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Abstract

Cotinus coggygria (Scop) is a medicinally valuable species naturally distributed in the Artvin
region of Turkiye. However, information on its seed traits, germination behavior, and
seedling morphology in relation to seed size and provenance remains limited. This study
aimed to evaluate the effects of seed size and provenance on the seed characteristics, germi-
nation, and seedling morphological traits of C. coggygria. Seeds were collected from four
provenances (Seyitler, Tepekoy, Eskikale, and Tortum) and classified into large and small
size groups using a 2 mm sieve. The seed traits of length, diameter, thickness, sphericity,
volume, and thousand-seed weight were considered. To break seed dormancy, the seeds
were subjected to sulfuric acid scarification and cold stratification treatments. Germination
trials were conducted under nursery conditions using 45-cell trays in a randomized block
design with four replicates. The mean germination time was significantly affected by
provenance, whereas seed size and pretreatment combinations had no significant effects.
Seed size did not significantly influence seedling morphology, whereas provenance caused
significant differences. Seedlings originating from Eskikale exhibited greater height and
root collar diameter, with root mass fractions ranging from 80.25% to 82.78%. These results
indicate that provenance is a key factor influencing germination and seedling morphology
rather than seed size.

Keywords: Cotinus coggygria; seed size; seed quality; germination; pretreatment;
seedling morphology

1. Introduction

Smoke tree (Cotinus coggygria) is a medicinal and aromatic species mainly distributed in
the Mediterranean region and East Asia and is widely recognized for its high ecological and
ornamental value [1-3]. It has long been used in traditional medicine for wound healing,
antidiarrheal purposes, and the treatment of various skin diseases, reflecting its consider-
able medicinal value [4]. Numerous scientific studies have characterized its medicinal and
aromatic properties, particularly the essential oils found in its leaves and stems [5-8]. It is
also a landscape plant that is used extensively in landscaping and afforestation [9].

Although several studies have addressed the removal of germination barriers [10-12]
in the seeds of this species, no research has examined the influence of seed size, which is
a key factor affecting germination and dormancy, or evaluated root and shoot biomass,
which is critical for assessing the species” potential success in afforestation.
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As a slow-growing, multi-stemmed shrub, C. coggygria typically reaches a height of
3-5 m and forms a scattered crown with a diameter of 34 m. This light-loving species
tends to grow rapidly and produces oils in its leaves and shoots [6]. Its leaves turn red in
autumn, making it an aesthetically pleasing addition to the urban landscape [9]. Its showy
inflorescences, colorful leaves, and decorative fruits make it a valuable ornamental plant
for landscaping.

C. coggygria is resistant to drought, cold, and frost but sensitive to humidity. It can
grow successfully in hot, sunny, and rocky areas. This plant, notable for its strong root
system and high sprouting ability, has golden-yellow wood and has traditionally been
used in leather dyeing [9]. With its medicinal properties, it is used in folk medicine for
anti-inflammatory, antimicrobial, and wound-healing purposes, and scientific studies have
shown that it has antioxidant and anticancer effects [13,14]. However, it has been reported
to be toxic because of its high gallotannin content (over 25%) [15].

Its natural distribution in drought-affected inland areas, along road slopes, and on
sloped, erosion-prone areas suggests that this species has potential for use in afforestation
and erosion control. It is recommended that species with natural distributions be used
as seedling material in erosion-prone areas [16]. In this context, the use of local seed
provenances is particularly emphasized in restoration and habitat creation efforts, as they
are generally considered better adapted to local environmental conditions [17].

Seed provenance is a primary determinant of successful afforestation. The genetic
provenance, quality, and physiological characteristics of seeds, which are the primary
starting materials for afforestation efforts, directly affect success [18]. Using high-quality
seeds of appropriate provenance is critical for preventing losses in time, labor, and economic
resources during seedling production.

Seed size directly affects many parameters, such as germination percentage [19], mean
germination time [20], and seedling growth vigor [21,22]. Large seeds generally yield more
favorable results in terms of germination success and seedling quality and provide an
advantage in the transmission of genetic characteristics [23]. Germination performance
tends to be higher in large seeds than in small seeds, and large seeds are more effective at
producing vigorous seedlings [24,25]. Seedling quality is an important factor that influences
the success of forest plantations [26].

Although seedling quality is determined by morphological and physiological char-
acteristics, in practice, morphological criteria such as the root collar diameter, height, and
fresh-dry weights of roots and shoots are generally considered [27]. Therefore, to produce
high-quality seedlings, it is necessary to understand the germination biology of the species
and its seed physiological requirements.

This study aimed to investigate the effects of provenance and seed size on the mor-
phological characteristics of C. coggygria seedlings, and to determine the changes in the
morphological characteristics and germination behaviors of seeds from different prove-
nances to enable seed size assessment.

2. Materials and Methods
2.1. Provenances and Study Site

The seeds used in this study originated from the villages of Seyitler in Artvin Province;
Tepekoy; Eskikale in Savsat District; and Tortum in Erzurum Province, Turkiye (Figure 1;
Table 1). The seeds” morphological traits were measured at the Afforestation and Seed
Laboratory. Pretreatments were then applied to the seeds to evaluate their germination
performance. The seeds were sown under nursery conditions at the Forestry Application
and Research Center of Artvin Coruh University, located in Seyitler (Artvin, Tiirkiye),
where seedlings were grown. After the growing period, the seedlings were removed from
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the nursery beds and transported to the Afforestation and Seed Laboratory, where their
morphological traits were measured again.

Figure 1. Areas where seeds were collected.

Table 1. Map of the provenances where C. coggygria seeds were collected.

Provenance Coordinate (Latitude/Longitude) Elevation Aspect
1 Eskikale 41.272577 /42.262403 730 South
2 Seyitler 41.19920/41.85332 540 South
3 Tepekoy 41.267998/42.297400° 930 Southwest
4 Tortum 40.480319/41.504492 1195 South

The climatic conditions of the study area and seed collection provenances were charac-
terized using long-term meteorological data. Climate data were obtained from the nearest
meteorological station, and long-term averages based on approximately 50 years of ob-
servations were used to represent the regional climate. The study nursery, where seed
germination and seedling production were carried out, is located in the Seyitler provenance.

