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Abstract. I explored the fossil record of the Dasbergina marburgensis →Dasbergina trigonica lineage in
Kowala, situated in the Holy Cross Mountains of central Poland. Through biometrical measurements of the
platform P1 element, I traced the trajectory of anagenetic evolution. The collected data reveal a gradual shift
in the morphology of elements, encompassing the development of branches, a change in the platform line, and
transformations of the basal cavity. An interesting aspect lies in the ontogeny evolution, which I studied us-
ing rhythmic increments corresponding to potential days of the animals lifespan. Notably, the organogenesis of
branches, calibrated based on ontogeny, indicates that these conodonts underwent a process of peramorphosis.
Furthermore, this study introduces an alternative approach for age correlation during the latest Famennian period
and perspectives on the evolutionary history of Dasbergina.

1 Introduction

Conodonts are an extinct group of small, lamprey-shaped or-
ganisms that inhabited the seas from the Late Cambrian to
the Late Triassic period (Rigo et al., 2018) or even the ear-
liest Jurassic (Du et al., 2020, 2023). They hold a signifi-
cant place in the study of vertebrate evolution, paleoecology,
and biostratigraphy (e.g. Leonhard et al., 2021; Martínez-
Pérez et al., 2016; Shohel et al., 2022; Sandberg and Ziegler,
1979). Characterized by their unique tooth-like structures,
called conodont elements, they can be compared in terms
of complexity to mammalian teeth (Donoghue and Purnell,
1999; Assemat et al., 2023). These elements were arranged
in a sophisticated oral apparatus usually comprising 15 ele-
ments. As conodont elements developed, they expanded by
outward deposition by adding subsequent increments (Dzik,
2000; Donoghue, 1998). The mode of growth and inner struc-
ture resembles that of teeth, where the crown and basal tis-
sues bear a similarity to enamel and dentine (Schmidt and
Müller, 1964; Dzik, 1986; Smith et al., 1996; Donoghue et
al., 2000; McCollum and Sharpe, 2001). Each increment be-
comes visible either in cross section or on the internal sur-
face of the basal cavity of each element, provided there is no

basal filling on its aboral side (Müller and Nogami, 1971;
Dzik, 2000; Donoghue, 1998). The conodont incremental
layers demonstrate a consistent and uniform thickness, hint-
ing at their likely secretion at regular intervals. This regu-
lar pattern of deposition suggests the possibility of align-
ment with daily (Armstrong and Smith, 2001; Dzik, 2008,
2015; Świś, 2019) and/or seasonal rhythms (Shunxin et al.,
1997). Whatever cyclicity they exhibit, this regular deposi-
tion pattern offers the possibility of determining the relative
ontogenetic age of individuals and enables a precise morpho-
logical comparison between individuals of the same ontoge-
netic age. The development of cusps, denticles, or processes
is reflected within the aforementioned increments. This char-
acteristic pattern permits calibration of their morphogenesis
throughout ontogeny (Müller and Nogami, 1971; Mazza and
Martínez-Pérez, 2016; Shirley et al., 2018).

Several studies dealing with conodonts used the most
durable and variable last pair of pharyngeal elements – P1.
These organisms were the object of interest for researchers
due to their exceptional position in the evolutionary his-
tory of vertebrates (Donoghue and Keating, 2014; Dzik,
2000; Donoghue et al., 2000; Donoghue, 1998), their role
as paleoenvironment indicators (Joachimski and Buggisch,
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2002; Trotter et al., 2008; Girard et al., 2020), their poten-
tial role in ancient trophic networks (Terrill et al., 2022;
Ginot and Goudemand, 2019; Zhuravlev, 2020; Kelz et al.,
2023), and their value in petroleum exploration (Epstein et
al., 1977). Conodont elements were among the oldest min-
eralized skeletons secreted by any vertebrate, setting them
as a remarkable tool to understand the early skeletal evolu-
tion (Murdock et al., 2013). Moreover, the intricate varia-
tions in conodont species and their elements across different
geological formations provide an invaluable biostratigraph-
ical tool for dating and correlating rocks (e.g. Ziegler and
Sandberg, 1984; Sandberg and Ziegler, 1996; Spalletta et al.,
2017). These elements, often preserved as fossils within car-
bonate rocks, represent valuable information about ecolog-
ical interactions within deep-time ecosystems (Zaton et al.,
2017; Jarochowska et al., 2017, 2021; Świś, 2019).

However, conodont studies were made difficult by uncer-
tainties about their biological origins and affinities, multiele-
mentary structure of apparatus, and different naming con-
ventions (review in Sweet and Donoghue, 2001). The first
attempt to produce a comprehensive classification scheme
for biostratigraphic purposes was in the 1920s (Ulrich and
Bassler, 1926); however, it was based upon the incorrect hy-
pothesis that elements were not part of an oral apparatus.
Later on, the discovery of an articulated apparatus (Scott,
1934; Schmidt, 1934) led to a boost of the taxonomy in 1960s
and 1970s with a multielemental apparatus approach (e.g.
Lindström, 1970; Jeppsson, 1969; Klapper and Philip, 1971).
Investigations of the interrelationships amongst conodonts
were not an easy task due to the high rate of convergences of
certain structures in conodont elements (Donoghue, 2001).
Recently, the majority of the authors have focused on se-
lected genera, instead of reconstructing the whole conodont
evolution (Dzik, 2015; Świś, 2022; Guenser et al., 2021; Re-
naud et al., 2021; Girard et al., 2022; Petryshen et al., 2020;
Souquet et al., 2022; Kelz et al., 2023). A promising method
for studying the evolution in the fossil record is tracing mor-
phological changes by biometrical analysis. Through bio-
metrics we can retrace interspecific variations in the fossil
species in subsequent populations. If there was no genetic
isolation, a given species might undergo anageny that is a
gradual transformation in new morphological features (e.g.
Aze et al., 2011; Czepiński, 2020; Olempska, 1989; Carr
et al., 2017). The continuous sequences of species that un-
derwent anagenesy are chronospecies (Dzik, 1985, 2005).
The investigation of morphology in dense sampling to de-
scribe evolution processes and establish relationships be-
tween taxa is referred to stratophenetic (Gingerich, 1979).
The results were shown for mammals (e.g. Rose and Bown,
1986; Krishtalka, 1993; Silcox, 2014; Silcox et al., 2021),
conodonts (e.g. Dzik, 1985, 1987), foraminifera (e.g. Wei,
1994; Georgescu et al., 2008; Pearson and Coxall, 2014), and
ostracods (Olempska, 1989).

