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Abstract: An interspecific association represents an inter-relatedness of different species in spatial
distribution and combined with the altitude factor, is key for revealing the formation and evolution
of an ecological community. Therefore, we analyzed the changes in interspecific association and
community stability at different altitudes in the southern Taihang Mountains using the variance
ratio (VR), x? test, association coefficient (AC), percentage of co-occurrence (PC) and Godron stability
method. In total, 27 sample plots measuring 20 x 20 m were set up and were divided into lower
altitude (700~1100 m), medium altitude (1100~1500 m) and higher altitude areas (1500~1900 m) into.
The results showed that the overall interspecies association of communities exhibited an insignificant
negative association in both the lower (VR = 0.79, W = 7.15) and higher (VR = 0.81, W = 7.36) altitude
areas, while an insignificant positive association was observed in the medium (VR = 1.48, W = 13.34)
altitude area. Besides, the x? test showed the ratio of positively and negatively correlated species
pairs decreased as altitude increased with values of 1.39, 1.22 and 0.95 in the lower, medium and
higher altitude areas, respectively. Moreover, the AC and PC indices stated that most species pairs
had a weaker association in the three altitude areas, but the AC indices also suggested the number of
positive association species pairs was more than that of negative association only in medium altitude
area. Meanwhile, the Godron stability method showed the distances from the intersection point to the
stable point (20 and 80) were still far away, with values of 22.53, 11.92 and 21.34 in the lower, medium
and higher altitude areas, respectively, which indicated an unstable succession stage, though the
community appeared steadier in the medium altitude area. This study can provide some guidance
for effective afforestation and vegetation restoration.

Keywords: altitude; interspecific association; Godron stability; the southern Taihang Mountains

1. Introduction

Tree species are interdependent in the forest successional process, with a greatly
changed abundance and composition, which showed a certain interspecific association
and then affected the forest stability [1-4]. This interspecific association represents an
inter-relatedness of different species in the spatial distribution affected by different habi-
tats of tree populations and is essential for the formation and evolution of ecological
communities [5-7], so it can be generally reflected by their corresponding habitats [8,9].
Additionally, interspecific association is mainly used to explain the community composition,
structure, function, succession trend and competition status [10,11]. Therefore, relevant
studies on interspecific association can provide an important scientific and theoretical basis
for vegetation reconstruction and biodiversity protection.
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Community stability is a foundation for the continuous functioning of the forest
ecosystem and has a comprehensive feature of the structure and function of the plant
community [12]. Generally, the biological ecology method and the Godron stability mea-
surement method were used to describe the community stability in previous studies. The
former is mainly analyzed by using tree species compositions and community age struc-
tures, and the latter is reflected by the means of mathematical models [13]. In this study, we
selected the second method, in view of the actual situation of the study area. Community
stability and interspecific association are usually combined to reveal the competition status
of plant populations, community structure and the trend of community succession [14-16].

Altitude greatly influenced species distribution and forest stability and was the main
terrain factor [17-20]. For example, Zhang et al. [17] considered the vegetation patterns
in the middle part of the Tathang Mountain Range to be significantly correlated with
altitude, Mu et al. [21] found a higher continuity existed along an altitudinal gradient in
the secondary forest community in Changbai Mountains and Cabrera et al. [22] showed
that altitude was responsible for the division of structural and floristic groups, as the
most important factor for analyzing the diversity and structure of the vanishing montane
forest of southern Ecuador. Besides, Bhutia et al. [23] suggested that low-altitude forests
(900-1700 m) had the highest Shannon diversity index by examining the forest structure
in the eastern Himalayas. These examples demonstrate that previous studies on forest
communities principally focused on the relationships between altitude and species diversity
or distribution. Moreover, researches on interspecific relationships are mostly conducted
under a similar habitat condition, such as at a same altitude level [17,21-23]. However,
there are few studies that have linked altitude factors with interspecies associations and
community stability and analyzed their interactions.

The Taihang Mountains are located at the intersection of the north and south flora, with
abundant species and a complex community structure [24]. However, the forests in this area
are subject to frequent human disturbances and suffered severe soil erosion since the 1950s,
resulting in heavy habitat destruction and biodiversity loss, as well as poor ecosystem
self-recovery capabilities [25,26], but vegetation there is gradually recovering, with a series
of natural forest protection and reconstruction projects in recent years [27]. Therefore, the
study of vegetation restoration in this area has become a hot topic today. For example,
Yan et al. [28] analyzed the niche characteristics of tree populations at different altitudes,
Zhao et al. [26] revealed the relationship between secondary forests and environment and
Zhao et al. [29] explored the mechanism of plant community diversity changes. Moreover, it
is of great significance to study the relationship between different altitudes and interspecies
association and the community stability of the dominant tree species in this area, but
relevant research is still rare.

