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Abstract. Interspecific differences in cone and seed morphology between three
Larch species, Larix sibirica, Larix gmelinii, and Larix czekanowskii, in the
Khentii Mountains of Mongolia are investigated in this study over six years
(2016-2021). We collected 1620 cone samples and related seed from nine study
areas. Measurements and statistical analyses were performed on morphometric
characteristics, such as cone length, width, scale number, seed size, wing
morphology, and germination potential. The findings revealed that all attributes
under investigation exhibited substantial interspecific differences (p < 0.001). L.
sibirica demonstrated the highest germination rates and the largest cone and seed
diameters, indicating its robust capacity for regeneration. L.gmelinii showed the
tiniest and most homogeneous cones and seeds, suggesting genetic stability and
adaptation to cold, dry conditions. The natural hybrid Larix czekanowskii
exhibited variable and intermediate features, indicating that it could be utilized
for seed selection and afforestation in a changing climate. The morphological
distinction at the species level was further confirmed by cluster analysis. With
ramifications for seed zone delineation, forest regeneration planning, and
conservation strategies in Mongolia's boreal forest ecosystems, these findings
offer crucial insights into the ecological flexibility and genetic diversity of Larch
species.

Keywords: Larix gmelinii, Larix czekanowskii, Larix sibirica, cone
morphology, seed morphometrics, Larch, Khentii Mountains, Mongolia

1 Introduction

Mongolia’s forest reserves cover approximately 18,075.7 thousand hectares, account-
ing for 7.85% of the country’s total land area. The actual forested area is about 12,619.4
thousand hectares, or 11.89% of the national territory. These forests are primarily dis-
tributed across the mountainous regions of Khentii, Khangai, Khuvsgul, and Altai,
playing a critical role in regulating river flow, preventing soil erosion, moderating local
climates, and sustaining biodiversity. As a result, they are essential not only for ecolog-
ical balance but also as a source of raw materials for industrial use. Notably, Larch
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(Larix spp.) forests make up around 70% of Mongolia’s forest reserves, forming the
southern edge of the Siberian taiga.

Larch forests are ecologically significant and serve as a key component of timber
production. However, they face increasing degradation due to human activities, climate
change, and natural disturbances. The country’s remaining virgin forests, stretching
from the Altai Mountains in the west to the Ereen Mountains in the east (including parts
of Khangai, Khuvsgul, and Khentii), cover an estimated 7,347.7 thousand hectares.
These forests are under mounting pressure, highlighting the urgency of conservation
and sustainable management efforts.

The reproductive organs of Larch species the cones exhibit notable morphological
diversity, both within and between species. Cone traits such as size, shape, scale num-
ber and arrangement, and position on the tree vary widely depending on species and
environmental conditions. For example, L. gmelinii typically develops small, com-
pressed cones with thick walls and small seeds, which are considered adaptations to
cold and dry environments [13; 10]. L. sibirica, on the other hand, produces larger,
oblong cones with inclined scales and larger, thin-coated seeds [13]. L. czekanowskii,
believed to be a natural hybrid of the two, demonstrates intermediate cone characteris-
tics, likely reflecting both hybrid origin and genetic drift [8].

Cone and seed traits have direct implications for seed dispersal, germination, and
regeneration success. Characteristics such as seed size, weight, shape, and coat thick-
ness influence how seeds spread, how viable they are, and how successfully they ger-
minate in the wild. Seed maturation in Larch is highly sensitive to climatic conditions,
especially temperature and precipitation during the growing season. For instance, L.
sibirica produces larger, more viable seeds under humid conditions, whereas drought
years result in smaller seeds with thicker coats, potentially restricting dispersal and ger-
mination [1].