The objective of this article is to reconstruct anagene-
sis using a stratophenetic approach within the conodont lin-

eage D. marburgensis – D. trigonica (Dzik, 2006; Dzik et
al., 2022) by using morphometric methods applied to the
rich collections from Kowala in the Holy Cross Mountains
(central Poland). During the study, emphasis will be given
to the character and trajectory of anagenetic morphological
changes in individuals development. This could help detect
heterochrony, which corresponds to changes in the timing of
development events or processes during an organism’s evolu-
tion. Such a pattern was already identified in conodonts (Re-
naud and Girard, 1999; Broadhead and MeComb, 1983) and
related to a temperature control (Souquet et al., 2022). In this
study, I will use the general shape of the conodont elements
along with growth increments in order to retrace the process
of development of new branches (new functional surfaces
in the elements, independent from the main denticles row).
Such structures will be described using scanning electron mi-
croscope (SEM) images of the basal cavity. This approach
will help establish evolution of element growth and confirm
potential heterochrony based not only on general shape but
also on organogenesis (process of developing structures).

2 Geological settings

The studied elements of conodont apparatuses come from
the Kowala locality in the southern part of the Kielce re-
gion (central Poland) of the Holy Cross Mountains (Fig. 1).
The section is exposed in the active quarry located in the
southern limb of the Gałęzice-Bolechowice Syncline (Szul-
czewski, 1971; Racki et al., 2002). The Kowala quarry strata
range from the middle Givetian carbonate sediments to the
Lower Carboniferous (lowermost Tournaisian) shales, marls,
and marly shales, which are unconformably overlain by
the Permian conglomerates (see Marynowski et al., 2011,
2017). The uppermost Frasnian and Famennian part contains
a record of all the major Devonian marine anoxic events:
the Kellwasser (Joachimski et al., 2001; Racki et al., 2002;
Bond et al., 2004), Annulata (Bond and Zatoń, 2003; Racka
et al., 2010; Hartenfels, 2011), Dasberg (Marynowski et al.,
2010), and Hangenberg black shales (Marynowski and Filip-
iak, 2007; Marynowski et al., 2012; Myrow et al., 2014).

The Kowala locality is known for being very fossiliferous
and not diagenetically altered. The preservation of some fos-
sils is exquisite (Zatoń et al., 2014). Among arthropods there
are thylacocephalans with preserved carapace microstruc-
tures (Broda and Zatoń, 2017) and remains of phyllocarids
and angustidontids (Zatoń et al., 2014; Broda et al., 2018).
Other fossils worth mentioning are conulariids (Sendino et
al., 2017), non-biomineralized algae, and coelacanth fish
species that fed on conodonts (Zatoń et al., 2017). The con-
odont record in Kowala is abundant and includes clusters of
elements (Racki et al., 2002; Zatoń et al., 2017) and the nat-
ural assemblage of the Ctenopolygnathus brevilaminus ap-
paratus (Świś et al., 2020). The isolated elements collected
from the section provided a set of phylogenetic, biostrati-
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Figure 1. Geological settings. (a) The studied section from the upper Famenian with the Hangenberg Black Shale and Kowala Black Shale.
(b) Locality of Kowala quarry (marked by a star) in the geological context of the Holy Cross Mountains (c).

graphic, and paleoecological data (Racki and Szulczewski,
1996; Dzik, 1997, 2002, 2006, 2008; Świś, 2019; Świś and
Dzik, 2021; Rakociński et al., 2016; Dzik et al., 2022; Pis-
arzowska et al., 2020). This study is based on the isolated
elements from the topmost part of the section ranging from
the Kowala Black Shale (Marynowski and Filipiak, 2007) to
the Hangenberg Black Shale (Dzik et al., 2022).

3 Materials and methods

The rock samples were obtained from 2013, 2016, and 2017
field trip campaigns from the Famennian part of Kowala
quarry (Dzik et al., 2022). The conodont elements were
extracted with standard procedure of dissolving carbonate
rocks using 10 % acetic acid. After this the residuum was
decanted and allowed to dry. The preliminary separation of
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the material was possible due to the use of an electromag-
netic Franz separator. After this step the elements are picked
from non-electromagnetic fraction manually with a binocu-
lar microscope. The 127 P1 elements were assigned to D.
marburgensis or D. trigonica species; however, only 85 el-
ements were complete to the extent that biometric values
can be measured. From those elements 81 P1 elements with
fully preserved platform outline were treated with principal
component analysis (PCA). From those, 34 P1 elements with
well-preserved and clean basal cavity regions were picked
for incremental layer examination. The majority of elements
had free blade damage so the measurements of this part were
not conducted.

