'™ forests

Article

Driving Factors of Chinese Pine Population Distribution in the
Ridge Habitats of the Southern Slope of the Mid-Qinling
Mountains, China

Hang Yang %3, Yahui Song !

check for
updates

Citation: Yang, H.; Song, Y.; Pang, Y.;
Kang, H.; Xue, Y.; Wang, D. Driving
Factors of Chinese Pine Population
Distribution in the Ridge Habitats of
the Southern Slope of the
Mid-Qinling Mountains, China.
Forests 2023, 14,2252. https://
doi.org/10.3390/£14112252

Received: 25 August 2023
Revised: 2 November 2023
Accepted: 9 November 2023
Published: 16 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Yue Pang !, Haibin Kang !, Yue Xue ! and Dexiang Wang 1-2-3-*

College of Forestry, Northwest A&F University, Yangling District, Xianyang 712100, China;
yhang07@nwafu.edu.cn (H.Y.); songyahh@163.com (Y.S.); pangyuel109@163.com (Y.P.);
hbkang2010@126.com (H.K.); 602022270049@smail.nju.edu.cn (Y.X.)

Key Laboratory of National Forestry and Grassland Administration on Forest Cultivation on the Loess
Plateau, Yangling District, Xianyang 712100, China

National Positioning Observation Station of Forest Ecosystem at Xiaolongshan in Gansu, Tianshui 741000, China
*  Correspondence: wangdx66@126.com

Abstract: The Chinese pine (Pinus tabuliformis) community on the ridge is one of the most important
zonal forest communities on the southern slope of the mid-Qinling Mountains. This study aimed
to investigate the driving factors of Chinese pine population distribution in the ridge habitats and
its adaptability characteristics. Population age structure and the relationship between regeneration
dynamics and environmental factors were investigated in 32 plots in the Huoditang Forest region. The
results showed that the niche of Chinese pine was wide but overlapped greatly with that of Quercus
aliena var. acutiserrat, an oak species. The population in the ridge habitats exhibited an expansion
trend, while that inhabiting slope habitats was declining. Seedling density in ridge habitats was much
higher than that of the understory in the slope habitats. Still, the seedling growth rate in both ridge
and understory habitats was much lower than that characteristic of gap habitats. Seedling density
positively correlated with understory solar conditions, while growth positively correlated with soil
fertility, indicating that environmental factors significantly influence the regeneration process. Thus,
light conditions and intrinsic biological traits of Pinus tabuliformis influence its distribution. In ridge
habitats, sufficient light conditions promote Pinus tabuliformis regeneration and recruitment of larger
classes, but poor soil conditions also limit its growth.

Keywords: Pinus tabuliformis; age structure; regeneration dynamics; distribution; Qinling mountains

1. Introduction

Even after decades of research, the problem of plant species distribution remains
fascinating for ecologists, as it concerns processes of community assembly and adaptive
mechanisms of species as well as the direction of population and community development
in the background of a changing environment and climate [1,2]. Scientists have developed
a conceptual framework that summarizes the main factors driving species distribution,
including abiotic constraints, dispersal limitations, and biotic interactions [3-5]. Abiotic
constraints affect the distribution of species by limiting their fundamental niches, while
dispersal limitations may limit a species” distribution range by preventing its spread to
suitable sites [6]. Both of these types of factors play a leading role in species distribution
on a large scale [7,8]. Biotic interactions indirectly affect species distribution by modifying
the local abiotic environment and the availability of resources on a small scale [9-11]. It is
well accepted that the contribution of biotic interactions to the determination of species
distributions is indispensable [12,13]; however, this contribution is often overlooked in
studies of population distribution because of both the complexity of the process itself and
the question of scale applicability [14,15].
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Studies have found competition to be the main factor affecting the distribution pattern
of species in small-scale biological interactions by changing the age structure and regenera-
tion dynamics of plant populations [16,17]. Generally, population demography provides
valuable information about population dynamics [18-20], whereas the distribution of adult
trees is considered a response to past environmental conditions and the performance of
young life stages (seedlings and saplings) represents a response to the current environ-
ment [21]. Therefore, comparing and analyzing the performance of adult and regenerated
individuals across different habitats at small spatial scales is a well-established approach to
predict whether the population of a species is declining, stable, or expanding in different
habitats [22,23]. There is a need to further understand the role of competition and other
factors affecting the dynamics of species distribution. Regeneration is an essential factor
driving population dynamics, as it is sensitive to environmental changes [24,25].