It is necessary to explore the current state and regularity of the interspecific association
and community stability at different altitudes in this local area, which is important for
formulating protection policies of species diversity and forest conservation. Therefore,
we aim to answer the following questions in this study: (1) As altitude changes, has the
interspecific association changed significantly? (2) Has altitude change affected vegetation
community stability? (3) What is the current stage of vegetation succession in this area?

2. Materials and Methods
2.1. Location Overview of Study Area

The Taihang Mountains are located on the eastern border of the Loess Plateau. They
belong to a typical mountainous landform and an important ecological barrier for the
North China Plain. The study area was located in the southern Taihang Mountains in
northern Jiyuan City, Henan Province (Figure 1). The climate here was warm temperate
and semi-humid, with the continental characteristic of a mean annual temperature of
14.5 °C. The annual sunshine duration is 20,400 h, the frost-free period is 213 days, and the
annual rainfall is 696 mm, which mainly falls from July to September [30]. The altitude
ranges from 150 m to 1955 m. The Taihang Mountains are highly heterogeneous in terms



Forests 2022, 13, 373

30f15

of topography, soil, climate and vegetation due to the wide range of altitude and typical
geological features [20]. The landform in this region is mostly hilly and mountainous, and
the soil type belongs to brown and cinnamon soil, which is mostly acid and neutral. In
1998, the Taihang Mountain Macaque Nature Reserve was set up in the southern Taihang
Mountains to protect the local forest ecosystem. At present, most forests in this area are
relatively young, and most of the areas below 600 m above sea level grow secondary forests,
shrubs and cultivated land, while primary secondary forests distribute widely above 600 m
above sea level. The main vegetation types there are secondary broadleaved deciduous
forests (including the tree species Quercus aliena, Quercus variabilis, Cotinus coggygria, etc.),
the shrubs are mostly Vitex nequndo var. heterophylla and Viburnum mongolicum and the
grasses are mostly Elsholtzia ciliate and Carex rigescens [28]. In this field, we found there
are fewer newer seedlings under the forest and the shrubs are mostly Viburnum dilatatum,
Forsythia suspensa, Vitex negundo var. Heterophylla., etc. Carex rigescens, Clematis florida and
Elsholtzia ciliate distribute widely in grass layer.
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Figure 1. Location map of the sampling sites in northern Jiyuan City.

2.2. Field Measurements

A field survey was conducted in the Macaque Natural Reserve of Taihang Mountain in
August 2020 in the southern Taihang Mountains. We selected the natural forest areas with
typical characteristics and good growth as test objects from 700 m to 1900 m, and then divided
the survey area into three altitude areas: the lower altitude area (700-1100 m), medium
altitude area (1100-1500 m), and higher altitude area (1500-1900 m). In each altitude area,
9 permanent 20 x 20 m sample plots were established (27 in total). All trees with a diameter
at breast height (DBH; 1.3 m) > 1 cm were marked, and their locations in the plots were
recorded using a forest locator (POSTEX). Meanwhile, we used hand-held GPS to measure
the plots’ locations and elevations. DBH, height, names, and growth of trees, canopy cover,
slope aspect and the interference situation of the sample plots were also recorded (Table 1).
Table 1 shows that the habitat conditions were similar among the nine sample plots under
the same altitude area since it had a low degree of variation (CV < 15%) according to the
basic indication information of trees and sample plots.
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Table 1. Basic information of the permanent samples.