3.1 Taxonomic identification

In this paper, I am applying the taxonomic classification in-
troduced by Dzik (2006), who used a population approach
to define the species. They defined a given species based on
the most distinguishable characteristics present in the entire
apparatus, regardless of whether the element that bears these
traits is easily observable or not. Once the apparatus struc-
ture of a species is determined, individual specimens can be
accurately identified and classified based on their diagnostic
features. Morphology alone is usually not sufficient to de-
termine the species identity, especially when specimens fall
at the extreme ends of a continuous spectrum of population
variability. In such cases, the identification is based on the co-
occurrence of the specimen with other taxonomically identi-
fiable specimens in the same sample.

The Dasbergina trigonica apparatus includes one of the
most easily recognizable P1 elements occurring in the up-
permost Famennian rocks. The most diagnostic feature of D.
trigonica is the shape of basal cavity that is bifurcated in the
caudal part of the element, as described by Dzik (2006). The
composition of its apparatus remains superficially known,
mostly because its ramiform elements are similar to those
of co-occurring idiognathodontids and are difficult to differ-
entiate from them (Dzik, 2006; Dzik et al., 2022). However,
Dzik (2006) illustrated probable S1 elements for this species
based on the material from the Dzikowiec locality in the
Sudetes. The species was first introduced by Ziegler (1962)
as Pseudopolygnathus trigonicus and later reinterpreted as
Pseudopolygnathus marburgensis trigonicus by Sandberg
and Ziegler (1979). They reduced its rank to subspecies be-
cause two variants (P. marburgensis marburgensis and P.
marburgensis trigonicus) with characters earlier considered
diagnostic for species may co-occur in the same sample.
However, owing to data from the continuous latest Famen-
nian sections in Kowala and Dzikowiec (Dzik, 2006; Dzik et
al., 2022), it seems reasonable that these forms belong to an
anagenetic series. Therefore, Dzik (2006) presented a diag-
nosis for D. marburgensis different from D. trigonica based
on the basal cavity morphology. The diagnosis describes
transversely elongated lobes of the basal cavity with parallel

margins. Both of these taxa are morphologically closer to the
genus Dasbergina introduced by Schäfer (1976) than to the
type species of Pseudopolygnathus. The genus is probably
rooted in Pandorinellina vulgaris as an early idiognathodon-
tid (Dzik, 2006). The closest relative to Dasbergina marbur-
gensis and its probable ancestor was Dasbergina kowalen-
sis described by Dzik (2006), which has convergent features
to those of idiognathodontids, including the parapet on the
rostral part of the element near the cusp. Thus, D. kowalen-
sis possibly originated from Pandorinellina vulgaris with
P1 element superficially similar to Carboniferous species of
Gnathodus.

The occurrences of these species were reported from dif-
ferent parts of the Euramerica shore, from former Lauren-
tia (the modern North American region; Over, 1992, 2021)
but also in the shallow seas of the eastern part (Dzik, 2006;
Kalvoda et al., 2015; Becker et al., 2021; Feist et al., 2021;
Dzik et al., 2022; Matyja et al., 2021). There were also
occurrences from modern southern Europe, corresponding
to the southern part of the Rheic Ocean (Kaiser et al.,
2008; Mossoni et al., 2015; Spalletta et al., 2021), and in
the Palaeotethys on the northern shore of Gondwana (Naj-
jarzadeh et al., 2020; Hartenfels and Becker, 2018). Studied
conodont elements were also present in the Northern Hemi-
sphere in present-day Vietnam and China (Dzik et al., 2022;
Paschall et al., 2019; Qie et al., 2016, 2021; Qiang et al.,
1988) and reach the far northern shores of Siberia (Plotitsyn
and Gatovsky, 2019; Nemirovskaya et al., 1993). The only
region where D. marburgensis or D. trigonica were not rec-
ognized are far southern regions, where data on the conodont
fauna are limited.

3.2 Calibration of ontogeny

Exposed crown tissue increments within the basal cavity im-
ply a lack of the mineralized dentine-like basal body that
may obliterate these increments. For the purpose of this
study, only elements with non-preserved (un-mineralized)
basal bodies are of interest. They are relatively common and
well preserved in the latest Devonian strata exposed in the
Kowala Quarry. This allows the estimation of the age of indi-
viduals and tracking the ontogenetic changes in a given lin-
eage. Herein, I used a scanning electron microscope (SEM)
to measure the length of elements and capture the image of
the aboral side of 34 P1 elements of Dasbergina from 12 rock
beds. For each element I was then able to count the number
of incremental layers. The new branch development on each
element is reflected by the basal cavity by changing the tra-
jectory of incremental growth. I considered increments that
are at the beginning of the formation of the branch (new func-
tional area of elements independent from the main row of
denticles) only when the direction of the new increment is
dramatically changing, forming a surface twice thicker than
the previous increment. This change in the development of
the new functional branch can be associated with a relative
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time duration of formation and can be compared between dif-
ferent specimens across the section beds (see Fig. 3).

3.3 Morphometric measurements

The 85 P1 elements of Dasbergina were selected and pho-
tographed using an Olympus E-510 camera mounted on an
Olympus SZX10 microscope. Some of the elements were ad-
ditionally imaged in a scanning electron microscope (SEM).
The measurements were done with ImageJ software (Schnei-
der et al., 2012) chosen to capture the proportion, angle
changes, and discrete features to capture the most meaningful
change in morphology. The following measurements (Fig. 4)
were made: length of the platform excluding free blade (L1);
length from the cusp to the dorsal tip (L2); number of den-
ticles (n); angle between dorsal denticle row; cusp and the
rostral lobe edge (α); angle between two caudal branches
(if identified) and cusp (β) and between the ventral-caudal
branch, cusp, and the base of the free blade (γ ). In order to
perform biometrical analysis, I used the outline of the plat-
form without the free blade part, which is in many cases dam-
aged. I only used complete elements, which limits the num-
ber of measurements.

