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Preface

In the context of climate change and rapid urbanization, it is urgent to investigate the ecological

conditions of forests, analyze their ecological process, assess their ecological status, and explore

effective measurements and policies to ensure their sustainable development. This Reprint focuses on

environmental science/Earth science/geography, providing an overview of the most recent advances

in the ecological management and sustainable development of forests.

Our intention is to build a platform for communication so that we can discuss our research results

in a more targeted way. This Reprint is for anyone interested in environmental science, ecology,

forest management, and other related directions, which can provide students, scholars, and managers

with a theoretical basis and typical case references. Limited by time and effort, we present only a

limited number of studies. In the future, we will continue to make efforts to achieve the sustainable

management of forests and strongly communicate with all parties involved.

As the Editors of this Reprint, we thank the Editors of Forests for providing us with a platform

and their editing and publishing work. We thank all the authors of the 12 papers collated in this

Special Issue. All authors provide novel findings and perspectives to the direction of forest ecosystem

and management.

This Reprint and Special Issue were funded by the National Natural Science Foundation of China

(Grant No. 72304192).

Chao Wang, Fan Zhang, and Wei Liu

Editors
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Editorial

The Ecological Management and Sustainable Development
of Forests
Chao Wang 1,* , Fan Zhang 2 and Wei Liu 3

1 School of Labor Economics, Capital University of Economics and Business, Beijing 100070, China
2 Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences,

Beijing 100101, China; zhangf.ccap@igsnrr.ac.cn
3 School of Geography and Environment, Shandong Normal University, Jinan 250358, China; liuw@sdnu.edu.cn
* Correspondence: wangc@cueb.edu.cn

Forest ecosystems play a dominant role in regulating climate change and sustainable
development. In the context of climate change and rapid urbanization, forest ecosystems
exchange energy and materials with other open natural–social–economic systems and
face threats of degradation to their structure, function, and services. Climate change
alters forest structure due to variations in physical conditions, and social and economic
activities result in considerable land-use and land-cover change (LUCC), as well as having
complex impacts on forests and other natural systems. In line with the requirements of
the Sustainable Development Goals (SDGs), many ecological protection measures and
programs have been established to strengthen forest ecosystem function. To summarize, it
is urgent to investigate the ecological conditions of forest, analyze their ecological process,
assess their ecological status, and explore effective measurements and policies to ensure
their ecological management and sustainable development.

This Special Issue, entitled “The Ecological Management and Sustainable Development
of Forests”, presents 12 high-quality original research papers, including both micro- and
macro-scale studies (Figure 1), that are critical to clarifying the mechanisms that alter
the structure and function of forest ecosystems, strengthening ecosystem restoration and
conservation, and supporting the achievement of the SDGs. This Special Issue gives
an overview of the most recent advances in the ecological management and sustainable
development of forests.
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At the micro-scale, the included authors carried out field experiments and surveys,
investigated the characteristics of the forestry economy, and explored the mechanisms and
influencing factors in the alteration of trees or forests. Three papers [1–4] were published
on the topic of natural systems. Hua et al. (2023) [1] conducted a field experiment in
a Eucalyptus plantation to compare the effects of three-year fertilization and five-year
dry-season irrigation on height growth rate during the wet and dry seasons. The results
revealed that long-term dry-season irrigation significantly increased the height growth
rate of Eucalyptus urophylla × E. grandis by improving the hydraulic conductivity and
photosynthetic rate of leaves during the dry season. Moreover, the results revealed that the
leaves’ photosynthetic capacity contributed more to accelerating height growth than water
conduction within the leaves. Oszako et al. (2023) [2] analyzed the responses of young
pine seedlings to different types of soil media mixtures: phosphogypsum mixed with
organic ash or with sewage sludge. The results showed that the phosphogypsum-based
preparations used showed no harmful (toxic) effects on the potted pine seedlings. The
loosely prepared preparation made from a mixture of phosphogypsum and organic ash
began to positively affect the development of the seedlings’ root systems, and it was also
easier to mix with the soil surface than phosphogypsum with sewage sludge, which was
also sticky. The authors also found that obtaining detailed conclusions regarding heavy
metals and their effects on seedling development, and the changes in the microbiome,
required observations to be made over a longer period. Shi et al. (2022) [3] compared three
models for assessing aboveground biomass based on a sample of 30 trees, introduced a
linear seemingly unrelated regression (SUR) approach to determine the best model, and
estimated the biomass and carbon storage of T. Zhongshanshan stands in the Yangtze River
Basin (YRB) in China. The results showed that the total tree biomass values were 53.43,
84.87, 140.67, 192.71, and 156.65 t ha−1 in 9-, 11-, 13-, 15-, and 22-year-old T. Zhongshanshan.
The current T. Zhongshanshan stands in the YRB area can store 124.76 to 217.64 t ha−1

of carbon. Wang, Zhao et al. (2023) [4] carried out household surveys and found that
cooperative membership (herbal medicine planting) leads to considerable improvements
in forest farmers’ household income and assets. Householders who were migrant workers
were more likely to make the decision to participate in cooperatives compared with non-
migrant workers. In addition, this paper outlined the problems in the current development
of cooperatives and proposed feasible strategies and policy recommendations to guide
policy for sustainable forest development.

At the macro-scale, this Special Issue discusses three aspects of forest ecosystem charac-
teristics and management, i.e., characteristic identification [5–8], mechanism analysis [9–11],
and optimization management [12].

Identifying the spatio-temporal characteristics of land use, ecosystem services, veg-
etation cover, etc., can provide basic evidence of impact mechanisms and inform related
policy formulation. Xing et al. (2023) [5] focused on the ecological impacts of ecological
restoration strategies and projects, and investigated the evolution of the land-use transition
(LUT) pathways and ecosystem service value (ESV) in four geomorphological regions of
the Beiluo River Basin. The results indicated that forest land increased by 18.27%, and
the overall ESV increased by USD 3.209 billion (54.16%). The authors suggested that eco-
logical restoration projects enhanced the main ecological function of individual regions,
and conducted a detailed analysis of the impacts of the “Grain for Green” project. Wen
et al. (2023) [6] proposed a three-step approach to explore the multi-aspect dynamics of
land change, including the differences among land-use categories, spatial characteristics of
urban expansion, and forest fragmentation, and explored the characteristics of land-use
change in a low-income mountainous city (Enshi City, China). The findings confirmed that
recent planning measures were effective in restoring the natural environment, and that
the identified key areas can support sustainable forest management during urban growth.
Liu et al. (2023) [7] explored the overall change characteristics of vegetation cover and
the distribution patterns of different terrains on the complex terrain of arid and semi-arid
Xinjiang. The authors integrated the ESTARFM model, the dimidiate pixel model, unary
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linear regression, and the digital elevation model. The results showed that the overall
vegetation cover was high, and serious degradation and improvement phenomena were
both identified. Forest land is important in resolving the ecological risks of the lakeside
area and building its ecological base. Wang, Wu et al. (2023) [8] explored the spatial and
temporal evolutionary features of forest land in the Erhai rim region using bivariate spatial
autocorrelation and multi-scale geographical weighted regression (MGWR) models. The
results revealed that reasonable forest land expansion can effectively alleviate the growth
of landscape ecological risk in the Erhai rim region, whereas the shrinkage of forest land
would aggravate this risk.

Clarifying systemic mechanisms is conducive to understanding the relationships
between forest ecosystems and other related systems, and more comprehensively and
accurately identifying the key aspects of forests. Teng et al. (2023) [9] analyzed the
characteristics of vegetation coverage (VC) change based on high-resolution remote sensing
data in the Qilian Mountains (QLM) and identified the climatically and anthropogenically
driven pattern of VC change. They found that VC presented a remarkable upward trend
from 1990 to 2018 and identified a significant positive correlation with precipitation change
and annual average temperature, as well as a significant negative correlation with annual
average precipitation, current VC status, livestock density, and slope. Dong et al. (2023) [10]
aimed to understand the determining factors of the spatial distribution of forest cover,
conducting a nuanced case study in Fujian Province, China, in 2020. The paper showed
the specific relationships between the spatial distribution of forest cover and natural
conditions and socio-economic factors. The results indicated that natural factors could
shape the spatial distribution of forest cover, while socio-economic factors could play
a more significant role in the spatial distribution of forest cover. Mo et al. (2023) [11]
focused on the Pinus massoniana (PM) plantations on Guangxi Paiyang Forest Farm and
studied the synergistic and trade-off relationships between ecosystem services. The results
showed that the ecosystem services maintained significant positive correlations (synergy),
with a mutually reinforcing relationship. Their results and conclusions are essential for
maintaining the structure, function, and health of plantation forest ecosystems.

Achieving the sustainable management and high-quality development of forest ecosys-
tems is the ultimate goal of this Special Issue, with most of the papers presented proposing
specific strategies according to their results and conclusions. Taking Poland as a typical case,
Referowska-Chodak and Kornatowska (2023) [12] analyzed the effects of Poland’s forest
management evolution over the last 75 years on forest biodiversity. The evolution of forest
management practice implemented in Poland’s forests by the State Forests National Forest
Holding led to the restoration of/an increase in biodiversity. Their paper also found some
unsolved organizational, political, financial, conceptual, and natural/anthropogenic issues.

Author Contributions: Conceptualization, C.W., F.Z. and W.L.; writing—original draft preparation,
C.W.; writing—review and editing, F.Z. and W.L.; project administration, C.W. All authors have read
and agreed to the published version of the manuscript.
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Article

The Impact of Long-Term Dry-Season Irrigation on Eucalyptus
Tree Height Growth: Insights from Leaf Photosynthesis and
Water Conduction
Lei Hua 1, Penglong Chen 1, Jun Luo 1, Yan Su 2, Jiyue Li 2, Qian He 2,* and Huizhu Yang 1,3,*

1 State Environmental Protection Key Laboratory of Urban Ecological Environment Simulation and Protection,
South China Institute of Environmental Sciences, Ministry of Ecology and Environment of China,
Guangzhou 510655, China; hualei@scies.org (L.H.); chenpenglong@scies.org (P.C.); luojun@scies.org (J.L.)

2 Guangdong Key Laboratory for Innovative Development and Utilization of Forest Plant Germplasm,
College of Forestry and Landscape Architecture, South China Agricultural University,
Guangzhou 510642, China; suyan@scau.edu.cn (Y.S.); ljyue@scau.edu.cn (J.L.)

3 The Shanghai Key Lab for Urban Ecological Processes and Eco-Restoration, East China Normal University,
Shanghai 200241, China

* Correspondence: heqian@scau.edu.cn (Q.H.); yanghuizhu@scies.org (H.Y.)

Abstract: Tree height is a crucial characteristic of plant ecological strategies and plantation produc-
tivity. Investigating the influence of dry-season irrigation on the tree height growth in Eucalyptus
plantations contributes to a deeper understanding of precise improvement and sustainable develop-
ment in such plantations. We conducted a field experiment in a Eucalyptus plantation with three-year
fertilization and five-year dry-season irrigation to compare their effects on height growth rate during
wet vs. dry seasons. Our findings revealed that long-term dry-season irrigation significantly increased
the height growth rate of Eucalyptus urophylla × E. grandis by improving leaf hydraulic conductivity
and photosynthetic rate during the dry season. However, in the wet season, the tree height growth
rate in the fertilization treatment outperformed the other treatments significantly. Interestingly, we
also found that leaf photosynthetic capacity contributed more to accelerating height growth than
water conduction within the leaves. By examining the differences in leaf structural and functional
traits, our results shed light on the impact of long-term dry-season irrigation on the height growth
of E. urophylla × E. grandis plantations. Furthermore, this research provides both theoretical and
empirical evidence supporting the application of dry-season irrigation and the potential for further
enhancing plantation productivity in seasonally arid areas.

Keywords: height growth rate; photosynthetic rate; leaf hydraulic conductivity; Eucalyptus plantation

1. Introduction

The Eucalyptus tree, widely known for its economic and ecological significance, plays
a crucial role in various industries, including timber, paper, and biomass production [1].
Eucalyptus plantations are widely cultivated in the southern region of China, which is
characterized by a subtropical monsoon climate featuring distinct dry and wet seasons.
Specifically, the dry season spans from October to March of the subsequent year, during
which the annual precipitation accounts for less than 20% of the total rainfall [2]. Relevant
studies have demonstrated that the growth of Eucalyptus is adversely affected during the
dry season due to water scarcity [3–5]. Hence, delving into the physiological mechanisms
by which Eucalyptus plantations adapt to dry-season irrigation becomes essential in driving
their growth and productivity to new heights.

The growth of trees requires plants to synthesize organic matter through photosyn-
thesis and obtain sufficient water to maintain the normal metabolism of canopy organs.
Eucalyptus trees are highly dependent on water availability for their physiological pro-
cesses, including photosynthesis and water conduction [6]. Photosynthesis, the primary

Forests 2023, 14, 2017. https://doi.org/10.3390/f14102017 https://www.mdpi.com/journal/forests5
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process responsible for converting solar energy into chemical energy, directly influences the
growth and development of trees [7,8]. Studies have shown that water scarcity significantly
reduces photosynthetic activity [9,10], leading to decreased growth rates in Eucalyptus
trees. Additionally, water conduction, the process through which water is transported
from roots to leaves, plays a crucial role in maintaining water balance and facilitating tree
growth [11–13]. Previous studies have commonly examined the effects of water availability
on Eucalyptus growth by analyzing traits associated with photosynthesis and water conduc-
tion separately [3,14,15]. However, there is a lack of research examining the extent to which
leaf photosynthesis and water transport contribute to the growth of Eucalyptus tree height
under dry-season irrigation in seasonal arid regions.

Structural traits have significant effects on regulating both leaf photosynthesis and
hydraulic functions in plants [16–18]. Among these, leaf thickness and vein density play
critical roles in regulating leaf photosynthetic rate and hydraulic conductivity. Leaf water
conductivity refers to the ability of leaves to effectively transport water to chloroplasts and
has an impact on the accumulation of carbon in leaves [19]. Leaf thickness is a key factor
in regulating the diffusion distance for CO2 to reach the chloroplasts. Furthermore, it can
impact the movement of water to the photosynthetic site and its subsequent transpiration
from the leaf [20,21]. Additionally, leaf veins serve as the pathway of least resistance
for water transport within leaf blades, and their abundance also determines the speed of
transport [22]. Increased vein density and reduced leaf thickness can effectively reduce the
transportation distance for CO2 and H2O, thereby enhancing the photosynthetic rate and
leaf hydraulic conductivity [21,23].

Furthermore, fertilization practices are commonly employed in Eucalyptus plantations
to enhance growth and productivity, but the productivity of Eucalyptus plantations in
China lags behind that of countries such as Brazil [24]. Therefore, by modifying traditional
planting practices, we aim to optimize the productivity of Eucalyptus plantations by imple-
menting drip irrigation during the dry season, aiming to alleviate the growth limitations
imposed by seasonal drought on plantations. Previous studies have suggested that fertil-
ization can improve photosynthetic efficiency and water uptake capacity in trees [25,26].
However, the impact of long-term dry-season irrigation after fertilization on leaf photosyn-
thesis and water conductivity capacity during both wet and dry seasons still lacks research.

In this study, various dry-season irrigation and fertilization treatments were imple-
mented for the E. urophylla × E. grandis plantations. Height growth rate, leaf functional
traits, and structural traits were determined among the four different treatments. We aim
to investigate the following inquiries: (1) How does dry-season irrigation affect the leaf
structural and functional traits of E. urophylla × E. grandis plantations during both wet
and dry seasons? (2) How do these alterations affect the plant height growth rate under
dry-season irrigation?

2. Materials and Methods
2.1. Study Site and Plant Material

The experimental forest site was situated at the Teaching & Research Base of South
China Agricultural University (SCAU) in Zengcheng District, Guangzhou (23◦14′48′′ N,
113◦38′20′′ E). This region has a typical subtropical monsoon climate with an average
annual precipitation of approximately 1900 mm, with the majority occurring during the
wet season from April to September. The average annual temperature is 21.6 ◦C. Analysis
of meteorological data for Guangzhou City reveals that during the dry season from 2017 to
2022, Zengcheng District experienced an average monthly precipitation of only 55.68 mm
(Figure 1). Additionally, the average monthly temperature of 18.39 ◦C during the dry season
falls within the temperature range associated with maximum growth of Eucalyptus trees, as
studies have shown that temperatures above 18 ◦C are conducive to their growth [27]. The
soil is the common red soil in South China. The initial experimental soil conditions were as
follows: pH: 4.92, organic matter: 7.03 g/kg, total nitrogen: 0.35 g/kg, total phosphorus:
0.15 g/kg, and total potassium: 8.83 g/kg. The field water holding capacity of the soil was
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20.41%, with a bulk density of 1.55 g/cm3. In April 2017, healthy E. urophylla × E. grandis
seedlings, measuring approximately 20–35 cm in height and free from any signs of disease
or mechanical damage, were planted under optimal conditions. The planting density was
1667 plants per hectare.
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Figure 1. The monthly precipitations and average temperatures in the dry seasons of Zengcheng
District, Guangzhou, from 2017 to 2022. Dash lines indicate the average monthly precipitation
(55.68 mm) and the average monthly temperature (18.39 ◦C), respectively.

2.2. Experimental Design

The experiment utilized an orthogonal design, incorporating irrigation and fertilizer
treatments [5]. During the dry season of each year, water was provided exclusively through
drip irrigation equipment. The forestland was partitioned into five terraces, with each
terrace housing four distinct treatments, as illustrated in Figure 2. The plots varied in size
from 20 to 92 trees and were arranged randomly. The treatments for each terrace consisted
of (1) a blank control group (CK); (2) dry-season irrigation only (W); (3) conventional
fertilization only (F); and (4) both dry-season irrigation and fertilization (WF). To minimize
interference from neighboring treatments, the measured trees were positioned in the center
of each treated plot. Dry-season irrigation involved a 4 h duration, maintaining the soil’s
relative water content (measured at a depth of 40 cm and 40 cm away from the trees)
above 80% for three days following irrigation. Drip irrigation was applied for a total of
8 h per week at a rate of 4 L/h, amounting to 32 L/week per tree. The irrigation period
spanned from 1 October 2017 to 31 March 2022, covering five consecutive dry seasons. The
collected precipitation in the wet season and some groundwater were used for irrigation. A
waterproof and anti-corrosion partition, 50 cm in depth, was buried between each treatment
plot. According to Yang et al. [28], although the soil water content fluctuated, the treatments
with dry-season irrigation (W and WF) were almost always higher than those without water
supply (CK and F). Fertilizer application rates matched those typically used for Eucalyptus
production in China and were sourced from Guangdong Dayi Agroforestry Ecological
Technology Co. The foundation fertilizer was added in March 2017 with 400 g per tree, with
a total of 24 g N, 72 g P2O5, and 24 g K2O. For the F and WF treatments, the first superficial
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fertilizer was provided in July with 300 g per tree and contained 45 g N, 21 g P2O5, and
24 g K2O. The second and third topdressings, with 400 g per tree containing 60 g N, 28 g
P2O5, and 32 g K2O, were applied in July 2018 and July 2019, respectively. Fertilization was
carried out continuously for three years (F and WF), consistent with prevailing practices
in Eucalyptus plantations across China. Following five years of treatment, data collection
was conducted in August and October of 2021, as well as January of 2022. Each plot was
replicated three times, resulting in a total of 15 samples per treatment group.
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Figure 2. The information on experimental plots (A), overview of the site (B), and the dry-season
irrigation facilities (C). CK, W, F, and WF represent control conditions, 5 years of dry-season irrigation,
only conventional fertilization (only fertilizer in the first three years), and both dry-season irrigation
and fertilization.

2.3. Measurement of Height Growth Rate

The tree height was measured using a comparative method with a special carbon fiber
tall tree pruner (net length of 20 m). Tree height measurements were taken for all trees of
the four treatments in August and October of 2021 and January of 2022 (a total of 745 trees).
By calculating the difference in tree height between two months and dividing it by the
number of days elapsed, we determined the height growth rate (Hr) of the wet and dry
seasons, respectively, for each treatment.

2.4. Measurement of Leaf Functional Traits

Leaf gas exchange measurements were performed on cloudless days in August 2021
and January 2022, between 9:00 am and 11:00 am, with the Li6800 photosynthetic instrument
(Li-Cor, Lincoln, NE, USA). For each treatment, three measurements were carried out,
whereby the photosynthetic rate (An) was measured in five fully developed leaves per plant.
Therefore, a total of 225 values of the photosynthetic rate were measured for each treatment
in each season. The photosynthetic photon flux density was set at 1500 mol m−2 s−1 to
ensure consistent light-saturated photosynthetic rates among all treatments. Furthermore,
we kept the ambient CO2 levels at 400 µmol mol−1 and temperature at 26 ◦C throughout all
the measurements. To minimize the effects of vapor pressure deficit (VPD), the chamber’s
relative humidity was controlled within the range of 70% to 90%. Before measurement,
the leaves were allowed to stand for 5–10 min under the above conditions to stabilize
photosynthetic parameters.
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Leaf hydraulic conductance (Kleaf) was measured following the methods from Brodribb
and Holbrook [29]. Branches with leaves were selected and cut at predawn and quickly
put into black bags along with damp towels for 1 h. The initial water potential (ψleaf) of
leaves was measured with the pressure chamber (PMS Instruments, Albany, OR, USA). The
adjacent leaves were then cut in water and rehydrated for 10 s. The water potential of the
rehydrated leaves was immediately measured. Leaf hydraulic conductance was calculated
using the following formula:

Kleaf = C × ln (ψ0/ψf)/t

where C represents the leaf capacitance, ψ0 denotes the initial water potential, ψf represents
the leaf water potential after rehydration, and t is the duration of rehydration (10 s).
The values of C before and after turgor loss were determined by leaf pressure–volume
relationships and normalized by leaf area, as follows:

C = ∆RWC/∆ψ1 × (DM/LA) × (WM/DM)/M

where RWC indicates the relative water content, DM represents leaf dry mass (g), LA
means leaf area (m2), WM represents the mass of leaf water at 100% RWC (g), and M is the
molar mass of water (g mol−1). One branch per tree was sampled, and three values were
measured for each branch, resulting in a total of 45 measurements for each treatment in
each season.

2.5. Measurement of Leaf Structural Traits

Vein density was determined following the method described by Sack and Scoffoni [22].
Five leaves were sampled from each tree, and from each leaf, three rectangles (with an area
of at least 1 cm2) were obtained from the top, middle, and bottom sections. These sections
were then soaked in a 5% w/v NaOH/H2O solution for a period of five days. Subsequently,
the leaves were rinsed with water and immersed in a commercial bleach solution (6% w/v
NaClO/H2O) for approximately 15 min. After a second rinse with water, the leaves were
stained with a 1% w/v safranin/ethanol solution for 10 min. Following this, the leaves
were kept in 100% ethanol for 20 min before being transferred back to water for imaging.
Photos of each section were taken using an optical microscope equipped with a digital
camera (Leica ICC50 W). The length of all veins in each image was measured using ImageJ
software (version 1.53t) [30]. Leaf vein density (VD) was calculated as the sum of vein
length divided by the leaf area.

To obtain cross-sections, the top, middle, and bottom of each leaf were carefully
cut. These sections were then photographed using the aforementioned light microscope.
Furthermore, the leaf thickness (LT) was measured using ImageJ software (version 1.53t).
For VD and LT, a total of 225 values were measured for each treatment in each season,
respectively.

2.6. Statistical Analysis

The ANOVA analysis was employed to compare trait values across the four treatments.
Associations between measured traits were analyzed separately for the wet and dry seasons
using Pearson correlation in SPSS (Chicago, IL, USA). To analyze all data together, standard
major axis (SMA) regression was conducted using the SMATR software (version 2.0) [31].
Additionally, the “varpart” in the R package vegan v.2.5–6 [32] was utilized to estimate the
unique contributions of Kleaf, An, and leaf structural traits (including LT and VD) to Hr.

3. Results
3.1. Response of Functional Traits to Five-Year Dry-Season Irrigation

The height growth rate (Hr) and the leaf functional traits differed among treatments
in the wet and dry seasons (Figure 3). For leaf hydraulic conductivity (Kleaf), during the
wet season, the trees subjected to fertilization (F and WF) exhibited a significantly higher
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Kleaf compared to the non-fertilized trees (CK and W); however, during the dry season, the
Kleaf of the dry-season irrigation treatments (W and WF) was significantly higher than that
of the non-irrigated treatment (CK and F) (Figure 3A). Regarding the photosynthetic rate
(An), during the wet season, there was no significant difference among the CK, F, and WF
treatments, but the An of W was significantly lower than that of the F treatment. During
the dry season, the An of the dry-season irrigation treatments (W and WF) was significantly
higher than that of the non-irrigated treatment (CK and F) (Figure 3B). As for the height
growth rate (Hr), during the rainy season, there was no significant difference among the
CK, W, and WF treatments, but they were all significantly lower than the F treatment.
During the dry season, the Hr of the dry-season irrigation treatments (W and WF) was also
significantly higher than that of the non-irrigated treatment (CK and F) (Figure 3C).
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3.2. Response of Structural Traits to Five-Year Dry-Season Irrigation

Different treatments did not have a significant effect on leaf thickness (LT), but they
significantly affected leaf vein density (Figures 4 and S1). During the wet season, the
F treatment exhibited significantly higher leaf vein density (VD) compared to the other
treatments, while during the dry season, the F treatment had the lowest VD. The VD of
the dry-season irrigation treatments (W and WF) was significantly higher than that of the
non-irrigation treatments (CK and F) during the dry season (Figure 4).
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for analysis was 1800.

3.3. Associations between Functional Traits and Structural Traits

Overall, the LT showed a negative correlation with both An and Kleaf (Figure 5A,B).
However, their relationships differed in the wet and dry seasons: in the dry season, the LT
was significantly negatively correlated with An, but this relationship was not significant
in the wet season. While the LT did not have a significant relationship with Kleaf in both
the wet and dry seasons, the thickness of the leaf lower epidermis cuticle layer (Tc-L) was
significantly negatively correlated with Kleaf. Moreover, regardless of the season, there was
a significantly positive correlation between VD and Kleaf (Figure 5C).

Both An and Kleaf had an impact on the Hr (Figure 6). The Hr and Kleaf were signifi-
cantly correlated in both wet and dry seasons. Additionally, the Hr of different treatments
was higher in the wet season than in the dry season (Figure 6A). The An was also signifi-
cantly positively correlated with Hr, but their relationships were not significant in both wet
and dry seasons (Figure 6B).

In order to determine the leaf traits that strongly influenced the height growth rate of
E. urophylla × grandis, we assessed the individual impacts of An, Kleaf, and leaf structural
traits (LT and VD) on Hr. The unique effect of An and leaf structural traits on Hr were 67%
and 14%, respectively, whereas that of Kleaf was only 5% (Figure 7).
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Figure 5. Relationship between leaf structural traits and leaf functional traits. (A) Leaf thickness (LT)
and photosynthetic rate (An); (B) leaf thickness (LT) and leaf hydraulic conductivity (Kleaf); (C) leaf
vein density (VD) and leaf hydraulic conductivity (Kleaf). Blue and red circles with blue and red
lines represent wet season and dry season, respectively. Standardized major axis (SMA) slopes (black
lines) are indicated for all data together. Straight lines represent significant correlations: *, p < 0.1;
**, p < 0.05; and ***, p < 0.01. Dash lines indicate no significant correlations. The values of An, LT,
and VD for each treatment in each season were averaged from 225 measurements, while Kleaf was
obtained by averaging 45 measurements.
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Figure 6. Relationship among functional traits. (A) Leaf hydraulic conductivity (Kleaf) and height
growth rate (Hr); (B) photosynthetic rate (An) and height growth rate (Hr). Blue and red circles with
blue and red lines represent wet season and dry season, respectively. Standardized major axis (SMA)
slopes (black lines) are indicated for all data together. Straight lines represent significant correlations:
*, p < 0.1; **, p < 0.05. Dash lines indicate no significant correlations. The values of An and Kleaf for
each treatment in each season were obtained by averaging 225 and 45 measurements, respectively.
The values of Hr for each season were obtained by averaging 169 (CK), 212 (W), 178 (F), and 186 (WF)
measurements, respectively.
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4. Discussion
4.1. Effect of Long-Term Dry-Season Irrigation on Plant Height Growth

Consistent with previous studies [33–35], we found that under well-hydrated con-
ditions (during the wet season), the tree height growth rate was primarily influenced
by fertilizer treatments. However, there were no significant differences between the WF
treatment and the treatments without fertilizer (CK and W). During the dry season, the
tree height growth of the W and WF treatments was not limited by drought due to suffi-
cient water supply through drip irrigation, resulting in rapid growth, but there was no
significant difference between them. This can be explained by two reasons. First, the
external cause for the differential performance of tree height growth rates among different
treatments during the wet and dry seasons in this study may be attributed to variations
in soil nutrient availability (Table S1). Through five years of water supplementation, the
nutrients increased by fertilization in the WF treatment were also utilized more in the
previous dry seasons, which was consistent with previous studies where WF’s growth
was significantly higher than other treatments [4], resulting in no significant difference
in tree height growth rates between the WF and W treatments during the dry season in
this study. Similarly, in the F treatment, the fertilization nutrients were not fully utilized
during the previous five years’ dry seasons. Therefore, in well-watered conditions during
the wet season, the F treatment exhibited significantly higher nutrient availability, leading
to remarkable tree height growth. Second, a larger leaf vein density of the F treatment in
the wet season and the W and WF treatments in the dry season can reduce leaf hydraulic
resistance, thereby enhancing leaf water transport efficiency and promoting photosynthetic
rates [19,21,36], ultimately promoting tree height growth. Moreover, although there were
no significant differences in functional traits (Kleaf, An, and Hr) between the WF and W
treatments during the dry season, the functional traits of the W treatment were consistently
higher than those of the WF treatment. This may be due to the initial rapid growth of the
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WF treatment, facilitated by sufficient water and nutrient conditions [4]. As tree height
increases, the resistance to water transport to the canopy leaves increases [37], and the
pathway for downward transport of organic matter becomes longer, requiring more energy
consumption [38]. Therefore, compared to the shorter trees of the W treatment, the trees of
the WF treatment may experience greater growth resistance, resulting in smaller functional
traits during the dry season despite both treatments receiving supplemental irrigation.

Somewhat unexpectedly, the leaf thickness of all treatments did not change signif-
icantly during the wet or dry season. One possible explanation is that trees subjected
to drought stress tend to increase leaf thickness, thereby elongating the water transport
distance within the leaves and improving water use efficiency [21,39]. Additionally, taller
trees tend to develop thicker and smaller leaves to reduce moisture evaporation [7,40].
Following three years of fertilization and five years of dry-season irrigation, the trees of the
W and WF treatments displayed greater tree height. However, the trees of the F and CK
treatments experienced more severe drought stress during the dry season. Therefore, all
four treatments showed an increase in leaf thickness, resulting in no significant differences
in leaf thickness among the treatments during the dry season. During the wet season, leaf
thickness variations may be influenced more by genetic factors, as the differences in leaf
thickness among the treatments were relatively small, given that they belong to the same
tree species.

4.2. Effect of Leaf Structural and Functional Traits on Plant Height Growth

In all four treatments during both wet and dry seasons, the height growth rate was
significantly affected by leaf hydraulic conductivity and photosynthetic rate. This illus-
trates that the adaptions of H2O transport capacity and carbon assimilation capacity due to
dry-season irrigation can enhance plant growth rate. Leaf resistance contributes to approxi-
mately 80% of the total resistance in plant water transport [41–44]. Research by Nardini and
Salleo [45] revealed that Laurus nobilis had 92% of its water transport resistance located in
its leaves. Leaves account for a significant proportion of the entire plant hydraulic pathway
and are usually more susceptible to water stress compared to other plant organs [41,46],
thus affecting leaf photosynthetic carbon assimilation [36]. Therefore, leaves may play a
disproportionately important role in plant adaptation to drought [47]. In this study, the
hydraulic conductivity of E. urophylla × grandis leaves significantly influenced tree height
growth rates. E. urophylla × grandis trees that received dry-season irrigation maintained
higher leaf hydraulic conductivity, allowing their height growth to remain unrestricted.

Notably, our findings revealed that carbon assimilation capacity had a significantly
greater and distinct impact on the increase in height growth rate under prolonged dry-
season irrigation when compared to leaf hydraulic conductivity and leaf structural traits.
In Ochnaceae species, Schneider et al. [48] reported that enhancing stomatal anatomy to
reduce the distance of CO2 transport proved to be a more efficient strategy, as compared to
modifying water transport structures such as increasing leaf vein density. In light of our
discoveries, a plausible explanation could be that for plants, modifying water transport-
related traits is a more resource-intensive process compared to altering CO2 transport-
related traits. This could lead to inadequate adjustments in leaf hydraulic conductivity and
structural traits (LT and VD). Therefore, under dry-season irrigation, leaves of E. urophylla
× grandis are more inclined to invest in other, more “cost-effective” traits to enhance
photosynthetic carbon assimilation efficiency, thereby increasing tree height growth rates.
We also found that leaf traits in our study cannot explain the 28% variation in tree height
growth rates. As previously indicated by studies [49–52], other traits, such as root system
characteristics and wood traits, may have additional effects on tree height growth rates.
Therefore, future research should consider including more plant traits as variables in order
to further investigate their impact.

However, our results also come with limitations. Our findings are based on Eucalyptus
plantations in Guangzhou City and may not fully represent all seasonally dry regions, as
differences in geographical location, climate, and soil can also influence Eucalyptus growth.
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Furthermore, this experiment did not include additional treatments regarding the frequency
and intensity of irrigation and the amount and type of fertilizer, which makes it difficult to
accurately determine the optimal strategies for dry-season irrigation and fertilization.

5. Conclusions

We conducted a field experiment in a Eucalyptus plantation with three-year fertilization
and five-year dry-season irrigation to compare their effects on height growth rate. Our
results indicate that long-term dry-season irrigation has contrasting effects on the tree
height growth rate of an E. urophylla× grandis plantation in southern China. During the dry
season, long-term dry-season irrigation significantly enhanced the tree height growth rate
of E. urophylla × grandis by improving leaf water transport efficiency and photosynthetic
carbon assimilation efficiency. After 5 years of dry-season irrigation, the height growth
rate of Eucalyptus trees was increased by 73% compared to non-irrigated conditions in the
dry season. However, during the wet season, only the trees with fertilization treatment
exhibited a higher height growth rate. Furthermore, our findings indicate that leaf pho-
tosynthetic capacity plays a more prominent role in accelerating the height growth rate
compared to water conduction in leaves. These results provide valuable insights into the
divergent impacts of long-term dry-season irrigation on tree height growth rate and also
offer empirical evidence supporting the implementation of dry-season irrigation and the
potential for enhancing plantation productivity in regions with seasonal aridity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14102017/s1, Figure S1: Leaf thickness of Eucalyptus urophylla ×
grandis under control conditions (CK), dry-season irrigation (W), fertilization (F) and both dry-season
irrigation and fertilization (WF) in wet season and dry season; Table S1: The total nitrogen, total
phosphorus, total potassium of the soil under control conditions (CK), dry-season irrigation (W),
fertilization (F) and both dry-season irrigation and fertilization (WF).
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Abstract: The production of phosphoric acid produces “waste heaps” that have not yet been tapped,
but which have the character of weak fertilizers and can perhaps be reintroduced into the elemental
cycle in the forests. Two variants of mixing with organic ash and with sewage sludge were carried
out. One-year-old pine seedlings (Pinus sylvestris L.) from the Trzebieź forest district (northern
Poland) were planted in pots with soil that also came from the same field. Preparations containing
phosphogypsum were applied topically to the soil in four doses (1, 2, 3 and 5 t/ha). The trial, which
lasted one growing season, was conducted in four replicates. At the end of the trial, the height of the
above-ground parts and root length, needle and root area, root neck diameter and photosynthetic
performance were measured. The phosphogypsum-based preparations used showed no harmful
(toxic) effects on the potted pine seedlings during the six-month trial period. The loosely prepared
preparation made from a mixture of phosphogypsum and organic ash began to have a positive
effect on the development of the seedlings’ root system, and it was also easier to mix with the
soil surface than phosphogypsum with sewage sludge, which also contained a sticky form. The
photosynthetic performance of one-year-old pine seedlings decreased after one growing season
following the application of phosphogypsum preparations and most of the growth parameters tested
did not differ from the control, so observations over a longer period (at least two to three growing
seasons) are required. However, dosages of 1 and 2 t/ha seem to be the most promising, and these
lower dosages are more economical to manage in nurseries or plantations, especially on poor sites.
Formulations should be tested for heavy metals and their effects on seedling development. Testing
should also be continued to monitor changes in the microbiome.

Keywords: phosphogypsum; sewage sludge; Scots pine; seedlings; soil revitalization

1. Introduction

Phosphogypsum is considered a waste product produced in the manufacture of
extractable phosphoric acid, which is used, among other things, in the production of phos-
phate fertilizers [1]. For one tonne of orthophosphoric acid produced, 3.5 to 4.5 tonnes
of moist phosphogypsum [2] are obtained. Phosphogypsum as a by-product of fertilizer
production requires an attempt to solve the problem of its storage and recycling. However,
since it cannot be used in agriculture or even forestry before its category (waste code)
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is changed, our attempt was limited to potted plants. This research step is necessary to
proceed with broader experiments in forests. However, it is worth playing a game because
this “waste” contains calcium sulphate dihydrate (the basic ingredient of phosphogypsum),
which has no negative impact on the environment unless it is mixed with heavy metals,
lanthanides or radionuclides [3]. The literature indicates that contamination of phospho-
gypsum with heavy metals and radioactive elements applies primarily to waste from the
processing of phosphorites and only to a lesser extent to waste from apatites [4]. Apatites
have a much lower content of such pollutants compared to phosphorites [2]. Phosphogyp-
sum produced from apatite raw material can be considered as waste, practically free from
this type of compounds, which should be tried in forest plantations in the future.

The management of phosphogypsum is difficult due to the above-mentioned impuri-
ties it contains; its treatment is energy-intensive, and significant amounts of wastewater
are produced, so the main method of managing phosphogypsum is storage, although
this is highly controversial due to its environmental impact. Indeed, numerous expert
studies have shown that phosphogypsum stored in stockpiles can pose a real threat to the
balance of the soil and water environment, mainly due to insufficient protection of the
stockpiles [5]. Investigations of the phosphogypsum dump in Wiślinka (northern Poland)
show that leachates from the dumps have a very low pH (2–4) and elevated concentrations
of phosphates, fluorides, sulphates and nitrates, heavy metals/metalloids (mainly Cd) and
radionuclides. Pollutants from the phosphogypsum landfill in Wiślinka entering ground-
water may contribute to changes in local physico-chemical conditions of surface waters and
also pose a risk to groundwater quality. Phosphogypsum contains heavy metals/metalloids
in its composition, and leachates from the landfill also pose a significant risk to the quality
of the soil environment. Chemical analyses of soil samples from areas adjacent to the land-
fill have shown that contaminants contained in the waste migrate from the landfill to the
adjacent areas [6]. Another risk is the accumulation of heavy metals/metalloids in plants,
which can lead to them entering the food chain. As for the risk from radioactive elements in
phosphogypsum, no real risk to the environment near the landfill has been demonstrated.

The heaps heaped up for the storage of phosphogypsum (PG) increase in volume
every year and look like ‘white mountains’ because of their colour. According to estimates
from 2009, the amount of phosphogypsum produced worldwide is 100 to 280 million
Mg per year [6]. In 2006, phosphogypsum plants worldwide generated about 5 trillion
tonnes of waste, of which 70–90% was sent to landfills [7]. In Poland, phosphogypsum
waste is generated near Szczecin (Police), Gdańsk (Wiślinka) and Silesia (Wizów), among
others. The disposal of phosphogypsum is energy-intensive and generates large amounts
of wastewater. Therefore, it is necessary to look for alternatives for the management of this
waste [2]. To date, its use in construction, road building or agriculture has been studied [8].

Currently, we would like to test whether phosphogypsum can be used to improve the
habitat of pines in a fresh boreal forest. Phosphate fertilizers based on phosphogypsum
are not used in Polish agriculture because phosphogypsum contains heavy metals but
they should not have negative effects when used in forestry. Therefore, it was hypothe-
sized that this could be a good way to provide pine seedlings with sulphur, calcium and
phosphorus in their first years of life. To date, no similar studies have been conducted in
Poland. Before conducting comprehensive field studies, the addition of phosphogypsum
formulations to the soil is currently being investigated in a pot trial, as they are safer for
the environment. The main objective of the present study is to investigate the effects of
phosphogypsum formulations on annual pines (P. sylvestris), including seedling growth
parameters and photosynthetic efficiency. We hypothesize that the phosphogypsum-based
preparations studied in the variants—mixtures of phosphogypsum with organic ash and
mixtures of phosphogypsum with sewage sludge—could be used as soil conditioners to
improve seedling growth in forestry. Furthermore, we presume that the work will em-
phasize the phosphogypsum formulation’s effect on the young potted seedlings under
outdoor conditions.
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2. Materials and Methods
2.1. Plant Material and Soil

One-year-old Scots pine seedlings (P. sylvestris), also prepared by a local forest nursery,
were planted in the soil of a forest growing area in the neighbouring Trzebiez Forest
District, Division 598h, Tytania Forest District, Trzebiez Forest District, RDSF Szczecin, and
preparations were added to the soil at different doses (per hectare) to observe their effects
on plant growth and development, including photosynthetic efficiency. In the control
(C), two formulations were used for the study: a phosphogypsum/ash mixture (A) and a
phosphogypsum/sludge mixture (S) in a ratio ensuring a soil pH recommended for pine
culture (4–4.5). The soil used for planting pine seedlings came from a not very nutrient-rich,
fresh coniferous forest where pines are commonly planted in Tatynia forestry (Trzebież
forestry district). It was assumed that, in case of positive results, further field studies should
be conducted on the use of these previously unused “wastes” in forests, especially in fresh
coniferous forests, which account for about 20% of the area of state forests.

The pine seedlings were also obtained from Tatynia Forest Nursery and planted in
18 cm × 18 cm pots, in 9 variants and 4 replicates, using the control sample as a reference.
The trial was conducted in the following variants: control; calcium sulphate with wood
ash and calcium sulphate with sewage sludge. For both formulations 4 dosages were
used: 1 t/ha, 2 t/ha, 3 t/ha and 5 t/ha. The dolomite base doses of 1 to 2 t/ha used
for liming forest soils were used as dosing criteria, which were also increased to 3 and
5 t/ha to observe whether there would be further benefits for the pine seedlings or rather
phytotoxicity of the preparations. The idea was to select the most beneficial dosages of the
preparations for further field trials as a result of the tests. Four seedlings of each treatment
were used in the experiment.

