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Abstract: Proactive managements, such as the resistant and the adaptive treatments, have been
proposed to cope with the uncertainties of future climates. However, quantifying the uncertainties
of forest response to proactive managements is challenging. Korean pine is an ecologically and
economically important tree species in the temperate forests of Northeast China. Its dominance
has evidently decreased due to excessive harvesting in the past decades. Understanding the
responses of Korean pine to proactive managements under the future climates is important. In this
study, we evaluated the range of responses of Korean pine to proactive managements under
Representative Concentration Pathway (RCP) 8.5 scenarios from four General Circulation Models
(GCMs). We coupled an ecosystem process-based model, LINKAGES, and a forest landscape model,
LANDIS PRO, to simulate scenarios of management and climate change combinations. Our results
showed that the resistant and the adaptive treatment scenarios increased Korean pine importance
(by 14.2% and 42.9% in importance value), dominance (biomass increased by 9.2% and 25.5%), and
regeneration (abundance <10 years old increased by 286.6% and 841.2%) throughout the simulation.
Results indicated that proactive managements promoted the adaptability of Korean pine to climate
change. Our results showed that the variations of Korean pine response to climate change increased
(ranging from 0% to 5.8% for importance value, 0% to 4.3% for biomass, and 0% to 85.4% for
abundance) throughout the simulation across management scenarios. Our result showed that
regeneration dictated the uncertainties of Korean pine response to climate change with a lag effect.
We found that the effects of proactive managements were site-specific, which was probably influenced
by the competition between Korean pine and the rare and protected broadleaf tree species. We also
found that the adaptive treatment was more likely to prompt Korean pine to migrate into its suitable
habitats and promoted it to better cope with climate change. Thus, the adaptive treatment is proposed
for Korean pine restoration under future climates.

Keywords: proactive managements; resistant treatment; adaptive treatment; uncertainties; Korean
pine; forest landscape model
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1. Introduction

The leading edge of tree species limited by temperature are expected to migrate poleward and
upward under warming change [1-4]. Species unsuitable for future climate could extirpate from current
distribution, and forest composition might include new tree species adaptive to future climate [5,6].
Increasing evidence suggests that tree species may fail to keep up with the rate of climate change
owing to their limited dispersal capacity and long regeneration cycle [7-9].

Management could hinder or reinforce the transition of forest composition in accordance with
various objectives in the face of climate change [10,11]. Proactive managements, such as the resistant
and the adaptive treatments, have been proposed to mediate the effects of future climates [10,12,13].
The resistant treatment reduces the occurrence of management to maintain existing forest composition,
whereas the adaptive treatment increases the occurrence of management to promote species turnover [10,
14]. Generally, thinning releases growing space for remaining trees and alleviates competition for
resources [15], which may result in a high diversity of both composition and structure [16]. High
diversity is hypothesized to enhance forest adaptive capacity under future uncertainties [16,17]. A recent
study showed that proactive managements with diverse objectives could help with the adaptation of
US Central Hardwood Forests to climate change [17]. Increasing frequency of disturbance catalyzed
the adaptation of forest ecosystems to changing climate [18]. Likewise, frequent managements may
promote forest adaptation [19,20]. However, there still exist numerous uncertainties in forest response
to proactive managements, which is one of the impediments for the implementation of effective
adaptation measures [21].

Korean pine is a dominant species in the mixed coniferous and broadleaf forests in the temperate
forests of Northeast China. Meanwhile, Korean pine is a species with high economic value in providing
timber and food for wildlife habitats [22]. However, Korean pine dominance has dramatically decreased
as a consequence of extensive and excessive timber harvesting for nearly a half century [23,24]. Currently,
early- and mid-succession species occupy most of the growing space in the mixed Korean pine and
broadleaf forests except some natural reserves [25]. In general, Korean pine seed needs adequate light
to generate [26,27]. Most young Korean pines die of light limitation as forest canopy has been closed
for a period of time [23], resulting in poor regeneration of Korean pine [28,29]. Thus, restoring Korean
pine is an urgent issue of management in the temperate forests of Northeast China.

Drought induced by warming has limited Korean pine growth [30]. Accumulating evidence
revealed that temperatures in Northeast China have substantially increased and precipitation has
slightly decreased since the 1950s [31-33], especially for the mixed Korean pine and broadleaf region.
Dendrochronological studies showed that rising temperature and reduced precipitation could further
limit Korean pine growth [5,34]. However, pressure from drought on Korean pine decreased with
altitude and latitude increase [30]. A recent study showed that Korean pine radial growth decreased
at lower elevations under climate change characterized by warming and drought, but increased at
higher elevations [5]. Furthermore, it was reported that Korean pine growth decline induced by recent
warming gradually decreased with latitude increase [35]. Recent studies revealed that warming climate
altered the natural habitat of Korean pine and promoted it migrating northward [36,37]. These results
indicated that Korean pine suitable distribution may shift upward and northward under warming
climates [35].

