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Abstract: Forests are under pressure from land use change due to anthropogenic activities. Land use
change and harvest are the main disturbances of forest landscape changes. Few studies have focused
on the relative contributions of different disturbances. In this study, we used the CA-Markov model,
a land-use change model, coupled with a forest landscape model, LANDIS-II, to simulate dynamic
change in Taihe County, China, from 2010 to 2050. Scenarios analysis was conducted to quantify
the relative contributions of land use change and harvest. Our results show that forestland and
arable land will remain the primary land-use types in 2050, whereas the built-up land will sprawl
drastically. Land use change and harvest may result in the significant loss of forest area and changes
in landscape structure. The simulated forest area will increase by 16.2% under the no disturbance
scenario. However, under harvest, forest conversion, and integrated scenario, the area will be reduced
by 5.2%, 16.5%, and 34.9%, respectively. The effect of harvest is gradually enhanced. The land use
change will account for 60% and harvest will account for 40% of forest landscape change in 2050,
respectively. Our results may benefit from the integration of regional forest management and land-use
policy-making, and help to achieve a trade-off between economy and ecological environment.
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1. Introduction

Forests, one of the most important terrestrial ecosystems, cover almost 31% of the world,
and significantly contribute not only to global wood production, but also to crucial ecosystem services
like CO, sequestration, soil protection, and climate change effects mitigation [1,2]. Unfortunately,
a large amount of evidence has shown that in recent years, forest loss has occurred more commonly
than forest gain, although the characteristics of forest change differ, depending on the region and
the driving forces [3-5]. With the rapid increase in global population, the demand for land resources
has increased continually, which may result in substantial pressure being placed on forests by
anthropogenic activities [6,7]. In terms of diverse natural and anthropogenic disturbances, land use
change and harvest are the two most remarkable and direct factors affecting the forest landscape [8-10].
Additionally, these anthropogenic disturbances are the most effective way for achieving regional forest
management objectives.

In general, land use change and harvest appear at a local and regional scale [11]. Many studies
have been conducted to investigate forest changes in response to disturbances of land use change
and harvest on a regional and landscape scale [7,12]. For example, Drummond and Loveland [3]
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used remote-sensing data, statistical sampling, and change-detection methods to study regional
forest changes in the eastern United States. They found that even though agricultural land use had
declined, which may be beneficial for forest recovery, forest-cover loss caused by timber cutting
cycles, urbanization, and other land use demands, had occurred. Scheller and Mladenoff [13] used
a forest landscape model to estimate the combined effects of climate change, common disturbances,
and species migrations on regional forests under various scenarios. They found that these important
spatially interactive processes affected the forest composition and aboveground live biomass of
northern Wisconsin forests, resulting in the loss of species and biomass. Thompson et al. [14] used
the LANDIS-II model to evaluate how the forest composition dynamics were affected by land use
and climate change in Massachusetts, USA. They found that land use changed the forestland into
developed uses. In addition, studies of relative contributions have also been extensively investigated
at different scales. For example, Abood et al. [15] calculated the relative contributions of the logging,
fiber, oil palm, and mining industries to the forest loss in Indonesia. They compared the magnitudes
of forest and carbon loss and that remaining within different industrial concessions. Fang et al. [16]
explored the relative contributions of forest expansion and forest growth to forest biomass carbon
sinks in East Asia. At the stand scale, Pallett et al. [17] designed five trials to demonstrate the relative
contributions of different factors associated with productivity gains. They found that silvicultural
treatments were the largest contributors to productivity differences. These studies hold lessons for the
study of forest disturbances. In terms of our study area, land use change and harvest have contributed
significantly to forest losses. However, much uncertainty remains over the relative contributions to
forest losses at present or in the near future. Therefore, we used a scenario analysis to quantify the
relative contributions of land use change and harvest to forest landscape change.

Spatial simulation models are efficient tools for quantitatively simulating and exploring landscape
change, especially under different disturbance scenarios [18]. Generally, studies of land use change
and harvesting are relatively independent, and different models can simulate the effects on the forest
landscape. In terms of land use change, the CA (Cellular Automata)-Markov model is a stochastic
model based on a transition matrix, which has been widely used in studies of land cover change on
various spatial scales [19-21]. LANDIS-II is a forest landscape disturbance and succession model that
operates on landscapes mapped out as cells [22,23]. This model was specifically designed to address
the effect of harvesting and natural disturbances (fire, wind, and insects) on forests, and has been
widely used in regional forest management [6,24]. These two models have the advantages of being
coupled to deal with integrated effects on forest landscapes. In addition, by embedding the access
point between the two models, the synthesis simulation can be realized.

