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The long-term effects of planting 
and harvesting on secondary forest 
dynamics under climate change in 
northeastern China
Jing Yao1,2, Xingyuan He1,2, Hongshi He1, Wei Chen1, Limin Dai1, Bernard J. Lewis1 & 
Lizhong Yu1,2

Unlike the virgin forest in the Changbaishan Nature Reserve in northeastern China, little research 
on a landscape scale has been conducted on secondary forests in the region under conditions of a 
warming climate. This research was undertaken in the upper Hun River region where the vegetation 
is representative of the typical secondary forest of northeastern China. The spatially explicit forest 
landscape model LANDIS was utilized to simulate the responses of forest restoration dynamics to 
anthropogenic disturbance (planting and harvesting) and evaluate the difference of the restoration 
process under continuation of current climatic conditions and climate warming. The results showed 
that: (1) The interaction of planting and harvesting has organizational scale effects on the forest. The 
combination of planting and harvesting policies has significant effects on the overall forest but not on 
individual species. (2) The area expansion of the historically dominant species Pinus koraiensis is less 
under climate warming than under continuation of current climatic conditions. These suggests that we 
should carefully take historically dominant species as the main focus for forest restoration, especially 
when they are near their natural distribution boundary, because they are probably less capable of 
successfully adapting to climate change.

Most of the secondary forests in the world display sub-optimal ecological functions1,2. Therefore, how to rapidly 
restore the ecological functions of secondary forests is a key issue of forest ecological management3,4. Planting is 
known to be an effective measure to accelerate forest succession5,6 and the dominant species in historical forest 
communities are usually chosen as the main species for afforestation7,8. However, forest restoration to the original 
pre-overexploiting conditions, especially with respect to species composition, can take many years to achieve. 
Some research has shown that secondary forests can rapidly attain many aspects of structure, environment and 
diversity of old-growth forests. However, plant species composition would take much longer to fully recover9. Some 
have posited that the Atlantic Rain forest would take 100–300 years just to reach the animal-dispersed species and 
non-pioneer species levels, while it would take 400 years to reach the endemic levels which exist in mature forests10. 
In the long pathway to restoring secondary forests, many challenges arise due changing environments11,12, and, in 
particular, climate change13,14. The structure of species composition in historical climax communities would likely 
be altered under climate change15–18.

Forest restoration is not only affacted by changing environments, but also anthropogenic disturbance. In gen-
erally, local economies in forest regions are often dependent upon forestry production19,20, especially timber. 
Harvesting, the important ecological supply function of forest, would probably hinder forest restoration, especially 
when it is out of natural bearing capacity21. Therefore the balance between ecologcial restoration and ecological 
supply functions is important for sustainable forest management22,23. The information of how the dynamics of 
forests vary under the interaction between ecologcial restoration and ecological supply functions would help 
forestry policy development24–26.
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In light of the above, the need to understand and predict the long-term dynamics and development of second-
ary forests is urgent. Gap models and landscape models are powerful tools which are used to simulate succession 
of secondary forests under climate change and anthropogenic disturbances. Most research, utilizing models as 
research tools, has focused on such topics as natural succession of secondary forests27–29; effects of planting5,30,31 
or harvesting32–34; or the combinational effects of planting and harvesting35 on secondary forest dynamics without 
considering climate change; or only addressed climate change without considering planting/harvesting28. Relatively 
little research has addressed combinational effects of planting and harvesting on secondary forest dynamics under 
climate change. It is a complex question, given that even the effects of harvesting alone may vary considerably36. 
Bu, et al.20 discussed the tradeoffs between harvesting and planting strategies under possible warming climates 
in the Khingan Mountains of northestern China. However, the different interaction between these strategies on 
different scales, the overall forest scale and individual species scale, still remains unaddressed.

The forests in northeastern China are an important component of the world’s temperate forests. As in other 
temperate forest regions in the world, these forests are experiencing a rapidly changing climate. Although, according 
to the report of the IPCC 2007, the warming record in mid- and high- attitudes is greater than in the tropics, the 
precise trajectory of climate change is uncertain. The restoration strategies applied to secondary temperate forests 
are flexible enough to adapt to this uncertainty. Understanding the individual and interactive effects of different 
strategies on forest dynamics under climate change would help foresters better understand the interaction between 
natural and anthropogenic disturbance and forest dynamics and make more adaptive forest management decisions.

In this study, the simulation of the response of secondary forests to anthropogenic disturbance (planting and 
harvest) under climate change has been carried out in order to examine:

(1) Are forest dynamics under continuation of current climate and climate change different? What’s the differences?
(2) How do planting efficiencies vary under continuation of current climate and climate change? Do they show 

same trend? And what the differences?
(3) Are there interactive effects of harvest and planting on both the overall forest and individual species?

Materials and Methods
The study region. This research was conducted in an area encompassing 2.5 ×  105 ha in the Changbai 
Mountain region of Liaoning province in northeastern China (41°47′52″ ~42°28′25″N, 124°20′06″ ~ 125°28′58″E) 
(Fig. 1). The climate is continental monsoon, with a strong windy spring, a warm and humid summer, and a dry 
and cold winter37. In the past ten years (2000–2010), the mean annual temperature of this region has been 6.7 °C 
and mean annual precipitation 760 mm, with increasing temperature and relatively stable precipitation levels. 
The frost-free period lasts 130 days from the start of October to the end of April and the growing season ranges 
from early April to late September38. Because of forest overexploitation, the focal forest area is a typical temperate 

Figure 1. Location of the upper Hun River region (Generated by ArcGIS 9.0 software using Map of China). 
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secondary forest of the region. As opposed to the Korean pine-broad leaved virgin forest in the Changbaishan 
Nature Reserve, the study area is characterized by mixed forest composed of Pinus koraiensis, Quercus mongol-
ica, Larix olgensis, Pinus tabulaeformis, Pinus densiflora, Pinus sylvestris var. mongolica, Fraxinus rhynchophylla, 
Fraxinus chinensis, Juglans mandshurica, Betula platyphylla, Populus davidiana, Acer pictum subsp. mono, Ulmus 
pumila, Tilia amuresis, Abies nephrolepis, Picea asperata. Planting Pinus koraiensis is the main forest restoration 
strategy of the study area. Harvest is forbidden for public forest and only open to timer including short-rotation 
timer, fast-growing timer, general natural timer and general plantation timer.

Methods
The forest gap model LINKAGES and forest landscape model LANDIS 6.0 were coupled to simulate the natural 
succession of secondary forests in the upper Hun River region and their response to anthropogenic disturbances 
(planting and harvesting) under continuation of current climate and climate warming.