Seedlings from the nursery and soil were taken on 24 April 2021 and planted in
36 pots, one per pot, on 29 April 2021. Each pot was placed in a sunny, open location to
create favourable growing conditions. The trial was fenced with a metal grid to protect
it from damage by forest animals. On 23 May 2021, both formulations were applied to
the soil surface at the following amounts: 3.24 g; 6.48 g; 9.72 g; and 16.2 g, to simulate
forest conditions and future application by surface spreading. A small amount of soil was
sprinkled with the formulations to prevent wind dispersal. They were maintained daily
and watered as needed. In particular, the plants of the control variant were observed, their
good appearance indicating normal environmental conditions conducive to plant growth.
In this way, any abnormalities in the treated plants, e.g., phytotoxicity of the preparations
used, were easily detected.

2.2. Measurements of Growth Parameters

During the 2021 growing season, three measurements (25 April, 19 July and 31 October)
of height, diameter at the root collar and length and area of roots and needles (31 October)
were taken [9].

All pine seedlings were removed from their pots and freed from soil residues on 31
October 2021. Root length was measured with a tape measure graduated to 1 mm [10].

After measuring and photographing on graph paper, one seedling each was placed in
a paper bag and weighed. The plants in the paper bags were dried at room temperature for
3 weeks and then dried again at 105 °C for about 1.5 h until a constant weight was reached.

The seedlings were individually spread out on graph paper to measure the needle
and root area. Each cutting was photographed. From the photos, the area was determined
using the CSS Video FrameGrabber software.

2.3. Measurement of Photosynthetic Performance

On 7 July 2021, ten individual needles were taken from each seedling, two of which
were placed in special clamps and left in the dark for more than 20 min to silence the
photosynthetic processes. Subsequently, 360 measurements were taken with a mobile PEA
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fluorimeter (10 measurements on each seedling), which were transferred to a computer
with appropriate software for further analysis.

Soil phosphorus tests were conducted on 8 August 2022; the pots of each experimental
variant were cut in half and soil from two depths (0–5 cm and 6–10 cm) was placed
in plastic containers. Each container was described and sent to the laboratory of the
Warsaw University of Life Sciences for analysis of the total phosphorus content (phosphorus
pentoxide) and acidity (pH) of the soil [11,12]. Soil samples were characterized as follows:
pH—by potentiometric method after extraction with 1 mol/dm3 KCl (ISO 10390:2005),
available P value by Egner-Riehm method (DL).

Four parameters were included in the analysis and their values were compared with
those of the control seedlings.

• Fv/Fm is a normalized ratio formed by dividing the variable fluorescence by the
maximum fluorescence. The parameter Fv/Fm describes the maximum yield of the
PS II photoperiod. The photosystems PS I and PS II are dye–protein–lipid complexes
that determine the course of all photochemical reactions of the light-dependent phase
of photosynthesis.

• Another parameter “area” or AM defines the area over the chlorophyll fluorescence
induction curve. The value of the parameter AM (SM or Area) is proportional to the
size of the electron acceptor pool in PS II. The measurement of AM is of great practical
importance, for example in monitoring the penetration of herbicide photosynthesis
inhibitors such as diuron (DCMU) into leaves. The unit of AM is bitomilliseconds
(bms), i.e., the product of the fluorescence signal measured in bits and the transition
time from Fo to Fm expressed in milliseconds. The faster the increase from FL to
FM (faster reduction of the acceptor pool in PSII), the smaller the area above the FL
induction curve of chlorophyll. When electron transport from the reaction centres to
the plastoquinones is blocked (during stress), the value of AM decreases. A parameter
similar to AM is its standardized version SM / FM (SM = AM). This parameter also
determines the number of unreduced electron acceptors in PSII, but per total content
of active chlorophyll in the sample [13,14].

• The time to reach maximum chlorophyll fluorescence FM (from the beginning of the
measurement) is determined by the TFM parameter, which is usually 500–800 ms [15].
The TFM measurement is an alternative method to determine the size of the pool of
unreduced plastoquinones. This time may be prolonged if the test object has been
exposed to stress factors that slow the transport of high-energy electrons from the
reaction centres to the plastoquinones [16]. PI (Performance index)—the performance
index PS II reflects the efficiency of the photosynthetic process, taking into account all
automatically measured parameters.

• However, the best parameter to characterize photosynthetic performance is the total
performance index (PI Total), which reflects all the previously mentioned factors and
was therefore first compared between the treatments and the control.

2.4. Data Analysis

The collected data were analysed to test the statistical significance of the differences
between the experimental variants studied and the trends in the data. Two types of
statistical analyses were used in the presented research.

• Analysis of variance (ANOVA) was performed for pairwise multiple comparisons us-
ing Tukey’s HSD test (honestly significant difference) at p < 0.05. For this method com-
parison between the three main studied treatments (Control—C, Ashes—A, Sewage
sludge—S) was performed and in the presented results we indicate, in the presented
figures, whether there was found a statistically significant difference and for which
compared pair.

• The evolution of the measured variables as a function of the applied dose of the
phosphogypsum preparations was analysed with linear regression models. The
models with linear and quadratic terms of the dose were trained. The models in which
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the regression coefficients were statistically significant at p < 0.05 were selected. For
this type of analysis, we analysed whether the found trends in data were statistically
significant and in the presented results we indicated that significance by plotting
the regression line. For these analyses, we have not compared whether there was a
significant difference between individual studied levels of the used dose.

Data processing and statistical analysis of the data were performed using SAS 9.4 soft-
ware (SAS Institute, Cary, NC, USA) via the SAS Enterprise Guide user interface and the
SAS/Stat procedures [17] PROC ANOVA and PROC REG.

3. Results
3.1. Measurement of Photosynthetic Performance

The photosynthetic efficiency of the needles of the treated pines (A and S) was lower
than that of the control group (C) and these differences were statistically significant. How-
ever, the treatments did not differ among themselves in this respect (Figure 1).

Figure 1. Photosynthetic activity (overall performance index PI total) compared to soil amendments
with phosphogypsum mixed with organic ash—A, sewage sludge—S and control—C. The lowercase
Latin characters above box plots, if the same, indicate that there is no statistically significant difference
between the groups at p < 0.05. In the plot, boxes span from 1st to 3rd quantile, with the median
indicated by a line, whiskers indicating 1.5 inter-quantile range, the × symbol mean value, and circles
outlier observations.

In particular, for the phosphogypsum–ash mixture (from burned organic material),
increasing doses of the preparation (3 and 5 t/ha) resulted in a significant decrease in the
photosynthetic efficiency of pine needles. For the phosphogypsum–sludge mixture, the
lowest photosynthetic efficiency was observed at a dose of 2 t/ha (Figure 2).

22



Forests 2023, 14, 518

Figure 2. Photosynthetic efficiency (Performance Index total PI) versus used doses of preparations
with phosphogypsum. Two studied variants of mixture with ashes (a) and sewage sludge (b) are
presented. The dashed lines represent the linear regression fits of the data. The regression equations
with the fitted parameters and the models’ R2 values are printed in the subfigures. The regression
parameters are statistically significant at p < 0.05. In the plot, boxes span from 1st to 3rd quantile,
with the median indicated by a line, whiskers indicating 1.5 inter-quantile range, the × symbol mean
value, and circles outlier observations.

3.2. Measurements of the Growth Parameters

The addition of phosphogypsum to the soil resulted in a reduction in height growth
in the pines tested and, in the case of S, the difference from the control appeared to be
statistically significant (Figure 3). No statistical differences were found in the increase of
the thickness of the root necks, although the tendency of the decrease was similar.

Figure 3. Increase in seedling length (a) and root collar diameter (b), calculated as the difference
between measurements in October and April. Three types of treatments are presented: soil amend-
ments with phosphogypsum mixed with organic ash—A, sewage sludge—S and control—C. The
lowercase Latin characters above box plots, if the same, indicate that there is no statistically significant
difference between the groups at p < 0.05. In the plot, boxes span from 1st to 3rd quantile, with the
median indicated by a line, whiskers indicating 1.5 inter-quantile range, the × symbol mean value,
and circles outlier observations.

Similarly, increasing dosages of phosphogypsum in mixed preparations in pines re-
sulted in a deterioration of their growth in height and thickness at the root necks (Figure 4).
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Figure 4. Increase of seedlings’ lengths (a,c) and diameter of root neck (b,d) versus preparation
doses. Two studied variants of mixture with ashes (a,c) and sewage sludge (b,d) are presented. The
dashed lines represent the linear regression fits of the data. The regression equations with the fitted
parameters and the models’ R2 values are printed in subfigures. The results of regression analysis are
presented only for the cases when the regression parameters are statistically significant at p < 0.05. In
the plot, boxes span from 1st to 3rd quantile, with the median indicated by a line, whiskers indicating
1.5 inter-quantile range, the × symbol mean value, and circles outlier observations.

When a mixture of phosphogypsum and sewage sludge was applied to the soil, the
surface area of the assimilate (compared to the control and ash) decreased significantly
(Figure 5).

Figure 5. Changes in the needle surface of the Scots pine seedling. Three types of treatments are
presented: soil amendments with phosphogypsum mixed with organic ash—A, sewage sludge—S
and control—C. The lowercase Latin characters above box plots, if the same, indicate that there is no
statistically significant difference between the groups at p < 0.05. In the plot, boxes span from 1st to
3rd quantile, with the median indicated by a line, whiskers indicating 1.5 inter-quantile range, the ×
symbol mean value, and circles outlier observations.
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The above phenomenon reduced the needle area at concentrations of 2.3 and 5 t/ha of
the sludge–phosphogypsum mixture (Figure 6).

Figure 6. Changes in the needle surface of Scots pine seedlings versus preparation doses. Two
studied variants of mixture with ashes (a) and sewage sludge (b) are presented. The dashed line
represents the linear regression fits of the data. The regression equation with the fitted parameters
and the model’s R2 value is printed in the subfigure. The results of regression analysis are presented
only for the case when the regression parameters are statistically significant at p < 0.05. In the plot,
boxes span from 1st to 3rd quantile, with the median indicated by a line, whiskers indicating 1.5
inter-quantile range, the × symbol mean value, and circles outlier observations.

A slight improvement in root length (not yet statistically significant) was observed
when a mixture of phosphogypsum and ash (A) was added to the soil (Figure 7). However,
no statistically significant differences were observed between the treatments and the control
at the surface either, although the variant with the addition of sewage sludge (S) performed
the worst (Figure 7).

Figure 7. Length (a) and surface area (b) of roots of Scots pine seedlings. Three types of treatments
were used: soil amendments with phosphogypsum mixed with organic ash—A, sewage sludge—S
and control—C. The lowercase Latin characters above box plots, if the same, indicate that there is no
statistically significant difference between the groups at p < 0.05. In the plot, boxes span from 1st to
3rd quantile, with the median indicated by a line, whiskers indicating 1.5 inter-quantile range, the ×
symbol mean value, and circles outlier observations.

In this case, higher application rates (5 t/ha) appear to have a positive effect on root
length when A was added to the soil and a negative effect when S was added (Figure 8).
Similar trends of improvement or deterioration in root area were observed for phospho-
gypsum mixed with A and S (Figure 8).
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Figure 8. Roots length and surface area of Scots pine seedlings as a function of preparation dosage.
Two studied variants of mixing with ash (a,c) and sewage sludge (b,d) are shown. The dashed line
represents the linear regression fit of the data. The regression equation with the fitted parameters
and the R2 value of the model is shown in the sub-figure. The results of the regression analysis are
presented only for the case where the regression parameters are statistically significant at p < 0.05. In
the plot, boxes span from 1st to 3rd quantile, with the median indicated by a line, whiskers indicating
1.5 inter-quantile range, the × symbol mean value, and circles outlier observations.

Fresh and dry biomass of pine seedlings decreased uniformly with both treatment
options, with the greatest decrease occurring after the addition of sewage sludge (Figure 9).

Figure 9. Fresh and dry biomass of Scots pine seedlings. Two studied variants of mixing with ash
(a) and sewage sludge (b) are shown.Three types of treatments were used: Soil amendments with
phosphogypsum mixed with organic ash–A, sewage sludge–S and control–C. The small Latin letters
above the boxplots, when the same, indicate that there is no statistically significant difference between
the groups in p < 0.05. In the plot, boxes span from 1st to 3rd quantile, with the median indicated
by a line, whiskers indicating 1.5 inter-quantile range, the × symbol mean value, and circles outlier
observations.
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The higher the treatment doses, the more negative the effects on pine seedling biomass
(Figure 10). Phosphogypsum mixed with sewage sludge in an amount of 5 t/ha had a
particularly negative effect (Figure 10).

Figure 10. Fresh and dry biomass of Scots pine seedlings compared to preparation doses. Shown are
two investigated variants of the mixture with ash (a,c) and sewage sludge (b,d). The dashed lines
represent the linear regression fits of the data. The regression equations with the fitted parameters
and the R2 values of the models are shown in subfigures. The results of the regression analysis are
presented only for the cases where the regression parameters are statistically significant at p < 0.05. In
the plot, boxes span from 1st to 3rd quantile, with the median indicated by a line, whiskers indicating
1.5 inter-quantile range, the × symbol mean value, and circles outlier observations.

3.3. Measurements of Soil Parameters

The acidity of the soil samples studied is generally acidic, which affects the availability
of phosphorus to plants (Table 1). In an acidic environment, poorly soluble compounds
with aluminium and iron are formed. Although the P2O5 content in some samples was
more than twice as high as in the control soils, it was not absorbed by the pines. The
addition of ash (A) with a higher calcium Ca content (CaO-oxides) changed the pH of the
forest soil (control—pH 3.52), which varied between 3.06 and 4.84 after treatment, the latter
value being reached at an addition of 5 t/ha. However, the mean value (A) calculated
from all measurements was identical to that of control C (3.52). For the preparation (S), the
pH values were lower (from 3.38 to 3.57), due to the acidic nature of the phosphogypsum
sludge (average 3.43). In addition, phosphorus tended to be in the upper layers (O) when
treated with preparation (A), while it moved deeper into the root zone (1) to some extent
after treatment with preparation (S): 0—sample from the soil layer 0–5 cm, 1—sample from
the soil layer 5–10 cm.
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Table 1. Acidity of the investigated soil samples and their phosphorus content: 0—sample from the
soil layer 0–5 cm, 1—sample from the soil layer 5–10 cm.

Sample Type No of Sample pH P [mg/kg] P2O5 [mg/kg]

Ashes A1/0 3.69 24.53 56.20
A1/1 3.46 23.03 52.76
A2/0 3.31 50.56 115.83
A2/1 3.06 33.21 76.08
A3/0 3.26 26.20 60.02
A3/1 3.29 57.73 132.26
A5/0 4.84 61.74 141.45
A5/1 3.28 23.53 53.91

Sewage Sludge S1/0 3.45 29.03 66.51
S1/1 3.38 36.54 83.71
S2/0 3.57 59.57 136.47
S2/1 3.44 77.59 177.76
S3/0 3.40 43.55 99.77
S3/1 3.44 62.41 142.98
S5/0 3.42 45.22 103.60
S5/1 3.34 16.02 36.70

Control C 3.52 34.04 77.99

4. Discussion
4.1. Phosphogypsum—Possibilities for Recycling

Post-phosphate wastes, including dolomitic wastes and phosphogypsum, have been
used as reclamation products in North Carolina [18], which is encouraging for such activi-
ties in Poland. In particular, soil acidification is a major obstacle to agricultural and forestry
development in Poland, as in many other countries [19]. There are few effective methods to
improve soil acidity, e.g., in China and elsewhere, where PG has been shown to increase
soil exchangeable calcium (Ca) content. Surface liming of moderately acid subtropical soils,
when properly applied, is an effective method of reducing subsoil acidity to −0.60 cm
in the first year after application [20]. In a similar trial that has been running since 2002,
surface application of limestone and phosphogypsum has been shown to have positive
effects on root growth, nutrient supply and crop yields [21]. In tropical soils with low
natural fertility, acidity can be rapidly improved by surface application of phosphogypsum
in a no-till system (NT). Such improvement can be observed as early as 12 months after
application. Phosphogypsum mixtures increase the concentration of K, Ca, Mg, N-NO3

−

and S-SO4
2− in the subsurface layers of the soils [22]. Application of calcium dolomite

and phosphogypsum (2100 kg/ha) to rice and bean crops in the highlands (in Brazil),
superficially and without mixing into the soil, increases the Ca, Mg and Mn content in the
leaves and increases the yields of these crops [23]. As a soil additive and soil conditioner,
PG is therefore compared to the liming of soils commonly used in Poland, but PG can be
used as a supplement to liming and has a comprehensive effect on improving nutrient
uptake and soil acidity [24]. In addition, PG has a solubility almost 150 times higher than
lime and can reduce the activity of ions toxic to plants, especially active aluminium ions
(Al3+), which are particularly harmful to the fine roots [25]. PG positive effects on the
environmental properties of soils include the improvement of their physical properties,
especially by improving aggregation and hydraulic conductivity [26]. Gypsum is used to
improve soil properties in regions where acidic soils prevail; its good solubility leads to
stronger growth and better distribution of the root system of plants, which increases their
yields. Numerous studies have confirmed that PG increases the accumulation of carbon
(C) in the soil and this effect also has a positive aspect, as carbon sequestration in the soil
reduces CO2 emissions into the atmosphere [27]. In this way, PG also improves the quality
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of soil organic matter (SOM) in acidic soils, which is important for the sustainability of
agricultural ecosystems [28].

4.2. The Growing Problem of Phosphogypsum Deposition in the Environment

The world economy consumes very large quantities of phosphoric acid. The annual
share of world production of phosphate rock is approximately: USA—25%; China—18%;
Morocco—15%; Russia—9%; Tunisia—8%; Ukraine—6%; Jordan—4%; other countries—
15% [29,30]. The only raw materials important to Poland for the production of phosphoric
acid are phosphate minerals, which occur naturally as phosphorite and apatite deposits.
The largest deposits of phosphate rock are in the USA (Florida, Tennessee, North Carolina,
Louisiana); China; Africa (Morocco, Senegal, Togo, Tunisia, Jordan, South Africa, Egypt,
Israel, Syria); and Russia (Kola Peninsula). In Poland and elsewhere, the amount of
phosphogypsum produced in the manufacture of phosphoric acid is about 5 tonnes per
tonne of phosphoric acid extracted [6]. Global production of PG is about 100–280 million
tonnes per year. Phosphogypsum is stored in landfills: in so-called ponds in liquid form,
in stockpiles in semi-dry form, or submerged in seas and oceans. Phosphogypsum is the
most produced of all inorganic chemical wastes and unfortunately still one of the most
landfilled.

The storage of PG in large landfills near factories, as in Poland, causes significant envi-
ronmental damage. PG contains gypsum and a variety of impurities such as phosphates,
fluorides and sulphates, and could still be used as fertilizer for forests, although it contains
heavy metals and other trace elements. A deficiency of phosphorus (P) has been found
in oak stands growing on the Krotoszyn plateau (western Poland) [25]. This deficiency
favours damage to the root systems by pathogenic oomycetes of the genus Phytophthora.
This can be prevented by an appropriate dosage of phosphogypsum, e.g., mixed with ash.
They can improve degraded forest soils that have been used for agriculture for many years
and other soils with stands on disaster sites (e.g., after industrial emissions or fires). In
clear-cuts, they can be used to compensate for the loss of tree biomass after harvesting [9],
while they can affect agricultural products, they have less impact on forest ecosystems and
can probably even increase timber production. To date, up to 15% of the world’s production
of PG is used in the manufacture of building materials, as a soil additive and as a regulating
agent in cement production. The increasing scale of mining and the growing demands for
environmental protection are leading to the search for new solutions for the management
of phosphogypsum [29]. This research is part of this trend and is an attempt to address a
global problem at a local level. Many wastes, including PG, have a high fertilizing potential
and their release into the environment complies with EU requirements. Legal regulations
for the natural use of waste for fertilization purposes vary across the EU. Therefore, in
June 2019, the European Parliament adopted a regulation opening the European market for
mineral and organic fertilizers and new fertilizer products from waste with soil improver
status (Regulation 2019/1009).

4.3. Phosphogypsum—Restrictions on Use

The current hazards posed by the storage of phosphogypsum in open landfills require
a constant search for innovative methods of managing phosphogypsum dumps. The
main proposed applications are: agriculture, cubic construction, civil engineering, road
construction, levelling of pits and reclamation of degraded land [2]. Phosphogypsum can
be used in many sectors of the economy, including the production of building materials,
road construction and the production of elemental sulphur and sulphuric acid [31]. In some
countries, waste phosphate compounds from industry are used in agriculture [20] and their
impact on the environment has been positively evaluated [32]. Phosphogypsum contains
certain amounts of beneficial plant nutrients (mainly phosphorus) that can have a positive
effect on plant growth. The use of phosphogypsum in crops is permitted in Brazil [33].
Phosphogypsum can also be used to rehabilitate damaged soils [34] or as a component of
mineral–organic fertilizers [35].
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4.4. Phosphogypsum with Sewage Sludge

Phosphogypsum can be mixed with sewage sludge, for example, to increase the effec-
tiveness of phosphites. Microbiological processes with organic acids dissolve the phosphites
into plant-available phosphates. Usually, a ratio of organic feedstock to phosphate of about
4:1 is recommended for the production of this type of compost. This direction to increase
the efficiency of phosphate meals is also attractive because the phosphates formed by the
dissolution of phosphate meals have a protective function against nitrogen by binding the
ammonia formed during the decomposition processes of the organic matter of the compost
mass to ammonium phosphate [36]. Composting sewage sludge with phosphate meals
offers a complex combination of increasing phosphorus solubility and protecting against
nitrogen loss [37].

Returning the nutrients accumulated in sewage sludge to the soil is not only necessary
from an economic point of view, but also important for maintaining and restoring the
ecological balance. The mineral and organic composition of sewage sludge from municipal
wastewater treatment plants resembles the organic matter of the soil—humus [37]. This
enables their natural use, including forestry and pasture [38]. However, sludge intended
for non-industrial use should meet requirements regarding its chemical composition and
hygienic condition. Limitations include the content of heavy metals due to their toxic effect
on living organisms and their ability to bioaccumulate [39].

4.5. The Fresh Coniferous Forest as a Potential Site for Phosphate Application

Fresh coniferous forests are one of the most widespread forest habitats in Poland. At
the end of 2011, these habitats occupied an area of 1,433,387 hectares (20.2% of the area
under state forest management). The largest areas are located in the mesoregions, including
the Masurian Forest (II.4), the Tuchola Forest (III.1), the Notec Forest (III.17) and the Lower
Silesian Forest (V.2) [40].

Fresh coniferous forest colonizes moderately poor sites that are still not very moist
but on soils that are already somewhat better than dry coniferous forest. Good podsolic
soils with varying degrees of podsolation predominate, but fresh coniferous forest with
poorly developed podsolic, podsolic–rustic or rusty soils can also be found. Characteristic
of these soils is the swampy overburden humus, which is strongly acidic and has a pH
value between 3.5 and 4.

4.6. Special Conditions of the Prepared Experiment

The present study was conducted over a period of six months (April to October 2021),
which, based on the analysis of the results, seems to be far too short a period to obtain
statistically significant differences between the experimental variants. To obtain more
accurate results over a wider range, the study would have to be continued over a longer
period, e.g., two or three years. Organic phosphogypsum (PG organic) as a soil conditioner
improves crop yields in sandy soils in the long term. Other studies have shown that the use
of PG to improve the properties of sandy soils enhances plant growth and development,
but this effect is only visible after 2 years [41]. This is due to the creation of a suitable
environment that promotes the uptake and assimilation of nutrients by the roots. We would
also like to achieve such an effect in the long term with woody plants such as pines.

The main purpose of the experimental design was to determine the dosage to be tested
over a longer period of time in plots in pine plantations, provided PG is no longer treated
as a waste material. For the same reason, forest soil was taken from the Trzebież forest area
near the chemical plant where the phosphogypsum is stored. The pine seedlings were also
taken from the same forest area in order to be able to use regeneration material with the
same gene pool in the study (currently in pots and later in the forest area).

Although the pine seedlings originated from the First Baltic forest region and were
raised in the Fourth Mazovian-Podlasian forest region, the growth period after planting and
the ecological conditions are similar in both regions: 200–210 days in the Baltic region and
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210 days in the Mazovian-Podlasian region [42]. Annual precipitation is also 550–600 mm
per year in country IV and 600–700 mm per year in country I [43,44].

As the trial started at the beginning of the growing season, the tested phosphogypsum
mixtures were applied in spring to the soil of the pots in which the annual pines had been
planted. Phosphorus is a nutrient with low mobility, as it moves poorly in the soil profile.
Therefore, fertilization with this nutrient was done in spring when there is enough time for
it to seep into the roots and for the plants to respond. Otherwise, the nutrient may not be
available to the roots of the plants. However, it is known that the best time to apply this
type of fertilizer, especially in the form of superphosphates, is as early as possible in the
autumn, as the heavy metals from the fertilizers can then form poorly soluble compounds
in the soil that are inaccessible to the plants [45]. If, on the other hand, spring fertilization
is necessary, the use of a multi-component compound fertilizer [46] is recommended. In
the future, the tested preparations could be enriched with other nutrients, such as nitrogen
(N), and preferably applied in granular form in spring. For the time being, however, the
loose form was used, as it was assumed that fertilization would take place before planting
the seedlings in the soil preparation phase. Further field trials would need to test the effect
of harrowing or disc fertilization to allow the preparation to penetrate deeper into the soil
and facilitate phosphorus uptake by the root systems of the seedlings.

The two forms of preparation tested are not yet suitable for use in forestry practise,
as the free-flowing preparation is too fine and light, so that it can be blown away by the
wind and is very likely to damage the needles and leaves of the seedlings. The other,
plastic form, on the other hand, is too dense and compacted and cannot be worked into
the soil mechanically (without the addition of dilution liquids). It would be necessary to
develop other forms of phosphate fertilizers, e.g., granules, which are also enriched with
the nutrients mentioned above.

In the future, preparations from sewage sludge (from phosphogypsum landfills) and
organic ash (from boiler plants) should be standardized so that there is no doubt as to
whether the content of individual elements in each sample is always the same or different.

4.7. Growth of Pines after Soil Improvement with Phosphogypsum

Thus, there was no direct toxic effect of the preparations on pine seedlings, even at
high doses (5 t/ha). However, a tendency was observed for both mixture A and mixture S to
reduce the development of the seedlings compared to control pine C. After the treatments,
the height of the above-ground parts of the seedlings was lower than in the control experi-
ment, although the differences were not statistically significant. For mixture A (irrespective
of the dose), there was a tendency to increase root length, in contrast to mixture S. The
addition of phosphorus usually has a positive effect on root development [45], which was
also confirmed in the present study.

Although the total phosphorus content in the soil increased after the addition of the
preparations, it was observed that it remained at the soil surface in the case of mixture A,
whereas the phosphorus penetrated into the deeper soil layers in the case of mixture S.
It is possible that the phosphorus was better absorbed by the plants in this form. Future
analyses of the phosphorus content of plant tissues (needles and roots) could provide an
answer to this question. The most favourable effect of the formulations was observed at
lower doses of 1 to 2 t/ha, which is encouraging for economic reasons. In view of the results
of the present study, further studies should therefore be conducted for the low doses.

In the visual assessment of plant health and growth performance, the phosphogypsum
A mixture performed significantly better than the phosphogypsum S mixture in the soil.
The unfavourable effect of the preparation S used was evident in the wilting of the needles
in the lower part of the seedlings. This phenomenon was probably caused by water droplets
falling directly on the phosphogypsum mixture during the rain and spraying the needles
in the immediate vicinity.

However, the reduction in needle area in this case could also have been influenced
by heavy metals that inhibit plant growth. Therefore, the preparations would have to be
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examined for cadmium (Cd), since under the influence of cadmium ions the intensity of
photosynthesis in wheat cereals is significantly reduced [47]. Presumably, the presence of
these ions can have a similar effect on pine seedlings.

Although the heavy metals accumulated in the soil are slowly removed from the
soil by the plants, this affects their development [48]. It should also be checked whether
heavy metals contained in phosphogypsum are taken up by pine seedlings and, if so, by
which plant organs. Are heavy metals transported from the roots to the needles, which
then fall off, and what effects could this have on the forest litter? Plants take up heavy
metals together with other elements in ionic form. Their toxic effects on plant life processes
are mainly due to interactions with functional groups of molecules that make up cells,
especially proteins and polynucleotides. The result of these phenomena can be poorer
growth and development of the plant or even its death. The harmful effects of heavy metals
become apparent at certain concentrations in the plant environment [49,50].

Therefore, it would be equally important to investigate whether fungi that live in
symbiosis with trees do not take up heavy metals that could ultimately harm the organisms
that consume them. Are heavy metals stored in wood and what impact does this have on
the quality of the wood grown?

4.8. Phosphogypsum as an Important Source of Phosphorus for Seedlings and Microorganisms

The presence of phosphorus in the soil is an important limiting factor for the uptake
of heavy metals by plants, as higher amounts of easily soluble forms of phosphorus can
precipitate poorly soluble phosphates of zinc, cadmium, lead and copper [8]. However,
this hypothesis would need to be confirmed by analysing the metal content of soil samples
containing the formulations, which will be done later.

The pool of permanently bound phosphorus includes inorganic, poorly soluble com-
pounds and organic compounds that are resistant to mineralization by soil microorganisms.
Such compounds can be present in the soil for many years, but are not available to plants
and have little impact on soil fertility [45]. About half of the total soil phosphorus reserve is
accumulated in soil organic matter. The other half of this reserve is inorganic phosphorus
with low mobility, mostly bound to mineral soil particles [45]. A change to a more acidic
pH, e.g., strong local soil acidification with high doses of preparations (especially with
sewage sludge), could also be the cause of poorer development of pine seedlings, for which
the optimal soil pH should be between 4.5 and 5 [51].

Future research should also include the biological properties of the soil (microbiome),
whose influence on plant health is difficult to assess, such as fungi (mycorrhizal, sapro-
trophic, pathogenic) and bacteria. The stockpiles themselves should also be examined for
bacteria that could be inadvertently transferred to forest areas.

We have refrained from giving the physical properties of the soil and macronutrients
such as N, K, Ca and Mg because we feel that such chemical analysis adds little to the
discussion, except for phosphorus (which we have done), and the physical analysis of
the soil is useful in field studies (in future tests) and not in this case in a pot experiment.
Providing detailed soil properties in our article would not have added anything relevant
to the research conducted, as we did not investigate the relationship or impact of soil
properties on seedling response to phosphogypsum fertilization. As mentioned earlier,
we were mainly interested in two aspects: the absence of phytotoxicity of the doses ad-
ministered and the directional (positive) response of the seedlings to additional doses of
phosphogypsum. In our experiment, we determined the content and translocation of P
from the upper layers, where it was applied in the form of phosphogypsum, to the lower
layers as a function of the application dose. We believe that, at this stage of the research,
we should confirm the validity of the direction of recycling and the use of waste produced
in the manufacture of fertilizers, in this case in forestry, to bring about a change in their
status from waste to poor fertilizer. It will then be possible to carry out more extensive field
studies in forests.
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4.9. Photosynthetic Performance of Pine Seedlings

Long-term surface application of phosphogypsum (PG) can enhance plant growth and
physiological and biochemical processes [52]. Addition of PG increased root development
at greater depths and improved the plant nutrition of maize. These combined effects
increased the concentrations of photosynthetic pigments and gas exchange even in low
water availability. In addition, the activities of Rubisco, sucrose synthase and antioxidant
enzymes were improved, reducing oxidative stress. These improvements in the physiologi-
cal performance of maize plants resulted in higher grain yield. Overall, the results argue for
soil amendments as an important strategy to increase soil fertility and secure crop yields in
regions where dry spells occur during the cropping cycle [52].

There are two types of photosystems: PS I (=PS700) and PS II (=PS680). Thus, the
chlorophyll in the centre of the reaction PS I has an absorption maximum at a wavelength
of 700 nm, while PS II has a maximum at 680 nm. In the chloroplasts, PS II predominates
and the stoichiometric ratio of PS II to PS I is about 1.5, but can vary depending on
environmental conditions [53]. PS II also contains an oxygen releasing complex (OEC).
It is located on the inner surface of the thylakoid membrane. The complex contains the
amino acid tyrosine on the D1 protein, four manganese atoms and the outer proteins PsbO
(stabilizes the manganese cluster), PsbP and PsbQ. During the light phase of photosynthesis,
the water molecules in this complex are split into protons, electrons and oxygen.

In phosphogypsum with sewage sludge these two PI (PIabs and PIinst) had a positive
effect at a dose of 5 t/ha; in phosphogypsum with ash the same PI parameters (PIabs and
Piinst) had an effect, but the positive effect was at a dose of 2 t/ha. Both preparations also
reduce the loss of heat energy in the photosynthetic apparatus of the plants (lower DI/CS).

After analysing all the parameters, we decided to present only the overall parameter
PI, as the other parameters show only weak tendencies and contribute nothing to the
discussion. The other parameters mentioned and analysed in the methodology were not
statistically significantly different from each other.

The weaker photosynthetic efficiency of the treated pines could be due to the presence
of heavy metals, especially cadmium, in the phosphogypsum (Figure 1). This aspect should
be further investigated in the future.

4.10. Restrictions on the Use of New Preparations Based on Phosphogypsum

However, to date there is little information in the literature on the applicability of
PG in forestry [18,54,55] or the assessment of the use of phosphogypsum in a nursery for
plant propagation [56]. Much more information is available on the impact of PG on the soil
ecosystem [31,32] and on the assessment of alternative and traditional cover systems for
phosphogypsum remediation [57,58]. The main problem is the content of heavy metals
(HM) which, even if they comply with current standards (of the Member States or the
European Community), still pose some environmental risk [8]. When HM enter aquatic
ecosystems, there is an exceptionally high bioaccumulation, the concentration of which
exceeds the initial uptake of toxins by the last link in the trophic chain (e.g., fish) by tens
and hundreds of thousands of times [2]. The peculiarity of the behaviour of HM in the air
lies in their wide distribution, which can be tens of kilometres. In soil, due to its different
biogeochemical composition under different environmental conditions, different effects
must be taken into account: antagonistic, synergistic and sensitizing effects, which have a
strong impact on the quality of the environment and consequently on human health.

In forests, litter is formed from accumulated and decaying organic matter. The upper
humus accumulation horizon (horizon A1 with a thickness of up to 10 cm) concentrates
most absorbent roots, releases phytoncides, absorbs radionuclides, etc.). Heavy metals can
be transferred from the roots to the leaves through soil contamination and the leaves can
also absorb them directly (through leaf contamination). Raking the leaves is one way to
remove heavy metals from the soil. However, removing the foliage reduces the supply
of organic material to the soil, which is a strong buffer that binds heavy metals. A more
environmentally friendly method is therefore to rake the leaves and place them in grooves
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25–30 cm deep, i.e., in the upper soil layer where all biological processes are active. In this
case, there is active mineralization of the organic matter, binding of HM and, above all,
reduction of their mobile forms, which reduces the risk of exposure to HM. Mixing the
preparations into the topsoil is therefore a better solution than simply spreading them and
leaving them on the surface.

Signs of plant inhibition and a decrease in the activity of the assimilation apparatus
could be the negative effects of increased HM concentrations in woody plants but that was
not the aim of this study. However, it is known, for example, that the effect of cadmium
nitrate on wheat plants manifests itself in a significant reduction in seed germination and
a decrease in biometric indicators. Under the influence of cadmium ions, the intensity of
photosynthesis is significantly reduced [59].

The preparations can also be mixed with organic material such as wood waste, pine
bark compost or sawdust. The addition of organic material will undoubtedly improve the
physico-chemical and biological properties of the soil: improvement of the soil structure;
creation of a more airy condition of the upper soil horizons (humus accumulation horizon);
activation of biological, including microbiological processes; promotion of a more active
growth of the root system and especially the growth of suckering roots. The normal
state of the root system under the conditions of a natural increase in the volumetric mass
value protects against the penetration of pollutants (HM) into the terrestrial organs of
phytochromes (due to the normal, optimal functioning of plant resistance mechanisms).

The present forestry study is a pioneering work, which is why it is hardly mentioned
in the literature. It is not known whether there is a possibility of wider management and
use of phosphogypsum hills in Poland. The basic research problem was to find an answer
to the question whether preparations based on calcium sulphate in two variants—a mixture
with organic ash A and with sewage sludge S—can serve as fertilizer and in what quantity
per hectare?

5. Conclusions

1. The phosphogypsum-based preparations used showed no harmful (toxic) effects on
the pine seedlings grown in pots during the six-month trial period.

2. The preparation made in bulk from a mixture of phosphogypsum and wood ash had
a favourable effect on the development of the seedlings’ root system and was also
easier to mix with the soil than phosphogypsum with sewage sludge, which was in a
sticky form.

3. The photosynthetic efficiency of one-year-old pine seedlings decreased after one
growing season following the application of phosphogypsum preparations, so that
observations over a longer period are necessary.

4. The most favourable dosages of phosphogypsum preparations for the development
of pine seedlings (especially in combination with ash) are between 1 and 2 t/ha,
although most of the growth parameters tested did not differ from the control. From
an economic point of view, lower dosages will be more favourable for use in forestry,
but further studies over a longer period of time are needed for this.

5. Formulations should be tested for heavy metals and their effects on seedling develop-
ment.

6. Testing should continue for at least two to three growing seasons, including monitor-
ing for changes in the microbiome.
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Abstract: As a pivotal wetland tree, Taxodium hybrid Zhongshanshan has been widely planted in the
region of Yangtze River for multipurpose of ecological restoration, field shelter, landscape aesthetics
as well as carbon sequestration. However, the carbon allocation patterns across distinct stages of
stand development of T. Zhongshanshan are poorly documented. Using a sample of 30 trees which
were destructively harvested, this study compared 3 models for assessing aboveground biomass.
Furthermore, a linear seemingly unrelated regression (SUR) approach was introduced to fit the
system of the best selected model that ensured the additivity property. On this basis, biomass and
carbon storage of T. Zhongshanshan stands in the Yangtze River Basin (YRB) were fairly estimated.
Specifically, the study developed height-diameter at breast (H-DBH) function. The results showed
that the selected 3-parameter polynomial model performed better, and the SUR approach provided
more accurate estimates of leaf and stem fractions. The total tree biomass was 53.43, 84.87, 140.67,
192.71 and 156.65 t ha−1 in the 9-, 11-, 13-, 15-, and 22-year-old T. Zhongshanshan stands, and
contributed averagely 94.40% of the ecosystem biomass accumulation. The current T. Zhongshanshan
stands in the YRB area can store 124.76 to 217.64 t ha−1 carbon, of which total tree ranges from 25.32
to 90.89 t ha−1, with 55.19% to 77.66% storing in the soil. The T. Zhongshanshan had continuous
potential for carbon storage during its growth, particularly in the incipient stages. The findings
of this research are firsthand information for forest managers for the sustainable management of
T. Zhongshanshan in the YRB and similar subtropical areas.

Keywords: biomass estimation; carbon storage; allometric model; Taxodium hybrid Zhongshanshan;
Yangtze River Basin

1. Introduction

Increasing global carbon fixation through the expansion of afforestation lands has
been proposed as an efficient approach for alleviating elevated concentrations of atmo-
spheric CO2 [1]. The absolute and relative distribution of carbon storage in plantations
is acquainted with a variation of tree species, soil condition and climate. Immediate
challenges of forest management are concerned with credible, precise and cost-effective
methods to adequately document forest dynamics. As a result of the monetary value being
attached to carbon sequestration, there is increased scrutiny of techniques for estimating
tree biomass. Burgeoning carbon credit market mechanism such as reducing emission
from deforestation and forest degradation necessitates such a need [2]. This requires ap-
propriate methods specific for a given forest type. Traditionally, allometric relationships to
aboveground biomass have been used at the experimental scale to estimate aboveground
biomass. Generic equations, stratified by ecological zones, for estimating aboveground
biomass exist, but they may not accurately reflect the tree biomass in a specific area or
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region [3]. Small tree individuals not merchantable are often omitted in forest resource
investigation.

The allometric model is a statistical formula calculated by regression analysis between
tree properties, among which tree diameter at breast height (DBH) and height (H) have often
been used as explanatory variables because of their immediate availability. Developing such
relationships of a certain tree species is a time-consuming activity, especially separating
biomass components including the leaves and branches. A good database for developing
regression equations should contain an age sequence because trees of different diameters
distinguish from each other in the component proportion of the aboveground biomass.
When there were several tree components in the biomass data, the additivity of models for
accessing tree total, sub-total, and separate biomass fractions should be considered, owing
to the inherent correlations among the biomass components measured on the same sample
trees [4]. Traditional models often ignored such inherent relationships. The seemingly
unrelated regression (SUR) model, proposed by Parresol et al. [5], has been adopted by
many reports to facilitate biomass models construction since it ensures the additivity among
components and total biomass predictions [6,7]. Conventionally, forest inventories measure
the DBH of all trees in each plot but often few are randomly selected and measured for
H. Accurate measurement of tree H is more difficult than DBH measurement [8], which
implies that the forest productivity appraisal, in practice, requires H-DBH models for H
estimation. Moreover, in the cases where the actual measurements of height growth are not
available, H-DBH functions can be used to indirectly predict height growth.

Taxodium hybrid Zhongshanshan (T. distichum × T. mucronatum), a superior inter-
species hybrid, was successfully planted in southeastern China. Being one of the most
important tree species, T. Zhongshanshan produces excellent quality timber, with a tower-
shaped morphological structure, high resistance of bending and cracking, and impressive
water tolerance traits. These phenotypic characteristics enhance wind resistance and permit
better performance in hostile coastal environments. Owing to its high commercial and
ecological value, the artificially established area of T. Zhongshanshan in the Yangtze River
Basin (YRB) is around 70,000 ha, with quantities over 50 million, and the demand for this
conifer tree in landscape plantations and ecological restoration surpasses supply. Despite
the fact that an increasing number of studies have been conducted from many perspectives,
including crossbreeding, water resistance mechanism and photosynthetic traits [9–12], little
information is available on carbon pools with stand ages in T. hybrid Zhongshanshan
plantations since models to assist management of this species are in most cases lacking. An
assessment of carbon storage in T. Zhongshanshan plantations is crucial for regional-scale
evaluation of carbon dynamics and ameliorating these estimates requires plentiful field
studies. The aims of this study were (1) to establish the allometric biomass equations for T.
Zhongshanshan and its individual component biomass with consideration of stand age;
and (2) to estimate the carbon storage of the T. Zhongshanshan ecosystem.