Currently, China has the fastest growing planted forests in the world, which account for around
23% the total forest area in the world [1]. Especially in the southern region, the plantations occupy
63% of the total forested area throughout China [25]. These forests play an important role in regional
wood production, biodiversity protection, ecosystem service provision, and economic development.
However, with increasing demands for land and timber, the threat derived from land use change
and harvest is increasingly serious. Taihe County is a typical forested region in southern China,
which includes almost all the major forest types. A large area of plantations distributed in this area is
representative of southern China. Studying the effects of land use change and harvest on the forest
landscape may benefit regional forest management, and the results can also be extended to other
areas in southern China. Therefore, in this study, we used CA-Markov, a land-use change model,
coupled with a forest landscape model, LANDIS-II, to simulate dynamic change in the forest landscape
in response to the disturbances of land use change and harvest in Taihe County, China, from 2010 to
2050. Scenario analysis was conducted to quantify the relative contributions of land use change and
harvest to forest landscape change. Our objectives of this study were: (1) to simulate forest landscape
changes driven by land use change and harvest; and (2) to quantify the relative contributions of land
use change and harvest to forest landscape change. The quantitative simulations help illustrate the
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driving forces of forest structure change, integrating the regional forest management strategy and land
use planning into the near future.

2. Materials and Methods

2.1. Study Area

Taihe County (26.45°-26.98°N, 114.95°-115.33°E) is located in the south-central Jiangxi Province
of southern China (Figure 1). It is a typical hilly red soil region of southern China, which is a major
component of the Jitai Basin with a rolling hilly terrain. The total area is 266,700 ha, and the
forest area accounts for 61.2% of the total area. This area has a subtropical monsoon climate
with mild winters (with a mean January temperature of 6.5 °C) and warm summers (with a mean
July temperature of 29.7 °C), and the average annual temperature is 18.6 °C. The average annual
precipitation is 1370 mm, the majority of which (approximately 60%) falls between March and
June [26]. There are six main land use types in our study area, including forestland, arable land,
grass land, built-up land, unused land, and water body. The original vegetation was a subtropical
evergreen broad-leaved forest, but due to degradation and long-term human disturbances, the forest
landscape has been converted into subtropical coniferous plantations. The coniferous plantations
cover 73,292 ha, which accounts for 44.9% of the total forested area according to forestry resource
survey data from Jiangxi Province in 2009 [27]. There are 18 dominant species within our study
area, including masson pine (Pinus massoniana), slash pine (Pinus elliottii), Chinese fir (Cunninghamia
lanceolata), Chinese weeping cypress (Cupressus funebris), camphor tree (Cinnamomum camphora),
zhennan (Phoebe zhennan), crenate gugertree (Schima superba), beautiful sweetgum (Liquidambar
formosana), Chinese sassafras (Sassafras tzumu), eyer evergreenchinkapin (Castanopsis eyrei), myrsinaleaf
oak (Cyclobalanopsis gracilis), fortune chinabells (Alniphyllum fortunei), farges evergreenchinkapin
(Castanopsis fargesii), longpeduncled alder (Alnus cremastogyne), faber oak (Quercus fabri), shinybark
birch (Betula luminifera), chinaberry (Melia azedarach), and poplar (Populus deltoides).
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Figure 1. Location and forest type of the study area. EBF: evergreen broad-leaved forests; DBF:
deciduous broad-leaved forests; MF: masson pine forests; SF: slash pine forests; CF: Chinese fir forests;
OF: other forests; NF: non-forest land; QYZ station: Qianyanzhou ecological station.

To investigate changes in the interior structure of the forest landscape, five representative forest
types were chosen, including evergreen broad-leaved forests (EBF), deciduous broad-leaved forests
(DBF), masson pine forests (MF), slash pine forests (SF), and Chinese fir forests (CF). Moreover,
some other forest (OF) types were not considered in our simulation, such as bamboo forests and
economic forests. Bamboo is a herbaceous plant and there is a big difference in the physiological
features and plant growth between bamboo and these other dominant tree species. For the economic
forests, most of them are cash crops, such as orange trees and tea bushes. The economic forests were
not considered because they are characterized by specific management and a peculiar kind of forest
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cover. The distribution of different forest types is shown in Figure 1. The coniferous forests were
distributed in the lower mountain areas below 1000 m. The broad-leaved forests were mainly spread
over the lower hills, with elevations between 100 and 900 m. In addition, there is a long-term ecological
observation station located in this area, called Qianyanzhou Experiment Station for Comprehensive
Development of Natural Resources in the Red Earth Hilly Area (Figure 1). This station was founded by
the Chinese Academy of Sciences in 1982. Long-term observational data, such as climate (temperature,
precipitation, photosynthetically active radiation (PAR), and CO, concentration), soil (water hold
capacity and soil type), and species life history attributes are an important and credible data source for
our study.