Some ecological changes caused by competition often become limiting factors, result-
ing in poor recruitment and growth of local populations [26,27]. Therefore, it is important
to consider both number and growth characteristics of regeneration, which can shape
population dynamics [28]. Most previous studies have focused on the population structure
and/or quantitative regeneration dynamics within a species’ distribution range [29] whilst
ignoring the response of population density and growth characteristics to different biotic
and abiotic factors. Therefore, it is of great significance to comprehensively analyze the
response of a population age structure and regeneration growth to different habitats to
predict distribution range dynamics [12].

The Chinese pine (Pinus tabuliformis) is one of the most widely distributed native
conifer species in northern China and plays essential roles in soil and water conservation
and biodiversity maintenance in temperate forest communities. The distribution areas
of Pinus tabuliformis gradually decrease along the Qinling Mountains from west to east,
with Huoditang, Ningshan County, on the southern slope of the mid-Qinling Mountains
representing one of the most important areas where the species presents a dense distri-
bution [30]. Zhu [31] and Xu [32] found that most Pinus tabuliformis individuals were
zonally distributed on ridges or had small-area patches inlaid on the oak forest of the slope
habitats, forming pine—oak mixed forests. Recent studies have focused on the community
type, diversity, regeneration, and spatial pattern of stands in different environments to
understand the status of the Pinus tabuliformis community [33]. Within such studies, focus
has been placed on species characteristics such as functional traits [34], seed dispersal [35],
tree growth response to climatic factors [36], and composition and diversity of ectomycor-
rhiza [37], while the driving factors of Pinus tabuliformis populations in ridge habitats and
the adaptability characteristics of the species have been largely ignored. The distribution
pattern of the Pinus tabuliformis population in Huoditang holds particular promise for the
exploration of its distribution drivers and adaptability, as its population characteristics
are shaped by large changes in terrain and associated environmental conditions over a
relatively small area.

This study examined Pinus tabuliformis population age structure and regeneration
dynamics in ridge and slope habitats across its distribution range in Huoditang. This
comparative study of population dynamics and seedling growth variation correlating with
environmental factors aimed to determine (1) the main factors driving the Pinus tabuliformis
population distribution in ridge habitats and (2) the adaptability of Pinus tabuliformis
population to ridge habitats.

2. Materials and Methods
2.1. Site Description

This experiment was conducted in the Huoditang forest region, in the middle Qinling
mountains of Shaanxi Province, China (NSTEC; 108°21’ E, 33°18’ N to 108°29’ E, 33°28’
N). The climate is transitional between northern subtropical and warm temperate, with
mean annual temperature (MAT) and mean annual precipitation (MAP) ranging from 8 °C
to 10 °C and 1000 mm to 1200 mm, respectively. In addition, 70% of precipitation occurs as
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rain from June to September. The dominant soil type is brown forest soil, with an average
thickness of 50 cm and a pH of 6.5. The vegetation in the study area is dominated by
temperate coniferous and broad-leaved mixed forest and frigid coniferous forest and the
percentage of forest cover is approximately 93.8%. The dominant tree species are Quercus
aliena var. acuteserrata, Pinus tabuliformis, Pinus armandii, Tsuga chinensis, Picea asperata, and
Betula albosinensi. Currently, 95% of the forest is secondary forest restored after heavy felling
in the 1960s and the 1970s [38].

