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Abstract

Mixed-species forest management has been receiving increasing attention due to
the diverse ecological and economic benefits. Afforestation with multiple tree spe-
cies, promoting mixed species through natural regeneration and the transformation
of planted monocultures to mixed stands are the main focus of mixed-species forest
management. The optimal species configuration, i.e., an appropriate spatial arrange-
ment of young and adult trees of different species, is of great importance to such
transformations, as well as to the restoration of degraded secondary natural forests.
Species association refers to a recurring group of co-occurring species. Species pairs
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with positive association share the same habitat requirement and thus coexist well.
The measurement of species association facilitates a comprehensive understanding
of community structure, function, formation, maintenance and succession in the fo-
rest. In turn, the association of the tree species in a given area can be a measure for
species configuration. Little is known about this species association in natural forests
in the western Hunan Province, China. In this study, the species association between
dominant tree species (including sapling and adult trees) was investigated in an old-
growth forest. The overall species association was first determined using a varian-
ce ratio (VR) test and the pairwise species association was then determined using
a chi-square (x?) test, the association coefficient (AC), the Dice index (DI), and Spe-
arman’s rank correlation coefficient (SRCC). The VR test showed a significant overall
positive species association, indicating a stable structure in the old-growth forest. We
also determined the pairwise intra- and interspecific association between saplings
and adult trees. The light requirements of the tree species were considered and the
optimal species configuration was determined, important for the establishment of
mixed-species plantations, the transformation of monocultures, and enrichment
plantings in degraded secondary natural forests. Additionally, based on the findings
of this study we provided suggestions for suitable silvicultural practices.

Zusammenfassung

Die Waldbewirtschaftung von Mischbestanden hat in der Vergangenheit aufgrund
der vielfaltigen dkologischen und wirtschaftlichen Vorteile verstarkte Aufmerksam-
keit erhalten. Die Aufforstung mit mehreren Baumarten und der Umbau von Rein-
bestanden sind wesentliche Aspekte der Bewirtschaftung in Mischwaldern. Die op-
timale Artenkonfiguration, das bedeutet eine geeignete raumliche Anordnung von
jungen Baumen und erwachsenen Baumen verschiedener Arten, ist fiir solche wald-
baulichen Bestrebungen sowie flir die Wiederherstellung degradierter sekundarer
Naturwalder von groRer Bedeutung. Artenassoziation bezieht sich auf eine wieder-
kehrende Gruppe von gleichzeitig vorkommenden Arten. Artenpaare mit positiver
Assoziation teilen den gleichen Lebensraumbedarf und ko-existieren daher gut. Die
Messung dieser Artenassoziation ermdglicht ein umfassendes Verstandnis der Struk-
tur, Funktion, Entstehung, Erhaltung und Dynamik von Waldgesellschaften. Somit ist
die Artenassoziation der Baumarten in einem bestimmten Gebiet ein Werkzeug fir
die Beurteilung der Artenkonfiguration. Uber die raumliche Zuordnung der Baumar-
ten in natlrlichen Waldern in der westlichen Provinz Hunan in China ist jedoch wenig
bekannt. In dieser Studie wurde die Artenassoziation zwischen dominanten Baum-
arten (Verjingung und ausgewachsenen Baumen) in einem Urwald untersucht.
Die Gesamtartenassoziation wurde zuerst mittels eines Varianzverhaltnis (VR)-Tests
bestimmt, und die paarweise Artenassoziation wurde dann mit einem Chi-Quad-
rat-Tests (x?), Assoziationskoeffizienten (AC), Dice-Index (DI) und Spearman-Rangs
Korrelationskoeffizient (SRCC) bestimmt. Der VR-Test zeigte eine insgesamt signifi-
kante positive Artenassoziation, was auf eine stabile Struktur und Artenzusammen-
setzung im Urwald hindeutet. Wir haben auch die paarweise intra- und interspezifi-
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sche Assoziation zwischen Verjiingung und ausgewachsenen Baumen bestimmt. Der
Lichtbedarf der Baumarten wurde berticksichtigt und die optimale Artenanordnung
fur die Etablierung von Mischbestanden, fiir den Umbau von Reinbestanden und fiir
die Ergdanzungspflanzungen in degradierten sekunddren Naturwaldern ermittelt.
AuBerdem wurden basierend auf den Ergebnissen dieser Studie Vorschlage fir ge-
eignete waldbauliche Praktiken gemacht.

1. Introduction

Natural forests are an important component of terrestrial ecosystems because they
provide many ecological functions such as soil and water conservation, biodiversity,
water and air purification, wildlife habitat, and wood and non-wood forest products.
(Bruijnzeel 2004; De Groot et al. 2002; Hansen et al. 1995; Pimentel et al. 1992). The
western Hunan Province China is located in the mid-subtropical zone and has diverse
species richness and a unique climate (Li et al. 2008; Xiong et al. 2007). However, in
the past, forest management was focused on monocultures with the objective of tim-
ber production, whereas management and conservation of natural forests were not
considered. Moreover, the natural forests in western Hunan Province have historically
suffered from long-term and extensive anthropogenic disturbances, e.g., unsustai-
nable exploitation and illegal logging, resulting in poor forest quality (Li 2004; Wang
et al. 2001; Yang 2001). Therefore, natural forests in this area are mainly degraded se-
condary forests that do not meet the increasing demand for ecological and economic
benefits of forests. For instance, according to the 9th Chinese National Forest Invento-
ry (NFI), the average stocking volume in degraded secondary forests is only 45.32 m3
per ha in western Hunan Province. In 2017, China imposed a total ban on commercial
logging in natural forests (Hou et al. 2019). Under these conditions, forest managers
have to deal with considerable challenges when planning science-based and sus-
tainable management of degraded natural forests with the goal to quickly improve
forest quality. It has been demonstrated that enrichment planting with native tree
species is a promising approach to restoring degraded secondary forests (Mangueira
et al. 2019; Tigabu et al. 2010; Adjers et al. 1995; Ramos 1992). Many authors have
investigated optimal enrichment planting and related silvicultural practices (Mangu-
eira et al. 2019; Tigabu et al. 2010). For instance, Mangueira et al. (2019) investigated
enrichment planting methods to restore tropical forest fragments in the Brazilian At-
lantic Forest and concluded that a combination of planting methods at the species
level was likely to increase the restoration success.