2.2. Modeling Framework

We used the CA-Markov model and LANDIS-II model to simulate the effects of land use change
and harvest on the forest landscape. A coupled modeling framework was built to achieve the research
objectives (Figure 2). The CA-Markov model was used to simulate and predict land use change under
the current scenario in the near future (2020-2050). The outputs of the land use change simulation can
help identify the conversion of forest to non-forest land cover. Additionally, these maps were used as
inputs for the LANDIS-II model to simulate the effects of land use change on forests (e.g., forestland
converted to built-up land or farmland). The LANDIS-II was used to simulate the forest landscape
change under natural succession, land use change, and harvest. The Age-Only Succession extension,
the Base Harvest extension, and Land Use disturbance for the LANDIS-II model were used to simulate
the independent and integrated effects, respectively. Finally, the relative contributions of land use
change and harvest to forest landscape change were calculated by these independent and integrated
simulation results.
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Figure 2. Framework for simulating the effects of land use change and harvest on forest landscapes.
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2.3. Land-Use Change Simulation

We used the CA-Markov model to conduct the land-use change simulation in our study.
The observed land-use datasets in 2005 and 2010 were obtained from the land and resources survey of
the department of land and resources of Jiangxi Province, China. The spatial resolution of the land use
datasets was 100 m, and this resolution was also used for the future simulation. These geospatial data
were used as the original inputs, and for determining the transition rules for predicting the land-use
pattern in the near future. The CA-Markov model incorporates the theories of the Markov chain and
CA, and focuses on the quantity of predictions for land use changes [28]. The Markov model can
explain the quantification of conversion states between land use types and predict the geographical
characteristics. However, the model lacks spatial parameters and does not express changes in spatial
extents [19]. The CA model focuses mainly on the local interactions of cells with distinct temporal
and spatial coupling features and the powerful computing capability of space, which is especially
suitable for dynamic simulation and display [21]. Through the integration of methods, the CA-Markov
model can achieve a better simulation for temporal and spatial patterns of land use changes [21].
The CA-Markov module in IDRISI 17.0 software [29] was used to simulate and predict changes in the
future spatial-temporal pattern of land use in Taihe County. There are several steps in the simulation
(Figure 2), and the specific process is as follows:

(1) Calculated the transition matrix using Markov. The transition area matrix and transition
probability matrix were obtained through the Markov module, which were derived from the land
use maps in 2005 and 2010.

(2) Generated conditional probability maps. The Multi-Criteria Evaluation (MCE) module in IDRISI
was used to generate the conditional probability maps for each land use type [30]. In this
study, many factors were considered, such as the slope, distance to the water body, population,
major road, and town center, as well as their influence on each land use type. Then, these maps
were standardized and unified onto one conditional map for the CA-Markov simulation input.

(3) Simulated land use using the CA-Markov model. First, CA filters were determined as a standard
5 x 5 contiguity filter in this study. Second, the precision of the simulation was tested. The spatial
consistency was checked using the overall Kappa spatial correlation statistic between the observed
2010 and simulated 2010 land use datasets. The Kappa index is the summary statistics [31].
The actual and simulated land use maps in 2010 are shown in Figure 3. The results showed
that the spatial pattern of land use type was consistent. The overall Kappa statistic was 0.9176,
which was well above 0.80, demonstrating that the transition rules could be used to predict
the spatial pattern of land use in our study area [32]. Finally, the starting point and number of
iterations were decided. We took the land use map from 2010 as a starting point and selected 10
CA iterations to simulate the predicted spatial pattern of land use in 2020. Then, the 2020 land
use map was used as the basis to simulate the predicted land use pattern in 2030 with 10 further
CA iterations, and so on, until the year 2050.

