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Abstract: Climate warming is believed to have irreversible effects on biodiversity and ecosystem
functions. Secondary forests are non-negligible ecosystems in northern China that have attracted
much attention because of their instability and sensitivity to global change. However, there is no
consensus on the impact of warming on secondary forest succession. In this study, we explored
the response of tree species diversity to climate warming in northern secondary forests in China
using a series of field surveys combined with annual meteorological data from 2015 to 2021. Our
results indicate that the temperature in the study area increased in spring and autumn, while the
precipitation increased in spring, summer, and autumn from 2015 to 2021. Changes in species
composition in the study area and climate warming were significant in the northern region of China.
The importance values of many broadleaf tree species increased, whereas those of local coniferous and
broadleaf tree species decreased. The Shannon–Wiener, Simpson, and Margalef indices for the pure
forest were significantly lower than those for the broadleaf mixed forest and the conifer–broadleaf
mixed forest (p < 0.05) in 2015 and 2021. The highest value for the Pielou index was in the conifer–
broadleaf mixed forest (p < 0.05), whereas it was not significantly different between the pure forest
and broadleaf mixed forest in 2021. Surprisingly, the secondary broadleaf mixed forest in northern
China showed an unfavorable degradation trend under the influence of climate change, just the
same as the secondary pure forest. Our work provides an experimental data source for research on
secondary forests under various climate change scenarios and is an important reference for predicting
and dealing with the impact of global climate change on the adaptive management and protection of
secondary ecosystems.

Keywords: climate warming; secondary ecosystem; high latitude; species composition; tree diversity

1. Introduction

Extensive experiments by many scientists have long demonstrated the issue of global
climate change. There is a consistent trend of rising temperatures with climate change
from the current trend and the predictions of climate change. The global surface temper-
ature in the first two decades of the 21st century (2001–2020) was 0.99 ◦C higher than in
1850–1900 [1]. While the unprecedented changes in global temperatures due to increased
greenhouse gases affect the terrestrial ecosystem, which is highly sensitive to temperature
changes [2,3], humans are increasingly altering the diversity of life on Earth through activi-
ties that drive climate change, e.g., the overexploitation of resources, severe pollution, and
habitat fragmentation [4–6]. However, various arguments have been made regarding the
decrease or increase in species diversity and richness caused by climate warming [7–11].
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This indicates that the response of plants to climate warming varies depending on the char-
acteristics of the site conditions and functional groups of plants, which profoundly influence
their growth, distribution, and reproduction. Kazakis et al. [12] and Pickering et al. [13]
found that the distribution of shrubs adapted to warm temperatures, and invasive plants
gradually migrated towards high-altitude areas. Klanderud et al. [14] investigated the
dominant shrubs in the mountainous areas of southern Norway and showed that they were
gradually replaced by suitable herbs owing to climate change. Rafferty et al. [15] noted that
the phenological period of flowering plants is affected by climate change, which leads to the
extinction of other related species. Wehn et al. [16] studied the impact of climate change on
plant diversity. They reported that species richness increased with increasing temperature;
however, it did not correlate with changes in precipitation gradients. Extensive studies
have shown that one of the critical driving forces of changes in global plant diversity in
forest ecosystems is climate change, which will replace different forest ecosystems, espe-
cially in the coniferous forests of frigid zones, shrubbery areas, and northern forests [17].
Therefore, understanding the interaction between climate change and plant diversity is
of great theoretical and practical significance for protecting biodiversity and maintaining
ecosystem stability.

The acceleration of warming in China from 1960 to 2019, reaching 0.27 ◦C/10 a, was
greater than the global trend for the same period, and there was an obvious regional
difference [18]. That is, the increasing temperature value in the northern region was greater
than in the southern region [19]. The Heilongjiang River Basin is crucial for biodiversity
conservation, the functional maintenance of carbon sinks, and the protection of black soil
productivity [20]. Climate warming is most pronounced in Heilongjiang Province, the first
northernmost province of China to react to climate change [21]. In addition, in an area
that, through human activities, had lost the structure, function, species composition, and
productivity normally associated with a natural forest type expected on the site, a large area
of secondary forest formed from natural regeneration in the Xiaoxing’an Mountain forest
region [22]. Under the dual pressures of future climate change and human disturbances,
the restoration and succession of secondary forests will become more severe [23]. So far,
the main body of forest resources in China is secondary forests, of which research has
received increasing attention, mainly focusing on the growth and regeneration of secondary
forests [24–27]; the composition, structural characteristics, and distribution pattern of
secondary communities [28,29]; the degradation characteristics of secondary forests [30];
the impact of foster management on secondary forests [31,32]; and the changes or impacts
of soil and soil microbes during secondary succession [33–35]. However, little information
is available regarding the succession patterns of secondary forests in northern China under
the influence of climate warming.