To provide a broader ecological context, climatic data were also estimated for the
other seed collection provenances (Tortum, Tepekoy, and Eskikale). The climatic values for
these provenances were derived by the spatial interpolation of the meteorological station
data according to their geographic locations and elevations. Monthly mean temperature
and monthly precipitation values were used to describe seasonal climatic patterns, while
mean annual temperature and total annual precipitation were calculated to characterize
the overall climatic conditions of the provenances (Figure 2).

2.2. Seed Material

C. coggygria seeds are found in wig-like bunches. For this study, seeds were collected
from the trees in bunches and mechanically separated. Seeds were collected in June 2018.
Before storing the seeds, empty seeds were removed by floating them on water. The seeds
were then dried at room temperature for 10 days and stored in a refrigerator at 5 °C in
sealed plastic bags. Because the seeds were collected in June 2018 but not sown immediately,
they were kept under storage conditions until the pretreatments were applied. In order to
ensure that the 60-day stratification period would end exactly at the planned sowing time
in March 2019, the pretreatment procedures were initiated in January 2019. Accordingly, all
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(a) Monthly Temperature Variation

seeds—including those later assigned to the control group and those subjected to sulfuric
acid scarification—were stored under identical conditions (5 °C in a refrigerator) from the
time of collection in June 2018 until the initiation of pretreatments in January 2019.

(b) Mean Annual Temperature
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Figure 2. Temperature and precipitation characteristics of the provenances: (a) monthly temperature
variation, (b) mean annual temperature, (¢) monthly precipitation variation, and (d) total annual
precipitation for Tortum, Tepekoy, Eskikale, and Seyitler.

2.3. Seed Size Classification

A 2 mm mesh sieve was used to classify the seeds according to size. Seeds that passed
through the sieve were classified as small seeds, and those that remained on the sieve were
classified as large. All morphological measurements of the seeds were performed on the

overall sample prior to size grouping and repeated separately for both small and large
seed groups.

2.4. Seed Traits

In this study, the morphological characteristics of seeds, including length, width,
thickness, thousand-seed weight, and filling ratio, were determined. To evaluate the
average seed size, a randomly selected sample of 100 seeds was used, and the three
principal perpendicular dimensions—length (L, mm), width (W, mm), and thickness
(T, mm)—were measured for each seed. All measurements were conducted using a digital
caliper with millimeter (mm) precision. Based on these dimensional data, the arithmetic
mean diameter (Da, mm), geometric mean diameter (Dg, mm), and sphericity (Sp, %) of the

https:/ /doi.org/10.3390/horticulturae12040426


https://doi.org/10.3390/horticulturae12040426

Horticulturae 2026, 12, 426 5o0f 24

seeds were calculated using Formulas (1)—(3) as described by Mohsenin [28], and the seed
volume (V, mm?®) was calculated using Formula (4) as described by Jain and Bal [29].

D,=(L+W+T)/3 1)
D, = (LWT)'/? (2)

Sy = (LWT)3/L 3)
VzO.ZS[(%)L(W+T)2] @)

The thousand-seed weight (TSW) was measured using a precision scale on eight
randomly selected samples of 100 seeds each, and determined using the average weight
calculation method based on the obtained data [30].

The seed fill rate was determined by using three separate samples selected from the
previously weighed samples. In this process, seeds were cut crosswise, their internal filling
was visually assessed, and the percentage of filled seeds was calculated.

Seed weight and filling rate measurements were conducted in two stages: before and
after flotation. These measurements were repeated for each group after the seeds were
grouped according to size.

2.5. Pretreatments

This study aimed to determine the effects of seed provenance and size on germination,
rather than developing new methods to overcome germination inhibition in C. coggygria
seeds. Therefore, pretreatment methods previously proven to be effective in the literature
were selected. Commonly recommended methods for overcoming germination inhibition
in C. coggygria seeds include cold stratification and chemical scarification with sulfuric acid
(HSO4) (Merck, Darmstadt, Germany). In this study, appropriate cold stratification times
were determined to be 30 and 60 days, and appropriate chemical scarification times with
sulfuric acid were determined to be 20 and 40 min. Sulfuric acid was used at a concen-
tration of 95% in the chemical scarification process, and 15 mL of H,SO4 was applied to
each seed group.

The pretreatment combinations used in this study were arranged in four different
combinations: chemical scarification times in sulfuric acid (20 and 40 min) and cold stratifi-
cation times (30 and 60 d). Untreated control groups were also included in this study. Thus,
five different pretreatments were evaluated for each provenance and seed size group.

In the combination of pretreatments, seeds were first chemically scarified with sul-
furic acid, followed by cold stratification. Seeds to be stratified were first moistened,
placed in cheesecloth bags, and stored in glass jars between two layers of moist sand in a
refrigerator at 5 °C. Throughout the stratification process, regular weekly checks were per-
formed to ensure that the environmental conditions were maintained and that the medium
did not dry out.

2.6. Experimental Design and Seedling Production

Sowing was performed in March 2019 in 45-cell trays placed in seedbeds established
in the nursery, under open-field conditions. A randomized block design with four repli-
cates was used. Only one seed was sown in each cell of the 45-cell trays, and a total of
180 seeds (4 x 45 cells) were sown for each pretreatment combination. A homogeneous
growth medium, obtained by mixing peat and perlite in a 3:1 ratio, was used as the sowing
medium for all treatments. Following the initiation of germination, germination controls
were performed regularly at weekly intervals, and newly germinated individuals were
counted and recorded.
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During the germination period, irrigation was applied daily until germination was
completed. After germination, the irrigation frequency was reduced to twice per week and
continued at this frequency until the end of the growing season.

2.7. Germination Percentage and Mean Germination Time

Weekly checks were performed from the date of sowing, and germination numbers
were recorded starting 9 April 2019, when the germination began. The final germination
was observed on 28 May 2019. Formula (5) was used to determine GP [31], where n is the
number of seeds that were germinated and N is the total number of sown seeds. Formula (6)
was used to calculate the mean germination time (MGT) [32], where nl. . .n is the number
of seeds germinated on the nth day, t1...n is the number of days from the start of the
germination test until the germination control is performed, and T is the total number of
germinated seeds.