Moreover, the timing of cone harvest significantly affects germination success—
seeds collected either too early or too late exhibit lower viability. Factors such as nutri-
ent reserves, shell hardness, and environmental stress resistance all impact seed germi-
nation. Variability in seed protein, lipid, and nutrient content is not only species-de-
pendent but also varies across years and populations [9]. In high-altitude permafrost
regions, L. gmelinii experiences short maturation periods, leading to a higher proportion
of immature seeds [14]. Morphometric characteristics of Larch seeds and cones are
indicators of not only ecological conditions but also genetic variability. L. sibirica and
L. gmelinii are highly variable and genetically flexible species within their populations.
This provides a basis for maintaining genetic balance when used for breeding and res-
toration purposes [17]. L. czekanowskii is a genetically transitional organism with mo-
saic chromosomes and nucleolar regions, and is considered a potential basis for regen-
eration selection [2]. In Mongolian conditions, climate change has a substantial impact
on seed maturation, full cone development, and seed quality of L. gmelinii and L.
czekanowskii species. Since the 1940s, the growing season has shortened and the num-
ber of young trees has decreased dramatically, indicating a regeneration crisis [6]. In
some regions, seed maturation has reached a complete standstill, and the natural capac-
ity for regeneration has been lost, as shown by research conducted in the western
Khentii Mountains.
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Countries with highly developed forestry have developed their forest seed produc-
tion based on the scientific basis of genetics and selection. In countries such as Sweden,
Spain, Germany, Russia, and China, seed plantations of selected trees, seed quality
evaluation, and basic research on selection have been carried out since the 19th century
and have been systematically implemented since the mid-20th century [11,16]. The
foundation of forest seed production in Mongolia was laid in 1969. A cone processing
workshop was established in Selenge aimag, seed yield was evaluated, and seed plan-
tations were established by isolating selected trees [3]. Research has shown that the
seed yield, germination, and quality of dominant species such as Siberian Larch and
Scots pine depend largely on geographical region, climate, soil, and lighting factors [5,
7]

The success of seed germination directly depends on the weather, rainfall, dryness,
cone maturity, and pollen environment during flowering. Larch has a weak ability to
self-pollinate, and seed productivity increases when growing in groups. Great seed
years occur every 3—10 years in certain regions, and abundant seed harvests occur more
frequently after years with dry summers [15,4]. In Mongolian seed management, estab-
lishing seed zones that are appropriate to forest conditions, utilizing local seeds, and
selectively breeding selected trees play a crucial role. Seed quality and germination of
Scots pine and Siberian Larch were found to differ in 16 regional experiments, and
seeds from high-altitude regions were found to be of higher quality [5]. The study of
cone length and width is crucial in forestry, tree reproduction, seed quality, and as-
sessing the impact of climate change. For example, cone length and width are direct
indicators of the number and size of seeds contained in the cone, and long cones usually
have a large number of fully developed seeds and are well-ripened. This is important
for obtaining high-quality seeds in plantation forests and seed breeding. It can also be
a key feature for differentiating species, which is utilized in taxonomy and species sys-
tematization. Cone size tends to decrease when there is a drought or extreme warming
during the season. Therefore, it is an indicator of ecological monitoring and climate
change.

The purpose of this study is to assess the cone and seed morphological traits of three
Larch species that are indigenous to Mongolia's Khentii mountain range: L. sibirica, L.
gmelinii, and L. czekanowskii. Its specific goals are to: (1) evaluate morphological var-
iation, cone development, and seed maturity under various ecological and climatic con-
ditions; (2) find viable seed sources that are well-suited to the local environment; and
(3) help raise the bar for afforestation seed quality standards. The study also highlights
how crucial it is to incorporate seed biology into procedures for afforestation planning,
sand erosion prevention, and plantation forest restoration. Cone length and width, scale
structure, seed size, wing shape, and germination performance are among the charac-
teristics that were examined across a number of years (2016-2021) and at various lo-
cations. The study intends to uncover interspecific variations in reproductive traits and
investigate their ecological and genetic implications for climate-resilient forest man-
agement by examining characteristics like cone length and width, scale structure, seed
size, wing morphology, and germination performance over a multi-year period (2016—
2021) and across multiple sites.
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2 Materials and Methods

2.1  Study area

In our study, cones of L. sibirica, L. gmelinii, and L. czekanowskii were collected from
9 locations during 2016-2021, including Bayn gorkhi (48°55'02.9"N; 111°57'16.7"E;
1134m), Bayndavaa (47°45'38.8"N; 107°40'21.0"E; 1530m), Bayngol (48°40'38.5"N;
110°00'46.1"E; 1419m), Khaich (49°25'44.3"N; 112°44'54.1"E; 1231m), Khukh
chuluut (48°42'44.9"N; 111°33'48.9"E; 1060m), Mungunmorit (48°20'54.9"N;
108°40'07.0"E; 1578m), Saranhad (47°45'48.1"N; 107°07'58.2"E; 1663m), Turgen
(49°29'55.7"N; 113°0528.9"E; 1051m), Zasmal Davaa (49°21'20.1"N; 112°36'14.5"E;
1023m, and the length and width of the cones were measured in wet and dry conditions
(Table 1, Fig. 1). The study area is the Khentii mountain system and that is located in
the northeastern of Mongolia. The air temperature and precipitation at each study point

are shown in Figure 1.
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Fig. 1. Location and general information of the study sampling site