2.2. Field Sampling

In August 2021, 32 tree quadrats (20 m x 20 m) were set in ridge and slope habitats with
similar elevations (1200 m and 1500 m, respectively) and slopes (25° and 35°, respectively)
in the Pinus tabuliformis distribution range for a community survey. Within each tree
quadrat, a 4 m? shrub plot was established in the four corners and center of the tree plots
and a 1 m? herb plot was established in each shrub plot (Figure 1). In order to analyze
the growth adaptation of the Chinese pine population in ridge habitats by comparing
the growth rates of Chinese pine seedlings on ridges and slopes under similar lighting
conditions, five gap plots in Chinese pine forests within slope habitats were found. In
each tree quadrat, tree name, diameter at breast height (DBH), height, and coverage were
recorded. Species name, height, number of individuals, coverage, tree seedling height,
basal diameter, DBH (height > 1.3 m), and age were recorded in the shrub, herb, and gap
plots. In each tree and gap plot, topographic factors such as geographical coordinates,
elevation, and bedrock exposure rate were recorded.
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Figure 1. Location of the study area and the experimental design layout of sample plots.

For soil sampling, nine replicated points were selected along an “S” shape in each tree
plot. After removing the litter layer, seven soil samples (0-20 cm depth) were collected
from each point using a 5 cm diameter stainless-steel auger on the same day and then
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fully homogenized to provide one composite sample per plot. A total of 37 soil samples
(two habitats, x16 tree plots, and five gaps) were collected. All soil samples were air-dried
and stored at room temperature for physicochemical analysis after being sieved through
a < 2 mm mesh to remove visible litter, animal residue, roots, stones, and debris.

2.3. Measurement of Soil Properties

The soil properties were measured following the method described by Bao [39]. Soil
pH was determined using a pH meter after shaking a soil:distilled water (1:2.5, w/v)
suspension for 30 min at 200 rpm. The soil organic carbon (SOC) content of the soil
samples was measured using the K;Cr,Oy oxidation method. Soil total nitrogen (TIN)
concentration was determined by a semi-automatic Kjeldahl apparatus after digestion with
K;504:CuSO4-5H,0 (10:1, w/w)-HpSO4 and soil total phosphate (TP) concentration was
determined via colorimetry using a UV spectrophotometer after digestion with HC1O4—
H,S04.

2.4. Calculations and Statistical Analyses

Two species diversity indices were calculated: the Simpson’s index and Shannon’s
index. The Simpson’s index was calculated as:

D=1-) P? 1)

1

where D = diversity index, P; is the proportion of individuals of species i, N = number of
individuals of all i, and N; = number of individuals of i.
The Simpson’s index was calculated as:

i
H' =-) PInP ()
1

Species evenness was calculated using Shannon’s evenness index,

H/

E=r ()

where H’ is the Shannon-Wiener diversity index and S is the species number. Species
richness R was instead determined by S [40].

Generally, the age structure of the tree is replaced by the DBH class. According to our
survey data of DBH values, nine DBH classes and three age stages of our Pinus tabuliformis
populations were classified. Class 1 was DBH < 5 cm and 5 cm was added for each class
from classes 2 to 9. Stage 1: seedling and sapling, DBH < 5 cm; stage 2: middle-aged
trees, 5 cm < DBH < 20 cm; stage 3: adult trees, DBH > 20 cm [41] (Table 1). Based on the
characteristics of conifer tree species with obvious terminal bud scars and whorl branches,
the age of Pinus tabuliformis seedlings was estimated by counting the terminal bud scars
and layers of whorl branches.

Seedling density and environmental factors were subjected to analysis of variance
(ANOVA) to determine the differences among habitats; significant differences were deter-
mined at a 0.95 confidence level (p < 0.05) and post hoc Duncan’s multiple range tests and
LSD tests were used for multiple comparisons.

A stepwise multiple regression model was used to determine the relationship between
seedling density and various environmental factors, and a random forest model (RFM)
was used to rank the explanatory degree and significance of each environmental factor
on seedling density. Pearson’s correlation analysis was used to analyze the relationship
between seedling growth and environmental factors at different ages.

All data were sorted by Microsoft Excel 2019. Species diversity index calculation,
stepwise multiple regression, and RFM were conducted using R 4.03 for Windows, ANOVA
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and Pearson’s correlation analyses were conducted using SPSS 23.0, and all photos were
plotted using Origin 2021 pro.

