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Abstract: Subtropical natural forests are unique due to their ecological and economic functions.
However, most of these forests are highly degraded, which impairs the ability to provide ecological
and economic benefits. Enrichment planting is an important approach to restore natural degraded
forests. Species arrangement is of great importance to inform enrichment planting. Species association
refers to the interrelationship of different species occupying a habitat and is a static description of the
organic connection formed by the interaction of species. Species association, therefore, provides a
scientific basis for species arrangement in enrichment planting. Additionally, because an old-growth
forest is a climax community that has attained great age without significant disturbance, the species
association in an old-growth forest can provide valuable information on the reference conditions for
forest management. In this study, the species association between dominant tree species (including
saplings and adult trees) was investigated in an old-growth forest in the Gutianshan National Nature
Reserve in Zhejiang province in subtropical China. The objective of the study was to inform species
arrangement for enrichment planting. The result showed that the overall species association exhibited
a significant net positive association, indicating a dynamic balance of stable structure and species
composition in the old-growth forest. Additionally, the pairwise species association was examined
using the χ2 test, the Dice index, and Spearman’s rank correlation coefficient; significant positive
and negative pairwise species associations were detected. Based on the species association and the
light requirements of the tree species, an optimal species arrangement was determined to support
enrichment planting for restoring natural degraded forests. It is expected that the results of this study
will contribute to the restoration of natural degraded forests in subtropical China.

Keywords: subtropical natural forests; enrichment planting; natural degraded forests; species
arrangement; dominant tree species

1. Introduction

China has 84.91 million ha of subtropical natural forests with a total volume of 66.79 hundred
million m3 [1]. Subtropical natural forests have unique ecological functions related to soil and
water conservation, biodiversity conservation, and water and air purification, e.g., high biodiversity,
complex structure, and high productivity [2–4]. However, in the past, because of long-term extensive
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anthropogenic disturbances, subtropical natural forests suffered great degradation and the quality and
function of the forests are extremely poor [5,6]. For example, the total stand volume of subtropical
natural forests in Zhejiang province is only 54.87 m3 per hectare [1]. Many authors documented that
natural degraded forests exhibit poor performance in terms of carbon sequestration, biodiversity
conservation, and water conservation [7–9]. In addition, due to forest fragmentation, the seed dispersal
mechanism is not functioning properly, resulting in a lack of natural regeneration of high-value and
late–successional tree species [10–12]. Therefore, subtropical natural degraded forests do not meet the
increasing demand for ecological and economic benefits [5,13,14].

In order to restore these natural degraded forests, China imposed a complete cessation of
commercial logging in natural forests in 2015 [15]. Unlike the Natural Forest Protection Program
(NFPP) proposed in 2000, which strictly prohibited any management activities, this new ban encourages
positive management to improve forest quality [16]. Actually, the NFPP has been criticized for its
disproportionate and conservative protection [17]. Unlike the NFPP, this new ban stresses that the
prohibition of commercial logging does not ban all logging or all other management activity but
encourages scientific management including logging to restore degraded forests. Many authors
have proven that low-quality forests can be converted into high-value forests with diverse structures,
functions, and products through sustainable management [18–20]. A notable example is the significant
improvement in forest quality through conversion in Switzerland, where a control method was
implemented, e.g., the stand volume increased by 122 m3 ha–1 as a result of continuous management
over 111 years [21]. Therefore, in this context, it is urgent to restore subtropical natural degraded forest
through scientific management.

Enrichment planting is an important approach to restore natural degraded forests, especially
when natural regeneration is insufficient. For enrichment plantings, species arrangement needs to
be determined in advance [22,23]. Tree species arrangement can be determined by analyzing species
associations [23–26]. Species association is defined as the interrelationship of different species in the
spatial distribution and is a static description of the organic connection formed by the interaction of
species in different habitats [27,28]. Species association has been extensively examined with respect to
its mechanism [29–32]. For instance, Chai et al. [26] examined the species association of the dominant
tree species in old-growth forests to explore the biological mechanism of species interaction. However,
from a practical point of view, species association has been rarely investigated with the objective of
informing forest management. Additionally, most of the current research has only concentrated on
the species association between adult tree species pairs. However, except Paluch and Bartkowicz [33],
species associations between saplings and adult trees and among saplings have been rarely examined
although this is of great importance to inform enrichment plantings.