(a) +
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Figure 3. Land use maps (a) actual land use in 2010 and (b) simulated land use in 2010 using the
CA-Markov model. FL: forest land; GL: grass land; WB: water body; BL: built-up land; UL: unused
land; AL: arable land.
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2.4. Forest Landscape Simulation

We used the LANDIS-II model as the core to simulate the effects of land use change and harvest
on the forest landscape. The LANDIS-II model is a cell-based spatially dynamic forest landscape
model of disturbance, succession, and management [22,33]. It can simulate forest dynamics by tracking
the age cohorts of the species (cohorts of trees within the same age range) [34,35]. Considering the
LANDIS model, forest landscape change is driven by species life history attributes, the species
establishment probability (SEP), the aboveground net primary production (ANPP), disturbances,
and spatial heterogeneity [22]. Many extensions have been developed and grouped into succession and
disturbance, and they are extensively applied in forest landscape research [14,23,24,36,37]. In this study,
various experimental designs were conducted to simulate disturbances and succession. The Age-Only
Succession extension was used to simulate the forest landscape distribution under natural succession,
and the Base Harvest extension was used to address the effects of harvest on forest landscapes. In terms
of the effects of land use change, we used the outputs from the CA-Markov model as the inputs for
LANDIS-II. We extracted the area in which land use change appears from the predicted land use maps
in 2020, 2030, 2040, and 2050. Once the land use change is assigned to a site, the land cover and trees
of this site will be removed and cannot be simulated at this time point. We overlapped the land use
map with the initial community map, assigning the converted sites to non-active in the simulation.
Based on this, we could determine the effect of land use disturbances on the forest landscape.

For parameterization, the inputs for LANDIS-II include spatial data (initial communities map,
ecoregions map, management map, stand map, and land use map) and non-spatial data (species
life history attributes, ANPP, and SEP). The spatial inputs were raster data with a 100 m cell size,
and this resolution was also used for scenario modeling. The initial communities map was derived
from the survey data of the forestry resource of Jiangxi Province in 2009. This map was divided
into 73 communities, which indicates the distribution and age of the tree species and forest type
at the beginning of the simulation. For the harvest experiment design, the forest landscape was
divided into management areas and harvest stands, which had a hierarchy of areas for harvesting.
The management areas were collections of stands for the application of specific harvesting prescriptions,
and were based on the classification of forest types. In this experiment, CF were defined prior to
harvest simulation, and then MF, SF, DBF, and EBF were also defined. The harvest prescription for
our study was consistent with the contemporary status of the forest management policy. According to
the regulations, the logging cycle was designed with a time period of 10 years, and the harvest area
was set as 10% for different forest management areas. In addition, there is a limitation in the harvest
simulation. The harvest events occurred until the tree species reached their mature age. We defined
the mature age based on the forest management regulations: CF (>21), MF and SF (>26), and DBF and
EBF (>41). The ecoregion map was also divided into five ecoregions, which were based on relatively
homogeneous geomorphic forms (Figure 4). In detail, the ecoregions were: (1) non-forest land; (2) low
hills (below 100 m); (3) medium hills (100-250 m); (4) high hills (250-500 m); and (5) mountains (above
500 m). Ecoregion 1 was inactive in the simulation. Finally, the land use maps were derived from the
results of the CA-Markov model. The parameters of the species life history attributes were mainly
compiled from the literature, plot investigations, and consultations with local forestry experts [38,39]
(Table 1).

The results of ANPP and SEP for each species were calculated by version 5.1 of the PnET-II
(Los Alamos National Laboratory, Los Alamos, NM, USA) model. For parameterization, climatic data
were the key inputs, and the temperature and precipitation were compiled from ten-year (2001-2011)
averages, which were obtained from the QYZ ecological station. The water holding capacity (WHC),
PAR, and CO, concentration were also derived from the observation station. The foliar nitrogen
concentration is a crucial parameter in the process of the ANPP calculation, leading to changes in the
maximum net photosynthetic rate. This variable was referenced from the publication by Yu et al. [40].
Some important parameters for each species were acquired from the published literature, including the
minimum temperature for photosynthesis [39,41], optimum temperature for photosynthesis [39,42],
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and water use efficiency (WUE) [43]. In addition, some fixed parameters were taken from the
literature [44-48].

l:' Ecoregion 1
|:| Ecoregion 2
- Ecoregion 3
- Ecoregion 4
- Ecoregion 5 | ) |

Figure 4. Ecoregions of the study area.

Table 1. Species life history attributes in Taihe County, Jiangxi Province, China.

Seed Dispersal Dist.