Table 1. Age structure division standard based on the range of DBH.

Age Stages Range of DBH

Seedling and sapling <5 cm
Middle-aged tree 5cm < DBH <20 cm
Adult tree DBH > 20 cm

3. Results
3.1. Environment and Vegetation Characteristics
3.1.1. Environment Characteristics

As shown in Table 2, soil nitrogen and phosphorus content in slope habitats were
significantly higher than those in ridge habitats, nitrogen content in gap habitats was
significantly higher than that in slope habitats, and there was no significant difference in
phosphorus content between gap and slope habitats (p < 0.05). Soil pH was less than 7 in
all habitats but was lower in ridge habitats than in slope and gap habitats. Generally, soil
fertility of slope and gap habitats was better than that of the ridge.

Table 2. Biotic and abiotic factors across the three habitats.

Characteristic Slope Ridge Gap
LT 43+029a 3140.19b 334 0.05b
CD 0.53 + 0.025 a 0.45 + 0.016 b -
- SH 1.32 + 0.058 1.24 + 0.062 1.34 + 0.05
Biotic factors sC 0.69 + 0.126 a 0.38 + 0.068 ¢ 054 +0.02b
HH 25.56 + 2.82 23542 29.6 4+ 3.33
HC 31.44 + 3.08 24.68 4 1.55 28. 6442
sOC 1453 + 1.74 ¢ 19.33 + 1.27b 28.02+1.38a
TN 1.89 + 0.14 b 151 + 0.08 ¢ 2364 051a
Abiotic factors TP 123 + 024 a 05+0.1b 1.9 +0.07a
pH 550 4+ 0.08 a 502+ 0.07b 544 0.06a
EB/(%) . 30 -

Note: LT: litter thickness; CD; crown density, SH: shrub height; SC: shrub coverage; HH: herb height; HC: herb
coverage; SOC: soil organic carbon; TN: soil total nitrogen; TP: soil total phosphorus; EB: bedrock exposure rate,
and lowercase letters in the table represent significant differences among different habitats of the same index
(p <0.05).

3.1.2. Vegetation Characteristics

The results show that crown density and shrub coverage in slope and gap habitats
were significantly higher than those in ridge habitats (p < 0.05), but there were no significant
differences in the average height and coverage of the herb layer. The forest had a distinct
tree, shrub, and herb layer system, and 121 species were recorded in ridge and slope
habitats (slope: 111; ridge: 57), including 41 trees (slope: 33; ridge: 24), 57 shrubs (slope: 57;
ridge: 22), and 23 herbs (slope: 21; ridge: 11). The species diversity of slope habitats was
significantly higher than that of ridge habitats (p < 0.05). In slope habitats, the diversity
of the tree and herb layers was significantly higher than that in the ridge. There was
no significant difference in diversity in the shrub layer between ridge and slope habitats
(Figure 2). Detailed information on the species composition is shown in Table 3.
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Figure 2. Species diversity of Pinus tabuliformis community at different habitats.
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indicates the

index differing significantly between two habitats (p < 0.05), “**” indicates the index differing by
an extreme amount between two habitats (p < 0.01), and the error bars show the SD of the means.
(A,B) indicate all species diversity and species diversity of each layer.

Table 3. Species composition and important value (IV) of Pinus tabuliformis community in slope and