Altitude Sample Plot Mean DBH*  Mean Tree Tree Density Canopy Slope (°) Elevation

Zone No. (cm) Height (m) (Tree/hm?) Density P (m)

1 10.44 5.99 3750 0.80 29 787

2 9.99 6.90 3975 0.75 32 852

3 10.76 6.63 4025 0.70 25 868

4 10.94 7.44 3625 0.78 23 871

Lower 5 12.70 7.14 3925 0.75 22 955
altitude area 6 8.92 5.10 4050 0.80 31 971
7 11.37 6.41 3950 0.70 30 1016

8 10.41 6.74 4050 0.65 32 1054

9 12.32 7.58 4150 0.75 30 1066

Ccv 10.03 10.85 3.89 6.41 12.91 9.86

10 14.72 6.33 3225 0.65 24 1114

11 12.83 9.45 3375 0.65 25 1145

12 14.34 7.71 3150 0.68 30 1193

13 15.79 10.32 3375 0.65 30 1222

Medium 14 12.86 7.52 3600 0.70 25 1321
altitude area 15 10.68 8.58 3900 0.78 28 1324
16 11.31 8.46 3175 0.80 32 1415

17 14.21 9.00 3325 0.80 26 1430

18 9.73 7.66 3475 0.75 35 1495

cv 14.79 13.40 6.55 8.56 12.34 9.80

19 11.94 8.97 4825 0.75 31 1510

20 8.94 8.23 4875 0.80 25 1521

21 11.29 7.31 4650 0.85 25 1535

22 11.82 8.16 4750 0.70 25 1539

Higher 23 12.97 8.12 4950 0.65 33 1554
altitude area 24 12.80 8.06 4825 0.70 36 1582
25 10.75 8.97 4775 0.85 28 1720
26 9.86 8.49 4850 0.85 23 1787

27 10.31 8.29 4950 0.85 30 1813

cv 11.36 5.73 1.87 9.64 14.46 7.03

* DBH: diameter at breast height (forestry).

2.3. Data Analysis
2.3.1. Importance Values

The importance value (IV) of a species was used to characterize the status and role of
each species in the community and defined as the average of the relative abundance (RA),
relative frequency (RF) and relative dominance (RD) of the species [4,6]. In this study, the
IV was used as an index for selecting the dominant tree species. It was calculated with the
following equations [6]:

IV = (RA +RD + RF)/3 1)
S S S

RA=4;/Y a; RD=d;/Y d; RE=f/)  f; 2
i=1 i=1 i=1

where g, is the number of individuals of population i, d; is the basal area at the height of
1.3 m of population i, f; is the number of quadrats in which the population i appears and S
is the total number of species.

2.3.2. Interspecific Association Quantification

The variance ratio (VR) test was used to gain insight into the overall association among
the different species, and significance was further tested using the W statistic value. The
formulas are listed below [31,32]:

P i = 111'/ N (3)
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VR =53/6= 5 ). (T;~1))/ Yo Bi(1 ~ P) )
i=1 i=n

W=VR x N (5)

where n; is the number of quadrats containing species i, N is the total number of quadrats,
S is the total number of species, T; is the number of species occurring in quadrat j, and t is
the average number of species in the quadrats.

If VR > 1, the species have a positive association, and if VR < 1, species have a
negative association. VR = 1 indicates that species have no associations because they are
assumed independent. If xé.% (N < W< X%.OS(N)’ the overall interspecific association is not

significant (P > 0.05). Conversely, the association is significant (P < 0.05) when W < Xé.% (N)
2
or W> X0.05(N)*
The degree of association was conducted based on a 2 x 2 contingency column table

that was generated by the existence or absence of the two species. For each pair of species
A and B, we can obtain a contingency table such as in the example of Table 2 [6]:

Table 2. Example of a 2 x 2 contingency table.

Species B
Sum
Present Absent
Species A Present a b a+b
Absent c d c+d
Sum a+c b+d N=a+b+c+d

a, the number of quadrats in which species A and B co-occurred; b, the number of quadrats in which species A
occurred, but not B; ¢, the number of quadrats in which species B occurred, but not A; d, the number of quadrats
in which neither A nor B were found; N, the total number of quadrats.

x? was corrected by the Yates continuous correction formula since the study was a
discontinuous sample, and we determined the sign of the association between species
pairs by the sign of the V value [33,34]. The b and d values were weighted to 1 to avoid a
non-computable situation when the denominator was 0 and the frequency of occurrence of
a certain species was 100% [35]. These were calculated as follows:

x> = Nlad — bel — 2m)*/[(a+b)(c +d)(a+ ) (b +d)] ©)

V=[a+d) — (b+0o)]/(a+b+c+d) 7)

When x? < 3.841, there is an insignificant interspecific association between two species
pairs (P > 0.05), when 3.841 < x? < 6.635, the interspecific association between two species
pairs is significant (0.01 < P < 0.05) and when x? > 6.635, the interspecific association
between two species pairs is highly significant (P < 0.01). In addition, if V > 0, there is a
positive association. Conversely, if V < 0, there is a negative association [33].