Western Hunan Province holds 5.02 million ha of plantations in, comprising 47.67 %
of the total forest cover of the province. Chinese fir (Cunninghamia lanceolata) and
Masson pine (Pinus massoniana) are the two dominant tree species used in plantati-
ons in this area. Plantations have been criticized because they are often ecologically
unstable forests, provide a low level of ecological services, and are highly susceptible
to disturbance (Wang 2018; Felton et al. 2010; Richards et al. 2010) . For instance, in
February 2008, about 18 million ha of plantations in the subtropical regions of China
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were affected by heavy sleet and ice, causing economic losses of 57.3 billion Chinese
Yuan (around 9.3 billion US Dollar) (Meng et al. 2014). Many authors have documen-
ted that mixed-species forests have many advantages over monoculture plantations
in terms of providing ecological services such as carbon sequestration, biodiversity
conservation, and wildlife habitat protection (Felton et al. 2016; O'Hara 2014; Wang et
al. 2008; O'Hara 1998). In addition, Huang et al. (2018) reported that there was a signi-
ficant positive correlation between tree species diversity and forest productivity and
suggested that the management of mixed-species forests was a promising approach
for maintaining biological conservation and mitigating climate change. Mixed-spe-
cies forests can be established by afforestation with multiple tree species. A large
number of successful cases of mixed-species plantations have been documented in
China (He et al. 2013; Wang et al. 2013; Jiang et al. 2010; Wang et al. 2008). Mixed-spe-
cies forests can also be created by transforming monocultures by thinning and en-
richment planting of various native tree species (Wilson et al. 2018; Meng et al. 2014).
In China, a large number of studies have been conducted on the transformations of
monocultures using various tree species, e.g., Cunninghamia lanceolata (Sun et al.
2015; Meng et al. 2014), Pinus massoniana (Meng et al. 2014; Luo et al. 2013), Pinus ta-
buliformis (Ning et al. 2009), and Pinus yunnanensis (Zhang et al. 2011; Cai et al. 2006).

The selection and spatial configuration of mixed tree species is a key prerequisite for
establishing mixed-species plantations, transforming monocultures, and conducting
enrichment planting to restore degraded secondary forests. Species association is
defined as a recurring group of co-occurring species (Legendre 1978). Species as-
sociation indicates the spatial distribution relationship and functional dependency
between different species and is a static description of the relationship of plant com-
munity species over a certain period (Jian et al. 2009; Lin et al. 2005; Peng et al. 1999;
Greig-Smith 1983; Cole 1949). Species association can be categorized as overall asso-
ciation and pairwise association (Su et al. 2015; Ludwig et al. 1988). An overall positive
association indicates that the population of dominant species exhibits a stable phase
and appears to exist in a mutually beneficial relationship (Guo et al., 2017; Su et al.
2015). Species pairs with significant positive associations tend to have similar eco-
logical characteristics under the same site conditions and there is a high probability
that they are closely associated and co-exist well (Zhao et al. 2012; Hao et al. 2007).
Therefore, species association may provide scientific evidence for identifying the op-
timal spatial configuration of mixed tree species. In fact, species associations have
been extensively examined in the support of forest management. Hao et al. (2007) in-
vestigated the intra-species spatial relationships between adult and juvenile trees of
different species and determined the optimal species configuration for enrichment
plantings. Zhao et al. (2012) investigated species associations among saplings and
between saplings and adult trees and provided recommendations for the selection
and configuration of tree species for enrichment planting in spruce-fir forests in the
Changbai Mountains. The species association of different tree species in western Hu-
nan Province, has not been studied so far.
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An old-growth forest is defined as a forest that has attained great age without signifi-
cant disturbance and exhibits unique ecological features; it is commonly classified as
a climax community (White 1994). Since historically old-growth forests did not expe-
rience any management, they provide unique opportunities to conduct studies that
cannot be performed in managed forests.

In this study, we first investigated intra- and interspecies spatial associations bet-
ween saplings and adult trees in an old-growth forest in western Hunan Province.
Secondly, based on the species association results, we propose an optimal species
configuration between the saplings and adult trees to support the establishment of
mixed-species plantations, the transformation of monocultures, and the enrichment
planting in degraded secondary natural forests.

2. Materials and Methods
2.1 Study area
The study area is located at the Huitong Experimental Station of Forestry Ecology of

the Chinese Academy of Sciences (26°50'N, 109°36'E) (Fig. 1).
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Figure 1: The location of our study site at the Huitong Experimental Station of Forestry Ecology of the
Chinese Academy of Sciences. The red star represents the center of the Huitong Experimental Station.

Abbildung 1: Standort unserer Versuchsflachen an der Huitong Versuchsstation fiir Forstokologie der
Chinesischen Akademie der Wissenschaften in der westlichen Provinz Hunan. Der rote Stern zeigt die
Lage der Huitong Versuchsstation.
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The region has a subtropical monsoon humid climate with an annual precipitation
of 1200-1400 mm, a mean annual air temperature of 23.6°C, and annual sunshine
hours ranging from 1,300 to 1,800 hours. The altitude range of the area is 300-415
m. Red-yellow soil is the most common soil type in this region, which has develo-
ped from the slate and shale (Deng et al. 2007; Wang et al. 2007). The natural zonal
vegetation in this area is subtropical evergreen broad-leaved forest dominated by
Castanopsis spp. and Lithocarpus spp. The area is rich in tree species and most are
endemic species. The tree species include Castanopsis fargesii, Cyclobalanopsis glau-
ca, Machilus pauhoi, Engelhardia roxburghiana, Meliosma rigida, Litsea mollis, and Ver-
nicia montana. The dominant shrub species are Maesa japonica, Camellia japonica,
and Eurya japonica. The dominant herb species are Woodwardia japonica and Smilax
microphylla.

