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Numerical taxonomy and genus-species identification
of Czekanowskiales in China based on machine learning

Bo Zhang, Cunlin Xin, Dong Yang, Zhipeng Jiao,
Songxin Liu, Guoyun Di, and Han Zhao

ABSTRACT

Czekanowskiales were the main component of the global Mesozoic flora and
were sensitive to changes in the climate and environment during that period. However,
accurate identification of Czekanowskiales fossils is difficult due to the similarities in
some macroscopic and cuticular patterns among different genera and species. In the
present study, a dataset of macroscopic and cuticular traits was collated based on the
Czekanowskiales fossils from China. This study focused on the numerical taxonomy
and identification of Czekanowskiales at the generic and species levels using cluster
analysis, trait selection, and supervised learning methods for machine learning. Our
results show that the studied 35 species can be clustered into three major groups, as
consistent in a great extent with traditional taxonomic methods. Macroscopic traits are
more important for the identification at the generic level, while cuticular traits are more
valuable for the identification at the species level. The classification and regression
tree as well as logistic regression algorithms demonstrated superior performance in the
genus and species identification, and the inclusion of cuticular traits could significantly
improve the accuracy of identification. This study provides quantitative analytical evi-
dence for the taxonomy of Czekanowskiales fossils.
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INTRODUCTION

Czekanowskiales were prominent constitu-
ents of the Mesozoic flora and included several
genera, such as Czekanowskia, Hartzia, Solenites,
Sphenarion, and Phoenicopsis (Li et al., 1988).
Fossils of these genera are widespread across
multiple regions, including China, Russia, Siberia,
the Korean Peninsula, Central Asia, and Mongolia
(Harris et al., 1974; Liu et al., 2016; Kirichkova,
2016). Owing to the remarkable sensitivity of the
Czekanowskiales members to environmental
changes, fossils in this order have been important
materials in paleobotanical studies (Harris, 1951;
Krassilov, 1970; Gromov et al., 1980; Deng, 1995;
Kiritchkova et al., 2002; Li, 2018). The initial classi-
fication of Czekanowskiales was largely based on
the observable macroscopic traits of the fossilized
leaves (Krassilov, 1968; Gomolitzky and Khuday-
berdyev, 1978; Harris, 1979; Sinitsa, 1985; Samy-
lina and Kirichkova, 1991). In subsequent years,
several researchers focused on the cuticular pat-
terns of Czekanowskiales, with particular emphasis
on cuticular patterns in Phoenicopsis and Cze-
kanowskia (Samylina and Kirichkova, 1993; Zhou
and Guignard, 1998; Sun et al., 2015; Huang et al.,
2016). These investigations have contributed sig-
nificantly to the advancement of our understanding
of Czekanowskiales. However, most related stud-
ies have been dedicated to individual genera and
species, with relatively limited emphasis on sys-
tematic and taxonomic concerns. Additionally, only
a few studies have incorporated quantitative identi-
fication (Xin et al., 2019a; Xiao et al., 2020; Wang
et al., 2022).

The foundational aspect of paleobotany
research is the taxonomy and identification of fos-
sils. However, the conventional approaches
employed in these processes are often tedious and
rely heavily on the researcher's knowledge, experi-
ence, and subjective judgment (Zhou et al., 2020).
Furthermore, incomplete preservation of the cutic-
ular traits of a specimen often leads to accurate

2

identification of fossilized plants when traditional
methods are used (Zhou, 2003; Jia et al., 2017),
despite the valuable information these fossils con-
tain regarding physiology, morphology, and taxon-
omy (Sun et al., 2009a). Therefore, it is necessary
to objectively evaluate the reliability of conventional
taxonomy and identification methods and the taxo-
nomic value of the fossilized plant morphological
traits. In this regard, efficient and low-cost quantita-
tive methods are more suitable.

Quantitative analysis methods have been
instrumental in expanding and deepening paleobo-
tanical research, allowing for a more comprehen-
sive and quantitative approach (Wang, 2018). For
instance, cluster analysis has been employed to
investigate the geographic distribution of fossil
flora, as demonstrated in previous studies (Mi et
al., 1986; Sun, 1989; Lin et al., 1993; Wang et al.,
1999; Li, 2016; Xin et al., 2019b). However, the use
of quantitative analysis methods in the taxonomy
and identification of fossil plants has been rela-
tively limited (Mi et al., 1991; Holdener, 1994; Ly,
2010; Wang, 2018). Traits are a critical aspect
relied upon in biological research and are useful
tools for studying organisms and their phylogenetic
relationships (Adams et al., 2004; Van and Schul-
theil®, 2010). To promote research in this area, it is
essential to select an appropriate method for
encoding traits and incorporating additional trait
data into quantitative analysis. With the rapid
development of computer technology, machine
learning has emerged as a more convenient and
efficient platform, offering richer algorithms for
quantitative analysis research. Machine learning
can be divided into two categories: unsupervised
and supervised learning (Zollanvari, 2023). Unsu-
pervised learning integrates the cluster analysis
method in traditional quantitative analysis to
achieve numerical taxonomy of sample sets by cal-
culating the similarity between samples. In con-
trast, supervised learning involves mapping traits
and labels (e.g., generic and species names) from



sample sets to identify new samples. Several
scholars have explored the identification of fossil
plant and animal images via the convolutional neu-
ral network (CNN) algorithm in supervised learning,
and the results have shown high average accuracy
(Xu et al., 2020; Marchant et al., 2020; Liu and
Song, 2020; Liu et al., 2022). However, the CNN
algorithm also has limitations (Sabour et al., 2017),
such as the high demand for training data, which
often requires tens or even hundreds of thousands
of images to achieve good results. Therefore, rely-
ing on manual statistical trait data can significantly
reduce the training cost of machine learning and
offer more possibilities for quantitative analysis of
paleontological specimens and their preserved
traits where they are limited.