3.4 Statistical analysis

To capture the changes in the platform outline I used nine
homologous landmarks: the cusp (1); the rostral side of free
blade base (2); the most distal part of rostral lobe (3); the
rostro-dorsal notch (4); the dorsal tip of the platform (5); the
caudal dorsal notch (6); the dorsal caudal edge of the branch
or the furthest point on the dorsal caudal side if the branch is
not distinguishably developed (7); the ventral caudal edge of
the branch or the furthest point on the ventral caudal side if
the branch is not distinguishably developed (8); and the cau-
dal side of free blade base (9). The 90 semi-landmarks were
digitized from LM2 to LM9: from LM2 to LM6 there are 15
semi-LM between two LM and from LM6 to LM9 there are
10 semi-LM between two LM (Fig. 5). In order to obtain only
morphological information, I performed a general Procrustes
superimposition. Based on previous steps and related mor-
phological information, I was able to perform multivariate
analysis, namely principal component analysis (PCA) and
canonical variate analysis (CVA). Using PCA 1 (43 % of the
variance) and the length of the platform (L1), I estimated the
trajectory of ontological change in platform in time. I applied
canonical variate analysis (CVA) on the same dataset using
the MorphoJ software (Klingenberg, 2011) in order to maxi-
mize inter-group variance and depict potential gradual trans-
formation of the groups. The PCA and analysis of outline
measurement and covariance test were made using the TPS-
dig and TPSutil software (Rohlf, 2015; Klingenberg, 2011).
The resulting outputs are available on an osf data storage.

4 Results of P1 morphology

In the studied section of Kowala, Dasbergina marburgen-
sis first occurs about 0.5 m below the Kowala Black Shale
(sample Ko-408) and is consistently present up to the base
of the Hangenberg Black Shale (sample Ko-276; Fig. 1). The
outline of the platform of its P1 elements gradually changes
from oval to polygonal, eventually developing processes on
both sides of the carina. In particular, the caudal process bi-
furcates, developing the typical morphology of D. trigonica
(Fig. 2).

The smallest P1 elements from the oldest studied sample
Ko-408 (Fig. 6) are narrow and almost symmetrical. Juve-
nile elements in their dorsal part are slightly bent in the oral–
aboral axis. While growing, their caudal platform lobe be-
came wider and relatively rounded in outline. Their rostral
lobe is larger, and the margin of the platform lacks any orna-
mentation at this stage. The free blade is relatively long with
wide denticles. The basal cavity is wide and asymmetric, re-
sembling the one in Dasbergina stabilis.

The specimens of Dasbergina found immediately above
the Kowala Black Shale (sample Ko-338) are similar in shape
to the previous ones, but they are more angular in shape,
and their rostral branch developed to form larger individuals.
A single specimen recorded in the following bed (Ko-333)
looks like a gerontic individual. It has more than 40 incre-
ments observed within the basal cavity, and its platform tends
to be slightly angular in shape with an extended rostral lobe.
The margins of the platform are prominently ornamented.
The basal cavity is similar to that observed in specimens of
the same size from below the Kowala Black Shale but with a
deeper incision in the dorsal part of the caudal lobe. Probably
co-occurring with the specimen maturity, linearly arranged
denticles developed aside the carina along with chaotically
distributed tubercles on its occlusal surface. The caudal part
of the basal cavity is subdivided. Its rostral branch is longer
and almost reaches the margin of the element.

Juvenile elements recovered from samples taken about 1 m
above the Kowala Black Shale (Ko-320 to Ko-305) show
a more angular outline. Their basal cavity is broad. Larger
specimens are more triangular in the caudal platform part
than specimens occurring in lower beds in the section and
tend to develop a tongue-like lobe in their rostral part. In
larger specimens, the platform becomes wider, and its over-
all shape is more triangular and more asymmetric, the rostral
part being larger. Nodes and subtle ornamentation develop at
the platform margin. In the rostral part of the basal cavity,
a slight indentation develops. The shape of the platform is
conform to the basal cavity. In its dorsal part, the cavity be-
comes narrower until developing a constricted furrow along
the free carina. Even the largest collected specimen has the
rostral part of the platform round in shape with a subtle or-
namentation.

In the middle part of the studied section (samples Ko-304
to Ko-230), the smallest elements have the rostral lobe more
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Figure 2. SEM photographs of Dasbergina P1 elements from the latest Famennian of Kowala. There is visible change in shape, reduction
in the basal cavity, and an increase in inversion. (a–d) Basal cavity of D. marburgensis ZPAL C16/3095 from sample Ko-408 (a) and D.
trigonica ZPAL C16/3096 from samples Ko-248 (b), ZPAL C16/3097 Ko-281 (c), and ZPAL C16/3098 Ko-266 (d). (g–v) Oral and aboral
sides of D. trigonica from samples Ko-281 ZPAL C16/3099, ZPAL C16/3100, ZPAL C16/3101, and ZPAL C16/3102 (g–l); Ko-321 ZPAL
C16/3103 (m–o); and Ko-299 ZPAL C16/3104 (p–q). Oral and aboral sides of D. marburgensis ZPAL C16/3095, ZPAL C16/3105, and
ZPAL C16/3106 from sample Ko-408 (s–v).
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Figure 3. Evolutionary transformation of ontogeny in the lineage of
Dasbergina marburgensis→D. trigonica shown by the number of
increments at which the widening or the bifurcation of the platform
lobe occurred. The beginning of branch development is shifted to
earlier stages of ontogeny with ongoing anageny. Horizontal lines
indicate standard deviation from the mean values.