GP =Y _n/Nx100 (5)
MGT:(nl><t1)+(n2><t2)+(Tn3><t3)+...+(nixti) ©)

2.8. Morphological Characteristics of Seedlings

In this study, the morphological characteristics of the seedlings were assessed, in-
cluding the seedling height (SH), root collar diameter (RCD), dry root weight (DRW), dry
stem weight (DSW), and seedling dry weight (SDW). At the end of the growing season,
on 11 December 2019, the seedlings were carefully removed from the trays. To eliminate
the possible effects of pretreatment applications on morphological traits, only seedlings
propagating from seeds that received the same pretreatment were used in the evalua-
tion process. Morphological measurements were conducted on 240 seedlings, representing
four provenances and two seed size classes, with 30 seedlings sampled for each provenance—
seed size combination.

Prior to measurement, the roots of the uprooted seedlings were gently washed to
remove adhering soil, and the leaves were removed from the stems. Seedling heights
were measured using a ruler with millimeter (mm) precision, and root collar diameters
were measured using a digital caliper with millimeter (mm) precision. Subsequently, the
seedlings were severed at the root collar, and the root and stem sections were separated.
The fresh weights of the root and stem sections were measured using a digital scale with a
precision of 0.001 g. The samples were then placed in paper envelopes and dried in an oven
at 105 °C for 24 h. After completion of the drying process, the dry weights were determined
by reweighing the samples using the same digital balance.

2.9. Root Mass Fraction, Shoot/Root Ratio, and Sturdiness Index

The root mass fraction (RMF), shoot/root ratio (S:R), and sturdiness index (SI) are
morphological quality measures commonly used to determine seedling quality [33]. In
this study, these quality indicators were not used to classify C. coggygria seedlings as
high- or low-quality but rather to comparatively assess their developmental levels. The
primary rationale for this assessment approach was the observation that root development
in C. coggygria seedlings was more advanced than stem development at the time of the
measurement (Figure 3).

In the present study, Formulas (7) and (8) were used to calculate the root mass fraction
(RMF), shoot/root ratio (S:R), and sturdiness index (SI). The root mass fraction expresses
the ratio of root dry weight (RDW) to the total dry weight of the seedling (TDW) and is
calculated as a percentage [34]. The shoot/root ratio (S:R) represents the proportion of stem
(shoot) dry weight (SDW) to root dry weight and is widely used as an indicator of post-
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planting performance and to evaluate the drought-avoidance potential of seedlings [35].
The sturdiness index is the ratio of seedling height (SH, cm) to root collar diameter
(RCD, mm) and is an indicator that evaluates the vertical growth of seedlings accord-
ing to diameter development [36]. In this study, seedling height values are expressed in
millimeters (mm) when calculating the sturdiness index. The sturdiness index reflects
the strength and stability capacity of seedlings [37] and is used to categorize seedlings by
quality: SI values < 50 indicate first-class seedlings, values between >50 and <60 indicate
second-class seedlings, and values > 60 classify seedlings as cull seedlings [27].

DRW
RMF = oW < 100 7)
SDW
S:R= RDW (8)
SH
SI 2cD 9)

Stem Root

Root collar
diameter

Figure 3. One-year-old C. coggygria root and stem samples of the seedlings.

2.10. Statistical Analysis

Statistical analyses were conducted using the SPSS 19.0 statistical software package
(IBM Corp., Armonk, NY, USA). Prior to the analysis, the normality of the data was
examined. All variables met the assumption of normality except germination percentage
(GP) and mean germination time (MGT); therefore, an arcsine transformation was applied
to these variables before statistical analyses. Seed traits were calculated for each provenance
across large, small, and combined seed groups. However, analyses of provenance-related
differences were performed using the combined seed groups without separating seeds
by size. The large and small seed groups were defined for descriptive purposes only,
and no statistical comparisons among provenances were conducted within these groups.
Germination parameters, including germination percentage and mean germination time,
were analyzed with respect to provenance, seed size, and pretreatment.

Germination percentage and mean germination time values were derived from a
multifactorial statistical analysis performed using SPSS 19.0 within a general linear model
framework, in which provenance, seed size, pretreatment, and their interaction terms were
evaluated simultaneously. Accordingly, the reported values correspond to the estimated
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marginal means obtained from the full model. Depending on the main factor considered,
the data were pooled across the remaining factors. For provenance-based comparisons,
germination percentage and mean germination time values were calculated using the
combined dataset across all pretreatment applications and seed size groups, whereas for
pretreatment-based comparisons, the values were calculated using the combined dataset
across all provenances and seed size groups.

The morphological characteristics of the seedlings were evaluated considering prove-
nance and seed size factors. Multivariate analysis of variance was used to determine the
effects of these factors on the measured parameters. When statistically significant differ-
ences were detected, the Duncan multiple range test was applied to identify differences
among the groups.

3. Results
3.1. Variation in Seed Traits

Analysis of variance showed that both provenance and seed size had significant effects
on seed length (L), width (W), thickness (T), and seed volume (V) (p < 0.01). Although
the interaction between provenance and seed size was not significant for seed width and
length (p > 0.05), it was significant for seed thickness and volume (p < 0.01) (Table S1).

Eskikale showed the highest mean values for seed length (4.758 mm), thickness
(1.670 mm), and volume (16.526 mm?), whereas Seyitler demonstrated the highest mean
seed width (3.410 mm) (Table 2). Seed size differences between groups were expected due
to size separation. The statistically significant differences observed among the seed groups
indicate that the seeds were validly classified into large and small seed groups. In the
large seed group, seed length ranged from 4.659 to 5.009 mm, the seed width ranged from
3.298 to 3.572 mm, seed thickness ranged from 1.564 to 1.779 mm, and seed volume ranged
from 14.518 to 19.004 mm?. In the small seed group, the seed width varied from 3.009 to
3.302 mm, seed length from 4.326 to 4.659 mm, seed thickness from 1.427 to 1.608 mm, and
seed volume from 11.205 to 14.167 mm?3 (Figure 4).