Therefore, the aim in this study was to com-
pile statistical data on the morphological traits of 35
species of the Czekanowskiales from China and to
use a hierarchical clustering algorithm to numeri-
cally classify them. Furthermore, five supervised
learning algorithms, including logistic regression
(LR), k-nearest neighbors (KNN), naive Bayes
(NB), a classification and regression tree (CART),
and a support vector machine (SVM), were used to
train an identification model to accurately identify
unknown genera and species of Czekanowskiales.
The best algorithm was selected based on the
evaluation of the average accuracy and confusion
matrix. To improve the applicability of the method,
supervised learning on the macroscopic trait data-
set was also conducted separately, with the aim
being to meet the identification needs of a large
number of fossilized plants samples. In this study,
we used morphological data to provide quantitative
analytical evidence for the traditional taxonomy of
Czekanowskiales, as well as providing tools or rec-
ommendations for identifying Czekanowskiales in
future research. Additionally, key traits for the iden-
tification of Czekanowskiales were confirmed,
which effectively enhanced the validity using of
morphological traits in traditional methods.

MATERIALS AND METHODS
Research Materials

The present study utilized measurements
taken from published monographs, the scientific lit-
erature, and the National Specimen Information
Infrastructure (NSIl) of China. This research
focused on 35 species from four different Cze-
kanowskiales genera from the Mesozoic in China.
Table 1 presents the details of the selected
research objects, while Figure 1 provides a visual-
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TABLE 1. Data source of 35 species of Czekanowskia-

les.

No Species Name References
1 Czekanowskia chinensis Sun et al., 2009
2 Czekanowskia shiguaiensis Liu, 2016
3 Czekanowskia elegans Lietal., 1988
4  Czekanowskia pumlia Lietal., 1988
5 Czekanowskia nathorsti Wu, 1999
6 Czekanowskia speciosa Lietal., 1988
7 Czekanowskia stenophylla Lietal., 1988
8 Czekanowskia explicita Mi et al., 1996
9 Czekanowskia hartzi Wu et al., 1980
10 Czekanowskia rigida Miao, 2006
11 Czekanowskia setacea Mi et al., 1996
12 Czekanowskia shenmuensis Qian et al., 1987
13 Phoenicopsis angustifolia Li, 2018
14 Phoenicopsis speciosa Qian et al., 1987
15 Phoenicopsis xiwanensis Zhou, 1984
16 Phoenicopsis ordosensis Lietal., 2014
17 Phoenicopsis huolinheiana Sun et al., 1987
18 Phoenicopsis jus’huaensis Sun et al., 1987
19 Phoenicopsis uralensis Huang, 2016

20 Phoenicopsis daohugouensis  Huang et al., 2016

21 Phoenicopsis jilinensis Sun et al., 1987

22 Phoenicopsis decorata Lietal., 1988

23 Phoenicopsis enissejensis Wang, 1995

24 Phoenicopsis mira Lietal., 1988

25 Phoenicopsis neimengensis Wang et al., 2014

26 Sphenarion parvum Chen et al., 1988

27 Sphenarion latifolia Chen et al., 1984

28 Sphenarion lineare Wang, 1984

29 Sphenarion dicrae Lietal., 1988
30 Sphenarion angusitae Huang et al., 2017
31 Solenites murrayana Yan and Sun, 2004
32 Solenites haojiagouensis Yang et al., 2018
33 Solenites orientalis Sun et al., 2001
34 Solenites baishanensis Lietal., 2015
35 Solenites gracilis Lietal., 2015

ization of their geographic distribution. To ensure
the integrity of the data, we counted and analyzed
only a portion of the literature on fossils that were
well preserved, and cuticle studies were carried
out. For the most part, the data documented in the
literature have generally fulfiled our statistical
needs, and for some of the undocumented data,
we used CorelDRAW X8 software to measure each
image according to its respective scale, and the
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FIGURE 1. Distribution of Mesozoic Czekanowskiales fossils in China (Chinese basemap from the Standard Map Ser-

vice, plan approval number: GS (2020) 4619).

measured traits are shown in Table 2. At least two
fossil specimens were measured for each opera-
tional taxonomic unit, and as many specimens as
possible were measured to yield a total of 80 spec-
imens documented in 206 images.

Encoding Traits

In this study, the coding of qualitative traits
was performed using both label encoding and one-
hot encoding, as indicated in Table 3. These meth-
ods can convert categorical variables into a form
that is easily used by machine learning algorithms.
Label encoding involves assigning sequences of
equally spaced numerical values, such as 0, 1, 2,
3, etc., to each trait; this is a simple encoding
method. However, the sequences of the encoded
values could lead to errors. On the other hand,
one-hot encoding involves converting the original
trait variables into multidimensional variables that
are categorized by the value of the original trait
while replacing and quantifying the new trait values
in a binary (0, 1) manner. One-hot encoding does
not create sequences among the variables; there-

fore, this encoding method is more reasonable
than label encoding is, but it is prone to dimension-
ality (i.e., it performs well on the training set but
lacks the ability to generalize to new data) when
there are more categories of traits and variables.
To address this issue, label encoding was used in
cluster analysis and trait selection, while one-hot
encoding was used in supervised learning after
trait selection was completed.