Studying the succession for secondary communities contributes to the restoration and
reconstruction of ecosystems, as species diversity is closely related to community succession.
The dynamic characteristics of community succession are reflected in species diversity,
which is important for community information. Therefore, researching the species diversity
of communities is more beneficial for understanding the composition, structure, function,
and dynamics of communities and for grasping their general rules [36]. Yan et al. [37],
Xiao et al. [38], and Yuan et al. [39] explored the effects of plant diversity in secondary
forests on the physical and chemical properties of soil. Li et al. [40] studied the effects of
plant diversity and soil properties on microbial communities in secondary broadleaf forests
under different management densities. Many scholars have analyzed the plant diversity of
secondary forests for different tree species in tropical and subtropical regions [36,41–45].
However, the responses of secondary communities to climate change in the high-latitude
northern regions of China are still unclear.

In our study, a series of field surveys were performed to investigate the growth, species
composition, richness of trees, and changes in tree species diversity in the Xiaoxing’an
mountain forest region, Heilongjiang province, northern China, from 2015 to 2021. Our
study specifically aimed to address two research questions: (1) How does species com-
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position change in different types of secondary forests in northern China during climate
warming? (2) What is the response of tree species diversity to climate warming in northern
secondary forests in China?

2. Methods
2.1. Study Area

The experimental field was located in Heihe City and Yichun City, between the moun-
tains of Daxing’an and Xiaoxing’an in China (Figure 1). The geomorphic type is primarily
mountainous and hilly, approximately 400 m above sea level, and belongs to the transitional
zone between temperate and frigid temperatures. The annual precipitation is 550–620 mm,
mainly in summer and autumn. The study site was considered one of the regions with the
most obvious climate warming in Heilongjiang Province, with an annual mean temperature
of −2 ◦C (from −40 ◦C in January to 36 ◦C in July). The zonal soil is dark brown forest soil,
whereas nonzonal soil includes meadow, swamp, and peat soils. The vegetation shows
interlaced and transitional flora characteristics because it is located between the mountains
of Daxing’an and Xiaoxing’an. The most common broadleaf tree species is birch, including
Betula platyphylla, Betula costata, and Betula dahurica. Other broadleaf trees include Tilia
amurensis, Populus davidiana, Quercus mongolica, Alnus sibirica, Acer ukurunduense, Ulmus
laciniata, Acer pictum, etc. The main coniferous species are Pinus koraiensis and Larix gmelinii,
and some cool-temperature tree species in the coniferous forests of Eurasia, such as Abies
nephrolepis, Picea koraiensis, Picea jezoensis var. microsperma, etc.
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2.2. Experimental Design

The experiment was initiated in 2015 in Heihe City and Yichun City, between the
mountains of Daxing’an and Xiaoxing’an. Twenty-nine fixed quadrats measuring 0.6 ha
(20 m × 30 m) each were selected separately in areas far from roads less affected by human
activity. In addition, according to our investigation, they were not disturbed by fires,
pests, or diseases from 2015 to 2021. The quadrats were divided into three types: pure
forest, broadleaf mixed forest, and conifer–broadleaf mixed forest. The pure forest included
coniferous pure forests (quadrats No. 2 and 7) and broadleaf pure forests (quadrats No.
4, 5, 6, and 20), of which the main tree species were L. gmelinii, B. platyphylla, A. sibirica,
etc. The broadleaf mixed forest included quadrats No. 3, 11, 12, 13, 14, and 15, and the
main tree species included B. platyphylla, Populus davidiana, Q. mongolica, etc. Moreover, the
conifer–broadleaf mixed forest includes quadrats No. 1, 8, 9, 10, 16, 17, 18, 19, 21, 22, 23, 24,
25, 26, 27, 28, and 29. The species and number of trees in each plot are given in Table 1.

Table 1. Basic information for the experimental sites of different forest types in northern China
in 2015.

ID of
Quadrat

Vegetation Information Topography

Dominant
Species

Number
of Trees

Average
DBH/cm

Average
Height/m

Crown
Density Coverage/% Elevation/m Slope/◦ Aspect

1 L. gmelinii,
B. platyphylla 11 23.1 18.8 0.2 95 420 2 —

2 L. gmelinii 30 15.0 12.8 0.3 85 270 1 —

3 B. platyphylla,
Populus davidiana 88 12.5 15.6 0.7 80 470 2 —

4 B. platyphylla 113 8.9 12.3 0.6 95 450 1 —
5 A. sibirica 103 7.1 6.2 0.7 95 240 3 —
6 Q. mongolica 70 16.6 8.0 0.7 85 400 38 South
7 Picea koraiensis 71 17.8 12.9 0.7 90 400 6 Southeast