An old-growth forest is a climax community that has attained great age without significant
disturbance [34,35]. Therefore, old-growth forests can provide valuable information on reference
conditions for forest management [26,36,37]. Many authors have stated that the formulation of forest
management strategies should be based on the conditions of old-growth forests [34,37].

The objective of this study is to explore the overall species association and intra- and interspecific
associations among saplings and adult trees; based on the species association and light requirements
of the tree species, we propose an optimal species arrangement between the saplings and adult trees to
support enrichment planting for restoring natural degraded forests.

2. Materials and Methods

2.1. Study Area

The study area is located in the Gutianshan National Nature Reserve in Kaihua County, Zhejiang
province (118◦03′49′′–118◦11′12′′ E, 29◦10′19′′–29◦17′41.4′′ N) (Figure 1). The reserve covers 8107
ha and the topography is characterized by mountains with steep slopes. Red soil, yellow–red soil,
red–yellow soil, and bog soil are the common soil types in this region [38]. The region is located in the
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middle subtropical monsoon climate zone with a mean annual precipitation of 1963.7 mm, mean annual
temperature of 15.3 ◦C, mean hottest month temperature of 28.9 ◦C, mean coldest month temperature
of 4.1 ◦C, mean sunshine of 1747.5 h, and 250-d frost-free season every year [39]. The natural zonal
vegetation in this area is subtropical evergreen broad-leaved forest dominated by Castanopsis spp.,
Cyclobalanopsis spp., and Schima superba [38,40,41].
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Figure 1. The location of the study site in the Gutianshan National Nature Reserve in Kaihua County,
Zhejiang province, China. The red star represents the Gutianshan National Nature Reserve.

2.2. Plot Establishment and Data Collection

In 2009, three 1 ha plots (100 m× 100 m) were established in an old-growth forest in the Gutianshan
National Nature Reserve. This old-growth forest has a stand age of more than 100 years and is located
in the core area of the Gutianshan National Nature Reserve. Historically, there was almost no
anthropogenic disturbance to this old-growth forest due to its extremely remote location. Therefore,
it represents the climax forest community in this area. Each 1 ha plot was further divided into one
hundred 10 m × 10 m subplots, in which all individual trees with diameter at breast height (DBH)
greater than 1 cm were identified to the species level and the DBH, survival status, and location
were also recorded. The plots were re-measured every five years; this study was based on the latest
measurement data in 2014. Following Zhao et al. [23], the trees were categorized into saplings (S)
(DBH < 5.0 cm and H ≥ 1.3 m) and adult trees (U) (DBH ≥ 5.0 cm and H ≥ 1.3 m).

2.3. Importance Value

The importance value (IV) is a comprehensive evaluation index used to indicate the relative
importance of a species in a forest community; the larger the IV of the species, the greater the dominance
in the plot is [42–44]. The IV was calculated as follows:

IV = (Relative dominance + Relative abundance + Relative f requency) × 100/3 (1)

Relative dominance =
di∑S

i=1 di
(2)

Relative abundance =
ni∑S

i=1 ni
(3)

Relative f requency =
fi∑S

i=1 fi
(4)
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where S is the total number of species, di is the basal area of the ith species, ni represents the number of
individuals of the ith species, and fi denotes the number of quadrats in which the ith species occurred.

2.4. Overall Species Association

The variance ratio (VR) test, which is based on species presence or absence, has been used to
examine the overall association [45,46]. The VR was calculated using the following formula [45]:

VR =
S2

T

σ2
T

=

1
N ·

∑N
j=1

(
T j − t

)2

∑S
i=1

ni
N ·

(
1− ni

N

) (5)

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

If there is no overall association, the expected value of VR is 1. If VR < 1, the species exhibits
a net negative association; conversely, a net positive association is observed [47]. Furthermore, we
computed the statistic W = N × VR to test whether the deviations of the VR from 1 were significant. If
there is no significant overall species association, there is a 95% probability that W lies between the
limits given by the χ2 distribution: χ2

0.05 ≤W ≤ χ2
0.95 [47].

2.5. Pairwise Species Association

If the VR test indicated a significant overall species association, the pairwise species association
was investigated. In this study, we used the χ2 statistics, Spearman’s rank correlation coefficient
(SRCC), and the Dice index (DI) to measure the species association between all possible dominant
species pairs.