Tree harvest might play a more significant role in species distribution than climate change [38,39].
A recent study suggested that partial harvest increased available light for oak regeneration while
appearing to buffer against the effects of drought under a warming climate [40]. Likewise, tree harvest
might mitigate Korean pine pressure from drought induced by increasing temperature and decreasing
precipitation. A recent study showed that climate warming decreased Korean pine growth in the
closed forest, but promoted the growth in forest gaps [41].

Future restoration for Korean pine has numerous uncertainties in the context of climate change.
Although multiple General Circulation Models (GCMs) predicted increases in temperature and
precipitation in Northeast China, these predictions varied seasonally [42,43]. A recent study suggested
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that future climates increased Korean pine aboveground carbon sequestration rates and promoted its
dominance [44]. Furthermore, tree harvest interacting with climate change could have synergistic effects
on tree species [9,45]. Tree harvest would accelerate tree species colonization by providing colonization
opportunities and ameliorate extinction by reducing competition under climate change [46]. Recent
studies showed that tree harvest increased the dominance of Korean pine in Northeastern China since it
was prohibited from harvesting [47,48]. As reported, tree harvest accelerated Korean pine regeneration
and would assist it to shift northward under a warming climate [49]. Given the uncertainties of future
climates and the synergistic effects between climate change and tree harvest, it is imperative to assess
the range of uncertainties of Korean pine responses to proactive managements under future projections.

Thus, in this study, we employed a forest landscape model, LANDIS PRO, to evaluate the response
ranges of Korean pine dominance and regeneration to the resistant and the adaptive treatments
under climate change. We expected that the resistant treatment would maintain the dominance and
regeneration of Korean pine and that the adaptive treatment would promote its dominance and
regeneration. Specifically, we intended to determine: (1) what were the ranges of variation in Korean
pine importance value under alternative managements? (2) to what extent could the resistant treatment
maintain the dominance and regeneration of Korean pine? and (3) to what extent could the adaptive
treatment promote its dominance and regeneration?

2. Materials and Methods

2.1. Study Area

Our study area is located in the Small Khingan Mountains of Northeast China (47°50'-49°10" N,
127°50’-130°10" E), covering approximately 1.5 million hectares and ranging in elevation from 139 to
1429 m (Figure 1). Annual mean temperature ranges from 1.0 to —1.0 °C and annual total precipitation
decreases from 700 to 550 mm from south to north [22]. Small Khingan Mountains forests lie in the
transition between the boreal and the temperate forest biomes and are sensitive to change in climate
since Korean pine and some hardwood species are currently at their leading edges. The principal soil
of this area is Haplic Luvisols, while Mollic Gleysols, Gleyic Phaeozems, Gleyic Luvisols, and Haplic
Phaeozems are minor. Timber harvesting in the past has evidently decreased Korean pine dominance,
and white birch and poplar widely distribute at present. Most forests in this region are in the stem
exclusion stage with the dense and closed forest canopy. To restore Korean pine, the Natural Forest
Conservation Program was implemented in 1998. Currently, the commercial harvest is excluded, and
thinning from below is permitted in the General Ecological Welfare Forest and the Commercial Forest
(Figure 1). The Special Ecological Welfare Forest precludes any managements.
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Figure 1. Geographical location of the study area. SEWF, Special Ecological Welfare Forest; GEWE,
General Ecological Welfare Forest; CF, Commercial Forest.

2.2. Climate Data

We included four climate scenarios based on the Climate Model 3 of the Geophysical Fluid
Dynamics Laboratory (GFDL-CM3) of the National Oceanic and Atmospheric Administration, the
Hadley Center Global Environment Model version 2 Earth System (HadGEM2-ES) model of the United
Kingdom Meteorological Office Hadley Center, the Model for Interdisciplinary Research on Climate
Version 5 (MIROCD5) of the Japan Agency for Marine Earth Science and Technology, Atmosphere and
Ocean Research Institute of the University of Tokyo and the National Institute for Environmental
Studies, and the Meteorological Research Institute Climate General Circulation Model 3 (MRI-CGCM3)
of the Meteorological Research Institute of Japan general circulation models under radiative forcing
scenarios, Representative Concentration Pathway (RCP) 8.5. The RCP 8.5 is the highest emission
scenario in the Intergovernmental Panel on Climate Change Fifth Assessment Report and is close to
the current emission trajectories. The reason we chose the four GCMs was that they predicted climate
conditions with a high spatial resolution (longitude X latitude ranging from 1.1° x 1.1° to 2.5° x 2.0°).
Additionally, they reflected different seasonal temperature and precipitation patterns, which ensured
that climate ensembles captured the projection uncertainties (Figure 2).