ridge habitats.
Tree Shrub Herb
Habitats
Species Name v Species Name v Species Name v
Rhododendron simsii 12.53
Hylodesmum podocarpum 11.41
subsp. oxyphyllum
Pinus Tabuliformis 48.92 Philadelphus pekmerfszs 9.85
; ; Cotoneaster acutifolius 8.79 .
Quercus aliena var.acutiserrata 15.75 T P . Carexrigescens 44.65
. " argesia qinlingensis 8.47
Pinus armandii 5.86 . .o Poa annua 23.12
. Smilax discotis 8.42 o o
Platycarya strobilacea 2.95 Corylus h hull 713 Pteridium aquilinum
T hi ) 283 orylus eterophylla . lati I 8.32
suga chinensis . var. latiusculum .
. Lindera glauca 3.71 .
Quercus spinosa 2.79 Spi P Phlomoides umbrosa 5.81
o piraea salicifolia 3.54
. Castanea mollissima 2.66 . g Polygonatum odoratum 4.53
Ridge P Lonicera fragrantissima var. o
Quercus variabilis 2.47 lancifolia 321 Arthraxon hispidus 3.55
Carpinus turczaninowii 2.47 ) . : Epimedium brevicornu 2.99
. Rhus chinensis 2.76 . ;
Lindera glauca 1.76 . Artemisia argyi 2.19
QT Rosa xanthine 2.49 .o
Albizia julibrissin 1.66 Anaphalis sinica 1.92
o Elaeagnus pungens 1.84 ! C o
Acer davidii 1.61 . . Agrimonia pilosa 1.75
. . Cornus kousa subsp. chinensis 1.84
Toxicodendron vernicifluum 1.22 Carpi P 167 Peucedanum praeruptorum 116
Juniperus formosana 121 arpinus turczaninowii 6
’ Euonymus phellomanus 1.64
Smilax china 141
Ilex pernyi 1.34
Euonymus alatus 133
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Table 3. Cont.
b Tree Shrub Herb
Habitats
Species Name v Species Name v Species Name v
Viburnum betulifolium 14.77
Litsea pungens 7.51
Corylus heterophylla 7.10
Smilax discotis 6.34 Carexricescens 33.98
Cornus kousa subsp.chinensis 4.87 Pteri diumé; wilinum 1 6‘35
Pinus tabuliformis 45.73 Hylod«;smum P Zd(l)lc arpuin 4.16 var. latiusqculum .
Quercus aliena var. acutiserrata 12.91 SHUSp-OXyPIyiiin Poa annua 8.27
. .. Euonymus phellomanus 3.67 . .
Pinus armandii 5.15 Elacagnus puneens 354 Carex siderosticta 6.15
Platycarya strobilacea 4.04 CASTILS pUTSCnS ’ Parathelypteris glanduligera 5.23
o Schisandra chinensis 3.43 -
Castanea mollissima 3.60 : Arthraxon hispidus 4.20
e Lindera glauca 3.24 : . ;
Cornus kousa subsp.chinensis 3.36 Iutrich Ophiopogon japonicus 2.85
Toxicodendron vernicifluum 3.02 Prunus polytricha 291 Rubia cordifolia 2.60
) L ) Lonicera hispida 2.78 . . .
Slope Carpinus turczaninowii 242 Py Rodgersia aesculifolia 2.38
o Cotoneaster acutifolius 2.66 . o
Acer davidii 2.39 Cymbidium goeringii 2.37
Albizia julibrissin 2.26 spirfezbsﬁib}olm o Anaphalis sinica 2.03
Rhus chinensis 1.44 Carpinus turczaninowii 200 Aster tataricus 2.00
Lindera glauca 1.39 : . Anemone tomentosa 1.98
C 0 Smilax china 1.64 .
orylus ferox var. thibetica 1.37 P . Hedera nepalensis 1.52
Tilia tuan 1.16 Coriaria nepalensis 156 var. sinensis
Populus purdomii 1.05 Lomcem];‘; ﬁ:;:é;sszma var 150 Parthenocissus tricuspidata 1.35
Holboellia grandiflora 1.46 Ep?rl;:;?llrirfsbf:emv?cfszl }?g
Eleutherococcus leucorrhizus 1.34 P " T ’
Rhus chinensis 1.26
Campylotropis macrocarpa 1.17
Symplocos paniculata 1.15

3.2. Niche and Competitive Characteristics

The niche breadth and niche overlap of the Pinus tabuliformis community are shown
in Figure S1. Species with a relatively wider Levins species niche breadth included Pinus
tabuliformis (0.96), Quercus aliena var. acutiserrata (0.54), and Pinus armandii (0.39). Species
with a large niche overlap with Pinus tabuliformis were Quercus aliena var. acutiserrata (0.65)
and Pinus armandii (0.63).

