The variation evident in the numbers of thoracic segments at
maturity was thus unlikely to reflect the direct influence of variable environmental
conditions: in that case size variance would be expected to be a function of
developmental stage. The question of the control of the onset of the mature
growth phase was addressed by considering whether the mature number of
thoracic segments was determined early in ontogeny, or later in ontogeny at the
point of transition to the mature form. An earlier suggestion (Hughes and

Chapman 1995) that the mature growth phase of A. konincki was accompanied
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by the sporadic release of segments into the thorax was refuted by showing that
there was no tendency among demonstrably mature forms for segment rich
individuals to become more abundant at the expense of segment poor
individuals. This situation presented alternative possibilities for the control of the
transition into the mature growth phase. The Early Determination Hypothesis
(EDH) stated that the number of mature thoracic segments was determined
precociously and, therefore, independently from meraspid growth. The Later
Determination Hypothesis (LDH) stated that the mature number of thoracic
segments was determined by the stage at which a certain morpho-physiological
condition (a critical state of trait X) was reached.

Conformity of the data to these two hypotheses was assessed in two
ways. Firstly, observed size frequency distributions were compared with those
modeled according to the two hypotheses. A LDH model with a critical size
threshold, LDHSsize, predicts a smaller size range and a lower minimum size for
the segment rich mature morphotypes than EDH. Results show that the observed
data conforms to the predicted distribution of the EDH, but does not fit well with
that of the LDHsize. Secondly, the authors considered the hypotheses with
respect to the growth of the pygidium. This structure showed a sharp change in
growth dynamics at the onset of the segment invariant phase when the
appearance of new segments ceased. While both EDH and LDHsize predicted
that the pattern of growth after onset of the segment invariant phase would be

similar in both morphs (which analysis confirmed), the EDH predicts that forms
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with fewer thoracic segments would transition into the segment invariant phase
with smaller pygidia than segment rich forms. Again, analysis confirmed
congruence of the observed values with the EDH.

Exploring developmental control in an extinct clade is a difficult task, and
plausible hypotheses need not be mutually exclusive nor exhaustive because
many different dynamics could be modeled and additional sources of variation
considered. At present the EDH is the best-supported hypothesis, and the
number of mature thoracic segments was apparently determined precociously
with the population was composed of five distinct cohorts that were apparently
morphologically identical during meraspid growth. Membership of a particular
cohort could be under either hereditary (e.g., genetic) or environmental influence.

Hammer and Harper (2006, p. 148-156) used a dataset modified from that
of Hughes and Chapman (1995) to illustrate the application of a variety of
morphometric techniques. In doing so they discerned several patterns of size-
related shape change and also detected an element of shape variation that was
induced by shear stress, which they suggested accounted for a small proportion
of the total shape variance.

To date, detailed analyses the growth of A. koninckii have focused on
information about instar size and conformity to Dyar’s law. In this analysis we
present the results of an investigation of the development of size and shape. To
do this we have constructed a new and highly selective dataset of specimens

that reduces taphonomically-induced morphological variance to a minimum. In
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particular we describe the meraspid and holaspid ontogeny of A. koninckii,
particularly with respect to growth allometry and assess whether any marked
change in allometric trajectory coincides with changes in other aspects of
development. We also assess the instar-related pattern of growth rate in size and

shape during meraspid ontogeny.

Specimen preparation, measurement, and individual measurement error

All measured specimens came from museum collections, as the legally
protected Na Cernidlech site no longer yields in situ specimens. Specimens
considered were all prone, and lay parallel to bedding. Most were already fully
exposed but some were delicately prepared with a pin to expose hidden areas.
The fossils were then coated with ammonium chloride sublimate and
photographed directly with a Nikon D100 digital camera and macrolens, through
a Nikon SMZ-U stereomicroscope with a Nikon CoolPix995 digital camera and
with a Leica MZ16 stereomicroscope with a Leica DFC420 digital camera. The
resulting images where digitized using the NIH ImageJ software package
(http://imagej.nih.goV/ij/)(see Abramoff et al., 2004).

A scale in half-millimeters divisions was included in each image. Shale
preservation inevitably introduces compression-related shape variation into the
analysis (see below) and, given this, we used a simple estimate of measurement

error aimed at capturing the relative magnitude of measurement error compared
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to within sample variance in size and shape. The raw landmark data was
transformed into shape coordinates suitable for assessing differences between
specimens using standard techniques (see e.g. Hunda and Hughes, 2007 for
procedural details). Five specimens of different size and number of thoracic
segments were chosen for evaluating the degree of measurement error (See
Supp. Data 1).

The standard deviation of cranidial length estimates were less than 0.026
millimeters in all cases, and the error amounted to less than 0.6% of each linear
measurement (Supp. Data 2). This is less than the 0.8% size error estimate
recorded in the Fusco et al. (2004) study. Shape variance, not previously
assessed for error in A. koninckii, was estimated by repeated digitization of
fifteen cranidial landmarks for each of the five specimens, and variance values,
calculated as the average Procrustes distance from the mean form, which was
about 0.0005 in all cases (Supp. Data 3), using the IMP platform of David
Sheets, which is a set of compiled software tools for displaying and analyzing 2-
D landmark-based geometric morphometric data
(http://www.canisius.edu/~sheets/morphsoft.html) (see Supp. Data 4). This is an
order of magnitude lower than the variance from mean shape for members of the
same meraspid segment number cohort (see analyses below), suggesting that
measurement error accounts for small proportion of the observed shape

variance.
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Mirroring and then averaging paired landmarks across the plane of
bilateral symmetry has been a widely accepted method for landmark-based
analysis (Fusco et al., 2004; Zelditch et al., 2004) partly because this approach
can accommodate missing landmark data on one side only. As all specimens
included in this analysis preserved all landmarks the use of reflection to increase
sample size was not required for this dataset. Both reflected and non-reflected

landmark data were used in the analyses, and the results were compared.

The Sample

A significant disadvantage of the Na Cernidlech site is that all specimens
are preserved in shale, with sclerite mineralogy recrystallized and sclerites
variably fractured during compaction (Hughes, 1999; Hammer and Harper, 2006,
p. 153). Such taphonomically-induced variation limits our ability to discern the
fine scale patterns of biological variation evident in some trilobites preserved in
silica or phosphate (c.f. Webster, 2011).

We have attempted to limit the effects of taphonomy in two ways. Firstly,
following a review of Aulacopleura-bearing collections worldwide, we have
constructed a database that is restricted to only those specimens of the highest
preservational quality available. Analyses previously conducted on the original,

less restrictive, dataset were repeated in order to determine whether patterns
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seen in earlier work remain robustly supported. Secondly, we have considered

the possible influence of taphonomy on results where appropriate.

The new dataset includes specimens selected from the holdings of
National Museum of Prague (total holdings ca. 10,000 specimens), the Museum
of Comparative Zoology at Harvard University (783 specimens), the Czech
Geological Survey (ca. 200 specimens), the US National Museum of Natural
History (55 specimens), the British Natural of Natural History (ca. 50 specimens),
and the American Museum of Natural History (ca. 10 specimens). Only those
specimens that were complete for all landmarks, showed no evidence of
“telescoping” of the thorax or any other evident shape deformation were included,
and these 352 specimens constituted approximately 4% of prone complete
dorsal exoskeletons of A. koninckii available (Supp. Data 5). We assigned each
of these specimens to one of two taphonomic grades based on their
preservational quality. Taphonomic grade 1 material (N=44) included only near
“perfect” specimens such as those with minor flaws unrelated to the landmarks
positions, such as slight damage to the edge of the fossil, and damaged eye
surface etc, which apparently had no effect on landmark position. These
specimens appear to have suffered no compressional flattening. Grade 2
(N=308) material are specimens that do not have apparent shape distortion of
the x,y coordinates of landmark points, have the axes of the cranidia, pygidia,

and thoracic segments in precise, parallel alignment, have all pairs of landmarks
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present, and possess only minor cracks, but are qualitatively slightly less well
preserved than those within Grade 1, and in which we think minor flattening may
have occurred.

The x-y coordinates of twenty-two landmarks were digitized for each
specimen. Fifteen landmarks were assigned to the cephalic region and seven
were placed on the pygidium (Fig. 1). Comparisons of variance in both size and
shape between specimens assigned to Grade 1 and Grade 2 show that although
Grade 1 specimens do show lower variance than Grade 2 the differences are not
statistically significant for any meraspid instar (Supp. Data 6-9). Therefore we
see no virtue in restricting the analysis only to Grade 1 specimens. Accordingly,
all 352 specimens were subsequently treated as a single sample for statistical
analysis. Although we cannot entirely exclude the influence of compression and
other taphonomic process on the sample, ours does represent the highest quality
of preservation of A. koninckii from Na Cernidlech currently available. Some of
the morphological variation evident within the sample is inevitably taphonomically
induced, and the extent to which this has influenced our results is discussed
below.

The new dataset represent the growth history of multiple consecutive
instars of A. koninckii, from meraspid degree 4 to later holaspid ontogenetic
stages. The largest holaspid exoskeleton is 28.81 mm long and, where the
meraspid growth rate to have continued throughout the holaspid phase, would

represent an individual that had gone through about 32 molts since meraspid
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degree 0. Out of the 352 specimens, 148 specimens (42.0%) are definitive
meraspids belonging to degrees ranging between 4 to 17. From meraspid degree
9 onward the sample size is over 10 specimens per instar, so analyses of size
and shape concentrated on these 9 consecutive instars. Since onset of the
holaspid phase is defined by the cessation of thoracic segment addition but there
are variations in number of thoracic segments in the holaspid phase for A.
koninckii (Fusco et al. 2004), some of the smaller remaining 204 specimens
(58.0%) with 18 or more thoracic segments will be late-stage meraspids.
Centroid size is the square root of the sum of the squared distances of the
landmarks from the centroid, is an effective measure of specimen's size that is
independent of shape in landmark analyses (Bookstein, 1991). Hence below a
certain size threshold (natural logarithm of cranidial centroid size of 2.2 — see
Fusco et al, 2004 for the derivation of this value) we cannot be confident that all
specimens with more than 18 segments are holaspides.

A comparison of the new dataset with that used in the Fusco et al. (2004)
study, which is of comparable size to the new one, shows that the new dataset
has significantly reduced variance in the size range of the juvenile morphs and in
estimates of the shape of juvenile and mature morphs (see Supp. Data 10-11) in
the new dataset. Firstly, the variance of the logarithm of the cranidial centroid
size (Supp. Data 10) is notably lower. Although no significant differences
between the variance estimates for each meraspid morph was detected at the

95% confidence level (two-tailed F-test for individual meraspid stage comparison:
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p = 0.813 ~ 0.089), the shortest unbiased confidence intervals at 95% level and
variance values are consistently lower in the new dataset. The variance in shape
also displayed reduced values in the new dataset, with variance values
consistently lower than the previous dataset, and the 95% confidence intervals
calculated based using 1600 bootstrap resamples using DisparityBox7 were
almost significantly different between the two datasets (Supp. Data 11).