To consider the heterogeneity of environment in this study area, we generated eight land types
based on elevation (more or less than 600 m), aspect (south or north), and active accumulated
temperature (more or less than 2200 °C*d) [48]. We assumed abiotic factors, such as climate and soil,
were homogeneous in one land type but heterogeneous among land types. The principal soil in one
land type was used to represent this land type [50]. We needed daily precipitation, maximum and
minimum temperature, mean surface wind speed, and incident solar radiation on each land type under
current and future climate scenarios. We obtained current daily climate data (1980-2009) from the
China National Meteorological Information Center. We obtained future daily climate data (2070-2099)
from the Coupled Model Inter-Comparison Project phase 5. We interpolated current climate data and
downscaled future climate data to each land type using the R package ‘meteoland’ [50]. Compared
with the current climate, the four GCMs projected that the multiple-year seasonal mean precipitation
dramatically increased in summer ranging from 60 to 180 mm and less than a 50 mm increase in the
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other seasons (Figure 2a). Mean temperature increased by 1.5 to 5 °C during 2070-2099 under the RCP
8.5 emission scenario (Figure 2b).
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Figure 2. Changes in average seasonal (a) precipitation and (b) temperature of future climate (2070-2099)
from the four GCMs (GFDL-CM3, HadGEM2-ES, MIROC5, MRI-CGCM3) under the RCP 8.5 scenario
compared with current climate (1980-2009).

2.3. LINKAGES 3.0 Model and Parameterization

LINKAGES is a biophysical process model that simulates tree growth, competition, seedling
establishment, nutrient cycling, evapotranspiration, and soil hydrology at the site scale [51].
The LINKAGES model simulates the physiological effects of abiotic factors including climate and soil
on species establishment and growth. LINKAGES 3.0 needs the main parameters, as follows, daily
climate data, initial soil data, and species biological traits. We employed the LINKAGES model to
estimate seedling establishment probability (SEP) for each species and carrying capacity (maximum
growing space occupied, MGSO) on eight land types under each climate scenario. We assumed
seedling establishment probability and carrying capacity were uniform within one land type but
different among land types. Since daily climate data were used to parameterize LINKAGES, it could
capture species’ responses to the seasonal patterns of climate projections.

Daily climate data were input into LINKAGES and were obtained as described in the Climate
data section, including maximum and minimum temperature, precipitation, mean incoming solar
radiation, and mean wind speed. We derived measures of soil attributes from a soil dataset including
layers, thick, organic matter, nitrogen, clay, sand, rock, and root abundance [52]. We further calculated
the wilting point and the field moisture capacity by the Century model soil calculator. We derived
species biological traits required by LINKAGES (Table 1), such as maximum and minimum growing
degree-day requirements (DMAX and DMIN), parameter of Richard function (B2 and B3), growth
factor (G) scaling growth rates, drought tolerance (D3), mean January temperature tolerant threshold
(FROST), leaf litter type (TL), and foliage retention time (FRT) from the Scientific Database of China
Plant Species and a previous study [51]. We obtained the start and the end growing season days from
the Forest Phenology Products of Northeast China [53].



Forests 2020, 11, 263 6 of 19

Table 1. The major species parameters in the LINKAGES 3.0 model.