Macroscopic and cuticular traits were evalu-
ated through measurement and counting. The
macroscopic traits are henceforth referred to as
"macro traits,"” while the cuticular traits are referred
to as "cuticular traits," as shown in Figure 2. Unat-
tainable traits, such as stomatal type and stomatal
parameters, were eliminated from consideration,
resulting in 32 mixed traits, comprising 13 macro
traits and 19 cuticular traits. Among these mixed
traits, 16 are quantitative, and the other 16 qualita-
tive, as shown in Table 2. Quantitative traits were
directly derived from the measured data, and their
measurements are detailed in Figure 2. The follow-
ing provides a brief interpretation of such traits:
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TABLE 2. Traits of Czekanowskiales and their types. MAC = Macro traits, Cuticular = Cuticular traits, Q = Quantitative
traits, M = Qualitative traits.

No. Traits Type

0 Leaf cluster length (or lobe length) (mm) MAC; Q

1 Leaf cluster width (mm) MAC; Q

2 Leaf cluster aspect ratio MAC; Q

3 Lobe width (mm) MAC; Q

4 Lobe aspect ratio MAC; Q

5 The number of lobes MAC; Q

6 The number of dichotomies MAC; Q

7 Angle between the most lateral lobes (°) MAC; Q

8 The number of veins MAC; Q

9 Lobe shape: Linear, Thin linear, Narrow wedge, Wide wedge, Narrow band MAC; M
10 Shape of lobe apex: Cuspate, Blunt tip, Round, Blunt round, Truncate MAC; M
11 Leaf veins types: Unapparent, Parallel venation MAC; M
12 Short shoot: Scaly, Scaly bud MAC; M
13 Arrangement of upper epidermal cells: Linear, Irregular Cuticular; M
14 Shape of upper epidermal cells: Long rectangle, Polygonal, Elongated Cuticular; M
15 Surface ornamentation of upper epidermal cells: Striped, Ridged stripes, Cuticular; M

Papillate, Partial thickening, None
16 Anticlinal wall of upper epidermis cells: Straight, Straight and slightly curved Cuticular; M
17 Area of upper epidermal cells (um?2) Cuticular; Q
18 Aspect ratio of upper epidermal cells Cuticular; Q
19 Arrangement of lower epidermal cells: Linear, Irregular Cuticular; M
20 Shape of lower epidermal cells: Long rectangle, Polygonal, Elongated Cuticular; M
21 Surface ornamentation of lower epidermal cells: Striped, Ridged stripes, Cuticular; M
Papillate, Partial thickening, None
22 Anticlinal wall of lower epidermis cells: Straight, Straight and slightly curved Cuticular; M
23 Area of lower epidermal cells (um2) Cuticular; Q
24 Aspect ratio of lower epidermal cells Cuticular; Q
25 Leaf stomatal type: Double-sided stomatal, Lower stomatal Cuticular; M
26 Arrangement of stomatal apparatus: Linear, Irregular Cuticular; M
27 Shape of the stomatal apparatus: Oval, Round, Long hexagon Cuticular; M
28  Area of stomatal complex (um2) Cuticular; Q
29 Aspect ratio of the stomatal complex Cuticular; Q
30 The number of subsidiary cells Cuticular; Q
31 Surface ornamentation of subsidiary cells: Papillate, Thickening, None Cuticular; M
TABLE 3. Schematic table of label encoding and one-hot Leaf cluster width: the distance between two
encoding. points on the most lateral lobe (Figure 2,

dotted line cd);

Leaf cluster length (or lobe length): the lon-
gest distance from the leaf tip to the leaf

Label One-hot Encoding
Trait Variables Encoding A B Cc

A 0 1 0 0 base (Figure 2, dotted line ab);
B ! 0 1 0 Leaf cluster aspect ratio: the ratio of leaf clus-
C 2 0 0 1

ter length to leaf cluster width;
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FIGURE 2. Fossils and schematic diagram of the leaf
morphology and epidermal structure of Czekanowskia
les. (A) Phoenicopsis angustifolia; (B) Czekanowskia
rigida; (C) Phoenicopsis speciosa; (D) schematic dia-
gram of the leaf morphology of Czekanowskiales, dotted
line ab indicating the leaf cluster length (or lobe length),
dotted line cd indicating the leaf cluster width, line ef
indicating the lobe width, and angle cbd indicating the
angle between bc and bd (the most lateral lobes); (E)
schematic diagram of the epidermal structure of Cze-
kanowskiales. Scale bars (A-C) equal 1 cm.

Lobe width: average of the maximum widths
of well-preserved lobes (Figure 2, line
ef);

Lobe aspect ratio: the ratio of lobe length to
lobe width;

The number of lobes: the number of all lobes
clustered on short branches (after dichot-
omizing);

The number of dichotomies: the sum of the
number of dichotomies in the leaves;

Angle between the most lateral lobes: the
angle of expansion of the most lateral
lobes (Figure 2, angle cbd);

The number of veins: the sum of the number
of veins on the leaves;

The area of epidermal cells was calculated as
the product of the length and width of epi-
dermal cells, including upper and lower
epidermal cells, and nonrectangular mor-
phological cells were measured using the
minimum circumscribed rectangle
method, the same as below;

The aspect ratio of epidermal cells was calcu-
lated as the ratio of the length to the
width of epidermal cells, including upper
and lower epidermal cells;

Area of the stomatal complex: the product of
the length and width of the complex com-
posed of subsidiary cells, guard cells and
their intermediate stomata pit;

Aspect ratio of the stomatal complex: the ratio
of the length to the width of the stomatal
complex; and

The number of subsidiary cells: the number of
subsidiary cells on the stomatal complex.