Table 2. Variation in seed length (mm), width (mm), thickness (mm), and volume (mm?) among

provenances.
Provenance L 14% T 14
Eskikale 4.758 4 0.499 2b* 3437 403252 1.670 + 0.179 @ 16.526 + 4.205 2
Seyitler 4.820 +0.4372 3.410 £0.2922 1.566 + 0.140 15.765 + 3.050 P
Tepekoy 4.706 + 0.457 P 3.32540.330 P 1.620 +0.105® 15.238 4 3.365 P
Tortum 4.493 + 0.479 © 3.153 +0.325¢ 1.495 + 0.157 4 12.862 + 2.926 ¢

* Different letters within the same column indicate statistically significant differences according to Duncan’s
multiple range test (p < 0.01).

The analysis of variance indicated that provenance and seed size had statistically
significant effects on the arithmetic mean diameter (Da), geometric mean diameter (Dg),
sphericity (Sp), and thousand-seed weight (TSW) (p < 0.01). In addition, the provenance
x seed size interaction was significant for Da and Dg, whereas its effect on Sp was not
statistically significant (p > 0.05) (Table S2).

Statistically significant differences among provenances were detected for Da, Dg, Sp,
and TSW (p < 0.05), with the Eskikale provenance exhibiting the highest mean values for all
parameters (Table 3). In the large-seed group, the Da values ranged from 3.174 to 3.453 mm,
and the Dg values ranged from 2.881 to 3.163 mm, whereas the Sp and TSW values varied
between 0.614 and 0.634, and 9.687 and 11.840 g, respectively. In the small seed group, the
Da values ranged from 2.921 to 3.156 mm, Dg values from 2.638 to 2.857 mm, Sp values
from 0.615 to 0.634, and TSW values from 7.399 to 8.961 g (Figure 5).
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Figure 4. Seed width, length, thickness, and volume according to provenances and seed size classes.

Table 3. Variation in seed diameter (mm), sphericity (%), and 1000-seed weight (g) among provenances.

Provenance Dg Da Sp TSW

Eskikale 3.006 + 0.251 a* 3.288 +(0.278 2 0.634 + 0.037 2 10.401 + 1.4972
Seyitler 2947 4+ 0.190 P 3.266 + 0.216 2 0.614 £ 0.041 ¢ 9.981 4+ 0.953 P
Tepekoy 2932 4+ 0.192° 3217 £0.235b 0.626 =+ 0.040 2P 9.803 + 1.077 ¢
Tortum 2.760 =+ 0.208 3.047 + 0.236 ¢ 0.618> £ 0.052°¢ 8.467 +£1.1974

* Different letters within the same column indicate statistically significant differences according to Duncan’s
multiple range test (p < 0.05).

In evaluating the germination potential of C. coggygria seeds, analyses of the seed fill
rates before and after flotation revealed that the percentage of empty seeds could reach up
to 60%. Measurements after the flotation method revealed a significant removal of empty
seeds, demonstrating that this can be used as an effective physical separation method for
C. coggygria seeds (Figure 6).

3.2. Variation in Germination Performance

The results show that both provenance and pretreatment had significant effects on
the germination percentage (p < 0.05), while these factors did not significantly influence
the mean germination time. However, seed size did not significantly affect either the
germination percentage or mean germination time (p > 0.05).
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Figure 6. Seed fill rates according to provenance (PreF: Pre-Flotation; PostF: Post-Flotation).

When the interactions between the factors were evaluated, it was determined that

the provenance x pretreatment interaction had significant effects on both the germination

percentage and mean germination time (p < 0.05),

affected only the mean germination time, and the

the provenance X seed size interaction
provenance x pretreatment X seed size

triple interaction had a significant effect only on the mean germination time (Table S3).
The highest germination percentages (52.01% and 52.83%) were observed in seeds
originating from the Eskikale and Seyitler provenances. The mean germination time varied

between 20.94 and 24.40 days according to provenance group (Table 4).
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Table 4. Duncan test results showing differences in germination percentage and mean germination
time among provenances (values based on pooled data across all pretreatments and seed size groups).

Provenance Germination Percentage Mean Germination Time
Eskikale 52.01 &+ 36.97 * 2098 £9.17
Seyitler 52.83 +£11.36 2 21.41 +10.38
Tepekoy 41.92 +25.76 ° 24.40 +7.89
Tortum 39.99 4 25.74 ° 23.10 £ 9.42

* Different letters within the same column indicate statistically significant differences according to Duncan’s
multiple range test (p < 0.05).

Pretreatments resulted in higher germination percentages compared with the con-
trol treatment (Table 5). However, despite these higher values, no statistically signifi-
cant differences were detected among the pretreatment types for germination percentage
(p > 0.05). In contrast, the control treatment formed a separate statistical group with signifi-
cantly lower germination percentage values (p < 0.05). The mean germination time varied
slightly among the pretreatments, but these differences were not statistically significant
(p > 0.05).

Table 5. Duncan test results showing differences in germination percentage and mean germination
time among pretreatments (values based on pooled data across all provenances and seed size groups).

Pretreatment Germination Percentage Mean Germination Time
20 min H»SO4 +30d CS * 58.76 +19.80 2** 21.34+2.23
20 min HpSO4 + 60 d CS 53.88 +23.242 22.04 +2.35
40 min HSO4 +30d CS 58.78 £ 18.77 2 2213 +1.87
40 min H,SO4 + 60 d CS 58.00 £ 35.07 @ 21.98 £ 3.38
Control 401+£420° 24.86 4 20.20

* CS: Cold stratification. ** Different letters within the same column indicate statistically significant differences
according to Duncan’s multiple range test (p < 0.05).