2. Materials and Methods
2.1. Study Sites Description

The forests both natural and artificial are rigorously conserved in the YRB, and T.
Zhongshanshan plants should be sampled without felling or seriously damaging them.
Given this, the destructive tree sampling for allometric models was conducted at the
experimental base of Institute of Botany, Jiangsu Province and Chinese Academy of Sciences,
which is located in the Qixia and Liuhe Districts, Nanjing and Tinghu District, Yancheng
(Figure 1). These areas experience a typical subtropical monsoon climate. The mean annual
temperature is 15.8 ◦C and the mean annual precipitation is 1085 mm, of which 65% falls
during June-September. The study areas of biomass and carbon storage are located along
the Yangtze River, respectively, in the cities of Nanjing, Jingzhou, Chongqing and Kunming
(Figure 1). The elevation ranges from 5 m to 1823 m above sea level. Characterized by a
subtropical monsoon climate, the annual average temperature ranges from 12.6 to 18.0 ◦C
and mean annual precipitation is about 1076 mm. The areas of the T. Zhongshanshan stands
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cover from 42 to 201 ha and are managed by the local forestry departments. Understory
vegetation was dominated by common herbaceous species included: Erigeron annuus,
Alternanthera philoxeroides, Achyranthes bidentata, Chenopodium album, Rubus hirsutus, Angelica
sieboldin, Mazus japonicus, Plantago depressa, Setaria viridis and Solidago canadensis, with
sparsely scattered woods (mainly Morus alba and Ulmus pumila).
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Figure 1. Location of the T. Zhongshanshan stands.

2.2. Destructive Tree Sampling

From April 2021 to June 2022, 30 trees aged 8, 12, 18 and 22 years (6–8 trees per
age group) in the experimental base were used to establish the allometric equation for T.
Zhongshanshan using the segmenting method. The tree was cut by an electric saw from
the bottom. After H and DBH measurement, they were cut at 1 m intervals from the tree
base. Each section was separated into stem, branch and leaf. The fresh weights of all
components were measured in situ, and samples of every component in each standard tree
were collected for water content and carbon concentration analysis. Allometric regression
equations relating tree DBH and H were developed across this chronosequence, which was
used to calculate the biomass of each tree and the total biomass of each T. Zhongshanshan
stand.

2.3. Forest Inventory and Measurements

From May to June 2022, preliminary forest inventories were carried out in 9-, 11-, 13-,
15- and 22-year-old T. Zhongshanshan stands. We established a size of 1 ha covering minor
local heterogeneity in soil and plant conditions, which allowed us to differentiate 4 fixed
plots of 25 × 25 m in each stand and were spaced 30 m from each other. After measuring
the distance of 25 m in a straight line with a 100-m tape, we inserted horticultural tallies
into the 4 corners of each plot and connected them with strings to mark the boundaries. At
each sampling stand, coordinate was recorded using a GPS device (A8, Zuolin Technology
Co., LTD, Guangdong, China). Within each plot, H and DBH were recorded by a height
measuring device (CGQ-1, Harbin Optical Instrument Factory, Harbin, China) and a
professional tapeline for every tree (Table 1). The measured trees were marked with paint to
guarantee that no repetition was made. All species were identified by 2 observers working
together by randomly selecting five 1 m × 1 m quadrants in each plot. Litter, herb and
shrubs biomass, including roots, were also harvested from these 5 subplots. All samples
including tree tissues (leaves, branches and stems), herbs, shrubs and litter were weighed
and oven-dried at 75 ◦C to a constant weight in the lab and reweighed through wet-to-dry
mass conversion factors.

In each plot, 5 soil cores (5 cm in diameter) were randomly collected at 0–20, 20–40, and
40–60 cm depth. In view of the homogeneous soil within the stand, soil samples within the
same layer in one plot were thoroughly mixed into a homogenized sample. Another set of
soil samples from 0–20, 20–40, and 40–60 cm depths were separately and intactly collected
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by inserting a steel cylinder of known volume (5 cm high and with a 5 cm inner diameter)
for bulk density determination (ratio of dry mass to sample volume). All soil samples were
put into labelled airtight plastic bags and taken back to the lab. A total of 60 soil samples
and 60 bulk density samples were collected (5 stand ages × 4 plots × 3 depths). Moreover,
a part of field samples was oven-dried at 105 ◦C for 24 h to determine soil moisture content
gravimetrically. After removing the plant roots, fauna, and debris by hand, the soils were
air-dried at room temperature, and then ground and passed through a 2-mm sieve for
measurement of carbon contents. The carbon concentrations of the components from the
tree, ground vegetation, forest floor and soil organic carbon (SOC) were determined by the
potassium dichromate oxidation method.

Table 1. Characteristics of the 9-, 11-, 13-,15- and 22-year-old T. Zhongshanshan stands.

Age (a) Site Location Altitude (m) H (m) DBH (cm) Density
(Stems ha−1)

9 Nanjing 118◦49′35” E
32◦10′59′′ N 15 8.4 13.6 1111

11 Jingzhou 112◦13′37” E
30◦19′34′′ N 34 9.6 14.1 1111

13 Chonqing 108◦27′3” E
30◦45′58′′ N 245 11.6 17.6 920

15 Yunnan 102◦46′41” E
24◦49′43′′ N 1891 12.9 23.2 830

22 Nanjing 118◦47′40” E
32◦20′13′′ N 17 14.6 33.1 410

H: height; DBH: diameter at breast height.

2.4. Height-Diameter at Breast Height Function Development

A nonlinear function below was used to model H for the sample tree measured for
both H and DBH [13,14]. This function had the flexibility to produce satisfactory curves
under most circumstances.

H = 1.3 + a × [exp(−b/DBH)]

where a and b are the parameters to be estimated.

2.5. Tree Biomass Model Development

In this study, the direct prediction of the tree biomass from measurement variables
(DBH and H) was used to estimate the tree biomass of T. Zhongshanshan. Crown diameter
is often quite irregular, even for a given species, depending on ecological conditions, and
was not exploited further at this stage. We modeled tree biomass (M, in kg) as a function of
H (in meters) and DBH (in cm) with the following 3 age-independent equations:

M = a × (DBH)b (1)

M = a × (DBH)b × Hc (2)

M = a × [(DBH)2 × H]b (3)

It is expedient to take logarithms for fitting the models and dealing with heterocedas-
ticity. Therefore, Equations (1)–(3) can be linearized using logarithms in the following
equations:

In(M) = a + b × In(DBH) (4)

In(M) = a + b × In(DBH) + c × In(H) (5)

In(M) = a + b × In[(DBH)2 × H)] (6)

where M is tree biomass, and a, b and c are the parameters to be estimated.
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The coefficient of adjusted determination (R2) is the most widely used criterion in the
biomass model literature. The mean absolute prediction error (MAPE) was applied as the
primary metric to evaluate the performance of models, whose statistical characteristics are
proverbial and frequently used in ecology and environment assessment. The selection of
our final model was based on high adjusted R2 and low MAPE. The R2 and MAPE were
computed as follows:

R2 = 1− ∑n
i=1
(

Mi − M̂i
)2

∑n
i=1(Mi −Mi)

2

MAPE =
1
n

n

∑
i=1

∣∣Mi − M̂i
∣∣

Mi

where Mi is observed biomass, M̂i is predicted biomass, M is the mean of observed biomass,
and n is the number of trees.

In this study, we first used the above Equations (4)–(6) to estimate the biomass of
tree components, including leaf, branch and stem. Then, we selected the best equation
according to the evaluation statistics (R2 and MAPE). Next, a linear seemingly unrelated
regression approach (SUR) was used to fit the system of selected model that ensured the
additivity property. The additivity of the linear equations is enforced by setting a constraint
on the regression coefficients. The primary result showed that Equation (5) can better
improve the fitting effect and performance of the model. Therefore, the following additive
model system was constructed through a linear SUR based on the log-transformed data:
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Root biomass in different T. Zhongshanshan stands was estimated using a fixed root
to shoot ratio (0.26) as described by Ravindranath and Ostwald [15]. Biomass in all of the
ecosystem components was extrapolated and scaled to a per hectare basis.

2.6. Estimation of Ecosystem Carbon Storage

We determined the carbon storages in plants by multiplying carbon concentration with
dry mass amount. SOC storage up to 60 cm depth was calculated using SOC concentration,
bulk density, and soil depth as follows:

SOC storage (t ha−1) = SOC × BD × T × 100

where SOC is soil organic carbon (%), BD is bulk density (Mg m−3) and T is the soil
thickness (m). The ecosystem carbon storage was calculated by adding biomass carbon
storage (T. Zhongshanshan plants, herbs, shrubs, and litter) and SOC storage.

2.7. Statistical Analyses

The log-transformed linear regression procedure in SPSS 19.0 (IBM Corporation,
Somers, NY, USA) software was used to fit the H-DBH function and allometric models’
parameters. The procedure fits model parameters and variance parameters simultaneously
by applying the maximum likelihood regression approach. This category of procedure
was used due to its flexibility to work with equations forms and its recognized robustness
over nonlinear models with additive error and log-transformed models. The SUR in the
SAS/ETS Model Procedure (SAS Institute, Inc., Cary, NC, USA, 2011) [16] was used to fit
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the system of biomass equations for T. Zhongshanshan, in which the coefficients of the tree
component biomass models were simultaneously estimated. The plotting software was
Origin 2021 (Origin Lab, Northampton, MA, USA).

3. Results
3.1. Height-Diameter at Breast Height Function

The H-DBH function derived from the harvest trees and 5 stands along the Yangtze
River were presented in Figure 2, with a correlation coefficient (r) of 0.934. Maximum
tree heights occurred at DBHs of 35–45 cm, and all were of 22-year-old T. Zhongshanshan
plantation. The predicted H-DBH function curve revealed that tree H generally showed a
positive correlation with the increase in DBH, regardless of the site. This H-DBH function
overestimated trees larger than DBH of about 35 cm for approximately 0.2 m in H.
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3.2. Each Component Biomass Model Selection

The allometric equation in the form of a polynomial function is applicable to calculate
the biomass of individual tree components. For T. Zhongshanshan stands, Equation (5)
performed the best in estimating the leaf, stem and branch biomass compared to the other
two models in terms of the R2 and MAPE (Table 2). Thus, we used the Equation (5) to
model the leaf, stem and branch biomass. The second performance model is Equation (6),
with R2 and MAPE slightly lower and higher than Equation (5), respectively.

Table 2. Equation parameters (a, b and c) and evaluation statistics (R2 and MAPE) of allometric
models for predicting individual components of T. Zhongshanshan plants.

Equation Model Component
Estimated Coefficients

R2 MAPE
a b c

(4) In(M) = a + b × In(DBH)
leaf −2.08 1.52 - 0.847 0.0999

stem −1.88 2.15 - 0.972 0.0255
branch −2.95 2.22 - 0.971 0.0278

(5) In(M) = a + b × In(DBH) + c × In(H)
leaf −3.57 0.16 2.47 0.853 0.0970

stem −4.02 0.18 3.57 0.979 0.0225
branch −5.63 0.01 4.01 0.980 0.0276

(6) InM = a + b × In[(DBH)2 × H)]
leaf −2.45 0.59 - 0.850 0.0992

stem −2.40 0.84 - 0.975 0.0247
branch −3.49 0.87 - 0.975 0.0275

3.3. Additive Biomass Equations

For the SUR approach, the model for biomass components was fitted to enforce the
additivity of the total tree biomass, including the leaf, stem and branch (Table 3). The
SUR approach consisted first of fitting and selecting the best model (Equation (5) in this
study) for each tree component. In T. Zhongshanshan plantations, the fit accuracy of the
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leaf and stem biomass was higher than Equation (5) by higher adjusted R2 and lower
MAPE. However, the branch biomass prediction using SUR method performed worse than
Equation (5), which was accomplished by the maximum likelihood regression approach.
Based on the SUR model for each component analyzed, we used Mt (total biomass) = Ml +
Ms + Mb + Mr (root biomass) to calculate each component tree biomass. For leaf, stem and
branch, the biomass values predicted by the maximum likelihood regression were close to
the observed values, and the generalized SUR approach had similar estimations of leaf and
stem but superior evaluation statistics (Figure 3).

Table 3. Parameter estimates (a, b and c) and evaluation statistics (R2 and MAPE) of Equation (5) for
different components using SUR approach.

Component
Estimated Coefficients

R2 MAPE
a b c

leaf −3.66 0.69 2.15 0.892 0.0927
stem −3.92 0.18 3.57 0.981 0.0197

branch −4.62 0.05 3.59 0.953 0.0495
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Figure 3. Comparison of the predicted leaf (a), stem (b) and branch (c) biomass against the cor-
responding observed biomass in T. Zhongshanshan plantations by SUR approach and allometric
equation, respectively.

3.4. Individual Tree Biomass and Allocation

Adopting the equations established by SUR, the biomass of individual tree compo-
nents was determined in the 9-, 11-, 13-, 15-, and 22-year-old T. Zhongshanshan plants
(Figure 4). With increasing stand age, the biomass of all tree components increased. The
total individual tree, leaf, stem, branch and root biomass was 156.80, 15.27, 64.20, 23.64 and
26.82 kg of the 9-year-old T. Zhongshanshan plants and increased to1245.72, 93.5, 545.50,
181.01 and 213.08 kg of the 22-year-old plants. With increasing stand age, the proportion
of leaf biomass gradually decreased with values of 9.74%, 8.40% and 7.36% in the 9-, 11-
and 13-year-old T. Zhongshanshan plants. For all T. Zhongshanshan plants, the stem
had the largest proportion of biomass among all components, whose contribution to total
tree biomass was 40.94%, 41.95%, 43.00%, 43.38% and 43.79% along the chronosequence,
showing a slightly increasing trend. Similar to the stem, individual branch biomass also
exhibited a slightly increasing tendency with increasing stand age.
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Figure 4. Individual biomass of each component of the 9-, 11-, 13-, 15-, and 22-year-old T. Zhong-
shanshan plants.

According to the plant density, the biomass of different ecosystem components was
established in Table 4. As the stand aged, the biomass of most tree components increased,
including total tree, leaf, stem, branch and root biomass, except for the 22-year-old T.
Zhongshanshan stand. Since the density of the above-mentioned stand was 410 stems·ha−1,
which was less than half of the other stands. The total tree biomass was 53.43, 84.87, 140.67,
192.71 and 156.65 t ha−1 in the 9-, 11-, 13-, 15-, and 22-year-old T. Zhongshanshan stands.
Total understory biomass exhibited a slight increment from 9 to 15-year-old stand and was
3.68 times compared to 15-year-old stand. Litter biomass decreased from 9-year-old stand
(3.26 t ha−1) to 13-year-old stand (3.12 t ha−1) and increased in later stages (6.21 and 6.12 t
ha−1, respectively, in 15- and 22- year-old stands).

Table 4. Biomass of different ecosystem components in the 9-, 11-, 13-, 15-, and 22-year-old T.
Zhongshanshan stands.

Components
Biomass (t ha−1)

9-Year-Old 11-Year-Old 13-Year-Old 15-Year-Old 22-Year-Old

Leaf 6.28 8.60 12.50 17.12 14.12
Stem 26.39 42.95 72.99 100.86 82.75

Branch 9.74 15.81 26.19 34.97 27.46
Root 11.03 17.51 29.00 39.77 32.32

Total tree 53.43 84.87 140.67 192.71 156.65
Total

understories 1.82 1.99 2.21 2.22 8.15

Litter 3.27 2.14 3.12 6.22 6.12
Total 58.52 88.99 146.01 201.15 170.92

The total ecosystem biomass of T. Zhongshanshan stands over the 5 age groups
was highest in the stem, followed by (in decreasing order) the root, the branch, the leaf,
understories or litter. The proportion of the biomass from stem increased with forest age
(except for the 22-year-old T. Zhongshanshan stand), while that in the leaf and understories
declined. The stem accounted for 48.87%, 50.80%, 51.95% and 58.93% in the 9-, 11-, 13-,
15-year-old stand, respectively. The leaf accounted for 10.73%, 9.67%, 8.56% and 8.51%, the
understory for 3.12%, 2.23%, 1.51% and 1.10% from 9 to 15-year-old stand, respectively.
Although the root biomass of T. Zhongshanshan was derived from fixed root to shoot ratio
(0.26), the highest proportion occurred in 15-year-old with 19.99%, which was seemingly
independent of tree age in this study. Since root biomass proportion of total ecosystem
was 18.84%, 19.68%, 19.86%, 19.77% and 18.91% from 9 to 22-year-old stand, respectively
(Figure 5).
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Figure 5. Biomass proportion of the ecosystem from leaf, stem, branch, root, understory and litter in
the 9-, 11-, 13-, 15-, and 22-year-old T. Zhongshanshan stands.

3.5. Ecosystem Carbon Storage and Allocation

The aboveground (leaf, stem, branch, understory and litter), belowground (root),
and total ecosystem carbon storage for each of the 5 stands were provided in Table 5. The
carbon storage of the total tree, soil, and total ecosystem increased with increasing stand age
(except for the 22-year-old T. Zhongshanshan stand), from 25.32, 96.89 and 124.76 t ha−1 in
the 9-year-old stand, respectively, to 90.89, 117.12, and 212.22 t ha−1, respectively, in the
15-year-old stand. In the 22-year-old T. Zhongshanshan stand, carbon storage was 73.85,
136.66 and 217.64 t ha−1, respectively, from total tree, soil and total ecosystem. For total tree
carbon storage manifested a sigmoidal schema, first promptly rising and then gradually
decreasing. The carbon sequestration rates of the ecosystem were 10.26 and 12.26 t ha−1

year−1 during the 9th–13th and 13th–15th years, respectively. Compared with the 9-year-
old stand, the carbon storage of the 0–60 cm soil layer increased from 11 to 22-year-old
stand, indicating an evident accumulation course of organic carbon after afforestation, with
an annual accumulation rate of 3.05 t ha−1. The understory carbon storage (4.07 t ha−1)
of the 22-year-old stand was much higher than that of the other stands (0.91–1.10 t ha−1),
indicating an obvious increase in floor vegetation. The carbon storage of the litter exhibited
a distinct relationship with stand age, with lower values (1.06–1.63 t ha−1) and higher
values (3.06–3.10 t ha−1) occurring in the 9 to 13-year-old stands and 15 to 22-year-old
stands, respectively.

Table 5. Carbon storage of different ecosystem components in the 9-, 11-, 13-, 15-, and 22-year-old T.
Zhongshanshan stands.

Components Carbon Storage (t ha−1)

9-Year-Old 11-Year-Old 13-Year-Old 15-Year-Old 22-Year-Old

Leaf 3.26 4.47 6.50 8.90 7.34
Stem 11.59 18.85 32.04 44.28 36.33

Branch 4.74 7.70 12.75 17.03 13.37
Root 5.73 9.11 15.08 20.68 16.81

Total tree 25.32 40.13 66.37 90.89 73.85
Understory 0.91 0.99 1.11 1.11 4.07

Litter 1.63 1.07 1.56 3.11 3.06
Soil 96.89 104.36 116.32 117.12 136.66

Total
ecosystem 120.08 156.68 211.74 263.11 231.49

In all 5 T. Zhongshanshan stands, the proportion of carbon storage in the soil was more
than half, with specific values of 77.66%, 71.21%, 62.75%, 55.19%, and 62.79%, respectively
(Figure 6). Except for in the 22-year-old stand, the proportion of carbon stored in the
soil decreased with increasing age and the proportion stored in vegetation increased
correspondingly. Of the vegetation parts, stem and root were the two largest contributors
to the total ecosystem carbon pool in all 5 stands. Understory and litter contributed little to
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the total site carbon storage, accounting from 0.52% to 1.87%, and 0.73% to 1.46% within
these stands. The contribution of the tree root increased with stand aging from 4.60% in the
9-year-old stand to 8.14% in the 13-year-old stand, and then decreased to 9.74% and 7.72%
in the 15- and 22-year-old stands.
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4. Discussion
4.1. Tree Biomass Development

China, especially the YRB area, has a stringent policy of forest protection [17,18] and
it was, hence, impossible to log trees for our study to establish site-specific allometric
models. Moreover, the number of logged T. Zhongshanshan trees was low, owing to the
conservation of germplasm resources limitation and scarcity of T. Zhongshanshan older
than 20 years. In this study, only a limited number of samples of T. Zhongshanshan material
was available for the construction of the biomass equations across the different stages of
stand development. The quantity of tree samples used to develop allometric equations
is quite multitudinous in the literature. Xue et al. [19] harvested 72 Casuarina equisetifolia
trees on Hainan Island; Mugasha et al. [20] reported 30 samples for the wet lowland forests
equations; Zhang et al. [21] established allometric biomass equations based on 8 Mongolian
Pine trees. The precision of allometric models is usually determined by pivotal factors, such
as tree species, DBH homogeneity, or the amount of sampled trees. For T. Zhongshanshan
stands, artificially planted forests have consistent age and growth performance, which can
make up for the shortage of quantity to a certain extent.

Previous studies have demonstrated that a single DBH-based allometric model can
reasonably predict biomass in several plants including Pentaclethram acroloba [22], Pinus
tabuliformis [23] and Cunninghamia lanceolata [24]. As before, ordinary surveys of diameter
were not only simpler to implement in the field but were also more often to exist in
historical data. For T. Zhongshanshan plants, although DBH evidenced to be a fairly good
predictor of biomass, the selected 3-parameter polynomial model performed better. On
this basis, the implementation of SUR approach provided further accurate estimates of
biomass component fractions. Such results are consistent with many previous studies,
which showed aboveground biomass models with combined DBH and H as the most
suitable predictors [25–27]. Chave et al. [25] and Mensah et al. [26] both verified that
the inclusion of H reduced the error of aboveground biomass estimates by 6.70% and
35.30% in predicting the biomass of forests, since H-DBH relevance varied across a range of
ecological conditions. In West African savanna ecosystems, Ganamé et al. [28] narrowed
the confidence intervals of the biomass estimation and subsequently increases the accuracy
of the predictions by applying SUR approach. Diverse from Mbow et al. [29], who refrained
from relying heavily on tree H and hold the opinion that the accuracy of tree measurement
was generally much lower than that of DBH. This is often due to the approximate methods
adopted to estimate H in the early field investigation, simultaneously the rather arbitrary
condition to consider, such as diminutive and isolated branches stretching out of the canopy.
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With the improvement of H measurement accuracy, the estimation of tree biomass, as well
as the description of stands and their performance over time, relies largely on an accurate H-
DBH relationship [30]. We also developed H-DBH function derived from the harvest trees
and 5 stands along the Yangtze River. This is particularly beneficial to T. Zhongshanshan
plantations in the cases where the actual measurements of H growth are not available, and
follow-up estimating biomass across large spatial scales using forest inventory data.

4.2. Biomass Distribution

Age is the most vital factor influencing the magnitude and distribution of biomass
in plants. In this study, the total individual tree, leaf, stem, branch and root biomass
increased promptly from the 9th to the 22nd year, where a linear positive correlation could
be extracted for this species between forest age and total tree biomass. The proportion of leaf
biomass gradually decreased with increased stand age. This result was consistent with the
reports of many previous studies [31,32]. Acting as a valuable component, the leaf is highly
correlated with forest performance in young T. Zhongshanshan stands (<10-year-old). As
stands age, tree magnitude increases during ontogeny and more carbohydrate resources
are distributed for stem growth [19]. Hence, leaf biomass increases proportionally less than
stem mass. The proportion of stem accounted for most, and remained stable at later stages,
indicating that stem is a vital composition when accounting biomass partitioning for T.
Zhongshanshan plants [33].

Extrapolated by the polynomial growth equation, the total tree biomass of T. Zhong-
shanshan increased rapidly in the first 2 or 3 decades and increased slowly later, showing
a sigmoidal pattern. Such a pattern after afforestation could also be found in many prior
studies [23,24,29]. From the 9- to the 15-year-old stand in this study, the T. Zhongshanshan
ecosystem biomass increased steadily, and there was a slight decline in the 22-year-old
stand, which could be owing to a smaller forestation density (approximately 5.4 m and
4.5 m spacing between and within rows). In P. strobus plantations, the biomass in the
42-year-old stand corresponds to that of the 65-year-old, implying that tree density played
an important role in ecosystem biomass accumulation [34]. Thereupon, understory biomass
in the 22-year-old stand was nearly 4 times that of the 9- to 15-year-old stands averagely.
As demonstrated by Xu et al. [35], the coverage and biomass of the understory vegetation
increased significantly with the growth of the stand. These consistent relationships between
understory biomass and age might be due to the significant increase in canopy closure,
which may result in species diversity and abundance. As forest aged, a smaller initial
tree density might increase the light transmittance for understory plants and lead to lesser
competition. A more spacious interval coupled with light penetration help to increase
temperature and ventilation, which is instrumental to understory growth [36]. The total tree
biomass was 192.71 and 156.65 t ha−1 in the 15- and 22-year-old T. Zhongshanshan stands.
In comparison with 15-year-old P. massoniana [37] and 22-year-old P. strobus stands [34],
whose tree biomass was 78.5 and 128.0 t ha−1, T. Zhongshanshan stands of the same age
exhibited higher biomass accumulation. Although Moriondo et al. [38] reported that tree
biomass accumulation depends on growth habitat, the soil on which plants are growing,
disturbance regime and interaction with belowground vegetation, our study proved that T.
Zhongshanshan is a fast-growing variety to some extent.

4.3. Ecosystem Carbon Storage

Ecosystem carbon storage and portioning accorded well with biomass accumulation
in the vegetation component and were age-dependent in the soil component. The total
ecosystem carbon storage of 9- to 22-year-old T. Zhongshanshan stands ranged from 124.76
to 217.64 t ha−1, of which total tree ranges from 25.32 to 90.89 t ha−1. These values were
well within the range of above-ground biomass carbon storage (4.5–462.5 t ha−1, averagely
61.9 t ha−1) reported by a case study of carbon sequestration following reforestation in
the YRB area [39]. T. Zhongshanshan plantations had a substantial potential for carbon
sequestration as the total land area under these plantations was consecutively expanding,
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most of which was still immature. The carbon storage of the 0–60 cm soil layer increased
from 11- to 22-year-old stand, with an annual accumulation rate of 3.05 t ha−1, implying
substantial amounts of carbon accumulation during the transition period from young to
near-mature (20- to 30-year-old) T. Zhongshanshan stands. The older age of tree stands
produces more litter and root biomass which ultimately supplies more organic matter to the
soil. Our results of SOC storage were comparable to the T. distichum forests (123.3 t ha−1) of
South Caspian Sea in similar soil depth [40] and were higher than the national average in
China (96.0 t ha−1) [41] but lower than upper reaches of the YRB (164 t ha−1) [42]. Probably
owing to the regional climatic patterns, a decreasing temperature from west to east in the
YRB led to a slower decomposition of SOM and a lower soil respiration rate in the upper
reaches. Corresponding to other investigations conducted in forest ecosystems [43], the
highest carbon storage occurred in the soil component of T. Zhongshanshan ecosystem
but contradicted the findings of Vesterdal et al. [44] and Lü et al. [45], who found that soils
only contributed about one third in an afforestation ecosystem. Gogoi et al. [46] proclaimed
that the continuous disturbance by human interference declines SOC storage. The starting
point in soil carbon storage also possibly determined the sequestration potential.

5. Conclusions

The results described by the selected 3-parameter polynomial model and SUR ap-
proach pave the way for a more systematic estimation of T. Zhongshanshan biomass. The
fitted H-DBH function is quite capable of accounting for the relationship between H and
DBH of T. Zhongshanshan plants. T. Zhongshanshan is a fast-growing variety, as compared
tree biomass with other trees of the same stand age in similar subtropical areas. In con-
clusion, the present study revealed that the T. Zhongshanshan stands in the YRB area can
store 124.76 to 217.64 t ha−1 carbon, of which total tree ranges from 25.32 to 90.89 t ha−1,
with 55.19% to 77.66% storing in the soil. Large T. Zhongshanshan trees contributed greatly
to carbon storage in living biomass and may be the main reason accounting for having a
persistent potency. A potential limitation involved with this study was the absence of tree
age and taper as explanatory variables. The performance of the generalized approaches
in subsequent studies could be marginally improved on a large enough and sufficiently
representative set of individual plants by combining more explanatory variables. Multisite
studies are further required to fully elaborate the patterns of biomass and carbon storage of
individual trees and the ecosystem of T. Zhongshanshan plantations by stand age.
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Abstract: Improving the income and assets of forest farmers is the basis for realizing the sustainable
development of forestry. In this paper, we tested the impact of membership in herbal medicine plant-
ing cooperatives on forest farmer household income and assets using the propensity score matching
(PSM) method and household surveys of the study area. The results showed that cooperative mem-
bership can greatly improve forest farmer household income and assets; the higher the accumulation
of forest farmer household social capital and human capital, the more farmers were inclined to
participate in cooperatives. Householders who were migrant workers were more likely to make the
decision to participate in cooperatives compared with those without migrant work experiences. The
results of ATT further verified the conclusion that cooperative membership can significantly improve
income and assets, which increased by 7.04% and 4.19%, respectively. In addition, according to the
survey, the current development of cooperatives in the forestry area experienced problems such as
inconsistent quantitative and qualitative development, insufficient driving force, irregular operating
mode, inaccurate policy support, and inadequate guidance mechanisms. This paper focused on
innovating cooperation mechanisms, enriching joint forms, enhancing driving capacity, stimulating
internal driving forces, strengthening system construction, improving standards, enhancing guidance
services, and strengthening institutional guarantees. These recommendations have been put forward
to guide policy for sustainable forest development.

Keywords: forest farmer; specialized cooperatives; farmer household income; farmer household
assets; PSM model

1. Introduction

Specialized farmer cooperatives (hereafter, “cooperatives”) are cooperative economic
organizations of mutual support and democratic management on the basis of household
contract management. These cooperatives not only overcome the contradiction between
“small production” in the small-scale peasant economy and “large demand” in the market
economy, but also meet consumer requirements for the quality and safety of agricultural
products. They represent an important organizational means of realizing the organic con-
nection between small farmers and modern agricultural development [1–3]. Considering
the basic conditions of “big country and smallholders,” smallholder management will re-
main the basis of China’s agriculture [4]. Cooperatives not only allow farmers to participate
in agricultural production and professional cooperation, but also allow them to benefit by
effectively connecting scattered individual farmers with agricultural modernization. In this
way, cooperatives make a significant contribution to farmers by promoting agricultural
modernization [5–7]. Consequently, the government has actively taken various measures to
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support the development of cooperatives and promote economic cooperation and market
integration [8].

From the perspective of national legislation, the Agricultural Law of the People’s
Republic of China, which came into effect in March 2003, stipulated that “farmers are
encouraged to voluntarily form all kinds of professional cooperative economic organiza-
tions on the basis of household contract operations.” According to the Law of the People’s
Republic of China on Specialized Farmer Cooperatives, “the State shall promote the devel-
opment of farmer specialized cooperatives through financial support, preferential taxation,
support for finance, science and technology, personnel, and guidance of industrial policies
and other measures.” According to the Rural Revitalization Promotion Law of the Peo-
ple’s Republic of China, “the State supports farmer specialized cooperatives, family farms,
agriculture-related enterprises, e-commerce enterprises, and specialized agricultural social
service organizations to establish a close interest linkage mechanism with farmers in a
variety of ways, so that farmers can share the value-added benefits of the whole industrial
chain.” On this basis, the government has also formulated specific policies to support the
development of cooperatives, especially providing important financial support [9,10]. In
terms of allocating public budget funds, the central government generally allocates funds
to provincial governments to meet local needs to support the development of coopera-
tives [11]. This practice has laid a financial foundation for the development of cooperatives
in various regions. In addition, local governments below the provincial level also often
increase financial support for cooperatives from their budgets.

In recent years, with strong support from government departments at all levels, coop-
eratives have grown rapidly, totaling 2.2 million nationwide by 2020. However, whether
the development of cooperatives is conducive to the realization of relevant government
goals (such as increasing farmers’ income, promoting the effective connection between
small farmers and modern agriculture, narrowing the income gap, etc.) has become the
focus of attention of scholars and government departments. A large number of existing
studies have shown that the impact of cooperative membership on farmers’ household
income is significantly positive [12–14]. Cooperatives and enterprises are important market
suppliers of agricultural socialized services, and it is likely that the agricultural socialized
services market will gradually form a multi-subject competitive supply pattern. As the
strength of cooperatives increases, they can compete for the market share of enterprises
and improve the welfare of farmers through lower prices and higher utility effects [15]. At
the same time, they force enterprises to reduce the price of production means, improve
the welfare of participating farmers, and contribute to the improvement of the overall
welfare of farmers. Furthermore, many studies consider that the increased income derived
from cooperatives differs for different types of households. Some researchers believe that
this effect is more obvious for large-scale and high-income households [16], while others
believe that the effect is more obvious for low-income and poor households [17]. Yet others
consider that the efficiency of cooperatives is relatively low and the service function needs
to be strengthened [18].

Overall, further research is still necessary to examine the following aspects in greater
depth. Firstly, most of the existing research has focused on the impact of cooperative
membership on household income; however, it has ignored the impact on household assets,
which also form an important part of family welfare. Secondly, most of the existing research
has focused on the macro level and the theoretical level. Therefore, there is a lack of a
practical approach to examine specific regions, especially quantitative analysis based on
survey data. Due to differences in cooperative types, industrial characteristics, regional
resource endowments, socioeconomic development levels, research perspectives, and other
factors, the conclusions drawn will inevitably be different. Therefore, it is difficult to
determine a development path that is suitable for the actual situation of specific regions.
Thirdly, most of the existing research has focused on the whole industry, and studies are
lacking research on the characteristic industrial cooperatives that rely on regional resource
endowment, which has played a huge role in industrial poverty alleviation.
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This paper selected the farmer households that plant herbal medicine in the eastern
mountainous forest area of Liaoning province as research object. We empirically tested the
impact of membership in herbal medicine planting cooperatives on forest farmer household
income and assets through the combination of theory and demonstration. We also explored
the potential impact of cooperatives on continuously promoting increasing household
income and guaranteeing the stable and sustainable development of forestry area, in order
to obtain new supporting evidence.

2. Theoretical Analysis
2.1. The Impact Mechanism of Cooperative Membership on Farmer Household Income

Firstly, economies of scale come from collective action. Compared with investor-
owned enterprises, cooperatives are more conducive to saving transaction costs by trading
with farmers [19,20]. The central position of cooperatives in the agricultural organization
system is determined by the collective action of farmers through cooperatives in an ideal
way. Moreover, rural elites with Party member farmers as the core play a leading and
exemplary role; they organize ordinary farmers through brand building, deep processing,
market negotiation, signing orders, unified purchase of agricultural products, cooperative
inspection, coordinated sales, unified management, and other ways, to achieve the high
added value of agricultural products that are difficult for individual farmers to achieve and
can improve the level of farmer household income [21]. The core members of cooperatives
rely on the contribution of ordinary farmers to the quantity and quality of products so
that they can achieve a scale effect in quantity and a value-added impact on quality,
to save transaction costs and obtain corresponding bargaining power in the market [22].
Furthermore, cooperatives with strong profitability have great development potential. They
will have obvious driving effects and will continue to follow the path of specialized joint
development and organize family farms and cooperatives in villages and towns to form
joint cooperatives, which will further benefit from economies of scale [23]. Cooperatives
actively promote the organic integration of agricultural production, the processing and
marketing of agricultural products, catering, leisure, rural culture, tourism, education,
fitness, and other emerging industries, to extend the agricultural industrial chain, realize
the integrated development of three sectors, drive increases in the village’s collective
income, and help farmers get rich [24].

Secondly, contract scales, standardization, and brand development construction also
have an obvious effect on increasing income. Cooperatives sell their products in bulk
through sales contracts signed before harvest, reducing the market risk of price fluctuations
of agricultural products [25]. This benefit has been fully demonstrated by cooperatives in
China and many other countries. Cooperatives that seek to maximize the welfare of their
members have more incentive than investor-owned cooperatives to invest in innovations
aimed at improving quality, thereby improving the nature of product differentiation and
market structure. Branding the agricultural products of cooperatives can make them
more distinctive, and the prices will be higher. Cooperative members can earn 20% more
than non-member farmers by promoting the standardization and branding of agricultural
products in China [26].

Thirdly, according to the provisions of the Law of Cooperatives, the surplus dis-
tribution of the cooperative is based on the agreement between the members and the
cooperatives, and the distributable surplus is mainly returned in line with the proportion of
the trading volume (amount) between the members and the cooperatives, and not less than
60% of the total amount. After the return, the remaining part is evenly quantified to the
members based on the amount of capital contribution recorded in the members’ accounts
and the share of the provident fund, as well as the property formed by the direct subsi-
dies from the state finance and donations from others, and is distributed to the members
in proportion.

Finally, cooperatives have access to many kinds of government support. According
to the relevant provisions of the Law of Cooperatives, the central and local financial de-
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partments shall separately allocate funds to provide support for cooperatives to carry out
such services as information, training, standards and certification of agricultural products
(quality), construction of agricultural production infrastructure, marketing, and technology
promotion [27]. And cooperatives enjoy tax concessions in agricultural production, pro-
cessing, distribution, services, and many other agriculture-related economic activities [28].

2.2. The Impact Mechanism of Cooperative Membership on Farmer Household Assets

On the one hand, the advantages of mechanization and scale and the supporting
role of the government’s agricultural machinery purchase subsidy will encourage farmers
to buy advanced and applicable agricultural machinery. Farmers can buy agricultural
machinery supported and popularized by governments at subsidized prices and participate
in cooperatives to carry out mechanized production with agricultural machinery. This can
not only improve agricultural production efficiency but also reduce labor input, thereby
liberating a large number of labor forces [29]. Additionally, by participating in cooperatives
that provide large-scale, professional, and social services, farmers can not only earn service
fee income but also obtain additional government subsidies. Increasing income can further
encourage farmers to purchase agricultural machinery that is more advanced and applicable
and ensure that they can afford to buy it [30].

On the other hand, the purchase price of agricultural machinery is generally high,
and the government subsidy for farmers to buy agricultural machinery is usually less than
30%, which stimulates a large amount of capital investment by cooperative members (the
funds come from the farmers’ own funds and bank loans, etc.) [31]. Moreover, the local
agricultural machinery purchase subsidy limits the quantity of agricultural machinery
purchased by cooperatives more loosely, resulting in a higher asset effect.

3. Materials and Methodology
3.1. Variables
3.1.1. Treatment Variable

This paper selected membership in herbal medicine planting cooperatives as a treat-
ment variable, and a counterfactual hypothesis was adopted to analyze the treatment effect
of cooperative membership on farmer household income and assets. Based on this, cooper-
ative membership was set as a dummy variable. If the sample household participated in a
cooperative, it was assigned a value of 1 (as the treatment group). If not, it was assigned a
value of 0 (as the control group).

3.1.2. Consequence Variable

According to the research objective, this paper selected farmer household income and
farmer household assets as consequence variables from survey data. And the logarithm of
the total income of the farmer household and the valuation of agricultural operating fixed
assets owned by the farmer household were taken as specific indexes.

3.1.3. Matching Variable

Based on the existing research, this paper selected household social capital, human
capital, land area, labor scale, householder age, the education level of the householder,
and the migrant work experience of the householder as matching variables [17,24,32]. The
definitions of variables are shown in Table 1. The social capital (Table 2) and human capital
of farmers were obtained by referring to the research of Liu et al. (2020) [33] and calculated
by principal component factor analysis score.
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Table 1. The definitions of variables.

Variables Definitions

Participating cooperatives (PC) Participating (as treatment group) = 1; Non- participating (as
control group) = 0.

Farmer household income (income)
The logarithm of the total income related to herbal medicine
planting and processing of the farmer’s household in 2021
(in CNY).

Farmer household assets (assets) The logarithm of the valuation of agricultural operating fixed
assets owned by the farmer’s household in 2021 (in CNY).

Farmer household social capital (social) Principal component factor analysis score.
Farmer household human capital (human) Principal component factor analysis score.

Farmer household land area under operation (land) The total area of land planted with herbal medicine by the
farmer’s household.

Farmer household labor scale (labor) The number of labor forces participating in herbal medicine
planting and processing.

Householder age (age) -

The education level of the householder (education) Primary school = 1; junior high school = 2; high school = 3;
college = 4.

The migrant work experience of the householder (migrant) Yes = 1; No = 2.

Table 2. Composition of farmer household social capital and human capital.

Variables Dimension Definitions

Farmer household social capital
(social) Social network Relationship with relatives and friends

Relationship with village leaders
Social trust The number of people you can trust in your village

The degree of trust in the village committee
Possibility of finding something lost in the village

Social prestige The importance of individual opinions in village collective
decision making
Probability of others asking you for help when they are in trouble
Frequency of mentoring others
Frequency of resolving conflicts in the village

Social participation Willingness to participate in village collective activities
Farmer household human
capital (human) Knowledge Average education level of the household workforce

Capacity Average age of the household workforce
Average health level of the household

3.2. Data

The data used in this paper were all taken from a micro survey in Liaoning province.
The research group designed the questionnaire according to the characteristics of agri-
cultural development and agricultural resource endowment in Liaoning province and
adjusted the questionnaire on the basis of pre-investigation. The micro survey was carried
out in the eastern mountains in June 2022. During the survey process, the interviewers
asked questions, and the farmers answered them. And the information was not filled
in the questionnaire until the interviewers confirmed that it was correct and reviewed
the questionnaire, thus ensuring the accuracy of the survey information. The survey cov-
ered farmers’ operational expenses and income, operation and management, natural risks,
market risks, family assets, financial services, and other aspects. After eliminating the
questionnaires that omitted key information or provided contradictory information, 511
valid questionnaires were obtained, with an effective rate of 95.93%. In this paper, 248
farmers who grow herbal medicine in forest area were selected as the specific analysis
objects. The basic information of the sample is shown in Table 3.
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Table 3. Data description.

Sample N = 248 Treatment Group N = 71 Control Group N = 177

Mean Standard Mean Standard Mean Standard

income 63,884 647,331 203,673 1204,276 7810 14,802
assets 330,227 3,224,564 1,013,752 6,000,990 56,044 73,455
social 0.573 0.173 0.651 0.166 0.541 0.166
human 0.501 0.163 0.562 0.147 0.477 0.163
land 57.218 503.425 157.359 936.444 17.048 35.053
labor 2.315 0.925 2.366 1.072 2.294 0.862
age 57.649 9.632 54.690 9.503 58.836 9.452
education 1.831 0.739 1.972 0.755 1.774 0.727

It can be seen from Table 3 that 71 households participated in cooperatives and
177 households did not. Without controlling for other socioeconomic characteristics, the
between-group differences in farmer household income and farmer household assets for
participating in cooperatives or not were significantly positive at a 1% level. Additionally,
there were also significant differences in farmer household social capital, farmer household
human capital, farmer household land area under operation, farmer household labor scale,
householder age, the education level of the householder, and migrant work experience
of the householder among the farmer households that participated in cooperatives or
not. However, a simple comparison of means can only reflect the differences between
participating and not participating in terms of correlation. To investigate the impact of
cooperative membership on farmer household income and assets from the perspective of
causality, a more rigorous econometric analysis method was needed.