8
Picea koraiensis,

A. ukurunduense,
Pinus koraiensis

60 12.7 15.3 0.5 90 630 6 Northeast

9
B. platyphylla,

L. gmelinii,
P. jezoensis var.

microsperma
42 17.6 16.9 0.4 90 450 2 —

10
Picea koraiensis,
Pinus koraiensis,
Ulmus davidiana

var. Japonica
75 15.1 14.9 0.7 85 350 7 Southeast

11
Syringa reticulate,

Betula costata,
Ulmus macrocarpa

89 10.6 18.3 0.7 90 460 2 —

12
B. platyphylla,

Populus davidiana,
Fraxinus

mandshurica
56 13.2 16.5 0.5 95 494 5 South

13
B. platyphylla,

Populus davidiana,
A. pictum

126 13.9 17.5 0.8 85 473 4 —

14
B. platyphylla,
U. macrocarpa,

A. sibirica
74 11.3 15.4 0.5 65 340 2 —

15 B. platyphylla,
Populus davidiana 146 10.5 12.7 0.6 80 549 2 —

16
B. platyphylla,

L. gmelinii,
A. sibirica

99 11.7 14.8 0.7 95 444 5 Northwest

17
B. platyphylla,

L. gmelinii,
Picea koraiensis,

A. sibirica
64 16.8 13.9 0.6 95 352 2 —
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Table 1. Cont.

ID of
Quadrat

Vegetation Information Topography

Dominant
Species

Number
of Trees

Average
DBH/cm

Average
Height/m

Crown
Density Coverage/% Elevation/m Slope/◦ Aspect

18
B. platyphylla,

L. gmelinii,
A. sibirica

52 10.1 12.1 0.4 95 480 1 —

19 B. costata,
A. nephrolepis 73 17.8 16.7 0.7 95 534 4 —

20 B. platyphylla 37 16.3 14.8 0.5 85 430 3 —

21
B. platyphylla,

L. gmelinii,
B. dahurica,
T. amurensis

54 13.3 14.2 0.5 95 373 3 —

22 B. platyphylla,
A. nephrolepis 148 12.6 14.4 0.7 90 520 5 Northwest

23
B. platyphylla,

B. costata,
A. nephrolepis

79 17.3 15.7 0.7 80 442 14 North

24

B. platyphylla,
P. jezoensis var.
microsperma,

B. costata,
A. nephrolepis

122 10.5 13.9 0.8 95 540 6 Northwest

25
A. ukurunduense,

B. costata,
A. nephrolepis,

Acer tegmentosum
48 19.8 16.3 0.7 90 458 15 East

26
Picea koraiensis,

A. ukurunduense,
B. costata,

A. nephrolepis
74 12.6 13.9 0.6 90 666 5 Northwest

27
Pinus koraiensis,

B. costata,
A. nephrolepis

66 14.2 12.6 0.7 95 365 4 —

28
B. platyphylla,

L. gmelinii,
T. amurensis

65 13.6 14.4 0.7 95 318 4 —

29

B. costata,
A. pictum,

A. nephrolepis,
A. tegmentosum,

U. laciniata

67 13.4 17.5 0.6 95 517 10 Northeast

Detailed field surveys were conducted from July 2015 to July 2020. All tree species that
appeared in the quadrats were recorded, and the surveyed characteristics included species
name, diameter at breast height (DBH), height, coverage, and abundance. The importance
values and species diversity indices were calculated using the characteristic values. The
DBH ruler measured the DBH of each tree in all quadrats. The altimeter measured the
heights of three to five trees of each species in their natural states. The average value was
considered to be the community height. Abundance was defined as the number of trees
in each quadrat. Community and species coverage was visually estimated by taking the
percentage of the maximum projected area of each species in the entire plot area as the
measurement result [46].

2.3. Climatic Data

The annual meteorological data (NCEP reanalysis datasets) were obtained from the Na-
tional Oceanic and Atmospheric Administration and the National Center for Atmospheric
Research as a reference for regional climate change. The temperature and precipitation data
are derived from the NCEP reanalysis datasets (downloaded from ftp://ftp.cdc.noaa.gov
and https://www.psl.noaa.gov), with a spatial resolution of 2.5◦ × 2.5◦. Temperature
data include the global monthly average surface temperature from 1948 to 2021, mainly

ftp://ftp.cdc.noaa.gov
https://www.psl.noaa.gov
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produced by combining upper atmospheric information with land surface process models,
which can better reflect large-scale climate change caused by increases in greenhouse gases
and atmospheric circulation [47]. Precipitation data include the global monthly average
precipitation from 1979 to 2022, mainly estimated by five satellites. This data type has been
widely used in many domestic and international studies. In addition, Xu et al. [47] showed
that the NCEP data were consistent with the measured values in their study of short-term
climate change and interannual variability and have a high level of credibility.