The provenance X pretreatment interaction revealed significant differences in both
germination percentage and mean germination time, indicating that the effectiveness of
the pretreatments varied among provenances. The optimal combination in this study was
generally 40 min of HySOy scarification followed by 60 days of cold stratification (Figure 7).
However, a 30-day stratification period produced better outcomes in the Tepekoy and
Tortum provenances.
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Figure 7. Germination percentage and mean germination time among provenances and pretreatments
(values based on pretreatment comparisons within each provenance, independent of seed size).

Small seeds from the Eskikale provenance exhibited slightly higher germination
percentages than large seeds (48.9% and 43.0%), whereas seeds from Tepekoy and Seyitler
showed relatively balanced germination responses between seed sizes. In Tortum, large
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seeds germinated at a slightly higher rate than small seeds (39.1% vs. 36.3%, respectively).
The mean germination time also varied inconsistently across provenances; in some cases
(e.g., Seyitler), small seeds germinated more rapidly, whereas in others (e.g., Tortum), they
germinated more slowly (Figure 8).
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Figure 8. Germination percentage and mean germination time according to provenance and seed size
groups based on pooled data from all pretreatments (values presented for seed size groups within
each provenance, based on pooled data across all pretreatments).

The germination percentages increased in all provenances following pretreatment,
with the highest values generally observed under 40 min H,SOj4 + 60 days cold stratification,
although Tepekoy and Tortum responded better to 30-day stratification. The seed size
effects were not consistent across provenances; in some cases, small seeds germinated
slightly better, while in others, large seeds showed higher germination, and the mean
germination time varied irregularly between the seed size groups (Figure 9).
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Figure 9. Germination percentages and mean germination times of seeds according to pretreatments,
provenances, and seed size groups.
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3.3. Variation in Seedling Morphology

The variance analysis conducted to determine the effects of provenance and seed size
on the morphological characteristics and quality of seedlings revealed that the provenance
factor had a statistically significant effect on seedling height and root collar diameter, while
the seed size factor had significant effects on root and seedling dry weights (Table S4).

According to the results of this study, seedlings grown from seeds originating from
Eskikale and Seyitler exhibited the greatest seedling height, while those originating from
Eskikale, Seyitler, and Tepekoy showed statistically significantly higher root collar diameter
values (Table 6).

Table 6. Duncan test results showing differences between provenances according to morphological

characteristics of seedlings.

Provenance Seedling Root Collar Dry Root Dry Stem Seedling Dry
Height (mm) Diameter (mm) Weight (g) Weight (g) Weight (g)
Eskikale 60.12 £ 35.72 @* 271£1.052 0.58 £ 0.48 0.14 £0.16 0.73 £ 0.64
Tepekoy 39.61 + 18.87P 2.63£090? 0.50 £ 0.52 0.12 £0.15 0.61 £ 0.63
Seyitler 58.76 £+ 30.27 @ 256 £0.84°? 0.53 £ 0.50 0.13 £0.15 0.66 £ 0.63
Tortum 49.25 4 29.253b 215+0.73b 0.38 £0.37 0.09 £0.11 0.47 £0.48

* Different letters within the same column indicate statistically significant differences according to Duncan’s
multiple range test (p < 0.05).

Assessments according to provenance and seed size groups revealed that the morpho-
logical characteristics of the seedlings varied depending on both provenance and seed size.
Seedlings obtained from small seeds tended to show higher values for most morphological
characteristics compared with those obtained from large seeds (Figure 10). However, this
trend was reversed in the Tortum provenance.

——L —o—5 ——L ——5 ——1 ——S5
80 e 350 0.80
g 70 E 300 o—__ ® 070 { O~
£ 60 £as] o o~ Z 060 — ¢
< D 050
£, 50 £ 200 o g 050
ﬁ 40 a 150 s 0.40 -
0 30 & S 030 A b5}
g 20 g 1m0 B 020 A
@ = A
& 10 g 030 0.10 A
0 : . : #0.00 . . . 0.00 . .
Eskikale Seyitler Tepekoy Tortum Eskikale Seyitler Tepekoy Tortum Eskikale Seyitler Tepekoy Tortum
Provenance Provenance Provenance
——L ——S§ ——L ——S§
0.20 1.00
W C O

2 015 - e s o 050 o

Z 3

o \ 2 060 - Q\

2 010 - E o—e\e/<@

g o z 040 °

& | :

L 005 £ 020 4

A &

0.00 T T T 0.00 T T T

Eskikale Seyitler Tepekoy Tortum Eskikale Seyitler Tepekoy Tortum

Provenance Provenance

Figure 10. Morphological characteristics of seedlings according to provenances and seed size groups.
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3.4. Variation in Root Mass Fraction, Shoot/Root Ratio, and Sturdiness Index

The analysis of variance revealed that the differences between the root mass fractions
were not significant. The effects of provenance, seed size, and the provenance x seed
size interaction on the root mass fraction were not statistically significant. Similarly, no
significant differences in the shoot/root ratio values were observed (Table S5).

The root mass fraction values by provenance were 81.69% in Eskikale, 81.26% in
Tepekoy, 80.25% in Seyitler, and 82.78% in Tortum. The shoot-to-root ratio varied between
0.22 and 0.31 among the provenances. The sturdiness index (SI) values were 21.53, 15.13,
22.94, and 22.04. Different letters indicate statistically significant differences among the
treatments (Table 7).

Table 7. Duncan test results showing differences between provenances according to root mass
fractions, shoot/root ratio, and sturdiness index of seedlings.

Provenance RMF S:R SI

Eskikale 81.69 +4.24 0.23 4+ 0.06 21.53 +£7.113*
Tepekoy 81.26 £9.91 0.31 £ 0.68 15.13 + 4.35P
Seyitler 80.25 4+ 6.12 0.25 £ 0.10 2294 +7762
Tortum 82.78 £ 7.43 0.22 +0.15 2204 +7322

* Different letters within the same column indicate statistically significant differences according to Duncan’s
multiple range test (p < 0.05).

When the root mass fraction values for all the provenances were compared by seed
size, they were 81.30% for large seeds and 81.64% for small seeds. The highest root mass
fraction was observed in seedlings derived from the small seeds of the Tortum provenance
(83.46%) (Figure 11).
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Figure 11. Root mass fractions, shoot/root ratio, and sturdiness index according to provenance and
seed size group.