3.3. Methodology

This paper selected the estimation method of propensity score matching (PSM) to
quantitatively analyze the impact of cooperative membership on farmer household income
and assets. The specific steps were as follows:

Firstly, we regarded whether the ith farmer household did or did not have a coopera-
tive membership as a binary random variable. Where, PCi = 1 represents the farmer with a
cooperative membership; PCi = 0 represents the farmer without a cooperative membership;
incomei and assetsi represent the ith farmer household income and assets, respectively;
income1i and assets1i represent the farmer household income and assets of PCi = 1, income0i
and assets0i represent the farmer household income and assets of PCi = 0. Therefore, the
change in farmer household income and assets resulting from cooperative membership
can be represented by income1i − income0i and assets1i − assets0i. As the farmer household
income and assets of participating or non-participating cooperatives cannot be observed
simultaneously, they can be defined as follows:

incomei = (1− PCi)× income0i + PCi× income1i = income0i + PCi× (income1i − income0i)

assetsi = (1− PCi)× assets0i + PCi × assets1i = assets0i + PCi × (assets1i − assets0i)

Secondly, as the farmer households were non-random and self-selecting when choos-
ing whether to participate in cooperatives or not. Moreover, since the data of participating
and non-participating cooperatives cannot be obtained at the same time, direct comparison
easily produced endogeneity. The propensity score matching (PSM) model can effectively
solve the problem of endogeneity through constructing a counterfactual hypothesis to
reduce the multidimensional information of farmer households to a factor and match the
farmers who participated in cooperatives or not in multiple dimensions. Specifically, in
the set of farmer households that did not participate in cooperatives, one or some will
be selected to match each farmer household that did participate in a cooperative. When
the analysis sample was restricted to individuals that had already received “treatment”,
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the Average Treatment Effects on the Treated (ATT) was obtained, that is, the impact of
cooperative membership on farmer household income and assets.

E(income1i− income0i|PCi = 1)

E(assets1i − assets0i|PCi = 1)

Under the assumption of conditional expectation independence, the ATT can be
estimated by the PSM model through matching the different farmer households with
similar characteristics that participated or did not participate in cooperatives through
estimating each individual’s propensity score, namely, P(Xi).

ATTincome =
1

N1

N1

∑
i=1

(income1i − ∑
j∈PC(pi)

wijincome0i)

ATTassets =
1

N1

N1

∑
i=1

(assets1i − ∑
j∈PC(pi)

wijassets0i)

where N1 represents the number of individuals in the treatment group; PC(pi)PC(pi)
represents the paired group of the ith individual in the treatment group; wijwij represents
the weight of each individual in the paired group of the ith individual, and ∑j∈PC(pi) wij =
1 ∑j∈PC(pi) wij = 1. Moreover, PC(pi)PC(pi) and wijwij will definitely be different under
different matching methods. On the basis of reference to existing research, the four PSM
methods of Nearest Neighbor Matching (NNM), Local Linear Regression Matching (LLR),
Kernel Matching (KM), and Radius Matching (RM) were selected to estimate the ATT in
this paper.

4. Results
4.1. Baseline Regression Analysis

Tables 4 and 5 show the baseline regression results of farmer household income and
assets. It can be seen that the coefficients of determination R2 were both higher than
15%, indicating that the model had a high level of fitting, and the independent variables
greatly explained the dependent variable, which can estimate the impact of cooperative
membership on farmer household income and assets accurately. The coefficients of the
variable PC were also both significantly positive at a 1% level, indicating that cooperative
membership can greatly improve farmer household income and assets.

The variables of farmer household human capital and farmer household land area
under operation passed the significance test, as seen in Tables 4 and 5, indicating that the
accumulation of social capital and scale operation both helped to increase farmer house-
hold income and assets, and the research of Khan et al. (2022) supported this result [34].
Additionally, the migrant work experience of householders had a positive effect on farmer
household income, while the farmer household labor scale had a positive effect on farmer
household assets. However, the householder age had a negative effect on farmer household
assets, which may be due to a decrease in the willingness to accept new technology and
machinery as people get older. Zhang et al. (2020) pointed out that age was an important
factor affecting the popularization and application of new machinery [35].
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Table 4. The baseline regression results of farmer household income.

Explanatory
Variables Coefficient Standard Error T Value p Value

PC 0.850 *** 0.207 4.110 0.000
social 0.896 * 0.464 1.930 0.054
human 1.204 0.864 1.390 0.165
land 0.001 *** 0.000 6.600 0.000
labor 0.025 0.089 0.280 0.780
age −0.006 0.012 −0.510 0.612
education −0.072 0.146 −0.500 0.621
job −0.430 ** 0.164 −2.620 0.009
Constant 7.842 *** 0.980 8.000 0.000
PseudoR2 0.326
F value 12.441

Note: *, **, and *** represent 10%, 5%, and 1% significance, respectively.

Table 5. The baseline regression results of farmer household assets.

Explanatory
Variables Coefficient Standard Error T Value p Value

PC 0.603 *** 0.169 3.570 0.000
social 0.731 * 0.404 1.810 0.072
human 0.414 0.717 0.580 0.564
land 0.001 *** 0.000 7.490 0.000
labor 0.388 *** 0.082 4.730 0.000
age −0.032 *** 0.010 −3.040 0.003
education −0.009 0.117 −0.080 0.937
job −0.009 0.129 −0.070 0.946
Constant 10.842 *** 0.831 13.040 0.000
PseudoR2 0.326
F value 22.180

Note: * and *** represent 10% and 1% significance, respectively.

4.2. Propensity Score Matching Analysis

In order to achieve sample matching, this paper selected the Logistic model to esti-
mate the propensity score, referring to the research of Ma and Abdulai (2017), Meng et al.
(2020), and Hoang (2021) [17,24,32], and sought the farmer households without coopera-
tive membership, but that had similar economic characteristics with farmer households
with cooperative membership for analysis. The model included the variables of farmer
household social capital, farmer household human capital, farmer household land area
under operation, farmer household labor scale, householder age, the education level of the
householder, and migrant work experience of the householder.

Tables 6 and 7 show the results of propensity score matching analysis on farmer house-
hold income and assets, where the chi2 values were 40.18 and 40.64, respectively, and the
probability of being less than the p value for both was 0. Therefore, the null hypothesis
was rejected, indicating that the model had a high level of fitting, while the independent
variables greatly explained the dependent variable. Additionally, the consistent results
presented in Tables 5 and 7 also showed that the higher the accumulation of farmer house-
hold social capital and human capital, the more farmers were inclined to participate in
cooperatives. He et al. (2022) obtained a similar conclusion [36]. Additionally, compared
with householders without migrant work experiences, householders who had been migrant
workers were more likely to make the decision to participate in cooperatives.
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Table 6. The results of propensity score matching analysis of farmer household income.

Explanatory Variables Coefficient Standard Error

social 3.688 *** 0.990
human 4.345 * 2.524
land 0.002 0.002
labor −0.075 0.178
age −0.008 0.032
education −0.376 0.333
job −0.711 ** 0.348
N 248
pseudoR2 0.1364
chi2 40.18
Prob > chi2 0.000

Note: *, **, and *** represent 10%, 5%, and 1% significance, respectively.

Table 7. The results of propensity score matching analysis of farmer household assets.

Explanatory Variables Coefficient Standard Error

social 3.681 *** 0.988
human 4.367 * 2.525
land 0.002 0.002
labor −0.077 0.178
age −0.009 0.032
education −0.379 0.333
job −0.674 ** 0.345
N 248
pseudoR2 0.1368
chi2 40.63
Prob > chi2 0.000

Note: *, **, and *** represent 10%, 5%, and 1% significance, respectively.

An important assumption in propensity score matching analysis was the assumption
of balance, which required that there were no systematic differences in the matching
variables between the treatment group and the control group after matching. In order to
ensure the robustness of results, the balance test of propensity score matching was further
tested by the methods of Psmatch2 and Pstest based on the existing research of Ma and
Abdulai (2017) [17].

Tables 8 and 9 show consistent results; the deviation values of variables were all lower
than 10%, indicating that the deviation was within the acceptable range. At the same time,
the p values of all variables were greater than 10%, accepting the null hypothesis, indicating
that after matching, there was no significant difference in the variables of economic charac-
teristics between farmer households with cooperative membership and those without. The
propensity score matching passed the balance test, and the matching effect was good.

Table 8. The results of the balance test of propensity score matching for farmer household income.

Variables
Mean

Deviation/% T Value p Value

Participating Non-
Participating

social 0.631 0.621 6.30 0.390 0.699
human 0.552 0.550 1.80 0.120 0.908
land 16.414 31.010 −2.20 −1.770 0.179
labor 2.281 2.418 −11.00 −0.840 0.403
age 55.031 54.910 1.30 0.080 0.938
education 1.938 1.910 3.70 0.210 0.832
job 0.313 0.297 3.30 0.190 0.849
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Table 9. The results of the balance test of propensity score matching for farmer household assets.

Variables
Mean

Deviation/% T Value p Value
Participating Non-

Participating

social 0.635 0.625 5.9 0.37 0.712
human 0.557 0.549 5.2 0.35 0.73
land 16.394 32.091 −2.4 −1.87 0.064
labor 2.273 2.401 −10.0 −0.79 0.433
age 54.667 54.765 −1.0 −0.06 0.951
education 1.939 1.860 9.7 0.64 0.522
job 0.318 0.311 1.6 0.09 0.926

4.3. Average Treatment Effect Analysis

After propensity score matching, the ATT results of the impact of cooperative mem-
bership on farmer household income and assets are shown in Tables 10 and 11. It can be
seen that the T value estimated by the four PSM methods of NNM, LLR, KM, and RM
were all less than the results of baseline regression, and the overall effect was significant
at a 1% level, which further verified the conclusion that cooperative membership can
improve farmer household income and assets greatly, improvements that reached 7.04%
and 4.19%, respectively.

Table 10. The ATT results of the impact of cooperative membership on farmer household income.

Methods Treatment
Group

Control
Group ATT Standard

Error T Value 4 (%)

NNM 9.239 8.658 0.581 0.229 2.54 *** 6.71%
LLR 9.239 8.583 0.656 0.261 2.51 *** 7.64%
KM 9.239 8.618 0.621 0.216 2.88 *** 7.21%
RM 9.217 8.645 0.571 0.232 2.47 *** 6.62%
Average 9.234 8.626 0.607 7.04%

Note: *** represent 1% significance.

Table 11. The ATT results of the impact of cooperative membership on farmer household assets.

Methods Treatment
Group

Control
Group ATT Standard

Error T Value 4 (%)

NNM 11.187 10.742 0.444 0.199 2.23 *** 4.14%
LLR 11.187 10.696 0.491 0.250 1.96 *** 4.49%
KM 11.187 10.737 0.449 0.185 2.42 *** 4.19%
RM 11.192 10.779 0.413 0.204 2.02 *** 3.83%
Average 11.188 10.739 0.449 4.19%

Note: *** represent 1% significance.

5. Conclusions and Discussion

In this paper, we selected the estimation method of propensity score matching (PSM) to
quantitatively analyze the impact of membership in herbal medicine planting cooperatives
on farmer household income and assets on the basis of an in-depth survey of the study
area. We found that, firstly, cooperative membership can greatly improve farmer household
income and assets, the migrant work experience of householders had a positive effect on
farmer household income, the farmer household labor scale had a positive effect on farmer
household assets, and the householder age had a negative effect on farmer household
assets. Secondly, the higher the accumulation of farmer household social capital and human
capital, the more farmers were inclined to participate in cooperatives. And compared with
householders without migrant work experiences, householders who had been migrant
workers were more likely to make the decision to participate in cooperatives. Finally, the
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ATT results further verified the conclusion that cooperative membership can improve
farmer household income and assets greatly, improvements that reached 7.04% and 4.19%,
respectively.

It can be seen from the results that cooperative membership can greatly improve the
income and assets of farmers. Here, the leading role of industrial development cannot be
ignored. A large amount of research has verified the basic role of industries, especially the
characteristic industries relying on regional resource endowment in economic development
and farmers’ income increase [7,37,38]. The herbal medicine industry selected in this paper
was the main characteristic industry in Liaoning province. The existing varieties of herbal
medicine mainly include understory ginseng, codonopsis, schisandra chinensis, asarum,
gentian, acanthopanax, astragalus, etc. Huairen county in this region was named “the
hometown of China’s acanthopanax and understory ginseng”, and “Fushun’s schisan-
dra chinensis” and “Fushun’s understory ginseng” were certified as national geographic
indications. Gentian and asarum occupied 80% and 70% of the national market sales,
respectively.

In this context, cooperatives had become an important carrier of rural industrial
prosperity, and only the coordinated development of cooperatives and industries can better
serve rural revitalization. However, through survey and investigation, it was found that
with the strong support of government departments at all levels, cooperatives in this region
have developed rapidly, but there were still many problems, which made it difficult to meet
the requirements of rural revitalization and agricultural and rural modernization in the
new development stage. Overall, it mainly included five aspects:

Firstly, the development of quantity and quality was inconsistent. Despite the rapid
development of cooperatives in recent years, their scale development and quality improve-
ment were not synchronized, and the problem of “small, scattered, weak and empty” still
existed. Survey data showed that the number of cooperatives in real operation was less
than one-third of the total. Additionally, cooperatives with registered trademarks and
quality certification of agricultural products only accounted for 4.33% and 1.32% of the
total number in this region, and there were problems such as lagging brand building,
standardization of agricultural products, and insufficient deep processing.

Secondly, the driving ability was insufficient. By the end of 2021, enterprise-led
cooperatives accounted for less than 5% of the total in this region, and only 12.15% and
8.03% of cooperatives that uniformly organized the sale of agricultural products and
purchased agricultural production inputs reached more than 80%. Overall, the radiation
driving ability of cooperatives also needs to be improved.

Thirdly, the operating mechanism was irregular. On the one hand, the organizational
structure was not perfect, and the internal interests of cooperatives were loosely connected.
On the other hand, the financial management mechanism was not reasonable enough.
Additionally, the cooperative surplus distribution was not standard enough. Most coop-
eratives mainly used price rebates instead of surplus distribution. In 2021, the number of
cooperatives with surplus distribution returned by transaction volume was 4092, among
which 2934 cooperatives returned more than 60%, accounting for only 5.23% of the total.

Fourthly, the support policy was inaccurate. In 2021, the total amount of government
support funds in this region increased by 4.26% year-on-year, but only 3.68% of cooper-
atives received financial support funds, and less than 8% of the total undertook national
agriculture-related projects. Additionally, although agriculture-related financial institutions
had increased their credit support for “agriculture, rural areas and farmers”, most financing
products had certain limitations in terms of quota, use, and time, and problems such as
difficult and expensive financing still existed.

Finally, the guidance service was inadequate. After the institutional reform in 2018,
the guidance service work of cooperatives originally undertaken by agricultural economic
stations (offices) was assigned to agricultural and rural administrative departments. How-
ever, the full-time staff of agricultural and rural administrative departments at the county
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level in this region was generally no more than 3, resulting in insufficient guidance service
work for cooperatives.

The political implications of this research include the following aspects: Firstly, inno-
vating cooperation mechanisms and enriching joint forms by exploring different modes of
cooperation among farmers using resource elements such as the contracted forestland and
encouraging cooperatives closely tied to the industry to reorganize resources through merg-
ers and amalgamations on a voluntary basis. Secondly, strengthening driving ability and
stimulating endogenous driving forces through developing rural industries, and encourag-
ing cooperatives to build specialized villages and towns with high quality, good benefits,
and obvious advantages in leading industries, relying on local resource endowments, so as
to form a development pattern with strong competitiveness, distinctive characteristics, and
appropriate scale. Thirdly, enhancing driving capacity and stimulating internal driving
forces by improving the organizational structure, standardizing financial management,
and managing income distribution. Fourthly, strengthening system construction and im-
proving standard level through increasing support for fiscal projects, innovating financial
services, and focusing on digital empowerment. Finally, enhancing guidance services
and strengthening institutional guarantees by establishing and improving a comprehen-
sive and coordinated working mechanism, strengthening talent support to accelerate the
development of basic institutions.
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Abstract: Vegetation on the Loess Plateau, China, has continuously improved thanks to certain
ecological restoration (ER) strategies, including the integrated soil conservation project that began
in the late 1970s and the “Grain for Green” project that began in the 1990s. The experience of these
strategies in different geomorphological regions is of great value to ER worldwide. In this study,
the evolution of the land-use transition (LUT) pathway and ecosystem service value (ESV) in four
geomorphological regions of the Beiluo River Basin was analyzed using geo-informatic Tupu and the
equivalent factor method with data from 1975 to 2015. The results indicated that, from 1975 to 2015,
the proportion of forestland in the Beiluo River basin increased by 18.27%, while the areas of shrub,
grassland, cultivated land, and water decreased by 1.03%, 0.16%, 18.23%, and 0.26%, respectively. In
the past 40 years, the overall ESV of the basin increased by USD 3.209 billion (54.16%). The landform,
vegetation cover, LUT, and ESV analysis indicated that the main ecological functions of the loess
hilly and gully (LHG), loess plateau gully (LPG), rocky mountain (RM), and terrace and plain (TP)
regions are soil and water conservation (SWC), SWC and food production, regulation and food
production, respectively. ER projects enhanced the main ecological function of individual regions. In
detail, the transition of “cultivated land→ grassland” enhanced SWC function in the LHG region,
and the transition of “grassland (shrub)→ forestland” enhanced the regulating services of the RM
and LPG regions. Moreover, the transition of “cultivated land to grassland” did not seriously lower
the food production services of the TP and LPG regions, owing to the increase in grain yield per
unit area. However, there were alternating transitions between cultivated land and ecological land
types, implying a game between the peasant households’ demands and the ER strategies. Conflicting
demands between local households and the public necessitate precision ER strategies, including land
planning, ecological compensation, training and employment for local residents, etc.

Keywords: precise ecological restoration; land-use/land-cover change (LUCC); ecosystem service
value (ESV); Loess Plateau; geo-informatic Tupu (GT); China

1. Introduction

In order to cope with climate change and control the deteriorating ecological envi-
ronment, ecological restoration (ER) projects have been carried out on a global scale [1,2].
In 2010, the Strategic Plan for Biodiversity 2011–2020 was signed at the Conference of the
Parties to the Convention on Biological Diversity. In 2012, under the auspices of the United
Nations Environment Programme, the Intergovernmental Platform on Biodiversity and
Ecosystem Services (ESs) was approved by the United Nations (http://www.ipbes.net
(accessed on 10 July 2023)). The United Nations has put forward a series of actions, such
as the Decade of Sustainable Development, the Decade of Ecological Restoration, and
the Decade of Marine Science for Sustainable Development, to promote the restoration of
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global ecosystems [3,4]. The implementation of ER projects guarantees the restoration of
ESs [5,6]. It is important to study the impact of ER, especially the existing problems, for
environmental management [7]. In the context of global ER, countries around the world
generally believe that the future will be a key period to improving human well-being and
promoting sustainable development through ER, and the study of ER is a hot topic at
present [1].

For ER, at the regional scale, there is the influence of topography and landform.
Different topographies and landforms determine the main use modes of regional land
and determine its main ecological function [7,8]. For example, agricultural land is well-
distributed in flat terrain, which enhances ecosystem food production services. Meanwhile,
slopes above 25 degrees are more suitable for planting trees than for farming, which can
enhance ecosystem water and soil conservation services [9]. Land-use types can produce
trade-offs or synergies between different ESs [10]. Jia et al. studied the relationship between
“one increase and one decrease” and “co-increase and co-decrease” among ESs in the loess
hilly region, and found that afforestation enhanced the “one increase and one decrease”
interaction between regulating services and supplying services, and the increase in shrubs
improved the soil and water conservation services of the ecosystem [11]. Therefore, it is
necessary to study the impact of regional ER in detail according to geomorphic zoning.
It is of great significance to find the problems in ER in order to guide and adjust the
employed strategies.

The Loess Plateau, located in Northwest China, is one of the areas most seriously
affected by soil and water erosion in the world [12]. The poor condition of the ecological
environment in the area significantly restricts the social and economic development of the
region [13]. In order to improve this situation, China has long governed the environment
of the Loess Plateau. From 1950 to 1970, the environmental governance measures of the
Loess Plateau included afforestation, the terracing of farmlands on slopes, and building
sediment-trapping dams. From 1970 to the late 1990s, the government mainly carried out
the comprehensive management of small watersheds and the construction of Three-North
shelterbelts. After 2000, environmental governance focused on the projects of “Grain for
Green” [14,15]. After years of environmental restoration, the overall vegetation cover
area has increased, the sediment entering the Yellow River has reduced, and the land-use
structure has also changed dramatically [13,16–19]. However, owing to the interaction
between the ecological environment and the socio-economic relationship, the sustainability
of ER can be affected by managers, land-lost farmers, and other stakeholders. It is thus of
great significance to study the relationship between LUTs and ESV, find out the deficiencies
of ER, and sum up the experience for system governance and precise policy formulation.

The Beiluo River Basin contains four typical landforms of the Loess Plateau, and is
one of the key regions in the control of soil and water erosion and “Grain for Green”.
The four geomorphic regions are the loess hilly and gully (LHG) region, with the most
severe soil erosion; the loess plateau gully (LPG) region; the forested rocky mountain (RM)
region; and the terrace plain (TP) region. There have been many studies exploring ER
from different perspectives. SUN Zexing et al. evaluated the comprehensive benefits of
ER in Shaanxi province [20]. NIU Linan et al. evaluated the extent and potential of ER
in the Loess Plateau [21]. XUE Fan et al. studied the evolution of water and sediment
characteristics in different landforms and vegetation types in the Beiluo River Basin over
the past 70 years [22]. Wang Zhuangzhuang et al. established an evaluation index system
of ER benefits for five key fragile ecological zones in China [23]. Finally, Zhao Yonghua
et al. explored the changes in the ecosystem service value in Shaanxi Province from
2001 to 2006 and the differences among different regions [24]. These studies provide a
reference for the adjustment of ER policies, but few researchers have paid attention to the
research on the differentiated effects of LUTs on the main ecosystem service functions in
different landforms.

Aiming to address the above problems, this paper takes the Beiluo River Basin as the
representative area to study the impact of ER on the Loess Plateau and determine its existing
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problems, so as to provide a basis for the adjustment of ER strategies. Specifically, this
includes (1) using geo-informatic Tupu (GT) to analyze the spatio-temporal characteristics
of LUTs, (2) quantifying the spatiotemporal variation in ESV, and (3) analyzing the impact
of LUTs on the main services of ecosystems in different landform types and discussing the
existing problems.

2. Materials and Methods
2.1. Study Area

The Beiluo River (34◦40′–37◦19′ N, 107◦35′–110◦20′ E) originates in the Baiyu Moun-
tains, Dingbian County, Shaanxi Province (Figure 1) [25]. Its main stream has a total length
of 680 km, with an average ratio of 1.52‰ and a watershed area of 26,905 km2. There
are four typical landforms of the Loess Plateau in this basin: the loess hilly and gully
(LHG) region, the Lloess plateau gully (LPG) region, the rocky mountainous (RM) region,
and the terrace plain (TP) region. The LHG region is located in the upper reaches of the
Beiluo River Basin and exhibits severe gully erosion. The LPG region is located in the
middle reaches with high and flat lands and gullies around these lands. The RM region
has high vegetation coverage and a relatively complete natural forest [26]. The TP region is
located in the lower reaches of the basin and is its alluvial plain. The largest area, covering
10,542 km2 and accounting for 39.2% of the total watershed area, is the loess hilly forest area,
which includes the famous Ziwuling forest region and the Huanglong Mountain forest
region. The area of the LHG region is 6755 km2, accounting for 25.1% of the watershed
area. It serves as the main sediment-producing area, with a high soil erosion modulus of
more than 10,000 t/km·a. The LPG region experiences moderate soil erosion, while the
other areas have less pronounced erosion. The Beiluo River Basin has an annual average
precipitation (1954–1996) of 514.2 mm, a runoff of 8.652 × 108 m3, and a sediment transport
of 8.65 × 107 t [27–29]. Over time, the region has undergone ER, with the vegetated area
increasing from 41.12% in 1987 to 63.43% in 2007 [25,30]. During this period, there were
also significant land-use changes, affecting 56.5% of the entire basin area between 1975 and
2015 [29].
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Figure 1. Location of the Beiluo River Basin. Note: The LHG region is developed from the high and
flat loess land in the course of long-term soil erosion. There is a large amount of vegetation cover in
the RM region, and the problem of soil erosion is not significant. The soil texture of the LPG region is
the same as that of the LHG region, and there is still some flat land that has not completely eroded
into gullies. The classification of the four landforms is based on data from Research Theory and practice
in Hydrology and Water Resources by Changming LIU [31], which has been used many times by other
people studying the Beiluo River Basin [32,33].

2.2. Data Sources

The Chinese administrative boundaries and typical geomorphology vector data for
1975, 1990, 2000, 2010, and 2015, along with the 30× 30 m land-use database, were obtained
from the RESDC (Resource and Environmental Science Data Center of the Chinese Academy
of Sciences, http://www.resdc.cn (accessed on 2 January 2023)) [34–37]. These datasets
were generated using Landsat TM/ETM (thematic mapper/enhanced thematic mapper)
remote sensing images from different periods, which were then visually interpreted based
on national field surveys. The land-use types were classified as forestland, scrub, grassland,
cultivated land, water, construction land, and desert. Furthermore, the data for the national
net primary productivity (NPP) of vegetation in 1975, 1990, 2000, 2010, and 2015 were
derived from the Global Change Research Data Publishing and Repository [38,39].

2.3. Methodology
2.3.1. Geo-Informatic Tupu Method

This paper uses the geo-informatic Tupu (GT) method to establish a mathematical
model. GT is a method for geographical spatiotemporal analysis that can project multi-
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dimensional spatial information onto two-dimensional maps. By doing so, it greatly
reduces the complexity of model simulation. In addition, Tupu helps the model builder
to understand the spatial information and its processes [40,41]. We used ArcGIS (10.8.1,
Esri, Redlands, CA, USA) software to assign codes 1, 2, 3, 4, 5, 6, and 7 to seven land-use
types, namely, forestland, shrub, grassland, cultivated land, construction land, water areas,
and desert, respectively. The raster calculator was employed to generate the raster land-
use data with a 30 m resolution over five periods. Based on this, a series of GT patterns
were constructed.

GT can assign a color to each land-use unit on the map, enabling a more intuitive
observation of its distribution. Similarly, the Tupu unit of land-use change can be assigned
a color, facilitating the analysis of the spatial characteristics of LUTs. To integrate the value
and spatial information of LUTs into the Tupu coding, two adjacent Tupu units can be
selected for algebraic superposition. By screening the results and selecting the Tupu related
to the LUTs of cultivated land, forest, and grassland, the Tupu can be created. The specific
calculation formula is as follows [42]:

T = A× 10 + B (1)

where T is the Tupu code of LUTs in a given period, B is the code of the land-use unit at the
beginning of the study, and A is the code of the land-use unit at the end of the study.

This study focuses on land-use change in the five periods of 1975, 1990, 2000, 2010,
and 2015. The Tupu pattern of LUTs can be divided into five types: the prophase transition
type, the middle transition type, the anaphase transition type, the repeated transition type,
and the continuous transition type. The operation equation of the land-use unit code in
each period is as follows:

T = 10000×Q + 1000×W + 100× E + 10× R + D (2)

where T is the land-use change Tupu code in 1975, 1990, 2000, 2010, and 2015; Q is the
land-use unit code in 1975; W is the land-use unit code in 1990; E is the land-use unit code
in 2000; R is the land-use unit code in 2010; and D is the land-use unit code in 2015 (Table 1).

Table 1. Pattern classification of land-use change Tupu.

Tupu Pattern Definition Examples Meaning

Prophase transition type Only one change took place
between 1975 and 2000. 12222, 22444

Reflects the LUTs for the time scale.
Middle transition type Only changed between 2000

and 2010. 22233, 5522

Anaphase transition type Only changed between 2010
and 2015. 11112, 44443

Repeated transition type
There have been two or more
changes, involving only two

types of land use.

22112, 22121, 22122,
22212

After at least two changes, the early
land-use types reappeared in the later
stage, highlighting the contradiction

between the two land-use types.

Continuous transition type
There have been more than

two changes, involving three
or more land-use types.

11213, 11231, 14211,
14241

The frequency of prominent change is
high, and the type of change is diverse.

2.3.2. Statistics of the Changing Characteristics of Tupu

The land-use change Tupu was analyzed using spatial statistics, and the degree of
spatial separation and LUT rate were calculated. The formulae for calculating the rate of
change and the degree of spatial separation are as follows:

Aij =
Nij

n
∑

i=1

n
∑

j=1
Nij

× 100%(i 6= j) (3)
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Sij =
1
2
×

√
Fij/∑n

i=1 ∑n
j=1 Nij

Nij/∑n
i=1 ∑n

j=1 Nij
(i 6= j) (4)

where Aij is the rate of change, which indicates the ratio of the area of a certain LUTs to
the total area of LUTs in the study area over a period of time. Sij is the degree of spatial
separation, which reflects the degree of spatial dispersion of land-use Tupu units. The
greater the absolute value, the greater the degree of dispersion of Tupu units. Fij and Nij
indicate the number and area, respectively, of Tupu units in which the land-use type is
transformed from land-use type i at the initial time t into j at the end (t + ∆t), and n is the
number of land-use types.

2.3.3. ESV Calculation

The concept of ESs was first proposed by King in 1966 [43]. Using an economics-
based method to calculate the ESV can help human beings to realize the development,
utilization, protection, and restoration of ecosystems more scientifically, and finally allow
us to achieve the goal of sustainable development. The most common methods used to
calculate the ESV are the energy evaluation method and the benefit transfer method [16].
However, regardless of which method is used, the subjective differences in the selection of
parameters lead to differences in the calculation results. At present, there is no one standard
recognized method for calculating the ESV [44,45]. Based on Burkhard et al.’s study on ESs
in 2010 [46], this study classifies ESs into four types: supplying services, regulating services,
supporting services, and cultural services. These four services are subdivided into nine
services according to the specific conditions of the Chinese ecosystem, as shown in Table 2.

In this paper, the ESV of the Beiluo River Basin was calculated using the average
vegetation net primary productivity (NPP) of each land-use ecosystem in China and the
NPP of the Beiluo River Basin to modify the ecosystem value equivalent per unit area of
ecosystems in China (Table 2), as proposed by Xie Gaodi (Formula (5)) [47]. This method
sets the equivalent of food production service value of cultivated land ecosystem to 1.0,
and the equivalent of various service values of other land-use ecosystems is derived from
this. The ESV of construction land is set to 0. Because NPP cannot accurately reflect the
biomass of water areas, this paper takes the average value equivalent of the national river
and lake ecosystems proposed by Xie Gaodi as the value of the water area in the study area.

ηi =
NPPbi
NPPci

(5)

where ηi is the correction coefficient of the land-use type i, NPPci is the average net primary
productivity of vegetation of the land-use type i in China, and NPPbi is the net primary
productivity of vegetation of the land-use type i in the Beiluo River Basin.

The ESV of food production in the cultivated land ecosystem per unit area is a standard
equivalent factor, and the ESV is equivalent to 1/7 of the average grain yield market value
in the study area. The calculation method is as follows:

Ec =
1
7

n

∑
i

si × pi × qi
S

(6)

where Ec represents the value of the food production service function per unit of cultivated
land ecosystem (USD/hm2), i is the crop type (the main food crops in the Beiluo River
Basin are wheat, corn, millet, potatoes, and vegetables), Si is the area of food crop i (hm2),
Pi is the average price of food crop i (USD/hm2), and qi is the per-unit yield of food crop i
(t). S is the total area of food crops (hm2).

As the market grain price is significantly affected by monetary value, we used the
average grain price and grain output of Yan’an, Tongchuan, Yulin, Weinan, and Qingyang
in 2015. According to data from the Municipal Bureau of Statistics, the average grain
price in the Beiluo River Basin for 2015 was CNY 2.31/kg and the average grain output
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was CNY 3.11 (t/hm2), which was substituted into Formula 5. From the average U.S.
dollar exchange rate in the interbank foreign exchange market of CNY 1 to USD 0.1541 on
31 December 2015, the equivalent factor of the ESV in the Beiluo River Basin was calculated
to be 158.71 USD/hm2.

The ESV of the Beiluo River basin was calculated according to the area of various
land-use types and the value of the unit equivalent factor in the study area. The specific
formula is as follows:

VCij = Ec × Cij × ηi (7)

ESV =
n

∑
i

n

∑
j

Ai ×VCij (8)

where VCij is the unit ESV of service type j of the land-use type i, in USD/hm2, and Cij is
the equivalent value of the ecosystem service type j of the land-use type i proposed by Xie
Gaodi. Ai is the area of the land-use type i in the study area.

Table 2. The equivalent of various services in various land-use ecosystems (Xie et al., 2003, 2015 [45,48]).

First-Level
Service

Second-Level
Service 1 Forestland 2 Shrub 3 Grassland 4 Cultivated

Land 5 Desert 6 Water
Area

Supplying
services (SuyS)

Food production 0.33 0.20 0.43 1.0 0.02 0.445
Raw material 2.98 1.80 0.36 0.39 0.04 0.295

Regulating
services (RegS)

Gas regulation 4.32 2.59 1.5 0.72 0.06 1.46
Climate regulation 4.07 2.45 1.56 0.97 0.13 7.805

Hydrological
regulation 4.09 3.90 1.52 0.77 0.07 16.105

Waste treatment 1.72 1.11 1.32 1.39 0.26 14.625

Supporting
services (SutS)

Soil formation and
retention 4.02 2.42 2.24 1.47 0.17 1.20

Biodiversity
protection 4.51 2.72 1.87 1.02 0.40 3.56

Cultural services
(CulS)

Recreation and
culture 2.08 3.44 0.87 0.17 0.24 4.565

Total 28.12 20.64 11.67 7.90 1.39 50.06

2.3.4. Hot Spot and Spatial Auto Correlation Analysis of ESV Change

Moran’s I is a kind of index that can be used to test the autocorrelation of spatial
data [49]. In this paper, GeoDa (1.20, Dr. Luc Anselin et al.) software was used to analyze
the spatial autocorrelation of ESV changes in four geomorphic types in the Beiluo River
Basin from 1975 to 2015 under the background of ER through the local Moran’s I. The
range of Moran’s I is [–1, 1]. When it is greater than 0, it means that the region is a
spatial aggregation of similar attributes; that is, the high (low) value of the region is also
surrounded by high (low) values. When it is less than 0, it means that the region is a
spatial aggregation of non-similar attributes; that is, the high (low) value of the region is
surrounded by a low (high) value. When it is equal to 0, it means that there is no spatial
association between the region and the neighborhood. A LISA (local indicators of spatial
association) cluster map and z LISA significance map are drawn to determine whether the
local correlation types of each region and their clustering regions are statistically significant.

3. Results
3.1. Spatial and Temporal Evolution of Land-Use Types from 1975 to 2015

From 1975 to 2015, the area of forest land, construction land, and desert in the Beiluo
River Basin increased by 18.27%, 1.09%, and 0.32%, respectively, while the area of shrubland,
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grassland, cultivated land, and water areas decreased by 1.03%, 0.16%, 18.23%, and 0.26%,
respectively. The main LUTs in different landform areas exhibit obvious differences. The
area of different land-use types in each region is shown in Figure 2.

Grassland in the LHG region accounted for more than 50% at all five time points,
reaching 76.96% in 2015, constituting the main land-use type in the region. From 2000
to 2010, the area of forestland increased by 7.31%, whereas cultivated land decreased by
17.27%. Furthermore, from 2010 to 2015, cultivated land experienced a further decrease of
17.52%, while scrub increased by 6.82%.

Before 2000, the main land-use types in the LPG region were forestland and cultivated
land. However, there have been significant changes in land-use types since then. From
2000 to 2010, the area of forestland increased by 31.03%. This trend shifted again from 2010
to 2015, with forestland decreasing by 5.52%. During the same period, scrub and grassland
saw increases of 6.69% and 10.12%, respectively, while cultivated land experienced a
decrease of 11.95%.
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Figure 2. Areas of different land-use types in the Beiluo River Basin between 1975 and 2015.

Before 2000, the total area of forestland, scrub, and grassland accounted for about
85% of the total area in the RM region. However, by 2010, there had been an increase in
the proportion of forestland to 79.29%, while scrub and grassland decreased to 2.26% and
9.63%, respectively. By 2015, there had been a decrease in forestland to 57.74%, while scrub
and grassland increased to 16.9% and 21.6%, respectively. The area of cultivated land in
this region is relatively small, and continued to decrease after 2000.

The TP region primarily consists of cultivated land, which accounted for more than
70% of land use between 1975 and 2010. However, in 2015, this proportion decreased to
58.59%. In contrast, the areas of forestland, grassland, and construction land all increased
to some degree after 2000.

During the four periods after 1975, LUCC occurred in 0.07%, 2.47%, 36.46%, and
33.05% of the area of the whole basin, respectively. In short, there was no large-scale land-
use change in the four geomorphological areas before 2000, but drastic changes occurred
after 2000.
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3.2. Analysis of Land-Use Change Tupu Process between 1975 and 2015

The most common forms of land-use change in the Beiluo River Basin are the intercon-
version between forestland and scrub and forestland and grassland, as well as the reduction
in cultivated land area. The Tupu analysis revealed that the largest area of conversion
occurs between forestland (12, 13) and scrub or grassland, totaling 6480.88 km2. Addition-
ally, a substantial area, totaling 8433.12 km2, was converted from scrub or grassland to
forestland (21, 31), which exceeds the conversions of other Tupu units. The conversion from
cultivated land to forestland, scrub, or grassland (41, 42, 43) amounts to 5017.46 km2, with
3766.44 km2 converted to grassland. Conversely, a total of 361.73 km2 was converted from
forestland, scrub, and grassland to cultivated land (14, 24, 34), indicating that there was a
larger area of cultivated land being transformed into other types of land use compared with
the opposite direction. Figure 3 illustrates the direction of the land-use type conversion
across the basin in each landform type area.
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Land-Use Change Tupu Process between 1975 and 2015

Between 1975 and 1990, in the LHG region and in the LPG region, the Tupu unit of
“water area→ grassland” (63) is prominent, accounting for 73.15% and 21.65%, respectively.
At the same time, the areas of 14 and 34 Tupu units in the LPG region and the RM region,
respectively, are relatively large, and the inflow of cultivated land is larger than the outflow.
In addition, there was a large proportion of “cultivated land→ construction land” (45)
Tupu units in the LHG region, RM region, and TP region. The number of LUT units in
this period was relatively small, and they were mainly concentrated on the expansion of
grassland, cultivated land, and construction land with low spatial isolation, indicating that
these changes were more spatially concentrated.

From 1990 to 2000, the mutual transformation between grassland and cultivated land
was the major type of land-use change, and their proportions are roughly the same. Their
total proportions in the LHG region, LPG region, RM region, and TP region are 88.15%,
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48.49%, 21.35%, and 50.29%, respectively. Units 34 and 43 showed low levels of spatial
separation in the four zones (Figure 5).

The period from 2000 to 2010 was mainly characterized by the transformation of
cultivated land into grassland, scrub, and woodland and grassland to woodland and
shrub (43, 42, 41, 32, 31). The proportion of “cultivated land→ grassland” in the LHG
region was 63.87%. The proportion of “grassland→ forestland” in the LPG region was
55.35%. The conversion of “grassland and scrub→ forestland” was 51.70% and 40.37%,
respectively, in the RM region. The Tupu units of “grassland→ forestland” and “cultivated
land→ grassland” in the TP region accounted for 41.96% and 29.00%, respectively. The
lowest levels of spatial isolation during this period were 43 in the LHG region; 31 and 41 in
the LPG region; 21 and 31 in the RM region; and 43, 45, and 31 in the TP region.

From 2010 to 2015, the main types of Tupu were still the conversion of “cultivated
land→ grassland, scrub, and forestland” and “grassland→ forestland and scrub” (43, 42,
41, 32, 31). Additionally, the conversion of “forestland→ shrub”,” grassland→ shrub”, and
“forestland→ grassland” continued to be present in the four geomorphological regions. In
the LHG region, the largest proportion of the total area (41.86%) was “cultivated land→
grassland”, followed by “grassland→ forestland and scrub” (25.15%) and “forestland→
grassland” (18.34%). In the LPG region, “cultivated land→ forest land” and “cultivated
land → grassland” accounted for 17.11% and 9.97%, respectively, while “grassland →
forestland” accounted for 13.99%. The conversion of forestland to grassland and scrub
accounted for 27.98% and 14.51%, respectively. In the RM region, a significant amount
of forestland was converted to scrub (42.45%) and grassland (32.41%). The conversion
of “cultivated land → grassland and forestland” accounted for only 9.05% and 5.05%,
respectively. In the TP region, “cultivated land→ grassland” was still the main component,
accounting for 40.89%. However, there was also some conversion of forestland to grassland,
accounting for 19.93%. Similar to the previous two phases, the spatial isolation of the Tupu
units involving 31, 32, and 43 was low in all four regions. Additionally, the spatial isolation
of Tupu units of types 12 and 13 also showed low levels for this period.

3.3. Land-Use Change Tupu Patterns between 1975 and 2015

Land-use change activity was infrequent between 1975 and 2000, as shown in
Figures 3 and 4. However, it increased rapidly after 2000. Accordingly, the period be-
tween 1975 and 2000 can be referred to as the prophase, the period between 2000 and
2010 as the middle phase, and the period between 2010 and 2015 as the anaphase. To
examine the patterns of land-use change Tupu from 1975 to 2015, the top 90% of land-use
change pathways were statistically analyzed, as shown in Table 3. The spatial distribution
of various Tupu patterns is shown in Figures 5 and 6.

Table 3. Top 90% of land-use Tupu patterns in each region.

Prophase Transition
Type Middle Transition Type Anaphase

Transition Type
Repeated Transition

Type
Continuous

Transition Type

LHG region 44333 (0.90%) 44433 (23.51%)
33311 (2.21%)

44443 (27.51%)
33332 (6.83%)
33331 (5.88%)
11113 (3.60%)
44442 (2.58%)
44441 (1.62%)

33313 (5.75%)
33433 (2.04%)
44343 (1.03%)

44413 (2.24%)
44431 (2.14%)
44432 (1.80%)
33312 (0.95%)

LPG region ——

33311 (18.53%)
22211 (10.01%)
44433 (4.10%)
44422 (0.84%)

44443 (10.13%)
33331 (7.23%)
44441 (5.90%)
11113 (3.19%)
33332 (2.37%)
22221 (2.02%)
44442 (1.84%)
11112 (1.27%)
44445 (0.97%)
66663 (0.82%)

33313 (10.08%)
22212 (1.78%)

33312 (5.50%)
22213 (2.79%)
44431 (1.10%)
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Table 3. Cont.