Hegyi’s single-tree competition index model was used to quantitatively analyze the
intra- and interspecific competition intensities within the Pinus tabuliformis population. A
total of 40 and 46 object woods and 739 and 1081 competitive woods were investigated
in the slope and ridge habitats, respectively, and the proportion of other tree species in
the ridge habitat (32.3%) was lower than that in the slope habitat (38.6%), indicating that
intraspecific competition dominated the Pinus tabuliformis community in the study area.
The competition index of the Pinus tabuliformis population in the ridge and slope habitats
decreased with increasing DBH (Figure 3).

204 0 A Rlzdge
. R? = 0.6489

5 15 @ P =0.043
515
i @ SIZOpe
= A R? = 0.6294
= 104 A P=0.019
% 54 4 o %
S %

0-

0 5 10 15 20 25 30 35 40 45

DBH of bjective tree (cm)

Figure 3. Relationship between individual competition index and DBH (cm). A p < 0.05 indicates a
significant correlation between the competition index and DBH.
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3.3. Pinus Tabuliformis Population DBH Structure in Different Habitats

A total of 570 and 418 Pinus tabuliformis individuals were recorded in the ridge and
slope habitats, respectively. According to the polynomial fitting results (Figure 4), DBH
of the population in ridge habitats showed an inverted “J” distribution, with young and
medium trees (DBH < 20 cm) being more abundant than large trees (DBH > 20 cm). In
slope habitats, the DBH distribution followed a unimodal distribution and large trees were
more productive than young and medium trees. These results indicate that the population
in ridge habitats was experiencing an expansion trend at the time of the study, while that
in slope habitats was declining.

200 a Il Seedling and sapling 160+ b
Bl Middle-aged tree
E Adult tree
160
49% 120 1

= 36%
=
g 120
g 80
e 80
5
Z
401
40
0 0
5 Q B D B D s D e 5 QB R H D 5D B
L ‘)'\ \Q,\ \‘)ﬁf (\9:» qf’h %Q?) ";)P‘ © L 5,\ \Q,\ \,,)f\' %Qf\/ qr)?) %Qf? “;,),V @P‘
The range of DBH

Figure 4. DBH structure of Pinus tabuliformis population in different habitats. (a) Ridge habitats and
(b) slope habitats.

3.4. Density and Growth of Seedlings in Different Habitats

Seedling density and the height and basal diameter of plants of the same age are
usually used to determine plant survival and growth responses to different environments.
During the sample plot survey, we found that the number of seedlings in ridge habitats
was significantly higher than that in slope habitats. To understand the dynamics of Pi-
nus tabuliformis seedlings with respect to different habitats, seedling density and growth
characteristics were compared between understory and gap habitats on slopes, too. As
shown in Figures 5 and 6, the density of seedlings in ridge habitats was significantly higher
than that in slopes, the age structure of seedlings on the slopes was uneven, and seedlings
aged 1-2 years and >5 years were rare. The age structure of seedlings in the ridge habitats
was continuous and the number of seedlings in each age group was higher than in slope
habitats. The number of seedlings in gaps of slope habitats was significantly higher than
that in understory habitats, and the surviving seedlings from each age group in gaps were
obviously higher than in slope habitats.

Regarding the seedling growth characteristics, as shown in Figures 7 and 8, there was
no significant difference in the height of seedlings below 5 years of age between slope and
ridge habitats, and there was no significant difference in the base diameter of seedlings
below 3 years of age; however, beyond 3 years of age, seedlings in ridge habitats exhibited
larger base diameter than those in slope habitats. When comparing seedling height and base
diameter between the gap and understory habitats on slopes, it was found that seedling
height in gaps was higher than that in understory habitats, and, after 2 years, the difference
reached significant levels (p < 0.01). Seedling base diameter between gaps and understory
habitats showed trends similar to those exhibited by seedling height.



Forests 2023, 14, 2252

9of 15

Seedling density(Numbers per ha)

\O

S

(=

]
1

[*))

S

(=]

(e
1

(8]

S

(=]

(]
1

[en)
|

*kk

Slope Ridge
Habitats

Seedling density(numbers per ha

12345678910
Seedling age

Figure 5. Seedling density and age structure of Pinus tabuliformis in slope and ridge habitats.