For each cone sample, we recorded: Cone length (mm), cone width (mm), cone weight
(g), number of cone scales, seed length (mm), seed width (mm), seed weight (mg), wing
length and width (mm), and seed-coat thickness (pm) all measurements were taken us-
ing a digital calliper (£0.01 mm accuracy) and an analytical balance (£0.1 mg) in a
laboratory environment under controlled conditions.

Cones and seed samples were collected using the general taxonomic index
measurement method of Anuchin (1982), and seed collection areas were measured
using the technique of Jamiyansuren (1988). Cone measurement from each study site,
100 cones of similar age, height, and height above breast height were collected and
measured. Before removing the seeds from the cones and cleaning them, the cone
length (mm), width (mm), and number of scales were determined. The cone index is a
composite score developed to assess overall cone development based on three main
parameters: cone length (mm), cone width (mm), and scale number. These
measurements were normalized and integrated into a single index to simplify
interspecific comparisons. A higher cone index indicates larger, more developed cones,
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potentially associated with greater reproductive capacity. The cone index was
determined by the ratio of length to width [11]. According to Pravdin's index, 2.5-3.0
is considered to be long-shaped, 2.0-2.5 is supposed to be long-thick, 1.5-2.0 is
considered to be ovoid, and 1.0-1.5 is considered to be round.

2.2 Statistical analysis

To test for significant differences among species and across years or sites, the following
statistical procedures were applied: One-way ANOVA used to compare normally
distributed traits such as cone length, cone width, seed length, and seed weight.
Kruskal-Wallis test used for non-parametric variables that did not meet ANOVA
assumptions (e.g., cone index, seed-coat thickness). Tukey’s HSD post hoc test applied
following ANOVA to determine pairwise differences between species or sites.
Principal Component Analysis (PCA) conducted to identify the major sources of
morphological variation and species clustering based on cone and seed traits. Pearson’s
correlation used to analyze relationships between cone and seed variables (e.g., between
cone length and seed weight). Statistical analyses were performed using R software
(v4.3.1) and SPSS (v26.0). Significance was assessed at p < 0.05, unless otherwise
stated.
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3 Results

Cone Morphology and Statistical Comparisons

Our study processed a total of 1,620 cone samples from three Larix species collected
from nine ecological sites during 2016-2021. The results revealed consistent species-
level differences in cone length, width, scale number, and scale hair across sites and
years. Cone length differed significantly among species (ANOVA, df = 2, MS =
16611.8, F = 2212.464, p < 0.0001). According to Tukey’s HSD post hoc test, L.
sibirica and L. czekanowskii belonged to group a, while L. gmelinii was assigned to
group b (Fig. 2a). Cone width also showed significant interspecific differences
(ANOVA, df =2, MS =16521.4, F =2227.192, p <0.0001) with distinct groupings: a,
b, and c for L. sibirica, L. czekanowskii, and L. gmelinii, respectively (Fig. 2b). Across
ecological sites, cone length was grouped into two statistically distinct clusters, while
cone width exhibited four significant clusters. No significant differences were observed
among years for either trait (cone length: p = 0.1499, cone width: p = 0.508).

30
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Figure 2. Cone length and width of L. sibirica, L. gmelinii, and L. czekanowskii during
2016-2021. (@) Cone length (mm); (b) Cone width (mm).
Error bars represent standard error. Different lowercase letters indicate significant
diferences among species based on Tukey’s HSD test (p < 0.05).