Species DMAX DMIN B3 B2 G D3 FROST TL FRT
Korean pine, Pinus koraiensis 2500 900 0.29 62.96 104.53 0.28 -35 12 2
Korean spruce, Picea 55 600 0.35 6362  87.79 0.19 34 1 3
koraiensis and Picea jezoensis
Khingan fir, Abies nephrolepis 1800 400 0.40 67.36 87.65 0.23 -34 10 3
Larch, Larix gmelinii 1900 400 0.32 60.27 87.92 0.42 -38 12 1
Manchurian ash, 2800 1000 0.34 6726 12190  0.19 -31 2 1
Fraxinus mandschurica
Manchurian walnut, 2650 850 0.23 4140 7289 0.28 -3 2 1
Juglans mandshurica
Amur corkiree, 3200 1000 0.23 4343 7953 0.23 -3 8 1
Phellodendron amurense
Mongolian oak, 3100 1100 0.32 6027  8§7.92 0.51 -34 9 1
Quercus mongolica
Black elm, Ulmus davidiana 2700 900 0.35 63.62 105.35 0.18 -33 5 1
Mono maple, Acer mono 3200 1000 0.52 62.10 89.69 0.23 =32 2 1
Ribbed birch, Betula costata 1900 700 0.35 63.62 105.35 0.19 =35 4 1
Dahur Birch, Betula dahurica 3100 600 0.75 74.52 118.67 0.49 -35 4 1
Amur linden, Tilia amurensis 2400 800 0.40 67.36 87.65 0.23 =33 2 1
White birch, Betula 3100 600 0.75 7452 11867 041 -38 4 1
platyphylla
Poplar, Populus davidiana 3000 700 0.66 78.77 146.52 0.33 -34 7 1

DMAX, degree day maximum (degree); DMIN, degree day minimum (degree); B2 and B3 are growth parameter
of Richard function; G, scales the growth rate; D3, proportion of growing season species can withstand drought;
FROST, minimum January temperature species can withstand (celsius degree); TL, leaf litter type; FRT, foliage
retention time (year).

We estimated seedling establishment for each species on each land type by simulating seedling
establishment and growth from the bare ground over 30 years. Then, we used species biomass and
the maximum of the sum of each species biomass under each climate scenario to calculated SEPs on
each land type [39,54]. To estimate MGSO on each land type under alternative climate scenarios, we
simulated all species establishment and growth from the bare ground over 300 years and used the
maximum biomass among climate scenarios [39]. We linearly interpolated values of SEP and MGSO
before the year 2100, and we held these values constant after the year 2100. SEP and MGSO were key
parameters in LANDIS PRO that simulated species demography and responses to climate change.
Although LINKAGES is a daily model whereas LANDIS is a yearly to decadal model, the different
temporal resolution of LINKAGES and LANDIS would not affect the modeling coupling that has been
used in this and previous studies [9,54].

2.4. LANDIS PRO Model and Parameterization

LANDIS is a raster-based forest landscape model that records tree species distribution (absence or
presence) and abundance (tree number and basal area) by age cohort in each raster cell [55]. LANDIS
simulates species demography, competition, and forest management over large temporal and spatial
extents with flexible resolutions. Inputs for LANDIS PRO contain spatial data, mainly including raster
maps of species composition, land type, stand and management area, and non-spatial data mainly
including species biological traits, growth curve, SEP, and MGSO.

Species demography including growth, fecundity, dispersal, colonization, and mortality, is mainly
driven by species ecological traits such as growth rate, longevity, maturation age, shade tolerance,
maximum dispersal distance, maximum diameter at breast height, maximum stand density index, and
number of potential germination seeds per mature tree (Table 2). We obtained these species attributes
from previous studies in the temperate forests [44,48,49]. Growth is regulated by the growth rate
quantified by the relationship between age and diameter at breast height. Seed abundance on one cell
is determined by fertile tree abundance, species reproductive rate, habitat connectivity, and dispersal
capacity from the surrounding cells. Seed dispersal generates spatial interaction among pixels and
makes it possible to simulate changes in species distribution and abundance. When species” SEP
is greater than a randomly generated 0.0-1.0 number, and meanwhile there exists enough growing
space, individuals will colonize on that cell. Competition is initiated once MGSO is reached, and the
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mortality caused by competition is characterized as decreasing tree number with increasing diameter,
which is determined by Yoda’s thinning theory [55,56]. Additionally, LANDIS simulates the mortality
induced by longevity and disturbances. We simulated forest management using a management area
map and a stand map in the LANDIS harvest module [57]. The management area map provides
boundaries to constrain specific harvest events and there are different objectives in each management
area. Management activities are implemented in each stand that is the minimum treatment unit.

Table 2. Major species biological traits in the Small Khingan Mountains, Northeastern China.