expanded but do not bear denticulation. Both the caudal and
rostral parts of the platform are acute, and the whole plat-
form developed a triangular shape. The caudal lobe is vari-
able in shape, but in at least some adult specimens it devel-
ops a slightly rectangular outline. Higher in the section, ju-
venile specimens present a rather narrow caudal lobe, but in
the course of ontogeny it splits into two branches. The rostral
and caudal part of the basal cavity are also very narrow. Ven-
trally, the basal cavity becomes narrower close to the basal
cavity tip and stays narrow towards the element tip. The cau-
dal side of the platform is more angular and, unlike the juve-
nile specimens recorded in older samples, the two branches
of the basal cavity make a V-shaped structure. The basal cav-
ity corresponds to a surface smaller than in specimens from
older beds. Its dorsal part is narrow, beginning from near the
basal pit. In this respect, the juvenile forms are similar to the
adult specimens recovered from older beds. Adult specimens
from these lower strata show a more extensive inversion of
the basal cavity.

Above this section, juvenile elements have a very narrow
basal cavity. Specimens of intermediate size develop a caudal
bifurcation of the basal cavity and a rostral ridge like the ma-
ture individuals recovered in older samples. V-shaped caudal
branches are ornamented by denticles on the oral side of the
platform. Denticles are more abundant, and the inversion of
the basal cavity increases.

In the bed immediately below the Hangenberg Black
Shale, juvenile specimens present a basal cavity extremely
narrow. The ridges on the caudal side already develop in the
earliest phases of ontogeny. In the course of development,

the basal cavity becomes increasingly inverted. More pro-
nounced denticles on the oral side mark the rostral branch.
The caudal V-shaped branches are present at all development
stages, the dorsal one being longer in the largest specimens.

5 Interpretation of general trends in the evolution of
P1

During anagenesis, the general shape of the conodont el-
ements evolves into a more rectangular outline. The ros-
tral branch gradually expanded along with the development
of two caudal branches. The denticulation appears after the
branches developed. The wide denticles on the platform part
of the carina changed during anagenesis (Fig. 4a). The den-
ticles are less numerous as relates to the length of the plat-
form in geologically younger specimens (Fig. 4b). This pat-
tern suggests a decreasing role of carina denticles in feeding
with respect to denticles on the platform branch. The cusp
position also changes (Fig. 4c), starting from a wide spec-
trum (from the half of the platform length to an extremely
ventral position) to a ventral position observed in the spec-
imens from the youngest beds. The location of the cusp is
not related to the ontogenetic stage. A change is also visi-
ble in the angle between the rostral branch, cusp, and dorsal
part of the carina. It shifts from the obtuse angle (100–120◦)
in the specimens below the Kowala Shale to an almost right
angle in the strata near the Hangenberg Shale (Fig. 4c). The
angle between the line relying on V-shaped caudal branches
and ventral branches and carina seems to be more variable in
younger beds.

In order to better show the changes in overall shape of
the platform in the Dasbergina marburgensis→Dasbergina
trigonica chronospecies of the studied section, I used canon-
ical variate analysis (CVA). The CVA shows an almost grad-
ual trend towards elements that are more angular with more
distinct caudal branches. However, after having developed
such characters, the specimens recovered from the upper part
of the section again become more round and compact in
shape. This pattern seems like a return to a previous state
with preservation of Dollo’s law (Gould, 1970), also known
as the law of irreversibility. In the present case, the increase
in platform surface was achieved by the development of
rounded and expanded branches not by lobe expansion. The
similar outline was therefore achieved by adaptation of new
structures, not by a reverse evolution. Thus, all the features
related to advanced evolution, such as the inversion of the
basal cavity, bifurcation of aboral lobes, and branch develop-
ment, are still present, but the outline becomes more round,
superficially resembling the ancestor state. This change ob-
served in the most advanced forms is peculiar when consider-
ing that conodont elements are oral apparatus parts involved
in food processing. Along the section, the gradual changes
in platform outline and the development of branches sug-
gest a redirection to a more specialist rather than an oppor-
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200 P. Świś: Anagenetic evolution and peramorphosis of a latest Devonian conodont

Figure 4. Stratophenetic chart of character development of the Dasbergina marburgensis→D. trigonica line. (a) Change in the denticle
numbers (n). (b) Changes in the number of denticles (n) according to the length of the platform (L1). (c) Changes in the position of the
cusp on the platform measured by the relation of platform length and the distance between ventral edge of the platform and cusp (L2).
(d) Changes in the angle between the ventral edge of the platform cusp and the edge of the rostral branch (α), changes in angle between both
caudal branches (β), and changes in angle between the dorsal-most caudal branch and carina (γ ). Horizontal lines indicate standard deviation
from the mean values of feature in sample.
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Figure 5. Morphometric analysis results. (a) The studied section showing colour-coded identification elements and beds. (b) Diagram of
the Dasbergina P1 element with landmarks (red) and semi-landmarks (blue). (c) Canonical variate analysis depicting elements coloured
according to bed identification in (a), along with confidence ellipses (90 %). (d) Chart illustrating the ontogenetic transformation of the
Dasbergina P1 element outline. Principal component 1 (accounting for 43 % of the variance) is represented on the y axis, while the indicator
of ontogenetic stage length of the platform is shown on the x axis.
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Figure 6. Distribution of morphologies at particular ontogenetic stages within the Dasbergina marburgensis→D. trigonica lineage in the
latest Devonian of Kowala.