Species Longevity (Year) Sexual Maturity (Year)  Shade Tol.
Effective (m) Maximum (m)
Cunninghamia lanceolata 200 10 1 200 500
Cupressus funebris 500 35 2 70 200
Pinus massoniana 200 10 1 200 500
Pinus elliottii 200 10 1 200 500
Schima superba 300 20 5 20 200
Cinnamomum camphora 1000 15 4 50 120
Phoebe zhennan 1000 50 5 40 120
Castanopsis eyrei 200 20 5 50 120
Castanopsis fargesii 150 30 5 60 250
Quercus fabri 120 15 4 20 200
Cyclobalanopsis gracilis 200 7 4 20 50
Liquidambar formosana 130 8 3 100 375
Betula luminifera 100 15 2 150 400
Alnus cremastogyne 125 5 3 15 60
Alniphyllum fortunei 120 15 2 250 500
Sassafras tzumu 120 20 3 50 150
Melia azedarach 80 5 2 200 400
Populus deltoides 90 10 2 150 500

Notes: Shade Tol. stands for the species’ tolerance to shade. The value is an integer between 1 and 5, where 1
represents the least tolerance and 5 represents the most tolerance. Seed Dispersal Dist. represents the species’
effective or maximum distance for dispersing seeds.

2.5. Quantifying the Relative Contributions of Land Use Change and Harvest

The scenario analysis method was applied to quantify the relative contributions of land use
change and harvest to forest landscape change in the simulation. First, we assumed that the forest
landscape was only under the influence of land use change and harvest. The forest area was used
as a quantitative indicator to describe variations in the landscape. In this study, four scenarios were
presumed and simulated: (1) the natural forest landscape succession without disturbances; (2) the
forest landscape succession with only land use change disturbance; (3) the forest landscape succession
with only harvest; and (4) the forest landscape succession with both land use change and harvest
disturbances (the integrated scenario). The forest landscape under different scenarios was controlled
by adjusting the respective parameter in the LANDIS-II model. Following this, the relative effects of
land use change and harvest were quantified. The processes are as follows:
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AAp = AL — Ay (1)
AAp = Ay — Ay ()
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where Ay is the simulated forest area with no disturbance; A; is the simulated forest area under the
scenario with land use change; Ay is the simulated forest area under the scenario with harvest; Ay, is
the simulated forest area under the scenario with both harvest and conversion; AA; is the forest area
variation with land use change; AAg is the forest area variation with harvest; AAp, is the forest area
variation with both harvest and conversion; and #; and #y are the contributions of land use change
and harvest to the forest landscape, respectively.

3. Results

3.1. Land-Use Change Simulation

In terms of the spatial pattern, the results of the simulation show that the holistic spatial pattern of
land use will not change significantly during the period 2010-2050 (Figure 5). The forestland and arable
land will remain the primary land use type to 2050. However, the built-up land will sprawl drastically
and intensively, which will intrude into arable land, forestland, and unused land. In particular,
the unused land will be almost entirely invaded in the year 2050. The main concentration of the
town expansion is in the center of the study area, which has been sprawling northward. The forest
landscape change is more concerning in this study. The results show that the land use change mainly
occurs on the border of the arable land, which is located on gentle slope terrain, such as in Ecoregion
2. In terms of the variation of quantity, the area of forestland affected by the land use change will
decrease by 7146 ha, showing a 4.4% loss of the forest area during the period 2010-2050. The amount
of unused land area will decline more significantly. The unused land area will decrease from 2218 to
107 ha during 2010-2050, reducing by 95.2%. The built-up land and arable land will increase by 32.2%
(4752 ha) and 10.8% (7568 ha) during the simulation, respectively.
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Figure 5. Simulated land use maps generated using the CA-Markov model in 2020, 2030, 2040, and 2050.
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3.2. Forest Landscape Simulation