Cluster Analysis Method

To better understand the interspecific variabil-
ity in Czekanowskiales, we processed the statisti-
cal specimen-level dataset and used it for cluster
analysis. The quantitative trait data were averaged
across specimens of the same species, while the
qualitative trait variables were assigned the highest
frequency values. With the Python, we encoded
the labels of the qualitative trait variables and stan-
dardized the data matrices to unify the metric
scales. Finally, we used the dendrogram function in
the SciPy library for cluster analysis of the 35 spe-
cies of Czekanowskiales, where the distance met-
ric was set to Euclidean and the intercluster
similarity was set to Ward's variance minimization.

Trait Selection Method

The purpose of trait selection is to maximize
the extraction of key traits from the initial selection
of traits for use in supervised learning algorithms.
The process involves retaining traits with high infor-
mation content and eliminating those with low infor-
mation content, while also ensuring that there is no
redundancy in the information between traits. In
this study, the ExtremeTreesClassifier algorithm
(Geurts et al., 2006) was used to calculate the
importance scores of traits, and Pearson correla-
tion coefficients between each trait were calculated
to eliminate redundant traits. The trait selection
process involved three steps: (1) ranking the traits
in descending order of their importance scores, (2)



eliminating traits with correlation coefficients
greater than 0.7 starting from the trait with the high-
est importance score, and (3) designating as key
traits any included trait whose cumulative score
exceeded 0.7.

Supervised Learning Method

The supervised learning algorithm was used
to train the model for genus and species identifica-
tion in Czekanowskiales. Logistic regression (LR)
was selected from linear algorithms; k-nearest
neighbors (KNN), naive Bayes (NB), a classifica-
tion and regression tree (CART), and a support
vector machine (SVM) were selected from nonlin-
ear algorithms for comparative analysis. The algo-
rithms were evaluated using metrics such as
accuracy and a confusion matrix. To prevent over-
fitting, a 3:1 ratio was used to divide the dataset
into a training set and a test set that did not influ-
ence each other during the model training process.
The training set data were verified using the 10-fold
crossover method, and the average accuracy of
the model in 10 iterations was used to select the
optimal algorithm. The hyperparameters of the
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algorithm were tuned using the GridSearchCV
module (Pedregosa et al., 2011), and the perfor-
mance of the algorithm was ultimately evaluated
using the test set (Wei, 2018). Due to the unbal-
anced number of samples from different genera
and species in the dataset, the ‘class_weight’
parameter in the algorithm was set to ‘balanced’ to
create weights that were inversely proportional to
the frequency of samples from different genera and
species in order to mitigate the effects of unbal-
anced data (Albon, 2018).

RESULTS
Numerical Taxonomy of Czekanowskiales

Based on the mixed trait statistical data, 35
species of Czekanowskiales were subjected to
cluster analysis (Figure 3). With a Euclidean dis-
tance coefficient of 12.0, all the Czekanowskiales
were classified into three distinct groups (1, I, and
).

Group | comprised 13 taxonomic units and
could also be subdivided into three subgroups (I,
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FIGURE 3. Dendrogram of 35 species of the Czekanowskiales from China.
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I, and I3) at a Euclidean distance of 9.0. (1) Sub-
group l4: This subgroup is composed entirely of
Phoenicopsis. The lobes of this subgroup are gen-
erally linear, measuring between 13-17 cm in
length and 0.4-0.6 cm in width, without any dichot-
omy. The angle between most of the lateral lobes
is found to be between 30-42°, and the leaf veins
are parallel, with approximately 8-12 lines. The
upper and lower epidermal structures of these
plants are similar, exhibiting long rectangular cell
shapes with a straight anticlinal wall pattern and no
surface ornamentation. The stomatal apparatus is
oval and arranged in a row. (2) Subgroup I5: This
subgroup is also composed entirely of Phoenicop-
sis. This subgroup typically has 5-7 lobes, each of
which are 8-10 cm long and 0.5-0.6 cm wide, with-
out dichotomy. The short shoot possesses scaly
leaves, and the angle between the most lateral
lobes is 43-51°, while the leaf veins are parallel
and approximately 9-12 in number. The upper and
lower epidermal structures are similar and contain
long rectangular cells arranged in rows. The leaves
have an elliptical stomatal apparatus of the lower
stomatal type. (3) Subgroup I3: This subgroup
comprises Phoenicopsis and Sphenarion. Typi-
cally, these plants have thinly linear to linear lobes
that are 7.5-9 cm long and 0.17-0.4 cm wide, and
they are not dichotomized or are dichotomized only
once. The leaf veins are parallel, with approxi-
mately 3-6 in number. The upper and lower epider-
mis of the leaves have similar structures, with cells
arranged in rows, the anticlinal wall of cells being
straight or straight and slightly curved, and the sur-
face free of ornamentation. The stomatal appara-
tus is oval, and the surface of the subsidiary cells is
papillate.