These results suggest that the new dataset shows markedly less shape
and size variance within individual morphs than the old one. This we interpret to
be the result of the more stringent criteria applied to specimen selection and to
more careful digitization. It suggests that the variation that we have now captured
better approximates the original variation among the living animals.

As noted above, Hammer and Harper (2006) detected a component of
variance in the positions of landmarks to indicate the action of shear stress. The
third principal component (PC) of a principal component analysis (PCA) of the
landmark displacement from the average shape for entire dataset revealed a
pattern consistent with shear stress and accounted for 4.8% of the variation,
which is comparable to but less than the 6.2% of variance value for the shear-
related PC2 obtained by Hammer and Harper (2006). Both results suggest that
simple shear accounts for a small proportion of total variance in the new sample,
but has not been entirely excluded even in this highly selective dataset in which

all specimens showing obvious shear were excluded.
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Descriptive Morphology and Ontogeny of A. koninckii

Quantitative Description of Ontogenetic Shape Change

Ontogenetic shape changes during meraspid and holaspid growth

Ontogenetic shape variation in A. koninckii was achieved in several ways:
shape changes within individual skeletal components, the addition of new
skeletal components (e.g. trunk segments), and changes in the relative sizes of
different skeletal components. This section begins with a discussion of changes
in shape of cranidium throughout sampled ontogeny as this sclerite apparently
maintained a stable number of segments throughout observed ontogeny. A
similar condition pertains in the holaspid shape of the pygidium within any of the
holaspid segment number morphs, and so this character is also explored. This is
followed by a consideration of the ontogeny of overall skeletal proportions.
Details of the growth patterns of individual trunk segments, and of the

development of trunk articulations will be presented elsewhere.

Cranidial shape changes

Analysis of cranidial shape change was based on the landmark positions

of the cranidial landmarks. These were then assessed using a thin-plate spline
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analysis of the Procrustes coordinates of the landmarks of each specimen. This
procedure allows shape changes to be decomposed into a series of independent
movements which in combination describe the total shape variation within the
sample. A PCA of the partial warp scores derived from the thin-plate spline
analysis calculated about the mean shape of the whole dataset of the 15
cranidial landmarks shows that almost half of the total variance is captured by the
first two principal components: Relative Warp (RW) 1 and RW2 respectively each
explain 24.8% and 22.2% of the total shape variance (relative warps are the
individual principal components of the total partial warp score description of
shape change). Other RW'’s each account for less than 10% of total variance and
are not considered further (See Supp. Data 12) for percentage of total variance
explained). RW2 apparently suggests a pattern of very subtle elongation of the
cranidium, and this might be taphonomic in origin as it mimics that known to be
associated with deformation in trilobites (see Hughes and Jell, 1992; Hammer
and Harper 2006). The magnitude of this effect is apparently small (Fig. 2). RW1
is a more complex pattern of shape change, and reflects expansion of the pleural
regions of the cranidium relative to the glabella and palpebral lobes. Accordingly,
the size of both the eye and the glabella declined relative to the overall size of
the cranidium, with the intraocular free cheeks also narrowed relatively as overall
relative size increased. These patterns accord with the analyses of Hammer and
Harper (2006, p. 150), who reported positive allometry of the frontal area, but did

not detect classic allometry in the palpebral lobe length. We concur with Hammer
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and Harper (2006, p. 150) that the palpebral lobe growth relationships may be
complex, but suggest that any allometry between the eye and glabellar length is
quite subtle.

In order to investigate whether any of these patterns represent
ontogenetic change, the partial Procrustes distance of individual specimens from
the mean log cranidial centroid size (In CCS) of the smallest three specimens in
the entire dataset was calculated (Fig. 3). A significant positive relationship exists
between partial Procrustes distance and In CCS (slope 0.0365, p < 0.0001), and
when partial warp scores from mean shape were regressed against In CCS,
14.8% of the total shape variance was explained by the growth allometry
(p<0.000625 for 1600 bootstraps). A deformation plot (Fig. 4) shows that the
growth-related shape changes identified match those seen in Relative Warp 1
(see Fig. 2.1) and in RFTRA landmark analysis of cranidial landmarks of a
different dataset (Hughes and Chapman, 1995, fig. 11). Accordingly, we consider
both of these patterns to capture aspects of ontogenetic variation. Furthermore,
the allometric growth vector obtained from the multivariate regression
significantly differs, at the 95% confidence level, from isometry following 1600
bootstraps resamples, with the within-sample angle being 13.9°and the angle-to-
isometry being 109.4°

In order to determine if meraspid and holaspid growth phases differed in
patterns of cranidial size-related shape data from 148 specimens from meraspid

degrees 4 through 17 were examined (Fig. 5, Supp. Data 13). A positive

25



relationship between the partial Procrustes distance and In CCS (Fig. 6)
remained significant (slope 0.0314, p<0.0001), showing significant meraspid
cranidial allometry. Multivariate regression of the partial warp scores obtained
(mean shape as reference) against In CCS is significant (p<0.000625 for 1600
bootstraps, Fig. 7) and explains 7.64% of total shape variance, and the vector of
regression coefficient differs significantly at 95% confidence level from isometry
(angle to isometry 83.0° within sample 30.69. The p attern of shape change
identified again mimics that seen in RW1 for the total sample (Fig. 2). Likewise,
as the partial Procrustes distance displays a significantly positive relationship
with In CCS only when instars separated by four or more molts are compared
(Supp. Data 14), the overall amount of ontogenetically related shape change in
the meraspid cranidium is quite small. Nevertheless, its close similarity to RW1
implies that the dominant pattern of shape change in the meraspid cranidium
conforms to the ontogenetic trajectory. It was not possible to detect a stepped
decline in the amount of shape change per meraspid instar (see Supp. Doc 14).
Similar types of shape variations seen in the meraspides are present in all
holaspid morphs based on PCA of partial warp scores (Supp. Data 15-18).
However, holaspides bearing 19 thoracic segments with In CCS larger than 2.2
show no significant relationship between the partial Procrustes distance from the
mean of the smallest three meraspids and In CCS (Fig. 8). The slope of 0.0224
has a less than 95% level significant p-value of 0.0543, and an r value of 0.0488.

A similar result was obtained for all the other holaspid thoracic segment number
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groups (Supp. Data 19). In addition, multivariate regression of these holaspid
growth data suggests that size explains only 1.50% of the total variance, which is
not significant (p=0.578 for 1600 bootstraps; Fig. 9; a similar result was obtained
for the other four morphs; Supp. Data 20). The lack of significant holaspid
allometry makes comparison of growth trajectories between the meraspid and
the holaspid phases impossible. However, for holaspids with 19 segments, when
the vector of regression coefficient is compared to isometry, a significant
difference at the 95% confidence level is detected (angle to isometry 101.5°
within sample 86.3° 1600 bootstraps), and other morph s show similar results
(Supp. Data 21). Accordingly, there is a suggestion of slight holaspid allometry.
However, the fact that different methods of analysis of the same dataset fail to
detect allometry suggest that it is, at best, subtle, as is shown by landmark
deformation plot (Fig. 9). Accordingly, ontogenetically-related shape change in
the holaspid phase accounts for less variation than in the meraspid phase, even
though the holaspid phase likely spanned multiple instars.

Examination of the relationships between partial warp scores and In CCS
suggest that some partial warp scores have an apparently curvilinear relationship
to size, but none of these relationships suggest partition of growth into distinctive
phases. Accordingly, we have no indication of distinct phases of cranidial growth

in any part of observed ontogeny.

Pygidial Shape Changes
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For the holaspid pygidium, PCA of the partial warp scores shows that
more than half of the total shape variance is explained by RW1 (54.03%) in
specimens with 19 thoracic segments (with its In CCS values higher than 2.2).
The following RW2 and PW3 each explained 14.78% and 13.20% of the
variance, and percentage of other relative warps fall below the 9% level (Fig. 10,
Supp. Data 22). Other holaspid morphs show similar results (Supp. Data 22-23).
The major component of shape variation represented by RW1 is the arching of
the whole pygidium and variations in the axis-direction distance between mid-
posterior end of the pygidium and anterolateral tips of the pygidium (Fig. 10,
Supp. Data 23). RW2 represents variations in the relative length of the pygidium,
and RW3 shows variations in the width of the pygidial axis.

There were some significant changes in the partial Procrustes distance
with In CCS for certain morphs (Fig. 11). The 19 morph and the 21 morph with its
In CCS over 2.2 each had a significant slope value of 0.0241 (p=0.0395,
r=0.0582) and 0.0262 (p=0.0044, r=0.2161). Slope values of 18, 20, and 22
morphs were not significant at the 95% confidence level (Supp. Data 24).
Multivariate regressions of partial warp scores against In CCS for 19 and 21
morphs report that each growth vector explains 9.40% and 15.32% of the total
variance (Fig. 12), the regressions were each significant at p=0.001875 (1600
bootstraps) and p=0.003750 (1600 bootstraps)(Supp. Data 25). In addition, the

vectors of regression coefficients for the 19 morph and the 21 morph were
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significantly different from isometry at the 95% confidence level (19 morph angle
to isometry 90.0¢ within-sample angle 46.7¢ 21 morp h angle to isometry 90.0°
within-sample angle 49.69(Supp. Data 26).

The major shape changes with growth could not be simply linked to a
single relative warp. Combined effect of relative warps could explain the arching
(RW1 and RW2), shortening of axis (RW1, RW2), and narrowing of axis (RW3)

seen during holaspid pygidial growth.

Exoskeletal Growth

Cephalic-trunk growth ratio

As a basis for examining how the proportions of different components of
the exoskeleton varied during growth the relative lengths of the major structural
components of the exoskeleton were compared (Fig. 13). Using the antilogarithm
of the regression coefficient between the mean logarithm of the cranidial and
exoskeletal lengths within meraspid degree 9 through 17 as the basis for
estimating growth rate, the cranidial length growth rate per meraspid stage 1.083
(1.080 - 1.089) is significantly lower than the exoskeletal growth rate 1.102
(1.095 - 1.110) (see also Fusco et al., 2004). Assuming a linear relationship
between these variables (see Fig. 13) the predicted cranidial-exoskeletal length

ratio is 0.48 at meraspid degree 4, 0.44 at meraspid degree 9, and 0.39 at
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meraspid degree 17. This is as expected because while in the cephalon growth
occurred within a fixed set of segments, in the trunk growth proceeded both by
increase of segment size and due to the addition of new segmental units. The
pattern of decrease in the cranidial - exoskeletal length ratio slowly declines with
growth from -0.008 compared to previous instar at degree 4 to -0.006 at degree
17, and this decreased rate can be expected to have declined even more in the
holaspid phase due to cessation of trunk length increase through segment
addition. Estimation of ratio changes in the holaspid phase (RMA regression of In
cranidial length against In exoskeletal length for 19 morphs with In CCS larger
than 2.2) predicts values of 0.364 at exoskeletal length of 12 mm (which is about
the exoskeletal length of the smallest 19 morph holaspides), and 0.358 at 20 mm
(largest 19 morph holaspides).