Table 1. Morphometric parameters of cones of 3 Larch species, 20162021

Cone Cone Cone Hair of
Species Descriptive length width scale the cone
(mm) (mm) number scale
Mean 27.20 22.36 28.13 0.42
Standard
Error 0.14 0.11 0.15 0.01
Loezeka |\ riimum 17.30 13.68 18.00 0.25
nowski .
Maximum 35.24 28.90 39.00 0.50
Lower 95% 27.35 22.13 27.81 0.41
Upper 95% 28.04 22.59 28.44 0.43
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Mean 2722 2429 26.05 0.43
Standard
| Error 0.13 0.15 0.18 0.00
L.sibiri Minimum 19.68 14.46 15.00 0.25
ca Maximum 37.48 35.11 37.00 0.50
Lower 95% 26.87 24.06 25.74 0.42
Upper 95% 2756 24.52 2637 0.44
Mean 17.54 13.89 18.37 031
Standard
| Error 0.08 0.09 0.15 0.00
Lgmeli | finimum 1.78 1.54 11.00 0.25
n” Maximum 2330 19.80 27.00 0.50
Lower 95% 17.197 13.661 18.053 0.30
Upper 95% 17.88 14.121 18.684 0.32

Note: Different lowercase letters (a, b, ¢) in the same row or column indicate statisti-
cally significant differences among species (p < 0.05) based on Tukey’s Honest Signif-
icant Difference (HSD) post hoc test.

Cone Scale Characteristics and Color

Cone scale number significantly varied among species (ANOVA, F = 1020.69, p <
0.0001), with L. czekanowskii, L. sibirica, and L. gmelinii forming three distinct groups
(a, b, and c, respectively). Cone scale hair length also varied significantly among spe-
cies and study points but not across years (Fig. 3). Cone color and scale shape were
morphologically informative indicators. L. sibirica cones were predominantly green
(immature), while L. gmelinii cones were mostly red (mature), suggesting different re-
productive strategies. L. czekanowskii showed intermediate and transitional color
states, suggesting extended maturation.

Cone Scales Shape Distribution by Species and Year b) Cone Color Distribution by Species and Year
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Figure 3. Morphological characteristics of cone scales of Larix species.
(a) Scale shape distribution; (b) Cone color categories over six years.
Color categories include: green, green-to-red, reddish-green, and red. Proportions rep-
resent percentage of cones per species per year.

Statistical evaluation of cone morphological traits

A statistical analysis using the Kruskal-Walli’s test and Tukey's multiple comparisons
to compare the morphological traits such as cone shape, size, scale structure, and color
of the new species L. sibirica showed that there were statistically significant differences
(p <0.001) between the three species for all parameters (Table 2). This indicates that
the morphological traits such as cone length, width, number of scales, shape, and color
of these Larch species differ at the species level L. gmelinii, and L. czekanowskii. For
example, there were significant differences between L. sibirica in dry and wet cone
lengths (p < 0.001).

Table 2. Results of statistical analysis based on cone morphological characters

. . L.cz vs L.cz vs L.gm vs
2 -

Trait KW Chi p-value L.gm L.si L.si
Cone length 1056.45 <2x1076 2.09x10™" 0.127 2.09x10™"3
Cone width 1096.31 <2x107° 2.09x10" | 2.10x107" | 2.09x10°"
Number of cone | g9, 55 <2x107 | <2x10% | <2x1076 | <2x10°7¢
scales
Shape of cone -

801.09 <2x107° NA NA NA

scales
Cone color 126.09 <2x107¢ NA NA NA

Note: Different lowercase letters (a, b, ¢) in the same column or row represent statisti-
cally significant differences among species or locations (p < 0.05) based on Tukey’s
Honest Significant Difference (HSD) test.

Seed Morphology and Germination

We have analyzed the seed germination, seed weight, and growth rate of each of the
three species. The mean of germination of L. czekanowskii is 50.80, L. gmelinii is 25.87,
and L. sibirica is 51.85. The growth rate of L. czekanowskii is 45.75, L.gmelinii is 27.24,
L.sibirica is 47.43. The seed weight (1000 seeds) means of L.czekanowskii is 5.99;
L.gmelinii is 2.66, L.sibirica is 6.51.

In our study, we measured the seed length, width, wing area, and 1000-seed weight
of L. sibirica, L. gmelinii, and L. czekanowskii. Table 3 shows descriptive statistics of
seed morphology for three Larch species. At the species level, the differences in seed
morphology between the study locations are significant. The mean of the seed square
is higher (13.43-13.6) in L. czekanowskii and L. sibirica than in L. gmelinii. The seed
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length, wings square, wings length, and wing width vary significantly among the three
species.