2.4. Data Analysis

The α-diversity indicators selected in this study include the Margalef index (R),
Shannon–Wiener index (H), Simpson index (H′), and Pielou index (E) to estimate the
diversity of the community structure, and the calculation formulas are as follows [46,48]:

ra =
ai

atotal
(1)

IV =
ra + rh + rc

3
(2)

R = S (3)

H′ = 1 −
S

∑
i=1

p2
i (4)

H = −
S

∑
i=1

piln(pi) (5)

E =
H

ln(S)
(6)

pi =
IVi

IVtotal
(7)

where ra is the relative significance, a is the basal area of the breast height, IV is the
importance value, rh is the relative abundance, and rc is the relative frequency. The
importance value (IV) was calculated according to the ra, rh, and rc of each species, i is the
tree species, pi is the relative importance value of species i in each quadrat, and S is the
total number of tree species in each quadrat.

The data were organized and summarized using the Excel 2010 software and pro-
cessed, analyzed, and plotted using R language, version 4.13. A one-way ANOVA with
Duncan’s multiple range test was conducted in R language, version 4.13, to test the statisti-
cal significance of the mean values of the types of significant differences in the vegetation
structure among forest types.

3. Results
3.1. Analysis of Regional Climate Change
3.1.1. Temperature

The four seasons of spring (March to May), summer (June to August), autumn
(September to November), and winter (January, February, and December) were divided
according to the characteristics of the seasonal distribution in northern China. The spatial
variation in seasonal temperature differences between 2015 and 2021 is shown in Figure 2.
There was an obvious trend in temperature differences throughout the four seasons in
Heilongjiang Province of China from 2015 to 2021. The temperature of the entire province
significantly increased in autumn. In contrast, the temperature difference in spring in-
creased with latitude, which was opposite to the distribution characteristics of the latitude
zonality of temperature. During summer, the temperature increased slightly in the north-
east and decreased slightly in the southwest. The rate of temperature decrease gradually
increases from north to south during winter.
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It was found that the temperature increased most obviously in autumn, reaching
over 1 ◦C, and it increased by about 0.5 ◦C in spring from the spatial variation of seasonal
temperature differences in the study area. On the contrary, there was a slight cooling in
summer, and the temperature dropped by about 0.5 ◦C in winter in the study area. However,
the temperature in the study area showed an overall upward trend from 2015 to 2021.
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3.1.2. Precipitation

The spatial variation in seasonal precipitation differences between 2015 and 2021
is shown in Figure 3. Precipitation increased slightly in the south, but decreased in the
northern part of Heilongjiang Province from 2015 to 2021. There was an obvious increase
in precipitation across the entire province during summer, except in the eastern region. In
contrast to the rising precipitation levels throughout the province in autumn, they remained
relatively stable or decreased slightly in winter.

The precipitation in spring, summer, and autumn increased in the following order:
summer (1.5 mm) > autumn (1.0 mm) > spring (0.5 mm), whereas it decreased slightly
in winter.
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3.2. Changes in the Composition of Tree Species

The changes in the IV of each tree species in the study area are presented in Table 2.
The principal tree species was B. platyphylla, with an IV of approximately 20.0%, followed
by L. gmelinii and A. nephrolepis with an IV of approximately 10.0%, followed by B. costata,
Picea koraiensis, Populus davidiana, Pinus koraiensis, T. amurensis, Q. mongolica, A. sibirica, A.
pictum, A. ukurunduense, P. jezoensis var. microsperma, Acer tegmentosum, B. dahurica, Syringa
reticulate, U. laciniata, Prunus davidiana, Salix taraikensis, Fraxinus mandshurica, and Ulmus
macrocarpa, which were all below 7.0%. There were 29 tree species in these quadrats in 2015
and 34 in 2021. The five newly emerged tree species were Alnus japonica, Acer tataricum,
Salix matsudana, Sorbus alnifolia, and Malus baccata. In addition, there was no obvious
difference between 2015 and 2021 in the changes in the IV of each tree species, except for
S. taraikensis, where the IV increased from 1.1% to 3.1%.
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Table 2. Changes in the composition of tree species in the study area from 2015 to 2021.