Hence in summary, the cephalon-trunk length ratio constantly decreases
with growth from the meraspid phase to the holaspid phase, and the rate of
decrease for the ratio values also seems to decrease as the species grows. This
might imply that the amount of shape changes per instar steadily decrease with
growth instead of trilobite having two separate rates of shape changes for the

meraspid phase and the holaspid phase.

Landmark-based analysis of exoskeletal shape
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The complex ontogenetically dynamic nature of the trunk region
complicates simple interpretation of its growth dynamics. Previous landmark-
based analyses of A. koninckii (Hughes and Chapman, 1995, figs. 10B, 10C;
Hammer and Harper, 2006, figs. 4.55, 4.57) used a scheme that combined
landmarks from both the cranidium and the pygidium across different growth
stages and among different holaspid segment number morphotypes to document
the posterior shift and decline in relative size of the pygidium during the meraspid
phase, and relative increase in size during the holaspid phase. Pygidial
landmarks are apparently homologous within each holaspid segment number
morphotype, but when the number of thoracic segments differed among the
entities being compared, such as among the holaspid segment number
morphotypes or between different meraspids degrees, the pygidium does not
contain a homologous complement of segments. Accordingly, in such cases
landmark-based analyses of exoskeletal growth must be understood in terms of
the homology of the pygidium as an articulation-defined unit (e.g. Hughes and
Chapman, 1995), not one that is homologous in terms of its constituent
segments. Given these problems, and that our investigation accords with the
previous analyses of overall exoskeletal growth in A. koninckii, we have not
explore this issue further herein. We do, however, present an analysis of
exoskeletal growth among those holaspid segment morph 19s larger than 2.2 in

In CCS value. Holaspid segment morph 19 was chosen because it is the best
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represented of any of the morphs, but the patterns seen within this morph are
representative of those seen in the other well-represented morphs.

In this case the most noticeable modification is the modest ontogenetic
expansion of the pygidium area compared to the cranidial region, most clearly
indicated by the linear outward and forward trend in the positions of landmarks
that represent the anterior lateral margins of the pygidium (Fig. 14).

Characteristics of holaspid shape variation can be further analyzed by the
principal component analysis (PCA) of partial warp scores calculated from the
mean shape of the sample. About 67.71% of the variance is explained by the first
four relative warps (RW), which account for between some 23% to 12% of overall
shape variance (Supp. Data 27). Shape changes seen in RW1 closely match
deformations observed with growth in A. koninckii. Relative warp 2 seems to
represent a difference in growth rates between the cranidial and pygidial regions
(Fig. 15). Relative warp 3 apparently describes minor shape variation within the
cranidium and Relative warp 4 represents minor asymmetrical changes such as
might result from compressional shearing. Other holaspid morphs also show
similar shape variations (Supp. Data 28-31).

Shape change due to ontogeny can be evaluated by regressing partial
Procrustes distances from a reference point (in this case, mean shape of three
smallest specimens within the sample) against In CS (Fig. 16). Assuming In CS
as an independent variable, the two variable shows a significant positive

relationship (r=0.4614, p<0.000625). The total shape variance is 0.0848 and the
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residual, non-allometric shape variance is 0.0723, hence 14.79% of the total
variance is explained by the growth allometry (p<0.000625 from 1600 bootstraps,
Fig. 17). The main allometric shape change is the expanding pygidial region
compared to the cranidial area, and this trend closely follows shape changes due
to Relative Warp 1 in PCA of PWS calculated from mean shape given
immediately above. This, then, confirms that expansion of the relative size of the
pygidium characterizes holaspid growth in this case. Other holaspid morphs
display similar allometry (Supp. Data 32-33).

The significance of the allometric growth vector was tested by comparing
angle to isometry with within-sample angle at 1600 bootstraps. As a result, the
within-sample angle (35.29) is significantly different at the 95% confidence level
to the angle-to-isometry (76.59. Growth vectors of ot her morphs also showed

significant difference to isometry (Supp. Data 34).

Discussion

Our results suggest tight coordination of growth in A. koninckii and provide
the oldest example of targeted growth in size and in shape yet known. They
indicate that this species was able to adjust growth in its size and shape rather
precisely, presumably in order to conform to an optimal condition for each
particular instar. Two major questions arise from these observations. These are

1) how does this pattern of growth compare with other aspects of the
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development of this animal and, 2) how does the overall pattern of growth and
variation relate to the paleoenvironment in which it lived?

Curiously Aulacopleura koninckii is well known for its remarkable variation
in the number of thoracic segments found among holaspid specimens, with
variants ranging from 18 to 22 thoracic segments. No other trilobite is known to
show such a wide range of variation in mature segment numbers from a single
locality, even among Cambrian trilobites in which marked variation in thoracic
segment numbers is well known (see Hughes et al., 1999). Previous studies of A.
koninckii have considered the variation in mature segment number (Hughes and
Chapman, 1995; Hughes et al., 1999; Fusco et al., 2004) and shown it not to be
the result of lax developmental regulation, but rather that mature segment
numbers were determined early in ontogeny, long before the transition to the
holaspid phase. The determinant of the number in maturity may have been
determined either genetically or environmentally, but it was initiated early in
ontogeny. Hence it appears that development in A. koninckii was finely tuned for
producing morphologies of the appropriate size and shape, but also allowed for
some versatility in the range of form produced. At present it remains unclear
whether the five mature thoracic segment morphs each represent sibling species
or were rather polymorphs of a single species. The fact that the cranidial
trajectory of 19 is different from that of those of 20 and 21 might provide a basis
for species distinction, but as the difference is extremely subtle we do not

advocate this position. More importantly, all five morphs are extremely similar in

34



form, differing only in the total number of a structure expressed repeatedly and
iteratively in all individuals.

Accordingly, A. koninckii evidently employed a sophisticated regulatory
network that fine-tuned development. What, then, might explain the unusual
variation evident in the sample? Aulacopleura occurs in dense accumulations on
individual bedding planes within the 1.4 meter interval of the Aulaceopleura
shales at Na Cernedlich hill. On some bedding planes it occurs with other
articulated specimens belonging to a wide variety of the Silurian shelf benthos
(including echinoderms, bryozoans, brachiopods, mollusks and many other
articulated trilobites), along with other material such as graptolites, chitinozoans,
and pollen (see Kfiz, 1992; Hughes et al., 1999). On other bedding planes A.
koninckii is monospecific, yet occurs in great density. Bedding plane
assemblages commonly differ in the mean sizes of A. koninckii specimens but,
given the lack of physical indicators of high-energy conditions, it is unlikely that
the size selectivity was the result of mechanical sorting. Accordingly, we interpret
A. koninckii to have been an opportunistic species that flourished at the
sediment-water interface at times of relatively reduced benthic oxygen
conditions. Populations may have flourished relatively rapidly, but occasionally
succumbed to episodes in which oxygen availability dropped below the minimum
required to sustain life. The different mean sizes of A. koninckii specimens
among the bed surfaces may reflect distinct cohorts of individuals, each of which

suffered a mass Kkill event. Such lack of oxygen, followed by later burial, might
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also explain the partially disarticulated nature of some of the individuals: the
carcasses that had partially decayed before being buried.

This interpreted environment is also consistent with the morphology of A.
koninckii, which has the olenimorphic form (Fortey and Owens, 1990) form
commonly inferred to be associated with relatively reduced oxygenation (Fortey,
2000; Gaines and Droser, 2003). The olenimorphic form is rich in trunk segments
with narrows axes, and this has been inferred as an adaptation to increase
surface area available for respiration or for harboring chemosymbiotic
microorganisms (Fortey, 2000), as such activities are considered to be
associated with the exopodite branch of the appendages housed beneath each
trunk segment (but also see Suzuki and Bergstrom, 2008). In this context
variation in trunk segment numbers might be advantageous in conditions of
relatively low oxygen availability, because more segments would also
presumably imply more exopodite pairs, and thus a larger area of gaseous
exchange or culturing activity. Accordingly, variation in holaspid segment
numbers in A. koninckii could be related to variable levels of oxygen availability.
If this is true we might expect to find differentiation between bedding planes in
the numbers of thoracic segments, with those with higher numbers of segments
presumably representing beds with less oxygen. Unfortunately, as it is not
possible to collect in situ at the site this hypothesis remains to be tested. It is
clear however, that forms with different numbers of segments do occur on the

same surfaces, so any association would likely have to be detected statistically.
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Conditions of reduced oxygen tension might also explain other aspects of
the development of A. koninckii. It is likely that such conditions would present a
severe metabolic challenge to all individuals and that viable morphologies would
be tightly constrained to a narrow bound of variation at all stages of ontogeny.
This may explain the strongly targeted pattern of development on size and
shape: individuals might only be viable if they conformed to a specific shape at a
specific size. Where variation was permitted, it seems, is at the later stages of
development by the simple ontogenetic terminal addition or subtraction of the
onset of the holaspid/epimorphic phase (Hughes et al., 2006).

Variations were evidently tolerated in the number of thoracic segments
seen among mature specimens. The growth of A. koninckii thus emphasizes the
point that variability is not necessarily a general characteristic of an entire animal,
but can be confined to particular attributes. It suggests that variation in the
number of trunk segments, which is one of the principal morphological variations
seen among the clade Trilobita, may have a higher evolvability in this

homonomous trilobite than other characteristics such as sclerite shape.

Conclusion

Analysis of the growth of A. koninckii with a new dataset confined to the

choicest specimens available shows that the developmental of this animal in

terms of the sizes and shapes of cranidium, pygidium and overall exoskeletal
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proportions was both precise and tightly regulated. The animal developed
gradually over a prolonged series of instars, with modest morphological changes
between molts. Size growth rate per instar during the meraspid phase was
constant, and variations in size and shape during the meraspid phase were also
constant. Growth of cranidial size and shape was clearly targeted during the
meraspid phase, and the new analysis confirms an earlier result (Fusco et al.,
2004) that the number of segments in maturity was determined early in ontogeny
rather than at a threshold size value when entering the mature phase. The
cranidia of some of the different holaspid thoracic segment number morphs may
have been slightly different in shape, suggesting that they may represent sibling
species, or subtly distinct polymorphs. This pattern of growth is consistent with
geological evidence suggesting that A. kononckii lived in an environment that

experience fluctuating conditions of oxygen availability.