Four different scenarios were used in the LANDIS-II modeling to compare differences in the
forest landscape in response to different disturbances. The spatial distribution of five forest types is
shown in Figure 6. For the time dimension, there is little change in the forest landscape pattern for
each scenario from 2020 to 2050. With the disturbances, the fragmentation of the forest landscape will
increase, especially under the harvest and integrated scenarios. The results show that the change in the
spatial pattern for EBF and SF will be more significant. In terms of forest landscape changes between
the various scenarios, the results show a big difference in forest area. With only the harvest scenario,
the forested area will reduce to different degrees for all the forest types. The largest area reduction will
be the SE. Compared with the forest landscape without disturbance, the forest area of SF will decrease
by 14,160 ha by 2050. Under the land use change scenario, the forest area shows a greater reduction
than observed under the harvest scenario. The loss of forest mainly occurs in the central region where
ME, SF, and DBF are distributed. Under the integrated scenario, the forest area will decrease the most
with both harvest and land use change disturbances by the end of the simulation.
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Figure 6. Forest landscape pattern under no disturbance scenario, harvest scenario, land use change
scenario, and integrated scenario (land use change + harvest) in 2020 and 2050.
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In terms of the variation in quantity, the simulated forest area will be used to describe the forest
landscape change. The results under various disturbance scenarios are shown in Figure 7 and Table 2.
The results show that differences begin to appear in 2020. Under the no disturbance scenario, the forest
area will continuously increase from 2010 to 2050, increasing by 16.2% (22,245 ha). The DBF will
increase the most, by 28.7% between 2010 and 2050. Under the harvest scenario, the forest area will
decrease by 5.2% (7106 ha) to 2050 during the simulation. The biggest decline from 2010 to 2050
will be the SF, decreasing by 32.8%. The forest area shows the first severe decrease in 2020, and then
progressively increases under land use change disturbance. Compared with 2010, the forest area will
decrease by 16.5% (22,620 ha) in 2050. MF will be the forest type that is most heavily affected by land
use change, decreasing by 33.6%. Additionally, the SF will also have a 32.6% decrease in forest area.
Finally, under the integrated scenario, the forest area will drop even more dramatically, decreasing by
34.9% (47,943 ha) by 2050. The area for all forest types will be declining by 2050. The SF will decrease
by 67.5%. The simulated results indicate that the forest landscape will be under pressure from land use
change and harvest, which may result in the loss of forest area and changes in the landscape structure.

—=— No disturbance - ®- Harvest
--A - Land use change —-¥-- Land use change+Harvest

160,000
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140,000 —

130,000

120,000 —

Forest area (ha)
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90,000 Swe—— .
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Year

Figure 7. Forest area variation under no the disturbance scenario, harvest scenario, land use change
scenario, and integrated scenario (conversion + harvest) during 2010-2050.

Table 2. Variation in area for different forest type under different scenarios between 2010 and 2050.

Initial No Disturbance Harvest Land Use Change  Land Use Change + Harvest
Type 2010 2050 2050 2050 2050
Area Area Rate Area Rate Area Rate o
h) @ 0 ha 0 ha o  Ara®d o Rae®)
EBF 23,105 26,645 15.3 22,796 —-1.3 23,813 3.1 19,459 —15.8
DBF 2877 3704 28.7 3821 32.8 2118 —26.4 2122 —26.2
MF 27,282 32,700 19.9 29,440 7.9 18,123 —33.6 15,602 —42.8
SF 43,170 49,887 15.6 29,010 —32.8 29,096 —32.6 14,027 —67.5
CF 40,943 46,686 14.0 45,204 10.4 41,607 1.6 38,224 —6.6
Total 137,377 159,622 16.2 130,271 —52 114,757 —16.5 89,434 —349

Notes: Land use change + harvest means integrated scenario under both land use change and harvest. Rate means
the change rates of forest area between 2010 and 2050. Total means the simulated holistic forest landscape.
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3.3. Relative Contributions of Land Use Change and Harvest

Four scenarios were carried out to quantitatively evaluate the relative contributions of forest
conversion and harvest on the forest landscape change. The forest landscape remains undisturbed
at the initial year of 2010. Therefore, the relative contributions are shown in Figure 8 for every time
point from 2020 to 2050. The results show that the relative contributions of harvest will almost double
from 21% to 40 % during the period from 2020 to 2050 (Figure 8). Conversely, the contributions of land
use change to forest landscape change will reduce gradually, decreasing from 79% to 60%. However,
the increasing relative contribution of harvest will not be consistent in each time period. Changes in
the relative contributions of harvest in every decade from 2020 to 2050 will be 9%, 3%, and 5%.

[ JLandusechange [l Harvest
100

(0]
(e]
1
1

' 68% 65% L0%
79% §

[e2)
o
1

Relative contributions (%)

2020 2030 2040 2050
Year

Figure 8. Relative contributions of land use change and harvest to the forest landscape change.