The x? test results were further verified by the association coefficient (AC) and the
percentage of co-occurrence (PC). The association coefficient (AC) was used to quantify the
interspecific association of each species pair, and the percentage of co-occurrence (PC) can
further reflect the strength of the positive association between tree species. These formulas
are as follows:

When ad > bc, AC = (ad — be)/[(a + b)(b + d)] 8)
When ad < bcand d > a, AC = (ad — bc)/[(a + b)(a + ¢)] 9)
When ad < bc and d < a, AC = (ad — be)/[(b + d)(d + ¢)] (10)

PC=a/(@a+b+c¢) (11

AC index values range from 1 for complete positive associations (b = 0 and ¢ = 0) to
—1 for complete negative associations (a2 = 0 and d = 0). When AC equals zero, it shows
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there is no association [6]. The PC range is (0,1). The closer the PC is to 1, the more positive
associations between tree species pairs; when the PC is equal to 0, there is no association
between the tree species pairs [35].

2.3.3. Community Stability Analysis

The Godron stability index was used to determine the community stability. The
27 plots with size of 20 x 20 m were taken as a unit and arranged using the frequencies of
all tree species in an ascending order. Next, the relative frequency of each tree species was
calculated (the frequency of each species/the total frequency of all species), as well as the
reciprocal of total species (1/the number of all species), its accumulative relative frequency
(as dependent variable) and the accumulative reciprocal one by one (as an independent
variable). Finally, using the smooth curve of scatter points, the binomial equation was
simulated, and the coordinate of the intersection point between this simulation equation
and the equation y = —x + 100 was calculated. According to the Godron stability judgment
method, the closer a coordinate is to the community stability point coordinate (20, 80), the
higher the community stability is [36].

2.4. Statistics and Analysis

In this study, R 4.0.3 (R Core Team, Vienna, Austria), Excel 2016 (Microsoft Corporation,
Redmond, WA, USA) and Origin 2018 (OriginLab, Northampton, MA, USA) were used for
all statistical analyses. The species association indices were conducted using the R packages
“spaa” [37] and “corrplot” [38]. The calculation and drawing of community stability were
derived by Excel 2016 and Origin 2018, respectively. In addition, ArcGIS 10.2 was used to
generate the map of the sampling plots.

3. Results
3.1. Composition of Trees Species

A total of 68 different tree species were found during our investigation in this field,
with 23 tree species in the lower altitude area, 22 tree species in the medium altitude
area, and 23 tree species in higher altitude area. Only 10 (14.71%) tree species existed in
all three altitude areas, and 24 (35.29%) tree species only appeared in one altitude area,
which indicated that there was an obvious difference in tree species composition in the
different altitude areas. In this study, 21 dominant species with more than one frequency
and importance values greater than 1% were selected for interspecific association analysis
among the plant communities in the 3 different altitude areas (Table 3).

Table 3. Dominant species, abbreviations, and importance values.

Importance Value/%

Species Abbreviation Lower Medium Higher
Altitude Area  Altitude Area  Altitude Area
Quercus aliena Qa 26.56 27.45 22.05
Quercus variabilis Qv 23.98 19.73 3.87
Koelreuteria paniculata Kp 6.17 /1 /2
Pinus tabuliformis Pt 5.47 /? 13.45
Acer mono Am 4.65 7.33 427
Diospyros lotus D1 4.36 1.81 /1
Carpinus cordata Co 3.27 9.71 5.58
Cotinus coggygria Cc 3.16 /1 /1
Cornus macrophylla Cm 3.04 3.45 1.19
Crataegus pinnatifida Cp 2.31 3.93 /1
Ziziphus jujuba Zj 1.33 /1 /1
Malus honanensis Mh 1.32 /2 1.51
Acer davidii Ad 1.18 8.47 15.05

Toxicodendron vernicifluum Tv 1.10 2.78 4.53
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Table 3. Cont.
Importance Value/%
Species Abbreviation Lower Medium Higher
Altitude Area  Altitude Area Altitude Area

Fraxinus chinensis Fc /1 2.66 2.43
Zelkova schneideriana Zs /1 2.19 /1

Quercus mongolica Qm /1 1.39 5.64
Picrasma quassioides Pq /2 1.22 /1
Rhus chinensis Re /1 1.84 /1

Betula platyphylla Bp /1 /1 3.75

Pinus armandii Pa /1 /1 10.49

1: The species does not occur in the altitude area; 2: The species occurs in the altitude area with a frequency less
than 1 and has an importance value less than or equal to 1%.