Species MT/Long ST MD MDBH MSDI NPGS
Korean pine 40/300 4 150 110 550 20
Korean spruce 30/300 4 150 90 600 20
Khingan fir 30/300 4 150 85 650 20
Larch 20/300 2 300 95 650 30
Manchurian ash 30/250 3 300 100 600 25
Manchurian walnut 20/250 2 200 90 650 25
Amur corktree 20/250 3 300 95 650 25
Mongolian oak 20/300 2 200 95 600 20
Black elm 20/250 3 800 90 600 25
Mono maple 20/200 3 200 60 700 25
Ribbed birch 20/250 3 800 20 650 25
Dahur Birch 15/150 2 800 50 750 25
Amur linden 30/300 3 200 85 650 20
White birch 15/150 1 2000 50 800 30
Poplar 15/150 1 2000 60 800 30

MT, mature, age of tree species sexual maturity (year); Long, longevity, mean maximum age of tree species (year);
ST, shade tolerance class (including 1-5, 1 and 5 mean the least and the most tolerance, respectively); MD, maximum
dispersal distance (m); MDBH, maximum diameter at breast height (cm); MSDI, maximum stand density index
(number of standard trees per ha, which is 10-inch tree); NPGS, number of potential germination seeds per mature
tree (number/single cell).

We derived an initial species composition map, including number of trees by age cohort for tree
species in each cell, from inventory data providing age information and a stand composition map
detailing species distribution and abundance [48]. We verified initial forest biomass and ensured that
there was no significant difference between inventory data and parameterized LANDIS data [47,48].
We generated the management area map and the stand map based on actual forest management data.
The land type map was generated as described in the climate data section. SEP and MGSO on each
land type were calculated as described in the LINKAGES 3.0 model and parameterization section.
The resolution of all the input raster was 100 X 100 m. We simulated thinning from below in the
General Ecological Welfare Forest and the Commercial Forest (Figure 1) and prohibited harvesting
Korean pine, manchurian ash, manchurian walnut, amur corktree, and amur linden according to the
current management requirement [47].

2.5. Experimental Design

Reducing stand density or increasing forest compositional and structural diversity are usually
considered to cope with future climate change [10,12,14]. Generally, reducing stand density could
maintain current species composition, and high diversity is hypothesized to promote forest with a
greater range of potential responses to future uncertainty [17]. We designed two proactive treatments
(Table 3), that is the resistant and the adaptive treatments, corresponding to the above two categories
of management to cope with uncertainties of climate change. We also considered a baseline treatment
excluding any management to check the effects of the two proactive treatments on Korean pine. Thus,
we formulated the above three treatment scenarios. All commercial harvests (i.e., thinning from above)
have been excluded and thinning from below is currently the only permitted management in this
region. The resistant treatment scenario introduced the current management regime, and the minimum
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and the residual stand stocking were referred to the previous study [47]. The current management
thinned 10% of forest area per decade and had 100 years of rotation, which were derived from the
China Regulation for Tending of Forest and the consultation with local experts [47]. For both the
resistant and the adaptive treatment scenarios, only the thinning rotation was modified, while all other
simulation parameters, such as the minimum and the residual stand stocking, were kept constant.
The resistant treatment scenario extended the current management rotation by 50 years to reduce
disturbance on the landscape, and it harvested 7% of forest area per decade to ensure the managed
area was equal to forest area within 150 years. Whereas, the adaptive treatment scenario shortened the
current management rotation by 50 years to increase disturbance, and it harvested 20% of forest area
per decade to ensure the managed area was equal to forest area within 50 years.

Table 3. Forest management treatments.

Minimum, Residual Stand Percent Area for Harvest,
Treatments Removal Method Stocking (m3 ha-1) Rotation (Years)
Baseline — — _
Resistant Thinning from below 46, 44 7%, 150
Adaptive Thinning from below 46, 44 20%, 50

We simulated three treatment scenarios under four climate scenarios, for a total of 12 simulation
scenarios. We started LANDIS PRO with the same initial forest composition for the 12 simulation
scenarios to project the changes in Korean pine for 150 years (from 2010 to 2160 with a 10-year step).
We assessed the effects of three treatment scenarios on Korean pine importance value (IV = (individual
species density/total density + individual species basal area/total basal area)/2), relative dominance,
and regeneration represented by the abundance of juveniles less than 10 years old. To better evaluate
results among different scenarios, we took the baseline treatment as the reference and calculated the
relative change of importance value, biomass, and abundance under the three treatment scenarios.
We calculated the relative change for treatment scenario i as the ratio between RV; (response variable
i) and RVpaseline: We calculated the mean and the standard deviation of relative change of each
response variable under the four climate scenarios for each treatment scenario to evaluate the range of
uncertainties of Korean pine response to future climate. We also analyzed relative changes of these
response variables for the short term (2010-2040), the medium term (2050-2100), and the long term
(2110-2160) under the three treatment scenarios. The separate results for each land type were similar
to the entire study area, thus we did not present individual results for each land type.