LANDIS 6.0. LANDIS is a spatially explicit, stochastic, raster-based landscape model for simulating forest 
landscape change at large spatial (103–107 ha) and temporal (101–103 years) scales with flexible resolutions (10–
500 m pixel size)39. The model includes three general parts: landscape scale ecological processes (seed dispersal, 
fire and windthrow disturbances, and forest harvesting); environmental data layers (different landtypes represent 
heterogeneous landscapes); and site or plot scale ecological processes (forest succession dynamics for individual 
species that were integrated into landscape models depending on the model purpose and technological limita-
tions)40. The species establishment coefficients (SEC) are critical parameters of plot scale ecological processes in 
LANDIS. They encapsulate the effects of environmental factors such as temperature, precipitation and soil, and 
reflect in a relative sense how different environmental conditions favor a particular species in terms of its estab-
lishment. In LANDIS, all sites on the landscape are stratified by different ecoregions (landtype) which may favor 
certain species over others. In this study SECs were obtained for each species in LINKAGES.

Planting and harvest are two of landscape scale ecological processes designed for forest dynamic simulation 
in LANDIS 6.0. They are simulated across two distinct hierarchies of disturbance intensity and the spatial config-
uration. The spatial configuration of management activity is controlled by the designation of Management Areas 
(MA) in which distinct management activities and intensities can be simulated on the stands within that MA. The 
disturbance intensity is controlled by harvest regimes (Fig. 2). There are six harvest regimes in LANDIS 6.0. The 
“periodic-entry, stand-filling” was chosen in this study. Stand-filling harvest regimes are applied to every site in the 
stand and do not cross stand boundaries. Stands are prioritized for harvest according to one of four user-specified 
ranking algorithms. In this study stand age-oldest stands in a management area are harvested first. Stand age is 
computed as the mean of the oldest cohort on each site within the stand. The harvest mask specifies by species and 
age class which cohorts will be removed when a harvest regime is applied, and it specifies which species, if any, will 
be planted. (http://web.missouri.edu/~umcsnrlandis/umcsnrlandispro/landis6.0pro.htm).

The data depicting initial forest status in this research was obtained from the 2006 forest inventory of the 
Qingyuan County Forestry Bureau. Data included forest composition, species distribution, age structure, slope, 
slope position, and soil type. The landtype in this research was divided into seven components according to slope 
position and aspect :NorthRidge (NR), North Slope (NL), North Slope of valley (NV), South Ridge (SR), South 
Slope(SL), South Slope of valley (SV) and terrace (T) (Fig. 3). All model maps in this research were at a resolution 
of 60 m ×  60 m, which yielded 1320 rows ×  836 columns. Other parameters for species such as age of maturity, 
shade tolerance, maximum seeding distance, and so on were derived from the literature on species of this region41 
and consultation with local experts (Table 1).

Forty-two scenarios were simulated in this research, including natural succession process without anthropo-
genic disturbances; five levels of planting intensity; three levels of selective harvest intensity; and fifteen different 
combinations of the five planting intensity levels and three selective harvest intensity levels under current climate 
and climate change trajectories (Table 2). In the planting scenarios, P. koraiensis was planted under broadleaved 
trees that were greater than 9 years old, since seedlings of P. koraiensis require some degree of shade37,42. In the 
harvesting scenarios, the harvest standard was from National Forest Resources Continuous Inventory Technique 
Formula of China (Table 3). According to planting and harvesting options, the study area was divided into 10 
management areas (Table 4, Appendix 1). All scenarios were simulated up to 300 years to examine how the forest 
succession dynamics affected by different intensities of anthropogenic activities (planting and harvesting) under 
current climate and climate warming over the long run.

LINKAGES. LINKAGES is a derivative of the JABOWA/FORET class of gap models. It simulates long term 
dynamics and structure of forest ecosystems at spot scale, especially the physiological response of individual 
species to environmental change, such as climate change (12-month mean temperature and precipitation) and 
soil variation (e.g., soil water capacity, total carbon, total nitrogen and wilt point)43,44.The difference between the 
SEC for species reflected the different responses of species to climate change. One hundred replications were 
simulated for each of species. Then SEC of each species equals the successful establishments divided by 10027,45. 
(Appendix 2).

The predicted climate used in this research was obtained using the second version of the Canadian Global 
Coupled Model – IPCC B2 (CGCM2 – IPCC B2). We acquired the climate data at point 127.5°E 43°N which was 
closest to our research region for forest gap model simulation. The average annual temperature increase prejected 
at this point over the next 100 years (1990 to 2090) was 4.6 °C and the precipitation variation was <  0.1%.

statistical methods. To examine the effects of different planting intensities on P. koraiensis coverage under 
current climate continuation and climate change, we calculated how many cells (i.e. areal units) of P. koraiensis at 

http://web.missouri.edu/~umcsnrlandis/umcsnrlandispro/landis6.0pro.htm
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Figure 2. Flow chart of the LANDIS harvest module show harvest actions with one LANDIS iteration. 

Figure 3. Land types of the upper Hun River region (Generated by ArcGIS 9.0, WWW. Esri. com).



www.nature.com/scientificreports/

5Scientific RepoRts | 6:18490 | DOI: 10.1038/srep18490

year 300 benefited from P. koraiensis planting under different planting scenarios. The formula for this is: 
= ( − ) ÷ × %PE A A A 100i N j

where PE is planting efficiency; Ai is the area (cell) of P.koraiensis coverage at year 300 under different planting 
intensity scenarios; AN is the area (cell) of P.koraiensis coverage at year 300 in the natural succession scenario 
without any planting and harvesting; and Aj is the overall planting area (cell) in different planting scenarios24.

Species LONG MTR ST FT ED MD VP MVP

Quercus mongolica 350 40 3 5 20 200 0.9 60

Pinus koraiensis 400 40 5 1 50 200 0 0

Populus davidiana 100 8 1 2 − 1 − 1 1 10

Larix olgensis 300 30 1 5 100 400 0 0

Pinus densiflora 200 30 2 1 100 500 0 0

Acer pictum subsp. mono 250 10 4 2 120 350 0.3 50

Juglans mandshurica 250 15 3 4 50 150 0.9 60

Fraxinus chinensis 250 30 3 3 50 150 0.3 80

Fraxinus rhynchophylla 250 30 3 3 50 150 0.3 80

Pinus tabulaeformis 200 30 2 1 100 500 0 0

Pinus sylvestris var. mongolica 250 40 2 2 30 100 0 0

Picea asperata 300 30 5 3 80 150 0 0

Abies nephrolepis 250 40 5 3 80 150 0 0

Betula platyphylla 150 15 1 1 200 4000 0.8 50

Ulmus pumila 250 10 2 4 300 1000 0.3 60

Tilia amuresis 300 30 4 4 50 100 0.9 30

Table 1.  Species’ key attributes for secondary forests in the upstream Hun River in northeastern China. 
Long—longevity (years); MTR—age of maturity (years); ST-shade tolerance class; FT—fire tolerance class;  
ED—effective seeding distance (m); MD—maximum seeding distance (m); VP—vegetative reproduction 
probability; MVP—minimum age of vegetative reproduction (years).