Although the provenance factor had a statistically significant effect on the sturdiness
index of seedlings, the effects of seed size and provenance x seed size interaction were
not significant. The sturdiness index in seedlings obtained from seeds of the Eskikale
provenance was determined to be 21.80 for large seeds and 21.25 for small seeds. In
seedlings obtained from the Tepekoy provenance, these values were 14.19 and 16.07 h
for large and small seeds, respectively. In seedlings from the Seyitler provenance, the
sturdiness index was 24.76 for large seeds and 21.13 for small seeds. In seedlings from the
Tortum provenance, the sturdiness index was determined to be 24.06 for large seeds and
20.22 for small ones.
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4. Discussion
4.1. Variation in Seed Traits in Relation to Provenance and Seed Size

The significant differences in seed length, width, thickness, and 1000-seed weight
among C. coggygria seed provenances suggest that provenance factors influence seed
traits in this species. Morphological variations among seeds of the same species sourced
from different altitudes and geographical provenances have been documented in sev-
eral studies [24,38-41]. Provenance-related variation in seed morphological character-
istics is often associated with genetic differences and environmental conditions at the
seed source [42].

Previous studies have shown that seed morphometric traits may vary considerably
among populations of the same species, reflecting both genetic adaptation and maternal
environmental effects. Such variations in seed size and weight are considered impor-
tant indicators for the selection of suitable seed sources in afforestation and restoration
programs [43].

In addition, environmental conditions experienced by mother plants can influence
seed development and consequently affect seed traits such as size and mass. These maternal
effects may contribute to differences in seed quality and subsequent seedling performance
among provenances [44].

The climatic conditions of the seed source locations may also contribute to the observed
variation in seed morphometric traits and germination performance. The climatic data of
the sampling sites revealed noticeable differences in both temperature and precipitation
regimes among the provenances. Seyitler, which represents the lowest elevation among the
study sites, receives the highest annual precipitation, whereas Tortum, characterized by
the highest elevation, exhibits comparatively lower precipitation and temperature values.
Eskikale, located at an intermediate elevation approximately 200 m higher than Seyitler,
receives the second-highest precipitation and, together with Seyitler, shows higher mean
annual temperatures. These differences in moisture availability and thermal conditions
may influence resource allocation during seed development and the accumulation of
assimilates in developing seeds, ultimately affecting seed size, weight, and germination
performance. Previous studies have also demonstrated that environmental conditions
during seed development, particularly temperature and water availability, can significantly
influence seed characteristics and subsequent germination behavior [42-45]. Consistent
with these patterns, the highest values for seed traits and germination parameters in the
present study were generally obtained from the Eskikale provenance, whereas the Tortum
provenance exhibited the lowest values. The lower performance observed in the Tortum
provenance may also be associated with the shorter vegetation period at higher elevations,
which can limit seed development and maturation processes.

In addition, maternal environmental effects are known to play a crucial role in shaping
seed traits. Environmental conditions experienced by mother plants during flowering
and seed maturation may influence seed development and subsequently affect seed size,
weight, and quality. Such maternal effects may lead to considerable variation in seed
characteristics among populations of the same species growing under different ecological
conditions [46]. These differences are ecologically important because seed size and mass
are often associated with seedling vigor and establishment success in natural regeneration
and restoration programs [47].

Therefore, the variation in seed morphometric traits observed among the C. coggygria
provenances in this study may reflect the combined influence of genetic differentiation
among populations and the climatic conditions prevailing at the seed source locations.
Understanding these provenance-related differences is important for selecting suitable seed
sources for afforestation and ecological restoration programs.
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4.2. Germination Responses in Relation to Provenance and Seed Size

The results showed that the germination percentage and mean germination time were
significantly affected by provenance, suggesting that dormancy intensity may also differ
among provenances within a species, as noted by Harrington et al. [48]. In contrast, seed
size had no significant effect on any of the parameters. Thus, seed size was not a significant
factor determining the germination success of C. coggygria seeds in this study.

Silva et al. [49] noted that seed propagation in C. coggygria is limited by dormancy-
related constraints, which may complicate germination responses. The seeds of C. coggygria
exhibit a combination of physical and physiological dormancy, and overcoming these
germination barriers generally requires chemical scarification in sulfuric acid (H;SOy),
followed by cold stratification [12]. Studies have reported that the sulfuric acid scarification
time, which has yielded successful results, generally ranges from 20 to 60 min, while
the cold stratification period ranges from 30 to 120 days [10-12,39,49,50]. In this study,
pretreatments generally increased the germination percentage. Although the germination
percentages were higher in the pretreated groups than in the control group, no statistically
significant difference was observed between the pretreatment types.

These results demonstrate that responses to stratification duration exhibited
provenance-specific variation. Moreover, the limited change in the mean germination
time suggests that the pretreatments primarily enhanced the germination percentage rather
than accelerating the germination process. The extremely low germination percentages
recorded in the control group across all provenances confirm the strong physical and
physiological dormancy characteristics of C. coggygria seeds.

Studies have reported varying results regarding the effects of seed size on germination.
Some studies have reported that larger seeds have higher mean germination times than
smaller ones [51,52]. Conversely, some studies have shown that seed size has no significant
effect on germination rate [53].

In the present study, the effect of seed size on germination varied among the prove-
nances. For example, small seeds from Eskikale showed slightly higher germination
percentages than large seeds, whereas in the Tortum provenance, the opposite trend was
observed. In contrast, seeds from Tepekoy and Seyitler exhibited relatively similar germi-
nation responses between seed size classes. These differences did not indicate a consistent
trend among provenances.

Overall, the results indicate strong dormancy requiring pretreatments for all prove-
nances, with no uniform or provenance-independent effect of seed size on the germination
rate. Although seed size did not show a consistent effect on germination percentage in this
study, it may still influence germination dynamics such as the timing of germination.