3.2. Overall Interspecific Association

The overall interspecific association of the communities in three altitude areas is
presented in Table 4. The results showed that the communities in the lower and higher
altitude areas both exhibited a negative association for VR < 1 and were also insignificant
when combined with W statistics and the x> test. Conversely, the community in the
medium altitude area indicated a positive association for VR > 1, and the x? test result
further revealed an insignificant overall interspecific association. This indicated that the
tree populations in medium altitude areas maintained a relatively stable stage and appeared
to exist in a mutually beneficial symbiotic relationship.

Table 4. Overall association among dominant tree species.

Altitude Zone Variance Ratio (VR) Test Statistics (W) X958 X10.05,N) Test Results
Lower altitude area 0.79 7.15 3.325,16.92 Not a significant association
Medium altitude area 1.48 13.34 3.325,16.92 Not a significant association
Higher altitude area 0.81 7.36 3.325,16.92 Not a significant association

3.3. Associations between Dominant Species Pairs
3.3.1. Test of Dominant Species Pair Associations

A x? test determined the level of significance of dominant species pairs based on the
2 x 2 contingency table. The results demonstrated that among the dominant tree pop-
ulations, the proportion of positive associations decreased slightly as altitude increased
from the lower altitude area (58.24%) to the medium altitude area (54.95%) and the higher
altitude area (51.28%) (Figure 2). In the lower altitude area, there were no significantly
associated pairs. In the medium altitude area, a significantly positively associated pair
was Cornus macrophylla and Carpinus cordata (x*> = 5.41; 0.01 < P < 0.05), and a negatively
associated pair was Zelkova schneideriana and Acer mono (x* = —4.14; 0.01 < P < 0.05). In
the higher altitude area, there were five pairs that reached significant associations. Quercus
mongolica and Acer mono (x> = 5.06; 0.01 < P < 0.05) showed a significant positive asso-
ciation, while Pinus armandii and Quercus variabilis (x> = —5.06; 0.01 < P < 0.05), Cornus
macrophylla and Carpinus cordata (x> = —4.14; 0.01 < P < 0.05), Quercus mongolica and Pinus
tabuliformis (x> = —5.06; 0.01 < P < 0.05) and Acer mono and Pinus tabuliformis (x* = —5.06;
0.01 < P < 0.05) all showed negative associations. Overall, our results indicated that most of
the pairs among the dominant tree populations were not significant associations. This indi-
cated that most species pairs were weak associations for most species, and the distribution
of tree species is independent.



Forests 2022, 13, 373 8 of 15
Mh Lower altitude area Fc Medium altitude area Higher altitude area
TQa [—]zs Bp
+|+]ce —[=]Qa [—Ec
+|+[+|D! +|+|—Pm +|—[Mh
+|—|[+]|—|Cm —|—|—|+|[DI —|—|—[Qa
+|—|—[—|+|Kp +|—|+[+]|+[Cm —|—[—|+|Pa
+| ||| +[+]|Tv +|— ||+ +]|Tv +|—|—[+|+Rm
+|+|=|—|+|=|+]Co +|—|+|+]|+|A|+]|Co +|+|—[—|+[—|Cm
+|—=|=|=|+|+][+]|+]|ad +|+[—|+]|=[+]+]|+|ad +|—[+[+]|+[+]|TV
R e i i e (@ —|+[+]|=|+|=|=|=]|=]|cp —|+|+|=[+]A]+][Co
Il I B (01 Tl o e el el e B (924 +|—| [+ [+ |+ +]Ad
e e e R R R R e RV + Al ||+ |+ +]|—|—Am + [+ =A== || +][=]|Qv
+| ===+ +][+]|=|+][+]=|—Am +|+[ =+ +[= |||+ +]+]|=|Pq +|—|—|+|+|A|—|+]+]|+]|—Am
+ [+ =[]+ [+ [+ =[]+ ]+ pe [+ + ][]+ [+ ][]+ =[]+ ]+ ][]+ Re  [=]+]+][=]=TA[+]=]=[-[+]A]Pt
A Significantly positive association(3.841<y ><6.635) + Not signicant positive association(y *<3.841)
A Significantly negative association(3.841<y ><6.635) — Not signicant negative association(y ><3.841)
Figure 2. Half matrix graph of the interspecific association x? test among the dominant tree species.
3.3.2. Measures of Dominant Species Pair Associations
The association coefficients (AC) and the percentage of co-occurrence (PC) results of
the dominant tree species in the three altitude areas further distinguished the association
strength between the species pairs (Figures 3-5 and Table 5). The number of positive
association species pairs were 40, 47 and 34, with corresponding positive and negative
species pair association ratio values of 0.78, 1.07 and 0.94 in the lower, medium and higher
altitude areas, respectively, based on the AC results.
1 1
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Figure 3. AC and PC values in lower altitude area: (a) the association coefficients (AC value); (b) the
percentage of co-occurrence (PC value). Notes: The size and color depth of the circles represent the
absolute value of the interspecific association. Blue represents a positive association between the tree
pairs, and red represents a negative association between the tree pairs. The same below.
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Figure 4. AC and PC values in the medium altitude area: (a) the association coefficients (AC value);
(b) the percentage of co-occurrence (PC value).
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Figure 5. AC and PC values in the higher altitude area: (a) the association coefficients (AC value);
(b) the percentage of co-occurrence (PC value).