Scenarios PI SHG SHS

N — — —

P1 5% — —

P2 10% — —

P3 30% — —

P4 50% — —

P5 70% — —

P1H1 5% 10% 30%

P1H2 5% 30% 50%

P1H3 5% 50% 70%

P2H1 10% 10% 30%

P2H2 10% 30% 50%

P2H3 10% 50% 70%

P3H1 30% 10% 30%

P3H2 30% 30% 50%

P3H3 30% 50% 70%

P4H1 50% 10% 30%

P4H2 50% 30% 50%

P4H3 50% 50% 70%

P5H1 70% 10% 30%

P5H2 70% 30% 50%

P5H3 70% 50% 70%

Table 2.  The management strategies (planting and harvesting) scenarios simulated by LANDIS 6.0. PI—
Planting intensity of P. koreaiensis. SHG—Selective Harvest intensity for general timber forest. SHS—Selective 
Harvest intensity for short-rotation forest and fast-growing forest. Note: 1. P. koraiensis was planted under 
broadleaved trees that were > 9 years old. 2. Those 21 scenarios are simulated both under current climate and 
climate warming.
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We analyzed the interaction between planting and harvesting on forest composition, and harvest strategies 
effects on individual species utilizing multivariate analysis of variance (MNOVA) in SPSS 18.0.

Results
The response of forestdevelopment to climate change. All species showed different dynamics under 
the climate change scenario in contrast to the current climate scenario (Fig. 4). The area percentages of Q. mon-
golica, P. tabulaeformis and U. pumila were promoted under climate change, while other species were suppressed. 
While the area percentage of Q. mongolica showed a decreasing trend under the current climate scenario, the 
reverse was true under the climate change scenario. Q. mongolica was the dominant species of the study area 
(occupying 44.7%) in the initial state. At year 300, Q. mongolica occupied 30.94% under the current climate 
scenario and 38.74% under the climate change scenario. It still remained the dominant species in the study area, 
despite the lower area percentage at year 300. In contrast, the other major species, P. koraiensis, displayed increas-
ing area percentage trends, from 4.16% in the initial state to 19.53% and 16.63% under current and future climate 
scenarios, respectively. The secondary forest recovered very slowly toward the original broad-leaved Korean pine 
forest.

The effects of planting strategies on forest dynamics. Under both climate scenarios, area percent-
ages of P. koraiensis were enhanced by planting strategies while other species were suppressed to varying degrees 
(Fig. 5). Although area percentages of P. koraiensis in different planting strategies under the climate change sce-
nario were promoted, the increasing degrees were much lower than under the current climate scenario (Fig. 5). 
While Q. mongolica suffered the greatest loss of living space most under the current climate scenario, it was 

Species GN GP FG SR

Quercus mongolica > 80 > 50 — —

Pinus koraiensis > 120 > 80 — > 40

Populus davidiana > 20 > 20 > 20 > 10

Larix olgensis > 100 > 40 > 20 > 20

Pinus densiflora > 100 > 40 — —

Acer pictum subsp. mono > 80 > 50 — > 30

Juglans mandshurica > 80 > 50 — > 20

Fraxinus chinensis > 80 > 50 — > 20

Fraxinus rhynchophylla > 80 > 50 — > 20

Pinus tabulaeformis — — > 40 > 60

Pinus sylvestris var. mongolica > 100 > 40 — > 20

Picea asperata > 120 > 80 — —

Abies nephrolepis > 100 > 40 — —

Betula platyphylla > 60 > 40 > 20 > 10

Ulmus pumila > 60 > 40 — —

Tilia amuresis > 80 > 50 — —

Table 3.  Harvesting standars of species derivated from National Forest Resources Continuous Inventory 
Technique Formula (China). GN—general natural timber; GP—general plantation timber; FG—fast-growing 
timber; SR—short-rotation timber.

Management area
Forest 
type

Forest detail information

Harvest
BT > 9 years 

old
All trees except 

BT > 9 years old

MA1 SR √ Y

MA2 SR √ Y

MA3 FG √ Y

MA4 FG √ Y

MA5 PF √ N

MA6 PF √ N

MA7 GN √ Y

MA8 GN √ Y

MA9 GP √ Y

MA10 GP √ Y

Table 4.  The 10 management areas of this research in LANDIS 6.0. SR—short-rotation timber forest; FG—
fast-growing timber forest; PF—public forest; GN—general natural forest; GP—general plantation forest; BT—
broadleaf tree.
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affected much less under the climate change scenario. Even in the most intensive planting strategy scenario, this 
species lost less than 10% of the area lost without any restoration effort. Area percentages of most species such as 
B. platyphylla, P. sylvestris var. mongolica, P. tabulaeformis, J. mandshurica, F. rhynchophylla, P. densiflora and F. 
chinensis were more suppressed under the current climate than the climate change scenario (Fig. 6).

In year 300 Q. mongolica and P. koraiensis were the most important species occupying most of the space in the 
study area. Under the current climate scenario the area percentages of these two species are nearly the same in 
the planting strategy P1; while under climate change scenario the area percentage of P. koraiensis is slightly higher 
than that for Q. mongolica, even for planting strategy P3 (Fig. 5). For all planting strategies, the area percentages 
of P. koraiensis under the current climate scenario were always higher than those under the climate change sce-
nario (Fig. 5). This was mirrored by the fact that the planting efficiency of P. koraiensis was always higher under 
the current climate scenario (Table 5) , although the trends ( planting efficiencies decreased with the increasing 
planting intensity) were same.

Figure 4. Natural succession dynamics of species in the upper Hun River region under both continuation 
of current climate and climate warming scenarios. 
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The effects of combination strategies on forest dynamics. There were no significant interaction 
effects between planting and harvest strategies on species dynamics at the individual species level (data is not 
shown), but there were significant effects on the overall forest (Table 6). Under the current climate scenario, in 
the combination strategies, the planting strategies had significant effects on most species, with the exception 
of L. olgensis and P. sylvestris var. mongolica; while harvest strategies had no significant effects on most species, 
with the exceptions being Q. mongolica, L. olgensis, P. davidiana, B. platyphylla and U. pumila. Under the climate 
change scenario, planting strategies also had significant effects on most species other than L. olgensis, P. sylvestris 
var. mongolica and F. rhynchophylla; while harvest strategies had significant effects on Q. mongolica, L. olgensis, P. 
davidiana, B. platyphylla, P. tabulaeformis, P. asperata and T. amuresis (Table 7).

Area percentages of Q. mongolica were suppressed in all combination strategies of planting and harvesting, while 
area percentages of P. koraiensis were promoted (Fig. 7). Under the current climate scenario, the area percentage 
of Q. mongolica was nearly equal to that of P. koraiensis in planting strategy P1 and was exceeded by P. koraiensis 
in P1H1. Under the climate change scenario, the area percentage of P. koraiensis in planting strategy P2 remained 
lower than that of Q. mongolica, but in combination strategy P2H3, it exceeded that of Q. mongolica.