tunist feeding strategy. The re-occurring of rounded elements
in the platform in the most advanced members of the con-
sidered lineage could hint toward a switch in diet to a more
opportunistic food source just before the Hangenberg event.
However, the data presented in this account are not sufficient

proof for it, and further studies to better assess the trophic
level (e.g. the Sr/Ca ratio) are needed.
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6 Example of peramorphosis in D.
marburgensis → D. trigonica lineage

To illustrate the trajectory of ontological changes, I compiled
data about the ontological stage (platform length), with the
PC1 reflecting around 43 % of the variance (Fig. 5d). The
results show gradual changes in elements outline, with the
earliest stages following the shape of the adult specimens in
anageny. The evolution of the aboral side of the elements is
mainly represented by the gradual reduction and inversion
of the basal cavity, which impacts on the diagnosis of the
species. The basal cavity evolves following the development
of branches and by forming lobes that reproduce structures
on the oral site. This pattern gives us the opportunity to see
the increments inside the basal cavity and to calibrate the on-
togeny and branch development in these chronospecies. The
time of bifurcation of the caudal lobe can be calibrated thanks
to the observation of incremental intervals. The branching
of the basal cavity developed with local thickening of incre-
ments that is not necessarily reflected in the oral side mor-
phology. In the oldest samples, the rostral branch develops
at the 8th to 10th increments. In the course of evolution, this
change occurs during the 6th or 7th increment, and in the
uppermost bed it occurs at the 4th or 5th increment. There-
fore, the time necessary to develop a branch was reduced by
a half within the D. marburgensis→D. trigonica lineage.
In the case of the two other branches, this event occurs at
about the 10th increment. It appears that the intrinsic control
of bifurcation was rather loose, but in the course of evolu-
tion this duration changed from 14 increment cycles (plus an
unknown number of cycles preceding mineralization) to 12
cycles (days?).

Thus, it seems like the morphology of elements in juve-
nile specimens became more and more similar to the adult
specimens in the course of anageny. The stages that in lower
stratigraphic beds are visible only in the adult elements can
be observed in the juvenile specimens occurring in higher
beds. The branch development process is beginning earlier
in more evolved specimens, which illustrates the gradual
shift toward more juvenile individuals (Fig. 3). Therefore,
the anageny of ontogeny in this lineage represents a good
example of heterochrony that occurs when there are shifts
in the timing or rate of development compared to ances-
tor forms (McNamara, 2012). In the case of the D. marbur-
gensis→D. trigonica transition, we observe peramorphosis,
which is when an organism grows and develops advanced
traits earlier than its ancestors did (here, the early develop-
ment of branches). According to data gathered by the in-
crements analysis, it is reasonable that peramorphosis oc-
curs through a pre-displacement mechanism, which means
that growth and development of advanced characteristics are
achieved earlier than in the ancestors (Fig. 4). Heterochrony
in conodonts was observed in several cases (Souquet et al.,
2022; Mei et al., 2004; Broadhead and MeComb, 1983; Re-
naud and Girard, 1999; Mellgren and Eriksson, 2006; Kiliç

et al., 2016; Lambert et al., 2003); however, the majority
of the cases correspond to paedomorphosis. The tempera-
ture is proposed as a cause for conodont heterochrony (Sou-
quet et al., 2022). However, in the case of D. marburgen-
sis→D.trigonica paleotemperature estimates in the Upper
Devonian Kowala section (De Vleeschouwer et al., 2013) in-
stead show a decreasing trend. According to the data shown
here, the pre-displacement mechanism could be instead re-
lated to a specialization in diet regime in a relatively stable
environment.

7 Morphotypes within the population variability

In the conodont literature, the term “morphotype” is widely
used to designate a morphology that somehow deviates from
the typical morphology of a given species. Morphotype can
also express different ontogenetic trajectories, which in some
conodonts may possibly have developed during larval stages
with different diet regimes (Dzik, 2008; Shirley et al., 2018).
Some authors named morphotypes or subspecies members
of the same anagenetic continuum and referred to them as
chronospecies (Dzik, 1985, 1987). In other cases, morpho-
metrics allows the recognition of various “subspecies” as
parts of the ontogenetic variability (Girard et al., 2022). The
two subspecies Pseudopolygnathus marburgensis marbur-
gensis and P. marburgensis trigonicus with partially over-
lapping stratigraphic ranges (Sandberg and Ziegler, 1979)
represent a case study of the application of the concept of
chrono(sub)species, defined by arbitrarily chosen characters
(or morphotypes). Such morphotypes by definition do not
change in geological time. They emerge suddenly (when the
diagnostic characters are observed in the course of evolu-
tion in at least a single specimen) and overlap in range with
their successors, which have been defined in the same way.
This approach does not make sense from a biological point
of view that takes into account evolution within populations
showing some range of morphological variability. If the al-
ternative biological concept of evolving species is applied, a
chronospecies is defined on the basis of the modal value of
its population variability. Such species do not emerge sud-
denly, but a transitional series of populations can be arbitrar-
ily subdivided and attributed to the older or younger segment
(chronospecies) of an evolutionary continuum. This pattern
can be partially hidden by the compaction of sediments or the
occurrence of hiatuses in the fossil record, which artificially
produce abrupt morphological changes (Hohmann, 2021).