In terms of mean germination time, some provenances indicate that smaller seeds may
germinate faster than larger seeds [54]. Conversely, although larger seeds germinate more
slowly, their overall germination potential may be higher [55]. Similarly, some studies have
reported that smaller seeds yield better mean germination times [54]. In a long-term field
study conducted on nine tree species, seedlings originating from smaller seeds exhibited
higher relative height growth during their first year [56].

Maleki et al. [57] reported that seed dormancy is strongly associated with seed mass.
However, contrary to expectations, in this study, larger seeds did not consistently germinate
more rapidly or at a higher rate. This outcome is likely attributable to interactions among
growth form, dormancy type, and phylogenetic history.

In the present study, different combinations of 2040 min of sulfuric acid application
and 30-60 d of cold stratification were tested based on methods reported to have high
germination success in previous studies [10,11,39]. The results revealed that the applied
pretreatments increased the germination percentage but had no statistically significant
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effect on the mean germination time. Additionally, no statistically significant differences
were observed in germination percentage among the applied pretreatment combinations.
Therefore, it can be concluded that the pretreatments used in this study may be effective
in eliminating germination barriers in C. coggygria seeds, but there was no significant
difference in germination success among the different treatments tested.

4.3. Seedling Morphological Variation in Relation to Provenance and Seed Size

Seedling height and root collar diameter significantly affect seedling survival and
post-sowing development. Existing research indicates that taller seedlings with thicker
diameters exhibit higher survival and development under field conditions [27]. Envi-
ronmental factors and provenance-specific genetic variations may influence morpholog-
ical development. These results suggest that the effect of seed size on seedling growth
is not the sole determinant but should be evaluated in conjunction with other factors,
such as provenance.

C. coggygria is a widely preferred outdoor ornamental plant in landscaping applica-
tions. Therefore, good seedling development is an important aesthetic consideration. Large
seeds are generally preferred for obtaining larger seedlings [23]. In this study, we predicted
that larger seeds would yield more developed seedlings than smaller ones. However, the
results revealed that seed size only affected seedling and root dry weights and had no
significant effect on other morphological characteristics of the seedlings. Similarly, some
studies have reported that seed size has no significant effect on germination characteristics
and seedling development [38].

Seed size is directly associated with the amount of nutrient reserves available for the
development of young seedlings [54]. In this context, it has been reported that large seeds
tend to produce more vigorous seedlings than small seeds [21]. However, plants optimize
their resource use according to environmental conditions. According to the resource
optimization hypothesis, plants tend to allocate fewer resources to root development in
environments with abundant nutrients [58,59]. In this scenario, seedlings derived from
larger seeds are expected to exhibit a lower root proportion due to the greater nutrient
reserves contained in larger seeds [54]. In the present study, this expected pattern was
observed for the Eskikale, Tepekoy, and Seyitler provenances. However, a different trend
was detected in the Tortum provenance, where seedlings produced from large seeds
exhibited higher root dry weight than those derived from small seeds.

Seed size plays a critical role in regulating water uptake dynamics during germina-
tion [60]. Larger seeds are generally less permeable because they have a lower surface-
to-volume ratio than smaller seeds, which limits their water absorption rate. Seed size is
typically associated with seed-coat thickness; as seed size increases, seed-coat thickness
also tends to increase, contributing to reduced permeability and slower imbibition rates.
Consequently, larger seeds often exhibit delayed water uptake, prolonged mean germina-
tion times, and slower initiation of germination. In contrast, smaller seeds, characterized by
thinner seed coats and a higher surface-to-volume ratio, are more permeable and capable of
absorbing water more efficiently, resulting in a faster onset of germination [51,60]. However,
the results of this study did not show a statistically significant effect of seed size on mean
germination time, suggesting that differences in seed coat permeability may not have been
sufficiently large to influence germination timing in C. coggygria.

Seedlings obtained from early-germinating seeds are expected to reach higher heights
and root dry weights because of their longer developmental period. However, considering
that seed size did not significantly affect the mean germination time in this studyj, it is
unlikely that the higher dry weights obtained from small seeds can be attributed to early
seed germination.
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The morphological characteristics of C. coggygria seedlings vary according to seed
provenance. Statistically significant differences were observed among the provenances,
particularly in seedling height and root collar diameter. Seedlings produced from Es-
kikale and Seyitler provenances had higher seedling heights and root collar diameters
than those from other provenances. However, no significant differences were observed
among the provenances in terms of root, stem, or total seedling dry weight. Considering
these provenance-related differences in seedling morphology, the ecological significance of
seedling height becomes particularly important for field establishment.

Consistent with the patterns observed in seed traits, a similar trend was also reflected
in the morphological characteristics of the seedlings. The highest values for seedling height,
root collar diameter, and other morphological traits were obtained from the Eskikale prove-
nance. In contrast, the Tortum provenance, which has the highest elevation and the lowest
precipitation and temperature values among the study sites, exhibited the lowest values
for seedling morphological traits. Similar provenance-related differences in early seedling
growth and morphology have been reported for several forest tree species [43]. These
findings indicate that the observed variation in seedling morphology may be influenced
not only by genetic differences but also by the elevation of the provenance sites and the
associated climatic conditions.

Although seedlings were grown in the Seyitler nursery, the best morphological perfor-
mance was observed in the Eskikale provenance rather than the local Seyitler provenance.
This finding suggests that local populations are not always superior in terms of growth
performance. Provenance trials have frequently demonstrated that non-local populations
may grow faster under common garden conditions due to genetic variation in growth
strategies and climatic adaptation [61,62]. Local populations may be better adapted to long-
term survival under natural environmental stresses, whereas populations originating from
different climatic conditions may express higher growth potential under favorable nursery
conditions. In addition, the seeds originating from the Eskikale provenance were signifi-
cantly larger than those from the Seyitler provenance, which may also have contributed
to the superior morphological development of the seedlings. Larger seeds generally con-
tain greater nutrient reserves, which can support early seedling growth and promote the
development of larger seedlings during the initial stages of establishment [47-63]. There-
fore, the superior seedling morphology observed in the Eskikale provenance may partly
reflect both genetic differences among provenances and the larger seed size associated
with this provenance.