Group Il comprises six taxonomic units, which
include all five species of Solenites and one spe-
cies of Phoenicopsis. The lobes of this group are
generally thinly linear to linear, with 8-12 lobes and
an angle of 38-50° between the most lateral lobes.
The leaf veins and short shoots are inconspicuous.
The upper and lower epidermis displayed similar
structures, consisting of long rectangular cells
arranged in rows, with the anticlinal cell walls being
straight. The leaves are of the double-sided stoma-
tal type, with the stomatal apparatus arranged in
rows.

Group IlIl comprises 16 taxonomic units and
can also be subdivided into three subgroups (lll4,

Ill,, and Ill3) at a Euclidean distance of 9.0. (1)
Subgroup Ill4: This subgroup is composed entirely
of Czekanowskia. These plants are characterized

by thinly linear to linear lobes that are 10-15 cm
long and 0.06-0.1 cm wide and are dichotomized 2-
4 times, with an angle between the most lateral
lobes of 26-30°. The upper and lower epidermis
exhibited similar structures, with cells arranged in
rows. Additionally, the leaves are of the double-
sided stomata type, with oval stomata apparatuses
arranged in rows. (2) Subgroup lll,: This subgroup
included Czekanowskia and Sphenarion. In gen-
eral, Subgroup lll; exhibited 4-7 lobes, ranging
from 6-10.5 cm long to 0.08-0.4 cm wide; the leaf
veins are inconspicuous. The upper and lower epi-
dermis possess similar structures, and the cells are
elongated rectangles or polygons arranged in
rows, with the anticlinal wall of cells appearing
straight or slightly curved. The stomata appara-
tuses are oval and arranged in rows. (3) Subgroup
lll3: Only Sphenarion parvum and Czekanowskia
pumlia are included. This subgroup generally has
3-4 lobes, is approximately 3 cm long and 0.05-
0.15 cm wide, and has short shoots with scaly
leaves. The angle between most of the lateral
lobes is 35-45°, and leaf veins are not prominently
visible. The upper and lower epidermis are similar
in structure, and the cells are long polygonal in
shape and irregularly arranged. The leaves have a
double-sided stomatal type, and the stomatal
apparatus is oval and arranged in rows.

Genus and Species Identification of
Czekanowskiales

Selection of key traits for genus-level identifi-
cation. We calculated the importance scores of the
32 traits using the ExtraTreesClassifier algorithm
(Figure 4A), the proportions of importance scores
for macro trait and cuticular trait information used
for genus and species identification (Figure 4B)
and Pearson correlation coefficients for these traits
(Figure 4C). The correlation coefficient between
the 'lobe aspect ratio’ and 'lobe width' was found to
be -0.704; as the former score is higher, the latter
was excluded. Similarly, several other traits were
also excluded, such as the surface ornamentation
of upper epidermal cells, the shape of the lower
epidermal cells, the stomatal type, the area of
upper epidermal cells, and the aspect ratio of
upper epidermal cells. Ultimately, 15 traits were
selected as key traits for genus-level identification,
including the lobe aspect ratio, number of dichoto-
mies, leaf vein types, surface ornamentation of the
lower epidermal cells, number of lobes, number of
veins, aspect ratio of the stomatal complex, shape
of upper epidermal cells, shape of the lobe apex,
shape of the stomatal apparatus, area of the lower
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epidermal cells, area of stomatal complex, aspect
ratio of lower epidermal cells, lobe shape, and
number of subsidiary cells. The cumulative impor-
tance score of the mixed-key traits reached 0.716.

The dataset containing only macro trait

information was analyzed to calculate importance
scores for each trait. The Pearson correlation coef-
ficient was used to evaluate the correlation
between macro traits. The correlation coefficient
between ‘leaf vein types’ and ‘lobe width’ was
found to be -0.739. Accordingly, ‘lobe width’ was
excluded, and a total of seven macro traits were
selected as key traits for genus-level identification
among the 13 macro traits. These traits included
the number of dichotomies, leaf vein types, lobe
width, the number of lobes, the lobe aspect ratio,
lobe shape, and the number of veins. The cumula-
tive importance score of the macro-key traits was
0.737.
Selection of key traits for species-level identifi-
cation. Upon combining the importance scores of
the mixed traits and the Pearson correlation coeffi-
cients between the traits, the elimination of redun-
dant traits was performed sequentially. Eventually,
16 traits were selected as key traits for species-
level identification among the 32 mixed traits. The
selected traits include stomatal type, anticlinal wall
of the upper epidermis cells, number of dichoto-
mies, the lobe aspect ratio, number of veins, shape
of the lower epidermal cells, aspect ratio of the
lower epidermal cells, surface ornamentation of
subsidiary cells, arrangement of the lower epider-
mal cells, surface ornamentation of the lower epi-
dermal cells, leaf veins types, short shoot, area of
the stomatal complex, the number of lobes, leaf
cluster length (or lobe length), and shape of the
stomatal apparatus. The cumulative importance
score for the mixed-key traits reached 0.710.

Using only the dataset comprising macro trait
information, combined importance scores for each
trait and Pearson correlation coefficients between
traits and redundant traits were removed in order.
Finally, a total of six traits, including the number of
veins, shape of the lobe apex, lobe aspect ratio,
leaf vein types, number of dichotomies, and num-
ber of lobes, were finally selected as macro-key
traits for species-level identification among the 13
macro traits, with a cumulative importance score of
0.742.