Figure 5. Responses of main species in the upper Hun River region to planting strategies under both 
continuation of current climate and climate warming scenarios. 
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Figure 6. Responses of other species in the upper Hun River region to planting strategies under both 
continuation of current climate and climate warming scenarios. 

Scenarios Planting Intensity(%)

Area Percentage at 
Year 300 (%)

Area Percentage 
Increase (%)

Planting 
Efficiency

CC CW CC CW CC CW

P1 5 27.87 21.81 8.34 5.18 3.6 2.23

P2 10 35.99 26.40 16.46 9.77 3.54 2.11

P3 30 56.63 37.99 37.10 21.36 2.67 1.53

P4 50 69.76 45.32 50.23 28.69 2.17 1.24

P5 70 77.14 49.23 57.61 32.60 1.77 1.00

Table 5.  Panting efficiency of P. koraiensis in different planting intensity under current climate and climate 
warming at year 300. CC—Current Climate; CW—Climate Warming.
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Effect

Pliiai’s Wilks’ Lambda Hotlling’s Trace Roy’s Largest Root

CC CW CC CW CC CW CC CW

Value 0.164 0.775 0.836 0.419 0.196 0.985 0.196 0.448

Sig. < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Table 6.  The interaction between planting and harvesting on forest composition. CC—Current Climate; 
CW—Climate Warming.

Dependent variables

Level 2 vs. level 1 Level 3 vs. level 1

Current climate Climate change Current climate Climate change

Contrast 
Estimate Sig.

Contrast 
Estimate Sig.

Contrast 
Estimate Sig.

Contrast 
Estimate Sig.

Pinus koraiensis − 0.627 0.690 − 0.053 0.957 − 0.648 0.680 − 0.053 0.957

Pinus tabulaeformis 0.065 0.545 − 0.100 0.258 0.148 0.167 − 0.100 0.258

Pinus densiflora 0.150 0.467 − 0.014 0.500 0.049 0.020 − 0.014 0.500

Pinus sylvestris var. mongolica − 0.020 0.366 − 0.016 0.447 − 0.017 0.442 − 0.016 0.447

Larix olgensis − 2.127 0.087 − 1.952 0.116 − 4.252 0.001 − 1.952 0.116

Picea asperata 0.008 0.949 0.086 0.001 0.047 0.711 0.086 0.001

Abies nephrolepis 6.452E-5 0.993 − 0.001 0.160 − 0.009 0.219 − 0.001 0.160

Populus davidiana 1.548 < 0.001 1.971 < 0.001 3.847 < 0.001 1.971 < 0.001

Betula platyphylla 0.054 0.220 0.101 0.081 0.145 0.001 0.101 0.081

Ulmus pumila 0.493 0.018 0.225 0.531 0.961 < 0.001 0.225 0.531

Fraxinus chinensis 0.003 0.819 − 0.018 0.201 0.014 0.358 − 0.018 0.201

Fraxinus rhynchophylla − 0.003 0.942 − 0.026 0.547 0.008 0.857 − 0.026 0.547

Juglans mandshurica 0.022 0.723 − 0.036 0.557 0.086 0.172 − 0.036 0.557

Quercus mongolica − 0.567 0.555 − 1.289 0.001 − 3.156 0.001 − 1.289 0.001

Acer pictum subsp. mono 0.053 0.830 0.031 0.832 0.065 0.792 0.031 0.832

Tilia amuresis 0.004 0.771 0.002 0.799 0.028 0.024 0.002 0.799

Table 7.  Contrast estimate of effects of different harvest intensity on area percentage of species for 
individual species. Level1: selectively harvesting 10% of general timber forest and 30% of other timber forest. 
Level2: selectively harvesting 30% of general timber forest and 50% of other timber forest. Level3: selectively 
harvesting 50% of general timber forest and 70% of other timber forest.

Figure 7. Responses of Pinus koraiensis and Quercus mongolica to combination strategies under both 
continuation of current climate and climate warming scenarios. 
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Discussion
Biogeographic effects on the response of forest succession to climate warming. Climate change 
will inevitably have an impact on forest succession dynamics due to the very close relationship between forest 
structure/composition and climate46–48. Although forest succession rates and pathways would likely be affected 
by climate change for species-specific responses to environmental variability46,49–51, such responses would obvi-
ously vary. A few researchers have compared rates or pathways of secondary succession across broad climate 
gradients. Some demonstrated that the succession of forests in more mesic regions is more rapid than in more 
arid regions52–54. Prach, et al.55 found that in the Czech Republic, mean annual change in dominant species cover 
during the first 12 years of succession increased dramatically with decreasing precipitation and increasing tem-
perature. In our research, the area of historically dominant species increased more slowly under projected climate 
change (increasing temperature and non-significant change in precipitation) than it did under continuation of 
current climate. Thus we can conclude that increasing precipitation or increasing temperature is not necessarily 
good for a species. We infer that the biogeography factor probably counts a lot. If the species is at the edge of 
its distribution area, it would be sensitive to climate variations (temperatrue and precipitation), and thus the 
succession trajectories in these areas would be substantially affected under climate change. On the other hand, 
in the central regions of a species’ distribution, the varied climate is always within the scope of species’ adaptive 
capacities to climate change, so forest succession trajectories are less affected and would likely be in the range 
of the natural variability domain. For example, in the Northern Hemisphere, when temperature is the critical 
factor for vegetation and the dominant species is distributed at the northern edge or middle of its natural range, 
increasing temperature would promote growth of the original dominant species and consequently promote forest 
succession56,57. If the dominant species is at the southern edge of its natural range, the species would probably shift 
northward and the pathway of forest succession in the original area would change58,59. In our case, the historically 
dominant species P. koraiensis and the currently dominant species Q. mongolica show different responses to cli-
mate change. The latter seems more adaptive to a changing climate than does P. koraiensis. This result is consistent 
with findings of previous research in the Changbai Nature Reserve and Qingyuan Forest Ecosystem Experiment 
Station, which is located in our study area27,60. Oak is considered to be a drought- and heat-tolerant species, so it 
would adapt to the warmer and drier climate in the future, while P. koraiensis favors a cooler climate. Our study 
area is located in eastern Liaoning province, which is close to the southern edge of P. koraiensis’ distribution and 
in the central region of Q. mongolica’s distribution. In this light, P. koraiensis would be more sensitive to climate 
change in our study area, while Q. mongolica would better adapt to a change in climate. Thus forest succession 
toward a historical climax community would probably be delayed or even deviate from its historical trajectory.