In the lower altitude area, 12 species pairs showed obvious significant positive associ-
ations (AC > 0.6), such as Quercus aliena and Diospyros lotus (AC = 0.62, PC = 0.83), Malus
honanensis and Quercus aliena (AC = 1.00, PC = 0.33) and Toxicodendron vernicifluum and Acer
davidii (AC = 1.00, PC =1.0) (AC = 1.00, PC > 0.25), indicating that these tree species were
more likely to appear in the same habitats. Besides, there was an obvious significant nega-
tive association between 38 species pairs (AC < —0.6), such as Pinus tabuliformis with other
tree species (AC = —1.00, PC = 0) except for Quercus variabilis, Ziziphus jujuba and Cotinus
coggygria, demonstrating no appearances in the same plots simultaneously. Additionally,
there were 41 species pairs with weak associations (—0.6 < AC < 0.6).
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Table 5. The association coefficients and the percentage of co-occurrence among the dominant tree
species.

Association
Type

Type

Medium Altitude
Area

Higher Altitude

Lower Altitude Area
Area

Value Range . :
Species Pair

Number

Species Pair
Number

Species Pair

Yo Number

Y% Y%

Association
coefficient
(AC)

Percentage of
co-occurrence

(PC)
Total

Positive
association

No association

Negative
association

15.38
19.23
8.97
10.26
3.85
25.64
16.67
1.28
29.49
58.97
10.26
100

AC>0.6 12
02<AC<0.6 9
0<AC<0.2 19
AC=0 0
—-02<AC<0 3
—06 <AC<—-02 10
AC<—0.6 38
PC=1 1

05 <PC<1 8
0<PC<0.5 44
PC=0 38

91

13.19
9.89 18
20.88 13
0.00 0
3.30 11
10.99 10
41.76 23
1.10 1
8.79 21
48.35 53
41.76 16
100 91

16 17.58 12
19.78 15
14.29 7
0.00 8
12.09 3
10.99 20
25.27 13
1.10 1
23.08 23
58.24 46
17.58 8
100 78

In the medium altitude area, there were 16 species pairs showing obvious significant
positive associations (AC > 0.6), such as Acer mono and Carpinus cordata (Toxicodendron
vernicifluum and Cornus macrophylla) (AC = 1.00, PC > 0.5), suggesting a similar requirement
for habitats. Apart from this, 23 species pairs showed obvious significant negative associa-
tions (AC < —0.6), such as Quercus variabilis and Acer davidii (Carpinus cordata) (AC = —1.00,
PC < 0.5). Moreover, 52 species pairs had unremarkable associations (—0.6 < AC < 0.6).

In the higher altitude area, 12 species pairs exhibited strong positive associations
(AC > 0.6), such as Acer davidii and Toxicodendron vernicifluum (Cornus macrophylla, Quercus
mongolica, Pinus armandii and Betula platyphylla) (AC = 1.00), with corresponding larger
PC values. Conversely, 13 species pairs had strong negative associations (AC < —0.6),
such as Carpinus cordata and Acer davidii and Acer davidii and Quercus variabilis (AC = —1),
which meant there were large ecological differences among them. Besides, 53 species
pairs were relatively weakly associated (—0.6 < AC < 0.6), and there were 8 species pairs
that showed independent relationships among them (AC = 0), such as Malus honanensis
and Pinus armandii (Quercus mongolica) (AC = 0, PC < 0.5), which manifested completely
independently and cannot appear in the same plots at the same time.