Comparison of Identification Results for the
Different Supervised Learning Algorithms

Five supervised learning algorithms were
employed for genus and species identification in
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Czekanowskiales. Figure 5 shows the data distri-
bution of the identification results obtained by dif-
ferent algorithms and the confusion matrix for the
best algorithm.

Comparison of genus-level identification
results. Based on the mixed-key trait dataset, the
CART algorithm was ultimately selected to test the
prediction effectiveness of the test set (Figure 5A).
Subsequently, the parameters of the algorithm
were tuned to optimize its performance. As the
confusion matrix illustrates (Figure 5B), 25 of the
26 samples in the test set were correctly identified
with a prediction accuracy of 96.2%.

Using only the macro-key trait dataset, the

CART algorithm was selected to assess the predic-
tion efficacy of the test set (Figure 5C). Following
the optimization of the algorithm for parameter tun-
ing, 24 out of the 26 samples in the test set were
accurately identified, as illustrated by the confusion
matrix (Figure 5D), indicating a prediction accuracy
of 92.3%.
Comparison of species-level identification
results. Based on the mixed-key trait dataset, the
LR algorithm was selected to assess the prediction
effectiveness of the test set (Figure 5E). After tun-
ing the parameters, the LR algorithm correctly
identified 14 of the 15 samples in the test set, as
illustrated by the confusion matrix (Figure 5F),
yielding a prediction accuracy of 93.3%.

Using only the macro-key trait dataset, the
CART algorithm was selected to evaluate the pre-
diction efficacy of the test set (Figure 5G). After
algorithm parameter optimization, 13 out of the 15
test set samples were correctly identified according
to the confusion matrix (Figure 5H), yielding a pre-
diction accuracy of 86.7%.

DISCUSSION

Comparison of Traditional Taxonomy with
Numerical Taxonomy

Three different levels of consistency between
our results and the traditional taxonomy are recog-
nized, as described below.

Excellent consistency. The taxonomic consis-
tency of Solenites and Czekanowskia is excellent,
with all Solenites clustering in Group Il and all Cze-
kanowskia clustering in Group lll. The genus Sole-
nites was first proposed by Lindley and Hutton
(1834), and Nathorst (1919) established the criteria
for Solenites based on the presence of a short
shoot and nondichotomous leaf, while those with a
dichotomous leaf were designated as Czekanows-
kia. This classification has been widely accepted
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(Harris, 1951; Si and Li, 1963; Wu, 1993; Deng and
Lu, 2008; Li et al., 2015). Moreover, the dichoto-
mizing pattern of leaves has been considered a
key morphological characteristic for differentiating
between Solenites and Czekanowskia (Yan and
Sun, 2004).

Good consistency. For some other groups, our
results match relatively well with those of traditional
taxonomy. In the present study, Phoenicopsis is
mainly classified in Group |, while Phoenicopsis
jus'huaensis was classified in Group Il along with
Solenites, which is somewhat different from the tra-
ditional taxonomic view. A comparison of the two
taxa reveals several similarities. However, the lobe
of Phoenicopsis jus'huaensis is wider, the leaf
veins are distinctly parallel (unlike those of Sole-
nites, which generally have indistinct leaf veins),
and the surface of the epidermal cells displays
papillate ornamentation. These traits serve as the
main basis for identifying Phoenicopsis (Sun,
1987). Therefore, this study supports the traditional
taxonomic view and classifies Phoenicopsis
jus'huaensis as Phoenicopsis. Phoenicopsis is a
form-genus established by Heer (1876) based on
specimens from the Irkutsk Basin, Siberia, formerly
USSR. Florin (1936) revised the genus into three
genera, Stephenophyllum, Windwardia, and Cul-
goweria, based on epidermal structural traits, and
Samylina (1972) subsequently revised the above
three genera into subgenera.

In the present study, the taxonomic analysis of
Sphenarion resulted in clustering predominantly in
Group Ill. However, Sphenarion angusitae exhib-
ited partial similarity in cuticular pattern with Phoe-
nicopsis, clustering with the latter in Group |I.
Nevertheless, while the lobe of Phoenicopsis is
usually nondichotomous or occasionally dichoto-
mous, as reported in previous studies (Miao, 2006;
Li, 2018), Sphenarion angusitae exhibited a clearly
dichotomous lobe, similar to other members of the
Sphenarion group (Huang et al., 2017), and were
more elongated with narrow cuneate shapes.
Thus, considering the noticeable macro-morpho-
logical differences between the two groups, Sphe-
narion angusitae was retained within the
Sphenarion genus in this study.

Inconsistency. Unlike traditional taxonomy, our
numerical taxonomy divides the four genera of
Czekanowskiales into only three groups, leading to
difficulty in distinguishing the affinities of Cze-
kanowskia and Sphenarion. Specifically, Sphenar-
ion latifolia is close to Czekanowskia in Group Il
and Subgroup lll,, while Czekanowskia pumlia is
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close to Sphenarion in Group Il and Subgroup lll3.
While Czekanowskia species have long, linear
leaves that are divided into two to three dichoto-
mies at sharp angles to form narrow, entire lobes,
and Sphenarion latifolia has narrowly cuneate and
relatively wide leaves (Chen et al., 1984; Qian et
al., 1987). Despite these differences, similarities in
the number of dichotomies, leaf vein types and the
shape and arrangement of leaf stomata may
explain their clustering. Czekanowskia pumlia was
established by Li et al. (1988). This species has
short leaf, differs from other Czekanowskia species
with elongated leaves but shares common traits
with Sphenarion latifolia, such as short leaves.
However, differences in traits such as short shoots,
epidermal cells, and surface ornamentation of sub-
sidiary cells distinguish Czekanowskia pumlia from
other Sphenarion species. This study supports tra-
ditional taxonomy and emphasizes the need for
further investigation of the numerical taxonomic
position and affinities of these genera.