Planting effeciency is affected by the change of species’ fundamental and realized niches. In 
the climate warming scenario, the trend for planting efficiency of P. koraiensis is lower (Table 5). Our results sug-
gest that the species chosen for ecological restoration according to the historical climax forest community will 
probably not successfully adapt to the changed environment. Numerous research has shown that species adapted 
to cooler climate are not adapted to the warmer climate. Also, Species adaptation to environmental change is 
affected not only by inherent adaptive capacity, but also by many other factors, such as competition, extent of 
species dispersal , anthropogenic disturbance and other interactions among organisms. Environmental changes 
may induce changes of fundamental niche and the realized niche of species and species assemblages may not shift 
in unison. In our study, given the difference in P. koraiensis’ planting effeciency between different climate scenar-
ios, we infer that the fundamental and realized niches of P. koraiensis change under the climate change scenario. 
There are probably two reasons for this: (1) The adaptive capacity changes because of the changed environment. 
The southern boundary of P. koraiensis’ original distribution is 40°45′N and the species favors a cooler climate61,62. 
It is projected to move northward in the Northern Hemisphere under climate change62,63. (2) Interspecific com-
petition changes. Under the warmer climate scenario, the spread of P. koraiensis is suppressed, while that of Q. 
Mongolica is enhanced (Fig. 4). This suggests that the relative competitiveness of P. koraiensis decreases61,64. The 
change of the relative competitiveness between P. koraiensis and Q. mongolic indicates that the niches of species 
assemblage do not shift in unison and the change in their realized niches is induced by both the change of basic 
niches and the change in competition.

Although the species assemblage in our study area evolves slowly towards the historical climax community, 
there are still two key points that should be noted. First, at the present stage the realized niche of P. koraiensis is 
narrow. Due to anthropogenic disturbance, there is a lack of seed source and thus the spread of P. koraiensis is 
limited. Secondly, planting is an effective measure for assisting focal species in area expansion, which is good for 
the spread of species’ realized niches. However, if the fundamental niche shrinks due to environmental change, the 
expansion of realized niches via expanding the seed source artificially (e.g., via planting) would likely be counter 
to the natural development trend and induce low efficiency. In this light, research on shifts in species’ fundamental 
niches under environmental change is essential for ecological restoration. Expanding realized niches of dominant 
species of historical climax communities without sound reasons would probably work against natural successional 
processes and the principle of economy and high efficiency in forest management.

The response of forest dynamics to timber harvesting. Harvesting is one of the key components of 
sustainable forest management.It is both one of methods of providing ecological services from forests but can also 
be the cause of forest degradation, which depends on the balance between harvest intensity and forest ecological 
capacity. Most research has focused on the response of community dynamics to different harvesting intensities 
and explored which level of harvesting would best contribute to sustainable forest management. Some studies 
have investigated forest responses to different harvesting intensities under different climate scenarios20. In our 
research, the response of forest dynamics to harvesting and combined planting-harvesting policies under contin-
uation of current climate and warming climate scenarios are discussed.
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(1) Organizational scale effect. In our study, the combination of planting and harvesting had significant effects 
on the overall forest but not on the individual species (Table 6). Scale effects may be temporal, spatial, or 
organizational in nature. At present, the former two have received much more attention than the latter65. 
Organizational scale effects are always context dependent. Peckarsky, et al.66 found that large scale patterns of 
distribution and abundance of organisms sometimes deviate from those expected from patterns of individual 
behavior and hypothesized that such discrepancies are often due to multiple confounding factors, including 
abiotic disturbances, that have effects on populations and communities at larger scales. Herben and Goldberg67 
showed that changes in community-wide trait means can have large effects on diversity for a given degree 
of dispersion even if the relationship between dispersion and diversity doesn’t change, because the effect of 
changes in value of a given trait depends on the values of other traits, both for an individual species and for 
other species in the community. In our research, the different responses of the overall forest and individual 
species to the combination policy of planting and harvesting are also context dependent. They depend on the 
intensity of policy elements, forest composition, forest structure, and so on36,65.

(2) Warming climate affects species adaptation, which induces the different responses of species to harvesting68. 
Some species display no significant responses to harvesting under the continuation of current climate scenario, 
but are more sensitive to harvesting under warming climate conditions (Table 8). These include B. platyphylla, 
Q. mongolica, T. amuresis and P. asperata. It is evident here that, under the warming climate scenario, the trends 
in area variation of these species are suppressed, while that of Q. mongolicais enhanced. In this light, the reason 
for the change of species sensitivity to harvesting likely arises from the relationship between the extent of the 
area change for a species and the unchanging harvest intensity.

Conclusion
Species with different geographical distributions are differentially affected by climate change, as are species assem-
blages of the same flora in different geographic localities. These effects are reflected in fundamental and realized 
niches of historically dominant species and the resulting changes in competition triggered by a changing climate. 
As a result, the direction and path of forest succession and forest restoration would probably deviate from the 
historical track if historically dominant species are close to or at the boundary of their distributions, since they are 
more sensitive to environmental changes. In this research, the historically dominant species P. koraiensisis close 
to its southern distributional boundary and displays decreasing competitiveness, as reflected to some degree in 
decreasing trends in area expansion and planting efficiency. This leads to a caveat: we should pay attention to 
geographical distributions and shifts in the fundamental niches of species, when we choose a species for forest 
restoration, especially under climate change.

The balance between forest restoration and harvesting is crucial to ecological protection and human well-being. 
Given that the interaction between planting and harvesting of forests has organizational scale effects, exploring the 
impacts of harvesting on forest restoration dynamics at multi-scale levels would benefit the sustainable develop-
ment of forest ecosystems at a time when the future pathway of the planet’s climate has become an urgent concern.

References
1. Bihn, J. H., Gebauer, G. & Brandl, R. Loss of functional diversity of ant assemblages in secondary tropical forests. Ecology 91, 782–792, 

doi: 10.1890/08-1276.1 (2010).

Species

Type III Sum of 
Squares F Sig.

CC CW CC CW CC CW

Pinus koraiensis 0.28 27.929 0.000 0.190 0.990 0.827

Pinus tabulaeformis 1.076 3.948 1.225 3.267 0.269 0.039

Pinus densiflora 0.071 0.015 2.102 0.241 0.148 0.786

Pinus sylvestris var. mongolica 0.006 0.021 0.164 0.301 0.686 0.740

Larix olgensis 364.19 1201.998 3.068 5.058 0.081 0.007

Picea asperata 0.050 1.611 0.041 15.863 0.840 < 0.001

Abies nephrolepis 0.002 0.000 0.470 1.582 0.490 0.207

Populus davidiana 361.468 1770.470 89.346 132.993 < 0.001 < 0.001

Betula platyphylla 0.652 3.976 4.346 7.767 0.038 < 0.001

Ulmus pumila 24.840 22.714 7.530 1.144 0.006 0.319

Fraxinus chinensis 0.000 0.073 0.008 2.382 0.928 0.094

Fraxinus rhynchophylla 0.002 0.112 0.011 0.376 0.918 0.687

Juglans mandshurica 0.013 0.496 0.043 0.839 0.836 0.433

Quercus mongolica 450.840 1741.727 6.242 77.955 0.013 < 0.001

Acer pictum subsp. mono 0.450 0.240 0.097 0.074 0.755 0.929

Tilia amuresis 0.016 0.064 1.314 6.732 0.252 0.001

Table 8.  Responses of individual species to harvesting under current climate and climate change 
(warming). CC—Current Climate; CW—Climate Change (Warming).



www.nature.com/scientificreports/

13Scientific RepoRts | 6:18490 | DOI: 10.1038/srep18490

2. Ibanez, T., Curt, T. & Hely, C. Low tolerance of New Caledonian secondary forest species to savanna fires. J Veg Sci 24, 177–188, doi: 
10.1111/j.1654-1103.2012.01448.x (2013).