2.2 Description of old-growth forest and plot establishment

The studied old-growth evergreen broad-leaved forest is located in an extremely re-
mote area, where there has been largely no anthropogenic disturbance historically.
Therefore, this old-growth forest represents the local climax vegetation community.
In 1997, a square plot with an area of 2,500 m2 was established. Then, the plot was
divided into twenty-five 10 m X 10 m sub-plots. In each subplot, we recorded the dia-
meter at breast height at 1.3 m (DBH), tree height (H), and location of all trees greater
than 1 cm in DBH. For all trees we identified the species. The plots were re-measured
every year. Based on height and diameter, the trees were divided into saplings (DBH
< 5.0 cm and H = 1.3 m) and adult trees (DBH = 5.0 cm and H > 1.3 m) (Zhang et al.
2012). The association analysis is based on the latest measurement data in 2018. A
descriptive statistics of this old-growth forest stand was summarized in Table 1.

Table 1: Summary of stand characteristics of the old-growth forest with individual.

Parameter Mean Minimum Maximum Standard error
DBH (cm) 16.9 1.0 120.6 15.21
Tree height (m) 20.65 1.40 30.80 14.68
Basal area (m?) 0.0224 0.0001 1.1423 0.08
Volume (m?) 0.1875 0.0001 13.7073 0.89

Additionally, the diameter distribution of the old-growth forest was also provided in
Fig 2.
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Figure 2: Diameter distribution of the old-growth evergreen broad-leaved forest.

Abbildung 2: Durchmesserverteilung des immergriinen Laub-Urwaldes.

2.3 Method
2.3.1 Importance value
The importance value (IV) is a comprehensive quantitative indicator used to charac-
terize the status and role of each species in the community (Legendre 1978; Isango
et al. 2007; Erman 1971). The larger the IV of a tree species, the more dominant the

species is in the plot. The IV was calculated as follows:

IV = (Relative abundance+ Relative frequency+ Relative dominance)/3 )
Relative dominance = (total basal area of a species/total basal area of all species) x 100  (2)
Relative abundance = (number of individuals of a species/total number of individuals) x

®3)

100

Relative frequency = (frequency of the species/sum of frequencies of all species) X 100  (4)
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2.3.2 Overall species association analysis

We first investigated the overall association between all possible species pairs of
saplings and adult trees in the old-growth forest; if a significant overall association
was observed, then the pairwise species association was determined. In this present
study, we used the variance ratio (VR) test (Gu et al. 2017; Ludwig et al. 1988; Schluter
1984), which is based on species presence or absence, to examine the overall associa-
tion. The VR is calculated as follows:

, 1 ow 2
St 5 Xi=l -0
VR=_Z=% (5)

n; n;
7 Z[s:1ﬁ" 1- ﬁl)

where S is the total number of species, N represents the total number of quadrats, T; is
the number of species in the jth quadrats, n; denotes the number of quadrats in which
the ith species occurred, and t is the average number of species in the quadrats.

Under the null hypothesis of independence, the expected value of VR is 1. When VR
> 1, the species exhibits a positive association and when VR < 1, a negative associa-
tion is observed (Gu et al. 2017; Ludwig et al. 1988) . Additionally, we computed the
statistic W = NxVR to test whether the deviations of the VR from 1 were significant.
If there is no significant species association, there is a 90 % probability that W lies
between the limits given by the chi-square (x?) distribution: x20.0s < W < x%0.95 (Ludwig
et al. 1988).

2.3.3 Pairwise species association analysis

The VR test only shows whether there is an overall species association in a forest
stand but does not reveal pairwise intra- and interspecies spatial associations. There-
fore, in this study, once the overall species association was identified, the ¥2 statistics,
the association coefficient (AC), the Dice index (DI) and Spearman’s rank correlation
coefficient (SRCC) were used to determine the species spatial association between all
possible species pairs of saplings and adult trees.

2.3.3.1 The chi-square (x?) test

The x?2 statistic was based on a 2x2 contingency table. The 2 test statistic will be bia-
sed if any cell in the 2x2 contingency table has an expected frequency of less than 1
or if more than two of the cells have expected frequencies of less than 5 (Zar 1974).
Therefore, Yate’s correction formula was employed to correct the x2 statistic to ensure
closer approximation to the theoretical, continuous x2 distribution. The corrected 2
statistic is calculated as follows:
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where N is the total number of quadrats, a is the number of quadrats in which both A
and B (species A and B) are present, b denotes the number of quadrats in which only
A appears, c represents the number of quadrats in which only B appears, and d is the
number of quadrats without A or B. When 2 < 3.841, the species are independent of
each other and no species association is detected; when 3.841 < x2 < 6.635, there is a
significant association between the species; when x2 > 6.635, there is a highly signifi-
cant association between the species. When ad-bc > 0, the association is positive and
when ad-bc < 0, the association is negative.

2.3.3.2 The association coefficient (AC) and Dice index (DI)

The (x?) test only provides a qualitative evaluation of the pairwise species associa-
tion but does not quantitatively describe the degree of the association. Furthermore,
there might be a species association between two species, even though the x? test
showed no significance (Xue 2016). Many authors suggested that the ¥?2 test should
be used in conjunction with the AC, which provides a quantitative measure of the
degree of species association (Gu et al. 2017; Ye et al. 2017; Su et al. 2015). The AC is
calculated as follows:

If ad = be AC = — 4= ¢ )
fad2beAC = b+ d

If ad < be,and d 2 a AC = 222 8
fad<beandd 2 a Al = o msm s ®
1. a2 be andid € GAC=— T — 05 9
fad <bcandd <aAC = rmnT ©

The ACrangeis[-1, 1]; if AC = 1, the positive species association is strongest between
the species pairs and AC = -1 denotes that the species pair has the strongest negative
association, whereas AC = 0 indicates that the species pair is completely indepen-
dent.