This is also the case with the Dasbergina marburgen-
sis→D. trigonica lineage (Dzik, 2006). In biology, sub-
species are usually considered a geographic race, which
means that different subspecies of the same biological
species could not occur in the same place. In palaeontology,
the concept of chronosubspecies is frequently used to desig-
nate segments of an evolutionary continuum with a morpho-
logical range narrower than that considered to characterize a
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standard chronospecies. The crucial issue is not in the tax-
onomic rank, but in the way the taxonomic unit is defined.
In this particular case, I consider samples from around the
Kowala Black Shale as representing typical D. marburgensis
and those from near the Hangenberg Black Shale as repre-
senting D. trigonica. It is somewhat arbitrary to decide to
which (chrono)species the specimens from the middle part
of the studied section belong to.

The biological concept of species supposes the ability of
populations to inter-reproduce and thus exchange their ge-
netic pools. This is obviously not possible to be used as a test
of species designation in palaeontology, but in the case of
fossil assemblages with negligible time averaging the mor-
phological concept of species is applied, as it is usually done
in biology. In the case of chronospecies, which are composed
of a series of populations with different geological age, one
may assume that there was a continuum in the genetic pool
transfer in time-successive samples from the same locality
(section) if specimens show a close morphologic similar-
ity. This can be assumed also in the case of the Dasbergina
marburgensis→D. trigonica lineage record in Kowala. The
presence of the same lineage in places as distant from Kowala
as the Vietnam Cát Bà locality (Dzik et al., 2022) suggests
that the anagenetic (phyletic) evolution of the lineage took
place in a large and geographically extended metapopulation.

8 To reconcile anagenesis and biostratigraphy

Biostratigraphy uses approaches based on environmental
control of species distribution (Klapper, 2007; Corradini et
al., 2017) or hypothetical phylogeny of marker fossils or their
phyletic evolution (Dzik, 1995; Dzik and Phong, 2016; Dzik
et al., 2022). The biological entities that serve as geological
markers have been living organisms, and as such their pres-
ence depends on ecological factors. Therefore, changes in
environmental conditions, species-specific interactions, and
migrations could result in a temporary disappearance or ap-
pearance in the geological record. Such a complex pattern
could produce an apparent diachroneity in the paleontolog-
ical record. However, we can also build our biostratigraph-
ical interpretations on the evolutionary changes, which in-
fluences the organisms through selective pressure. Evolu-
tion is a continuous process that leads to an increase in
morphological differences, and genetic isolation and spe-
ciation can eventually occur in isolated populations. More
globally distributed species can develop global metapopu-
lations containing subpopulations capable of mixing gene
pools with each other (Millstein, 2010). This pattern may re-
sult in synchronous evolution and the occurrence at a global
scale of the same morphology. When this process occurs,
the fossil marker represents a reliable stratigraphic marker,
and the changes in this chronospecies have an anagenetic
character. The anagenesis refers to the evolutionary process
through which a chronospecies undergoes gradual, direc-

tional changes over successive generations, leading to the
transformation to chronospecies with different morphologi-
cal features, without a sudden cutting point as occurs in spe-
ciation.

Conodont elements are highly valuable and extensively
applied tools in biostratigraphy (Ferretti et al., 2020). Their
advantages in stratigraphy stem from their widespread oc-
currence, easy acquisition, efficient extraction methods,
widespread distribution, and high rate of evolutionary
change. As a result, conodonts have proven to be useful in
dating marine carbonate rocks across various time intervals,
ranging from the Late Cambrian to the end of the Triassic, in-
cluding the Late Devonian (upon which this article focuses).
However, the question remains whether we can improve bios-
tratigraphy by incorporating the anagenesis pattern.

The latest Devonian conodont biozone of the widely used
Sandberg and Ziegler (1996) scheme is based upon the
range of the species Siphonodella praesulcata Sandberg et
al. (1972). The co-occurrence of P elements of its apparatus
with S elements classified in Dinodus suggests that it belongs
to the same apparatus. It has to be referred to as Dinodus
praesulcatus, the senior synonym (Cooper, 1939). Unfortu-
nately, the evolutionary root of this lineage of importance
for the biostratigraphy of the Tournaisian remains unknown
(Świś and Dzik, 2021). Moreover, there are problems with
the identification of P1 elements of this species because of
its high variability and rarity (Kaiser and Corradini, 2011).
This makes its use as a zonal marker problematic. It seems
that D. praesulcatus did not emerge synchronously in var-
ious places, a general problem with the application of the
first appearance datum (FAD) in biostratigraphy (Dzik et al.,
2018). In Kowala (central Poland), the FAD of D. praesulca-
tus precedes the FAD of Pseudopolygnathus ultimus (Dzik
et al., 2022), whereas most authors reported a reverse or-
der in other localities (e.g. Spalletta et al., 2017). This pat-
tern is apparently a result of migration (Dzik et al., 2018,
2022). The same consideration can apply to the expansa zone
(Dzik et al., 2022). The species giving its name to this zone,
Tripodellus expansus (Sandberg and Ziegler, 1979), is miss-
ing in Kowala, so it is not possible to use it in dating this
particular section. To avoid these difficulties, Corradini et
al. (2016), Spalletta et al. (2017), and Kaiser et al. (2020) re-
placed the latest Famennian praesulcata and expansa zones
with ultimus and kockeli zones based on occurrences of Pseu-
dopolygnathus ultimus and Protognathodus kockeli, respec-
tively. The former species appears indeed as a convenient
zonal marker, but P. kockeli presents the same limits already
shown by Sandberg and Ziegler (1996), having unknown an-
cestors and mainly not appearing synchronously in various
regions of the world. Using the data presented in this article,
we can correlate sedimentary rocks based on the anagenetic
state of D. marburgensis→D. trigonica. The best feature to
be considered is the basal cavity, namely the smaller the sur-
face of the basal cavity and the greater the inversion related
to the outline of the platform, the younger the rocks (closer to
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Hangenberg Black Shale). This can be used as an alternative
method to the actual zonation or as a supplementary tool to
get more stratigraphic precision.