3. Results

3.1. Variations in Korean Pine Importance Value (IV)

Korean pine IV were 14.2% and 42.9% higher on average under the adaptive and the resistant
treatment scenarios than the baseline treatment scenario throughout the simulation (Figure 3a).
The difference in IV between the baseline scenario and either the resistant or the adaptive treatment
scenarios gradually increased. The maximum difference between the baseline and the adaptive
treatment scenarios was 64.2% at the end of the simulation year, and the maximum difference between
the baseline and the resistant treatment scenarios was 21.6%. Predictions of IV had the greatest
uncertainties under the baseline treatment scenario, followed by the resistant and the adaptive
treatment scenarios. The predicted uncertainties gradually increased over time and ranged from 0%
to 5.8%, 0% to 4.9%, and 0% to 4.6% under the baseline, the resistant and the adaptive treatment
scenarios, respectively.
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Figure 3. The relative changes of Korean pine importance value (IV) (a), biomass (b), the abundance of
juveniles (age less than 10 years old) (c), at the regional scale over time under the baseline, the resistant
and the adaptive treatment scenarios, respectively. Error bands represented one standard deviation of
each variable among four climate scenarios under each treatment scenario.

Spatial patterns of Korean pine IV were similar under alternative treatment scenarios, but IV under
the adaptive treatment scenario evidently was higher than the resistant and the baseline treatment
scenarios across the entire region (Figure 4a—c). Korean pine was more dominant in the center and the
northeast of its distribution area and was less dominant in the south irrespective of treatment scenario.
The uncertainties of IV across the entire region were largest under the adaptive treatment scenario,
followed by the resistant and the baseline treatment scenarios (Figure 5a—c).
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Figure 4. Spatial pattern of the relative changes of mean Korean pine importance value (IV) (a—c),
biomass (d—f), the abundance of juveniles (age less than 10 years old) (g-i), among four climate scenarios
under the baseline, the resistant, and the adaptive treatment scenarios at the end of the simulation
year, respectively.
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Figure 5. Spatial pattern of uncertainties in the relative changes of Korean pine importance value (IV)
(a—c), biomass (d—f), the abundance of juveniles (age less than 10 years old) (g-i), under the baseline,
the resistant, and the adaptive treatment scenarios at the end of the simulation year, respectively.
Uncertainty was a standard deviation of each variable among four climate scenarios under each
treatment scenario.
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3.2. Variations in Korean Pine Dominance

Korean pine biomass were 25.5% and 9.2% higher on average under the adaptive and the resistant
treatment scenarios than the baseline treatment scenario throughout the simulation (Figure 3b).
The difference in biomass between the baseline treatment scenario and either the resistant or the
adaptive treatment scenarios gradually increased. The maximum difference between the adaptive
and the baseline treatment scenarios was 46.7% at the end of the simulation year, and the maximum
difference between the resistant and the baseline treatment scenarios reached 16.9%. Predictions of
biomass had the largest uncertainties under the baseline treatment scenario, followed by the resistant
and the adaptive treatment scenarios. Predicted uncertainties increased over time and ranged from
0% to 4.3%, 0% to 4.2%, and 0% to 3.9% under the baseline, the resistant, and the adaptive treatment
scenarios, respectively.

Korean pine biomass showed similar spatial patterns under alternative treatment scenarios,
but biomass was larger under the adaptive treatment scenario than those under the resistant and
the baseline treatment scenarios across the whole area (Figure 4d—f). The high biomass area was
concentrated in the center and the northeast of its distribution area regardless of treatment scenario,
whereas biomass in the south was minor. The uncertainties of biomass were largest under the adaptive
treatment scenario, followed by the resistant and the baseline treatment scenarios across the region
(Figure 5d—f).

3.3. Variations in Korean Pine Regeneration

The abundance of Korean pine juveniles were 841.2% and 286.6% higher on average under
the adaptive and the resistant treatment scenarios than the baseline treatment scenario throughout
the simulation, especially for the short term (Figure 3c). Predictions of abundance had the greatest
uncertainties under the adaptive treatment scenario, followed by the resistant and the baseline
treatment scenarios. The predicted uncertainties increased in fluctuation ranging from 0% to 22.8%,
0% to 45.8%, and 0% to 85.4% under the baseline, the resistant, and the adaptive treatment scenarios,
respectively. Compared with the baseline treatment scenario, both the resistant and the adaptive
treatment scenarios increased abundance of juveniles across the distribution area, especially for the
adaptive treatment scenario (Figure 4g—i). The uncertainties of abundance across the whole region were
largest under the adaptive treatment scenario, followed by the resistant and the baseline treatment
scenarios (Figure 5g—i).