Since the AC s highly influenced by the d (the number of quadrats without two spe-
cies), bias can occur (Liu et al. 2017). Therefore, we also included the DI, which remo-
ves the bias caused by the AC, to quantitatively represent the species association (Liu
etal. 2017; Ludwig et al. 1988). The Dl is calculated as follows:
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The Dl range is [0,1]. When DI = 0, it indicates the complete independence of the spe-
cies pairs and the species do not appear in the same quadrat; the closer the Dl is to
1, the higher is the probability that the species pairs appear in the same quadrat. We
employ the R package “spaa” and “plyr” to derive chi-square (x?) statistics, AC and DI.

2.3.3.3 Spearman’s rank correlation coefficient (SRCC)

Although the AC and DI quantitatively describe the degree of species association,
they are constructed using binary data; therefore, inevitably some information is
lost, e.g., species abundance (Ludwig et al. 1988). Ludwig et al. (1988) stated that if
species abundance data are available, the species covariation should be determined.
Although Hurlbert (1969) argued that it was important to make a sharp distinction
between species association and species covariation, unfortunately, these two terms
are often inappropriately interchanged. Since species covariation can provide infor-
mation on how two species co-vary, in this study, we used the updated version of
species association. Ludwig et al. (1988) also stated that the term correlation was ge-
neral but in an ecological context, it should be reserved for how two species co-vary.
In the present study, we used the SRCC to investigate the species covariation. The
SRCC, which uses the rank of the data, is a nonparametric technique for evaluating
the degree of linear association or correlation between independent variables. Its ad-
vantages over other correlation coefficients include insensitivity to the distribution of
the population and outliers and tolerance of a very small sample size (Gautheir 2001).
The SRCC is calculated as follows:

6 X1 di

A (11)

@) =1-

where r; (i, j) is the Spearman’s rank correlation coefficient, N is the total number of
quadrats, di = (xi-X;, Xi is the rank of species i in quadrat k, and x is the rank of spe-
cies j in quadrat k. We calculated the SRCC using the R Package “plyr”and “corrplot”.

3 Results
3.1 Species composition

There were a total of 36 tree species with an average DBH of 16.90 cm and an ave-
rage height of 20.65m in the natural old-growth forest. The ranking of the importance
values (IVs) of the tree species is shown in Table 2. Castanopsis fargesii was the most
dominant tree species in the old-growth forest and its IV was 2.44 times that of the
second dominant tree species, i.e., Machilus pauhoi. Because there were fewer indivi-
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duals of tree species with a small IV, we only investigated the species association for
the 10 tree species with the highest IVs. These 10 tree species represented 81.26 %,
84.69 %, and 78.74 % of the relative abundance, relative dominance, and IVs, respecti-
vely, indicating their dominance in the old-growth forest. In addition, the light requi-
rements of the tree species in the old-growth forest are also listed in Table 2.

Table 2: The importance values and light requirements of the tree species in the old-growth forest.

Code T English names Acronym Density Relative Relative Relative Importance Light
(trees har!) frequency i value isti
1 Castanopsis fargesit Chinkapin CF 328 14.19 2164 4622 27.35 op
2 Machitus pauhoi Many-ncrved machilus MPA 112 811 739 1812 1120 op
3 Meliosma rigida - MRI 284 10.14 1873 261 10.49 ST
4 Cyclobalanopsis glauca Ring-cupped oak G 112 811 739 517 7.07 ST
- 3 Sapium discolor Mountain tallow tree SD 44 541 29 837 5.56 SI
6 i Yellow basket-will ER 80 608 528 136 424 St
7 Litsea mollis - LM 108 4.05 712 1.03 4.07 SI
8 Vemicia montana Mu oil tree VM 64 47 40 045 313 op
2 Antidesma japonicum Dense-flowered China laurel AJ a4 541 29 0.16 2.82 ST
10 Lithocarpus glaber Japancse cak LG 56 405 369 067 281 op
11 Camellia oleifera Oil-seed camellia co 52 4.05 343 026 258 SI
12 Styrax suberifolius = ss 16 203 106 261 1.90 st
& Ewrya nitida Shining curya EN 32 203 211 0.12 142 op
14 Liquidambar formosana Chinese swoet gum LF 4 0.68 026 326 140 st
15 Sorbus folgneri Whitcbeam SF 8 135 053 204 131 ST
16 Symplocos lucida - sL 12 203 079 0.49 110
17 Diospyros kaki Oricntal persimmon DK 12 135 079 102 106 st
18 Choerospondias axillaris Nepali hog plum CA 8 135 053 125 1.04 SI
19 Castanopsis chunii - cc 2 135 158 001 098
20 Cinnamomum micranthum Submerged camphor ™M 12 135 0.79 0.52 0.89 op
21 Photinia beauverdiana Christmas berry PB 8 135 053 052 0.80 st
2 Camellia parvimuricata Parvimuricata CPA 20 0.68 132 0.04 0.68
3 Litsea coreana - LCO 4 0.68 026 098 0.64
24 Alniphyllum fortunei Halesia fortunei AF 8 135 053 0.01 0.63 SI
2 Mallotus philippensis Red kamala MPH 16 0.68 106 005 0.59
26 Betula luminifera Light birch BL 4 0.68 0.26 0.58 0.51 SI
27 Myrica rubra Red bayberry MRE 4 068 026 0.56 050 ST
2 Metadina trichotoma . MT 8 068 053 0.18 046
29 Loropetalum chinense Chinese fringe flower LCH 4 0.68 0.26 0.35 043 SI
30 Cinnamomum porrectum Yellow cinnamon cpo 4 068 026 0.2 039 op
31 Eriobotrya japonica Loquat EJ 4 0.68 0.26 0.21 038 SI
) Cinnamomum camphora Camphorwood cia 4 068 026 001 032 op
33 Daphniphyllum oldhami - DO 4 0.68 0.26 0.01 032
34 Carya cathayensis Hickory cAC 4 068 026 0.00 031 st
35 Oreocnide frutescens Purple linen OF 4 068 026 0.00 031
36 Ficus heteromorpha Ficus dir FH 4 0.68 0.26 0.00 031