Prophase Transition
Type Middle Transition Type Anaphase

Transition Type
Repeated Transition

Type
Continuous

Transition Type

RM region ——
33311 (22.56%)
22211 (22.55%)
44433 (1.56%)

11112 (5.96%)
11113 (4.86%)
44443 (4.36%)
44441 (2.39%)
33331 (1.94%)

33313 (7.64%)
22212 (5.50%)

33312 (9.00%)
22213 (2.61%)

TP region ——

44433 (8.69%)
33311 (5.60%)
44455 (1.67%)
22211 (1.39%)

44443 (29.98%)
44445 (9.25%)
44441 (5.01%)
11113 (4.72%)
33331 (3.76%)
66663 (1.79%)
44446 (1.08%)
33332 (0.88%)
33335 (0.88%)
44442 (0.74%)

33313 (8.69%)
33433 (1.58%)
55455 (0.83%)
44343 (0.75%)
44344 (0.63%)

33312 (1.46%)
44413 (0.69%)
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Figure 5. Degree of spatial separation of LUTs in the Beiluo River Basin from 1975 to 2015. Note: The
unit of spatial separation is “100%”; because most of the data exceeded 100%, in order to simplify the
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3.3.1. Prophase Transition Type

From 1975 to 2015, the prophase transition type accounted for the smallest proportion
among the five transition types, with a total area of 9.02 km2. This type was predominantly
characterized by the transformation of “cultivated land → construction land” (45555),
accounting for 53.13%, and it was mainly concentrated in the TP region. This indicated
that, from 1975 to 2015, the land-use type did not often change after the transformation of
“cultivated land→ construction land” with the progress of urbanization.
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3.3.2. Middle Transition Type

The area of this transition type was larger than the previous type, with a wider spatial
distribution, especially for “cultivated land→ grassland” (44433), which not only occupied
23.51% and 8.69% of the LPG region and TP region, respectively, but also appeared in the
top 90% of the other two landform types. “Grassland→ forestland” (33311) is also a major
component of this type, accounting for 18.53% and 22.56% of the RM region and the LPG
region, respectively. In addition, there is a high proportion of “scrub→ forestland” (22211)
within these two landform types, with proportions of 10.01% and 22.55%, respectively.

3.3.3. Anaphase Transition Type

The anaphase accounts for the largest proportion and greatest diversity in the top 90%
of the transition types in the other three areas, in addition to the RM region. The anaphase
transition type is mainly composed of “cultivated land→ forest, shrub, and grassland” and
“grassland→ forest and shrub”. In the LHG region, “cultivated land→ grassland” (44,443)
accounts for 27.51%. Similarly, in the TP region, “cultivated land→ grassland” (44,443)
accounts for 29.98%. It is noteworthy that, although “cultivated land (grassland)→ forest
and shrub (grassland)” is the predominant type in all districts, there is also the existence of
“forest (shrub)→ grassland”, particularly in the RM region. Here, the proportion of forest
converted to shrub and grassland (11112, 11113) is 5.96% and 4.96%, respectively.
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3.3.4. Repeated and Continuous Transition Types

There are 87 and 425 change paths in the repeated transition type and the continuous
transition type, respectively. This is far more than for the other three transition types;
the areas of these two types account for 13.25% and 16.09% of the five transition types,
respectively. For the repeated transition type, the transformation from “grassland →
forestland→ grassland” (33313) was predominant in all four areas, followed by the repeated
transformation of cultivated land and grassland (33433, 44343, 44344). The transition from
“scrub→ forestland→ scrub” (22212) was observed in both the LPG region and the RM
region, accounting for 1.78% and 5.50%, respectively. The continuous transition type is
dominated by the transition of “cultivated land → grassland → forestland, cultivated
land→ grassland→ scrub, cultivated land→ forestland→ grassland, and grassland→
forestland→ scrub“ (44431, 44432, 44413, and 33312). Additionally, within the RM region,
there was also the occurrence of “scrub→ forestland→ grassland” (22213), accounting for
5.50% of the pattern.

3.4. The Influence of LUCC on ESV
3.4.1. Changes in ESV

As shown in Figures 7 and 8, overall, the ESV in the Beiluo River Basin shows an
upward trend year by year, increasing by USD 3.209 billion, or by 54.16%, from 1975 to
2015. For first-level ecosystem services, the largest proportion of the ESV was provided by
regulating services, followed by supporting services and supplying services, with cultural
services accounting for the smallest proportion.
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Figure 8. ESV of secondary services in various geomorphological types of the Beiluo River Basin
from 1975 to 2015.

The ESV in the four geomorphic regions showed an upward trend, and the LHG
region’s ESV increased by USD 274.5 million from 1975 to 2015. The ESVs of regulating
services, supporting services, and cultural services all increased by 23.1%, 21.86%, and
25.47%, respectively. The ESV of supplying services decreased by USD 12 million, or 1.50%.
Specific to the secondary services, the ESVs of soil formation and retention increased by
16.89%; the ESVs of raw material supply, gas regulation, climate regulation, hydrological
regulation, and biodiversity protection increased by more than 20%; and the ESVs of
recreation and culture increased by 66.44%. The ESV for food production decreased by
USD 24.79 million, or 34.63%.

Among the four geomorphological areas, only the LHG region showed a downward
trend in ESV, with a total decrease of USD 1.23 million from 1975 to 2015. Among the
nine services, there was only a small increase in the following ESV types: hydrological
regulation, gas regulation, recreation and culture, and the supply of raw materials. The
value of other services has decreased. The value of waste treatment services decreased
the most, followed by food production and soil formation and retention. The reduction
in the value of other services was not significant. Among them, food production services
decreased by 54.83% and waste treatment services decreased by 31.38%.

The values of the nine services in the LPG region have increased significantly since
2000. Among them, the value of biodiversity protection increased the most, reaching USD
175 million, an increase of 67.22%. The second-largest increase is seen in soil formation
and retention and gas regulation, with increases of 112.74% and 133.17%, respectively. The
value of food production services also increased by USD 12 million, but only by 27.85%.

The ESV in the RM region increased the most, reaching USD 2.079 billion, or 61.54%.
The value of all kinds of services has increased significantly. As with the gully region of
the plateau, the growth is most obvious for biodiversity conservation, gas regulation, and
hydrological regulation, with increases of 67.22%, 73.27%, and 59.64%, respectively. The
value of food production services also increased by USD 4.32 million, but only by 5.38%.

The overall ESV of the TP region increased by USD 159 million, with the largest
increases in value seen for soil formation and retention and biodiversity protection, with
increases of 36.45% and 45.55%, respectively. The value of food production services also
rose by USD 4 million, but only by 12.53%.

3.4.2. Response of ESV to LUCC

Figure 9 shows the transfer matrix of ESV changes caused by the transformation of
land use types in different geomorphic regions in different periods. In the LHG region,
grassland is the main contributor to ESV, accounting for 74.84% in 2015. The expansion of
the grassland area has led to a 39.70% increase in the ESV in this region. This is mainly due
to the conversion of 2126.83 km2 of “cultivated land→ grassland” between 2000 and 2015,
resulting in an increase of USD 127 million in the ESV, as shown in Figure 8. The share of
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cultivated land remained at about 28.3% before 2010, but fell to 3.3% in 2015. The changes
in 43, 41, 31, 13, and 32 are the main LUTs in the LHG region.

Before 2000, grassland was the biggest contributor to the ESV in the LPG region,
accounting for 38.5%. The contributions to ESV are similar for shrub and cultivated land.
Since 2000, forestland has become the biggest contributor to the ESV, accounting for 61.22%.
This situation is mainly due to the emergence of a large number of type 31, 21, and 41 Tupu
patterns in 2000 and 2010, resulting in a net increase in the forestland area of 1772.31 km2.
Specifically, the transfer of cultivated land led to a net increase of USD 47.23 million in ESV,
while converting other land types to forestland increased the ESV by USD 40 million. Types
21, 31, 41, 13, and 12 are the biggest driving forces for the change in the overall ESV in the
LPG region.

The most obvious changes in the Tupu patterns of the RM region from 2000 to 2010
were observed in 21 and 31, with changes in areas of 2241.25 km2 and 2870.29 km2, re-
spectively. These changes accounted for 92.07% of the total modified area. Moreover, a
significant amount of other land was converted into forestland, resulting in a net increase
of USD 163 million in the ESV. This net growth accounted for 98.52% of the total net growth
of the ESV. It is noteworthy that the biggest driving forces for the change in ESV in the RM
region were 12, 13, 21, 31, and 41.
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Jdpy” in the figure are the abbreviations for the LHG region, the LPG region, the RM region, and
the TP region, respectively. The numbers 1, 2, 3, 4, 5, 6, and 7 are the codes for forestland, shrub,
grassland, cultivated land, construction land, water areas, and desert, respectively. P1, P2, P3, and P4
represent the four periods, in chronological order. The vertical axis represents the initial land-use
type, the horizontal axis represents the land-use type at the telophase of the study period for the
different regions, and the number corresponding to the horizontal and vertical coordinates is the
change in ESV. For example, (Qlgh-4,P3-1) means that, after the grassland in the LHG region was
turned into forestland in 2010, the ESV decreased by USD 3280.

The main contributor to the ESV in the TP area is cultivated land. However, its
proportion decreased from 63.92% in 1975 to 47.75% in 2015. Significant changes were
observed in the Tupu unit in this area from 2000 to 2010, with a shift leading to a net increase
of USD 40 million in ESV. The most significant change from 2010 to 2015 was 43, leading
to a net increase of USD 17 million in the ESV. Additionally, there has been a gradual
intensification in the conversion of “cultivated land→ construction land”, resulting in a
total of 89.88 km2 of cultivated land being transformed into construction land within a span
of 5 years. The driving forces behind the ESV change in the TP are units 31, 43, 41, and 13.
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The main contributor to ESV in the LHG region is grassland, as a large amount of
cultivated land has been transformed into grassland and forestland, which has led to an
increase in ESV. In the anaphase, the conversion of some of the forestland into shrub and
grassland has resulted in a decrease in the ESV. However, the increase in the grassland and
shrub area has significantly improved the value of soil formation and retention services in
this region. In the LPG region and the RM region, grassland and forestland are the main
contributors to the ESV, with reasons 13 and 31 accounting for the changes in the ESV. In
the RM region, the increase in the area of forestland, shrubland, and grassland has greatly
improved the value of soil formation and retention, as well as the hydrological regulation
service. Moreover, in the LPG region and the TP region, a significant amount of cultivated
land has been converted into grassland and forestland, increasing the overall ESV of the
land without any loss in the value of the food production service.

3.4.3. Identifying the Hot and Cold Spots of Changes in ESV

The results of the spatial autocorrelation analysis of ESV changes using GeoDa soft-
ware are shown in Figure 10. The Moran’s I (a) of ESV change in the Beiluo River Basin from
1975 to 2015 were all greater than 0, indicating the existence of autocorrelation of regional
ESV changes, and the distribution of spatial attribute values is a positive correlation. There
are four cluster types in the LISA cluster diagram: High–High, Low–Low, Low–High, and
High–Low. According to the LISA significance map, the confidence of the High–High and
Low–Low core is 99.9%, and the confidence of the edge is 99%. It can be considered that
High–High and Low–Low are the hot and cold spots of ESV changes.

In the first stage, the distribution range of hot spots and cold spots is small, in which
the hot spots were mainly concentrated in the RM region on the west side of the basin and
the cold spots were distributed in the RM region on the east side of the basin. From 1990 to
2000, the hot spots were mainly concentrated in the whole LPG region and the southern
part of the LHG region and the TP region, while the cold spots were distributed in the RM
region on the west side of the basin and the northern part of the LHG region. From 2000
to 2010, the hot spots of the ESV were concentrated in the east of the basin and the north
of the LHG region, while the cold spots were distributed in the west of the basin and the
north of the TP region. From 2010 to 2015, hot spots were concentrated in the RM region
and cold spots were concentrated in the LHG region and TP region. The distribution trend
of hot and cold spots of ESV changes from 1975 to 2015 is similar to that from 2010 to 2015.

On the whole, the development sequence of hot spots is the west RM region→ the
LPG area and the south LHG region→ the east RM region and the north LHG region→
the east and west RM region.
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4. Discussion

The quantitative expression and evaluation of LUTs and ecosystem service functions is
an important research topic that guides ecological protection planning. From 1975 to 2015,
the ESV in the Beiluo River Basin showed an overall upward trend, which is consistent
with the findings of other researchers [11,21,50,51]. From 1975 to 1990, the ESV of the
Beiluo River Basin increased by USD 1.082 billion, indicating that small-scale soil and
water conservation engineering measures, such as small-scale check dams and the dry
terraces built in villages and towns in this area, played a positive role in the ER of the Loess
Plateau [52,53]. From 1990 to 2000, the ER measures of the Loess Plateau mainly focused
on the comprehensive management of small watersheds, which were more systematic and
scientific [54,55]. From 2000 to 2015, the Loess Plateau began a large-scale “Grain for Green”
project. A large number of sloped cultivated lands greater than 25◦ were converted into
forestland or grassland [56]. Most of the ESVs in the Beiluo River Basin increased during
this period. The project of returning cultivated land to forest and grassland is currently
the largest ER measure in developing countries. While improving the regional ecological
environment, such projects have also caused drastic changes in the land-use structure.

In the Tupu pattern, the proportion of the prophase transition type is relatively low
in the four regions. That is, engineering interventions are secondary and natural recovery
is the main focus [57,58]. Since 2000, land use has undergone significant changes that are
mainly attributable to the Tupu patterns of 43, 41, 32, and 31. Since 2000, significant changes
have taken place in land use, mainly caused by 44433, 33311, 22211, and 44443 in the Tupu
patterns of middle and anaphase transition types. It is also these types of Tupu patterns
that have become the backbone of improving the environment of the Beiluo River Basin
and improving the main ESs of the four typical geomorphological types.

The ER of the Beiluo River Basin provides basic conditions for its ESs. However,
in order to achieve sustainable ER, the coupling of social, economic, and environmental
processes needs to be taken into account, as well as the attitudes and strategies of stakehold-
ers [59]. In some of the Tupu patterns, such as the repeated transition type and continuous
transition type, we found that there are resource-wasting Tupu units, such as 11112, 33313,
33433, 22212, 44413, and 33312. The emergence of these frequent types of LUCC and
ecological degradation indicates the existence of policy discontinuity in the region and the
game phenomenon between small-scale stakeholders and policies. After the conversion of
cultivated land to forest land, the income of farmers suffered losses. In order to maintain
the original living standards, some farmers redeveloped the forest land in the restoration
area, and the ER benefit could not achieve sustainable development [60]. The conversion of
“cultivated land→ grassland and forestland” leads to the loss of supplying services and
the enhancement of regulating services, which represents a trade-off between supplying
services and regulating services, which can be directly confirmed in the LHG region and
RM region in this study. Although the supplying services and regulating services in the
LPG region and TP region increased at the same time, there was a big difference in the
growth rate of the two regions.

The TP region is the main source of the food production service in the Beiluo River
Basin, followed by the LPG region. The service value of food production in the LPG region
and the TP region still maintains a positive growth trend, despite the decreasing area of
cultivated land [61]. There are several reasons for this: (1) The average elevation and
slope of cultivated land have decreased, and most of the cultivated land converted to
forest land is at a slope above 25◦, so the situation of soil erosion is serious, soil fertility is
insufficient, and food production is not high [30]. (2) After the “Grain for Green” project,
the implementation of agricultural engineering improved the sustainability of cultivated
land ecosystems. In conclusion, the optimization of cultivated land’s spatial pattern
improves the environment, and ecological security plays a positive role in promoting
food security [20,61,62]. Therefore, in the process of formulating and implementing land-
use policy and environmental protection policy, it is necessary to deal with the trade-off
between various services. Integrating an ecosystem service assessment system into the
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formulation and implementation of policies and plans, quantifying the impact of policies
and plans, and adopting multiple compensation mechanisms can help to coordinate the
relationship between various services and various stakeholders, so as to make land use
more reasonable and social development more sustainable [63–66].

In order to improve the comprehensive benefits of ER in different landforms, it is
necessary to strengthen the control of grassland and shrub in the LHG region, strengthen
the control of forests in the RM region, strengthen the control of cultivated land in the
TP region and the LPG region, and establish a management system to avoid repeated
changes or destruction of land use. In addition, the work of the “Grain for Green” project
in different landforms requires a scientific assessment of the losses of landless farmers and
the implementation of compensation for farmers. Xie et al. once suggested that China
should increase its investment in ecological compensation, enrich and diversify ecological
compensation tools, and establish and improve the institutional system of ecological
compensation [48].

It should be noted that there are still some shortcomings to this research, detailed
as follows. (1) This paper uses the average grain output and average grain market price
of the Beiluo River Basin in 2015 to calculate the value of the unit equivalent factor. The
ESV in 1975, 1990, 2000, and 2010 was found to be on the high side owing to the influence
of currency depreciation and the rising output per unit of cultivated land. (2) Similar to
many other studies, this paper assumes that the ESV of construction land is zero [67–69].
However, it is noteworthy that, today, many cities and villages are increasingly prioritizing
green environments and human settlement experiences. Hence, this assumption may no
longer accurately reflect the actual situation. For instance, the construction land ecosystem
also serves the functions of absorbing carbon dioxide, purifying the air, and providing
entertainment opportunities, to some extent [70–73]. (3) As this study focuses solely on
LUCC analysis, it does not consider the impact of hidden land-use changes on ESs, such as
quality, property rights, management modes, input, output, and function [74]. Hence, it is
impossible to comprehensively analyze the changes in ESs. Consequently, exploring the
influence of hidden LUTs on ESs constitutes a valuable future research direction.

5. Conclusions

In this study, the spatio-temporal characteristics of LUTs in the Beiluo River Basin
from 1975 to 2015 were analyzed using the GT method, the ESV was assessed using the
revised benefit transfer method, and the experience of ER measures applied in four typical
geomorphic regions of the Loess Plateau was summarized.

The results indicate that, from 1975 to 2015, the proportion of forestland in the Beiluo
River Basin increased by 18.27%, while the areas of shrub, grassland, cultivated land, and
water decreased by 1.03%, 0.16%, 18.23%, and 0.26%, respectively. In the past 40 years, the
overall ESV of the basin increased by USD 3.209 billion (54.16%).

In the Tupu pattern of middle transition and anaphase transition types, the transforma-
tions of “cultivated land→ forestland, shrub, and grassland” and “shrub and grassland→
forestland” (44433, 44443, 44441, 33311, 33331, 33332) are key to enhancing the main services
of the four typical geomorphic regions. The transition of “cultivated land→ grassland”
enhanced the water and soil conservation services in the LHG region. The transition of
“grassland/shrub→ forestland” improved the regulating and support services in the LPG
region and RM region. Since 2000, a large amount of cultivated land has been converted
to forestland, shrub, or grassland, which has significantly enhanced the regulating and
support services of the ecosystem, but has resulted in losses in the supplying services.
However, in the TP region and LPG region, the value of the supplying service showed a
slight increase, owing to the increase in grain yield per unit area.

The emergence of repeated transition and continuous transition Tupu patterns, such
as “grassland→ forestland→ grassland” and “cultivated land→ forestland→ grassland”,
indicates that there was a discontinuity between policy formulation and implementation,
and there were game problems between farmers and policy. To achieve sustainable de-
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velopment, it is necessary to strengthen the ecological protection of the areas that have
completed ER, put ecological compensation schemes in place, prevent repeated damage,
evaluate the unrepaired areas, and identify reasonable areas that need ecological restoration
to promote targeted precise ecological restoration.
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72. Yi, H.; Güneralp, B.; Filippi, A.M.; Kreuter, U.P.; Güneralp, İ. Impacts of Land Change on Ecosystem Services in the San Antonio
River Basin, Texas, from 1984 to 2010. Ecol. Econ. 2017, 135, 125–135. [CrossRef]

87



Forests 2023, 14, 1753

73. Costanza, R.; de Groot, R.; Sutton, P.; van der Ploeg, S.; Anderson, S.J.; Kubiszewski, I.; Farber, S.; Turner, R.K. Changes in the
global value of ecosystem services. Glob. Environ. Chang. Part A Hum. Policy Dimens. 2014, 26, 152–158. [CrossRef]

74. Long, H. Explanation of Land Use Transitions. China Land Sci. 2022, 36, 1–7.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

88



Citation: Wen, C.; Wang, L.

Landscape Dynamics in a

Poverty-Stricken Mountainous City:

Land-Use Change, Urban Growth

Patterns, and Forest Fragmentation.

Forests 2022, 13, 1756. https://

doi.org/10.3390/f13111756

Academic Editors: Chao Wang,

Fan Zhang and Wei Liu

Received: 22 September 2022

Accepted: 19 October 2022

Published: 25 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Landscape Dynamics in a Poverty-Stricken Mountainous City:
Land-Use Change, Urban Growth Patterns, and Forest
Fragmentation
Chen Wen 1 and Luqi Wang 2,*

1 School of Architecture and Urban Planning, Huazhong University of Science and Technology,
No.1037, Luoyu Road, Wuhan 430074, China

2 School of Civil Engineering and Architecture, Wuhan University of Technology, No. 122, Luoshi Road,
Wuhan 430070, China

* Correspondence: luqiwang@whut.edu.cn

Abstract: For poverty-stricken mountainous cities in China, both poverty alleviation and ecological
restoration projects are sources of land-use change in urban development. However, the patterns
in changes are understudied in light of sustainable forest management. The study aims to explore
the characteristics of land-use change in a poverty-stricken mountainous city with a focus on forests.
This research proposed a three-step approach to explore the multi-aspect dynamics of land change,
including the differences among land-use categories, spatial characteristics of urban expansion, and
forest fragmentation. This study investigated Enshi City, China, based on land-use data from 2000,
2010, and 2020. Throughout the two intervals, the gain of water bodies and the loss of grassland
were active. Artificial surfaces increased most intensively from 2010 to 2020, with transitions from
grassland and cultivated land. Edge-expansion was the dominant type of artificial surface growth.
Furthermore, forests had the largest size of gain across the two intervals, and there was a substantial
reduction in forest fragmentation in the western part of the city. The findings confirm that recent
planning measures are effective in restoring the natural environment. The identified key areas can
support sustainable forest management in urban growth.

Keywords: forest fragmentation; land-use change; landscape pattern; mountainous city; urban growth

1. Introduction

With a unique topography and climate, mountains provide a number of crucial benefits
and services, such as fresh water supply and biodiversity maintenance [1–6]. However,
mountain ecosystems are fragile. For example, a mountain’s steep slope might facilitate
erosion, thus leading to poor soil quality [7]. They are sensitive to anthropogenetic impacts,
natural disasters, and climate change [2,3,7]. In recent decades, many mountainous regions
have undergone changes in their socioecological systems as a result of human activities [6,8].

Mountains are home to 12% of the world’s population, and this proportion is even
higher in developing countries [4,9]. In China, many inhabitants of mountainous areas live
in poverty, partly because of transportation difficulties and limited cultivated land [10].
Subsequently, poverty alleviation through urban development is an important task for local
authorities [11]. While human settlement expansion and infrastructure construction can
make people’s lives more convenient, some activities might lead to the deterioration of the
local environment [12]. For instance, some of the forest and grassland in sloping areas has
been converted to farmland, leading to soil erosion, sandstorms, and other disasters [13,14].

In order to alleviate the anthropogenetic damages to natural environments, ecological
restoration has been playing a more significant role in mountainous areas in recent decades.
Typical ecological restoration projects include forestation, water source protection, restora-
tion of rocky desertification, and treatment of mine areas [15]. Since 1999, China has widely

Forests 2022, 13, 1756. https://doi.org/10.3390/f13111756 https://www.mdpi.com/journal/forests89



Forests 2022, 13, 1756

implemented a “Grain for Green” policy, which aims to convert farmland back to forest and
grassland [13]. At the same time, built-up areas are being expanded in mountainous regions
because of urban and rural development. Both urban growth and ecological restoration
projects would lead to land-use changes.

In such contexts, a better understanding of land-use dynamics would contribute to sus-
tainable regional development and harmonized human–nature relationships [16]. It would
benefit both current land-use management and future planning in mountainous areas. To
understand the detailed land-use and land cover changes for decision making, many re-
searchers have monitored and investigated the changes spatiotemporally [1–3,9,17–19]. For
instance, one study in Peruvian Jalca has identified threatened areas based on monitoring
landscape change [1]. Researchers also explored land-use transitions in peri-urban areas
and discussed the associations with human activities [17]. Spatiotemporal analysis can help
investigate where and when land-use transitions occur, providing additional information
about how much has changed and how fast [20]. Since land-use change is a continuous
process, spatiotemporal analysis at several time points can help build a conceptual model
to quantify landscape patterns and understand trends. These insights provide a detailed
perspective to investigate human–nature relationships and the interactions between bio-
physical structures and socioeconomic changes [21]. When focusing on a single land-use
category—for example, artificial surfaces—the analysis is able to identify the trends and
direction of urban expansion [22]. When focusing on the differences between rates of
change in various land-use categories, it helps researchers to understand how overall
landscape pattern change and which ecosystem might be the leading source of change [20].
In mountainous areas, a growing number of studies have explored urban development spa-
tiotemporally, and the increase in built-up areas has been confirmed globally [3,6,8,9,17,23].
Because of topographical restrictions, the urban growth and land-use change of cities in
mountainous areas might show different characteristics compared to cities in plain areas [3].
A recent study modeling and predicting land-use change in a mountainous region of
Oman found that, in spite of the complex terrain, the built-up area will continue to grow
and occupy more local arable land in the future [9]. A study in the mountainous area of
Brazil found significant transitions between natural vegetation and agriculture. Several
studies have focused on the impact of land-use change on ecosystems in mountainous
regions [2,18,19], and one study in Zhangjiakou City found that the changes in forestland,
arable land, and grassland greatly impacted the local ecosystem [18].

Despite the increasing number of studies that have explored land-use change spa-
tiotemporally, studies in mountainous cities remain insufficient [3], particularly in poverty-
stricken mountainous areas [11]. For poverty-stricken mountainous cities in China, both
poverty alleviation and ecological restoration projects are key tasks. Many cities are experi-
encing rapid urban growth in recent years. Different land-use changes can be associated
with landscape patterns and ecological processes [24]. Monitoring land-use and landscape
pattern change helps design efficient forest management and nature conservation strate-
gies [1,8,25], which are critical for poverty-stricken mountainous areas [11,18]. In China,
many mountainous cities are in the western or central regions, which are economically
disadvantaged. The reasons include not only location, transport, and regional economic
geography, but also the mountainous environment that may hinder industrial develop-
ment [26,27]. Therefore, practices related to poverty alleviation in the city often focus on
agriculture, urban development, and harvesting value from the forests. These practices
can impact the sustainable management of forests [28]. However, an insufficient num-
ber of studies have spatial-explicitly evaluated the change of ecological conditions from
the perspective of landscape pattern. Existing studies of monitoring land-use change in
mountainous areas often neglected the socio-historical background and therefore did not
integrate the related key points into the analysis. Studies on land-use change should inves-
tigate the change intensity of different land cover categories for exploring potential sources
and driving forces for forest change in poverty alleviation. Moreover, close attention should
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be paid to areas that are undergoing the rapid process of urban expansion, which is often
considered a challenge to sustainable forest management.

For supporting sustainable forest management, this study aims to explore the land
use and landscape dynamics in Enshi City, applying a framework that considers different
aspects of dynamics in the poverty-stricken mountainous area. Enshi City is located in one
such area in China. Based on the land-use data from Enshi City in 2000, 2010, and 2020,
this study integrates the methods of intensity analysis, landscape metrics, and mapping.
The overarching objective of this study is to explore the characteristics of land-use change
in a poverty-stricken mountainous city. The specific research questions are: (1) To what
extent have different types of land use changed in Enshi city from 2000 to 2020? (2) What
are the characteristics of the expansion of urban areas in the study area? (3) What are the
spatiotemporal changes in the fragmentation of forests in the study area from 2000 to 2020?

2. Methodology
2.1. Study Area

Enshi City is the seat of Enshi Tujia and Miao Autonomous Prefecture, located in
the southwest mountainous region of Hubei Province, spanning latitudes 29◦50′33′′–
30◦39′30′′ N and longitudes 109◦4′48′′–109◦58′42′′ E. The total area is 3972 km2. Enshi
City has a subtropical climate. The mean annual temperature is 16 ◦C and the mean annual
precipitation is between 1400 and 1600 mm [29]. As part of the Wuling Mountain area,
Enshi City has a varying elevation (Figure 1). The city center is in the middle of the region,
where the terrain is relatively flat. The elevation is much higher in the northwestern and
southeastern parts of the city. The Wuling Mountain area is one of the key regions in China
for implementing the “Grain for Green” policy [30]. With a large area covered by forest,
Enshi City is rich in natural resources and biodiversity. Since many areas are ecologically
fragile zones, the conservation of the natural environment is one of the city’s most impor-
tant tasks. The northeastern part of the city belongs to a national nature reserve. Enshi
City is also considered a suitable place for recreation and tourism because of its diverse
landscape, fresh air, and cultural heritage.

The Wuling Mountain area is a typical poverty-stricken area in China. This is also
the case for Enshi City [31]. It was not until April 2020 that Enshi City was excluded
from the National Poverty-Stricken County list [32]. As a transport hub, Enshi City is
the political, economic, and cultural center of the prefecture, so its development is crucial
to the region’s economic growth and for alleviating poverty. The population of Enshi
City has risen over the last two decades, increasing from 0.764 million in 2000 to 0.795 in
2010, and to 0.813 million in 2019 [33]. Ethnic minorities consist of 41.12% of the total
population [29]. A recent study analyzing the urban expansion of 275 Chinese cities found
that Enshi Prefecture is among the top ten cities with regard to the development level
of outlying expansion patches [34]. Therefore, a specific investigation of Enshi City can
improve our understanding of land use and landscape change in mountainous regions,
where rapid urban growth is taking place against the background of nature conservation
and poverty alleviation.
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Figure 1. Location and elevation of Enshi City. Elevation data was obtained from the ASTER global
digital elevation model [35].

2.2. Data Sources and Analysis
2.2.1. Data Sources and Analytical Framework

In order to explore the land-use and landscape changes in Enshi City in recent decades,
this study used the GlobeLand30 dataset [36]. The dataset includes land use data from 2000,
2010, and 2020, with a resolution of 30 m. Ten types of land use are classified: cultivated
land, forest, grassland, shrubland, wetland, water bodies, tundra, artificial surfaces, bare
land, and permanent snow and ice [37]. This dataset has been proven by previous studies
to have sufficient accuracy in analyzing land-use change [38,39].

In the early stage of the study, different dataset options are considered and tested
based on a review of the data. For the research objectives, the choice of input data should
meet the following requirements simultaneously: (1) The time span of the spatial data
must be over 20 years, during which Enshi City has undergone rapid urbanization and
development. (2) The spatial data must be fine-scaled so that the land-use change can be
investigated at the city scale. (3) The dataset is validated and standardized in the study
region. This is for the purpose of generalizing the proposed methods in the future to a
larger scale or other mountainous study sites with similar situations. Therefore, we did
not consider classifying our own land-use data based on historical satellite images. For
these criteria, we tested but decided not to use some other commonly used land cover
datasets. For example, the datasets FROM-GLC10 and WorldCover-10 m may have a finer
resolution, but they do not offer historical data over twenty years [40–43]. The LC-CCI data
have long time spans, but their spatial resolution is relatively scarce. After comparison,
GlobeLand30 is by far the most suitable dataset for our study purpose, and it meets all
three above criteria and has relatively high accuracy.
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For exploring the complex nature of mountainous urban areas, this research proposed
a three-step approach to explore the dynamics of land-use and landscape change (Figure 2).
Each step addressed one research question, linking different facets of the changes. The
first was to investigate the differences in changes among land-use categories by using
the method of intensity analysis. The second was to explore the types and locations of
urban expansion with the Landscape Expansion Index (LEI). The third was to explore
forest fragmentation by calculating the spatiotemporal change of effective mesh size with
cross-boundary connections (CBC) methods. All of the analyses were conducted using
software (ArcGIS 10.5, QGIS 3.16, and R 4.0) through packages [44–48].
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2.2.2. Intensity Analysis

Intensity analysis provides a mathematic framework to examine land-use change for
three or more time points (i.e., two time intervals or more). It is a unified approach to draw
insights into different aspects of land-use change, and it has been widely used by scholars
around the world (for example: [24,39,49–51]).

Intensity analysis concerns three levels: interval, category, and transition [16,52]. The
interval level focuses on the speed of change across intervals. It compares the speed
of change of each time interval with the speed of change of the overall interval. If any
interval’s speed of change is larger than the overall interval’s, the change of this interval
would be considered fast, and vice versa [16,52]. At the categorical level, this method
compares the annual intensity of loss and gain of each category with the uniform intensity
of annual change. The uniform intensity supposes that each category was to gain or lose
with the same intensity. If one category’s intensity of change (gain or loss) is larger than
the uniform intensity, then the change is active. If one category’s intensity of change is
smaller than the uniform intensity, then the change of this category is dormant [16,52].
The transition level helps identify whether a specific category’s loss or gain is targeting or
avoiding other categories. It assumes that the selected category gains or loses uniformly
across the spatial extent. If the intensity of transition (gain or loss) of the selected category
to another category is larger than the uniform intensity, then the transition is targeted. If
the transition is smaller than the uniform intensity, then the gain or loss of the selected
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category avoids the another category [16,52]. Furthermore, at the categorical and transition
level, if a given category’s change is always on one side of the uniform intensity (either
larger or smaller than the uniform intensity) for all time intervals, the change or transition
of this category would be considered stationary [16]. One previous study has successfully
applied intensity analysis to compare the land-use transformation of two mountainous
areas in Athens, and a variety of systematic stationary transitions were detected [17].

2.2.3. Urban Growth Pattern Analysis

The second step was to investigate the characteristics of urban growth patterns in
Enshi City. We adopted a widely used index called the Landscape Expansion Index
(LEI) invented by Liu et al. [53]. This index is calculated based on buffer analysis of the
geographic information system (GIS) using the following formula:

LEI = 100× Ao

Ao + Av
(1)

where Ao refers to the intersection area between the buffer zone of the newly grown patch
and the old urban patch, and Av is the intersection between the buffer zone of the newly
grown patch and the vacant land (non-urban patch). It differentiates urban growth patterns
according to the results of the LEI, which ranges from 0 to 100. Three urban growth types
are defined, namely edge-expansion (0 < LEI ≤ 50), infilling (50 < LEI ≤ 100), and outlying
(LEI = 0). Infilling is when the buffer zone of a newly grown patch primarily belongs to an
old patch. Edge-expansion is when a newly grown patch’s buffer zone is a combination of
vacant land and an old patch. Outlying is when the buffer zone of a newly grown patch
belongs only to vacant land [53]. The LEI is confirmed by studies in different contexts
to characterize urban growth patterns [3,34,54–56]. For example, a study in the large
mountainous city, Chongqing, found that the city showed different dominant modes of
urban growth during different periods of development [3].

2.2.4. Fragmentation Analysis

The third step was to explore the fragmentation of the forest landscape by applying
landscape metrics. Landscape metrics are widely used in quantifying and assessing land-
scape patterns [1,57–62]. While intensity analysis provides details of the interval, size, and
intensity of the land-use change in the study area, calculating the landscape metrics for
different time points helps provide further information about the changes in landscape
patterns. Regarding fragmentation, several metrics are frequently used, such as patch
density, number of patches, landscape division index, and effective mesh size [63–67]. This
study chose an effective mesh size for its high reliability in measuring fragmentation [67,68].
Effective mesh size measures the landscape fragmentation based on the probability that
two randomly chosen animals in different areas of the same region can find each other.
Mathematically, it calculates the size of patches when the investigated region is divided
into S areas (each of the same size) with the same degree of landscape division as ob-
tained for the observed cumulative area distribution [67,69]. It can be calculated using the
following formula:

m = At

n

∑
i=1

(
Ai
At

)
2
=

1
At

n

∑
i=1

A2
i (2)

where At is the total area, n is the number of patches in the study area, and Ai is the size of
each patch (i = 1, . . . , n). While effective mesh size is widely used in quantifying landscape
fragmentation, it suffers from “boundary problems” [70]. Because boundaries are also
considered to be fragmenting the landscape, the results can be biased. To address this
problem, the study proposed a new method called cross-boundary connections (CBC) [70].
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This method improves the accuracy of comparing the fragmentation of different areas
within a region. Mathematically, it is calculated using the following formula:

mCBC
e f f =

1
At

n

∑
i=1

Ai × Acmpl
i (3)

where At is the total area, n is the number of patches in the study area, Ai is the size of the n
patches (i = 1, . . . , n), and Acmpl

i is the size of the complete patch (including the area outside
the boundaries) [70]. Previous studies have used the CBC method to calculate effective
mesh size in different contexts for a more accurate measurement of fragmentation [64,71]. In
order to help visualize the spatiotemporal dynamics of landscape fragmentation, we used
an R package called zonebuilder [48]. This package can uniformly break the analytical unit
(e.g., the city) into zones of different rings and segments so that we can better investigate
the direction of change and compare the differences across time periods [48].

3. Results
3.1. Land-Use Change
3.1.1. Land Use of Enshi City in 2000, 2010, and 2020

Figure 3 presents the land use of Enshi City in 2000, 2010, and 2020. The land use
consists of forest, grassland, cultivated land, water bodies, and artificial surfaces. The
primary land-use categories are forest and cultivated land. From 2000 to 2010, grassland
decreased noticeably, and water bodies became more visible. From 2010 to 2020, artificial
surfaces increased notably. Figure 3d exhibits the detailed locations where land-use changes
occurred. While 72.26% of the area did not experience any changes in land use across
the two time intervals, 22.52% of the area changed once (either from 2000 to 2010 or from
2010 to 2020), and 5.23% of the area changed twice.
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Figure 3. Land use in Enshi City. (a) Land use in Enshi City in 2000; (b) Land use in Enshi City in
2010; (c) Land use in Enshi City in 2020; (d) Accumulated changes from 2000 to 2020.
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An overview of the changes in the five categories is presented in Figure 4. From
2000 to 2020, while artificial surfaces, forest, and water bodies experienced a net gain in
land-use area, cultivated land and grassland experienced a net loss. Forest and grassland
had relatively larger changes in size. Cultivated land experienced the smallest net change
size; however, its gross change area is much larger than those of artificial surfaces and
water bodies. This suggests that, despite the small change in the total area of cultivated
land from 2000 to 2020, there has been intensive land-use exchange between cultivated
land and other land categories. Tables 1–3 demonstrate the transition matrix of land-use
types in Enshi City from 2000 to 2020.
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Figure 4. The area of land-use change in Enshi City from 2000 to 2020. The bar plot combines both
gross changes and net changes. Bars extending to the upper side of zero refer to gross gain (shown
in grey) and net gain (shown in green). Bars extending below zero refer to gross loss (grey) and net
loss (red).

Table 1. Transition matrix of land-use types in Enshi City from 2000 to 2010 (km2).

2000–2010

Cultivated Land Forest Grassland Water Bodies Artificial Surfaces

Cultivated land 1167.0030 90.9099 24.1812 5.4252 0.5931
Forest 59.787 1756.0611 3.0996 2.6145 0.0216

Grassland 70.2594 549.6012 184.7556 8.4069 0.2412
Water bodies 3.0717 1.7901 0.4329 7.3557 0.0225

Artificial surfaces 0.7551 0.0891 0.2196 0.2061 18.9495

Table 2. Transition matrix of land-use types in Enshi City from 2010 to 2020 (km2).

2010–2020

Cultivated Land Forest Grassland Water Bodies Artificial Surfaces

Cultivated land 1132.5762 129.1041 12.3498 2.4021 24.444
Forest 111.1356 2191.0716 75.2436 9.0846 11.916

Grassland 31.1373 56.313 109.0953 1.5453 14.598
Water bodies 0.8046 1.0908 0.0162 21.8385 0.2583

Artificial surfaces 0.6093 0.1341 0.0738 0.1476 18.8631
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Table 3. Transition matrix of land-use types in Enshi City from 2000 to 2020 (km2).

2000–2020

Cultivated Land Forest Grassland Water Bodies Artificial Surfaces

Cultivated land 1136.4705 107.6472 14.8239 6.4845 22.7358
Forest 74.0268 1691.9811 45.8109 7.8462 2.0853

Grassland 63.1512 577.2888 135.8649 11.3265 25.659
Water bodies 2.1555 0.8217 0.225 9.1089 0.369

Artificial surfaces 0.5112 0.1467 0.0639 0.2673 19.2303

3.1.2. Results of Intensity Analysis

This section presents the results of the intensity analysis, which includes three levels:
interval, categorical, and transition. The interval level helps identify which time interval
changes fast or slow compared with the overall annual rate of change. As shown in Figure 5,
compared with the uniform rate (1.65%), the first time interval changed fast (2.08%), and
the second interval changed slowly (1.22%). It also shows that a greater area underwent
change in the first interval.
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Figure 5. Time intensity analysis for two time intervals: 2000 to 2010 and 2010 to 2020. The left side
represents gross area of overall change in each interval, and the right side represents the intensity of
annual area of change within each interval. The dash line represents the uniform annual intensity of
change from 2000 to 2020. If a category’s bar extends beyond the uniform line, then the change of
intensity is fast. If a category’s bar ends before the uniform line, then the change of intensity is slow.

The category level further explores the detailed change of each land-use category
and helps detect which categories are dormant or active during different time intervals.
Figure 6a shows the detailed situation of area gain and intensity of each category over the
last two decades. The dash lines represent the uniform annual intensity of change in the
respective time interval. The interval from 2000 to 2010 (2.08%) had a larger annual rate
of intensity gain than the interval from 2010 to 2020 (1.22%). From 2000 to 2010, the gain
of artificial surfaces, cultivated land, and grassland was dormant, and the gain of forest
and water bodies was active. Although forest had the largest size of gain, the gain of water
bodies was more intensive. From 2010 to 2020, artificial surfaces experienced the largest
gain intensity, followed by grassland and water bodies. The gain of cultivated land and
forest was dormant.
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Figure 6. Intensity of change at the categorical level. Each bar plot combines the area of change (bars
that extend to the left of zero) and intensity of change (bars that extend to the right of zero). (a) Gain
intensity analysis for two time intervals: 2000–2010 and 2010–2020. (b) Loss intensity analysis for two
time intervals: 2000–2010 and 2010–2020. If a category’s bar extends beyond the uniform line (the
dash line), then the gain or loss of intensity is active. If a category’s bar ends before the uniform line,
then the gain or loss of intensity is dormant.