9 Conclusions

The two subspecies commonly referred to in the literature as
Pseudopolygnathus marburgensis marburgensis and P. mar-
burgensis trigonicus form a morphological continuum than
can translate chronospecies, namely Dasbergina marburgen-
sis→D. trigonica. Based on morphometric studies involv-
ing 85 elements from the Kowala section in the Holy Cross
Mountains, I was able to describe the anagenetic evolution-
ary change as an alternative approach to classical morpho-
logical analysis.

In synthesis, during anagenesis the shape of the elements
becomes more rectangular, with the rostral branch expanding
along with the development of two caudal branches, followed
by the appearance of denticulation. The broad denticles on
the carina evolve into rarer denticles in younger specimens.
The variability in cusp position evolves from a wide spec-
trum to a strictly ventral position in younger beds, regard-
less of the ontogenetic stage. The angle between the rostral
branch, cusp, and dorsal carina shifts from obtuse to an al-
most right angle in strata near the Hangenberg Shale. The
angle between the V-shaped caudal branches, including the
more ventral one, appears more variable in younger beds.

The timing of the bifurcation occurring in the caudal lobe
was calibrated based on incremental layers observed in dif-
ferent specimens. In the oldest samples, the rostral branch
appears at the 8th to 10th increment, and it is reduced by a
half to appearing at the 4th or 5th increment in the upper-
most beds. For the other branches, bifurcation control seems
to be loose initially but, with evolution, the timing shifts from
14 cycles of increments to 12 cycles. The shift in branch de-
velopment and the changes in platform structures suggest the
occurrence of a peramorphosis process, which corresponds
to heterochrony in this lineage. The observed anageny from
D. marburgensis to D. trigonica could be usefully applied to
improve stratigraphic schemes.
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Pisarzowska, A., Rakociński, M., Marynowski, L., Szczerba, M.,
Thoby, M., Paszkowski, M., Perri, M. C., Spalletta, C., Schön-
laub, H. P., Kowalik, N., and Gereke, M.: Large environmental
disturbances caused by magmatic activity during the Late De-
vonian Hangenberg Crisis, Glob. Planet. Change, 190, 103155,
https://doi.org/10.1016/j.gloplacha.2020.103155, 2020.

Plotitsyn, A. N. and Gatovsky, Y. A.: New Conodont Species from
the Famennian (Upper Devonian) of the Urals, Paleontol. J., 53,
629–635, https://doi.org/10.1134/S0031030119060108, 2019.

Qiang, J., Jiayong, W., Hongdi, W., Ning, W., and Xiaosong, L.:
New Advances in the Study of the Devonian – Carbonifer-
ous Boundary Stratotype in Muhua, Changshun, Guizhou –
An Introduction to the Daposhang Devonian-Carboniferous
Boundary Section, Acta Geol. Sin.-Engl., 1, 349–363,
https://doi.org/10.1111/j.1755-6724.1988.mp1004001.x, 1988.

Qie, W., Wang, X. D., Zhang, X., Ji, W., Grossman, E. L.,
Huang, X., Liu, J., and Luo, G.: Latest Devonian to earliest
Carboniferous conodont and carbon isotope stratigraphy of a
shallow-water sequence in South China, Geol. J., 51, 915–935,
https://doi.org/10.1002/gj.2710, 2016.

Qie, W., Sun, Y., Guo, W., Nie, T., Chen, B., Song, J.,
Liang, K., Yin, B., Han, S., Chang, J., and Wang, X.:
Devonian-Carboniferous boundary in China, 101, 589–611,
https://doi.org/10.1007/s12549-021-00494-z, 2021.

Racka, M., Marynowski, L., Filipiak, P., Sobstel, M., Pisarzowska,
A., and Bond, D. P. G.: Anoxic Annulata Events in the Late Fa-
mennian of the Holy Cross Mountains (Southern Poland): Geo-

J. Micropalaeontology, 42, 193–210, 2023 https://doi.org/10.5194/jm-42-193-2023

https://doi.org/10.1016/j.palaeo.2011.03.018
https://doi.org/10.1016/j.palaeo.2012.05.020
https://doi.org/10.1016/j.palaeo.2017.02.023
https://doi.org/10.1007/s12549-020-00442-3
https://doi.org/10.26879/681
https://doi.org/10.1017/S0021878201008123
https://doi.org/10.1007/s12052-012-0420-3
https://doi.org/10.1017/S0263593300001425
https://doi.org/10.3140/bull.geosci.1524
https://doi.org/10.1038/nature12645
https://doi.org/10.1111/ter.12090
https://doi.org/10.30495/ijes.2020.673332
https://doi.org/10.1111/j.1502-3931.1989.tb01678.x
https://doi.org/10.1007/s12549-020-00428-1
https://doi.org/10.1016/j.gloplacha.2019.01.021
https://doi.org/10.1111/pala.12064
https://doi.org/10.1098/rspb.2020.1922
https://doi.org/10.1016/j.gloplacha.2020.103155
https://doi.org/10.1134/S0031030119060108
https://doi.org/10.1111/j.1755-6724.1988.mp1004001.x
https://doi.org/10.1002/gj.2710
https://doi.org/10.1007/s12549-021-00494-z
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