SI: shade-intolerant species; ST: shade-tolerant species; OP: opportunistic species; -: data not available

3.2 Overall species association in the old-growth forest

TheVRis 2.033, indicating an overall net positive species association in the old-growth
forest. Moreover, the W statistics with the value of 50.832 fell outside the confidence
interval. Therefore, it appears that the forest is in a relatively stable state in terms of its
structure and species composition.
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3.3 Pairwise species association in the old-growth forest
3.3.1 Test of pairwise species association

The pairwise species association was investigated using the x2 test and the results are
shown in Fig. 3. The results showed that 80 pairs exhibited a positive association and
91 pairs exhibited a negative association, accounting for 46.78 % and 53.22 % of the
total number of pairs, respectively. Among the 171 tree species pairs, 3 pairs exhibi-
ted highly significant positive associations, which were the S. discolor (U) - E. roxburg-
hiana (U), L. mollis (S) - L. mollis (U), V. montana (S) - L. mollis (U), and 3 pairs exhibited
significant positive associations, which were M. rigida (S) - S. discolor (U), V. montana
(S) - V. montana (U), M. pauhoi (S) - E. roxburghiana (U). We used the abbreviations S
and U for saplings and adult trees. In addition, the ¥2 test also indicated that 2 pairs
showed significant negative associations, which were M. rigida (S) - L. mollis (S) and M.
rigida (S) - L. mollis (U).
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Figure 3: Correlation matrix of the x2 test results of the dominant species in the studied old-growth forest.

Abbildung 3: Korrelationsmatrix der x>-Testergebnisse der vorherrschenden Arten im untersuchten
Urwald.
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3.3.2 Measure of pairwise species association using the AC and DI

The correlation matrix of the AC values is shown in Fig. 4. We observed that among
the 171 tree species pairs, 16 pairs exhibited strong positive associations (AC > 0.6)
and 43 pairs exhibited weak positive associations (0.2 < AC < 0.6), accounting for
9.4 % and 25.1 % of the total species pairs, respectively. In contrast, 28 pairs showed
weak negative associations (-0.6 < AC < -0.2) and 46 pairs showed strong negative
associations (AC < -0.6), accounting for 16.4 % and 26.9 % of the total species pairs,
respectively. In addition, there were 38 pairs that had no associations (-0.2 < AC< 0.2).
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Figure 4: Correlation matrix of the AC of the dominant species in the studied old-growth forest.

Abbildung 4: Korrelationsmatrix der AC der vorherrschenden Arten im untersuchten Urwald.

The DI was also calculated to obtain a quantitative measure of the pairwise species
associations; the results are shown in Fig. 5. Amongst the 171 species pairs, 10 pairs
(5.9 %) exhibited a very strong associations (DI = 0.6), which were C. fargesii (S) - C.
fargesii (U), M. rigida (S) - M. pauhoi (U), M. rigida (S) - M. rigida (U), M. rigida (S) - S.
discolor (U), C. fargesii (S) - M. rigida (U), V. montana (S) - L. mollis (U), V. montana (S)
- V. montana (U), L. mollis (S) - L. mollis (U), M. pauhoi (S) - E. roxburghiana (U), and S.
discolor (U) - E. roxburghiana (U). There were 37 pairs with strong associations (0.4 < DI
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< 0.6) and 55 pairs with weak associations (0.2 < DI < 0.4), accounting for 21.6 % and
32.2 % of the total tree species pairs, respectively. In addition, 69 pairs (DI < 0.2) had
no association, which accounted for 40.3 % of the total species pair.

—_— DI >=0.60

- = 040=<DI<0.60

------ 0.20=<DI<0.40
DI <0.20

V10 V9
Note: V1. CF (U), V2. MRI (S), V3. CF (S), V4. MPA (U), V5. MRI (U), V6. CG (U), V7. SD (U), V8. ER (S),
V9. CG (S), V10. AT (S), V11. VM (S), V12. LM (S), V13. LM (U), V14. LG (S), V15. MPA (S), V16. VM (U),
V17.ER (U), V18. LG (U), V19. AT (U), the same below.

Figure 5: Network of the DI of the dominant species in the studied old-growth forest.

Abbildung 5: Netzwerk der DI der vorherrschenden Arten im untersuchten Urwald.

3.3.3 Measure of pairwise species covariation using the SRCC

The species covariation was investigated using the SRCC and the results are listed
in Fig. 6. Among the 171 species pairs, 77 pairs exhibited a positive covariance, 93
pairs exhibited a negative covariance and 1 pair showed no covariance, accounting
for 45.0 %, 54.4 %, and 0.6 % of the total pairs, respectively. Four pairs exhibited highly
significant positive covariance (r; = 0.511, p < 0.01), i.e., V. montana (S) - L. mollis (U),
L. mollis (S) - L. mollis (U), M. pauhoi (S) - E. roxburghiana (U) and S. discolor (U) - E. rox-
burghiana (U), whereas 14 pairs exhibited significant positive covariance (0.398 < r, <
0.511, p < 0.05), i.e,, C. glauca (S) - E. roxburghiana (S), L. mollis (S) - V. montana (S), C.
fargesii (S) - C. fargesii (U), M. rigida (S) - M. rigida (U), M. rigida (S) - L. glaber (U), M. rigida
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(S) - A. japonicum (U), C. glauca (S) - M. pauhoi (U), glauca (S) - S. discolor (U), glauca (S)
- E. roxburghiana (U), V. montana (S) - A. japonicum (U), V. montana (S) - V. montana (U),
M. pauhoi (U) - S. discolor (U), A. japonicum (U) - M. rigida (U), and A. japonicum (U) - L.
glaber (U). Additionally, 5 pairs showed a significant negative covariance (rs < -0.398,
p < 0.05), i.e, M. rigida (S) - L. mollis (S), C. fargesii (S) - C. glauca (S), M. rigida (S) - L.
mollis (U), C. fargesii (S) - M. pauhoi (U), and A. japonicum (S) - S. discolor (U).
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Figure 6: Correlation matrix of the SRCC of the dominant species in the studied old-growth forest.