Analysis of Some Genera and Species Mixed in
the Clustering Results

As discussed above, based on comparisons
of related trait data, we conclude that the small dif-
ferences among the traits are the direct cause of
the mixing of some genera and species. However,
the underlying reasons that inform our decision to
continue to support traditional taxonomy rather
than make revisions are the limitations of the clus-
ter analysis method itself.

(1) Cluster analysis, as a common unsupervised
learning algorithm, categorizes the observa-
tions into groups by calculating similarities. As
an exploratory analysis, there is a certain
amount of uncertainty, and therefore, the
results may not always reflect the actual tax-
onomy of the data. In other words, the rela-
tionships between artificially created
taxonomic labels and traits may be more com-
plex.

(2) The application of label encoding methods to
qualitative trait information in cluster analysis
can also affect the accuracy of the results
(Albon, 2018). Label encoding methods give
more weight to qualitative traits with higher
encoding values; however, we found that it is
difficult to find a more appropriate encoding
method for cluster analysis.

(3) Redundant traits in the cluster analysis
affected the results. Due to the small number
of specimens of some species, the Extreme-
TreesClassifier algorithm was not applicable,



which made it difficult for us to perform effec-
tive trait selection in the cluster analysis.
Therefore, we had to consider all the traits.

For the above reasons, the numerical taxon-
omy results are not entirely consistent with tradi-
tional taxonomy results, as also revealed in
previous studies (Xin et al., 2019a; Xiao et al.,
2020; Wang et al., 2022). Nevertheless, for this
study, we believe that the significance or necessity
of cluster analysis is that the consistency it shows
with traditional taxonomy provides evidence for the
validity of traditional taxonomy in quantitative anal-
ysis. Based on this, we carried out supervised
learning training using the genus and species
names of each fossil specimen according to tradi-
tional taxonomy, which allowed us to provide a new
tool for identifying Czekanowskiales. In our future
research, in order to solve the problems mentioned
above, we will continue to focus on and explore
more possibilities for applying cluster analysis (or
unsupervised learning).

Comparative Analysis of Key Traits

Some macro-traits, such as the aspect ratio of
the lobe, the number of lobes, dichotomies, veins,
and their shapes, are commonly selected as key
traits regardless of the application scenario (Figure
4A). These observations are consistent with the
findings of previous studies. Notably, lobe size and
number, leaf dichotomizing status, leaf vein shape,
and number are essential markers for macroscopi-
cally distinguishing various genera of Czekanows-
kiales, as has been reported in previous studies
(Chen et al., 1988; Mi et al., 1996; Sun et al., 2016;
Ji, 2020). With the simultaneous use of cuticular
trait data, the key traits commonly include the sur-
face ornamentation of the lower epidermal cells,
aspect ratio of the lower epidermal cells, shape of
the stomatal apparatus, and area of the stomatal
complex. Wilkinson (1979) showed that cuticular
traits such as the stomatal apparatus and surface
ornamentation of epidermal cells exhibit obvious
specificity. Furthermore, the size of epidermal cells
is usually influenced by the distribution of stomata;
i.e., epidermal cells within the stomatal zone are
shorter than those within the nonstomatal zone
(Sun et al., 2009b; Li et al., 2014; Huang, 2016).

The importance of traits in discriminating
between samples can be represented by the trait
importance score (Albon, 2018). We compared the
cumulative importance scores of macro traits and
cuticular traits in the identification of the Czeka-
nowskiales genera and species, and the propor-
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tions of macro traits and cuticular traits remained
stable before and after the selection of key traits
(Figure 4B). Additionally, the total score (67.6%)
and average score of macro-key traits were greater
for genus-level identification, whereas the total
score (43.72%) and average score of macro-key
traits were lower for species-level identification.
This finding suggests that macro traits are more
important for genus-level identification, while cutic-
ular traits are more important for species-level
identification of Czekanowskiales. This may be
because, in the past, the establishment of the
genus Czekanowskiales relied mainly on macro-
scopic traits (Wu et al., 1980; Zhou, 1984; Wang,
1984; Sun et al., 2001); thus macro trait differences
among genera are more recognizable for super-
vised learning models than are cuticular trait
differences. Moreover, cuticular patterned traits are
important in the taxonomy and identification of the
genus Suturovagina from the Lower Cretaceous in
Jilin Province, China (Mairot et al., 2014). Overall,
macro traits and cuticular traits play different roles
in machine learning for identifying fossils, and the
combination of both has been effective in improv-
ing the reliability of fossil plant identification.