4. Discussion

4.1. Uncertainties and Caveats

In this study, we used a coupled modeling framework to simulate the effects of land use change
and harvest on forest landscape change. This coupling method between the models can help us to
realize our objectives. However, there are still some uncertainties in our simulation. First, our study
was based on some assumptions: (1) We integrated the CA-Markov model with the LANDIS-II model
to generate a modeling framework, and we assumed that there was no interactive effect between
these two models. That is, the land use change simulation and forest landscape simulation are
independent. However, there may be a complex interaction between the different stakeholders that
affects human decision-making, cognition, and behavior in the real world [49]; (2) We assumed that
the forest landscape only changed under the land use change and harvest disturbances. However,
other natural and anthropogenic disturbances, such as climate change, fire, and insect pests, may also
affect the forest landscape change [50-52]; (3) In addition, we assumed that the climate, phenology,
soil, terrain, and the transition probabilities matrix of the land use type in the future simulation are
consistent with those in the contemporary condition. Although these assumptions may increase
uncertainty in the simulation, they are necessary and reasonable for simplifying the simulation process.
Second, the uncertainties may be derived from the models. The CA-Markov model can simulate the
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process of land cover change, but it is commonly criticized for its incapability of incorporating human
decision-making [53]. This is because the model uses the stationarity of transition rules in different time
steps and cannot account for the driving factors of land use change [20,54]. In addition, the accuracy
of the land use change projection may be expected to decrease over time [31]. The current scenarios
can be considered reliable for the simulation of land use in the near future (about 20 years). However,
the different estimation errors for the further scenarios occurring over a period of 30—40 years can
affect the results. The LANDIS-II model is a forest landscape stochastic model, which simulates forest
landscape dynamics on a broad-scale with cohorts rather than for every stem [22]. The harvest events
are also stochastically selected for implementation, which may add some randomness to the simulation
result. Finally, the selection of the simulation periods also contributes to the uncertainties. Generally,
the processes of land-use change are complex and drastic, and are greatly influenced by policy and the
local government, especially in China. Therefore, the simulation of land use for a relatively long-term
period is prone to uncertainty. In this study, the simulated period of 2010-2050 was selected based
on some considerations. The land use datasets from Taihe County show that the spatial pattern of
land use and cover has remained very similar in recent years. Town expansion has remained at
a steady rate. Meanwhile, long-term successional development processes are required to identify
changes in the forest landscape. By 2050, the simulation may reflect an overall change under the
disturbances, especially under harvest. Therefore, the period of 2010-2050 was chosen due to the
trade-off of the time effect between land use change and harvest. For the validation, quantitative
validation of simulating results through comparing forest inventory data at large spatial and temporal
scales is very difficult, especially for the predicted study. However, we still have confidence in our
results. First, the LANDIS-II model has been previously applied in this area [23]. The validity of
PnET models has also been verified [48]. Secondly, ecological input parameters are reliable, which are
derived from forestry inventory data and an ecological station. Finally, the outputs of our simulation
are reasonable, and in accordance with expert knowledge. Although there are some uncertainties
in our studies, they do not prevent us from achieving our research objectives. In the future, we will
improve our simulation as much as possible to overcome the deficiency and uncertainty of forest
landscape simulation.