Tree Species
2015 2021

rh ra rc IV rh ra rc IV

Betula platyphylla 29.2 21.1 12.2 20.8 26.0 20.5 11.2 19.2
Larix gmelinii 7.5 14.1 7.1 9.6 6.2 13.9 7.0 9.0

Abies nephrolepis 9.5 13.2 5.6 9.4 8.8 12.6 5.1 8.8
Betula costata 5.5 9.5 5.6 6.9 4.7 8.6 5.6 6.3

Picea koraiensis 6.8 6.8 5.1 6.2 6.3 7.0 5.6 6.3
Populus davidiana 7.3 6.8 2.5 5.5 6.0 6.7 2.8 5.2
Pinus koraiensis 2.7 5.1 5.1 4.3 2.7 5.0 4.7 4.1
Tilia amurensis 2.5 3.6 6.6 4.2 2.7 3.6 6.1 4.1

Quercus mongolica 4.6 5.7 2.0 4.1 4.1 4.9 2.3 3.8
Alnus sibirica 4.5 2.0 5.1 3.9 4.0 2.1 4.7 3.6
Acer pictum 2.8 2.5 5.6 3.6 2.6 2.3 5.6 3.5

Acer ukurunduense 3.4 0.9 5.6 3.3 4.8 1.2 5.6 3.9
Picea jezoensis var. microsperma 2.0 1.9 5.6 3.2 1.9 2.1 5.1 3.0

Acer tegmentosum 1.9 1.0 4.1 2.3 2.5 1.2 3.7 2.5
Betula dahurica 1.5 1.3 3.6 2.1 1.3 1.3 3.3 2.0

Syringa reticulata 2.1 0.5 2.0 1.5 2.7 0.8 1.9 1.8
Ulmus laciniata 0.6 1.3 2.5 1.5 0.6 1.1 2.3 1.3

Prunus davidiana 0.9 0.5 2.5 1.3 0.9 0.8 2.3 1.3
Salix taraikensis 0.6 0.2 2.5 1.1 5.2 1.1 2.8 3.1

Fraxinus mandshurica 0.9 0.6 1.5 1.0 1.1 0.8 1.4 1.1
Ulmus macrocarpa 1.2 0.7 1.0 1.0 1.8 1.1 0.9 1.3

Salix raddeana 0.5 0.3 1.0 0.6 0.4 0.3 0.9 0.5
Padus racemosa 0.2 0.03 1.5 0.6 0.2 0.03 1.4 0.5

Ulmus davidiana var. japonica 0.8 0.3 0.5 0.5 0.9 0.5 0.9 0.8
Phellodendron amurense 0.2 0.1 1.0 0.4 0.2 0.1 1.4 0.6
Sorbus pohuashanensis 0.2 0.1 1.0 0.4 0.2 0.1 0.9 0.4

Ulmus pumila 0.1 0.02 0.5 0.2 0.1 0.04 0.5 0.2
Rhamnus davurica 0.1 0.01 0.5 0.2 0.1 0.02 0.5 0.2

Aralia elata 0.1 0.01 0.5 0.2 0.1 0.02 0.9 0.4
Alnus japonica — — — — 0.9 0.2 0.5 0.5
Acer tataricum — — — — 0.1 0.01 0.5 0.2

Salix matsudana — — — — 0.1 0.01 0.5 0.2
Sorbus alnifolia — — — — 0.1 0.01 0.5 0.2
Malus baccata — — — — 0.1 0.01 0.5 0.2

Note: rh—the relative abundance; ra—the relative significance; rc—the relative frequency; IV—the
importance value.

However, differences in the abundance of principal tree species were observed at the
quadrat scale from 2015 to 2021 (Table 3). Except for quadrat No. 2, where the forest type
changed from pure forest, mainly composed of L. gmelinii, to a coniferous and broadleaf
mixed forest, mainly composed of L. gmelinii and B. platyphylla, the forest types in the
remaining 28 quadrats remained unchanged. However, there were 14 quadrats (including
quadrat No.2) with obvious changes in the composition or relative abundance of the
principal tree species among all 29 quadrats. Although the composition of the principal
tree species in quadrats No. 10, 12, 14, 21, and 27 did not change, obvious differences were
observed in the relative abundance of each principal tree species between 2015 and 2021.
The dominant tree species in quadrat No. 5 changed from A. sibirica to S. taraikensis, with
significant changes in tree species composition. A. tegmentosum and A. japonica, which were
not found in 2015, appeared in quadrats No. 8 and 18 and became one of the principal tree
species, indicating that the proportion of broadleaf tree species had significantly increased
in both quadrats. While Picea koraiensis became one of the principal tree species in 2021, it
changed the composition of tree species in quadrat No. 28, resulting in a difference in the
proportion of coniferous and broadleaf tree species between 2015 and 2021. In addition, the
relative abundance of the principal tree species U. macrocarpa decreased to below 10.0% in
quadrat No. 11, with an obvious increase from 43.9% to 54.7% for the relative abundance of



Forests 2024, 15, 322 10 of 17

S. reticulata. Similarly, the relative abundance of Picea koraiensis, the principal tree species in
quadrat No. 26, decreased, while the relative abundance of A. ukurunduense increased from
39.1% to 53.8%. The principal tree species, B. costata in quadrat No. 24 and U. laciniata in
quadrat No. 29, both decreased to below 10.0%, while the other principal tree species did
not change obviously and even decreased synchronously, indicating a balanced increase in
the relative abundance of nondominant tree species.