Abbildung 6: Korrelationsmatrix des SRCC der vorherrschenden Arten im untersuchten Urwald.
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4. Discussion
4.1 Final determination of species association

The overall species association describes the static relationship among all species
in the community and the overall significant positive association suggests that the
community is in a relatively stable state (Gu et al. 2017; Su et al. 2015). In this study,
The VR was 2.033, which was larger than 1, i.e., the expected value of the VR under
the null hypothesis of species independence. Moreover, the W statistics further con-
firmed the significant overall positive species association, indicating the stable struc-
ture and species composition in the old-growth forest. Indeed, the relative stability
of old-growth forests was extensively documented by many authors (Kimmins 2003;
Spies 1996; Thomas et al. 1988).

The X2 test showed that there was little difference between the number of pairs with
positive associations and negative associations and in most of the pairs, the associa-
tion was not significant. It may be that the species competition in the old-growth
forest was within the environmental capacity and hence the forest community was
in a stable state (Hu et al. 2013). Additionally, the fact that there were only a few pairs
with statistically significant species associations may be attributed to the x? test itself.
For instance, Xu (2016) argued that although the ¥2 test can determine whether the
species association is significant or not, it cannot measure the degree of association.
Even if a species association may be present, the 2 test did not detect it. Unlike the
¥2 test, the AC and DI do provide quantitative measures of the relative degree of the
species association but there is a lack of a unified standard for defining the levels
of strength and weakness, resulting in different conclusions for different standards
(Guo et al. 1997). For instance, Su et al. (2015) defined the following 5 levels of AC,
i.e., strong positive association (0.6 < AC < 1.0), weak positive association (0.2 < AC
< 0.6), no association (-0.2 < AC < 0.2), weak negative association (-0.6 < AC < -0.2),
and strong negative association (-1.0 < AC < - 0.6). In comparison, 4 levels of AC, i.e.,
0.5<AC<1.0,0.1<AC<0.5-0.1 <AC<-0.5 and-1.0 < AC < -0.5 were proposed by
Chai et al. (2016) and Zhang et al. (2015). Although the AC and DI result in a better
performance than the 2 test in describing the species association, it is noteworthy
that, similar to the 2 test, they are based on binary data, which inevitably leads to a
loss of information.

In the SRCC, continuous data are used to evaluate the degree of linear association
or correlation between independent variables (Ludwig et al. 1988). Furthermore, it
is worth noting that the SRCC is a nonparametric technique that is unaffected by
the distribution of the population (Gautheir 2001; Ludwig et al. 1988). Therefore, the
SRCC is well suited to be used in conjunction with the x2 test for determining species
association. In this study, significant SRCC values were obtained for species pairs that
had significant 2 values. In addition, the number of significant species pairs was hig-
her for the SRCC test than the 2 test. The reason may be attributed to the fact that



Species association of the dominant tree species in an old-growth forest Seite 235

the 2 test is based on binary data, whereas the SRCC is based on continuous data;
this results in a higher sensitivity of the SRCC to determine the co-occurrence of two
species (Li et al. 2001). Many authors suggested that the combination of the x? test
and the SRCC was necessary to provide reliable results (Zhou et al. 2002; Dezfuli et al.
2001; Li et al. 2001; Mundry 1998).

Consequently, in this study, the final species association was based primarily on the
¥2 test and the SRCC and using AC and DI as supporting information. Our results sho-
wed that for the pairs that were significant in the x2 and the SRCC tests, the AC and
DI values were also significant. The pairs that exhibited highly significant positive and
negative associations in the x2 and the SRCC tests were listed in Table 3. Overall, we
are very confident with the results of the species association of these pairs because
they passed all four tests. In turn, they will be given first priority for the species con-
figuration.

The species pairs that exhibited non-significant associations according to the ¥ test
but significant associations based the SRCC, AC, and DI were listed in Table 3. Li et al.
(2001) reported that, even though some species pairs were not significant in the x2
test, it did not absolutely mean that they are not associated. These tree species pairs
will be given second priority for the species configuration.

The pairs that showed significant associations based only on the SRCC were listed
in Table 3. All these pairs except C. fargesii (S) - M. pauhoi (U) had significant positi-
ve associations. These pairs will be given third priority for the species configuration.
Additionally, the species pair M. rigida (S) - S. discolor (U) had a significant positive
association in the 2 test, AC, and DI but the SRCC was not significant. The species pair
M. rigida (S) - M. pauhoi (U) had relatively high AC and DI values but the association
was not statistically significant in the 2 and SRCC tests. These tree species pairs will
be given fourth priority for the species configuration (Table 3).
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Table 3: The classification of species association pairs for the species arrangement.

S. discolor (U) - E. roxburghiana (U), L. mollis (S) - L. mollis (U), V.

M. rigida (S) - L. mollis (S),
montana (S) - L. mollis (U), V. montana (S) - V. montana (U), M.

M. rigida (S) - L. mollis (U)
pauhoi (8) - E. roxburghiana (U)

M. rigida (S) - L. glaber (U), M. rigida (S) - A. japonicum (U), C.

C. fargesii (S) - C. glauca (S),
glauca (S) - E. roxburghiana (U), V. montana (S) - A. japonicum (U),

A. japonicum (S) - S. discolor
A. japonicum (U) - M. rigida (U), C. fargesii (S) - C. fargesii (U), M.

w o )
rigida (S) - M. rigida (U)

C. glauca (8) - E. roxburghiana (S), V. montana (S) - L. mollis (S), C.
glauca (S) - M. pauhoi (U), C. glauca (S) - S. discolor (U), M. pauhoi  C. fargesii (S) - M. pauhoi (U)
(U) - 8. discolor (U), A. japonicum (U) - L. glaber (U)

M. rigida (S) - S. discolor (U) M. rigida (S) - M. pauhoi (U)

4.2 Possible reasons for the observed species associations

The species pairs with significant positive associations tend to have similar ecological
characteristics under the same site conditions and there is a high probability that
they are closely associated and coexist well (Zhao et al. 2012; Hao et al. 2007). This
was confirmed in our study and examples include the drought and barren-tolerant
species pair C. glauca (S) - E. roxburghiana (S), the heliophilous, fertile-, and acid-to-
lerant species pair V. montana (S) - L. mollis (S), the shade-tolerant and hygrophilous
species pair M. rigida (U) — A. japonicum (U), and the heliophilous and hygrophilous
species pair S. discolor (U) - E. roxburghiana (U).