2.5.1. The χ2 Test

The χ2 statistic, which is based on a 2 × 2 contingency table, is normally used to qualitatively
measure the species association [48]. However, biased estimation of the χ2 test statistic may occur if
a cell in the 2 × 2 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 [49]. A corrected χ2 test (Yates’s correction) was,
therefore, employed in this study to determine the species association. The corrected χ2 statistic is
calculated as follows:

χ2 =
N(|ad− bc| −N/2)2

(a + b)(c + d)(a + c)(b + d)
(6)

When χ2 < 3.841, the species are independent of each other and no association is detected; when
3.841 ≤ χ2 < 6.635, there is a significant association between the species; when χ2

≥ 6.635, there is a
highly significant association between the species [50]. When ad – bc > 0, the association is positive
and when ad – bc < 0, the association is negative.

2.5.2. Dice Index (Di)

Since the χ2 test only provides a qualitative determination of species associations, the degree
of species association for each species pair cannot be quantitatively described [47,51]. The DI is,
therefore, used to quantitatively represent the degree of association. The DI was calculated with the
following equation:

DI =
2a

2a + b + c
(7)

The range of DI is (0, 1). When DI is equal to 0, there is no association, indicating that the
species pairs are completely independent of each other and they may not appear in the same quadrat.
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In contrast, when DI is close to 1, the species pairs have the highest probability to appear in the
same quadrat.

In Equations (3) and (4), N is the total number of quadrats, a is the number of quadrats with both
species, b denotes the number of quadrats in which only species A occurs, c represents the number of
quadrats in which only species B occurs, and d is the number of quadrats with neither species A nor
species B.

2.5.3. Spearman’s Rank Correlation Coefficient (SRCC)

The χ2 test and DI use binary data to investigate species association and inevitably, some
information is lost, e.g., species abundance [47]. In contrast, 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. The SRCC does not only provide information on species association but also
on species covariance [52], which represents an improvement over species association [53]. The SRCC
is defined as follows [54]:

r(i, k) = 1−
6
∑n

j=1

(
xi j − xi

)2(
xkj − xk

)2

N3 −N
(8)

where r (i, k) is the Spearman’s rank correlation coefficient, N is the total number of quadrats, xij is the
rank of species i in quadrat j, and xkj is the rank of species k in quadrat j.

In this study, R software [55] was employ for statistical analysis. The χ2 statistics, SRCC, and DI
were derived using the R package “spaa” [56], “plyr” [57], and ”corrplot” [58].

3. Results

3.1. Species Composition and Stand Structure

In the sample plots, a total of 59 tree species (DBH ≥ 5.0 cm) with a density of 925 trees ha−1,
mean DBH of 17.2 cm, and mean basal area of 0.0321 m2, were identified in the old-growth forest.
Since the IVs of some species were extremely small, we only list the top ten dominant tree species,
which accounted for 76.45% of the total important value (Table 1). C. eyrei had the largest IV (23.34)
followed by S. superba (20.24); their IVs were significantly higher than those of the other tree species.
Additionally, the light requirement and descriptive statistics of the top ten dominant tree species are
also provided in Table 1.

For each dominant tree species, we grouped the trees into 5-cm diameter classes to determine the
distribution (Figure 2). Most of the dominant species showed reverse J-shaped curves. The tree species
with DBH larger than 50 cm included C. eyrei (62.0 cm), S. superba (55.9 cm), M. thunbergii (53.0 cm),
and C. tibetana (51.8 cm), though the individual trees in the DBH class larger than 50 cm are not visible
in Figure 2 due to their small number.

3.2. Overall Associations of Dominant Species

The overall species association between all possible dominant species pairs was measured by
the VR test. The results indicated an overall net positive species association (VR = 1.35 > 1). The
W statistics was equal to 406.37, which fell outside the confidence interval, i.e., χ2

0.05 ≤W ≤ χ2
0.95

(χ2
0.95 (300) = 260.88, χ2

0.05 (300) = 341.40) and confirmed the significance of the species association.
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Table 1. The importance values and characteristics of the top ten dominant tree species in the old-growth forest.