The average abundance of Korean pine juveniles was similar among alternative treatment scenarios
in low latitude regions (latitude less than 47.3°) (Figure 6a). However, the abundance of juveniles in
high latitude regions (latitude greater than 47.3°) were 80.1% and 29.4% higher on average under the
adaptive and the resistant treatment scenarios than the baseline treatment scenario. The uncertainties
of abundance were largest under the adaptive treatment scenario with a mean of 36.0%, followed
by the resistant and the baseline treatment scenario with 25.8% and 21.8%. The distribution area of
Korean pine juveniles was analogous in low latitude regions (latitude less than 47.3°) for all treatment
scenarios (Figure 6b). Yet, the distribution area in high latitude regions (latitude greater than 47.3°)
were 25.4% and 16.7% higher on average under the adaptive and the resistant treatment scenarios than
the baseline treatment scenario. The differences of uncertainties of distribution area were minor among
the three treatments with mean of 12.8%.
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Figure 6. The relative changes of the abundance (a) and distribution area (b) of Korean pine juveniles
under the baseline, the resistant and the adaptive treatment scenarios at the end of the simulation year,
respectively. Abundance was the mean values within each 1 km zones along the longitudinal direction,
and distribution area was the mean cell number of existing juveniles (less than 10 years old) within the
corresponding zones. Error bands represented one standard deviation of each variable among four
climate scenarios under each treatment scenario.

4. Discussion

As expected, proactive managements promoted Korean pine IV, dominance, and regeneration
under a warming climate (Figures 3 and 4). Results indicated that proactive managements could
enhance the adaptability of Korean pine to climate warming. Recent studies in the Mediterranean
region reported similar findings that thinning enhanced the radial increment of Pinus pinaster and
Scots pine stands under climate change [15,58]. Although Korean pine dominance could be maintained
with prohibiting from harvesting under the current management regime [24], thinning could further
release growing space for Korean pine and mitigate competition from other species, which could
promote Korean pine growth and regeneration [41]. A recent study showed that thinning increased
compositional and structural diversity of red pine and hardwood forests in eastern US [16], and
forest with high diversity was generally assumed to have a large potential to cope with climate
change [16,17]. Moreover, thinning decreased the mortality caused by competition and increased the
proportion of species adaptive to climate change, which further increased forest adaptability [15,58,59].
Although thinning was able to enhance forest adaptability to climate change, it might decrease forest
aboveground carbon storage. Thus, there is a trade-off between carbon storage and adaptability to
climate change, which should be considered in forest management [58,60].

Our results showed that the uncertainties of Korean pine response to climate change increased
over time (Figures 3 and 5). This was consistent with the uncertainty of forest landscape prediction
increase over time [61]. Korean pine had minor uncertainties in response to climate change before
regeneration from the initial stand or existing seedlings reached a mature stage (age less than 40 years
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old). These seedlings gradually matured and started to produce seeds as stands developed, which
contributed to greater uncertainties of Korean pine. This was because uncertainties associated with the
regeneration of Korean pine were greater under climate change with a lagging phenomenon. More
Korean pine regenerated in the regions with higher abundance due to adequate seeds, and thus, higher
uncertainties of Korean pine response to climate change concentrated in those regions. Compared
with mature individuals, Korean pine juveniles could rapidly respond to climate change [62,63]; thus,
Korean pine regeneration was more sensitive than dominance.

Our results showed that proactive managements facilitated the leading edge of Korean pine to
shift poleward, but had less impact on its trailing edge. This result was in agreement with a recent
finding that tree species at the leading edge migrated poleward, while the trailing edge had no evident
change [63]. Generally, moisture availability and temperature were critical factors in limiting species
distribution [64]. Temperature limited the leading edge of Korean pine in the mixed coniferous and
broadleaf forests located in the humid temperate forests [22]. A recent study showed that tree harvest
and climate change interacted to affect species distribution, and the interactive effect between tree
harvest and climate change acted in the same direction on species distribution [9]. The previous study
showed that tree harvest accelerated Korean pine shifting northward under a warming climate [49].
Hence, investigations on species distribution needed to incorporate tree harvest besides climatic factors
such as temperature and precipitation.

Our result showed that the positive effects of proactive managements on Korean pine were
site-specific, which was in line with a previous study [59]. Compared with the high-latitude region
(latitude more than 47.3°), proactive managements did not evidently promote the dominance and
abundance of Korean pine in the low latitude region (latitude less than 47.3°) (Figures 4d—i and 6).
There were several rare and protected broadleaf tree species, such as manchurian ash, manchurian
walnut, amur corktree, and amur linden, which were also prohibited from harvesting. Proactive
managements facilitated both Korean pine and these species, which increased competition for Korean
pine and thereby limited its growth and regeneration. A recent study showed that the effect of thinning
varied at different elevations. Compared with low elevation, the increasing drought at high elevation
decreased the positive effect of thinning [59]. Thus, the effect of thinning on forest adaptability to
climate change was influenced by species composition and drought tolerance.