As regards the loss intensity and size (Figure 6b), grassland lost most intensively
across the two time intervals. Water bodies lost actively in the first interval and became
dormant in the second interval. Artificial surfaces and forest show stationarity across the
two intervals as they stayed on the left side of the uniform rate line. The loss of cultivated
land was dormant in the first interval and active in the second interval.

The transition level analyzes the gain of artificial surfaces and loss of grassland.
According to the research objectives and site background, the study pays close attention to
the risks and challenges to forests and the ecological environment under the pressure of
urban expansion. As known from the category level, artificial surfaces gained intensively
from 2010 to 2020. Figure 7a indicates that the gain of artificial surfaces from 2010 to 2020
mostly targeted grassland and cultivated land. Although cultivated land contributed the
largest area, the gain from grassland was the most intensive, meaning that the gain from
grassland had the largest rate of transition. The gain of artificial surfaces avoided forest and
water bodies, because the transition rate is lower than the annual transition rate (0.13%).
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Figure 7. Intensity of change at the transition level. Each bar plot combines the area of change
(bars that extend to the left of zero) and intensity of change (bars that extend to the right of zero).
(a) Transition intensity analysis to artificial surfaces for two time intervals: 2000–2010 and 2010–2020.
(b) Transition intensity analysis from grassland for two time intervals: 2000–2010 and 2010–2020. If a
category’s bar extends beyond the uniform line (the dash line), then the gain or loss of the selected
category targets this category. If a category’s bar ends before the uniform line, then the gain or loss of
the selected category avoids this category.

The loss of grassland was analyzed because grassland is the only category that is active
in loss in both time intervals. From 2000 to 2010, water bodies and forest targeted the loss
of grassland, and artificial surfaces and cultivated land avoided it (Figure 7b). Although
the size of the loss to forest is the largest, the loss to water bodies is most intensive because
water bodies have the largest rate of transition. From 2010 to 2020, artificial surfaces and
water bodies targeted the loss of grassland. The loss of grassland to forest remains the
largest in terms of size, but it avoided forest as the transition intensity is less than the
uniform intensity. The loss to artificial surfaces is the most intensive.

3.2. Urban Growth Pattern

The urban growth pattern of Enshi City from 2000 to 2020 is presented in Figure 8.
The main location of growth is in the central part of the city, with a large newly developed

99



Forests 2022, 13, 1756

area being detected as the edge-expansion type. As shown in Table 4, edge-expansion is the
dominant mode of urban growth in Enshi City, and this type accounted for 83.05% of the
new artificial area. Most edge-expansion areas are found in the north of the old urban center,
and they are now shaping the urban forms of the Enshi City center into a north–south strip
of land. Infilling and outlying accounted for 4.09% and12.86%, respectively. Overall, the
artificial land use of Enshi City increased from 20.22 km2 in 2000 to 70.08 km2 in 2020.
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Table 4. Results of urban growth types of Enshi City from 2000 to 2020.

Urban Growth Type (2000–2020)

Outlying Edge-Expansion Infilling

LEI interval 0 0 < LEI ≤ 50 50 < LEI ≤ 100
Area (km2) 6.54 42.23 2.08

Area (%) 12.86 83.05 4.09

3.3. Forest Fragmentation

We used effective mesh size with cross-boundary connections to quantify the fragmen-
tation of forests. Figure 9 indicates that the central part of the city was the most fragmented
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from 2000 to 2020, as the value of effective mesh size was relatively smaller. The degree
of fragmentation reduced substantially in the western part of the area from 2000 to 2010,
particularly in the northwestern part. From 2010 to 2020, although there was a significant
increase in the artificial area of the city, the fragmentation of the forest only increased
slightly. The southwestern part became a little bit more fragmented. However, the eastern
part of the city did not show noticeable improvement regarding forest fragmentation. This
region is fragmented and densely covered by small agricultural land slots.
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4. Discussion
4.1. Insights from Analysis of Land-Use Change

In summary, this study explored the dynamics of land use and landscape pattern
change in Enshi City from 2000 to 2020 by combining different methods. According to the
intensity analysis, the speed of land-use change was much faster from 2000 to 2010 than
from 2010 and 2020. At the categorical level, throughout the two intervals, water bodies
and cultivated land showed stationarity in terms of the intensity of gain. Artificial surfaces,
forest, and grassland showed stationarity in terms of the intensity of loss. At the transition
level, we focused on two specific types of land: artificial surfaces and grassland. Artificial
surfaces gained the most intensively from 2010 to 2020, with transitions from grassland and
cultivated land. Grassland showed stationarity across the two intervals, as it continued an
active trend of area loss. We confirmed that the losses were mostly transitioned to water
bodies and forest from 2000 to 2010 and artificial surfaces and water bodies from 2010
to 2020.

The intensive loss of grassland is in line with several studies [1,11,39,66]. For example,
a recent study on land-use transformation in Sangzhi County in the Wuling Mountain
area found that the area of grassland decreased significantly from 2010 to 2018 [11]. They
also confirmed a significant increase in cultivated land, driven by the implementation of
policies relating to the protection of cultivated land [11]. This finding differs from ours
because the total area of cultivated land in Enshi City is relatively stable. Our findings also
reflect the implementation of policies regarding the remediation of water bodies. The area
of water bodies continued an active trend of gain from 2000 to 2020. Local authorities have
efficiently protected and remediated the main rivers in Enshi City. It also showed an active
trend of loss from 2000 to 2010. It is possible that some scattered distributed water patches
have vanished. Attention should be paid to small and scattered water bodies to maintain
biodiversity and landscape connectivity.

Since the artificial area of Enshi City has increased rapidly, we further explored the
urban growth pattern from 2000 to 2020 by calculating the LEI. The results showed that
the expansion of artificial surfaces in Enshi City is primarily occurring in flat areas close
to the urban center. This echoes previous findings that, in mountainous regions, flat
areas are more inclined to be transitioned to built-up areas [9]. While previous studies
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in larger mountainous cities (e.g., Chongqing) found that the dominant urban growth
mode is outlying in recent years [3], we found that the dominant mode in Enshi City is
edge-expansion, which is similarly occurring in other cities in plain areas. This is partly
because Enshi City is underdeveloped, with plain (vacant) space surrounding old urban
areas. For Enshi City, the intensive gain of artificial surfaces began after 2010, which is
relatively late compared to many other cities and counties in China. Since the terrain is
relatively flat in the middle of the city, it is possible that the built-up area of Enshi City
will continue to grow in this locale in the future. Local decision-makers should carefully
control the boundaries of artificial surfaces and consider the possible negative impacts of
land transitions, for instance, the loss of biodiversity, the creation of urban heat islands,
poor air quality, and the decrease in landscape connectivity [3,9].

4.2. Impacts of Land-Use Change on Landscape Fragmentation

We confirmed a substantial reduction in the degree of forest fragmentation from
2000 to 2010, which primarily occurred in the western part of the city. For ecologically
fragile mountainous areas, our findings clearly reflect the successful implementation of
forestation projects aiming to restore the natural environment. The notable increase in
forest between 2000 and 2010 echoes many Chinese studies and is a result of the nationwide
“Grain for Green” policy [2,18,39]. While urbanization frequently leads to landscape
fragmentation [72], the rapid growth of urban areas in Enshi City from 2010 to 2020 did
not seem to influence the fragmentation of local forest areas. Nevertheless, it is necessary
to identify and fortify urban forests that are located near the boundary of current built-up
environments. Some of them are vital for maintaining ecological integrity but are also
in potential danger of land-use transition. It is crucial to continuously monitor land-use
change and spatially model different scenarios for future development.

For mountainous cities to be lifted out of poverty, it is vital to monitor how poverty
alleviation practices can be reflected in the landscape dynamics and how they can impact
sustainable forest management. In Enshi City’s case, recent urban development has been
focused on developing agriculture and expanding urban areas for housing and industry.
Therefore, social contexts are meaningful in analyzing decades of change centering around
forests via potential driving forces and impacts. This study proposed a framework of
three analytical modules. First, it investigates the land-use change intensity of different
categories. It explores potential sources and driving forces for forest change in poverty
alleviation practices. Second, it investigates areas that are undergoing the process of urban
expansion. Third, it evaluates the ecological conditions of forests under those driving
forces, using the indicators of landscape fragmentation.

4.3. Limitations

The data have an issue that Qingjiang River was not clearly displayed in 2000. This
inconsistency could impact the analysis of land cover in some river segments. This is an
issue related to the original data of GlobeLand30. However, the central objective of this
study is to serve sustainable forest management by analyzing land-use change, urban
development and expansions, and forest fragmentation. The impacted analysis is limited
in the transition between water bodies and agriculture, but less in forests. Using our
pixel-based evaluation, the influenced area covers less than 0.3% of the study area. The
influenced area is relatively small.

5. Conclusions

According to the intensity analysis, the speed of land-use change was much faster
between 2000 and 2010 than between 2010 and 2020. The gain of water bodies and loss
of grassland were active throughout the two intervals. Artificial surfaces increased most
intensively from 2010 to 2020 with transitions from grassland and cultivated land, indicating
a rapid urbanization process. Edge-expansion was the dominant type of artificial surface

102



Forests 2022, 13, 1756

growth. Furthermore, forests had the largest size of gain across the two intervals, and there
was a substantial reduction in forest fragmentation in the western part of the city.

Overall, this research contributes to our understanding of land-use change and urban-
ization in poverty-stricken mountainous cities. The proposed analytical framework helps
synthesize and understand various characteristics of land-use dynamics, ranging from
the overall trends, differences among land-use categories, types and locations of urban
expansion, forest fragmentation, and spatially explicit evaluation. The research findings
reflect that some recent planning measures are effectively restoring the natural environment.
For sustainable land management in mountainous areas, it is necessary to further refer
to comprehensive spatial analysis to identify key areas to protect ecological integrity and
harmonize the relationship between nature conservation and urban growth.
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Abstract: Vegetation dynamics in arid and semi-arid regions have an important impact on carbon
cycle, water cycle, and energy exchange at local, regional, and global scales. Therefore, it is of great
significance for scientists to grasp the changes of vegetation cover in arid and semi-arid regions
timely and accurately. Based on this, the applicability of ESTARFM model in the complex terrain
area of arid and semi-arid Xinjiang was explored using Landsat and MODIS data fusion, and the
overall change characteristics of vegetation cover (FVC) and the distribution and change patterns of
different terrains in the study area in the past 15 years were analyzed by combining the dimidiate
pixel model, unary linear regression and digital elevation model. The results show that: (1) the
NDVI data fused by ESTARFM Model has high consistency with the real NDVI data, and it can be
used for subsequent FVC estimation. (2) From 2006 to 2020, the inter FVC was at a high level as a
whole, and the average annual FVC showed a weak increasing trend in fluctuation; there are obvious
differences in spatial distribution, which is characterized by high distribution in the north and low in
the south. (3) The improved area of vegetation cover in the study area is greater than the degraded
area, accounting for 52.3% and 47.7% respectively; (4) In the elevation range of 2000 to 3500 m, the
FVC showed a slight degradation trend on 25◦ to 45◦ slopes and south and southeast slopes, and the
rest showed a slight improvement trend. ESTARFM-based model enables monitoring of vegetation
cover changes in complex terrain areas of the arid and semi-arid regions in Xinjiang over a long time
series. The overall FVC level in the study area is high, and there both are serious degradation and
improvement phenomena.

Keywords: remote sensing; ESTARFM; arid and semi-arid region; FVC; time-series

1. Introduction

Vegetation is an important component of terrestrial ecosystems and plays an irreplace-
able role in global material and energy cycling, regulating carbon balance, and maintaining
climate stability [1–4], as well as an “indicator” of global ecosystem changes [5,6]. The
monitoring of dynamic changes of vegetation has long been important and studied by
many scholars at home and abroad [7–10]. Vegetation cover (FVC) is the percentage of
the vertical projected area of the above-ground part of vegetation (including leaves, stems,
and branches) on the ground to the total area of the statistical area [11], which is a compre-
hensive quantitative indicator describing the growth of vegetation on the ground and an
important indicator of the regional ecosystem environment [12,13].

Two methods are mainly used to study FVC: ground survey method and remote
sensing monitoring method [14,15]. The traditional ground survey method has problems
such as large workload, high labor intensity, and difficulty in achieving monitoring of long
time series. With the continuous development of remote sensing technology, the use of

Forests 2022, 13, 2066. https://doi.org/10.3390/f13122066 https://www.mdpi.com/journal/forests106



Forests 2022, 13, 2066

remote sensing technology to monitor vegetation changes has become a feasible means
and has been widely used [16,17]. Some scholars have estimated and analyzed the FVC
change trends in Tianshan or North Tianshan for the past 16 years based on 3–5 Landsat
TM images, respectively [18–20]. Some scholars have also studied the changes in vegetation
cover or grassland cover and their influencing factors in Xinjiang and even in a larger
region based on MODIS data [21,22]. Another group of scholars studied the vegetation
growth trends in China (Northwest) based on the GIMMS dataset and analyzed to expose
the influencing factors [23–25].

From the above studies, it can be found that MODIS and GIMMS data are time-
sensitive and can better express the time-series changes of FVC, especially for the monitor-
ing of abrupt change years; by contrast, Landsat data have higher spatial resolution and
can achieve finer monitoring of vegetation change information, but it is difficult to find
abrupt change information in time-series change monitoring due to the limitations of data
re-simulation period and cloud volume [18,21]. Gao et al. [26] first proposed the spatial
and temporal adaptive reflection fusion model (STARFM) in 2006 to achieve the fusion of
Landsat images and MODIS images. This model can accurately predict reflectance values
with high spatial and temporal resolution. However, the STARFM model also has limita-
tions, and the method does not fuse well in areas with high heterogeneity. In view of this
limitation, Zhu et al. [27] proposed the enhanced spatio-temporal adaptive reflection fusion
model (ESTARFM) in 2010. This model improved the con-version coefficient based on the
STARFM model to improve the accuracy of image fusion in heterogeneous regions. It was
shown that the model has higher fusion accuracy in complex surface mountainous areas.

Xinjiang is a typical arid and semi-arid region with an extremely fragile internal
ecological environment, and the West Tianshan forest region within its territory is one of
the areas rich in vegetation resources and plays the role of an ecological barrier in western
China [28]. The topography in this region is complex and undulating, and each topographic
factor has a complex and integrated influence on the vegetation growth environment, so
it is important to carry out vegetation change research with high spatial resolution for
ecological environmental protection in complex topographic areas. On the other hand, the
ecological environment in this area is complex and extremely sensitive to climate change
and human activities, so monitoring vegetation change in time series can help to discover
the year of sudden vegetation change, and then analyze the change factors to achieve
ecological environmental protection more accurately. However, there is no research on
the analysis of vegetation change in this region based on long time series remote sensing
data with high spatial resolution. In this paper, based on Landsat data and MODIS data,
the ESTARFM model was used to fuse the high spatial resolution time series normalized
vegetation index (NDVI) data of each growing season in the study area from 2006 to 2020,
and the image dichotomy model was used to estimate the FVC. The distribution and change
characteristics of FVC under different topographic factors were revealed by combining with
digital elevation model (DEM), in order to provide reference for ecological environment
improvement in semi-arid areas of Xinjiang.

2. Materials and Methods
2.1. Study Area

Tekes Forest Farm, Qapqal Forest Farm and Zhaosu Forest Farm of the State-owned
Forest Administration Bureau in the Western Tianshan Mountains of Xinjiang Uygur Au-
tonomous Region are selected as the study areas in this study. They are mainly located in
Ili Region, with a geographical location of 42◦15′26′′–43◦33′38′′ N, 80◦12′19′′–82◦37′52′′ E,
with a total area of about 14,656 km2 (Figure 1). The overall terrain is high in the north
and south and low in the middle with an altitude of about 919~6170 m, an average sea
wave of 2725 m, and undulating terrain. The study area is deeply inland and belongs to a
temperate continental semi-arid climate. The annual and daily temperature range is large.
The average annual temperature in the mountain area is 2.8 ◦C, and the average annual
temperature in the river valley is 5.3 ◦C; on the other hand, it has more precipitation than
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surrounding areas due to its location in the mid latitude westerly belt and the influence of
mountains as well as water vapor from the Atlantic Ocean. It is the precipitation center
in the arid region of Central Asia, with an annual precipitation of 550~700 mm. The soil
vertical zones in the study area are relatively complete, including mountain chestnut soil,
mountain chernozem, mountain leaching taupe forest soil, mountain common taupe forest
soil, and mountain grass taupe forest soil.
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Figure 1. The location and topographic features of the study area, (a) in China, (b) in Xinjiang Uygur
Autonomous Region and (c) are topographic features of the study area, and elevation data were
obtained from ASTER Global Digital Model.

2.2. Data Source and Pre-Processing

To avoid errors in monitoring results caused by seasonal changes in cloud cover and
vegetation, the selected remote sensing data are Landsat series data and MOD09A1 data
from July-August, the peak vegetation growth season each year. The cloud amount is
less than 10% and the data source is the United States Geological Survey (USGS) (https:
//earthexplorer.usgs.gov/, accessed on 28 May 2021). The interval between MOD09A1
data collection time and Landsat data is not more than 4 days. Please refer to Appendix A
Tables A1 and A2 for specific information of remote sensing data. There are 11 years of
directly available Landsat data from 2006 to 2020, and the years to be predicted are shown
in Table 1, where the predicted data for 2007 and 2019 are correlated with Landsat TM data
for 2007 and Landsat OLI data for 2019 to verify the feasibility of the ESTARFM algorithm.
The auxiliary data include the administrative map of the Tianxi Bureau and the DEM data
with a spatial resolution of 30 m from the USGS.

Table 1. Study Area Demand Forecast Data 2006–2020.

Year Forecast Date Year Forecast Date

2007 (Experiment) 08.13 2015 08.13
2009 08.13 2017 08.13
2010 08.13 2019 (Experiment) 08.13
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The Landsat data are radiometric calibrated, atmospheric corrected, mosaic, and
cropped by ENVI software to obtain the image map of the study area. MRT (MODIS
Reconstruction Tool) Tool is used for splicing MOD09A1 data, converting the projection
into the same projection as that of Landsat. The infrared band and near-infrared band
were selected as the bands, and the nearest neighbor sampling method was used for re-
projecting the data to the same 30 m spatial resolution as Landsat data, and was outputted
in GEOTIFF format. ENVI software is used for cutting the processed MOD09A1 data to
ensure that the boundary range and pixel size are consistent with the Landsat data after
cutting. Pre-processing was carried out, such as splicing, re-projection and clipping of DEM
data, and altitude, slope and slope direction were extracted using ArcGIS software and
spatial analysis tools.

2.3. Research Methods
2.3.1. ESTARFM Spatiotemporal Fusion MODEL

ESTARFM Model requires two pairs of high-resolution and low-resolution images ac-
quired in the same period, and a set of low-resolution images used for predicting dates [27].
The Model sets a sliding window of a certain size around the predicted pixel, and convo-
lutes the pixels in the window with the weight function to obtain the predicted value of
the central pixel. The sliding window moves one by one on the whole image to obtain the
predicted image. The calculation Formula is as follows:
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where, L represents Landsat data; M represents MODIS data; w is the size of the sliding
window; (xw/2,yw/2) represents the center position of the pixel to be measured; B represents
the band of the image; L(xw/2,yw/2,tp,B) is the predicted high-resolution pixel value at time
tp; L(xw/2,yw/2,t0,B) is the high-resolution pixel value at t0; N is the number of similar pixels
including predicted pixels; (xi,yi) is the position of the ith similar pixel; Wi is the weight of
the ith similar pixel jointly determined by the distance of space, time and spectrum; Vi is
the conversion coefficient of similar pixels.

In Equation (1), the following aspects need to be noted:
(a) Determining the window size. The window size w is set to 25 according to the

recommended parameters used by Zhu [27].
(b) Searching for similar image elements, which are obtained based on the spectral

similarity of Landsat NDVI data to the central image element (xw/2,yw/2) using a sliding
window w search.

(c) Calculation of weights. To calculate the weights, we first calculate the correlation
coefficient Ri between Landsat NDVI and MODIS NDVI data, and then find the geographic
distance di between the similar image element and the central image element, and finally
find the weight Wi of the similar image element to the central image element based on the
correlation coefficient and geographic distance.

Ri =
E[(Li − E(Li))(Mi − E(Mi))]√

D(Li)×
√

D(Mi)
(4)

Li = {L(xi, yi, Tb, B1), ···L(xi, yi, Tb, Bn), L(xi, yi, Te, B1), . . . , L(xi, yi, Te, Bn)} (5)

Mi = {M(xi, yi, Tb, B1), ···M(xi, yi, Tb, Bn), M(xi, yi, Te, B1), . . . , M(xi, yi, Te, Bn)} (6)
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In Equations (4)–(6), the correlation coefficient is found for each similar image element,
i represents the ith similar image element. Li/Mi is the ith similar image element data set of
Landsat/MODIS image, respectively. b is the number of bands, e is the mean value, and
d is the variance. The value of correlation coefficient R is in the range of (−1, 1), and the
value of R is positively correlated with the spectral similarity.

di = 1 +

√
(xw/2 − xi)

2 + (yw/2 − yi)
2

w
2

(7)

where di is the geographic distance between the similar image element and the central
image element, and the larger di is, the farther the geographic distance is.

Based on the above, the weighting formula is as follows.

Di = (1− Ri)× di (8)

wi =
1/Di

∑N
i=1(1/Di)

(9)

where the range of the weight wi values is (0, 1) and the sum of the weights of all similar
image elements is 1.0.

(d) Calculate the conversion coefficients.

Vi =
Lib − Lie

Mib −Mie
(10)

where Lia, Lie, Mia, and Mie are the image element values of Landsat and MODIS data
corresponding to different periods (Tb and Te) respectively, i.e., different image elements
correspond to different conversion factors.

Through Formula (1), MODIS data of two different periods (tb and te) are selected
for calculating the high-resolution image reflectance of the prediction date Tp, which is
recorded as Lb (xw/2,yw/2,tp,B) and Le (xw/2,yw/2,tp,B). Combining the two prediction results,
the predicted central pixel reflectance is more accurate. The weight is calculated as Formula
(2) with higher weight closer to the prediction period as the criterion. The high-resolution
reflectance data of the final prediction time is calculated by Formula (3) [27].

Based on different fusion sequences, the ESTARFM model has two schemes. Fusion
then Index (BI) and Index then Fusion (IB). BI first simulates the reflectance of the predicted
date image and then calculates the vegetation index based on the pre-predicted reflectance;
IB calculates the vegetation index first and then uses these vegetation index data to simulate
the vegetation index of the predicted date. According to Jarihani et al. [29], the IB scheme
has lower computational cost and less error compared with the BI scheme. On this basis, in
this paper, continuous normalized vegetation index data with high spatial resolution are
obtained by fusion of IB schemes.

2.3.2. FVC Estimation

Methods for measuring FVC based on remote sensing data chiefly include the regres-
sion model method, vegetation index method, and pixel decomposition model [30]. Among
them, the pixel dichotomous model in the pixel decomposition model is commonly used.
Its principle is that, assuming that the surface corresponding to each pixel only contains
two components, vegetation and bare land, the proportion of vegetation in the pixel is the
FVC of the pixel. The calculation formula is [31]:

FVC =
S− Ssoil

Sveg − Ssoil
(11)

where FVC denotes the vegetation cover, S is the remote sensing information reflected
by each image element, Ssoil is the remote sensing information reflected by pure bare
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ground cover image element, and Sveg is the remote sensing information reflected by pure
vegetation cover image element. Rundquist [32] showed that NDVI has a good correlation
with FVC, which is in line with the conditions of pixel binary model. Li [33] established a
FVC estimation model based on NDVI, and the calculation formula is:

FVC =
NDVI − NDVIsoil

NDVIveg − NDVIsoil
(12)

where NDVIsoil is the NDVI value of pure bare ground cover image elements and NDVIveg
is the NDVI value of pure vegetation cover image elements. Due to the influence of
meteorological elements, vegetation types, and spatial and temporal differences, NDVIsoil
and NDVIveg will vary in different images. Based on the experience of previous studies [33],
combined with the histogram of NDVI frequency distribution in this experiment, the
cumulative frequency values of 5% and 95% were selected to represent different NDVIsoil
and NDVIveg in different years, respectively, and the FVC was classified into five levels with
reference to the Soil Erosion Classification and Grading Standard and related studies [34].
The very low FVC is <10%, the low FVC is 10%–30%, the medium-low FVC is 30%–50%,
the medium-high FVC is 50%–70%, and the high FVC is >70%.

2.3.3. Accuracy Verification

In this paper, we use the subimage comparison method based on the comparison
of high-resolution images of the same period to validate the vegetation cover estimated
based on Landsat data in the Western Tian Shan [35,36]. The pretreated 18 August 2019
Gaofen-1 Image (2 m) and 11 August 2019 Landsat Image were randomly selected for
verification, 100 sample points on the Landsat Image were evenly selected and mapped to
the Gaofen-1 Image, and the 225 Gaofen-1 pixels corresponding to each sample point were
directly manually digitized to calculate the actual FVC. Then, the FVC estimated by the
pixel binary model was compared and analyzed, and the model accuracy was judged by
the Root Mean Square Error (RMSE). The RMSE Calculation Formula is:

RMSE =

[
n

∑
i=1

(Xi −Yi)
2

n

] 1
2

(13)

where Xi is the FVC estimated by the Model; Yi is the actual FVC; n is the number of samples.

2.3.4. Annual Variation Trend of FVC

The univariate linear regression trend analysis method was used, whilst the least
square method was used for fitting the slope of the annual average FVC pixel by pixel,
simulating the change trend of each grid [37,38]. The Calculation Formula is as follows:

θslope =
n×∑n

i=1(i× FVCi)− (∑n
i=1 i)(∑n

i=1 FVCi)

n×∑n
i=1 i2 − (∑n

i=1 i)2 (14)

where θslope is the slope of the change trend of the FVC in the multi-year time series, i
is the serial number of the study year, n is the length of the study time series, and FVCi
is the FVC value in the ith year. If θslope > 0 indicates that the change trend of FVC is
increasing, θslope < 0 indicates that the change trend of FVC is decreasing. The significance
test of the trend adopts F test, and the significance indicates the reliability of the change
trend. According to the test results, the change trend is divided into five grades: extremely
significant decrease (θslope < 0, p ≤ 0.01); significantly reduced (θslope < 0, 0.01 < p ≤ 0.05);
there was no significant change (p > 0.05); significant increase (θslope> 0, 0.01 < p ≤ 0.05);
and extremely significant increase (θslope > 0, p ≤ 0.01).
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3. Results
3.1. ESTARFM Model Fusion Results

In order to verify the fusion results of ESTARFM Model, TM NDVI was taken in this
paper on 21 June 2007 and 25 September 2007, as well as OLI NDVI on 30 May 2019 and
14 October 2019 and the corresponding MODIS NDVI as an input data. The NDVI data
was fused on 13 August 2007 and 13 August 2019, and then compared with the real NDVI
data in the corresponding period. Figure 2 is a comparison of the fusion results of the
ESTARFM Model. It can be found that compared with MODIS NDVI data through visual
interpretation, the spatial resolution of the fused NDVI data is significantly improved; the
two data have good consistency compared with TM / OLI NDVI data. Meanwhile, it is
found from Figure 2b,c that the NDVI data fused by ESTARFM restores the original spectral
information of the cloud cover area.
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To further analyze the fusion effect, five typical 100 × 100 image subsets (Figure 3)
were selected in this paper, and the fused NDVI data were compared with the real Landsat
NDVI data, and a scatter plot was obtained (Figure 4). From Figure 4, it can be seen that
the scatter points are basically distributed on both sides of the contour 1:1, indicating that
the fused NDVI data are similar to the real NDVI data, and the determination coefficients
of the fused NDVI data and the real NDVI data in the two scenes are 0.86 and 0.88, and the
root mean square errors are 0.15 and 0.12, respectively, with high correlation. Therefore, the
NDVI data obtained by fusion based on the ESTARFM model can be used for the estimation
of secondary vegetation.

3.2. FVC Accuracy Verification

The accuracy verification results (Figure 5) show that the RMSE between the estimated
value of the pixel binary model and the real value is 0.10, whilst the R2 is 0.90, indicating
that the FVC estimation results of Landsat data using the pixel binary model have a high
accuracy and meet the requirements of this study.
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3.3. Temporal and Spatial Variation Characteristics of FVC

Figure 6 shows the inter annual difference of FVC, which is the average of the differ-
ence of FVC every two years in the study time series to analyze its inter annual change
degree. As can be seen from Figure 6, FVC showed an increasing trend from 2006 to 2010;
except for 2012, FVC showed a decreasing trend from 2011 to 2014; except for 2017, FVC
showed an increasing trend from 2015 to 2019; and in 2020, it showed a decreasing trend
again. Among them, the largest increases and decreases were in 2007 (0.028) and 2013
(−0.040), respectively.
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As shown in Figure 7, through statistical analysis of FVC at all levels in the study area,
it can be found that from 2006 to 2020, the proportion of high FVC area in the study area
showed a law of increase-decrease-increase, reaching a minimum of about 38% in 2006 and
a maximum of about 49% in 2012; the proportion of medium high and medium FVC area
showed a trend of decrease-increase- decrease, with the minimum proportions of 13% in
2013 and 9% in 2007, and the maximum proportion of 18% in 2019 and 14% in 2014; the
area proportion of low and very low FVC changes in a wave pattern, and is stable between
14~16% and 12~14%, respectively. The high, medium high, medium, low and extremely
low FVC accounts for 45%, 18%, 11%, 14% and 12% of the total area of the study area
respectively according to the 15 years of average FVC. In general, the proportion of high
FVC area is the largest and shows an increasing trend, the proportion of medium, high and
medium FVC area shows a fluctuating and decreasing trend, and the proportion of low
and very low FVC area shows a wavy change.
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As shown in Figure 8, it can be found that the regional difference of average FVC in
the study area is significant. The overall FVC in the north and central Tex River Valley is
high, while the overall FVC in the southern mountainous area is low, and only the river
valley has a high FVC. This is because the overall altitude of the southern mountainous
area is high, and there are glaciers and snow, which are inhospitable to vegetation growth.
The vegetation cover was counted in the forestry administrative district, and the results
showed that: the best vegetation cover was in Tex, with an average FVC of 0.62; the second
best vegetation cover was in Qapqal, with an average FVC of 0.6; and the vegetation cover
in Zhaosu was relatively poor, with an average FVC of 0.47.
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Figure 8. Spatial Distribution of Annual Average FVC in West Tianshan Mountains in the Past
15 Years.

3.4. Slope Change Trend of FVC

The change trend of FVC in the Western Tianshan Mountains from 2006 to 2020 is
analyzed at the pixel scale, and the results are tested for significance (Figure 9, Table 2)
based on the univariate linear regression model. The average change trend of FVC in
the Western Tianshan region is 0.3%/10A, indicating that the overall FVC in the Western
Tianshan Region is increasing, but the growth rate is relatively slow. The proportion of
areas with positive and negative slope is 52.3% and 47.7%, respectively. Among the pixels
with decreasing FVC, the proportion of pixels with larger decreasing trend (slope < −0.01)
is 28%, and the proportion of pixels with larger increasing trend (slope > 0.01) is 27%. The
results of significance test (Figure 9b) show that the FVC in the Western Tianshan Mountains
shows extremely significant decrease, significant decrease, no significant change, significant
increase and extremely significant increase, accounting for 43%, 2.1%, 6%, 3.3% and 45.6%,
respectively. It can be found that there is a large area and a high degree of vegetation
improvement and degradation in the Western Tianshan Region, and its area proportion and
change degree are basically the same as the degradation phenomenon. This also makes the
vegetation change in the Western Tianshan Region show an insignificant trend generally,
but its internal changes are quite different.

Table 2. Vegetation cover change and significance statistics.

Slope Percentage/% Significance Percentage/%

Slope < −0.02 3.7% Extremely significant decrease 43%
−0.02 < Slope < −0.01 9.7% Significant decrease 2.1%
−0.01 < Slope < 0 34.3% Insignificant change 6%
0 < Slope < 0.01 38% Significant increase 3.3%

0.01 < Slope < 0.02 10.4% Extremely significant increase 45.6%
Slope > 0.02 3.9%
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Figure 9. Trends (a) and significance (b) of vegetation cover changes in the western Tian Shan region
in the last 15 years, where A is a extremely significant decrease; B is a significant decrease; C is no
significant change; D is a significant increase; and E is a significant increase. This is the same in
Table 2.

Compared with Figure 8, it can be found that the insignificant changes are mainly
in the extremely low FVC area, which is also the glacier snow coverage area, and the
interference of human activities is small; the extremely significant increase mainly occurs
in the low and medium FVC areas, and the extremely significant decrease mainly occurs in
the medium high and high FVC areas, which changes are mainly affected by global climate
change and human disturbance.

3.5. Distribution and Variation Characteristics of FVC with Terrain

The growth and spatial distribution of vegetation are affected by climate, topography,
and human activities, among which the topographic factors affect the growth of vegetation
by changing the vegetation habitat elements such as water, heat, and soil in local areas.
In this study, concerning desertification land and plain forest resources investigation, the
altitude, slope and aspect are divided into 7, 6 and 9 grades according to the classification
standard of the data dictionary of Xinjiang desertification, and then the distribution and
change of FVC in the study area in the past 15 years under different terrain conditions are
statistically analyzed. The results are shown in Figures 10–12.
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3.5.1. Distribution and Variation Characteristics of FVC with Altitude

As shown in Figure 10a, the vegetation was mainly distributed in the area from 1500 to
4000 m, accounting for 86% of the total vegetation area in the study area. Among them, the
area of high FVC increases with altitude below 3000 m and is absolutely dominant; in the
area from 3000 to 4000 m, the area of very low and low FVC shows an increasing trend, and
in the area above 4000 m, the vegetation decreases rapidly and is dominated by very low
FVC, which is mainly influenced by natural conditions. As shown in Figure 10b, the change
of vegetation cover is mainly in the area below 4000 m, which is related to the vegetation
distribution. In the area from 2000 to 3500 m, the proportion of decrease in vegetation
cover is greater than the proportion of increase, indicating a slight degradation trend of
vegetation cover in this elevation range; in the remaining elevations, the proportion of
increase in vegetation cover is higher than the proportion of decrease, indicating a slight
improvement trend of vegetation cover in this elevation range. The area above 4000 m is
less affected by human activities, and is mainly an insignificant change.

3.5.2. Distribution and Variation Characteristics of FVC with Slope

As shown in Figure 11a, the vegetation was mainly distributed in the area from 5◦

to 45◦, accounting for 88% of the total vegetation coverage in the study area. In each
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slope class, the proportion of high and medium-high FVC area gradually decreases and
the proportion of very low and low FVC area gradually increases as the slope increases;
except for >45◦ slope class, high FVC occupies absolute dominance in all slope classes. As
shown in Figure 11b, corresponding to the distribution of vegetation in different slope
grades, the changes of FVC are also mainly distributed in the area from 5◦ to 45◦. In
each slope class, significant decrease, insignificant change and significant increase were
basically maintained in low proportions. In the slope range from 25◦ to 45◦, the proportion
of decrease in vegetation cover was greater than the proportion of increase, indicating a
slight degradation trend of vegetation cover in this slope range; in the rest of the slope
classes, the proportion of increase in vegetation cover was greater than the proportion of
decrease, indicating a slight improvement trend of vegetation cover in this slope range.

3.5.3. Distribution and Variation Characteristics of FVC with Direction

As shown in Figure 12a, the vegetation cover of flat slopes only accounted for 0.05%
of the total vegetation cover in the study area, and the difference in the proportion of
vegetation distribution in the remaining slope directions was small. Among the slope
directions, the vegetation distribution area is higher on the north slope than on the south
slope, and higher on the west slope than the east slope. This is because the north and
west slopes are windward slopes in the western Tian Shan region, which have more
precipitation and a more humid environment suitable for the growth of vegetation. As
shown in Figure 12b, the distribution of vegetation change in the flat slope area is the least,
and the difference of the distribution ratio of vegetation change in the remaining slope
directions is small, which is closely related to the distribution of vegetation. Among the
slopes, the decrease proportion of vegetation in the south and southeast slopes is larger
than the increase proportion, which indicates that the vegetation cover in the south and
southeast shows a slight trend to degradation; the increase proportion of vegetation in the
rest of the slopes is larger than the decrease proportion, which indicates that the vegetation
cover in these slopes shows a slight trend to improvement.

4. Discussion

In studies related to vegetation cover change in arid and semi-arid areas of Xinjiang, China,
low spatial resolution time series data such as MODIS NDVI (16 d/250 m/500 m) [21,22] and
GIMMS NDVI (15 d/8 km) [23–25] are mostly used. Among them, MODIS data are used in
vegetation cover change studies after 2000, and longer time scale data are dominated by
GIMMS data. Other scholars have used Landsat data for vegetation cover change studies
with higher spatial resolution in a 5-year span [18,19]. However, studies based on the above
data require a trade-off between temporal continuity and spatial resolution, and cannot
achieve long time series to monitor vegetation change trends with high accuracy. In a study
by Cai et al. [21] based on MODIS data, vegetation degradation occurred in the Tianshan
region of Xinjiang in 2013 and 2014, and vegetation grew rapidly again in 2015, while no
abrupt change years were found in a study by Wen et al. [18] with a 5-year span of Landsat
data. In this paper, the time-series data obtained based on ESTARFM model can also detect
the vegetation degradation in 2013 and 2014 years while having high spatial resolution.
On the other hand, in the West Tianshan region, where the topography is complex and
the terrain is undulating, low-resolution remote sensing data often produces large errors
when analyzing the influence of each topographic factor on vegetation cover [39]. In this
paper, we effectively obtained the high-spatial resolution time-series NDVI data based on
ESTARFM model for the complex terrain area in the western Tianshan Mountains, which
provides data support to realize the dynamic monitoring of cover change in the complex
terrain area in the western Tianshan Mountains.

In this paper, we conducted a study on vegetation cover change based on ESTARFM
NDVI data and found that the overall FVC in the western Tian Shan showed a weak increas-
ing trend, which was strongly associated with ecological restoration projects implemented
by the Chinese government in recent years, but a degradation trend was observed in the
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years 2013, 2014, and 2020, indicating that the ecological environment is vulnerable to dis-
turbance by natural and human activities [18,19,23]. It was also found that while the overall
FVC in the study area showed an increase, there was a large variation in the internal changes
and a large area of improvement and degradation at the same time, which is basically
consistent with previous studies [18,40–42]. Compared with the study by Wang et al. [43],
the different criteria for classifying the trend level of change and the difference in the
resolution of remote sensing data make the results of the study somewhat different. In the
river valley and pre-mountain plain zone, it is mainly a medium vegetation cover area,
where water and heat conditions and topography are suitable and human activities are
concentrated, presenting a medium vegetation cover with a strong vegetation change trend
at the same time. With the increase of altitude, the increase of snow and ice melt water,
and the decrease of human activities, the vegetation shows high vegetation cover and the
vegetation change trend gradually decreases. The southern part of the study area is the
summit part of Tianshan Mountain, where the vegetation cover is low because of the high
altitude and the snow and glacier cover above the snow line, which is not suitable for
vegetation growth. At the same time, the natural and human influences in this area are less
variable, which makes the vegetation change in this area extremely insignificant.

Influenced by Atlantic water vapor, the West Tianshan region receives more precip-
itation and is one of the regions with rich forest resources in Xinjiang. However, due to
the temperate continental semi-arid climate, the ecological environment is fragile, and
the degradation of vegetation still occurs in some areas under the influence of climate
change and human activities. The elevation range of vegetation degradation is from 2000
to 3500 m, the slope is from 25◦ to 45◦, and the slope direction is south and southeast
slope. Human activities are one of the reasons for the degradation of vegetation in this area.
Early urban expansion and construction of aqueducts destroyed the original landscape
ecology, resulting in a fragile ecological environment with poor self-repair ability, which
in turn led to a long-term trend of weak degradation. On the other hand, the influence of
each topographic factor on the change of vegetation cover is complex and comprehensive,
and the growth and spatial location of vegetation are closely related to the geographical
environment. Elevation, slope, and slope direction determine the distribution of vegetation
in mountainous areas by influencing the distribution of water and heat. In areas with
slopes greater than 25◦, precipitation and ice melt water are not easily stored, soil erosion
is serious, and the soil is infertile, resulting in a more fragile vegetation ecology, and the
ecological management effect is often unsatisfactory, which is the focus of environmental
and ecological management projects [44].

5. Conclusions

Based on the ESTARFM model, this paper fused Landsat and MODIS data to obtain
the time-series NDVI data of the study area for the past 15 years and estimated the FVC.
Through trend analysis and combining with DEM data, the characteristics of FVC changes
in the study area and its response to topographic factors were studied, and the main
conclusions are as follows:

(1) The time-series NDVI data of the study area obtained by using ESTARFM Model
can not only greatly improve the spatial resolution, but also better maintain the original
spectral information. It has high consistency compared with the real NDVI data, indicating
that the ESTARFM Model can better simulate the high spatial resolution NDVI data in the
missing phase, which can monitor and study the dynamic change of vegetation cover in
the complex terrain area of Xinjiang in a long time series.

(2) The overall vegetation cover of the study area was at a high level from 2006 to 2020,
and the average annual vegetation cover showed a weak increasing trend in fluctuation.
Among all FVC levels, the area with high FVC accounts for the largest, with an average
of 45% for many years, and it is generally increasing; the proportion of medium high and
medium FVC area showed a fluctuating and decreasing trend; the area proportion of low
and very low FVC changes in waves. In terms of spatial distribution, there are obvious
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regional differences, showing the distribution characteristics of high in the north and low
in the south.

(3) From the change trend of FVC, the area with improved FVC in the study area in the
past 15 years is larger than the area with degraded FVC, accounting for 52.3% and 47.7%,
respectively. The results of significance test show that the areas with no significant changes
are mainly concentrated in the extremely low FVC area, i.e., the southern part of the study
area is also the glacier snow coverage area with less interference from human activities; the
extremely significant increase mainly occurred in the low and medium FVC areas, and the
extremely significant decrease mainly occurred in the medium high and high FVC areas.

(4) According to different terrain conditions, the main distribution areas of vegetation
cover are 1500–4000 m above sea level, 5◦–45◦ slope and all slope directions except flat
slope; the areas with a slight degradation trend of FVC are mainly 2000–3500 m above sea
level, 25◦–45◦ slope and south and southeast slope, while the FVC in other areas showed a
slight improvement trend.
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Appendix A

Table A1. Information about Landsat remote sensing data used in this study.