Latin Name Acronym Density
(Trees ha–1)

Mean
DBH (cm)

Basal Area
(m2 ha–1)

Light
Requirement 1

Relative
Abundance

Relative
Frequency

Relative
Dominance

Importance
Value

Castanopsis eyrei CE 213 20.8 0.0121 OP 23.04 32.39 14.59 23.34
Schima superba SS 197 20.1 0.0367 SI 21.30 27.08 12.33 20.24

Cyclobalanopsis glauca CGL 90 14.5 0.0408 ST 9.73 6.17 8.46 8.12
Machilus thunbergii MT 41 20.3 0.0408 ST 4.43 5.63 6.69 5.58
Quercus serrata var.

brevipetiolata QS 76 11.4 0.0204 SI 8.26 3.11 4.83 5.40

Neolitsea aurata var.
chekiangensis NA 32 7.2 0.0451 ST 3.42 0.48 5.40 3.10

Cinnamomum subavenium CS 31 7.2 0.0340 ST 3.39 0.45 4.92 2.92
Cyclobalanopsis myrsinifolia CM 25 14.9 0.0043 ST 2.70 1.82 3.63 2.72

Castanopsis tibetana CT 20 17.6 0.0216 OP 2.16 2.47 3.06 2.57
Cyclobalanopsis gracilis CGR 18 18.4 0.0045 ST 2.02 2.14 3.22 2.46

1 SI: shade-intolerant species; ST: shade-tolerant species; OP: opportunistic species.
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3.3. Pairwise Species Associations of Dominant Species

3.3.1. Test of Pairwise Species Associations

The χ2 statistic was calculated to determine the pairwise species association; the results are
provided in Figure 3. There were 190 species pairs; 37 pairs (19.5%) had highly significant positive
associations, 8 pairs (4.2%) exhibited significant positive associations, 28 pairs (14.7%) had highly
significant negative associations, and 6 pairs (3.2%) demonstrated significant negative associations.
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Figure 3. Correlation matrix of the χ2 test results of the dominant species in the old-growth forest.

3.3.2. Measure of Pairwise Species Associations

The DI was derived to quantitatively represent the pairwise species associations. Among the 190
pairs, 10 pairs (5.3%) exhibited very strong associations (DI > 0.6), and 27 pairs (14.2%) had strong
associations (0.4 < DI < 0.6) (Figure 4). In addition, 72 pairs with weak associations (0.2≤DI≤ 0.4) and 81
pairs with no association (DI < 0.2) accounted for 37.9% and 42.6% of the total species pairs, respectively.
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0.03 0.13 0.21 0.19 0.29 0.24 0.26 0.30 0.32 0.37 0.37 0.37 0.11 0.11 0.42 0.28 0.18 0.20 0.44 NA(U) 
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Figure 4. Correlation matrix of the Dice index (DI) results of the dominant species in the old-growth forest.
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3.3.3. Measure of Pairwise Species Covariance

Although the DI quantitatively describes the degree of species association, it does not provide an
indicator of the species pairwise covariance. The SRCC was calculated to investigate species covariance.
The results are shown in Figure 5. Among all 190 species pairs, 37 pairs (19.5%) exhibited highly
significant positive covariance (rs ≥ 0.1492, p ≤ 0.01) and 14 pairs (7.4%) exhibited significant positive
covariance (0.1133 ≤ rs < 0.1492, p ≤ 0.05). Additionally, 35 pairs showed highly significant negative
covariance (rs ≤ −0.1492, p ≤ 0.01), accounting for 18.4% of the total pairs; 7 pairs exhibited significant
negative covariance (−0.1492 < rs ≤ −0.1133, p ≤ 0.05), accounting for 3.7% of the total pairs.Forests 2019, 10, x FOR PEER REVIEW 10 of 17 
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4. Discussion

4.1. Final Determination of Species Associations

The overall species association describes the static relationship among all species in the community
and reflects the stability of the community structure and species composition [50,51]. A significant
overall net positive association was observed in the old-growth forest, indicating that it has a stable
structure and its species composition is in a dynamic balance. Additionally, a mutually beneficial
relationship may exist.

The results of the χ2 test, DI, and SRCC were consistent but there were also some differences. The
χ2 test has been widely used to determine species association; however, it does not provide information
on the degree of association [59]. Although the DI quantitatively describes species association and
outperforms the χ2 test, it is based on binary data, which inevitably leads to a loss of information. In
a comparison study, it was demonstrated that the SRCC was suitable for the use of continuous data
to evaluate the degree of linear association or correlation between independent variables; it is also
unaffected by the distribution of the population [47,52]. Therefore, the SRCC is well suited to be used
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in conjunction with the χ2 test for determining species association. Many authors [60–63] suggested
that the combination of the χ2 test and the SRCC was necessary to provide reliable results.