3.4. Analysis of Community Stability in the Different Altitude Areas

Godron scatter plots and the calculation results of communities in the three altitude
areas are shown in Table 6 and Figure 6, respectively. The results showed that the distances
from the intersection point of the three regression models to the stable point (20, 80) were
22.53,11.92,21.34 in the lower, medium and higher altitude areas, respectively. According
to the Godron stability judgment method, we can conclude that the medium altitude area
had a more stable community compared with the other altitude areas.

Table 6. Community stability analysis results.

Altitude Area

Distance of Intersection
Point and Stable Point

Correlation

Coefficient Coordinates

Curve Equation

Lower altitude area
Medium altitude area
Higher altitude area

y = —0.0105x* + 1.9003x + 9.3519
y = —0.0104x* + 1.915x + 8.7367
y = —0.012x% + 2.0825x + 6.6125

0.982
0.995
0.992

35.93, 64.07
28.43,71.57
35.09, 64.91

22.53
11.92
21.34
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Figure 6. Godron scatter plots of communities in the three different altitude areas.

4. Discussion
4.1. Analysis of Overall Interspecific Association

The overall interspecific association reflects the stability of the community structure
and species composition and better describes the community succession stage [39-41].
Generally, when a plant community reaches top-level succession, each species usually
can achieve maximum utilization of the resource environment and can realize mutual
promotion of species growth. Besides, the community structure tends to be complete and
balanced [41-43], and, correspondingly, there is a positive overall species association. This
means that when species show a negative interspecific association, the community was
at an early succession or a secondary succession, with a relatively unstable community
structure and composition and a low degree of interspecific association between species
pairs. We calculated the overall interspecific association of the dominant species pairs at
different altitude areas and found it was positive only in the medium altitude area, which
suggested that, compared with other altitude areas, its community was in a stable phase,
and the population of dominant trees appeared to exist in a mutually beneficial relationship.

4.2. Analysis of the Associations among the Dominant Tree Species Pairs

Interspecific associations represent a relationship among the species pairs in different
habitats and show their ecological adaptability to environmental factors [44,45]. The x? test
results showed that the ratio of positive and negative species pair associations appeared
to have a downward trend as altitude increased, which, thus, illustrated a weakened
correlation and interdependence among the tree populations. In fact, several significant
positive species pair associations existed in the medium altitude area, so it seemed that
the medium altitude area had a stronger association between the dominant species pairs,
which was consistent with the result of overall interspecific association. However, it
should be clearly recognized that the interspecific association was still loose, and the
distribution of each tree species was relatively independent because most species pairs
were not significantly associated.

A positive correlation between species pairs means that they have a same or similar
demand for environmental resources and a reciprocal symbiotic relationship, while a
negative correlation reflects the adaptability of species pairs to environmental heterogeneity
due to their great differences in biological characteristics, thus resulting in an exclusion
and niche separation [40,44—46]. For example, Carpinus cordata and Cornus macrophylla in
the medium altitude area and Quercus Mongolica and Acer mono in the higher altitude area
displayed a significant positive association because they are all fond of light and resistant to
poor soil and cold environment, while Carpinus cordata and Cornus macrophylla in the higher
altitude area displayed a significant negative association because, unlike Cornus macrophylla,
Carpinus cordata is not resistant to water and humidity. However, the scale of habitats also
had a great impact on the result of interspecies association. If the scale of habitats was
too large, they mostly tended to have positive associations; otherwise, they had negative
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associations [47]. Generally, the appropriate area of a community in the temperate forest
was 200-500 m? according to the empirical value. In our study, the sample plot area was
400 m?, which was reasonable for the study, so we inferred that this biological characteristic
was the key factor in interspecies association.