“***” indicates the index differing by an extreme amount between two habitats (p < 0.001).
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Figure 8. Seedling height and base diameter comparing each age of Pinus tabuliformis between slope
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and gap habitats. (a-1) represent ages 1 to 6, “*” indicates the index differing significantly between
two habitats (p < 0.05), “**” indicates the index differing by an extreme amount between two habitats

(p < 0.01).

3.5. Effects of Environmental Factors on Number and Growth Dynamics of Pinus Tabuliformis Seedlings

Based on the stepwise multiple regression model results, the shrub density, canopy
density, and SOC were entered into the interpretation model for seedling density. The
model was significant (Adj-R? = 0.68, p < 0.001) and was determined as:

y = 0.8226 — 0.7791x; — 0.5356x7 + 0.0122x3 4)

where y is the seedling density, x; is the density of shrub, x; is the crown density of the
forest, and x3 is the SOC.

The random forest model analyzed the ranking of environmental factors to explain
seedling density and showed results similar to those produced by the multiple regression
model (Figure 9).
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pH

LT
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Environmental factors
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Figure 9. Explanatory degree rank and significance of each environmental factor on seedling density.

g1

represents significant (p < 0.05) and “**” represents extremely significant (p < 0.01).

Pearson’s correlation analysis of seedling height and basal diameter with environmen-
tal factors showed that seedling height was significantly and positively correlated with soil
fertility indices (SOC, TN, and TP) but significantly and negatively correlated with crown
density. There was no significant correlation between environmental factors and the basal
diameter of seedlings from the ages of 1 to 4 years (Figure 10).
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4. Discussion
4.1. Driving Factors of Pinus Tabuliformis Population Distribution in Ridge Habitats

The distribution of species is affected by many factors; however, on a small scale,
the distribution differences in species are mostly caused by competition. Competition
indirectly affects plant distribution by altering the original living environment and resource
conditions [42]. The dynamics of age structure and quantitative seedling characteristics
of long-lived plant populations can be used as indicators of change in environmental and
resource conditions caused by competition [43,44]. The age structure of a plant population
refers to the age-matching status of individuals in the population, and the number of
individuals at different age stages reflects dynamics changes and development trends of
the population to a certain extent [45].

In the study area, most Pinus tabuliformis individuals were zonally distributed on
ridges or had small-area patches inlaid on the oak forest of the slope habitats. Results
show that the DBH structure of the Pinus tabuliformis population on slope habitats was a
partially normal distribution and the number of middle-aged and elderly individuals was
greater than that of young individuals, indicating that the Pinus tabuliformis population
self-renewal ability is weak and has low potential in community competition [46,47]. The
DBH structure of the Pinus tabuliformis population in ridge habitats showed an inverted ‘J*
type, indicating that populations in ridge habitats belong to an increasing type of popula-
tion [48]. Studies have shown that plant population structure and dynamics are influenced
by a combination of plant reproductive characteristics and plant-environmental-factor
interaction [49]. Comparing the population structure of Pinus tabuliformis between ridge
and slope habitats, we found there is an obvious regeneration bottleneck in the slope
habitat, as the density of seedlings was significantly lower than that in ridge and gap
habitats. The regeneration bottleneck is probably caused by the asymmetric competition
for light between individuals in different forest layers [50]. A stepwise multiple regression
model revealed that the greater canopy light competition in the slope habitat prevents
seedling supplementation and growth, confirming the above opinion. In ridge habitats,
sufficient understory light caused by the high bedrock exposure rate is conducive to the
recruitment of seedlings, and sufficient supplementation of Pinus tabuliformis seedlings
ensures the number of individuals supplemented in the crown layer [51]. Pinus tabuliformis,
as a light-demanding tree species, requires sufficient lighting conditions for the recruitment
and growth of its seedlings [52], and the limited light resources under the forest in slope
habitats result in the death of seedlings through competition, resulting in few seedlings
transitioning to the middle and elderly age, thereby affecting the age structure distribution
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of the population. Gap disturbance plays an important role in increasing the regeneration
potential of natural forests and promoting seedling growth [53], but the natural secondary
forest of the study area is restored after heavy felling in the 1960s and the 1970s [54] and has
few natural forest gaps due to the falling of senescent trees, all of which is not conducive
to the Pinus tabuliformis extensive natural regeneration in slope habitats. Therefore, the
sufficient light conditions characteristic of ridge habitats and the intrinsic biological traits
of Pinus tabuliformis have led to the distribution of its populations in the ridge habitat on
the southern slope of the middle Qinling Mountains.