Systematic paleontology

Family AULACOPLEURIDAE Angelin, 1854

Genus AULACOPLEURA Hawle and Corda, 1847

AULACOPLEURA KONINCKII (Barrande, 1846)

Figures 18-21

Arethusa Koninckii BARRANDE, 1846, p. 48.
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Aulacopleura (Aulacopleura) konincki konincki PRANTL AND PRIBYL, 1950, p.
404-406, pl. 1, figs. 20-24, pl. 3, fig. 7 (synonymy to date); HORNY AND
BASTL, 1970, p. 183-186.

Aulacopleura (Aulacopleura) konincki TOMCZYKOWA, 1957, p. 132-133, pl. 3,
figs. 1-2.

Otarion (Aulacopleura) koninckii THOMAS, 1978, p. 29, pl. 7, fig. 6; THOMAS
AND OWENS, 1978, p. 68, fig. 10.

Aulacopleura konincki SNAJDR, 1990, p. 22, p. 40-41, p. 176-177.

Types.—The original specimens referred to in Barrande's 1846 paper are
from a locality in "Wohrada" which is the current Prague-Reporyje District of the
Czech Republic. According to Horny and Bastl (1970, p. 183) this material
consisted of five specimens that are stored at the National Museum of Prague.
Prantl and Pribyl (1950, p.491) designated the specimen figured in the later work
of Barrande (1852, pl. 18, figs. 16-17) as a lectotype without specifying a
specimen number. The locality of the specimen in question is also recorded as
"Wohrada" (Barrande, 1852, pl. 18 captions), but it is uncertain whether it was
one of the five specimens referred to by Barrande in 1846. Currently, the
specimen cannot be located from the Museum. Of the five original specimens
two (L2289 and L2236) are known (Horny and Bastl, 1970, p. 183), one of which,
L2236, is readily available. Consequently, the later designation of a neotype for

specimen L2022 (IT 278) by Horny and Bastl (1970, p. 185) is erroneous. In
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addition, specimen L2022 (IT278) is from a different locality, that of Lodenice,
Beroun District (Horny and Bastl, 1970, p. 185). Therefore, specimen L2236 is
proposed to be designated as the lectotype.

Locality.—Na Cernidlech hill, Lodenice, Beroun District, Czech Republic.
"Aulacopleura shales", upper 1.4 meter interval of the Motol Formation,
Testograptus testis zone, Homerian, Wenlock, Silurian.

Diagnosis.—Aulacopleura with 18 to 22 thoracic segments in the holaspid
phase; narrow subrectangular glabella that weakly tapers anteriorly; hypostome
with constriction at the anterior portion of the middle body; small eyes with
sagittal length shorter than half of glabellar length throughout ontogeny, anterior
point of eye reaching height of preglabellar furrow.

Description.—Exoskeleton ovate in outline; sagittal length about 65% of
cranidial width across posterior border.

Cephalon semicircular in outline; sagittal length about 55% of cranidal
width across posterior border; sagittal length about 35% of exoskeletal sagittal
length. Cephalon highly convex; dorsal surface convexity of glabella and LO
follow curvature of genal field. Anterior genal field gently sloping ventrally
compared to more steeply sloping lateral genal field. Posterior genal field sloping
steeper adaxially. Caecal pits spaced evenly throughout on genal field, roughly
equal number of pits throughout growth; pits apparently slightly smaller on
posterior fixigenae, about 40 pits per 1 mm? in specimen with cranidial length 5.6

mm. Anterior and lateral cephalic border narrow, tubular. Anterior cephalic border
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arched dorsally in anterior view. Posterior cephalic border shortens (exsag.)
adaxially. Anterior and lateral cephalic border furrows very short (sag.),
moderately to weekly narrow (tr.), incised. Posterior cephalic border furrow
lengthens (exsag.) abaxially. Genal spine directed posteriorly, about two times
the width (tr.) of lateral cephalic border at base, tapered evenly, continuing
curvature of cephalic outline. Anterior branches of facial suture diverge at 20° to
axis anteriorly, rapidly converge at 90° to axial line slightly before reaching border
furrows. Posterior branches of facial suture diverge at 60° to axis posteriorly;
terminate at genal angle. Frontal area length about 45% of cranidial length.
Holochroal eyes small, kidney-shaped; length about 15% of cranidial
length. Anterior end of eye located at about 85% of glabellar length. Posterior
end of eye located at about 50% of glabellar length. Distance of eye to axis about
40% of cranidial width across posterior border. Eye surface and palpebral lobe
hemispherical, upstanding. Base of hemisphere elevated vertically above genal
field about half the height of hemisphere. Eye socle and eye socle furrow
continuous in curvature; slopes conically near genal field at about 60° to plane of
genal field, weakly expanding abaxially just below eye surface. Visual field spans
slightly below horizontal plane to 90° above. Overlap of visual fields from paired
eyes about 35° front and back. Hexagonal close packing of lenses with at least
20 lenses at basal horizontal row and at least 20 horizontal rows of lenses. Eye

ridge perpendicular to sagittal axis; intersects anterior portion of eye. Lateral axial
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furrows narrow (tr.), very deeply incised, gently bowed out around L1;
preglabellar furrow gently arching anteriorly.

LO sagittal anterior arched forward. LO length shortens (exsag.) abaxially.
Maximum LO length about 10% of cranidial length. Cephalic median organ
guincuncial; occurs as four small outer tubercles and a larger central one on flat
surface, located slightly anterior to sagittal mid-point of LO. SO deepest near
axial furrow; shallowing sagittally. Glabella trapezoidal in outline. Sagittal anterior
arch of glabella continuous with that of preglabellar field and of LO. Glabella
widest at posterior of L1. Glabellar length and width about 45% and 25% of
cranidial length and width, respectively. Width of anterior glabella across eye
ridges about 75% of maximum glabellar width. Glabella tapering anteriorly at
about 5° to sagittal axis. L1 teardrop shaped, slightly protruding laterally in
glabellar outline. S1 deep near lateral axial furrow, shallowing adaxially, fully
isolating L1, in contact with medial SO. L2 very weakly represented by small
notch opposite middle (exsag.) of eye.

Hypostome subrectangular. Maximum width near posterolateral margin at
about 65% of sagittal length. Anterior margin gently arching anteriorly in the
middle, extended into long (sag.) anterior wings laterally. Lateral margin parallel
to sagittal axis behind about anterior 35% of sagittal length, slightly divergent
posteriorly at about anterior 60% of sagittal length. Posterior margin semicircular
to trapezoidal. Posterolateral spines absent. Anterior border as long as posterior

border at long sagittal axis; abruptly lengthens abaxially near anterior wing,
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continuous with anterior lobe and anterior wing. Lateral border slopes steeply into
lateral border furrow, slightly narrower than posterior border is long. Posterior
border uniform in length, flange-like. Border furrow at anterolateral corners
converge anteriorly at about 30° to sagittal axis behind anterior wing, deep,
trough-like, uniformly wide; defines bottleneck shaped anterior lobe. Lateral
border furrow deeply incised, narrow opposite anterior lobe, as wide as posterior
border furrow at posterolateral region. Posterior border furrow deep, uniformly
long. Middle body constricted at about anterior 20% of sagittal length to minimum
width of about 65% of maximum middle body width, slightly inflated transversely
anterior to narrowest position. Middle body length about 90% of hypostomal
sagittal length. Middle body width about 70% of hypostomal maximum width near
posterolateral margin. Surface sculpture weakly defined fingerprint-like pattern.
Middle furrow slit-like on internal mold, converging posteriorly at about 45° to
sagittal axis opposite inflection point of lateral border, isolated from sagittal axis.
Trunk with homonomous segments. Number of thoracic segments in
epimorphic forms ranges from 18 through 22. Thoracic length about 55 to 60% of
exoskeletal length with segment-poor specimens closer to about 55% and with
segment-rich ones closer to about 60%. Maximum length and width of trunk at
seventh from anterior segment. Ratio of axial to pleural width about 25% near
middle. Outer portion of pleura beyond fulcrum about 40% of pleural width.
Pleural furrow long (exsag.) and parallel to segment margin in inner portion,

shortening (exsag.) abaxially in outer portion. Length of posterior band increasing
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abaxially in outer portion of pleura. Pleural extremity of anterior segment
developed into pointed tip. Pleural margin of posterior segments rounded. Axis
tapering posteriorly, occupying about 25% of segment width on seventh segment
from anterior. Axial ring flexed posteriorly at abaxial margin then curving
anteriorly near axis to form weak W shape in dorsal view. Weak median tubercle
visible in some segments. Articulating furrow short (sag. and exsag.).

Pygidium semielliptical in outline with sagittal length about 25% of
maximum pygidial width. Pygidial border narrow, of uniform thickness. Pygidial
border furrow very shallow and narrow. Inner portion of pleural field horizontal
width between fulcra at thorax-pygidium boundary about 65% of maximum
pygidial width. Pleural furrow up to four pairs, more prominent anteriorly, deep,
wide. Anterior band length about 50% of posterior band at inner portion of pleural
field, about the same length at outer portion of pleural field. Interpleural furrow up
to four pairs, deep, narrow at inner portion of pleural field; starts to widen
abaxially at inner-outer boundary of pleural field. Subtriangular depression at
pygidial border furrow. Moderately clear relation between axial and pleural
segments. Pygidial axis conical in outline, gently converges posteriorly. Posterior
portion broadly rounded. Length of pygidial axis about 80% of pygidial length.
Width of pygidial axis about 20% of maximum pygidial width. Axis composed of
four or up to six axial rings and a terminal axial piece. Inter-ring furrow short (sag.

and exsag.), incised, slightly bulging anteriorly.
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Ontogeny.—Other than the addition of trunk segments in the meraspid
phase, and the complementary release of anterior pygidial segments into the
thorax, no other ontogenetic changes in nominal or ordinal characters could be
detected from meraspid degree 4 to the largest holaspid. Such changes that do
occur are related to the overall sizes of individual sclerites, the numbers trunk
segments, and to their allocation to the pygidium or thorax.

As described above, during the meraspid phase the relative length of the
cranidial frontal area expands, the front of the glabellar becomes less rounded,
and the posterior broader widens and moves slightly anteriorly. Thus in larger
forms the glabella and eyes are relatively smaller than those in earlier
meraspides.

With regard to the overall shape of the exoskeleton, the major ontogenetic
change is the expansion of the area occupied by the thorax during meraspid
ontogeny, and the relative decline in the size of the pygidium during this phase.
This decline is related to the fact that although the pygidium did increase in size
during the meraspid phase, such increase was mitigated by loss of the
anteriormost pygidial segment into the thorax at each meraspid molt. Thus, as a
proportion of the total exoskeleton, the pygidium became both narrower and
shorter during later meraspid growth. This growth relationship changed during
the holaspid phase, because the pygidium was no longer releasing or adding
segments, and its constituent segments thus increased in size. The details of

individual trunk segment growth rates will be discussed in a separate publication.
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Details of the average length and width values for various stages are described
below based on are the antilogarithm of average logarithm values for each
meraspid stage. Values inside the parentheses are lower and upper limits at 95
percent confidence level.