In this study, we determined the final species association based on the χ2 test and the SRCC with
the DI as supporting information. We grouped the species associations into four categories according
to their priority when conducting enrichment planting. Species pairs that exhibited significant
associations in both the χ2 test and SRCC and whose DI values indicated strong associations were
given first priority. Species pairs that exhibited significant associations in both the χ2 test and SRCC but
whose DI values did not indicate strong associations were given secondary priority. Species pairs that
exhibited significant associations in either the χ2 test or SRCC and had DI values that indicated strong
associations were given third priority. The fourth priority pairs refer to pairs that exhibited significant
associations either the χ2 test or SRCC and whose DI values did not indicate strong associations. The
four categories of species pairs are listed in Table 2.

4.2. Possible Reasons for the Observed Species Associations

Species pairs with significant positive associations normally share similar ecological characteristics
and hence have similar environmental requirements. This similarity means that they are closely
associated and coexist well [23–25,64]. This was fully supported by our results. For instance, the
thermophilic and barren-tolerant species pair (S. superba (U)–C. eyrei (U)) and the fertile- and acid-loving
species pair (C. tibetana (U)–M. thunbergii (U)) were significantly associated. Although coexistence may
result in competition, overall, a significant positive association was exhibited [23,65].

We observed significant positive interspecific associations between saplings and non-parental adult
trees pairs, e.g., S. superba (S)–Q. serrata (U), C. eyrei (S)–Q. serrata (U), C. tibetana (S)–M. thunbergii (U),
and M. thunbergii (S)–C. glauca (U). This positive association was attributed to the niche differentiation
of resources utilization [25,66]. A similar finding was also reported by Zhao et al. [23] who reported
a positive association between the saplings of Vitis amurensis and the adult trees of Abies nephrolepis.
The authors attributed the positive association to the shady environment provided by the adult trees
of A. nephrolepis since the saplings of V. amurensis require shade. Additionally, in the present study,
all saplings were observed to have a significant positive intraspecific association with their parent
trees, i.e., the sapling was able to survive and develop under the adult trees of the same species. Many
authors found similar results and attributed it to the limited seed dispersal ability [23,25,67,68].

Conversely, the pairs with significant negative associations, e.g., Q. serrata (U)–C. tibetana (U), Q.
serrata (U)–M. thunbergii (U), and C. glauca (S)–N. aurata var. chekiangensis (S) have different habitat
requirements and interspecific competition occurs in cases of resource scarcity. Consistent with our
findings are results that have been reported in the studies [23,25,69].

4.3. Implications for Enrichment Planting

Most natural degraded forest have a degraded canopy, which results in lower efficient of
photosynthesis in comparation to vigorous canopy [70,71]. Additionally, the forest is usually comprised
of low-value tree species [72]. Furthermore, due to forest fragmentation, the seed dispersal mechanism
is often problematic, resulting in a lack of natural regeneration of high-value tree species and
late-successional tree species [72,73]. Therefore, it is necessary to conduct enrichment planting with
positively associated, high-value, late-successional tree species.
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Table 2. The classification of tree species association pairs for the species arrangement.

Significant Positive Associations Significant Negative Associations

First priority

Q. serrata (U)–S. superba (S), Q. serrata (U)–S. superba (U), Q. serrata
(U)–C. eyrei (S), Q. serrata (U)–C. eyrei (U), C. tibetana (S)–C. tibetana
(U), C. tibetana (S)–M. thunbergii (S), C. tibetana (S)–M. thunbergii (U),
C. tibetana (S)–C. glauca (S), M. thunbergii (S)–M. thunbergii (U),
M. thunbergii (S)–C. glauca (S), M. thunbergii (S)–C. glauca (U),
S. superba (S)–C. eyrei (S), S. superba (S)–C. eyrei (U), S. superba
(S)–N. aurata var. chekiangensis (S), S. superba (U)–C. eyrei (S),
S. superba (U)–C. eyrei (U), S. superba (U)–N. aurata var. chekiangensis
(S), C. glauca (S)–C. glauca (U), C. glauca (U)–C. subavenium (S),
C. eyrei (S)–C. eyrei (U), C. eyrei (S)–N. aurata var. chekiangensis (S),
C. eyrei (U)–N. aurata var. chekiangensis (S), C. subavenium
(S)–C. subavenium (U), C. subavenium (S)–N. aurata var. chekiangensis
(S), C. subavenium (S)–N. aurata var. chekiangensis (U), C. myrsinifolia
(S)–C. myrsinifolia (U), N. aurata var. chekiangensis (S)–N. aurata var.
chekiangensis (U), M. thunbergii (U)–C. glauca (S), C. glauca
(S)–C. subavenium (S)