Table 3. Changes in the composition and abundance of principal tree species in the quadrats from
2015 to 2021.

ID of Quadrat 2015 2021 Changes

1 L. gmelinii + B. platyphylla
(63.6% + 27.3%)

L. gmelinii + B. platyphylla
(63.6% + 27.3%) No

2 L. gmelinii
(81.3%)

B. platyphylla + L. gmelinii
(59.3% + 40.7%) Yes

3 B. platyphylla + Populus davidiana
(62.0% + 30.4%)

B. platyphylla + Populus davidiana
(61.7% + 29.6%) No

4 B. platyphylla
(82.2%)

B. platyphylla
(81.4%) No

5 A. sibirica
(77.8%)

S. taraikensis
(89.3%) Yes

6 Q. mongolica
(100.0%)

Q. mongolica
(100.0%) No

7 Picea koraiensis
(72.4%)

Picea koraiensis
(72.4%) No

8
Picea koraiensis + A. ukurunduense +

Pinus koraiensis
(47.8% + 15.2% + 13.0%)

Picea koraiensis + A. ukurunduense +
A. tegmentosum + Pinus koraiensis
(38.3% + 28.3% + 11.7% + 10.0%)

Yes

9
L. gmelinii + B. platyphylla + P. jezoensis

var. microsperma
(43.2% + 37.8% + 10.8%)

L. gmelinii + B. platyphylla + P. jezoensis
var. microsperma

(40.0% + 37.5% + 12.5%)
No

10
Picea koraiensis + U. davidiana var.

Japonica + Pinus koraiensis
(20.6% + 20.6% + 17.5%)

U. davidiana var. Japonica +
Picea koraiensis + Pinus koraiensis

(23.5% + 19.1% + 16.2%)
Yes

11 S. reticulate + B. costata + U. macrocarpa
(43.9% + 15.2% + 10.6%)

S. reticulate + B. costata
(54.7% + 11.6%) Yes

12
B. platyphylla + F. mandshurica +

Populus davidiana
(27.5% + 25.0% + 17.5%)

F. mandshurica + B. platyphylla +
Populus davidiana

(29.6% + 20.4% + 13.0%)
Yes

13
Populus davidiana + B. platyphylla +

A. pictum
(50.5% + 20.4% + 15.5%)

Populus davidiana + B. platyphylla +
A. pictum

(48.6% + 19.6% + 15.0%)
No

14 B. platyphylla + U. macrocarpa + A. sibirica
(50.0% + 28.6% + 19.0%)

U. macrocarpa + B. platyphylla + A. sibirica
(44.4% + 33.3% + 19.0%) Yes

15 B. platyphylla + Populus davidiana
(62.5% + 25.0%)

B. platyphylla + Populus davidiana
(59.1% + 23.6%) No

16 B. platyphylla + L. gmelinii + A. sibirica
(46.7% + 28.0% + 25.3%)

B. platyphylla + L. gmelinii + A. sibirica
(46.4% + 26.2% + 22.6%) No

17
Picea koraiensis + L. gmelinii + A. sibirica +

B. platyphylla
(45.7% + 23.9% + 19.6% + 10.9%)

Picea koraiensis + L. gmelinii + A. sibirica +
B. platyphylla

(45.7% + 23.9% + 19.6% + 10.9%)
No

18 L. gmelinii + B. platyphylla + A. sibirica
(46.2% + 26.9% + 26.9%)

A. japonica + B. platyphylla + L. gmelinii+
A. sibirica

(35.3% + 27.5% + 23.5% + 13.7%)
Yes

19 A. nephrolepis + B. costata
(56.3% + 15.6%)

A. nephrolepis + B. costata
(56.3% + 15.6%) No

20 B. platyphylla
(77.1%)

B. platyphylla
(77.1%) No
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Table 3. Cont.

ID of Quadrat 2015 2021 Changes

21
B. platyphylla + L. gmelinii + B. dahurica +

T. amurensis
(31.4% + 28.6% + 14.3% + 14.3%)

T. amurensis + B. platyphylla + L. gmelinii +
B. dahurica

(23.1% + 21.2% + 21.2% + 11.5%)
Yes

22 B. platyphylla + A. nephrolepis
(38.3% + 25.0%)

B. platyphylla + A. nephrolepis
(37.4% + 24.4%) No

23 B. costata + A. nephrolepis + B. platyphylla
(30.3% + 27.3% + 22.7%)

B. costata + A. nephrolepis + B. platyphylla
(29.4% + 26.5% + 22.1%) No

24
B. platyphylla + A. nephrolepis + P. jezoensis

var. microsperma + B. costata
(27.3% + 20.5% + 15.9% + 10.2%)