Date
Acquired Sensor Spatial

Resolution Path/Row Landsat Scene Identifier

14 August 2006 TM 30 m 146/030, 146/031 LT51460302006226IKR00, LT51460312006226IKR00
17 August 2007 TM 30 m 146/030, 146/031 LT51460302007229IKR00, LT51460312007229IKR00
3 August 2008 TM 30 m 146/030, 146/031 LT51460302008216KHC01, LT51460312008216KHC01

11 July 2011 TM 30 m 146/030, 146/031 LT51460302011192IKR02, LT51460312011192IKR02
22 August 2012 ETM+ 30 m 146/030, 146/031 LE71460302012235PFS00, LE71460312012235PFS00
1 August 2013 OLI 30 m 146/030, 146/031 LC81460302013213LGN02, LC81460312013213LGN02

19 July 2014 OLI 30 m 146/030, 146/031 LC81460302014200LGN01, LC81460312014200LGN01
9 August 2016 OLI 30 m 146/030, 146/031 LC81460302016222LGN01, LC81460312016222LGN01

15 August 2018 OLI 30 m 146/030, 146/031 LC81460302018227LGN00, LC81460312018227LGN00
17 July 2019 OLI 30 m 146/030, 146/031 LC81460302019198LGN00, LC81460312019198LGN00

4 August 2020 OLI 30 m 146/030, 146/031 LC81460302020217LGN00, LC81460312020217LGN00
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Table A2. Information about the MODIS remote sensing data used in this study.

Date
Acquired Product Type Spatial

Resolution
Horizontal/Vertical

Tile Number Entity Identifier

13 August 2006 MOD09A1 500 m h23v04 MOD09A1.A2006225.h23v04.006
13 August 2007 MOD09A1 500 m h23v04 MOD09A1.A2007225.h23v04.006
4 August 2008 MOD09A1 500 m h23v04 MOD09A1.A2008217.h23v04.006

12 July 2011 MOD09A1 500 m h23v04 MOD09A1.A2011193.h23v04.006
20 August 2012 MOD09A1 500 m h23v04 MOD09A1.A2012233.h23v04.006

28 July 2013 MOD09A1 500 m h23v04 MOD09A1.A2013209.h23v04.006
20 July 2014 MOD09A1 500 m h23v04 MOD09A1.A2014201.h23v04.006

12 August 2016 MOD09A1 500 m h23v04 MOD09A1.A2016225.h23v04.006
13 August 2018 MOD09A1 500 m h23v04 MOD09A1.A2018225.h23v04.006

20 July 2019 MOD09A1 500 m h23v04 MOD09A1.A2019201.h23v04.006
4 August 2020 MOD09A1 500 m h23v04 MOD09A1.A2020217.h23v04.006
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Abstract: As an important ecological ecotone of water and land ecosystems, the lakeside is character-
ized by a variety ecosystem services and high vulnerability. Forest land is important in resolving
the ecological risks of the lakeside area and building its ecological base. It is important to explore
the effect of change in forest land on landscape ecological risk in the lakeside area, alleviate the
contradiction between ecological protection and construction and development in the area, and
realize sustainable development. The present study attempted to explore the spatial and temporal
evolutionary features of forest land in the Erhai rim region from 2000 to 2020 using bivariate spatial
autocorrelation and multi-scale geographical weighted regression (MGWR) models. The following
are the findings of this investigation of the 2000–2020 period: (1) the forest land area in the region
generally decreased, first increasing and then decreasing, and was mainly occupied by cultivated
land and artificial surfaces; (2) the total landscape ecological risk in the region presented an upward
trend, and medium- and higher-risk areas were the main risk areas, with the latter increasing; (3) the
impact of forest land expansion and contraction intensity on landscape ecological risk exhibited
spatial and temporal heterogeneity. The main forms of forest land change at different stages differed,
and the impacts on landscape ecological risk were also different. Reasonable forest land expansion
can effectively alleviate the growth in landscape ecological risk, whereas the shrinkage of forest land
would aggravate the landscape ecological risk in the Erhai rim region. Moreover, the findings can
offer reference for the exploration of ecological protection and coordinated optimization of economic
development in Erhai Lake.

Keywords: forest land change; landscape ecological risk; heterogeneity; multi-scale geographically
weighted regression; Erhai rim region

1. Introduction

Forest land is a vital part of the forest ecosystem and a basic part of ecological envi-
ronment construction [1]. It plays a vital part in regulating the regional climate, regulating
the hydrological cycle, maintaining the global carbon balance, protecting biodiversity,
improving ecological security barrier functions, and promoting sustainable social develop-
ment [2–5]. Changes in forest land directly affect the construction of national ecological
security patterns and the global ecological environment [6]. In recent years, the protection
of forest ecosystems has become a consensus worldwide [7–9]. China has also carried out a
series of ecological construction projects around forest land protection, including returning
farmland to forests, natural forest protection, and the development of the Three-North
Shelter Forests Project. These constructions have effectively restored forest ecosystems,
increased the area of forest land, protected the diversity of forest species, and significantly
improved the quality of the ecological environment [10–12]. However, with the rapid in-
crease in population and rapid development of industrialization and urbanization, human
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beings have also increased the development and utilization of forest land, resulting in
serious damage to the forest ecosystem, which directly or indirectly brings many risks to
the regional ecological environment [13,14].

The organization and structure of the ecosystem are influenced by various land-
use patterns and intensities, which have regional and cumulative effects on ecology [15].
Currently, the ecological risks resulting from changes in natural ecosystems and land-use
types are important factors affecting regional ecological security [16]. As an important
tool for macroecological management, ecological risk assessment has gradually become a
prominent topic in research [17]. As a significant component of ecological risk assessment,
landscape ecological risk assessment specifically concentrates more on the spatial and
temporal heterogeneity of ecological risks and possible adverse results of scale effects. It
examines the spatial and temporal differentiation patterns of risks and risk expression of
specific spatial patterns for ecological functions and processes [18,19]. Landscape ecological
risk assessment is of great significance for research on mountains, rivers, forests, farmlands,
lakes, grasslands, and deserts as part of the community of life, and is also an effective
means of regional ecological risk prevention and management. Kapustka et al. (2001) used
the landscape ecology theory to evaluate ecological risks and proposed corresponding
control strategies [20]. Paukert et al. (2011) proposed a landscape-scale ecological risk
index from the perspective of landscape structure and land-use change. [21]. Ayre et al.
(2012) introduced the Bayesian method for landscape ecological risk assessment to assess
the ecological risk in the upper reaches of the Grand River in Oregon [22]. With the
landscape ecological risk assessment, which is based on land-use change and is becoming a
research hotspot, researchers worldwide have furthered the research on the topic [23,24].
Most research areas are concentrated in key risk control regions, such as urban [25] and
administrative [26] areas, watersheds [27], industrial and mining areas [28] and nature
reserves [29]; however, landscape ecological risk assessment around lakeside areas needs
to be further developed.

In addition, as human understanding of the structure and function of forest land
continues to advance, the ecological and environmental issues brought on by changing
forest lands have gradually attracted the attention of many scholars. Iroume et al. (2005)
studied the relationship between forest coverage and summer floods [30]. Lombaerde et al.
(2022) concluded that a forest cover has a buffering effect on the temperature of future
climate [31]. Hu et al. (2020) evaluated the effects of poplar ecological retreat initiatives on
the water content of Dongting Lake wetlands using the InVEST model [32]. Shi et al. (2007)
adopted the soil classification category (SCS) model for exploring the impact of forest land
change on watershed runoff in Shenzhen [33]. Shi et al. (2016) investigated how changing
forest land affected the value of ecosystem services using a price inversion technique [34].
Yao et al. (2006) used geographic information system (GIS) spatial analysis and traditional
statistical analysis to analyze the impact of forest land change on soil erosion [35]. The
existing research focuses more on the effect of forest land change on climate regulation,
water conservation, soil conservation, and habitat maintenance, and rarely on the spatial
heterogeneity of the impact of changing forest land on ecological risk in a landscape.

The lakeside area is an important ecological ecotone between aquatic and terrestrial
ecosystems and shows high sensitivity to human activities [36,37]. The total landscape
pattern there is relatively fragmented and poorly stabilized. Changes to it are significant
and rapid under the influence of natural conditions and human activity [19]. As one of the
nine plateau lakes in Yunnan, the resources and environmental conditions of the lake are
good, economic development has occurred early, and the degree of urbanization is high.
At the same time, the implementation of a series of ecological actions, like closing hillsides
to facilitate afforestation and returning farmland to forests, as a part of China’s “Natural
Forest Resources Protection Project” has greatly improved the forest coverage of Eryuan
County in the north of Erhai Lake and Cangshan Mountain in the east coast. Nevertheless,
with the acceleration of urbanization, the demand for urban space land, particularly in the
central cities in western Yunnan and mountainous cities in Haidong, is increasing daily.
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Forest land on the low hills and gentle slopes on the south and east banks of Erhai Lake is
occupied, and the land-use types have changed fundamentally, posing a great threat to the
ecosystem in the region. Improving the ecological function of lakeside areas has become a
focus of increasing attention [38].

Forest land accounts for the largest proportion of the land-use type in the Erhai
rim region. Compared with those in other land-use types, changes in forest land can
more obviously reflect the effect of human activities on landscape structure and function.
However, with the fast development of urbanization and the implementation of ecological
projects, the forest land area in the Erhai rim has changed considerably; therefore, what are
the changes of forest land and landscape ecological risks in the Erhai rim from 2000 to 2020?
How did the woodland changes affect the landscape ecological risk? These ate urgent
questions that need to be addressed at present. Therefore, in this study, we considered
the Erhai rim region as an example, measured and investigated the intensity of forest
land change from 2000 to 2020, constructed a landscape ecological risk model through a
landscape pattern index, and discussed the spatial and temporal distribution characteristics
of landscape ecological risk in the region. Furthermore, a multi-scale geographically
weighted regression (MGWR) model was adopted for revealing the spatial heterogeneity
of the impact of forest land change intensity on landscape ecological risk change to enrich
empirical studies on the internal mechanisms of forest land change and landscape ecological
risk. Our study offers a scientific basis for promoting the exploration of high-quality
development paths oriented toward ecological priority and green development in the Erhai
rim region.

2. Materials and Methods
2.1. Study Area

The Erhai rim region is located in the western part of Yunnan Province, China, in
the central part of Dali Bai and Bai Autonomous Prefecture (100◦5′ E–100◦17′ E, 25◦36′

N–25◦58′ N). There is a high altitude in the west and a low altitude in the east of the terrain;
the difference in relative altitude is 2554 m, and mountains surround it to the west. From
northwest to southeast, it presents an irregular strip, including 18 towns in Dali City and
Eryuan County, and the total area is about 2565 km2 (Figure 1). The Erhai rim region is a
typical area with overlapping characteristics, such as the fragile ecological environment
of plateau lakes, diversified integration of ethnic cultures, and active rural economic and
social development [39]. With the rise in tourism and rapid advancement of urbanization
in the region in recent years, this region presents high requirements for ecological and
environmental protection. As a vital part of the region’s community life, the stability of the
function and structure of its mountains, rivers, forests, fields, lakes, and sands is of great
significance for the sustainable development of the region. Therefore, it is important to
study the spatial heterogeneity of the effect of forest land change on landscape ecological
risk in this area to promote the prevention of regional ecological risks.

2.2. Data Source

Considering the time node of China’s policy of return of cultivated land to forest and
the implementation of China’s natural forest resource protection project, land-use data
from 2000 to 2020 were selected. The data were derived from the Globeland30 global
land cover database (http://www.globallandcover.com/, accessed on 15 December 2022),
including three periods of data from 2000, 2010, and 2020, with a spatial resolution of
30 m × 30 m. The dataset covered a long period and had high overall accuracy, and the
Kappa coefficient was 0.78 [40]. In accordance with the classification system of Globeland30,
there are seven land-use types in the study area, including cultivated land, forest land,
grassland, shrubland, wetland, water body, and artificial surface. The World Geodetic
System 1984 (WGS84) Universal Transverse Mercator (UTM) Zone 47 Northern Hemisphere
projection was used.
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2.3.1. Forest Land Change Intensity Index

The intensity index of forest land change refers to the percentage of the changed area
of forest land within a specific period out of the total area of regional land. It is a common
quantitative index that reflects the degree and speed of forest land change [41–43]. The
formula used to calculate the change intensity index was as follows:

K =
Ub −Ua

U × T
× 100%, (1)

where K denotes the intensity index of forest land change during the study period; Ua and
Ub are the areas of forest land at the beginning and end of the study period, separately; U
refers to the total area of the study zone; and T indicates the length of the study period,
generally in years.

2.3.2. Ecological Risk Zoning

With the purpose of reasonably dividing the ecological risk area based on spatial
heterogeneity, patch size, and size of the study area, according to the principle of two–five
times the average patch [44,45], the study area was classified into 836 2 km × 2 km grids,
and the ecological risk value of the center point of each grid was used as the ecological risk
index of that ecological risk plot.

2.3.3. Construction of Landscape Ecological Risk Model

As a commonly used quantitative research method, the landscape pattern index
method describes landscape patterns and their changes through a combination of multiple
indices. In line with previous research results [46,47], the present study used the landscape
disturbance index, landscape vulnerability, and landscape loss indices to construct an
ecological risk assessment model that could be used to analyze the temporal and spatial
evolution features of landscape ecological risk in the Erhai rim region. The formula is
written as follows:

LERIi = ∑N
i=1

Aki
Ak

Ri, (2)

where LERIi represents the landscape ecological risk index of the risk area i, N denotes the
number of landscape types, Aki represents the area of landscape type i in the kth risk plot,
Ak denotes the total area of the kth risk cell, and Ri refers to the loss index of landscape
type i.

(1) Landscape Disturbance Index (Ui)

The landscape disturbance index is adopted for describing the degree of interference
of different landscape types with external factors. The formula is as follows:

Ui = aCi + bSi + cFi, (3)

where Ci refers to the landscape fragmentation index; Si refers to the landscape separation
index; Fi is the landscape dominance index; and a, b, and c represent the weights of the
corresponding landscape indices, with a + b + c = 1. Based on existing research results [48],
we assigned the following values: a = 0.5, b = 0.3, and c = 0.2.

(2) Landscape Vulnerability Index (Ei)

The landscape vulnerability index represents the sensitivity of different landscape
types to external interference. In line with the existing research results and expert scoring,
the vulnerability indices of six landscape types were scored from low to high [49]: forest
land = 1; water body = 2; wetland = 3; shrub land = 4; grassland = 5; and cultivated land = 6.
The vulnerability indices of each landscape type were obtained after normalization.

(3) Landscape Loss Index (Ri)
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The landscape loss index was employed to represent the degree of loss for each
landscape type when disturbed. The formula is as follows:

Ri = Ui × Ei. (4)

2.3.4. Bivariate Spatial Autocorrelation

Geoda 1.20 is superior in the calculation of spatial autocorrelation; it can be applied
to investigate the spatial distribution characteristics of an attribute and the correlations
between variables. Generally, the spatial correlation is measured and tested using global
and local spatial autocorrelations [50,51]. The formula is as follows:

I =
n

∑n
i=1 ∑n

j=1 Wij
×

∑n
i=1 ∑n

j=1 Wij(xi − x)
(
xj − x

)

∑n
i=1(xi − x)2 , (5)

where xi and xj are the observed values, x represents the average of xi, Wij is the spatial
weight adjacency matrix of spatial cells i and j(i j =1, 2, 3, . . . ), and the global Moran’s
I value is generally [−1, 1]. A Moran’s I value greater than 0 suggests that the spatial
unit attributes are positively associated. A value of less than 0 suggests that the spatial
unit attributes are negatively correlated; a value of 0 suggests that the spatial units are
randomly distributed, and there is no correlation. The p-value was used for the significance
test—when p > 0.1, it indicates that it is not significant, while p < 0.1 indicates significance.

Ii
kl = Zi

k∑
n
j=1 wijZ

j
l , (6)

where wij is the spatial connection matrix between spatial elements; Zi
k =

xi
k−xk
λk

; Zi
l =

xi
l−xl
λl

;

xi
k refers to the value of attribute k of spatial cell i; xi

l is the value of attribute l of spatial
cell i; xkand xl represent the average of k and l, respectively; and λk and λl represent the
variance of attributes k and l, respectively.

Based on the local Moran’s I index, the H-H stands for high–high clusters, the L-L
stands for low–low clusters, the H-L stands for high–low clusters, the L-H stands for
low–high clusters.

2.3.5. Construction of MGWR Model

MGWR is an improvement over the geographically weighted regression model (GWR).
It differs from GWR, which assumes that the local relationship within each model changes
on the same spatial scale. MGWR permits the relationship between response variables
and different predictors to change at different spatial scales [52,53], which is more in line
with spatial heterogeneity [54]. Therefore, the MGWR model is more conducive to an in-
depth analysis of the effect of forest land change on the spatial differentiation of landscape
ecological risk. The formula for the MGWR model can be expressed as follows:

yi = ∑k
j=1 βbwj(ui, vi)xij + εi, (7)

where yi represents the explained variable; (ui, vi) denotes the coordinates of the center
point at i; bwj indicates the broadband used by the jth variable regression coefficient; βbwj
denotes the regression coefficient of the jth variable at i.

3. Results
3.1. Analysis of Forest land Change Characteristics in the Erhai Rim Region

Based on Figure 3 and Tables 1 and 2, we know that the land-use structure in the Erhai
rim region changed obviously, and there were frequent and complex mutual transformation
phenomena among various land-use types. The evolutionary features of the landscape
pattern were further analyzed in terms of changes in the number of patches, fragmentation,
separation and dominance indices of land-use types. Regarding the number of patches,
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the overall number of patches in the study area decreased, while the number of patches in
wetlands, cultivated land and artificial surfaces increased, and the number of patches in
forest land, grassland, shrubland and water bodies presented an overall decreasing trend.
From the dominance index, forest land, as the dominant land-use type in the study area, has
the highest dominance value and has a relatively strong influence on the landscape pattern
of the whole area. In 2000, 2010, and 2020, the area of forest land was 112,227.03 hm2,
113,239.08 hm2, and 109,728.54 hm2, accounting for 37.97%, 38.32%, and 37.12% of the
overall land area, respectively. It was mainly located in areas with less human activity at
the periphery of the study area and crossed with grassland and shrubland. From 2000 to
2020, the change in forest land in the study area presented a development trend of an initial
expansion and subsequent contraction, with the total area decreasing by 2498.49 hm2. From
2000 to 2010, the forest land mainly expanded by 1012.05 hm2. The number of patches in
forest land increased, and its fragmentation, separation, interference, vulnerability, loss,
and dominance also increased significantly. From 2010 to 2020, the change in forest land
was mainly due to a shrinkage of 3510.54 hm2. The number of patches in forest land
decreased, and the degree of fragmentation, separation, interference, vulnerability, loss,
and dominance also decreased significantly. Based on the area of forest land change, the
expansion of forest land mainly occurred in Fengyu Town, north of Erhai Lake; the most
significant area of forest land shrinkage was on the east and south shores of Erhai Lake,
and the area with the smallest change in forest land area was in the Cangshan National
Nature Reserve, west of Erhai Lake.
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Figure 3. Distribution of land-use types in the Erhai rim at different times.

The conversion matrix of land-use types was used to explore the interconversion of
land-use types in the Erhai Rim from 2000 to 2020 (Table 2). Different degrees of mutual
transformation were observed between the land-use types in the study area. Moreover,
the findings demonstrate that although the implementation of the policy of returning
farmland to forests has led to the conversion of cultivated land to forest land in a small
part of the Erhai rim region, overall, the transfer to forest land was still mainly from
shrubland and grassland. Affected by urbanization, the cultivated land was also converted
to artificial surfaces. Among them, the most significant area of forest land shrinkage was in
the northeast and south of Erhai Lake, and most of it has been converted to cultivated land
and artificial surfaces that are closely related to the economy and society, indicating that
the intervention of human activities on forest land in the Erhai rim region is still large.
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Table 1. Landscape pattern index 2000–2020 for the Erhai Rim Region.

Landcover
Class Year Number of

Plaques Area/hm2 Fragmentation Separation
Degree Dominance Disturbance

Degree
Vulnerable

Degree
Loss

Degree

Cultivated
land

2000 1968 66,301.02 0.0297 0.0861 0.5884 0.1584 0.2143 0.0339
2010 1997 67,958.01 0.0294 0.0857 0.5956 0.1595 0.2143 0.0342
2020 2229 69,641.37 0.0320 0.0895 0.6116 0.1652 0.2143 0.0354

Forest land
2000 17,076 112,227.03 0.1522 0.1950 0.9144 0.3175 0.0357 0.0113
2010 19,123 113,239.08 0.1689 0.2055 0.9902 0.3441 0.0357 0.0123
2020 16,962 109,728.54 0.1546 0.1966 0.9642 0.3291 0.0357 0.0118

Grassland
2000 14,998 47,316.78 0.3170 0.2815 0.5164 0.3462 0.1786 0.0618
2010 15,553 41,723.55 0.3728 0.3053 0.5339 0.3847 0.1786 0.0687
2020 14,618 39,954.87 0.3659 0.3024 0.5182 0.3773 0.1786 0.0674

Shrub land
2000 26,791 29,889 0.8963 0.4734 0.4519 0.6806 0.1429 0.0972
2010 28,122 30,961.17 0.9083 0.4765 0.5210 0.7013 0.1429 0.1002
2020 26,628 28,135.26 0.9464 0.4864 0.5008 0.7193 0.1429 0.1028

Wetland
2000 2 0.81 2.4691 0.7857 0.1766 1.5056 0.1071 0.1613
2010 13 71.82 0.1810 0.2127 0.0026 0.1548 0.1071 0.0166
2020 7 23.67 0.2957 0.2719 0.0017 0.2298 0.1071 0.0246

Water
bodies

2000 303 26,482.77 0.0114 0.0535 0.3483 0.0914 0.0714 0.0065
2010 214 26,208.72 0.0082 0.0452 0.2152 0.0607 0.0714 0.0043
2020 219 26,159.85 0.0084 0.0457 0.2166 0.0612 0.0714 0.0044

Artificial
surfaces

2000 810 13,189.95 0.0614 0.1239 0.2676 0.1214 0.2500 0.0303
2010 793 15,245.01 0.0520 0.1140 0.1744 0.0951 0.2500 0.0238
2020 1093 21,763.80 0.0502 0.1121 0.2462 0.1080 0.2500 0.0270

Table 2. Land-use type transfer matrix for the Erhai Rim 2000–2020.

Landcover
Class

Cultivated
Land

Forest
Land Grassland Shrub

Land Wetland Water
Bodies

Artificial
Surfaces

hm2

The 2000

Cultivated
land 53,218.80 1824.75 2640.69 752.31 11.70 216.09 6970.77 65,635.11

Forest land 2983.50 96,770.96 3960.18 6348.51 0 44.28 1136.16 111,243.59
Grassland 7513.83 3834.45 29,710.35 3658.41 2.97 20.25 2329.65 47,069.91
Shrub land 2426.31 6112.26 3282.12 17,057.07 0.45 35.01 832.50 29,745.72

Wetland 0.09 0 0 0 0 0.72 0 0.81
Water bodies 170.73 162.63 90 141.57 5.67 25,559.54 88.47 26,218.61

Artificial
surfaces 2593.98 75.87 117.45 58.86 2.88 24.21 10,174.59 13,047.84

2020 68,907.24 108,780.92 39,800.79 28,016.73 23.67 25,900.10 21,532.14 292,961.59

3.2. Analysis of Spatial and Temporal Variation Characteristics of Landscape Ecological Risk

In 2000, 2010, and 2020, the mean landscape ecological risk index values in the Erhai
rim region were 0.0448, 0.0453, and 0.0457, respectively, indicating a total upward trend.
This shows that with the advancement of urbanization and tourism, the ecological risk
in the Erhai rim has increased. Meanwhile, to compare the grade changes of landscape
ecological risk in the Erhai rim, the spatial distribution of landscape ecological risk in
2000, 2010, and 2020 was acquired via Kriging interpolation of the landscape risk index of
836 landscape ecological risk communities. To show and compare the changes in ecological
risk intuitively, we combined the natural breakpoint method and divided it into five risk
grades based on the values of 2010 (Figure 4): the lowest risk area (LERI < 0.024), lower
risk area (0.024 ≤ LERI ≤ 0.034), medium risk area (0.034 ≤ LERI ≤ 0.043), higher risk area
(0.043 ≤ LERI ≤ 0.051), and the highest risk area (LERI > 0.051).
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From the area share of ecological risk in each landscape (Table 3), from 2000 to 2020,
the overall ecological risk in the Erhai rim was high, with the area share of medium-risk and
higher-risk areas accounting for more than 60%, whereas the area share of low ecological
risk area was less than 10%. From the perspective of the area change at each landscape’s
ecological risk level, the higher-risk and highest-risk areas presented a gradual upward
trend. Among them, the higher-risk area increased the most, from 92,044.67 hm2 in 2000
to 105,638.47 hm2 in 2020, an increase of 13,593.8 hm2, and the proportional area ratio
also increased from 31.50% in 2000 to 36.11% in 2020, becoming the largest ecological risk
area in this region. However, the lowest-, lower-, and medium-risk areas tended to be
lower. Among them, the medium-risk areas experience the most significant decrease, by
5969.81 hm2. The area change in the landscape ecological risk level shows that the landscape
ecology in the Erhai rim region generally tends to deteriorate. In the future, in order to
prevent an increase in risk levels, more attention should be focused on the ecological
protection of areas with medium risk and above. From 2000 to 2020, the spatial distribution
of landscape ecological risk level in the Erhai rim region was comparatively stable and
formed a “multi-polar” distribution pattern in space. The distribution of ecological risks in
the landscape showed significant spatial heterogeneity. The landscape ecological risk in the
Haixi area was significantly lower than that in the Haidong area, and it was mainly in the
lowest- and lower-risk areas. From 2000 to 2020, the spatial distribution of the lowest-risk
areas in the Erhai rim region remained essentially unchanged, being mainly concentrated
in the waters of the Erhai Sea, the Cang Mountains on the western side of the Erhai Lake,
and the Jizu Mountain area on the northeastern side, and remained highly consistent with
the scope of the nature reserve. Within the study period, the west coast of Erhai Lake was
dominated by low- and medium-risk areas, and the lowest-risk areas were distributed in
a ring. However, with the development of tourism in Xizhou Town, land-use types have
changed greatly, the landscape pattern has become increasingly complex, and the ecological
risk areas have deteriorated, showing the transformation of the lowest- and lower-risk
areas to higher-level ecological risk areas. The townships in Eryuan County north of Erhai
Lake were mainly highest-risk areas, relatively highest-risk areas, and medium-risk areas,
and there existed little change between the ecological risk levels. The ecological risks on
the eastern and southern sides of Lake Erhai changed significantly. The highest-risk areas
on the eastern side of Erhai Lake are mainly were distributed in mountainous forest areas
with relatively fragmented landscapes. Although Dali Bai Autonomous Prefecture has
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increased its ecological protection and restoration efforts in recent years, they are affected
by karst landforms. The soil is barren, the survival rate of tree species is low, ecological
restoration is difficult, the landscape vulnerability index is high, and the ecosystem has
poor resistance to external interference. Therefore, the risk of ecosystem deterioration
increased, which is manifested by the transformation of the landscape ecological risk level
to a higher level, with the increase in ecological risk south of Erhai Lake mainly due to the
construction of innovative industrial parks. There have been significant conversions of
forest and agricultural land into artificial surfaces. High-intensity human activities make
landscape patches on the edge of artificial surface expansions more fragmented, leading
to an increase in high-risk areas. In contrast, in the courtyard office area of the innovation
industrial park on the south bank of Erhai Lake, due to stable land development, the space
is connected to a piece, the landscape patches are gradually aggregated and regular, and
the landscape fragmentation is reduced. This leads to a reduction in landscape loss; thus,
the landscape ecological risk value is reduced from the highest to a lower risk area. Despite
a number of ecological conservation initiatives having been conducted, high-intensity
economic activities and special geological features in the region have led to a continuous
reduction in forest land, shrubland, and grassland, a significant reduction in lake ecosystem
functions, and an increased risk of ecosystem deterioration.

Table 3. Ecological risk level of Erhai rim region in each period.

Types 2000 2010 2020

Lowest Risk
Area/hm2 27,613.96 27,613.95 22,165.54

Proportion/% 9.45 9.45 7.58

Lower Risk
Area/hm2 43,794.88 43,794.90 39,047.11

Proportion/% 14.99 14.99 13.35

Medium Risk
Area/hm2 93,532.15 93,532.13 87,562.34

Proportion/% 32.01 32.01 29.93

Higher Risk Area/hm2 92,044.67 92,044.69 105,638.47
Proportion/% 31.50 31.50 36.11

Highest Risk Area/hm2 35,255.70 35,255.70 38,155.50
Proportion/% 12.06 12.06 13.04

3.3. Impact Analysis of Forest Land Change on Landscape Ecological Risk Based on MGWR Model

Forest land, the most obvious type of land use in Erhai rim region, has the largest
area and is crucial as an ecological barrier. Its change may threaten regional ecological
security. From 2000 to 2020, the main forms of forest land change in the Erhai Lake area
were forest land expansion and shrinkage, and the intensity index can better characterize
the degree and speed of forest land change; therefore, this study will explore the impact of
forest land expansion intensity and shrinkage contraction intensity on landscape ecological
risk and offer a scientific foundation for the future development of differentiated forest
land protection strategies in the Erhai Lake area of China.

3.3.1. Effects of Forest Land Expansion Intensity on Landscape Ecological Risk

(1) Spatial correlation between forest land expansion intensity and landscape ecological risk

This study used the Geoda spatial analysis tool and the k-nearest neighbor spatial
weight matrix. Taking the land expansion intensity index as the first variable and the
landscape ecological risk value as the second variable, the bivariate global spatial autocor-
relation Moran’s I index of forest land expansion intensity and landscape ecological risk in
the Erhai rim region from 2000 to 2010 and 2010 to 2020 were 0.053 and−0.053, respectively,
and significant at the 0.005 level. There existed an obvious positive spatial correlation
between forest land expansion intensity and landscape ecological risk in 2000–2010, and
the increase in forest land expansion intensity would aggravate the increase in landscape
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ecological risk; nevertheless, there existed a significant negative spatial relationship be-
tween forest land expansion intensity and landscape ecological risk in the study area in
2010–2020. The spatially significant negative correlation between the intensity of forest
land expansion and landscape ecological risk in the study area from 2010 to 2020 was sig-
nificant, and the increase in forest land expansion intensity did not aggravate the increase
in landscape ecological risk in this period. The bivariate global spatial autocorrelation
test suggests that there is a significant spatial dependence effect between forest land ex-
pansion intensity and landscape ecological risk. Consistent with the results, there was an
obvious space-dependent effect between forest land expansion intensity and landscape
ecological risk.

We used the Geoda spatial analysis tool to draw a bivariate local index of a spatial
autocorrelation (LISA) cluster diagram with the purpose of further exploring the local
spatial correlation features of the impact of forest land changes on landscape ecological risk
in the Erhai rim region (Figure 5). From 2000 to 2010, the effect of forest land expansion
intensity on landscape ecological risk in the Erhai rim region was mainly low forest land
expansion intensity–low landscape ecological risk area in local spatial agglomeration
mainly distributed on the west and east coasts of Erhai Lake, around the towns of Cuose
and Haidong and southeast of Fengyi Town. From 2010 to 2020, the impact of forest land
expansion intensity on landscape ecological risk was mostly based on low forest land
expansion intensity–low landscape ecological risk areas and high forest land expansion
intensity–low landscape ecological risk areas. The low forest land expansion intensity–low
landscape ecological risk area is mostly concentrated in Xizhou Town, Dali Town, Xiaguan
Town, and Shuanglang Town on the east coast of Erhai Lake. The high forest land expansion
intensity–low landscape ecological risk areas are distributed in Shuanglang Town, Yinqiao
Town, Dali Town, and Xiaguan Town.
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(2) Spatial heterogeneity of the effect of forest land expansion intensity on landscape
ecological risk

In the current work, the forest land expansion intensity index was used as the explana-
tory variable, and the landscape ecological risk value was the dependent variable (Figure 6).
The MGWR model was adopted for analyzing the two variables. From the perspective
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of time scale, from 2000 to 2010, the regression coefficient of the impact of forest land ex-
pansion intensity on landscape ecological risk in the Erhai rim region was mainly positive,
and the positive area accounted for 75.40%; that is, the forest land expansion intensity and
the number of forest land landscape patches increased, the landscape fragmentation was
large, and the landscape ecological risk value continued to increase. During the period
from 2010 to 2020, all the regression coefficients of the influence of forest land expansion
intensity on landscape ecological risk in the Erhai rim region were negative; that is, the
increase in forest land expansion intensity causes the forest land to present a concentrated
and contiguous distribution, which will not aggravate the increase in landscape ecological
risk but will promote the reduction in landscape ecological risk. In line with the aspect
of spatial distribution, the spatial differences in the impact of forest land expansion on
landscape ecological risk were large. During the period from 2000 to 2010, the wider area
of the Erhai Rim was positive and the smaller area was negative. The high-value areas are
mostly concentrated in Xizhou, Wanqiao, and Yinqiao Towns on the west bank of Erhai
Lake, and in Xiaguan and Fengyi Towns on the south bank. The expansion of forest land in
these areas was mainly due to cultivated land and artificial surfaces. The intensity of forest
land expansion was large, the distribution of forest land changed from concentration to
dispersion, and the degree of landscape fragmentation and separation and the landscape
ecological risk increased. The low value area is distributed in Shangguan, Shuanglang, and
Wase Towns northeast of Erhai Lake. Forest land expansion was mostly in areas where the
distribution of forest land and grassland was relatively concentrated. It is mainly due to the
optimization and adjustment of land-use types within the forest land. The intensity of forest
land expansion hs increased, the area of forest land increased significantly, fragmentation
and separation within forest land decreased, and the landscape ecological risk decreased
accordingly. From 2010 to 2020, the impact of forest land expansion intensity on landscape
ecological risk in the Erhai rim region was negative, and the difference between regression
coefficients was small, indicating that forest land expansion stabilized during this period
and had little impact on landscape ecological risk. Meanwhile, the regression coefficient of
the impact of forest land expansion on landscape ecological risk was shown to be high in the
southwest and low in the northeast and was distributed in the northwest–southeast band.
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3.3.2. Effects of Forest Land Shrinkage on Landscape Ecological Risk

(1) Spatial correlation between forest land shrinkage intensity and landscape ecological risk

Similarly, the forest land shrinkage intensity index was used as the first variable, and
the landscape ecological risk value was the second variable. The Geoda spatial analysis tool
was employed to analyze the bivariate global spatial autocorrelation Moran’s I index of
the effect of forest land shrinkage intensity on landscape ecological risk, −0.048 and 0.059,
respectively, and was of significance at the 0.005 level. There existed an obvious negative
spatial correlation between forest land shrinkage intensity and landscape ecological risk in
the study area from 2000 to 2010, indicating that forest land shrinkage intensity increased
and landscape ecological risk decreased. From 2010 to 2020, there was a significant positive
spatial correlation between forest land shrinkage intensity and landscape ecological risk in
the Erhai rim region, and an elevation in the forest land shrinkage intensity aggravated the
increase in landscape ecological risk. Based on the obtained results, there was a significant
spatial relationship between the intensity of forest land shrinkage and landscape ecological
risk regarding spatial dependence.

From the bivariate local spatial autocorrelation LISA clustering map of the effect of
forest land shrinkage intensity on landscape ecological risk (Figure 7), from 2000 to 2010 and
2010 to 2020, the impact was mainly in low forest land shrinkage intensity–low landscape
ecological risk areas in the local spatial agglomeration. From 2000 to 2010, the low forest
land shrinkage intensity–low landscape ecological risk areas were mostly distributed in
nature reserves with higher altitude and better forest coverage, namely the Cangshan
Mountain on the west coast of Erhai Lake and the Jizu Mountain in Shuanglang Town on
the northeast shore of Erhai Lake. In addition, from 2010 to 2020, the area of low forest land
shrinkage intensity–low landscape ecological risk increased obviously and was mainly
distributed in the Cangshan Mountains and flat urban areas on the west shore of Erhai Lake,
with a small-scale distribution on the east coast of Erhai Lake and south of Fengyi Town.
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(2) Spatial heterogeneity of the impact of forest land shrinkage intensity on landscape
ecological risk

The forest land shrinkage intensity index was used as the explanatory variable to
further investigate the spatial heterogeneity of the impact of forest land shrinkage intensity
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on landscape ecological risk, and the landscape ecological risk value was the dependent
variable (Figure 8). The MGWR model was used for the regression analysis. From the
aspect of time scale, from 2000 to 2020, the regression coefficient of the impact of forest
land shrinkage intensity on landscape ecological risk in the Erhai rim region was mainly
positive, and the regression coefficient rose from 0.20 to 0.42. The positive impact of
forest land shrinkage intensity on landscape ecological risk was even more significant.
However, from the perspective of spatial distribution, the effect of forest land shrinkage
intensity on landscape ecological risk showed significant spatial differences. From 2000 to
2010, except for some negative grids in Xizhou, Fengyu, Cibihu, and Xiaguan Towns and
Niujie Township, all regions were positive. The land-use types in the low-value areas were
mainly forest land and grassland, and most of the forest land was converted to grassland.
Grasslands increased over a large area, the fragmentation of landscape patches decreased,
and the landscape ecological risk was low. The high-value area is primarily distributed
northeast of Shuanglang Town. Forest land shrinkage in this area was mainly concentrated
at the edge of the junction between cultivated and forest land. Forest land is occupied by
cultivated land; the landscape fragmentation and degree of interference are large, and the
landscape ecological risk is high. From 2010 to 2020, the range and depth of the impact
of forest land shrinkage intensity on landscape ecological risk in the Erhai rim region
increased, and the spatial differences were more complex. The high-value areas were
mainly distributed in the towns of Xizhou, Wanqiao, Yinqiao, and Xiaguan and southwest
of Fengyi and Cibihu on the western shore of Erhai Lake. The high-value distribution areas
are mostly at the edge of the junction of forest land and other land-use types. The degree
of landscape fragmentation and separation is high, and the shrinkage of forest land can
lead to an increase in the landscape ecological risk in this area. The low-value areas were
mostly located in the marginal areas of the eastern part of the study area. These areas
had smaller forest land shrinkage and higher landscape ecological risk, indicating that the
higher landscape ecological risk in these areas may have been caused by other factors.
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4. Discussion

As one of the three major forest regions in China and one of the key areas of the eco-
logical security barrier in Southwest China, the Erhai rim region is abundant in ecological
resources. However, with the development of urbanization and tourism, cultivated land
and artificial surfaces occupy a large amount of ecological space. The area of ecological
lands, such as forest land, grassland, shrub land, and water bodies, is decreasing, posing a
threat to the security of the regional ecological environment. As the most important land-
use type in the Erhai rim region, forest land plays a critical part in maintaining regional
ecological functions, including water and soil conservation, water quality improvement,
habitat maintenance, and other ecological functions. However, its changes were influenced
by natural factors and human activities, which has a great effect on the landscape pattern
and landscape ecological risk of Erhai rim region.

(1) The construction of an ecological civilization in the Erhai rim has achieved remarkable
results, and government policies and economic development have had a profound
impact on forest land changes. The years 2000, 2010, and 2020 are important time
points for the implementation of China’s natural forest resource protection project,
and forest land change in the Erhai rim region also shows important characteristics at
these stages. From 2000 to 2010, due to the effective implementation of the first phase
of the National Natural Forest Resources Protection Project and the policy of returning
cultivated land to forest land, the area of forest land in the Erhai rim increased from
112,227.03 hm2 in 2000 to 113,239.08 hm2 in 2010, showing an expansion in forest land
change. From 2010 to 2020, despite the implementation of the second phase of the
Natural Forest Resource Protection Project, construction projects such as the central
city of western Yunnan, mountainous city of Haidong, Dali Expressway, railway, and
innovative industrial park were launched because of the acceleration of urbanization.
The forest land on the low mountainous gentle slope and the suburban area was
required for urban and industrial construction land, and the area occupied ecological
land such as forest land, grassland, shrubland, and water bodies was significantly
reduced. Most of it was converted to artificial surfaces and cultivated land closely
related to human activities. During the period from 2000 to 2020, the spatial distri-
bution of forest land changes in the Erhai rim region varied. The expansion of forest
land mainly occurred in Fengyu Town, north of Erhai Lake. Large-scale planting
of walnut trees had a vital impact on the stability and increase in forest land. The
shrinkage of forest land was mainly in the construction area of Haidong Mountain
City and an innovative industrial park, in line with the economic development of the
Erhai rim region. The change in forest land area in the Cangshan National Nature
Reserve on the western shore of Erhai Lake was not obvious due to the protection of
the ecological environment in the Erhai rim region that guaranteed the protection of
forest land and improvement of ecological environment quality.

(2) The landscape ecological risk in the Erhai rim region deteriorated overall but partially
improved. The landscape ecological risk value in the Erhai rim region presented a
gradual upward trend, and the ecological risk level in the region was mainly due to
medium- and higher-risk areas. Clearly, the areas of higher and highest risk increased,
whereas the lowest- areas, lower- areas, and medium-risk areas decreased. There
existed significant spatial heterogeneity in the distribution of ecological risk levels.
The ecological risk levels in the Haixi area were mainly the lowest- and lower-risk
areas and the total ecological risk was significantly lower than that in the Haidong area.
The lowest-risk areas were mostly concentrated in nature reserves such as Erhai Lake,
Cangshan Mountain, and Jizu Mountain, where the landscape pattern was relatively
smooth, whereas the highest-risk and higher-risk areas were mostly distributed in the
northern, eastern, and southern parts of Erhai Lake. The landscape patterns of these
areas were complex; in most of them, the landscape patches of forest land, grassland,
and shrubland were staggered, and land-use changes were the most frequent and
significant. Landscape patches exhibited high fragmentation, high separation, and
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poor connectivity. The interaction between different landscapes was blocked, resulting
in high landscape ecological risk. In some areas, the ecological environment has
exhibited a positive development trend. The Patio Office of the Innovative Industrial
Park on the southern shore of Erhai Lake has a stable artificial surface development;
landscape patches were spatially connected, landscape fragmentation decreased, and
the ecological risk level changed from high to low.