Q. serrata (U)–C. tibetana (S), Q. serrata (U)–C. tibetana (U), Q. serrata
(U)–M. thunbergii (U), Q. serrata (U)–C. glauca (S), Q. serrata
(U)–C. glauca (U), Q. serrata (U)–C. subavenium (S), Q. serrata
(U)–C. subavenium (U), C. tibetana (S)–S. superba (U), C. tibetana
(S)–C. eyrei (S), C. tibetana (S)–C. eyrei (U), C. tibetana (U)–S. superba
(U), C. tibetana (U)–C. eyrei (S), C. tibetana (U)–C. eyrei (U),
C. tibetana (S)–C. myrsinifolia (U), M. thunbergii (S)–S. superba (U),
M. thunbergii (S)–C. eyrei (U), S. superba (U)–C. glauca (S), S. superba
(U)–C. glauca (U), C. glauca (S)–C. eyrei (S), C. glauca (S)–C. eyrei (U),
C. glauca (S)–C. myrsinifolia (S), C. glauca (S)–C. myrsinifolia (U),
C. glauca (S)–N. aurata var. chekiangensis (S), C. glauca (U)–C. eyrei (S),
C. glauca (U)–C. eyrei (U), C. glauca (U)–C. myrsinifolia (S), C. glauca
(U)–C. myrsinifolia (U), C. eyrei (U)–C. gracilis (U), Q. serrata
(S)–C. subavenium (S), Q. serrata (U)–M. thunbergii (S), C. tibetana
(S)–C. myrsinifolia (S), C. tibetana (S)–N. aurata var. chekiangensis (S),
M. thunbergii (U)–S. superba (S), M. thunbergii (U)–S. superba (U)

Second priority

Q. serrata (S)–Q. serrata (U), Q. serrata (S)–S. superba (S), C. tibetana
(U)–M. thunbergii (S), C. tibetana (U)–M. thunbergii (U), C. tibetana
(U)–C. gracilis (S), S. superba (U)–C. myrsinifolia (S), S. superba
(U)–C. myrsinifolia (U), C. glauca (U)–C. subavenium (U), C. eyrei
(S)–C. myrsinifolia (U), C. gracilis (S)–C. gracilis (U), C. tibetana
(S)–C. gracilis (S), C. tibetana (U)–C. glauca (S), M. thunbergii
(U)–C. gracilis (S), C. glauca (S)–C. subavenium (U), C. glauca
(U)–N. aurata var. chekiangensis (U), C. eyrei (U)–C. myrsinifolia (U)

-

Third priority - S. superba (U)–C. subavenium (S)

Fourth priority
Q. serrata (S)–S. superba (U), C. eyrei (S)–C. myrsinifolia (S), Q. serrata
(S)–C. eyrei (S), Q. serrata (S)–C. eyrei (U), S. superba (S)–S. superba
(U), C. gracilis (U)–C. subavenium (S)

M. thunbergii (U)–C. eyrei (S), M. thunbergii (U)–C. eyrei (U), Q.
serrata (U)–C. gracilis (U), Q. serrata (U)–N. aurata var. chekiangensis
(U), C. tibetana (U)–N. aurata var. chekiangensis (S), S. superba
(S)–C. gracilis (U), S. superba (U)–C. subavenium (U)



Forests 2019, 10, 957 13 of 17

Information on species associations provides a theoretical basis for enrichment planting [51].
Additionally, the light requirement of tree species are also an important factor in species arrangement
for enrichment planting [74,75]. Generally, tree species are grouped into shade-intolerant species,
shade-tolerant species, and opportunistic species according to their light requirements [76,77].
Shade-intolerant species are usually pioneer species that easily regenerate and become established in
large stand gaps or in open areas [78,79]. These species are well suited for planting in sufficiently large
gaps or in open areas. In comparison, shade-tolerant tree species can regenerate in moderate shade and
are usually found in larger numbers in the understory of forests [78,79]. These species are particularly
suited for planting under the canopy during the restoration of natural degraded forests. Opportunist
or non-pioneer shade-intolerant species are species with intermediate light demand and can regenerate
in or even require shade for germinating seedlings but require more light when mature [79]. These tree
species are characterized by their high adaptability and robustness and hence are suited for all types of
restoration of natural degraded forests.