The sagittal length of the exoskeleton ranges from 1.72 mm to 28.81 mm
for the specimens that represent meraspid degree 4 through 17, and holaspides
with 18, 19, 20, 21, or 22 thoracic segments. The average sagittal length of the
exoskeleton is 3.22 mm (3.04 - 3.41 mm) at meraspid degree 9 and 7.10 mm
(6.85 - 7.35 mm) at degree 17. The exoskeletal width-length ratio decreases with
growth from 0.72 (0.67 - 0.78) at meraspid degree 9 to 0.68 (0.66 - 0.71) at
degree 17, and the ratio is around 0.63 to 0.66 in the holaspid phase. The
sagittal cranidial length ranges from 0.93 mm to 9.61 mm, with the average value
of 1.42 mm (1.34 - 1.50 mm) at meraspid degree 9 and 2.76 mm (2.65 - 2.87
mm) at degree 17. The proportion of cephalic length to the exoskeletal length
decreases with growth from 0.44 (0.43 - 0.45) at meraspid degree 9 to 0.39 (0.38
- 0.40) at degree 17, and the proportion decreases with growth from about 0.36
to 0.34 in the holaspid phase.

The sagittal pygidial length ranges from 0.36 mm to 2.72 mm, with the
average value of 0.56 mm (0.50 - 0.62 mm) at meraspid degree 9 and 0.61 mm
(0.57 - 0.65 mm) at degree 17. As noted above the pygidial length in the
meraspid phase is the net effect of anteriormost pygidial segment loss and gain

of a new pygidial segment near the posterior between instars. The general trend
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in the ratio of pygidial length to the exoskeletal length is a decrease in the
meraspid phase and an increase in the holaspid phase. It decreases from 0.17
(0.16 - 0.18) at meraspid degree 9 to 0.09 (0.08 - 0.09) at degree 17, then
increases in the holaspid phase from about 0.08 to 0.11. Although with large
overlaps in values, the proportional length of pygidium compared to exoskeletal
length in the segment-rich holaspides tends to be smaller than the ratio from the
segment-poor ones. Holaspides with 19 thoracic segments have the pygidial-
exoskeletal length ratio of about 0.08 to 0.12, 20 and 21 morphs have 0.07 to
0.11, and 22 morphs have values of 0.06 to 0.10. This is because at any given
holaspid size the pygidia of the segment poor forms have been longer in the
holaspid growth mode.

The length-width ratio of the cranidium decreases with growth from 0.61
(0.57 - 0.65) at meraspid degree 9 to 0.57 (0.55 -0.59) at degree 17, and
becomes around 0.54 to 0.55 in the holaspid phase. Length of the glabella
including the occipital ring ranges from 0.58 mm to 5.22 mm, and the average
value is 0.86 mm (0.81 - 0.91 mm) at meraspid degree 9 and 1.56 mm (1.51 -
1.62 mm) at degree 17. The proportion of glabellar length to the cranidial length
decreases with growth in the meraspid phase from 0.60 (0.58 - 0.63) at meraspid
degree 9, 0.57 (0.55 - 0.59) at degree 17, and becomes around 0.53 to 0.54 in
the holaspid phase. The proportion of the glabellar width (at the base of the
occipital ring) to the cranidial width remains relatively constant during growth with

observed values of 0.26 (0.24 - 0.26) at meraspid degree 9, 0.25 (0.24 - 0.25) at
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meraspid degree 17, and around 0.23 in the holaspid phase. The glabellar width-
length ratio increases from 0.70 (0.63 - 0.77) at meraspid degree 9 to 0.76 (0.72 -
0.81) at degree 17, and becomes around 0.79 to 0.81 in the holaspid phase. The
sagittal occipital ring length ranges from 0.10 mm to 1.10 mm, with the average
value of 0.14 mm (0.12 - 0.15 mm) at meraspid degree 9 and 0.23 mm (0.21 -
0.27 mm) at degree 17. The ratio of occipital ring length to the glabellar length
remains relatively constant during growth with observed values of 0.16 (0.15-
0.17) at meraspid degree 9, 0.15 (0.13 - 0.17) at degree 17, and around 0.15 in
the holaspid phase.

The length-width ratio of the pygidium generally decreases in the
meraspid phase from about 0.32 at meraspid degree 9, to about 0.27 at
meraspid degree 17, and becomes around 0.25 to 0.26 in the holaspid phase.
The proportion of pygidial axis length to the pygidial length remains relatively
constant during growth with observed values of 0.80 (0.77 - 0.83) at meraspid
degree 9, 0.80 (0.76 - 0.83) at meraspid degree 17, and around 0.80 to 0.82 in
the holaspid phase. The general trend in the ratio of pygidial axis width to the
pygidial width in the meraspid phase is an increase from 0.20 (0.18 - 0.21) at
meraspid degree 9 to 0.22 (0.22 - 0.23) at meraspid degree 17. In the holaspid
phase, the ratio decreases from around 0.23 to 0.20 for the 19-thoracic segment
specimens, 0.24 to 0.20 for the 20 morphs, and 0.24 to 0.21 for 21 and 22

morphs.
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The sagittal length of the eye ranges from 0.15 mm to 1.56 mm, with the
average sagittal length of the eye being 0.28 mm (0.24 - 0.32 mm) at meraspid
degree 9 and 0.51 mm (0.47 - 0.55 mm) at degree 17. The proportional length of
the eye compared to glabellar length remains relatively constant during the
meraspid phase with observed values of 0.33 (0.30 - 0.36) at meraspid degrees
9 and 17. In the holaspid phase, the ratio decreases with growth from about 0.30
to 0.25. The ratio of eye's distance to the axial furrow and the cranidial width
decreases with growth in the meraspid phase from 0.13 (0.11 - 0.15) at meraspid
degree 9t0 0.12 (0.10 - 0.13) at meraspid degree 17. The ratio remains constant,
at about 0.11, during the holaspid phase. The ratio of the glabellar width at the
eye ridges and the glabellar width at the base of the occipital ring remains
constant during growth with observed values of 0.77 (0.73 - 0.83) at meraspid
degree 9, 0.79 (0.77 - 0.81) at meraspid degree 17, and around 0.81 to 0.82 in
the holaspid phase.

The ratio of the distance between anteriormost points of facial sutures and
the cranidial width remains constant during growth with observed values of 0.39
(0.39 - 0.44) at meraspid degree 9, 0.40 (0.39 - 0.42) at meraspid degree 17, and
about 0.40 in the holaspid phase.

Discussion.—Aulacopleura species are known quite widely around the
word and from Llandovery to Upper Devonian in age (see Adrain and Chatterton,
1995): the upper Llandovery (Snajdr, 1975), Wenlock (Barrande, 1846; Pfibyl et

al., 1985), Lochkovian (Barrande, 1872), and Pragian (Pfibyl, 1947) of the Czech
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Republic; the Upper Silurian (Kegel, 1927), Eifelian (Roemer, 1850), the Upper
Devonian (Barrande, 1868) of Germany; Wenlock of France (Chaubet, 1937);
Caradoc of Scotland (Pfibyl, 1947); Eifelian of Morocco (Alberti, 1969); Tremadoc
(?) of China (Lu, 1975); LIandovery of northwestern Canada (Adrain and
Chatterton, 1995).

Prantl and PFibyl (1950) classified a subspecies Aulacopleura
(Aulacopleura) konincki haueri (Frech, 1887) based on a specimen from the
Carnic Alps of Australia and Italy and a Silurian Czech specimen of Arethusina
Konincki var. peralta Katzer, 1895. According to Prantl and Pfibyl (1950), the
subspecies is different from A. koninckii based on having a more convex
cephalon, a prominent process at the mid-anterior border of the cephalon, a
shorter librigenal spine, and extra pair of glabellar furrows.

Based on specimens from the Na Cernidlech hill, A. koninckii is different
from all other Aulacopleura species by having 18 through 22 thoracic segments
in the holaspid phase, a narrow subrectangular glabella that weakly tapers
anteriorly, a hypostome with middle body that is pinched at the anterior portion,

and anteriorly positioned eyes that are less than half the length of the glabella.
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FIGURE 1—Grey dots show position of fifteen cranidial landmarks and seven

pygidial landmarks on the dorsal exoskeleton of Aulacopleura koninckii (modified

from Hughes and Chapman, 1995, fig. 3).
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FIGURE 2—Thin-plate spline deformation grid of relative warps for the 15
cranidial landmarks of all specimens of holaspides and meraspides (N=352): 1,
Shape variation related to relative warp 1 (24.80% of total variance explained,
depicting size of the pleural region relative to the glabella and the palpebral
lobes); 2, Shape variation related to relative warp 2 (22.23% of total variance

explained, depicting very subtle elongation of the cranidium).
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FIGURE 3—Partial Procrustes distance from the reference (mean shape of the
smallest three specimens) of 15 cranidial landmarks for all specimens of
holaspides and meraspides (N=352). Regression of partial Procrustes distance
against logarithm of cranidial centroid size is significant (slope=0.0365,

P<0.0001, r=0.4808).
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FIGURE 4—Thin-plate spline deformation grid of shape changes with growth for
the 15 cranidial landmarks of all specimens of holaspides and meraspides
(N=352). Partial warp scores are regressed in a multivariate regression against In
centroid size, and 14.7687% of total shape variance (based on summed squared
residuals expressed in Procrustes units) is explained by the allometry

(p<0.000625 from 1600 bootstraps).
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FIGURE 5—Thin-plate spline deformation grid of relative warps for the 15
cranidial landmarks of meraspides from meraspid degree 4 through 17 (N=148):
1, Shape variation related to relative warp 1 (26.35% of total variance explained,

depicting variations in the anterior width between the facial sutures); 2, Shape
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variation related to relative warp 2 (16.58% of total variance explained, depicting
size of the pleural region relative to the glabella and the palpebral lobes); 3,
Shape variation related to relative warp 3 (10.31% of total variance explained,

depicting effects of shearing).
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FIGURE 6—~Partial Procrustes distance from the reference (mean shape of the
smallest three specimens) of 15 cranidial landmarks for specimens of
meraspides from meraspid degree 4 through 17 (N=148). Regression of partial
Procrustes distance against logarithm of cranidial centroid size is significant

(slope=0.0314, P<0.0001, r=0.1377).
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FIGURE 7—Thin-plate spline deformation grid of shape changes with growth for
the 15 cranidial landmarks for specimens of meraspides from meraspid degree 4
through 17 (N=148). Partial warp scores are regressed in a multivariate
regression against In centroid size, and 7.6358% of total shape variance (based
on summed squared residuals expressed in Procrustes units) is explained by the

allometry (p<0.000625 from 1600 bootstraps).
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FIGURE 8—~Partial Procrustes distance from the reference (mean shape of the

smallest three specimens) of 15 cranidial landmarks for holaspid specimens of

19 morphs with its In CCS value more than 2.2 (N=54). Regression of partial

Procrustes distance against logarithm of cranidial centroid size is not significant

at the 95% confidence level (slope=0.0224, P=0.0543, r=0.0488)
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FIGURE 9—Thin-plate spline deformation grid of shape changes with growth of
15 cranidial landmarks for holaspid specimens of 19 morphs with its In CCS
value more than 2.2 (N=54). Partial warp scores are regressed in a multivariate
regression against In centroid size, and total shape variance (based on summed
squared residuals expressed in Procrustes units) explained by the allometry is
not significant at the 95% confidence level (1.5045% of total variance explained,

p=0. 578125 from 1600 bootstraps).
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FIGURE 10—Thin-plate spline deformation grid of relative warps for the 7
pygidial landmarks for holaspid specimens of 19 morphs with its In CCS value
more than 2.2 (N=54): 1, Shape variation related to relative warp 1 (54.03% of
total variance explained); 2, Shape variation related to relative warp 2 (14.78% of
total variance explained); 3, Shape variation related to relative warp 3 (13.19% of

total variance explained).
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FIGURE 11—Partial Procrustes distance from the reference (mean shape of the

smallest three specimens) of 7 pygidial landmarks for holaspid specimens of 19

morphs (N=54) and 21 morphs (N=30) with its In CCS value more than 2.2.