We observed that the saplings of C. fargesii (S), M. rigida (S), V. montana (S), and L.
mollis (S) had significant positive correlations with the adult of the same species. Si-
milar results were also reported by many other studies. For instance, Hao et al. (2007)
reported a positive association between the saplings and adult trees of Quercus wu-
taishanica. Du et al. (2013b) observed a positive association between Pinus koraiensis
in the lower forest layer and the dominant layer. Many authors attributed this to the
limited seed dispersal ability and the shade tolerance of the saplings (Hao et al. 2007;
Hou et al. 2004).

In addition to the positive intraspecific association between saplings and adult trees,
we also detected the significant positive interspecific associations between saplings
and adult trees; examples include M. pauhoi (S) - E. roxburghiana (U), C. glauca (S) - S.
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discolor (U), and V. montana (S) - L. mollis (U). This positive interspecific association
between saplings and adult trees might be explained by the niche differentiation in
terms of resource utilization for these species pairs (Yuan et al. 2018; Sushma 2006).
Additionally, it is worth noting that the saplings of M. rigida (S) and C. glauca (S) had
significant positive associations with the adult trees of many other tree species. Hao
et al. (2007) attributed this phenomenon to the relatively broad niche of saplings of
many species, which allows them to grow well under the canopy of many other trees
species.

In addition to the positive association, the following negative associations amongst
pairs were observed, i.e., C. fargesii (S) - C. glauca (S), C. fargesii (S) - M. pauhoi (U), A.
japonicum (S) - S. discolor (U), M. rigida (S) - L. mollis (S), and M. rigida (S) - L. mollis (U).
These negative associations reflected the different habitat requirements of the two
tree species in the pair and their interspecific competition in case of resource scarcity.
Similar findings have been reported in many studies. For instance, Deng et al. (2015)
reported highly significant negative associations between Ulmus laciniata and Tilia
amurensis and attributed the negative association to the different characteristics of
the two species, i.e., U. laciniata is adapted to drought and saline-alkali soil, whereas
T. amurensis is not. However, different habitat requirements did not totally mean that
negative association existed and it might also lead to positive facilitation effects. A
specific example is the niche complementary theory, which states that plant species
or functional groups occupy functionally distinct niches in an ecosystem and use re-
sources in a complementary way (Kahmen et al. 2006). For instance, Amoroso (2006)
and Manson et al. (2006) documented that in mixed-species tree plantations canopy
stratification between shade-tolerant and intolerant species reduces light competi-
tion and increases light interception.

4.3 Implications for silvicultural practices

Information on species associations provides a scientific basis for species configu-
ration in plantings and is of great importance for forest management (Zhao et al.
2012; Hao et al. 2007).In addition, the light requirements of tree species also have
to be considered in the species configuration and forest management decision ma-
king (Wang 2018; Klop¢i¢ et al. 2015; Van Couwenberghe et al. 2013). In this study,
we categorized the tree species into shade-intolerant species, shade-tolerant spe-
cies, and opportunistic species according to their light requirements (Wang 2018).
Among the 10 dominant tree species in the old-growth forest, the shade-tolerant
species included M. rigida, C. glauca, and A. japonicum; the opportunistic species in-
cluded C. fargesii, M. pauhoi, V. Montana, and L. glaber; the shade-intolerant species
included S. discolor, E. roxburghiana, and L. mollis. Based on the species associations
and their light requirements, we provide the following suggestions for species confi-
guration for establishing mixed-species plantations, transforming monocultures, and
conducting enrichment planting to restore degraded secondary forests. Additionally,
silvicultural recommendations are also provided.
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The objective of afforestation is to rapidly establish a forest stand. Therefore, in this
case, we recommend shade-intolerant species, which include S. discolor, E. roxburg-
hiana, L. mollis, and L. formosana. Additionally, some opportunistic species can also
be considered, such as V. montana, C. fargesii, and L. glaber since they have high adap-
tability and robustness due to their light requirements and ability to establish on bare
land (Wang 2018). The study results indicated that the pairs of C. glauca (S) - E. rox-
burghiana (S) and S. discolor (U) - E. roxburghiana (U) had positive associations. Even
though C. glauca is a shade-tolerant species, some studies have documented that
it was suitable for afforestation due to its drought tolerance, ability to establish on
bare soil, and high adaptability (Yuan et al. 2012). Therefore, we propose to establish
mixed-species plantations of C. glauca and E. roxburghiana, as well as S. discolor and
E. roxburghiana.

In addition, in harsh site conditions, we strongly suggest to first establish a P. masso-
niana plantation to increase the tree survival rate because this species is fast-growing
and drought- and barren-tolerant (Du et al. 2018; Liu et al. 2006). When a closed ca-
nopy has been established, the pure P. massoniana plantation can be diversified by
using an enrichment planting of positively associated tree species pairs such as L.
mollis (S) - V. montana (S) and C. glauca (S) - E. roxburghiana (S). These saplings grow
rapidly, have high adaptability, and provide forest species diversity. The dynamics of
the enrichment plantings should be carefully monitored and forest gaps should be
created in a timely manner to facilitate good forest growth.