When C. coggygria seedlings are planted in areas with dense live cover and adequate
rainfall, tall seedlings are crucial. Seedling height is a key indicator of successful establish-
ment in the field. Tall seedlings are reported to be more successful, particularly in areas
with dense live cover, animal damage, frost, and soil erosion [64]. In an evaluation of sites
where seedling height provides an advantage, Eskikale and Seyitler were identified as the
provenances that produced the tallest seedlings.

Seedlings with thicker root collars generally develop stronger root systems and store
more nutrients, making them more resilient in arid areas [65,66]. In this context, seedlings
from the Eskikale, Tepekoy, and Seyitler provenances had higher root collar diameters
than those from Tortum. Therefore, the higher root collar diameter values observed in the
Eskikale, Tepekoy, and Seyitler provenances may indicate a greater potential for survival
and establishment under water-limited conditions.

4.4. Variation in Seedling Quality Indices in Relation to Provenance and Seed Size

To date, no studies have investigated root mass fractions in shrubby species such as
C. coggygria. However, in studies conducted on some tree species, root mass fraction values
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were determined in one-year-old seedlings. For example, values have been reported to
range from 31.19% to 34.19% in stinking juniper [67], 15% to 48% in common cypress [68],
28% in stone pine [69], and 33% to 39% in prickly juniper [70]. In this study, the root
mass fraction in C. coggygria seedlings varied between 80.25% and 82.78% depending on
provenance, and between 81.30% and 81.60% depending on seed size. The observed values
were significantly greater than those documented for other tree species, highlighting the
morphological advantages of C. coggygria. This morphological trait shows a strong potential
for success, especially in applications related to erosion control, and supports its use
in dry regions.

In this study, the shoot/root ratio, which is the ratio of stem to root weight used to
assess the morphology of seedlings, ranged from 0 to 1. This is because, in all provenances,
the dry weights of the roots exceeded those of the stems. The literature indicates that
seedlings with a shoot/root ratio of 2 or 3 can effectively compensate for water lost through
transpiration through their root systems and, for this reason, have a higher retention
success in arid areas [27]. In this regard, the greater root weight than stem weight in
C. coggygria seedlings indicates a significant advantage for use under arid conditions. In
contrast, a sturdiness index value below 50 indicates that the seedlings can be considered
of high quality [27]. In this study, sturdiness index values ranging from 15.13 to 22.94 were
obtained depending on the provenance, and in line with these values, it can be argued that
all seedlings are morphologically in the “high-quality seedling” category.

5. Conclusions

This study aimed to determine whether there were significant differences in the
germination characteristics and morphological development of the seedlings of C. coggygria,
a naturally occurring shrub species in the Artvin region, across different provenances and
seed size classes. These findings provide important data on the production and afforestation
potential of this species at both seed and seedling levels.

In terms of seed traits, the Eskikale provenance achieved statistically higher values
than the other provenances in terms of seed width, length, thickness, and 1000-seed
weight. This result places the Eskikale provenance at the forefront in terms of seed supply.
However, higher seed morphological values did not provide a direct advantage in terms of
germination percentage, mean germination time, or seedling development rate. Similarly,
seed size did not significantly affect the germination percentage or mean germination time.

The high percentage of empty seeds in C. coggygria is one of the main factors that neg-
atively affect germination success. Therefore, physical separation by flotation is essential
before attempting the propagation of these species. All treatments, including chemical
scarification with H,SO,4 and subsequent cold stratification, aimed to eliminate germina-
tion barriers and significantly increased the mean germination time compared with the
control group. Although no statistically significant differences in germination success were
observed among the pretreatments, considering the effects of application duration and
seed origin, it is recommended to employ a combination of 20 min of H,SO, treatment
followed by 60 days of cold stratification.

In evaluating seedling morphological traits, the origin of the seeds significantly in-
fluenced key quality metrics, such as seedling height and root collar diameter. Notably,
seedlings from the Eskikale and Seyitler origins exhibited statistically superior values for
these traits, rendering them preferable for cultivating tall seedlings in nurseries compared
to the other origins.

Seed size affected root dry weight and total seedling dry weight, with seedlings
originating from smaller seeds exhibiting higher values for these traits. This finding
indicates that smaller seeds can be effectively used for seedling production. However,
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additional studies incorporating a wider range of seed size classes would help clarify
this relationship.

All provenances achieved root mass fraction values exceeding 80%, indicating that
C. coggygria seedlings have the potential to develop a robust and deep root system, even
at an early stage. These values are notably higher than the root percentages of many
previously reported tree species. Given that the root weight surpasses the stem weight,
this species is considered a promising candidate for adaptation to arid environments and
erosion control.

The shoot/root ratio values, which reflect the ratio of stem to root dry weights, ranged
from 0.22 to 0.31, with root weights exceeding stem weights for all provenances. This
indicates that C. coggygria has a high capacity to compensate for water loss when it is
planted in arid areas. The sturdiness index values remained below 50 in all groups, and in
this way, all seedlings met the morphological criteria for “high-quality seedlings”.

C. coggygria shows considerable potential for dryland afforestation and specialized
forestry practices, such as erosion control, owing to its high germination capacity, well-
developed root system, and provenance-related morphological variation. To confirm this
potential, field-based evaluations of seedling performance under natural conditions and
long-term monitoring are required. In addition, future studies that incorporate a broader
classification of seed size classes across a wider range of populations would improve our
understanding of the species” adaptive traits and support more informed selection for
afforestation programs.
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Abbreviations

The following abbreviations are used in this manuscript:

C. coggygria  Cotinus coggygria

GP Germination Percentage
MGT Mean Germination Time
SH Seedling Height
RCD Root Collar Diameter
DRW Dry Root Weight
DSW Dry Stem Weight
SDW Seedling Dry Weight
TDW Total Dry Weight
RMF Root Mass Fraction
S:R Shoot/Root Ratio
SI Sturdiness Index
Da Arithmetic Mean Diameter
Dg Geometric Mean Diameter
Sp Sphericity
\Y Seed Volume
TSW Thousand-Seed Weight
H,S0, Sulfuric Acid
CS Cold Stratification
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