Comparative Analysis of Genus and Species
Identification

We compared five different algorithms by
evaluating their average accuracy and standard
variance. Then, we selected the optimal algorithm
for genus and species identification of Czeka-
nowskiales in various application scenarios
through test set validation. The CART algorithm is
the most effective for genus-level identification,
achieving an average accuracy of 90.0% and a test
set validation accuracy of 96.2% after algorithm
tuning. Even when only macro traits are used, the
average accuracy can reach 88.3%, and the test
set validation accuracy was 92.3% after algorithm
tuning. On the other hand, the LR algorithm is most
effective for species-level identification using
mixed traits, with an average accuracy of 86.7%
and the test set validation accuracy was 93.3%
after algorithm referencing. When using only macro
traits information, the optimal algorithm for species-
level identification is CART, for which the average
accuracy was 83.3%, and the test set validation
accuracy was 86.7% after algorithm referencing.
Our analysis indicated that hyperparameter optimi-
zation effectively improved identification accuracy,
and the inclusion of cuticular traits also contributed
to this improvement.
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A Discussion on Machine Learning Methods

Considering the outstanding performance of
machine learning methods in identifying Czeka-
nowskiales, their application to more fossilized taxa
specimens could be attempted in future studies.
However, the exploration of machine learning algo-
rithms undoubtedly relies on strong support from
datasets. The statistical analysis of fossil trait data-
sets is a rigorous and complex task, particularly
with regard to trait selection, which requires a bal-
ance between validity and necessity since redun-
dant or misleading data can reduce the accuracy of
the algorithm. Another important factor is the varia-
tion in the extent of study of various fossil plant
taxa. For instance, in a previous study by Xin et al.
(2019a) on 42 fossil species in the Dicksoniaceae
population in the Mesozoic from China, due to a
lack of information on fossil cuticles of pterido-
phytes, only 12 macro traits were selected, result-
ing in a less informative study. In addition, the
abovementioned study used the principal compo-
nent analysis method for data dimensionality
reduction, which resulted in composite variables
(i.e., principal components) that are ambiguous
and poorly interpreted. In view of this, we added
additional traits, especially cuticular traits, to the
present study, as well as explored innovative meth-
ods of trait selection and fossil identification. This
study helps to demonstrate the significance of
cuticular traits for identifying fossil plant taxa and
improving the accuracy of machine learning meth-
ods, effectively validating the scientific results and
useful experience of previous researchers. In addi-
tion, the results of trait selection have important ref-
erence value for related research.

The application and popularity of machine
learning methods rely on the continuous improve-
ment of the paleontology knowledge base and fos-
sil specimen discovery. For example, Zhou et al.
(2020) systematically compiled data from Ginkgoa-
les, revising the classification of some genera and
species. This constantly updated knowledge based
on research by human scholars is the basis for
computers being able to better simulate human
identification skills. Subsequently, Wang et al.
(2022) employed cluster analysis to investigate the
affinities and systematic classification of Ginkgo-
phyta. However, in this study, perhaps because of
the limited learning ability of unsupervised learning
algorithms when facing complex classification
problems, the classification results of the two
abovementioned were somewhat different. Never-
theless, machine learning methods provide essen-
tial validation material for traditional taxonomic
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studies and show promising applications in fossil
identification. Convolutional neural networks and
deep learning methods offer solutions for
identifying fossils in images, but these methods are
more suited for identifying fossils at the broad class
level rather than at the genus and species level
(Duan, 2023). Considering the limited amount of
image sample data available for small taxa and the
scientific need for identification at the genus and
species level, trait analysis based on manual sta-
tistics is undoubtedly a more feasible option at this
stage.

Machine learning, as a disruptive innovation,
has exceeded human abilities in some areas.
However, machine learning cannot replace human
scientists in paleontological research. It can serve
as a complementary tool to enhance research effi-
ciency and promote quantitative approaches to the
subject. For instance, Peking University has built a
practical platform for quantitative analysis of pale-
ontological morphology based on the open source
software RStudio-Server (Xiong et al.,, 2022),
whose rich analysis algorithms provide good sup-
port for researchers to carry out quantitative analy-
sis, machine learning, and visualization of
paleontological morphology. However, considering
the serious difficulties in digitizing large-scale fossil
materials, it will take extraordinary effort from more
researchers and additional breakthroughs in
advanced technologies to truly realize the wide-
spread application of machine learning in paleon-
tology (Wilf et al., 2016, 2021).

CONCLUSIONS

(1) Using cluster analysis, 35 species of the order
Czekanowskiales were clustered into three
major groups. Species belonging to the same
genus as defined by traditional taxonomy
showed a high level of clustering. These
results provide quantitative analytical evi-
dence for the traditional taxonomy of Cze-
kanowskiales.

(2) For supervised machine learning, macro traits
play a more significant role in identifying Cze-
kanowskiales at the generic level, while cutic-
ular traits are more important in identifying
Czekanowskiales at the species level.

(3) Multiple supervised learning algorithms were
evaluated to determine the best algorithms for
different application scenarios: the CART
algorithm performed best at the genus level
and species-level identification based on
macro traits, while the LR algorithm performed
best at species-level identification based on



mixed traits. Notably, the accuracy of identifi-
cation can be significantly improved for all
algorithms with the inclusion of cuticular traits.

Unfortunately, due to the paucity of specimen
data for some Czekanowskiales species, species-
level identification of these specimens is not possi-
ble. However, given the good performance of the
macro trait datasets in species-level identification,
this approach may be more directly applicable to
future identification efforts of other Czekanowskia-
les species. Moreover, active exploration of trait
selection and genus and species identification
methods will provide guidance or recommenda-
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tions for identifying more challenging plant taxa,
such as Mesozoic ferns and Cenozoic angio-
sperms.
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