B. platyphylla + A. nephrolepis + P. jezoensis
var. microsperma

(24.6% + 20.3% + 11.9%)
Yes

25
A. nephrolepis + B. costata +

A. ukurunduense + A. tegmentosum
(28.6% + 23.8% + 11.9% + 11.9%)

A. nephrolepis + B. costata +
A. ukurunduense + A. tegmentosum
(27.3% + 22.7% + 13.6% + 11.4%)

No

26
A. ukurunduense + B. costata +

A. nephrolepis + Picea koraiensis
(39.1% + 26.1% + 17.4% + 13.0%)

A. ukurunduense + B. costata +
A. nephrolepis

(53.8% + 18.5% + 15.4%)
Yes

27
A. nephrolepis + B. costata + P. koraiensis

Sieb. et Zucc.
(30.4% + 10.0% + 8.9%)

A. nephrolepis + Pinus koraiensis +
B. costata

(27.4% + 12.9% + 9.7%)
Yes

28 B. platyphylla + L. gmelinii + T. amurensis
(48.8% + 23.3% + 11.6%)

B. platyphylla + Picea koraiensis +
L. gmelinii + T. amurensis

(36.8% + 21.1% + 17.5% + 10.5%)
Yes

29
B. costata + A. tegmentosum +

A. nephrolepis + U. laciniata + A. pictum
(25.6% + 16.3% + 11.6% + 11.6% + 11.6%)

A. nephrolepis + B. costata +
A. tegmentosum + A. pictum

(25.8% + 16.7% + 16.7% + 12.1%)
Yes

Note: The first row shows the composition of species, while the second row shows the proportion of tree species
in this quadrat.

3.3. Analysis of Diversity of Tree Species

Significant differences were observed in the Margalef, Shannon–Wiener index, Simp-
son, and Pielou indices among the forest types in both 2015 and 2021 (Figures 4 and 5). In
2015, the Shannon–Wiener, Simpson, and Margalef indices were significantly lower for the
pure forest compared to the broadleaf mixed forest and the conifer–broadleaf mixed forest
(p < 0.05), whereas there was no significant difference between the broadleaf mixed forest
and the conifer–broadleaf mixed forest. Otherwise, there were no significant differences
between the pure forest and the mixed broadleaf forest or between the mixed broadleaf
forest and the mixed conifer–broadleaf forest in terms of the Pielou index, which was
remarkably lower in the pure forest than in the mixed conifer–broadleaf forest (p < 0.05).
The significant differences in the Shannon–Wiener index, Simpson, and Margalef indices
among the different forest types in 2021 were consistent with those in 2015, except for the
Pielou index. The highest value for the Pielou index was in the conifer–broadleaf mixed
forest (p < 0.05), whereas it was not significantly different between the pure forest and
broadleaf mixed forest in 2021.

Although there was no obvious difference between 2015 and 2021 in changes in tree
diversity for the same forest type, the trend of change for each index was interesting
(Figure 6). For the pure forest, the Shannon–Wiener index, Simpson, and Pielou indices
decreased from 2015 to 2021, and the upper and lower limits fluctuated because of the
single tree species with poor stability. In the broadleaf mixed forest, the fluctuations in all
indices showed a state of contraction, which was characterized by a decrease in the upper
limit and an increase in the lower limit. In contrast to the pure forest, the Shannon–Wiener,
Simpson, and Pielou indices showed an upward trend in the conifer–broadleaf mixed forest,
regardless of the upper limit, lower limit, or mean value.
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4. Discussion

Animals and plants adapt to climate change by changing their distributional ranges
and altering the periods of growth or reproduction [49]. Therefore, one of the most impor-
tant indices for explaining the distribution of species and changes in diversity is climate
heterogeneity, among which changes in temperature and precipitation are extremely critical
for plant diversity and ecosystem diversity. From 2015 to 2021, the temperature of the
study area increased in spring and autumn, whereas precipitation also increased in spring,
summer, and autumn. Yang et al. [50] stated that temperature is a key climatic factor con-
straining changes in the phenological period of deciduous trees in Xi’an Province, China.
The faster the temperature returns in spring, the earlier the tree leaf blooming period.
Similarly, an increase in temperature in autumn delays leaf browning. As the northernmost
province in China, Heilongjiang Province responds more significantly to climate warm-
ing. The important values of coniferous tree species in the study area, such as L. gmelinii,
A. nephrolepis, Pinus koraiensis, and other species, showed a decreasing trend from 2015
to 2021. However, the important values of many broadleaf tree species increased, such
as A. ukurunduense, A. tegmentosum, S. reticulata, S. taraikensis, U. macrocarpa, U. davidiana
var. japonica, P. amurense, A. elata, etc. Moreover, five tree species, A. japonica, A. tataricum,
S. matsudana, S. alnifolia, and M. baccata, were found in the quadrats until 2021, and all were
broadleaf tree species. The range of suitable habitats for broadleaf tree species expanded
within the study area. This result is consistent with the research of Zhang et al. [51], who
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simulated the effects of climate change on eastern Eurasian forests, and Li [52], who studied
the vulnerability of six typical deciduous broadleaf tree species to future climate change
in China, which indicates that the range of suitable habitats for broadleaf tree species will
gradually expand under the effect of future climate warming. However, the decrease in
the importance values of coniferous tree species or some local broadleaf tree species in the
study area showed that the distribution of coniferous tree species or broadleaf tree species
in the unique region will be reshaped. The limiting factors for some local tree species that
require stricter climate conditions will be more stringent with global climate change [53,54].