Our results showed that the adaptive treatment (increasing diversity) with the high frequency of
thinning obviously promoted dominance and regeneration of Korean pine greater than the resistant
treatment (reducing density), which suggested that increasing thinning rotation could make Korean pine
better cope with climate change. Recent studies showed that light and moderate thinning maintained
current composition while heavy thinning promoted forest to adapt to climate change, which indicated
that changing thinning intensity also could affect species adaptability [19,59]. Moreover, the previous
study found that harvesting species maladaptive to climate change increased the abundance of adaptive
species and promoted forest adaptability [65]. Except for reducing stand density or increasing stand
compositional and structural diversity, facilitating species composition transition was also used to
cope with climate change. The transition treatment focused on facilitating species composition or
stand structure to a more adaptive state [10,12]. Generally, the transition treatment included planting
species adaptive to future climate outside of their native ranges or drastically altering the disturbance
regime and structural composition of a forest to promote a shift to new functional states [12,66,67].
A recent study showed that planting future-adapted species would help systems maintain productivity
and functional diversity [67]. Thus, future forest management should consider the combinations of
intensity, rotation, harvesting species, and climate-suitable planting to enhance forest adaptability to
climate change.

Forest management interacted with multiple scale processes to affect forest adaptability. Climatic
factors, such as temperature and precipitation, determined species distribution at the regional scale.
Temperature generally limited latitudinal shift whereas precipitation limited longitudinal shift [64].
Dispersal at the landscape scale enabled species to change their distribution to adapt to changing
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environmental conditions [8]. Additionally, competition for resources at the stand scale also impacted
individual growth, mortality, and regeneration [46]. Traditional experimental studies have limited
capacity to include environmental heterogeneity over the large spatial extent while being limited in
monitoring for a sufficient length of time to observe the effect of management on forest adaptability to
climate change [58]. However, forest landscape models incorporating the effects of spatial heterogeneity
of abiotic factors, landscape-processes (e.g., dispersal and forest management), and stand dynamics
such as growth, mortality, and regeneration on forest adaptability [68], presented a viable approach in
studying forest response to climate change.

Several factors excluded in this study might contribute to uncertainties of our simulation. We did
not consider the effect of fire on Korean pine. A recent study showed that fires were forecast to globally
increase in the context of climate change [69]. Generally, young trees were more susceptible to fire
than mature trees [70], thus omitting fire would increase the uncertainties of Korean pine regeneration.
Moreover, tree harvest and fire interacted to affect forest dynamics [71], the interactive effect also
could increase uncertainties of prediction. Compared with niche models and process-based ecosystem
models, the LANDIS PRO model did not directly input climate data while coupled with an ecosystem
model to incorporate the effects of climate change. We considered the effects of climate change on
species demography including temperature, precipitation, radiation, wind, growing season length,
and drought, but ignoring nitrogen deposition and CO, fertilization, which had the significant impact
on tree species distribution and primary production [72,73]. We assumed that forest management
policy and the boundaries of management area and stand kept constant, however these assumptions
varied in different periods, which would contribute to uncertainties of simulation. Although these
factors and assumptions increased uncertainties of prediction, our results still clarified the response of
Korean pine forest to proactive managements under climate change and provided a valuable reference
for restoration and protection of Korean pine mixed forest.

5. Conclusions

In this study, we evaluated the range of Korean pine to proactive treatments under climate change
by coupling an ecosystem process-based model, LINKAGES, and a forest landscape model, LANDIS
PRO. The adaptive treatment increases the adaptability of Korean pine to climate change more than
the resistant treatment, and we recommend applying the adaptive treatment to promote Korean pine
under future climatic conditions. The uncertainties of Korean pine response to management treatments
increase over time under climate change, and the uncertainties are associated with the regeneration of
Korean pine. The effects of proactive treatments on Korean pine are site-specific, and the competition
between Korean pine and the rare and protected broadleaf tree species might offset the positive effects.
Proactive treatments promote the leading edge of Korean pine to shift poleward, while they had less
impact on its trailing edge. The adaptive treatment is more likely to prompt Korean pine to migrate into
its suitable habitats under climate change. Future forest management alternatives, except for thinning
from below, also should include thinning from below to promote Korean pine under climate change.
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