3. Gomez-Aparicio, L. et al. Applying plant facilitation to forest restoration: A meta-analysis of the use of shrubs as nurse plants. Ecol 
Appl 14, 1128–1138, doi: 10.1890/03-5084 (2004).

4. Campoe, O. C., Stape, J. L. & Mendes, J. C. T. Can intensive management accelerate the restoration of Brazil’s Atlantic forests? For 
Ecol Manage 259, 1808–1814, doi: 10.1016/j.foreco.2009.06.026 (2010).

5. Wang, X. G. et al. Simulating the effects of reforestation on a large catastrophic fire burned landscape in Northeastern China. For Ecol 
Manage 225, 82–93, doi: 10.1016/j.foreco.2005.12.029 (2006).

6. Weaver, P. L. & Schwagerl, J. J. Secondary Forest Succession and Tree Planting at the Laguna Cartagena and Cabo Rojo Wildlife 
Refuges in Southwestern Puerto Rico. Ambio 37, 598–603 (2008).

7. Ravenscroft, C., Scheller, R. M., Mladenoff, D. J. & White, M. A. Forest restoration in a mixed-ownership landscape under climate 
change. Ecol Appl 20, 327–346, doi: 10.1890/08-1698.1 (2010).

8. Hiltbrunner, D., Zimmermann, S. & Hagedorn, F. Afforestation with Norway spruce on a subalpine pasture alters carbon dynamics 
but only moderately affects soil carbon storage. Biogeochemistry 115, 251–266, doi: 10.1007/s10533-013-9832-6 (2013).

9. Dent, D. H. & Wright, S. J. The future of tropical species in secondary forests: A quantitative review. Biol Conserv 142, 2833–2843, 
doi: 10.1016/j.biocon.2009.05.035 (2009).

10. Liebsch, D., Marques, M. C. M. & Goldenbeg, R. How long does the Atlantic Rain Forest take to recover after a disturbance? Changes 
in species composition and ecological features during secondary succession. Biol Conserv 141, 1717–1725, doi: 10.1016/j.
biocon.2008.04.013 (2008).

11. Fahrig, L. Effects of habitat fragmentation on biodiversity. Annual Review of Ecology Evolution and Systematics 34, 487–515, doi: 
10.1146/annurev.ecolsys.34.011802.132419 (2003).

12. Koomen, E., Opdam, P. & Steingröver, E. Adapting complex multi-level landscape systems to climate change. Landsc Ecol 27, 469–471, 
doi: 10.1007/s10980-012-9721-8 (2012).

13. Evans, A. M. & Perschel, R. A review of forestry mitigation and adaptation strategies in the Northeast US. Climatic Change 96, 
167–183, doi: 10.1007/s10584-009-9569-3 (2009).

14. Sykes, M. T. & Prentice, I. C. Climate change, tree species distributions and forest dynamics: A case study in the mixed conifer northern 
hardwoods zone of northern Europe. Climatic Change 34, 161–177 (1996).

15. Millar, C. I., Stephenson, N. L. & Stephens, S. L. Climate change and forests of the future: Managing in the face of uncertainty. Ecol 
Appl 17, 2145–2151, doi: 10.1890/06-1715.1 (2007).

16. Milad, M., Schaich, H., Burgi, M. & Konold, W. Climate change and nature conservation in Central European forests: A review of 
consequences, concepts and challenges. For Ecol Manage 261, 829–843, doi: 10.1016/j.foreco.2010.10.038 (2011).

17. Chapman, C. A. et al. Tropical tree community shifts: Implications for wildlife conservation. Biol Conserv 143, 366–374, doi: 10.1016/j.
biocon.2009.10.023 (2010).

18. Bellot, J., Maestre, F. T., Chirino, E., Hernandez, N. & de Urbina, J. O. Afforestation with Pinus halepensis reduces native shrub 
performance in a Mediterranean semiarid area. Acta Oecol 25, 7–15, doi: 10.1016/j.actao.2003.10.001 (2004).

19. Wang, F. G. et al. Multimodel simulations of forest harvesting effects on long-term productivity and CN cycling in aspen forests. Ecol 
Appl 24, 1374–1389 (2014).

20. Bu, R., He, H. S., Hu, Y. M., Chang, Y. & Larsen, D. R. Using the LANDIS model to evaluate forest harvesting and planting strategies 
under possible warming climates in Northeastern China. For Ecol Manage 254, 407–419, doi: 10.1016/j.foreco.2007.09.080 (2008).

21. Lamb, D., Erskine, P. D. & Parrotta, J. A. Restoration of degraded tropical forest landscapes. Science 310, 1628–1632, doi: 10.1126/
science.1111773 (2005).

22. Wu, J. G. Landscape sustainability science: ecosystem services and human well-being in changing landscapes. Landsc Ecol 28, 
999–1023, doi: 10.1007/s10980-013-9894-9 (2013).

23. Craig, A. & Macdonald, S. E. Threshold effects of variable retention harvesting on understory plant communities in the boreal 
mixedwood forest. For Ecol Manage 258, 2619–2627, doi: 10.1016/j.foreco.2009.09.019 (2009).

24. Yao, J. et al. Influence of Forest Management Regimes on Forest Dynamics in the Upstream Region of the Hun River in Northeastern 
China. Plos One 7, doi: 10.1371/journal.pone.0039058 (2012).

25. Mehta, S., Frelich, L. E., Jones, M. T. & Manolis, J. Examining the effects of alternative management strategies on landscape-scale 
forest patterns in northeastern Minnesota using LANDIS. Ecol Modell 180, 73–87, doi: 10.1016/j.ecolmodel.2004.01.019 (2004).

26. Zollner, P. A., Roberts, L. J., Gustafson, E. J., He, H. S. & Radeloff, V. Influence of forest planning alternatives on landscape pattern 
and ecosystem processes in northern Wisconsin, USA. For Ecol Manage 254, 429–444, doi: 10.1016/j.foreco.2007.07.038 (2008).

27. He, H. S. et al. Simulating forest ecosystem response to climate warming incorporating spatial effects in north-eastern China. J 
Biogeogr 32, 2043–2056, doi: 10.1111/j.1365-2699.2005.01353.x (2005).