According to the FAO (2010), 57% of the forests worldwide result from natural re-
generation. Angela et al. [55] presented that secondary forests play an important role
in biodiversity conservation. Changes in species composition inevitably lead to changes
in community structure, affecting plant diversity and ultimately leading to completely
different directions of secondary succession. Although there was no significant difference
in the annual variation of diversity for each secondary forest community type in the study
area from 2015 to 2021, the trend of variation for the three secondary forest types (pure
forest, broadleaf mixed forest, and conifer–broadleaf mixed forest) was interesting. For the
secondary pure forests, the upper and lower limits fluctuated significantly, and the diversity
showed a further downward trend because of the single structure of the tree species and
the poor overall stability of the stand. Numerous studies have shown that mixed forests
have a high species diversity and can significantly improve ecosystem stability [56–60].
This study also found that the species richness, Shannon–Wiener index, and Simpson index
of conifer–broadleaf mixed forests were significantly higher than those of pure forests in
different years, with smaller fluctuations between 2015 and 2021. Moreover, the Pielou
index showed a higher level of convergence with annual changes, indicating that the distri-
bution of various tree species in the quadrats of conifer–broadleaf mixed forests tended to
be average under conditions of climate change, and the overall structure of the forest stand
was complete and stable. However, it is interesting to note that, for both types of mixed
forests, the diversity of broadleaf mixed forests significantly differed from the conifer–
broadleaf mixed forests, showing a downward trend with obvious fluctuations between
2015 and 2021 (Figure 6). The Pielou index of the broadleaf mixed forest was significantly
lower than that of the conifer–broadleaf mixed forest in 2021. This might be because of
the positive response of broadleaf tree species to northern climate warming, leading to
the encroachment of the living space of coniferous tree species in the original secondary
broadleaf mixed forest by broadleaf tree species. Similarly, Rajesh et al. [61] reported that
the vegetation shift from coniferous forest to broadleaf forest is seen as more dominant.

In summary, the changes in species composition in the study area were significant
based on investigating changes in species composition and tree diversity of different
types of secondary forests in the northern region of China, along with climate warming.
First, there was an increase in the importance values of many broadleaf tree species,
whereas the importance values of local coniferous and broadleaf tree species such as
B. platyphylla and L. gmelinii et al., decreased. Second, there were significant differences in
the succession characteristics of different types of secondary forests in northern China in
response to climate change. The secondary conifer–broadleaf mixed forest had the highest
stability, a clear direction of secondary succession, and the lowest degree of disturbance
under the effect of climate warming. In contrast, the composition of the tree species was
single, and stability was the worst in the secondary pure forest. However, the secondary
broadleaf mixed forest in northern China, which was most easily overlooked, exhibited an
unfavorable degradation trend due to the influence of climate change.

5. Conclusions

Our comparative study of different forest types for the secondary communities in the
high-latitude northern regions of China from 2015 to 2021 revealed both similarities and
differences in the changing dynamics of species composition and α-diversity under the
influence of climate change, helping us to understand responses to climate change during
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the restoration process of secondary forests. The temperature and precipitation in the study
area showed an overall upward trend from 2015 to 2021. The importance values of local
coniferous and broadleaf tree species, such as B. platyphylla and L. gmelinii, decreased, while
those of other broadleaf tree species, such as A. ukurunduense and A. tegmentosum, increased.
Moreover, five new tree species were found in the quadrats during the experiment, and
all were broadleaf tree species. The Margalef index, Shannon–Wiener index, and Simpson
index of conifer–broadleaf mixed forests were significantly higher than those of pure forests
in different years, with smaller fluctuations between 2015 and 2021. Although there was
no significant difference in the annual variation of diversity for each secondary forest
community type in the study area from 2015 to 2021, the trend of variation for the three
secondary forest types was different. The diversity showed a further downward trend
for both the pure forest and the broadleaf mixed forest. Our results indicate that the
changing dynamics of tree species composition and diversity for the secondary forests in
northern China in response to climate change is completely different. These findings might
facilitate a favorable succession trend for the secondary communities under the influence of
climate change and improve the positive succession of secondary communities to produce
ecological benefits of high value.
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