We provide the following suggestions for enrichment planting based on species association and
the light requirement of tree species. For forest gaps and relatively large openings, the following
positively associated shade-intolerant species or opportunistic species are recommended: Q. serrata var.
brevipetiolata (U)–S. superba (U), Q. serrata var. brevipetiolata (U)–C. eyrei (U), S. superba (U)–C. eyrei (U),
S. superba (S)–C. eyrei (S), Q. serrata var. brevipetiolata (S)–S. superba (S), and Q. serrata var. brevipetiolata
(S)–C. eyrei (S). Since there may not always be gaps or openings in natural degraded forests, it might be
necessary to create gaps in dense parts of forests.

In the understory, the saplings of shade-tolerant species, which have significant positive
associations with the nearby adult tree, are recommended for under-planting. These tree pairs
include M. thunbergii (S)–M. thunbergii (U), M. thunbergii (S)–C. glauca (U), C. glauca (S)–C. glauca
(U), C. subavenium (S)–C. glauca (U), N. aurata var. chekiangensis (S)–C. eyrei (U), C. subavenium
(S)–C. subavenium (U), C. subavenium (S)–N. aurata var. chekiangensis (U), C. myrsinifolia (S)–C. myrsinifolia
(U), N. aurata var. chekiangensis (S)–N. aurata var. chekiangensis (U), C. glauca (S)–M. thunbergii (U),
M. thunbergii (S)–C. tibetana (U), C. gracilis (S)–C. tibetana (U), C. myrsinifolia (S)–S. superba (U), C. eyrei
(S)–C. myrsinifolia (U), C. gracilis (S)–C. gracilis (U), C. glauca (S)–C. tibetana (U), C. gracilis (S)–M.
thunbergii (U), C. glauca (S)–C. subavenium (U), and C. subavenium (S)–C. gracilis (U). In addition to the
species arrangement for saplings and adult trees, positively associated sapling pairs, i.e., M. thunbergii
(S)–C. glauca (S), C. subavenium (S)–N. aurata var. chekiangensis (S), and C. glauca (S)–C. subavenium (S)
are recommended to be planted together.

In contrast, it is necessary to avoid planting saplings that have a significant negative association
with nearby adult trees. For instance, it is suggested to avoid planting the saplings of C. subavenium
and M. thunbergii under the adult trees of Q. serrata var. brevipetiolata, the saplings of C. tibetana and
M. thunbergii under the adult trees of S. superba, and the saplings of M. thunbergii and C. glauca under
the adult trees of C. eyrei. Additionally, negatively associated sapling pairs are not recommended to be
planted together, i.e., C. tibetana (S)–C. eyrei (S), C. glauca (S)–C. eyrei (S), C. glauca (S)–C. myrsinifolia
(S), C. glauca (S)–N. aurata var. chekiangensis (S), Q. serrata var. brevipetiolata (S)–C. subavenium (S), and
C. tibetana (S)–C. myrsinifolia (S).

5. Conclusions

In this study, we investigated the overall association of dominant species as well as the intra- and
interspecies associations among saplings and adult trees in an old-growth forest in the Gutianshan
National Nature Reserve, Zhejiang province. A significant overall net positive association was observed
in the old-growth forest, indicating that it has a stable structure and its species composition is in a
dynamic balance. Based on the intra- and interspecies associations and light requirement of the species,
we drew the following conclusions: (1) positively associated shade-intolerant species or opportunistic
species are suggested for planting in gaps or large forest openings; (2) shade-tolerant species, which
have significant positive associations with the nearby adult tree, are suggested for planting under
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the tree canopy; (3) positively associated shade tolerant sapling pairs are also suggested for planting
under the tree canopy; (4) it is necessary to avoid planting saplings that have a significant negative
association with nearby adult trees; (5) negatively associated sapling pairs are not suggested to be
planted together. It is expected that the results of this study will contribute to the restoration of natural
degraded forest in subtropical China.
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