Regression of partial Procrustes distance against logarithm of pygidial centroid
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size is significant. 1, 19 morphs (slope=0.0241, P=0.0395, r=0.2412); 2, 21

morphs (slope=0.0262, P=0.0044, r=0.4649)
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FIGURE 12—Thin-plate spline deformation grid of shape changes with growth of
7 pygidial landmarks for holaspid specimens of 19 morphs (N=54) and 21
morphs (N=30) with its In CCS value more than 2.2. Partial warp scores are
regressed in a multivariate regression against In pygidial centroid size. 1, 19
morph, 9.40% of total shape variance (based on summed squared residuals
expressed in Procrustes units) is explained by the allometry (P=0.001875 from
1600 bootstraps); 2, 21 morph, 15.32% of total shape variance is explained by

the allometry (P=0.003750 from 1600 bootstraps).
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FIGURE 13—Changes in length ratios of cephalon, thorax, and pygidium with

growth for all meraspid and holaspid specimens (N=352): 1, Bivariate plot of In
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cephalic length and In trunk length against In cranidial centroid size; 2, Changes

in ratio of cephalic-thoracic-pygidial length with growth.
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FIGURE 14—Procrustes superimposition of 22 exoskeletal landmarks for

holaspid specimens of 19 morphs with its In CCS value more than 2.2 (N=54).
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54): 1, Shape variation related to relative warp 1 (22.94% of
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exoskeletal landmarks for holaspid specimens of 19 morphs with its In CCS value

FIGURE 15—Thin-plate spline deformation grid of relative warps of 22

more than 2.2 (N



total variance explained); 2, Shape variation related to relative warp 2 (16.71% of
total variance explained) ); 3, Shape variation related to relative warp 3 (15.90%
of total variance explained); 4, Shape variation related to relative warp 4 (12.16%

of total variance explained).
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FIGURE 16—Partial Procrustes distance from the reference (mean shape of the
smallest three specimens) of 22 exoskeletal landmarks for holaspid specimens of
19 morphs with its In CCS value more than 2.2 (N=54). Regression of partial
Procrustes distance against logarithm of cranidial centroid size is significant

(slope=0.0425, P<0.0001, r=0.6792).

76



| I

FIGURE 17—Thin-plate spline deformation grid of shape changes with growth of
22 exoskeletal landmarks for holaspid specimens of 19 morphs with its In CCS
value more than 2.2 (N=54). Partial warp scores are regressed in a multivariate
regression against In centroid size, and 14.7893% of total shape variance (based
on summed squared residuals expressed in Procrustes units) is explained by the

allometry (p<0.000625 from 1600 bootstraps).
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FIGURE 18—Aulacopleura koninckii (Barrande, 1846) from Na Cernidlech hill,
Czech Republic; specimens coated with magnesium oxide prior to photography:
1, meraspid degree 4, MCZ177964 x16.4; 2, meraspid degree 4, NMPL39407
x15.2; 3, meraspid degree 5, NMPL40040A x15.6; 4, meraspid degree 5,
NMPL39950 x15.2; 5, meraspid degree 6, NHM 42364.3 x13.6; 6, meraspid
degree 6, NMPL39916 x12.0; 7, meraspid degree 6, NMPL2234(L12783) x14.0;
8, meraspid degree 7, NHM42364.1 x12.0; 9, meraspid degree 7, NMPL2243
x15.6; 10, meraspid degree 8, NMPL39957 x12.0; 11, meraspid degree 8,
NMPL40082 x14.4; 12, meraspid degree 9, NMPL40035 x11.2; 13, meraspid
degree 9, NMPL39924 x10.8; 14, meraspid degree 9, MCZ116103 x11.2; 15,
meraspid degree 10, NMPL40028 x10.0; 16, meraspid degree 10, NHM42365.5
x10.4; 17, meraspid degree 10, NMPL39949 x10.0; 18, meraspid degree 11,
NMPL40079 x9.6; 19, meraspid degree 11, NMNH475176 x8.8; 20, meraspid
degree 11, MCZ116205 x9.2; 21, meraspid degree 12, NMPL39961 x8.8; 22,

meraspid degree 12, NMPL40023 x8.8.
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1, meraspid degree 12, NHM42365 x10.8; 2, meraspid degree 13, MCZ177963
x7.6; 3, meraspid degree 13, MCZ115992 x8.4; 4, meraspid degree 13,
MCZ116201 x8.8; 5, meraspid degree 14, MCZ115990 x7.6; 6, meraspid degree
14, MCZ115987 x7.2; 7, meraspid degree 14, MCZ177744 x8.0; 8, meraspid
degree 15, MCZ114948 x7.6; 9, meraspid degree 15, NMNH475182(475181)
x6.4; 10, meraspid degree 15, MCZ116186 x8.0; 11, meraspid degree 16,
MCZ114936 x6.8; 12, meraspid degree 16, MCZ116055 x6.8; 13, meraspid
degree 16, NMPL40073 x6.8; 14, meraspid degree 17, MCZ115406 x6.0; 15,
meraspid degree 17, MCZ116087 x6.0; 16, meraspid degree 17, MCZ177982

x6.4.
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FIGURE 20—Aulacopleura koninckii (Barrande, 1846) from Na Cernidlech hill,
Czech Republic; specimens coated with magnesium oxide prior to photography:
1, 18 thoracic segments, MCZ116174 x6.5; 2, 18 thoracic segments,
NHM59826.6 x3.7; 3, 18 thoracic segments, NMPL2229 3.x2.7; 4, 19 thoracic
segments, MCZ103490 x4.6; 5, 19 thoracic segments, MCZ114934 x3.4; 6, 19
thoracic segments, MCZ116074 x3.1; 7, 20 thoracic segments, NMNH475499
x5.0; 8, 20 thoracic segments, NMPL39840 x3.4; 9, 20 thoracic segments,

NHM59836(59826Q) x3.2.
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FIGURE 21—Aulacopleura koninckii (Barrande, 1846) from Na Cernidlech hill,
Czech Republic; specimens coated with magnesium oxide prior to photography:
1, 21 thoracic segments, MCZ114950 x5.1; 2, 21 thoracic segments,
MCZ176470 x3.8; 3, 21 thoracic segments, NMPL39848 x3.2; 4, 22 thoracic

segments, NMPL39850 x3.6; 5, 22 thoracic segments, NMPL39851 x3.3; 6, 22
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Supplementary Data

Supplementary data 1.

The following specimens were used for analysis of measurement error: MCZ
114934-19-5-G3, MCZ 114935-21-5-G3, MCZ 114944-22-5-G3, MCZ 115987-
14-7-G3, and NHM 475176-11-7-G3. All were taphonomic grade 2. Each of these
five specimens was coated, mounted, photographed, and digitized, and this

process was repeated ten times per specimen over the course of several days.
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Supplementary data 2.

Specimen ID | morph mean cranidial star)dqrd coeffi'cie.nt
length [mm] deviation | of variation
NHM 475176 | 11 1.606419 0.013396 | 0.833878 %
MCZ 115987 |14 2.108004 0.022652 | 1.074578 %
MCZ 114934 |19 5.773783 0.017109 | 0.296314 %
MCZ 114935 |21 4.138166 0.015362 | 0.371233 %
MCZ 114944 | 22 5.114652 0.025710 | 0.502675 %

ten times each of five specimens selected.
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Supplementary data 3.

distance- 95% 95%
. based . :

Specimen ID | morph (Foote) confidence | confidence

disparity (lower) (upper)
NHM 475176 | 11 0.000672 | 0.000410 | 0.000774
MCZ 115987 | 14 0.000471 | 0.000276 | 0.000548
MCZ 114934 |19 0.000344 | 0.000838 | 0.001668
MCZ 114935 |21 0.001471 | 0.000124 | 0.000356
MCZ 114944 | 22 0.000270 | 0.000149 | 0.000424

Shape variance as represented by partial Procrustes distances from the mean
form of five specimens selected for analysis of measurement error. Each of the
five specimens was digitized ten times. Non-reflected 15 landmarks on the
cephalon were used in the analysis. Confidence values calculated based on 900

bootstrap resamples using DisparityBox®6i.
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Supplementary data 4.

IMP series programs used in the study.

1. Program CoordGen7 changes raw mm-scale x and y coordinates of
specimens into coordinates of generalized least square Procrustes
superimposition. Each specimen's coordinates are first translated to have its
centroid at origin, then coordinates are scaled to unit centroid size, and
specimens are rotated to minimize the summed squared distances between
homologous landmarks (partial Procrustes distances).

2. Program DisparityBox7 measures morphological diversity of a group based on
landmark data. In this study, each specimen's partial Procrustes distance from
the mean shape is used as a unit of shape variance within an instar. The
"bootstrap within-group disparity" option is used to calculate the variance and the
95% confidence interval.

3. Program PCAGen first translates the shape differences between individual
specimen and the mean shape in a Procrustes superimpaosition into
mathematically independent style of deformation (called the partial warp scores)
that also sets the correct number of degree of freedom for statistical tests, and
then runs principal component analysis on the partial warp scores. Each principal
component is called a relative warp, and PCAGen7 measures which relative

warp explains what percentage of the total shape variance.
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4. In program Regress7, partial warp scores are regressed in a multivariate
regression against In centroid size to produce a vector of regression coefficients.
Proportion of total shape variance explained by this allometry is then calculated,
and significance of the multivariate regression is determined by bootstrapping
method. Partial Procrustes distance can also be calculated through the program.
5. Program TwoGroup7 measures partial Procrustes distances between group
mean shapes, and compares significance of within-group and between-group
variances through bootstrapping method.