28. Leng, W. F. et al. Predicting the distributions of suitable habitat for three larch species under climate warming in Northeastern China. 
For Ecol Manage 254, 420–428, doi: 10.1016/j.foreco.2007.08.031 (2008).

29. Pennanen, J. & Kuuluvainen, T. A spatial simulation approach to natural forest landscape dynamics in boreal Fennoscandia. For Ecol 
Manage 164, 157–175 (2002).

30. Shinneman, D. J., Cornett, M. W. & Palik, B. J. Simulating restoration strategies for a southern boreal forest landscape with complex 
land ownership patterns. For Ecol Manage 259, 446–458, doi: 10.1016/j.foreco.2009.10.042 (2010).

31. Xi, W. M. et al. Landscape modeling for forest restoration planning and assessment: Lessons from the southern Appalachian 
Mountains. J Forest 106, 191–197 (2008).

32. Radeloff, V. C. et al. Modeling forest harvesting effects on landscape pattern in the Northwest Wisconsin Pine Barrens. For Ecol 
Manage 236, 113–126, doi: 10.1016/j.foreco.2006.09.007 (2006).

33. Scheller, R. M., Hua, D., Bolstad, P. V., Birdsey, R. A. & Mladenoff, D. J. The effects of forest harvest intensity in combination with 
wind disturbance on carbon dynamics in Lake States Mesic Forests. Ecol Modell 222, 144–153, doi: 10.1016/j.ecolmodel.2010.09.009 
(2011).

34. Shifley, S. R., Thompson, F. R., Dijak, W. D., Larson, M. A. & Millspaugh, J. J. Simulated effects of forest management alternatives on 
landscape structure and habitat suitability in the Midwestern United States. For Ecol Manage 229, 361–377, doi: 10.1016/j.
foreco.2006.04.030 (2006).

35. Zhang, Y. J., He, H. S., Shifley, S. R., Yang, J. A. & Palik, B. J. Evaluating the effects of alternative forest management plans under various 
physiographic settings using historical records as a reference. J Environ Manage 92, 1618–1627, doi: 10.1016/j.jenvman.2011.01.021 
(2011).

36. Yosi, C. K., Keenan, R. J. & Fox, J. C. Forest dynamics after selective timber harvesting in Papua New Guinea. For Ecol Manage 262, 
895–905, doi: 10.1016/j.foreco.2011.06.007 (2011).

37. Zhu, J. J., Wang, K., Sun, Y. R. & Yan, Q. L. Response of Pinus koraiensis seedling growth to different light conditions based on the 
assessment of photosynthesis in current and one-year-old needles. Journal of Forestry Research 25, 53–62, doi: 10.1007/s11676-014-
0432-7 (2014).

38. Zhang, M., Zhu, J. J., Li, M. C., Zhang, G. Q. & Yan, Q. L. Different light acclimation strategies of two coexisting tree species seedlings 
in a temperate secondary forest along five natural light levels. For Ecol Manage 306, 234–242, doi: 10.1016/j.foreco.2013.06.031 (2013).

39. He, H. S., Mladenoff, D. J. & Boeder, J. An object-oriented forest landscape model and its representation of tree species. Ecol Modell 
119, 1–19 (1999).



www.nature.com/scientificreports/

1 4Scientific RepoRts | 6:18490 | DOI: 10.1038/srep18490

40. He, H. S. & Mladenoff, D. J. Spatially explicit and stochastic simulation of forest-landscape fire disturbance and succession. Ecology 
80, 81–99 (1999).

41. Wang, X. G., He, H. S. & Li, X. Z. The long-term effects of fire suppression and reforestation on a forest landscape in Northeastern 
China after a catastrophic wildfire. Landscape and Urban Planning 79, 84–95, doi: 10.1016/j.landurbplan.2006.03.010 (2007).

42. Li, J. & Li & J. Regeneration and restoration of broad-leaved Korean pine forests in Lesser Xing’an Mountains of Northest China. Acta 
ecologica sinica 23, 1268–1277 (2003).

43. Ranatunga, K., Keenan, R. J., Wullschleger, S. D., Post, W. A. & Tharp, M. L. Effects of harvest management practices on forest biomass 
and soil carbon in eucalypt forests in New South Wales, Australia: Simulations with the forest succession model LINKAGES. For Ecol 
Manage 255, 2407–2415, doi: 10.1016/j.foreco.2008.01.002 (2008).

44. Hao, Z. Q., Dai, L. M. & He, H. S. Potential response ofmajor tree species to climate warming in Changbai Mountain, Northeast 
China. Chin J Appl Ecol 12, 653–658 (2001).

45. Scheller, R. M. & Mladenoff, D. J. A spatially interactive simulation of climate change, harvesting, wind, and tree species migration 
and projected changes to forest composition and biomass in northern Wisconsin, USA. Glob Change Biol 11, 307–321, doi: 
10.1111/j.1365-2486.2005.00906.x (2005).

46. Huo, C. F., Cheng, G. W., Lu, X. Y. & Fan, J. H. Simulating the effects of climate change on forest dynamics on Gongga Mountain, 
Southwest China. J Forest Res-Jpn 15, 176–185, doi: 10.1007/s10310-009-0173-1 (2010).

47. Bonan, G. B. Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science 320, 1444–1449, doi: 10.1126/
science.1155121 (2008).

48. Ruiz-Labourdette, D., Nogues-Bravo, D., Ollero, H. S., Schmitz, M. F. & Pineda, F. D. Forest composition in Mediterranean mountains 
is projected to shift along the entire elevational gradient under climate change. J Biogeogr 39, 162–176, doi: 10.1111/j.1365- 
2699.2011.02592.x (2012).

49. Kellomaki, S. & Vaisanen, H. Modelling the dynamics of the forest ecosystem for climate change studies in the boreal conditions. 
Ecol Modell 97, 121–140, doi: 10.1016/s0304-3800(96)00081-6 (1997).

50. Drobyshev, I., Gewehr, S., Berninger, F. & Bergeron, Y. Species specific growth responses of black spruce and trembling aspen may 
enhance resilience of boreal forest to climate change. Journal of Ecology 101, 231–242, doi: 10.1111/1365-2745.12007 (2013).

51. Ganatsas, P., Daskalakou, E. & Paitaridou, D. First results on early post-fire succession in an Abies cephalonica forest (Parnitha 
National Park, Greece). Iforest-Biogeosciences and Forestry 5, 6–12, doi: 10.3832/ifor0600-008 (2012).

52. Yang, Z. Q., Cohen, W. B. & Harmon, M. E. Modeling early forest succession following clear-cutting in western Oregon. Can J Forest 
Res 35, 1889–1900, doi: 10.1139/x05-132 (2005).

53. Donnegan, J. A. & Rebertus, A. J. Rates and mechanisms of subalpine forest succession along an environmental gradient. Ecology 80, 
1370–1384, doi: 10.2307/177081 (1999).