Table 3. Seed morphometry of the three Larch species, 20162021

in
. Descript seed seed seed wings wing e
Species . . . gs
ive statistics square length width square s length .
width
DF
(between 2 2 2 2 2 2
species)
7302 264. 361. 63617 4822 596.
MS .10 69 42 .80 22 21
800. 631. 1185 486.5 904. 897.
F Ratio 41 65 21 5 04 06
<.00 <.00 <.00 <.000 <.00 <.00
Prob>F 01 01 01 1 01 01
13.6 13.3
5.03 3.82 46.29 5.70
Mean 0 9
Standard
0.14 0.03 0.03 0.60 0.10 0.04
Error
Minimu
3.62 1.89 1.85 13 5.34 2.89
m
Maximu 23.5 19.9
7.16 6.15 80.79 7.87
L.czekano | m 9 3
wski Lower 13.3 13.2
4.97 3.78 45.32 5.63
95% 4 0
Upper 13.8 13.5
5.08 3.87 47.25 5.77
95% 5 9
Signific
ance letter
a a a a a a
between
species
Mean 7.15 3.77 2.40 24.79 7.51 3.76
Standard
0.09 0.02 0.02 0.39 0.08 0.03
Error
Minimu
241 2.01 1.28 0.70 0.47 1.33
m
L.gmelinii Maximu 16.7 13.7
5.20 4.28 56.93 6.12
m 1 9
Lower
6.89 3.71 2.35 23.82 7.31 3.69
95%
Upper
7.40 3.82 245 25.75 7.70 3.83
95%
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Signific
ance letter
b c b c c c
between
species
13.4 11.3
493 3.81 38.12 542
Mean 3 4
Standard
0.15 0.03 0.02 0.46 0.11 0.03
Error
Minimu
5.61 3.16 2.11 13.73 6.65 3.28
m
Maximu 23.9 18.6
6.68 5.24 69.97 7.57
o m 7 9
L.sibirica
Lower 13.1 11.1
4.87 3.76 37.16 5.35
95% 8 5
Upper 13.6 11.5
498 3.86 39.09 549
95% 9 4
Signific
ance letter
a b a b b b
between
species
DF
(between 8 8 8 8 8 8
study point)
2441 81.4 101. 22370 1403 174.
MS .07 2 53 .80 .62 70
400. 236. 405. 225.6 321. 323.
F Ratio 16 06 24 7 17 69
<.00 <.00 <.00 <.000 <.00 <.00
Prob >F 01 01 01 1 01 01

Note: Different lowercase letters (a, b, ¢) in the same column or row represent statisti-
cally significant differences among species or locations (p < 0.05) based on Tukey’s
Honest Significant Difference (HSD) test.
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Fig. 4. compares the annual distribution of seed length and width of three species of
Larix from 2016 to 2021. L. czekanowskii has a constant annual seed length of about
4-6 mm, and on average has the longest seeds compared to other species, while L.
gmelinii has the shortest seeds, usually 3—5 mm, and has a relatively small distribution
range (Fig. 4a). In terms of average seed width, L.czekanowskii has an average seed
width of about 4 mm, and has a relatively broad distribution range, while L.gmelinii has
the narrowest seeds, usually 2—3 mm, and has the smallest distribution range. L. sibirica
has a seed width of about 3.5—4.5 mm, and appears to be highly stable (Figure 4a, b).

a) Seed length distribution by species and year b) Seed width distribution by species and year

'; '#

2016 2017 2018 2019 2020 2021 2016 2017 2018 2019 2020 2021

Seed length, mm
—l—
-
i
S m
N
—
[ -
\lcd“ltilh,mm

WL czekanovskii WL gmelinii W Lsibirica
Fig. 4. Seed length and width distribution of Larix species (2016-2021).
(a) Seed length (mm); (b) Seed width (mm). Different letters indicate statistically significant
differences based on Tukey HSD post hoc test (p < 0.05).