6. Program VecCompare7 tests significance of the difference between two
vectors of regression coefficients by comparing the angle between the two
groups and within-group angles through bootstrapping method. It could also
calculate whether the growth vector is significantly different from isometry.

7. Program BigFix6 reflects paired homologous landmarks across an axial

midline and calculate the average position for each paired landmarks.
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Supplementary data 5.

Details on the specimen number, collector, and locality information (N=352).
1. National Museum of Prague (N=166)
Lxxxxx - Lodenice-Cernidla (N=166)
2. Museum of Comparative Zoology at Harvard University (N=142)
MCZ1xxxxx - Lodenice, Schary collection (N=142)
3. Czech Geological Survey (N=21)
OTxxxx - Lodenice-Cernidla, Vanek collection (N=4)
Pxxxx - Lodenice-Cernidla, Horny collection, 1976 (N=17)
4. US National Museum of Natural History (N=12)
XXXXXX - Lodenitz (N=12)
5. British Natural of Natural History (N=11)

XXXXX.X - Lodenitz (N=11)
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Supplementary data 6.
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Logarithm of cranidial centroid size for the two preservational grades of the new
dataset showing that the two grades do not differ markedly invariance. Among
the 15 landmarks of the cranidium, 6 paired homologous landmarks were
reflected across an axial midline for the analysis and averaged. Cross marks are

grade 1 materials, and circles indicate grade 2 specimens.
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Supplementary data 7.
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Variance of logarithm of cranidial centroid size for the two preservational grades
of the new dataset suggesting that both grades show similar variance. Among
the 15 landmarks of the cranidium, 6 paired homologous landmarks were
reflected across an axial midline for the analysis and averaged, using the
program BigFix6 in the morphometrics series IMP. Gray x marks are grade 1
materials, and black circles indicate grade 2 specimens. Bars are 95%
confidence intervals by the method of shortest unbiased confidence intervals

(Sokal and Rohlf, 1981).
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Supplementary data 8.

morph S;%iicle Grade 1 n S;%iife Grade2n | F P
10 | 0.001594 3 0.006161 9 3.864070 | 0.443592
11 0.002837 3 0.004755 13 1.676275 | 0.867515
12 0.004167 7 0.002203 8 1.891765 | 0.423577
13 |0.001338 3 0.006648 14 4.966794 | 0.049956
15 |0.004463 5 0.004993 14 1.118769 | 1.000000
17 0.018650 2 0.003393 12 5.496959 | 0.077717

Two-tailed F-test at 95% confidence level of differences in size variance between

grade 1 and 2 for those morphs with sufficient sample size in both grades from

the new dataset. Among the 15 landmarks in the cephalon, 6 paired homologous

landmarks were reflected across an axial midline for the analysis. “Morph” refers

to the number of thoracic segments, n to the number of individuals. No significant

difference in variance is detected between the grade 1 and 2 materials except for

the 13 thoracic segment number morph.
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Supplementary data 9.

Comparison of the instar variance in the cranidial shape of specimens belonging
to grades 1 and 2, computed via the partial Procrustes distance of individual
specimen to the consensus of all specimens in Procrustes superimposition for
each instar (Zelditch et al., 2004, p. 297-302), revealed that there was no
significant difference. When the size variance of In CCS (mirrored) value for each
meraspid stage (10, 11, 12, 15, 17) is compared for G1 and G2, there was no

significant difference (Supp. Data 6-8).

Cranidial landmarks G1 G2

mirrored

o
o
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Shape Variance
o
et

-
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: o rrrr 1T 1
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For the mirrored cranidial landmarks, shape variances of G1 and G2 overlap at

95% confidence level at meraspid degree 10, 11, 12, 13,15, and 17. For the
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non-mirrored data, they are slightly separated at meraspid degree 10 and 17, but

amount of separation is minor at about one fifth of the standard error.
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Supplementary data 10.
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Growth (A,B) and variance (C,D) values for cranidial centroid size (CCS) for the
previous (A,C) and new (B,D) datasets. The BigFix6 program from the IMP series
was used to mirror fifteen landmarks into nine landmarks. Diamonds and circles
are the mean logarithm of the CCS for each of the different degrees. Regression
lines are shown. Bars in the variance plots are 95% confidence intervals (not
calculated for stages with three or less specimens available), method of shortest

unbiased confidence intervals (Sokal and Rohlf, 1981).
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Supplementary data 11.

3 1 -
IR

Shape Variance
(=]

| |
6 8 9 10 11 12 13 14 15 16 17
No. of Thoracic Segments

Shape variance values for the cranidium for the previous dataset and the new
dataset. Among the 15 landmarks in the cranidium, 6 paired homologous
landmarks were reflected across an axial midline for the analysis and averaged,
using the program BigFix6 in the morphometrics series IMP. Red x marks are the
new materials, and black circles indicate specimens from the previous dataset.
Bars are 95% confidence intervals calculated based on 900 bootstrap resamples

using DisparityBox6i.
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Supplementary data 12.
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Bivariate plot of percentage of total variance explained by each relative warp of
15 cranidial landmarks for all meraspid and holaspid specimens (N=352).
Relative warp (RW) 1 and RW2 each explains 24.80% and 22.23% of total

variance.
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Supplementary data 13.
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Bivariate plot of percentage of total variance explained by each relative warp of
15 cranidial landmarks of meraspides from meraspid degree 4 through 17
(N=148). Relative warp (RW) 1, RW2, and RW3 each explains 26.35%, 16.58%,

and 10.31% of total variance.
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Supplementary data 14.

Comparsions of the partial Procrustes distance of cranidial landmarks from the
reference specimen (the consensus of the three smallest specimens in the entire
dataset) can only be detected when four consecutive meraspid stages are
compared — see table below. Results also suggest there is no apparent size-
related trend in the degree of morphological difference, as might be expected if

the degree of instar-related shape change altered during meraspid ontogeny.

Groupl Group2 n slope min max p-value
12 15 72 0.0479 0.0096 0.0861 0.0074
13 16 72 0.0498 0.0089 0.0907 0.0088
14 17 69 0.0573 0.0181 0.0965 0.0024
11 15 88 0.0381 0.0098 0.0665  0.0045
12 16 87 0.0521  0.0224 0.0817 0.0004
13 17 86 0.0396 0.0093 0.0817 0.0056
10 15 100 0.0242 0.0001 0.0484  0.0245
11 16 103 0.0432 0.0203 0.0660  0.0001
12 17 101 0.0431 0.0195 0.0667  0.0002
9 15 108 0.0276 0.0066  0.0486  0.0053
10 16 115 0.0310 0.0111 0.0510 0.0013
11 17 117 0.0383 0.0193 0.0572  0.0001
9 16 123 0.0330 0.0154 0.0506  0.0002
10 17 129 0.0300 0.0131 0.0468  0.0003
9 17 137 0.0316 0.0165 0.0467  0.0000

Significant relationships between Partial Procrustes distance with In CCS among
meraspid stages. Only the comparisions that show significant increase in partial
Procrustes distance with In CCS are included in the table. The "Groupl" and

"Group2" labels are the range of continuous meraspid stages in meraspid degree
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numbers. "n" is the sample size, and the "slope" is the regression coefficient of
partial Procrustes distance (consensus of smallest three specimens as
reference) against In CCS. The "min" and "max" labels are the lower and upper
95% confidence limits for the slope, and "p-value" is from the significance test of

the slope value.
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Supplementary data 15.
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Bivariate plot of percentage of total variance explained by each relative warp of
15 cranidial landmarks for holaspid specimens of 19 morphs with its In CCS
value more than 2.2 (N=54): 1, Relative warp (RW) 1 explains 33.09% of total
variance. Likewise, RW2 12.80%, and RW3 11.45%; 2, Shape variation related
to relative warp 1 (depicting very subtle elongation of the cranidium); 3, Shape

variation related to relative warp 2 (depicting effects of shearing); 4, Shape
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variation related to relative warp 3 (depicting size of the pleural region relative to

the glabella and the palpebral lobes).
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Supplementary data 16.
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Bivariate plot of percentage of total variance explained by each relative warp of
15 cranidial landmarks for holaspid specimens of 20 morphs with its In CCS
value more than 2.2 (N=42): 1, Relative warp (RW) 1 explains 27.06% of total
variance. Likewise, RW2 22.54%, and RW3 11.97%; 2, Shape variation related
to relative warp 1 (depicting size of the pleural region relative to the glabella and

the palpebral lobes); 3, Shape variation related to relative warp 2 (depicting very
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subtle elongation of the cranidium); 4, Shape variation related to relative warp 3

(depicting effects of shearing).
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Supplementary data 17.
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Bivariate plot of percentage of total variance explained by each relative warp of
15 cranidial landmarks for holaspid specimens of 21 morphs with its In CCS
value more than 2.2 (N=30): 1, Relative warp (RW) 1 explains 28.50% of total
variance. Likewise, RW2 17.58%, and RW3 17.27%; 2, Shape variation related
to relative warp 1 (depicting very subtle elongation of the cranidium); 3, Shape

variation related to relative warp 2 (depicting size of the pleural region relative to
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the glabella and the palpebral lobes); 4, Shape variation related to relative warp 3

(depicting effects of shearing).
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Supplementary data 18.
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Bivariate plot of percentage of total variance explained by each relative warp of
15 cranidial landmarks for holaspid specimens of 22 morphs with its In CCS
value more than 2.2 (N=12): 1, Relative warp (RW) 1 explains 38.72% of total
variance. Likewise, RW2 19.29%, and RW3 11.04%; 2, Shape variation related
to relative warp 1 (depicting very subtle elongation of the cranidium); 3, Shape

variation related to relative warp 2 (depicting effects of shearing); 4, Shape

108



variation related to relative warp 3 (depicting size of the pleural region relative to

the glabella and the palpebral lobes).
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Supplementary data 19.
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Partial Procrustes distance from the reference (mean shape of the smallest three
meraspid specimens) of 15 cranidial landmarks for holaspid specimens of 20 to
22 morphs with its In CCS value more than 2.2: 1, 20 morphs (N=42), regression

of partial Procrustes distance against logarithm of cranidial centroid size is not
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significant at the 95% confidence level (slope=0.0209, P=0.2026, r=0.1325).; 2,
21 morphs (N=30), regression of partial Procrustes distance against logarithm of
cranidial centroid size is significant at the 95% confidence level (slope=0.0566,
P=0.008550, r=0.4292); 3, 22 morphs (N=12), regression of partial Procrustes
distance against logarithm of cranidial centroid size is not significant at the 95%

confidence level (slope=-0.0263, P=0.7629, r=-0.2341).
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Supplementary data 20.