54. Romme, W. H. & Knight, D. H. Fire frequency and subalpine forest succession along a topographic gradient in wyoming. Ecology 
62, 319–326, doi: 10.2307/1936706 (1981).

55. Prach, K., Pysek, P. & Jarosik, V. Climate and pH as determinants of vegetation succession in Central European man-made habitats. 
J Veg Sci 18, 701–710, doi: 10.1111/j.1654-1103.2007.tb02584.x (2007).

56. Iverson, L. R. & McKenzie, D. Tree-species range shifts in a changing climate: detecting, modeling, assisting. Landsc Ecol 28, 879–889, 
doi: 10.1007/s10980-013-9885-x (2013).

57. Davis, M. B. & Shaw, R. G. Range shifts and adaptive responses to Quaternary climate change. Science 292, 673–679, doi: 10.1126/
science.292.5517.673 (2001).

58. Iverson, L. R., Schwartz, M. W. & Prasad, A. M. How fast and far might tree species migrate in the eastern United States due to climate 
change? Global Ecol Biogeogr 13, 209–219 (2004).

59. Allen, C. D. et al. A global overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests. For 
Ecol Manage 259, 660–684, doi: 10.1016/j.foreco.2009.09.001 (2010).

60. Wu, J. et al. Effects of precipitation and interspecific competition on Quercus mongolica and Pinus koraiensis seedlings growth. Chin 
J Appl Ecol 20, 235–240 (2009).

61. Zhang, J. L., Zhou, Y., Zhou, G. S. & Xiao, C. W. Composition and Structure of Pinus koraiensis Mixed Forest Respond to Spatial 
Climatic Changes. Plos One 9, doi: 10.1371/journal.pone.0097192 (2014).

62. Wang, H., Shao, X. M., Jiang, Y., Fang, X. Q. & Wu, S. H. The impacts of climate change on the radial growth of Pinus koraiensis along 
elevations of Changbai Mountain in northeastern China. For Ecol Manage 289, 333–340, doi: 10.1016/j.foreco.2012.10.023 (2013).

63. Chen, X. W., Zhou, G. S. & Zhang, X. S. Spatial characteristics and change for tree species along the North East China Transect 
(NECT). Plant Ecol 164, 65–74, doi: 10.1023/a:1021241818362 (2003).

64. Prasad, A. M., Gardiner, J. D., Iverson, L. R., Matthews, S. N. & Peters, M. Exploring tree species colonization potentials using a 
spatially explicit simulation model: implications for four oaks under climate change. Glob Change Biol 19, 2196–2208, doi: 10.1111/
gcb.12204 (2013).

65. Man, R. Z., Rice, J. A. & MacDonald, G. B. Long-term response of planted conifers, natural regeneration, and vegetation to harvesting, 
scalping, and weeding on a boreal mixedwood site. For Ecol Manage 258, 1225–1234, doi: 10.1016/j.foreco.2009.06.012 (2009).

66. Peckarsky, B. L., Cooper, S. D. & McIntosh, A. R. Extrapolating from individual behavior to populations and communities in streams. 
J N Am Benthol Soc 16, 375–390, doi: 10.2307/1468025 (1997).

67. Herben, T. & Goldberg, D. E. Community assembly by limiting similarity vs. competitive hierarchies: testing the consequences of 
dispersion of individual traits. Journal of Ecology 102, 156–166, doi: 10.1111/1365-2745.12181 (2014).

68. Lawson, S. S. & Michler, C. H. Afforestation, restoration and regeneration - Not all trees are created equal. Journal of Forestry Research 
25, 3–20, doi: 10.1007/s11676-014-0426-5 (2014).

Acknowledgements
Funding for this study was provided by the Major Science & Technology program of China (No. 2012ZX07202-
008), and the National Natural Science Foundation of China ( No. 41401207).

Author Contributions
Conceived and designed the experiments: J.Y. and X.H. Performed the experiments: J.Y. Analyzed the data: J.Y. 
Contributed reagents/materials/analysis tools: J.Y., W.C., H.H., L.Y. and L.D. Wrote the paper: J.Y. and B.J.L.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Yao, J. et al. The long-term effects of planting and harvesting on secondary forest 
dynamics under climate change in northeastern China. Sci. Rep. 6, 18490; doi: 10.1038/srep18490 (2016).



www.nature.com/scientificreports/

1 5Scientific RepoRts | 6:18490 | DOI: 10.1038/srep18490

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	The long-term effects of planting and harvesting on secondary forest dynamics under climate change in northeastern China
	Materials and Methods
	The study region. 

	Methods
	LANDIS 6.0. 
	LINKAGES. 
	statistical methods. 

	Results
	The response of forestdevelopment to climate change. 
	The effects of planting strategies on forest dynamics. 
	The effects of combination strategies on forest dynamics. 

	Discussion
	Biogeographic effects on the response of forest succession to climate warming. 
	Planting effeciency is affected by the change of species’ fundamental and realized niches. 
	The response of forest dynamics to timber harvesting. 

	Conclusion
	Acknowledgements
	Author Contributions
	Figure 1.  Location of the upper Hun River region (Generated by ArcGIS 9.
	Figure 2.  Flow chart of the LANDIS harvest module show harvest actions with one LANDIS iteration.
	Figure 3.  Land types of the upper Hun River region (Generated by ArcGIS 9.
	Figure 4.  Natural succession dynamics of species in the upper Hun River region under both continuation of current climate and climate warming scenarios.
	Figure 5.  Responses of main species in the upper Hun River region to planting strategies under both continuation of current climate and climate warming scenarios.
	Figure 6.  Responses of other species in the upper Hun River region to planting strategies under both continuation of current climate and climate warming scenarios.
	Figure 7.  Responses of Pinus koraiensis and Quercus mongolica to combination strategies under both continuation of current climate and climate warming scenarios.
	Table 1.   Species’ key attributes for secondary forests in the upstream Hun River in northeastern China.
	Table 2.   The management strategies (planting and harvesting) scenarios simulated by LANDIS 6.
	Table 3.   Harvesting standars of species derivated from National Forest Resources Continuous Inventory Technique Formula (China).
	Table 4.   The 10 management areas of this research in LANDIS 6.
	Table 5.   Panting efficiency of P.
	Table 6.   The interaction between planting and harvesting on forest composition.
	Table 7.   Contrast estimate of effects of different harvest intensity on area percentage of species for individual species.
	Table 8.   Responses of individual species to harvesting under current climate and climate change (warming).



 
    
       
          application/pdf
          
             
                The long-term effects of planting and harvesting on secondary forest dynamics under climate change in northeastern China
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18490
            
         
          
             
                Jing Yao
                Xingyuan He
                Hongshi He
                Wei Chen
                Limin Dai
                Bernard J. Lewis
                Lizhong Yu
            
         
          doi:10.1038/srep18490
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep18490
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep18490
            
         
      
       
          
          
          
             
                doi:10.1038/srep18490
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18490
            
         
          
          
      
       
       
          True
      
   