4.2. Relationship between the Regeneration Dynamics and Environmental Factors

The distribution of a species at a particular stage of development varies depending
on the environment [55]. A range of factors contribute to the distribution characteristics
of a population in a particular habitat, reflecting its preference and adaptability to diverse
habitats. In forests, disturbances are common and often affect the age structure and regener-
ation dynamics of plant populations [56]. Natural disturbances improve the regeneration of
closed-canopy forests by canopy opening to create establishment and growth opportunities
for seedlings [57]. Previous studies have found that forest gap interference significantly
improves the density and growth rate of Pinus tabuliformis seedlings [58]. Microenviron-
mental factors such as soil moisture and fertility usually affect population development
by influencing seedling growth but not survival [59,60]. Research suggests that there is a
gradual transition of soil characteristics from the upper to the lower part of the slope. Tran-
sitioning from denudation to accumulation, the soil texture gradually changes from coarse
to fine, and the soil water content increases [61]. Under better conditions, the age structure
of long-lived plant populations generally exhibits an inverted J-type and the growth rate is
faster [47,62]. This is because limiting factors can inhibit normal plant establishment and
growth [63,64].

This study sampled the Pinus tabuliformis population at similar elevations (gap and
ridge habitats) and slope (slope habitats) within its typical distributional range, excluding
the effects of climate and dispersal on its distribution and growth. The results show that
seedling densities were significantly higher in ridge habitats than in slope habitats and
were not significantly different from gap seedling densities. However, seedling height and
basal growth rate in individuals beyond 3 years of age were significantly lower than those
recorded in the gap habitats of the slope. The smaller amount of Pinus tabuliformis seedlings
in slope habitats compared to ridges might be linked to the influences of understory shrubs
on successful seedling establishment and survival [65], and the growth rate of seedlings
in ridge habitats was lower than in gaps in the slope due to, perhaps, differences in soil
nutrient. Ryunosuke et al. studied the distribution and structure of tree species in different
terrains and found that topography-mediated soil nutrients and light conditions differences
have important effects on the species regeneration process [66]. Correlation analyses
between seedling density, growth rate, and environmental factors confirmed the above
conjecture: understory solar condition was found to be the main factor affecting seedling
recruitment, whereas understory solar condition and soil fertility were important factors
affecting seedling growth. These results indicate that the sufficient solar conditions on the
ridges ensure the replenishment of seedlings, but the relatively harsh water and fertilizer
conditions inhibit the growth of seedlings.

5. Conclusions

The sufficient light conditions in ridge habitats, the intrinsic biological traits of Pinus
tabuliformis, and seedling recruitment and growth limitations in slope understory habitats
have led to the distribution of its populations in the ridge habitat on the southern slope
of the middle Qinling Mountains. In ridge habitats, sufficient light conditions promote
Pinus tabuliformis regeneration and recruitment of larger classes. Still, poor soil conditions
in ridge habitats limit the growth of Pinus tabuliformis seedlings while filtering out some
competitors. Areas with sufficient solar radiation and soil fertility are suitable for Pinus
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tabuliformis regeneration; however, Quercus aliena var. acutiserrata and Pinus Amanda have
a potential competitive advantage under good water and fertilizer conditions in forest
stands in the Qinling Mountains. Thus, in order to promote the development of the Pinus
tabuliformis population in slope habitats, transparent cutting of forest canopy plants should
be carried out to promote its population regeneration.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f14112252 /s1, Figure S1. Main species Levins’ niche breadth and
niche overlap of Pinus tabuliformis community.
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