Similarly, the number of positive species pair associations was more than that of
the negative associations only in the medium altitude area based on the AC and PC
analyses, which is consistent with the overall interspecific association and the x? test.
Moreover, the associations of some species pairs were not related to altitude change. For
example, Quercus variabilis and Acer davidii were negatively associated throughout, while
Toxicodendron vernicifluum and Carpinus cordata were positively associated from 700 m to
1900 m. However, the associations of some species pairs evolved from positive to negative
as altitude increased, such as Cornus macrophylla and Toxicodendron vernicifluum and Quercus
aliena and Quercus variabilis, while some evolved from negative to positive, such as Quercus
aliena and Acer davidii, which clarified that the altitude factor could surely change the
associations between some species pairs.

The competition theory considered that the associations between species pairs would
change due to external conditions, and a species pair may show different associations
in different habitats [48,49], which confirmed the results of this study. The dominant
species in the lower altitude area prefer sunshine and tend to compete for the limited light
resources and nutrients, thus causing a negative association. Furthermore, forests in this
area suffered from heavy logging activities in the last century and human interference
in recent years. Therefore, it might change tree species composition, promote or inhibit
the survival of certain tree species and have a certain negative impact on the interactions
among species as well [50]. Moreover, our study showed that more positive species pair
associations were observed than negative species pairs in the medium altitude area, owing
to its better environmental conditions and protection, so we inferred that historical and
realistic disturbances could affect the ratio of positive and negative associations. This was
quite the same as the research results of Gu et al. [40]. Moreover, the number of negatively
associated species was greater in the higher altitude area that was restricted by harsh
climatic and soil conditions.

4.3. Analysis of the Stability of Tree Communities

The Godron method is comprehensive and systematic in describing community sta-
bility and can further improve the analysis results of interspecific association [48,50]. The
Godron method analysis results in this study showed that the coordinates of the stability
point change from (35.93, 64.07) in the lower altitude area to (28.43, 71.57) in the medium
altitude area, and then to (35.09, 64.91) in the higher altitude area. It can be seen that the
coordinate of stability point in medium altitude area was closer to the Godron stable point
(20, 80) compared with the other altitude areas. This result is basically consistent with the
results of VR, AC and PC, because the lower altitude areas suffer from a certain human
interference, and the habitat in higher altitude areas was inferior because of the lower
temperature and poor soil fertility, which influence the status and role of the tree species in
plant communities, thus affecting the community stability [21,22,44,51].

In summary, the communities in the southern foothills of the Taihang Mountains are
at a relatively unstable succession stage, with fluctuating species compositions, community
structures and competitions, though the community appeared to be steadier in medium
altitude area, which was contrary to the results of Li et al. [52] on the interspecific association
of the main trees in the tropical rainforest. The reason might be that tree species in the
study areas are mainly oak trees, which are concentrated in the plot and more easily form
dominant species groups and constructive tree species compared with tropical rain forests
with complex community composition and high heterogeneity.
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4.4. Vegetation Protection Strategy and Prospect

In this study, we found that communities were at an unstable stage of secondary
succession in this area, with Quercus aliena and Quercus variabilis as the main ones in the
tree layers. These tree species had strong vitality, which distributed centrally and occupied
a large part in community [28] Their niches were generally negatively associated with
Fraxinus chinensis, Swida alba and other tree species, with an extremely small coupling
coefficient and competitions for environmental resources. Therefore, we should not only
fully understand the ecological and biological characteristics of tree species in the process
of community reconstruction and restoration but also consider the influence of different
habitats on the relationships between tree species. The specific measures are to select tree
species with strong environmental adaptability and strong positive interspecific association
according to the altitude division for collocation planting to improve the community
structure, prevent vicious competition among species [53] and to promote the restoration
of vegetation and the stability of communities in the southern Taihang Mountains.

Altitude could affect interspecies associations and community stability. However, it is
still difficult to explain the specific reasons for the formation of interspecific associations,
which are generally affected by complex factors. Therefore, the forest spatial structure
index, soil, topography, climate and other factors should also be considered jointly to obtain
a more comprehensive analysis result in future relevant research.

5. Conclusions

The overall interspecific association, association between dominant species pairs and
community stability in natural secondary forests at different altitudes were studied in this
research. We concluded that the altitude factor can change the interspecific associations
between tree species pairs. The communities of three altitude areas were at a relatively
unstable succession stage, though it was steadier in the medium altitude area. Tree species
should be selected for planting in accordance with altitude gradients, and the ratio of
positive and negative species pair correlations should also be adjusted reasonably. Studying
the effects of the altitude factor on community stability and the interspecific association
of natural secondary forest after long-term restoration is important to understand the
effectiveness of ecosystem restoration in the local area.
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