Figure 5, which shows the results of the cluster analysis performed based on the main
morphological characteristics of cones and seeds, indicates that the three Larch species
were divided into distinct groups. As a result, L. sibirica and L. gmelinii are clearly far
from the other two species and are separated by the highest distance, confirming that
these species are morphologically more distinct from the others. L. czekanowskii is the
species with the smallest Euclidean distance, that is, the most similar morphologically.
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Dendrogram of Larch Species Based on
Cone and Seed Characteristics

Euclidean Distance

L.Gmelinii

0 1

L l
L.Sibirica T
.Chekanovskii <|

Fig. 5. Dendrogram based on cone and seed morphological characters of Larch species

4 Discussion

Our results demonstrate that the three Larch species (L. sibirica, L. gmelinii, L.
czekanowskii) exhibit statistically significant interspecific differences in cone and seed
morphological traits. The Kruskal-Wallis and Tukey HSD tests confirmed that cone
length, width, scale number, scale shape, and color are the main traits distinguishing
species (p < 0.001). These traits have both biological and applied value. For instance,
cone hair length may affect moisture retention and seed dispersal efficiency. Seed size
and wing morphology are crucial for dispersal potential, germination success, and
adaptation to local site conditions. Cone scale number and structure influence cone
compactness, affecting seed extraction and processing in seed centers. Thus, these traits
directly inform afforestation planning, seed selection, and nursery practices.

The observed morphological variations are not solely shaped by ecological factors
such as elevation or precipitation. For example, L. gmelinii consistently had the smallest
cones and seeds across multiple sites and years, indicating strong genetic control over
these traits. In contrast, L. czekanowskii exhibited greater variability in traits like seed
size and wing area, suggesting environmental plasticity or a hybrid origin, allowing for
broader adaptation.

The intermediate and stable values of cone length (32—-36 mm) and seed wing size
in L. czekanowskii, along with its clustering between L. sibirica and L. gmelinii in
multivariate analyses, support the hypothesis of a natural hybrid origin. Previous
research (e.g., Qiu et al, 2011) has suggested this possibility. From a forestry
perspective, hybrid taxa such as L. czekanowskii may be valuable for afforestation
under changing climatic conditions, as they combine the drought tolerance of L.
gmelinii with the robust seed performance of L. sibirica. This positions L. czekanowskii
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as a candidate for assisted migration, ecological restoration, and seed zone planning in
transitional zones like the Khentii Mountains.

Seed morphological characteristics, including length, width, weight, and wing size,
varied significantly across species and sites. L. sibirica had the largest and heaviest
seeds and the highest germination rate (51.85%), which is consistent with its thin seed
coat and high nutrient content. This supports earlier findings linking seed size and coat
thickness to germination success [4,5].

On the other hand, L. gmelinii exhibited low seed mass and germination rate
(25.87%), likely reflecting genetically smaller seeds with thicker coats. These insights
are critical for identifying elite seed sources and developing species-specific
propagation protocols.

Our findings confirm that morphological traits are reliable indicators of genetic
diversity and site adaptability. Dendrogram clustering and interspecies comparisons
provide practical tools for seed source zoning and breeding programs. In regions such
as Khentii, where climatic shifts are accelerating, matching species with suitable seed
traits to local conditions is essential for long-term forest resilience.

5 Conclusions

This study compared the morphological characteristics of cones and seeds of the Larch
species L. sibirica, L. gmelinii, and L. chekanovskii from the Khentii mountainous
region of Mongolia from 2016 to 2021. The results showed that these species differed
significantly at the species level in key morphometric parameters, including cone length
and width, scale shape and number, seed size, wing structure, and germination. L.
sibirica, on the other hand, had the highest germination and seed weight, indicating its
suitability for seed propagation and plantation regeneration. L. gmelinii had the
smallest, most stable seeds and the least morphometric variability, suggesting that it is
a genetically stable species adapted to cold and arid regions. L. czekanowskii had
medium to high variability, large winged seeds, and stable growth, indicating that the
species has a high potential for use in restoration and seed selection studies. This study
provides compelling evidence that cone and seed morphological traits differ signifi-
cantly among L. sibirica, L. gmelinii, and L. czekanowskii, reflecting both genetic di-
vergence and ecological adaptation. These traits are not only useful in taxonomy and
systematics but also serve as key indicators for seed selection, afforestation planning,
and climate-adaptive forest management. We recommend integrating morphological
trait data into seed zoning guidelines, and prioritizing hybrid or variable taxa such as L.
czekanowskii in afforestation and restoration efforts under projected warming and pre-
cipitation variability.
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