4.2. Implications of Quantitative Simulation for Future Management and Planning

Forest disturbances are ubiquitous worldwide, and their effects are demonstrated at different
levels from species and communities to the forest ecosystem. Changes in the forest landscape are
usually the result of complex natural and human disturbances, such as climate change, urbanization,
harvest, and other land use demands [11,55]. As human activities increase, more influence
has been exerted on the forest ecosystem. Land use change and harvest events are the two
important disturbances which are usually followed by a more direct and instant impact on the forest
landscape [56]. More specifically, land use pressures have a significant impact on forest characteristics,
potentially causing a decline in the forest cover at a regional scale [3]. Timber cutting can change
the forest landscape pattern more directly, especially in regions where plantations dominate [13,57].
With the development of the theory and technology of forest science, the simulation models and
methods offer an efficient way to quantitatively simulate forest dynamic disturbances. An increasing
number of forest simulation studies, from different parts of the world, reveal the importance of
complex human disturbances in forest management [23,24,58]. In our study, the relative contribution
of quantitative research was based on the land use model and forest landscape model coupling,
and it was an attempt to resolve the complex disturbance process. We believe that the coupled
modeling framework and method can combine the land system with a forest ecosystem, and may
provide a solution for the other cases of forest disturbance simulation around the world. At the
same time, the coupling simulation method can also make a contribution to the knowledge of forest
disturbance research.
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As important disturbances, land use change and harvest are both dominated by human activities,
but differences also exist between them. The effect of land use change on a forest is usually associated
with the conversion of land types, and the forestland is mainly transformed into build-up land, arable
land, and orchards. In particular, forested area conversion to built-up land, driven by demand, is
usually an irreversible process. Our simulation shows that the forest conversion zones caused by land
use change mainly concentrate in the densely inhabited central district. Due to the intensive human
activities and demand for economic benefits and housing, most central forestland will be invaded by
urban construction land, orchards, and other land types. This effect of land use on forest was also
observed in the study of Thompson et al. [14] in Massachusetts, USA. They used the probability of
conversion to simulate the forest conversion zones by considering the relationship between forestland
and factors, such as the population density, house density, and road density. Then, they found that
the factor of population density contributes the most to the probability of forestland conversion.
Harvest, compared to land use change, is a forest management activity for the purpose of timber
production. The effect of harvest on forests manifests as the change of the forest’s internal structure.
The simulation results show that harvest will make the forest landscape more fragmented for all
kinds of forest types, especially for coniferous forest. This is because these coniferous species are
the main kind of plantation in Taihe County and they have been defined prior to harvest simulation.
Although the fragmentation will be intensified by harvest events, it will also reduce the density of
mature, reproducing individuals that can disperse seeds and contribute to range expansion [59],
which may benefit regional forest development. In addition, we found that the negative effect of land
use change is waning and is beginning to have a positive effect on forest landscape change under the
integrated scenario. The main reason for this is the irreversibility of the forest conversion caused by
the land use change in our simulation, and these land use change effects reflect the initial stage of the
simulation. However, the intensity of harvest remained unchanged during the simulation, so the effect
of harvest is increasing. The result of the quantitative simulation can help understand the driving force
of forest cover dynamics and is crucial for forest management and land use planning.

Forest disturbance has both positive and negative effects on forest landscape change.
The disturbance is not only the main driving force for forest loss, but it is also an important means
of forest management and regulation. The positive effects of human disturbance can help build
a favorable forest site environment for forest natural regeneration and make a great contribution to
the forest development [60]. Based on the representative forest type, economic development model,
and forest management manner, we believe that our quantitative simulation results have certain
universality, which can help develop more effective strategies for forest and land use management.
Specifically, town development scale and speed should be properly controlled and scientifically
planned to avoid an excessive expansion of the town in the future. The forested area that may be
converted into built-up land should be strictly limited, ensuring a stable forested area ratio and
the balanced proportions of different forest types in our study. For the regions where plantation
dominated, the wood production is closely linked with the local economy. It is a big problem to
weigh the relationship between economic development, wood production, and ecological protection.
Additionally, it is also a challenge for policy makers to make timely adjustments to land use plans
within a changing environment. In addition, disturbances will also have an effect on forest ecological
succession, functional processes, and ecosystem services [58]. The effect of complex interference
processes on forests will be the focus of future quantitative research, and it will better serve regional
forests and sustainable land use development.

5. Conclusions

This study simulated and quantified the forest landscape dynamic under the disturbances of
land use change and harvest from 2010 to 2050. The results show that land use change mainly occurs
in the center of our study area, and the harvest events are in the coniferous forest area. The forest
landscape will be under pressure from land use change and harvest, which may result in the significant
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loss of forest area. The quantitative results show that the forest area under harvest, land use change,
and integrated scenarios will be reduced by 5.2%, 16.5%, and 34.9%, respectively. The results of the
relative contribution indicate that the effects of land use change on the loss of forest cover will gradually
weaken, but the effects of harvest will intensify accordingly. The quantitative simulation results may
benefit the integration of regional forest management and land use policy decisions, enhance our
understanding of the driving forces of forest landscape change, and contribute to achieving a trade-off
between economic development and ecological environment construction.
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The following abbreviations are used in this manuscript.

CA Cellular Automata

EBF Evergreen Broad-leaved Forests
DBF Deciduous Broad-leaved Forests
MF Masson pine Forests

SF Slash pine Forests

CF Chinese fir Forests

OF Other Forests

NF Non-Forestland

QYZ station Qian Yan Zhou ecological station
PAR Photosynthetically Active Radiation
MCE Multi-Criteria Evaluation

SEP Species Establishment Probability
ANPP Aboveground Net Primary Production
WHC Water Holding Capacity

WUE Water Use Efficiency

FL Forestland

GL Grass Land

WB Water Body

BL Built-up Land

UL Unused Land

AL Arable Land
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