The transformations of monocultures are an important method for creating
mixed-species forests. The objective of the transformation is to convert monocultu-
res into an uneven-aged mixed-species heterogeneous forest to achieve continuous
crown cover (Wang 2018; Meng et al. 2014; Adams et al. 2011; O’'Hara 2001). The most
important task of plantation transformations is to fast establish regeneration layers
(Wang 2018). The shelterwood system has been widely used to create regeneration
layers (Malcolm et al. 2001; Wetzel 2001). In this silvicultural system, shade-tolerant
species and opportunistic species are used for enrichment plantings because they
survive and develop well under a forest canopy (Wang 2018). These shade-tolerant
species and opportunistic species include M. rigida, C. glauca, A. japonicum, C. fargesii,
M. pauhoi, V. Montana, and L. glaber. Considering the species associations, the follo-
wing species pairs are recommended: A. japonicum (U) - M. rigida (U) and A. japoni-
cum (U) - L. glaber (U). Of course, after shelterwood cutting, the positively associated
pairs of shade-intolerant species can be replanted in relatively large open areas, e.g.,
S.discolor (U) - E. roxburghiana (U).

Additionally, O'Hara (2014) demonstrated that creating forest gaps is a suitable ap-
proach for rapidly establishing a regeneration layer. Due to good light conditions in
forest gaps, shade-intolerant species and opportunistic species can survive and grow
(Wang 2018). We therefore suggest the following shade-intolerant species and op-
portunistic species: S. discolor, E. roxburghiana, L. mollis, M. pauhoi, V. montana, L. gla-
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ber, and C. fargesii. The final species pairs that were determined in this study included
S. discolor (U) - E. roxburghiana (U), V. montana (S) - L. mollis (S), and M. pauhoi (U) - S.
discolor (U). Furthermore, we should stress that negatively associated tree species are
not encouraged to be planted together, e.g., M. rigida (S) - L. mollis (S) and C. fargesii
(S) - C. glauca (S), though positive complementary effects might exist. Additionally,
in order to accelerate natural succession, high-value shade-tolerant species and op-
portunistic species such as C. fargesii, L. glaber, and V. montana can be planted in the
understory without having to create forest gaps.

The main canopy of the most degraded natural forests is degenerated and hence the
facilitation of tree regeneration is of great importance for successful restoration. Ho-
wever, due to forest fragmentation, the seed dispersal mechanism is not functioning
properly, resulting in a lack of natural regeneration of high-value and late-succes-
sional tree species (Wang 2018; Aide et al. 2000). Therefore, it is necessary to plant
positively associated, high-value, and late-successional tree species in degraded na-
tural forests to promote regeneration. The following positively associated shade-in-
tolerant species or opportunistic species are recommended to fill natural forest gaps:
S. discolor (U) - E. roxburghiana (U), V. montana (S) - L. mollis (S), and M. pauhoi (U) - S.
discolor (U). Although it is not always necessary to create forest gaps in natural forests,
it might be required in dense parts of the forest.

In the understory, the saplings of shade-tolerant species or opportunistic species that
are positively associated with the nearby adult tree species are recommended for
under-planting. These pairs include montana (S) - L. mollis (U), montana (S) -monta-
na (U), M. pauhoi (S) - E. roxburghiana (U), M. rigida (S) - L. glaber (U), M. rigida (S) - A.
japonicum (U), M. rigida (S) - M. rigida (U), M. rigida (S) - S. discolor (U), M. rigida (S) - M.
pauhoi (U), C. glauca (S) - E. roxburghiana (U), C. glauca (S) - M. pauhoi (U), C. glauca
(S) - S. discolor (U), V. montana (S) - A. japonicum (U), and C. fargesii (S) - C. fargesii (U). It
is suggested that the under-planted saplings should have a positive association with
other saplings.

Additionally, it is also necessary to consider the relationship between the under-plan-
ted tree species and the nearby adult tree species and avoid planting negatively asso-
ciated species pairs. For example, it is suggested to avoid planting the saplings of M.
rigida under the adult trees of L. mollis, the saplings of A. japonicum under the adult
trees of S. discolor, and the saplings of C. fargesii under the adult trees of M. pauhoi.
Moreover, sapling pairs with a significant negative association should also be avoi-
ded, e.g., M. rigida (S) - L. mollis (S) and C. fargesii (S) - C. glauca (S).

4.4 Potential shortcomings of this study
The species interactions occur within a spatial scale beyond which they would no

longer exist (Veldzquez et al. 2015; Jonsson 1998; Guo et al. 1997). Therefore, the sui-
table number of sample plots and plot size for examining species association should
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be determined according to the species or vegetation characteristics (Veldzquez et
al. 2015; Schulz et al. 2009; Zhao et al. 2003; Margdczi 1995). According to the current
literature, our plot size is close to the ideal size of subtropical evergreen broad-leaved
forest in southern China (Zhou 2000; Guo et al. 1997; Du et al. 1995, Wang 1985).
Furthermore, Xu (2016) argued that if the ratio of species pairs of positive association
to the species pairs of negative associations was equal or close to 1, the field survey
design, which included the number of sample plots and plot size, was promising and
could accurately capture the species association. In the present study, the ratio of the
species pairs of positive association to species pairs of the negative association was
closeto 1.

Biased estimation may occur if a chi-square test is performed using small sample plot
(Zar 1974). Therefore, we performed Yate's correction to remove bias; this method
has been extensively used by many ecologists when investigating species associa-
tion with small sample plot (Matchima et al. 2018; Zhao et al. 2018; Gu et al.,2017;
Zhao et al.,2012; Ludwig et al. 1988). Additionally, there is no specific requirement for
the sample size for the AC, DI, and SRCC, though a minimum of two variables with
at least 8 to 10 observations for each variable is recommended for the calculating
SRCC. Therefore, we concluded that the species association derived from the 2500 m2
sample plot was reliable.

5. Conclusions

In this study, we investigated the intra- and interspecies spatial associations bet-
ween saplings and adult trees in an old-growth forest in western Hunan Province.
We considered the light requirements of the tree species and the optimal species
configuration to provide suggestions for silvicultural practices for the establishment
of mixed-species plantations through afforestation, transforming monocultures, and
enrichment plantings in degraded secondary natural forests. The results of our study
provide a theoretical basis for sustainable forest management in western Hunan Pro-
vince.
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