Thin-plate spline deformation grid of shape changes with growth of 15 cranidial
landmarks for holaspid specimens of 20 to 22 morphs with its In CCS value more
than 2.2. Partial warp scores are regressed in a multivariate regression against In
centroid size, and percentages are total shape variance (based on summed
squared residuals expressed in Procrustes units) explained by the allometry: 1,
20 morphs (N=42), allometry not significant at the 95% confidence level (1.82%
of total variance explained, p=0. 6525 from 1600 bootstraps); 2, 21 morphs
(N=30), allometry not significant at the 95% confidence level (4.49% of total

variance explained, p=0. 2175 from 1600 bootstraps); 3, 22 morphs (N=12),
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allometry not significant at the 95% confidence level (7.50% of total variance

explained, p=0.56625 from 1600 bootstraps).
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Supplementary data 21.

The vectors of regression coefficients (calculated from regressing partial warp
scores in a multivariate regression against In CCS; mean shape is used as a
reference for the partial warp scores) for the 15 cranidial landmarks of holaspid
specimens of 19 to 22 morphs are compared with isometry. Angle of the
normalized vector within the sample and angle to isometry is compared at the

95% confidence level by 1600 bootstraps.

Holaspides angle to within Significant
(In CCS > 2.2) " isometry | sample | difference

19 morphs 54 101.5° 86.3° yes

20 morphs 42 115.7° 87.4° yes

21 morphs 30 81.1° 77.0° yes

22 morphs 12 87.2° 91.7° no

114



Supplementary data 22.
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Bivariate plot of percentage of total variance explained by each relative warp of 7
pygidial landmarks for specimens of 19 to 22 morphs with its In cranidial centroid
size value being over 2.2. Percentage of total shape variance (based on summed
squared residuals expressed in Procrustes units) explained by the allometry in
parentheses: 1, 19 morphs (N=54), Relative Warp (RW) 1 (54.03%), RW2

(14.78%), RW3 (13.19%): 2, 20 morphs (N=42), RW1 (48.92%), RW2 (20.12%),
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RWS3 (11.08%); 3, 21 morphs (N=30), RW1 (49.38%), RW2 (24.51%), RW3

(9.90%); 4, 22 morphs (N=12), RW1 (49.58%), RW2 (26.19%), RW3 (11.32%).
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Supplementary data 23.
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Bivariate plot of percentage of total variance explained by each relative warp of
15 cranidial landmarks for holaspid specimens of 19 to 22 morphs with its In CCS
value more than 2.2. Partial warp scores are regressed in a multivariate
regression against In pygidial centroid size, and percentage of total shape
variance (based on summed squared residuals expressed in Procrustes units)
explained by the allometry in parentheses: 1-3, 19 morphs (N=54); 1, Relative
Warp (RW) 1 (54.03%); 2, RW2 (14.78%); 3, RW3 (13.19%); 4-6, 20 morphs
(N=42); 4, RW1 (48.92%); 5, RW2 (20.12%); 6, RW3 (11.08%); 7-9, 21 morphs
(N=30); 7, RW1 (49.38%); 8, RW2 (24.51%); 9, RW3 (9.90%); 10-12, 22 morphs
(N=12); 10, RW1 (49.58%); 11, RW2 (26.19%); 12, RW3 (11.32%); 1, 4, 7, 10,
Shape changes related to RW1 is arching of the whole pygidium and variations in
the axis-direction distance between mid-posterior end of the pygidium and the
anterolateral tips of the pygidium; 2, 5, 8, 11, RW2 represents variations in the
relative length of the pygidium; 3, 6, 9, 12, RW3 represents variations in the width

of the pygidial axis.
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Supplementary data 24.
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Partial Procrustes distance from the reference (mean shape of the smallest three
specimens in each holaspid sample) of 7 pygidial landmarks for holaspid
specimens of 19 to 22 morphs with its In CCS value more than 2.2. Regression
of partial Procrustes distance against logarithm of pygidial centroid size is

significant for 19 and 21 morphs. 1, 19 morphs (slope=0.0241, P=0.0395,
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r=0.2412, N=54); 2, 20 morphs (slope=0.0176, P=0.09248, r=0.2091, N=42); 3,
21 morphs (slope=0.0262, P=0.0044, r=0.4649, N=30); 4, 22 morphs

(slope=0.0025, P=0.4577, r=0.0354, N=12).
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Supplementary data 25.
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Thin-plate spline deformation grid of shape changes with growth of 7 pygidial
landmarks for holaspid specimens of 19 to 22 morphs with its In CCS value more
than 2.2. Partial warp scores are regressed in a multivariate regression against In
pygidial centroid size. 1, 19 morph, 9.40% of total shape variance (based on
summed squared residuals expressed in Procrustes units) is explained by the
allometry (P=0.001875 from 1600 bootstraps); 2, 20 morph, 8.86% of total shape

variance (based on summed squared residuals expressed in Procrustes units) is
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explained by the allometry (P=0.0075 from 1600 bootstraps); 3, 21 morph,
15.32% of total shape variance is explained by the allometry (P=0.003750 from
1600 bootstraps); 4, 22 morph, 3.47% of total shape variance is explained by the

allometry (P=0.08675 from 1600 bootstraps).
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Supplementary data 26.

The vectors of regression coefficients (calculated from regressing partial warp
scores in a multivariate regression against In CCS; mean shape is used as a
reference for the partial warp scores) for the 7 pygidial landmarks of holaspid
specimens of 19 to 22 morphs are compared with isometry. Angle of the
normalized vector within the sample and angle to isometry is compared at the

95% confidence level by 1600 bootstraps.

Holaspides angle to within Significant
(In CCS > 2.2) " isometry | sample | difference

19 morphs 54 99.1° 46.7° yes

20 morphs 42 103.5° 56.7° yes

21 morphs 30 81.9° 49.6° yes

22 morphs 12 97.9° 111.3° no
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Supplementary data 27.
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Bivariate plot of percentage of total variance explained by each relative warp of
22 exoskeletal landmarks for specimens of 19 morphs with its In cranidial
centroid size value being over 2.2 (N=54). Relative warp (RW) 1 explains 22.94%

of total variance. Likewise, RW2 16.71%, RW3 15.90%, and RW4 12.16%.
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Supplementary data 28.
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Bivariate plot of percentage of total variance explained by each relative warp of
22 exoskeletal landmarks for specimens of 19 to 22 morphs with its In cranidial
centroid size value being over 2.2. Percentage of total shape variance (based on
summed squared residuals expressed in Procrustes units) explained by the
allometry in parentheses: 1, 19 morphs (N=54), Relative Warp (RW) 1 (22.94%),

RW2 (16.71%), RW3 (15.90%), RW4 (12.16%); 2, 20 morphs (N=42), RW1
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(37.93%), RW2 (15.45%), RW3 (11.96%), RW4 (9.60%): 3, 21 morphs (N=30),
RW1 (37.14%), RW2 (19.38%), RW3 (13.61%), RW4 (7.31%); 4, 22 morphs

(N=12), RW1 (48.57%), RW2 (16.47%), RW3 (13.51%), RW4 (5.37%).
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Supplementary data 29.
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Thin-plate spline deformation grid of relative warps of 22 exoskeletal landmarks

=42).

for holaspid specimens of 20 morphs with its In CCS value more than 2.2 (N
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1, Shape variation related to relative warp 1 (37.93% of total variance explained);
2, Shape variation related to relative warp 2 (15.45% of total variance explained);
3, Shape variation related to relative warp 3 (11.96% of total variance explained);

4, Shape variation related to relative warp 4 (9.60% of total variance explained).

128



Supplementary data 30.
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Thin-plate spline deformation grid of relative warps of 22 exoskeletal landmarks

for holaspid specimens of 21 morphs with its In CCS value more than 2.2 (N=30):
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1, Shape variation related to relative warp 1 (37.14% of total variance explained);
2, Shape variation related to relative warp 2 (19.38% of total variance explained);
3, Shape variation related to relative warp 3 (13.61% of total variance explained);

4, Shape variation related to relative warp 4 (7.31% of total variance explained).
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Supplementary data 31.
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Thin-plate spline deformation grid of relative warps of 22 exoskeletal landmarks

=12):

for holaspid specimens of 22 morphs with its In CCS value more than 2.2 (N
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1, Shape variation related to relative warp 1 (48.57% of total variance explained);
2, Shape variation related to relative warp 2 (16.47% of total variance explained);
3, Shape variation related to relative warp 3 (13.51% of total variance explained);

4, Shape variation related to relative warp 4 (5.37% of total variance explained).
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Supplementary data 32.
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Partial Procrustes distance from the reference (mean shape of the smallest three
specimens in each holaspid sample) of 22 exoskeletal landmarks for holaspid
specimens of 19 to 22 morphs with its In CCS value more than 2.2. Regression
of partial Procrustes distance against logarithm of exoskeletal centroid size is

significant for 19 to 21 morphs and it is not significant for the 22 morph. 1, 19
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morphs (slope=0.0425, P<0.0001, r=0.6792, N=54); 2, 20 morphs (slope=0.0533,
P<0.0001, r=0.6861, N=42); 3, 21 morphs (slope=0.0473, P<0.0001, r=0.7085,

N=30); 4, 22 morphs (slope=0.0105, P=0.1786, r=0.2977, N=12).

134



Supplementary data 33.
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Thin-plate spline deformation grid of shape changes with growth of 22

exoskeletal landmarks for holaspid specimens of 19 to 22 morphs with its In CCS
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value more than 2.2. Partial warp scores are regressed in a multivariate
regression against In exoskeletal centroid size. 1, 19 morph, 14.79% of total
shape variance (based on summed squared residuals expressed in Procrustes
units) is explained by the allometry (P<0.000625 from 1600 bootstraps); 2, 20
morph, 13.50% of total shape variance (based on summed squared residuals
expressed in Procrustes units) is explained by the allometry (P<0.000625 from
1600 bootstraps); 3, 21 morph, 15.46% of total shape variance is explained by
the allometry (P<0.000625 from 1600 bootstraps); 4, 22 morph, 13.50% of total

shape variance is explained by the allometry (P=0.17 from 1600 bootstraps).
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Supplementary data 34.

The vectors of regression coefficients (calculated from regressing partial warp
scores in a multivariate regression against In CCS; mean shape is used as a
reference for the partial warp scores) for the 22 exoskeletal landmarks of
holaspid specimens of 19 to 22 morphs are compared with isometry. Angle of the
normalized vector within the sample and angle to isometry is compared at the

95% confidence level by 1600 bootstraps.

Holaspides angle to within Significant
(In CCS > 2.2) " isometry | sample | difference

19 morphs 54 74.5° 35.2° yes

20 morphs 42 83.8° 45.0° yes

21 morphs 30 85.9° 49.4° yes

22 morphs 12 91.1° 78.8° yes
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