(3) Forest land changes in the Erhai rim region profoundly affect the ecological risk in
the region. The bivariate global spatial autocorrelation Moran’s I index of forest
land change and landscape ecological risk showed a significant positive correlation
between forest land expansion and landscape ecological risk, which gradually became
negative over time. The correlation between forest land shrinkage and landscape
ecological risk was the opposite and gradually changed from negative to positive.
High forest land expansion intensity–low landscape ecological risk areas and low
forest contraction intensity–low landscape ecological risk areas indicate that ecological
protection measures in the Erhai rim region are effective. Areas with low forest land
expansion intensity and high landscape ecological risk, and high forest contraction
intensity and high landscape ecological risk need to focus on forest land change dy-
namics to strengthen ecological restoration in the future. The driving mechanisms of
landscape ecological risk changes caused by high forest land expansion intensity, high
landscape ecological risk areas, high forest contraction intensity, low landscape ecolog-
ical risk areas, and low forest contraction intensity and high landscape ecological risk
areas deserve further exploration. From 2000 to 2020, the impact of forest land change
on landscape ecological risk in the Erhai rim region was spatially heterogeneous.
Reasonable forest land expansion can effectively alleviate the increase in landscape
ecological risk and is closely related to the expansion of forest land. Forest land
expansion has gradually shifted from fragmentation to concentration, and its impact
on landscape ecological risk has gradually changed from positive to negative. The
negative area spread from the northeast and north of Erhai Lake to the entire study
area. The shrinkage of forest land aggravates the increase in landscape ecological risk,
the positive impact of forest land shrinkage on landscape ecological risk is becoming
increasingly significant, and the positive area is expanding. Therefore, in order to
increase the area of forest land and lower the regional eco-logical risk, the Erhai rim
region should highlight the development strategy of forest land with ecological prior-
ity, pay attention to the formulation of forest land protection and utilization planning,
strive to deal with the conflicts between forest land resources, urban construction
and agricultural production, etc., and promote intensive forest land expansion on
the basis of keeping the “red line” of forest land. In addition, researchers should
also pay attention to the selection of tree species in the karst landscape of the eastern
coast of the Erhai Sea to improve the survival rate of trees and forest coverage in the
region, thus promoting the high-quality development path of the Erhai rim region
with ecological priority and green development as the guides.

The present study investigated the spatial heterogeneity of the impact of forest land
change on landscape ecological risk in the Erhai rim region, and these results are highly
reliable and provide significant guidance for forest land protection in the Erhai rim region.
However, deficiencies remain in the research process and are subject to improvement.

(1) With regard to the setting of the research scale, a variety of scales can be used for
comparative research in the future to explore the correlation and influence between
different variables at different scales, to enhance the accuracy of ecological protection
planning, and scientifically coordinate the correlation between ecological protection
and economic development.

(2) Regarding the construction of the landscape ecological risk model, the present study
only considered the area weights of each landscape from the aspect of land use without
considering the influence of other ecological factors, thus reducing the ecological

138



Forests 2023, 14, 1427

meaning of representation of landscape ecological risk; future research needs to be
further supplemented and improved.

(3) This study only discussed the influence of forest land change intensity on landscape
ecological risk and did not consider the influence of other forest land change indices
on landscape ecological risk. At the same time, research on impact models needs to
be further explored, and a better impact model needs to be developed to investigate
the impact of forest land change on landscape ecological risk.

5. Conclusions

In accordance with the land-use data of the Erhai rim region from 2000 to 2020, the
present study analyzed the change in forest land in the region from 2000 to 2020, evaluated
and analyzed the landscape ecological risk with a landscape ecological risk model, bivariate
spatial autocorrelation, and an MGWR regression model. The degree of influence of forest
land change intensity on landscape ecological risk in the Erhai rim region was discussed.
The key conclusions are as follows:

(1) Forest land is the main land-use type in the Erhai rim region and is mostly distributed
in the periphery of the study area with less human activity and cross-distribution
with grassland and shrubland. From 2000 to 2020, the area of forest land decreased by
2498.49 hm2, with significant spatial and temporal heterogeneity. From 2000 to 2010,
the change in forest land in the study area was dominated by expansion, which mostly
occurred in Fengyu Town in the northern Erhai Lake. From 2010 to 2020, the demand
for urban construction land increased, forest land shrank significantly, and most lands
were converted into cultivated and construction land. The most evident shrinkage
occurred in the relatively flat areas on the east and south shores of Erhai Lake.

(2) During the period from 2000 to 2020, the overall landscape ecological risk in the
Erhai rim region presented an upward trend. The landscape ecological risk levels
in the region were mostly medium- and high-risk areas. The landscape ecological
risk levels showed a “multi-polar” distribution pattern, and the changes in higher-
risk and highest-risk areas increased, while the lowest-, lower-, and medium-risk
areas decreased.

(3) From 2000 to 2020, forest land changes made an obvious impact on landscape eco-
logical risk. The influence of forest land expansion intensity on landscape ecological
risk gradually changed from positive to negative. The high-value areas were mostly
distributed on the west and south shores of Erhai Lake, whereas the low-value areas
were mainly concentrated on the east and north shores of Erhai Lake. The effect of
forest land shrinkage intensity on landscape ecological risk is positive and significant.
Local small-scale areas have negative effects. The high-value areas changed from the
northeast of Shuanglang Town and Fengyi Town on the south shore of Erhai Lake to
the north and south of the study area and the west coast of Erhai Lake.
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Abbreviation

LERI: landscape ecological risk; MGWR, multi-scale geographically weighted regres-
sion; GWR, geographically weighted regression.
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Abstract: The Qilian Mountains (QLM) are an essential ecological security barrier in northwest
China. Identifying the driven pattern of vegetation change is crucial for ecological protection and
restoration in the QLM. Based on high-resolution vegetation coverage (VC) data in the QLM from
1990 to 2018, linear trend analysis was employed to examine the spatiotemporal dynamics of VC in
the QLM, while correlation analysis was utilized to establish relationships between VC change and
environmental factors. Multiple correlation analysis and residual analysis were adopted to recognize
the climatically and anthropogenically driven pattern of VC change. The results showed that VC
in the QLM presented a remarkable upward trend in volatility from 1990 to 2018. The significant
increase areas accounted for 59.32% of the total, mainly distributed in the central and western QLM,
and the significant decrease areas accounted for 9.18%, mostly located in the middle and eastern QLM.
VC change showed a significant positive correlation with precipitation change and annual average
temperature, while it exhibited a significant negative correlation with annual average precipitation,
current VC status, livestock density, and slope. Climate change played a leading role in the increase
of VC, and the impact of precipitation was significantly higher than that of temperature. Affected
by climate change, the VC of alpine steppes and temperate steppes increased the most. Under the
human interference, VC decreased significantly in 9.2% of the region, of which shrubs fell the most,
followed by alpine meadows and forests. This study can provide certain guidance for local ecological
protection and restoration efforts.

Keywords: vegetation coverage; climate change; human activities; vegetation degradation; Qinghai–
Tibetan Plateau

1. Introduction

As a natural link between soil, atmosphere, and water, vegetation plays an important
role in terrestrial ecosystems by regulating carbon cycling and energy exchange [1,2].
Vegetation coverage (VC) can reflect the regional comprehensive characteristics of climate,
topography and human activities, and is easily affected by climatic and anthropogenic
factors [3,4]. Therefore, it is an important indicator for monitoring the impact of climate
change and human activities on ecosystems [5,6], and it has been widely used in large-scale
ecological environment change monitoring and assessment [7–9].

In terms of identifying VC change, researchers mostly adopt linear regression trend
analysis [10–14], and a few adopt the ordinary least squares method [15]. At present the,
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GeoDetector model is one of the most commonly used methods to detect the drivers of veg-
etation change and has received extensive attention from researchers [16–18]. GeoDetector
has many advantages, including the ability to analyze both numerical and qualitative data,
as well as to identify the interaction between two driving factors [10,19,20]. However, it can
only analyze the influence intensity of driving factors statistically and is unable to display
the spatial heterogeneity of driving factors’ influence on a map [12,21]. Hence, studies have
usually adopted correlation analysis (or partial correlation analysis) to spatially clarify the
driving effect of climate variables on vegetation change [11,13]. In addition, the geographic
weighted regression model is also frequently used to spatially identify the comprehen-
sive driving effects of multiple factors [15,22]. As for human factors, residual analysis is
often adopted to spatially identify the influences of human intervention on vegetation
change [14,23].

Among the climatic factors, temperature and precipitation are the most important [15,24,25].
The effects of climatic factors on VC change differ spatially, and precipitation dominates in
arid and semi-arid regions, while temperature dominates in humid southern regions [26].
For the Qinghai–Tibet Plateau (QTP), precipitation plays a decisive role in VC change in the
Three River Source Region, Heihe River Basin, and Yarlung Zangbo River Basin [10,21,27].
However, studies also show that annual mean temperature is the dominant factor driving
VC change in the northeastern Tibetan Plateau [12,28]. In addition to precipitation and
temperature, solar radiation and wind speed are also important driving factors affecting
vegetation change [29]. Moreover, elevation and soil type were found to be the main factors
affecting VC in the Qilian Mountains (QLM) [17,30]. For elevation gradient, VC in the QLM
increased first and then decreased with the increase of altitude [30]. From the long-term
change, VC showed an increasing trend at low altitudes (below 3200 m) and gentle slopes
(below 15◦), and a decreasing trend at high altitudes (above 3700 m) and steep slopes
(above 25◦) [31]. For soil type, black felt soil has abundant humus, which can provide
rich nutrients for vegetation [17]. Human activities also have a significant impact on VC
change, especially in the semi-humid region of China [19]. Land use change is a dominant
factor, especially in semi-humid, semi-arid, and arid areas [21,32]. In addition, GDP and
population density also have a certain impact [10].

Within the QTP, climate change in the QLM is more significant, and the vegetation
is more susceptible to climate change as well [12,33]. Since the 1980s, VC in the QLM has
shown an overall improvement trend, with significant increases in the central and western
regions and partial degradations in the central and eastern regions [34–37]. However,
due to different analysis periods, there are significant differences in the degraded areas
identified by several studies. In addition, studies further analyzed the correlation between
vegetation change and climate change in the QLM and found that precipitation was the
main factor leading to vegetation change, followed by temperature [34–37]. Moreover,
the correlation between VC and temperature in winter and spring was the highest, and
the correlation between VC and precipitation in summer was the highest in the previous
period [35].

Climate change has promoted VC increase in the QLM on a large scale. However,
due to the impacts of human activities such as overgrazing, mining, and hydropower
development, vegetation degradation and land desertification in local areas of the QLM
were prominent in recent decades [38,39], thus affecting the overall role of the ecological
security barrier [40]. To control the degraded lands and restore regional ecological functions,
the local government has implemented a series of ecological protection and restoration
projects in the QLM, such as a grazing-forbidding project, a grassland–livestock balance
project, and a grassland ecological award and compensation project [41,42]. These projects
reduced livestock numbers to a certain extent, increased the construction of ecological
engineering projects including fences and artificial grasslands, and promoted vegetation
restoration [43]. However, the climatically and anthropogenically driven patterns of VC
change in this region are not yet clear. Therefore, we aim to clarify the temporal and spatial
characteristics of VC change in the QLM and recognize its main natural and anthropogenic
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influencing factors. Further, we will identify the VC change zones driven by climate change
and human activities, as well as the VC change types under different vegetation types.
This study has a certain guiding significance for targeted implementation of ecological
protection and restoration measures in the QLM.

2. Materials and Methods
2.1. Study Area

The QLM (93◦30′–103◦00′ E, 35◦43′–39◦36′ N) is located at the northeast edge of the
Qinghai–Tibet Plateau, with a total area of about 193,300 km2. It is the source of Heihe River,
Datong River, Huangshui River, Shule River, and Shiyang River (Figure 1a). The QLM
is high in the central and northwest and low in the southeast, and most of the areas are
about 3500–5000 m above sea level (Figure 1a). The QLM has a typical continental climate:
the eastern part is warm and humid, having a continental semi-arid alpine grassland
climate, and the western part is cold and dry, with a continental arid desert climate [44].
The main vegetation types included alpine meadow, alpine steppe, temperate steppe,
temperate desert, alpine desert, and shrub, in addition to small areas of coniferous forest,
broad-leaved forest, and cropland (Figure 1b). Based on previous studies [45,46], we
obtained the characteristics of different vegetation types and their dominant plant species:
the main tree species for forests are Simon poplar (Populus simonii Carr.), white birch
(Betula platyphylla Suk), aspen (Populus davidiana Dode), Qinghai spruce (Picea crassifolia),
Chinese pine (Pinus tabuliformis), and Qilian juniper (Juniperus przewalskii Kom.); shrubs
are led by cold-tolerant shrubs, including salix gilashanica, caragana jubata, bush cinqefoil
(Potentilla fruticosa L.), and sea buckthorn (Hippophae rhamnoides L.); as a good summer
pasture, alpine meadow develops under moderate moisture conditions and is dominated
by perennial mesophytes (such as Kobresia); alpine steppe is mainly composed of cold- and
drought-resistant perennial herbs (such as Carex) and cushion plants; temperate steppe
is dominated by herbs suitable for warm and arid climates (such as Stipa); alpine desert
is largely composed of cold and xerophytic shrubs, accompanied by a certain number of
cushion herbaceous plants; and temperate desert is dominated by xerophytic tufted grasses
and shrubs. The hydrothermal regime in the QLM varies greatly, with an annual mean
precipitation of 67–758 mm and annual mean temperature of −16.3–6 ◦C (Figure 1c,d).
Affected by climatic conditions, VC in the QLM shows a significant downward trend from
east to west (Figure 1e). Similarly, the population is concentrated in the lower elevations of
the eastern QLM (Figure 1f).

2.2. Data Sources

Monthly and annual meteorological data from 1990 to 2018 were obtained from
the National Tibetan Plateau Data Center (TPDC, https://data.tpdc.ac.cn (accessed on
8 May 2022)), including temperature and precipitation, with a spatial resolution of 1 km.
These data were generated from the global high-resolution climate dataset published by
WorldClim through the Delta spatial downscaling scheme [47]. VC data of seven periods
(1990, 1995, 2000, 2005, 2010, 2015, and 2018) at 30 m spatial resolution were provided
by the TPDC (accessed on 8 March 2020). Annual VC data at 1 km spatial resolution
from 1990 to 2018 were derived from the Resource and Environmental Science and Data
Center (RESDC, https://www.resdc.cn (accessed on 19 April 2022)). Vegetation type data
with a 1 km spatial resolution and rural settlement shape files were obtained from the
RESDC (accessed on 24 October 2020). A digital elevation model (DEM) product with a
spatial resolution of 30 m was provided by Qi et al. [48] (accessed on 4 July 2021). Road
networks data were obtained from the TPDC (accessed on 15 September 2021) and derived
from a 1:100,000 ADC_WorldMap (2014), including major highways, roads, and railways.
Grazing intensity data in 2010 with a 1 km spatial resolution were acquired from the Food
and Agriculture Organization of the United Nations (http://www.fao.org/geonetwork/
srv/en/main.home (accessed on 19 May 2020)). Population density data in 2015 at 1 km
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resolution were obtained from the Chinese population spatial distribution dataset provided
by the RESDC (accessed on 4 July 2021).
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2.3. Research Methods
2.3.1. Change Trends of VC, Temperature and Precipitation

Based on the seven-period, 30 m resolution VC data, excluding cultivated land and
non-vegetated areas such as desert and water bodies, we identified the high-resolution
spatial pattern of vegetation change in the QLM. The change trends of VC, temperature,
and precipitation at a grid scale over the QLM were analyzed by using linear regression
trend analysis. After the data were preprocessed, trend analysis and significance testing
of each factor were conducted via MATLAB (R2019b). The main calculation formula is as
follows [49]:

S =
n×∑n

i=1 i× Xi − (∑n
i=1 i)× (∑n

i=1 Xi)

n×∑n
i=1 i2 − (∑n

i=1 i)2 (1)

where S is the change rate of VC, temperature, and precipitation; n is the number of years.
A positive value indicates an overall upward trend, while a negative value indicates an
overall downward trend.
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Further, based on the boundary data of the QLM, we extracted the average values
of 1 km resolution annual VC, temperature, and precipitation year by year in ArcGIS.
Then, we used the extracted data to create line plots and obtained the change trends of VC,
temperature, and precipitation in time series from 1990 to 2018.

2.3.2. Correlation Analysis between VC Change and Climate Change

Pearson correlation analysis was used to determine the correlations between VC
change and temperature and precipitation change. The main calculation methods are
as follows:

R =
∑n

i=1(Xi − X)
(
Yi −Y

)
√

∑n
i=1
(
Xi − X

)2 ∗∑n
i=1
(
Yi −Y

)2
(2)

where R is the correlation coefficient; n is total research years; Xi is VC of the year i; Yi is
temperature and precipitation of the year i; and X is the mean VC from 1990 to 2018. Y
is the average temperature or precipitation from 1990 to 2018. When R > 0, each factor is
positively correlated, when R < 0, each factor is negatively correlated, and the correlation
increases as the R value approaches 1 or −1.

Partial correlation analysis can reveal the impact intensity of one factor on another
while other factors remain unchanged [11,13]. Multiple correlation analysis can analyze
the correlation between two or more factors and a certain factor, so as to identify the
comprehensive influences of multiple factors on this factor [50]. In this study, partial
correlation and multiple correlation analysis of VC, temperature, and precipitation were
carried out to identify the dominant areas of VC change affected by different climatic
factors in the QLM. The calculation formulas of the partial correlation analysis and t-test are
as follows:

Rxy,z =
Rxy − RxzRyz√

(1− R2
xz) ∗ (1− R2

yz)
(3)

t =
Rxy,z ∗

√
n−m− 1√

1− R2
xy,z

(4)

where Rxy,z is the partial correlation coefficient between the dependent variable x and the
independent variable y when the independent variable z remains constant; Rxy, Rxz, and
Ryz are correlation coefficients between factors x, y, and z; n is sample size; and m is the
degree of freedom.

The calculation formulas of the multiple correlation analysis and F-test are as follows:

Rx,yz =
√

1− (1− R2
xy) ∗ (1− R2

xz,y) (5)

F =
R2

x,yz

1− R2
x,yz

n−m− 1
m

(6)

where Rx,yz is the multiple correlation coefficient between the dependent variable x and the
independent variables y and z; n is sample size; and m is the degree of freedom.

2.3.3. Identification of Climate-Driven Zones

With reference to previous research [51], we formulated the zoning criteria for driv-
ing factors of VC change in the QLM (Table 1). The climate-driven types include the
temperature-driven zone, precipitation-driven zone, temperature and precipitation co-
driven zone, and non-climate-driven zone.
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Table 1. Zoning criteria for driving factors of VC change.

VC Change Types
Zoning Criteria

Rxy,z Rxz,y Rx,yz

Temperature-driven type t ≥ t0.05 F ≥ F0.05
Precipitation-driven type t ≥ t0.05 F ≥ F0.05

Co-driven type t ≤ t0.05 t ≤ t0.05 F ≥ F0.05
Non-climate driven type F ≤ F0.05

Note: Rxy,z and Rxz,y represent partial correlation coefficients between VC and temperature and precipitation,
respectively; Rx,yz represents the multiple correlation coefficient between VC and climatic factors; t and F represent
the statistical values of the t-test and F-test, respectively; 0.05 is the significance level.

2.3.4. Residual Analysis of VC Change

Residual analysis is a quantitative analysis method to analyze the impact of hu-
man activities on VC change [52] and is widely used in large-scale vegetation change
analysis [53,54]. Based on temperature and precipitation data, multivariate linear regres-
sion was performed to fit the predicted VC, that is, the expected VC only under the influence
of climatic factors. The effect of anthropogenic factors on vegetation can be obtained by sub-
tracting the real VC value from the predicted value. The calculation formula is as follows:

VCpredicted = a × T + b × P + c (7)

ε = VCreal − VCpredicted (8)

where VCpredicted and VCreal are the predicted VC value based on regression models and
the observed VC value based on VC data with a resolution of 30 m, respectively; T and P
are temperature and precipitation, respectively; a, b, and c are model parameters; and ε is
the residual, that is, the impacts of human activities on VC. When ε > 0, human activities
promote the increase of VC, and when ε < 0, human activities cause the decrease of VC. The
greater the absolute value, the stronger the influences of human activities on vegetation.

3. Results
3.1. Change Features of VC

From 1990 to 2018, VC in most areas of the QLM showed an increasing trend, with
47.05% and 12.27% of the areas significantly and extremely significantly increasing in VC,
respectively (Figure 2a). At the same time, VC decreased in local areas, with 7.54% and
1.64% of the areas significantly and extremely significantly decreasing in VC, respectively.
For the spatial distribution, areas with significant increase in VC were mainly distributed
in the western QLM with weak human disturbances, mainly involving the Shule River
Basin, Qinghai Lake Basin and the eastern and western sections of Qaidam Basin. Areas
where VC decreased remarkably were mostly located in the central and eastern QLM with
high human activity intensity, mainly involving the Heihe River Basin, Datong River Basin,
Huangshui River Basin, Shiyang River Basin, and Qinghai Lake Basin. In terms of time
dynamics, VC in the QLM showed a significant fluctuating upward trend from 1990 to
2018, with an average annual growth rate of about 0.55% (Figure 2b).

Furthermore, we extracted the mean VC change rate under different vegetation types
(Figure 2c). The results showed that the change rates of alpine and temperate grasslands
were positive, with values of 0.97% and 0.47%, respectively. On the contrary, the VC of
forests, shrubs, and alpine meadows showed a decreasing trend, with shrubs showing the
largest change (−0.18%), followed by alpine meadows (−0.15%), and forests (−0.06%).
Hence, VC increase in the QLM was mainly dominated by alpine grassland and temper-
ate grassland, and forests, shrubs and alpine meadows degraded to some extent under
human interference.
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We extracted the VC change rate and various environmental variables and then
conducted Pearson correlation analysis to recognize the main influencing factors of VC
change. The results showed that VC change was significantly negatively correlated with
elevation, slope, livestock density, current VC status, annual mean precipitation, and
precipitation change rate, while it was significantly positively correlated with annual mean
temperature, distance from roads, and distance from rural settlements (Table 2). Among
them, the correlation between VC change rate and annual mean precipitation was the
highest (−0.583), followed by VC, livestock density, precipitation change rate, annual mean
temperature, slope, distance from roads, distance from rural settlements, elevation, and
temperature change rate. Therefore, areas with significant vegetation degradation tend to
be distributed in areas with good ecological environments (high precipitation and VC, and
obvious precipitation increase) and high human activity intensity (high livestock density
and close to rural settlements and roads).
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Table 2. Correlation between VC change and environmental factors.

Environmental
Factors Elevation Slope Distance from

Rural Settlements
Distance from

Roads Livestock Density

Correlation
coefficient −0.022 * −0.167 ** 0.064 * 0.079 * −0.265 **

Environmental
Factors

Current Vegetation
Coverage Status

Annual Mean
Temperature

Annual Mean
Precipitation

Temperature
Change Rate

Precipitation
Change Rate

Correlation
coefficient −0.327 ** 0.175 ** −0.583 ** −0.013 −0.257 **

Note: * represents p < 0.05, ** represents p < 0.01.

3.2. The Impact of Climate Change on VC Change

From 1990 to 2018, temperature and precipitation showed a significant increase trend,
with average annual increases of about 0.027 ◦C (Figure 3a) and 2.38 mm (Figure 3b),
respectively. Regarding the spatial pattern, the regions with obvious temperature and
precipitation increases were mainly located in the northwest QLM (Figure 3a) and the
high-altitude area in the central QLM (Figure 3b), respectively. The impact of temperature
change on VC change is relatively small and exhibits a scattered distribution feature
(Figure 3c). Approximately 8.6% and 5.4% of the areas had significant positive and negative
correlations between temperature change and VC change, respectively. In contrast, the
impact of precipitation change on VC change is more significant, and it is concentrated in
the central QLM (Figure 3d). About 45.2% and 1.2% of the areas showed significant positive
and negative correlations between precipitation change and VC change, respectively.
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The partial correlation analysis results were consistent with those of the correla-
tion analysis, but the effect of solely temperature or precipitation was slightly stronger
(Figure 4a,b). The multiple correlation analysis shows that 54.2% and 5.4% of the regional
VC changes in the QLM were significantly and extremely significantly positively correlated
with temperature and precipitation changes, respectively (Figure 4c). Therefore, the in-
creases of temperature and precipitation were the main factors leading to the VC increase
in the QLM.
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Based on the results of partial and multiple correlation analysis, the climate-driven
types of VC change in the QLM were identified, including the temperature-driven zone,
precipitation-driven zone, temperature and precipitation co-driven zone, and non-climate-
driven zone (Figure 4d). The climate-driven zone accounted for 58.9% of the total QLM.
Among the zones, the precipitation driven zone accounted for 39.8% of the total, and was
largely distributed in the central high-altitude region and the eastern edge of the QLM.
The co-driven zone occupied 15.3%, mostly being distributed in the central QLM. The
temperature-driven zone only accounted for 3.8%, and the distribution was scattered.

3.3. Effects of Human Activities on VC Change

The areas where human activities had an obvious negative effect on VC change ac-
counted for 17.3% of the study area, mainly distributed in the southeastern QLM, especially
in the lower reaches of Huangshui Basin, Qinghai Lake Basin, and Datong River Basin
(Figure 5a,b). The areas where human activities played a significant positive role accounted
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for 17.7%, mainly distributed in the midwestern and northeastern QLM, especially in the
western part of the Heihe River Basin and Qaidam Basin, as well as the upper reaches
of Qinghai Lake Basin and Shule River Basin. Spatially, the regions where the residuals
decreased remarkably were largely distributed in the central and northern QLM, involving
the Heihe River Basin, Datong River Basin and Shiyang River Basin (Figure 5c). In terms of
dynamic changes, the proportions with significant reductions and increases in residuals
were 8.6% and 14.8%, respectively (Figure 5d). Hence, the vegetation degradation area
caused by human disturbances was smaller than the ecological restoration area in the QLM.
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3.4. Climatically and Anthropogenically Driven Pattern of VC Change

The climatically and anthropogenically driven pattern (Figure 6) of VC change in the
QLM during 1990–2018 was obtained by superimposing the VC change map (Figure 2), the
complex correlation map (Figure 4c), and the residual map (Figure 5a). Climate change
played a significant role in the improvement of VC, and the area driven by climate change
is 37.9% of the total. In addition, climate change and human activities together driving
the increase of the VC area accounted for 10.7% of the total. Within these regions, human
activities further promoted vegetation restoration with the contribution of climate change.
Therefore, VC increased significantly in nearly half of the QLM under the influence of
climate change. However, 9.2% of the areas showed a significant VC decrease under the
interference of human activities. In addition, 10.6% of the areas showed a significant
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improvement in VC, and were largely distributed in the western part of the QLM where
human activities were weak.
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Figure 6. Climatically and anthropogenically driven pattern of vegetation coverage (VC) change (a) and
percentages of VC change types under different vegetation types (b) in the QLM.

Based on the vegetation type (Figure 1a) and climatically and anthropogenically driven
pattern of VC change (Figure 5a) in the QLM, we obtained the area proportion of VC change
types for different vegetation types (Figure 6). Forests and shrubs are relatively stable
ecosystems, with 41.5% and 46.8% of the regions having no significant change in VC,
respectively. Affected by climate change, 35.4% of forests had significant improvement in
VC, while another 6.3% of forests had significantly increased VC under the combined effects
of climatic and anthropogenic factors. In addition, about 10% of forests had significantly
reduced VC due to human activities. Shrubs were most obviously affected by human
activities, with 17.4% of the area showing significant degradation due to human activities.
Meanwhile, shrubs were least affected by climate change, with 30.7% of the areas exhibiting
significant increases in VC due to the comprehensive impacts of climate change and human
activities. The impact of climate change on alpine steppes was most significant, with
66.8% of the VC increase driven by climate change. Human activities had extremely low
interference, with only 2.9% of the areas degraded by human activities. Affected by human
activities, 12.4% of alpine meadows significantly degraded. In addition, caused by the
comprehensive impacts of climatic and anthropogenic factors, approximately 48% of alpine
meadows significantly increased in VC. The influence of climate change on temperate
steppes was second only to that on alpine steppes, with 52.4% of the regions significantly
increased in VC due to climate change and human activities. However, 7.2% of the areas
also showed a significant decrease in VC caused by human activities.
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4. Discussion
4.1. Impacts of Natural and Human Factors on Vegetation Coverage Change

The overall VC in the QLM improved remarkably from 1990 to 2018, which was
largely attributed to climate change and ecological restoration. Our research showed that
climate change played a leading role in the VC increase in the QLM, and the influence
of precipitation was obviously greater than that of temperature. One possible reason is
that the climate in the QLM is relatively dry, and vegetation growth is more sensitive to
precipitation change [29]. In addition, active artificial restoration, such as afforestation
and mine restoration, also played a significant role in improving VC in local areas [38,42].
The climate warming and humidifying has significantly increased VC in the QLM, but
extensive vegetation degradation still exists. The results of the correlation analysis and
residual analysis showed that human activities were the main factors causing vegetation
degradation in the QLM (Table 2, Figure 6). Of all human activities, mining development
and hydropower construction were the leading factors in the rapid deterioration of vegeta-
tion conditions [55,56]. Meanwhile, we found a very strong positive correlation between
vegetation degradation and grazing intensity, which indicates that grazing activities may be
one of the most important factors [57]. In addition, VC change was significantly negatively
correlated with elevation and slope. That is, vegetation degradation tends to occur in areas
with relatively low elevations and gentle slopes, which may be related to the strong human
activities in these areas [58].

For vegetation types, forests, shrubs, and alpine meadows distributed in areas with
superior natural conditions and intense human activities experienced a certain amount
of degradation (Figures 2 and 6). A relevant study also showed that the alpine meadows,
shrubs, and forests in the QLM were most affected by human interference due to the
increase of tourism, overgrazing, and other disturbances [59]. In some areas, forests had a
single-stand structure and underwent degradation due to drought, forest fires, and infection
with pests and diseases [60]. In addition, research has found that overgrazing is the main
factor causing a decrease in VC in shrubs, sparse forests, and young forests, especially in
shrubs with VC ranging from 30% to 40% [61]. Therefore, it is still necessary to reduce
grazing intensity in the future, especially for alpine meadows and shrubs with significant
degradation. Meanwhile, it is particularly important to conduct ecological engineering
in areas with good natural conditions and relatively dense populations to promote local
vegetation restoration.

4.2. Limitations and Prospects

Consistent with previous studies [36,37], the areas of significant increase and decrease
in VC were mainly distributed in the western and eastern QLM, respectively. However,
there have been significant spatial differences in the VC change among diverse studies.
On the one hand, this may be due to the different research periods and the significant
discrepancies in VC change between different years. On the other hand, differences in data
sources and resolution can also lead to differences in analysis results. The 30 m resolution
VC data in this study come from reflectance data of red and near-infrared channels from
Landsat5, Landsat8, and Sentinel 2 [62]. Although various datasets have been widely
used in vegetation change analysis, there are large deviations between different sensors.
Therefore, comparative analysis of multi-source data and multiple time scales may make
the results more robust and accurate. Affected by human activities, land use types in
the QLM have changed significantly from 1990 to 2018 [63], and vegetation types will
also change accordingly. In this research, vegetation type data were extracted from the
1:1,000,000 Chinese Vegetation Atlas, which reflects the distribution of 11 vegetation type
groups in China around the year 2000. Therefore, these data can only reflect the status of
vegetation types in general, and it is difficult to accurately show the current distribution
of various vegetation types. In addition, this study only analyzed the impacts of the two
essential climatic factors, precipitation and temperature, on vegetation change. The direct
and indirect effects of various climatic variables on vegetation dynamics are complicated.
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Thus, further studies should be carried out by combining various climatic factors, and the
interaction relationships of climatic factors should be identified.

5. Conclusions

This study analyzed the temporal and spatial characteristics of VC change in the QLM
from 1990 to 2018 and recognized its main natural and anthropogenic influencing factors.
Furthermore, we identified a climate-driven pattern of VC change and obtained the VC
change zones driven by climate change and human activities. In addition, we also analyzed
VC change intensity and types under different vegetation types. The main conclusions are
as follows:

(1) VC in the QLM showed an overall fluctuating increase trend from 1990 to 2018.
Areas with significant increases were mainly distributed in the central and western
QLM, and regions with significant decreases were mostly located in the central and
eastern QLM. The decrease in VC is more pronounced in areas with high annual
precipitation, high VC, and high livestock density. For vegetation types, the VC of
alpine steppes and temperate steppes increased significantly, while forests, shrubs,
and alpine meadows deteriorated.

(2) The increase of VC in the QLM was primarily driven by climate change, and the effect
of precipitation increasing was more obvious than that of temperature increasing.
Among them, the precipitation-driven type was mostly distributed in the central
high-altitude region and the eastern margin, the co-driven zone of temperature and
precipitation was largely located in the central QLM, and the temperature-driven zone
was relatively scattered. For vegetation types, alpine grasslands were the most affected
by climate change, followed by temperate grasslands, forests, and alpine meadows.

(3) Vegetation degradation in the QLM was primarily attributed to anthropogenic factors.
Areas where human activities had an obvious negative effect were largely distributed
in the eastern part of the QLM, especially the Huangshui River Basin and the areas
around Qinghai Lake. The regions with enhanced human disturbances were mainly
distributed in the north–central QLM, mainly involving the Heihe River Basin, Datong
River Basin and Shiyang River Basin. In terms of vegetation type, shrubs were most
disturbed by human activities, followed by alpine meadows and forests.
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Abstract: Understanding the determination factors of the spatial distribution of forest cover is crucial
for global forest governance. This study contributed a nuanced case, focusing on the determination
factors for the spatial distribution of forest cover in Fujian Province, China, in 2020. In order to achieve
this, a high-resolution GIS-based data set was used, and spatial auto-correlation and geographic
detector approaches were adopted. Three findings are presented in the results. First, the spatial
distribution of forest cover is affected by natural conditions. In regions with more precipitation,
higher altitude, or cooler temperatures, forest cover is higher. The relationship between the spatial
distribution of forest cover and slope is an inverted-U shape. Second, socioeconomic factors have a
greater explanatory capacity. In particular, regions with dense populations or roads have less forest
cover. Third, there is an inverted-U-shaped relationship between the spatial distribution of forest
cover and GDP per capita. With the growth of GDP per capita, forest cover is first positive, but
subsequently negative. The results indicate that natural factors could shape the spatial distribution of
forest cover, while socioeconomic factors could play a more significant role in the spatial distribution
of forest cover.

Keywords: forest spatial distribution; geographic detector; driving factors

1. Introduction

The spatial distribution of forest cover has been uneven and dynamic across the globe.
While tropical regions still experience deforestation, forest cover has expanded in Europe
after a period of decline [1–4]. In recent decades, China has reversed the decline of forest
cover and experienced net forest cover expansion [5], while its spatial distribution of forest
cover is still uneven. For example, the forest cover of traditional forest regions in northeast
China is shrinking, and forest cover in central and western China is still low, while forest
cover in the south of China is gradually increasing [6].

The dynamic and uneven spatial distribution of forest cover prompts a need to identify
the determination factors. With the advancement of GIS-based techniques, recent studies have
shown an urgent need to unravel potential determination factors in various regions [7,8].

A great number of scholars have investigated the close relationship between topo-
graphical and climatic factors and the spatial distribution of forest cover [9–12]. For
example, the forest cover of northeastern China is clustered in mountainous and hilly
regions, and is affected by terrain and landform [13]. In addition, precipitation and altitude
have a correlation, and they determine the spatial distribution of forest cover in the Qaidam
Basin. Regions with higher precipitation in the Qaidam Basin have greater forest cover, and
the largest forest cover is found between 3000 and 3500 m above sea level [14]. Additionally,
forest cover decreases with an increase in temperature and a decrease in precipitation [9].
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Against the background of climate change, the global spatial distribution of forest cover
will continue to evolve. Specifically, in regions with high altitudes and heavy precipitation
in the Boreal Zone, Atlantic Zone, and Continental Zone, rising temperatures will increase
forest cover, while in regions with low elevations and poor precipitation in the Mediter-
ranean, forest degradation will be severe [15]. Therefore, the natural environment can exert
control over forest cover [16].

Recent studies have paid increasing attention to humans’ capacity to act upon the forest
cover [17,18]. The transformation between a variety of land types brought on by the change
in land use is the primary determination factor for the spatial distribution of forest cover [19].
In the context of population expansion, the spread of arable land and construction land
has condensed the geographical extent of forests [20]. Subsequently, population shift,
which is mainly manifested by the large-scale migration of rural populations to cities, has
become prevalent [21], reducing the pressure on forests. Additionally, agricultural land
productivity has increased, which has encouraged the conversion of agricultural land in
forest margin regions to forests [22,23], or vice versa. With the growth of per capita income,
the core demand of the public for forests has begun to convert from wood supply toward
ecological services [24]. A great number of countries are gradually reducing deforestation
and promoting afforestation. Electricity consumption is becoming increasingly popular,
and a transition from traditional wood fuel to electricity and fossil energy has decreased
the demand for fuel wood [25]. In particular, road infrastructure construction significantly
reduces transportation costs, resulting in an expansion of the scope of forests available for
lucrative cutting activities [26,27]. The influence of road infrastructure construction on the
spatial distribution of forest cover cannot be overlooked [28,29].

China’s forest cover has steadily increased since the 1980s. However, from a spatial
perspective, forest cover varies between regions [5]. Specifically, some provinces in southern
China have taken the lead in increasing national forest cover. Fujian Province, located on
China’s southeastern coast, is a typical case, with the percentage of forest cover increasing
from 37 percent to 66.8 percent over the past four decades [30]. The spatial distribution
of forest cover in Fujian Province reveals substantial variation between diverse regions.
The issue of what factors determine the spatial distribution for forest cover has not yet
been resolved.

Before 1949, socioeconomic retrogression and war in Fujian Province led to the destruc-
tion of original forests [5]. Over the next three decades, the percentage of forest cover in
Fujian declined by ten percent [30]. With the rapid economic growth and remarkable social
progress starting in the eastern coastal cities since the 1980s, forest cover of Fujian province
has been steadily increasing. Additionally, transportation infrastructure, especially rural
roads, has made great progress in the last twenty years, which lays the foundation for the
flow of labor between regions and the substitution of fuel wood [31]. As a result, popu-
lation emigration creates beneficial conditions for forest restoration in rural regions [19].
While observing the change in forest cover, the variation of socioeconomic factors is an
important consideration [4]. The spatial distribution of forest cover reflects forest cover
change intuitively. Will these socioeconomic factors influence the spatial distribution of
forest cover? In addition, the eastern regions of Fujian Province are flat, while the central
and western regions are mainly hills and mountains. With the variation in topography,
the climate conditions also change [32]. Therefore, Fujian is a perfect case to explore the
determination factors for the spatial distribution of forest cover. This paper used a spatial
auto-correlation approach to analyze spatial distribution characteristics of forest cover at
the county level. In addition, the geographic detector approach was adopted to investi-
gate the determination factors for the spatial distribution of forest cover. Clarifying the
determinants for the spatial distribution of forest cover can help achieve forest growth in
developing countries experiencing population growth and economic development.

The rest of the paper is organized as follows. Section 2 describes the data sources
and research methods. Section 3 describes our research results. Section 4 discusses the
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determination factors for the spatial distribution of forest cover. Section 5, finally, presents
our conclusions.

2. Data Sources and Research Methods
2.1. Data Sources

Forest cover data for the Fujian province in 2020 was obtained from 30 m- resolution
land use data. The natural environmental condition data, road density data, and land-use
data were obtained from the Chinese Academy of Sciences’ resources and environment
science data center. The land use data encompassed six categories of land: agricultural
land, forestland, grassland, water area, construction land, and undeveloped land [33]. In
order to measure the spatial distribution of forest cover in Fujian Province, forest refers to
four sub-categories: closed forest, open forest, shrub, and other forest [16]. Forest cover in
this study refers to the ratio of closed forest area to total land area. Due to the availability
of climatic data, the average annual temperature and precipitation for each county-level
jurisdiction were instead retrieved from the data from 2019. The social and economic
data (population density, industry output, grain output, GDP, forestry production, and
electricity consumption) were acquired from the statistical yearbook of Fujian Province and
from the statistical yearbook of prefecture-level cities of Fujian Province.

2.2. Research Methods
2.2.1. Global Spatial Auto-Correlation

The spatial distribution of forest cover at the county level in Fujian Province was
described using global spatial auto-correlation. The range [−1, 1] was used for the Global
Moran’s I statistic. A significant and positive Moran’s I indicates that the region with a
larger (smaller) amount of forest cover is spatially clustered. In contrast, if Moran’s I is
strongly negative, there is a considerable geographical difference between the region and
the surrounding area in terms of forest cover. If Moran’s I is near zero, forest cover is
distributed randomly, or there is no geographical link. The formula for calculating Moran’s
I is as follows:

I =

(
n

∑i ∑j Wij

)[
∑i ∑j Wij(xi − x)

(
xj − x

)

∑i(xi − x)2

]
(1)

where Wij is the spatial weight matrix, n is the number of regional elements, xi is the
observed value of the ith regional element, and x is the average observed value.

2.2.2. Local Spatial Auto-Correlation

The local Moran’s I index reveals the similarity or connection of forest cover between
a county-level jurisdiction and the neighboring county-level jurisdiction in Fujian Province.
In addition, the global Moran’s I index is decomposed to the county level of Fujian province.
Local spatial auto-correlation results include four types: H-H clustering type, L-L clustering
type, H-L clustering type, and L-H clustering type. H-H clustering type refers to the high
value of forest cover in the reference county-level jurisdiction, which is surrounded by
county-level jurisdictions with a similarly high value of forest cover. L-L clustering type
indicates that the reference county-level jurisdiction has a low value and is surrounded
by other county-level jurisdictions with low values. H-L clustering type indicates that
the reference unit has a high value and is surrounded by low-value units, whereas L-H
clustering type indicates that the reference unit has a low value and is surrounded by
high-value units. The formula of the local Moran’s I index is expressed as follows:

Ii =
yi − y

s2 ∑n
j=1 Wij(yi − y) (2)

where s2 is the discrete variance of yi, y is the mean, and Wij is the spatial weight matrix.
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2.2.3. Geographical Detector

The geographical detector serves as a statistical method suitable for testing associ-
ations between a geographical phenomenon and its potential determination factors [34].
The geographical detector has proven its advantage in making no strict assumptions for
explaining determination factors of geographical phenomena, which is suitable for ex-
ploratory studies. Based on spatial differentiation, this fundamental theory evaluates the
consistency between potential determination factors and geographical phenomena. The
potential determination factor should have a similar spatial distribution as the geographical
phenomenon if potential determination factors have critical effects on the geographical
phenomenon [35]. We selected 12 indicators from the natural environmental factors and
socioeconomic factors (Table 1). Then, we applied the geographical detector to analyze
potential determination factors in the forest cover in Fujian Province.

Table 1. Determination factors of the spatial distribution of forest cover.

Determination Factors Units Max Min

Natural environmental
factors

Precipitation Mm 1948.4 1199.7
Average annual temperature ◦C 21.0 16.4

Elevation M 2138 −6
Slope ◦ 82.3 0

Socioeconomic factors

Population density person/km2 18,301 68
Output value of tertiary industry billion 17.58 0.34

Grain output per unit area ton/ha 7.03 4.58
GDP per capita RMB (yuan) 307,557 50,909

Per capita disposable income of rural households RMB (yuan) 29,323 14,449
Forestry output value RMB (yuan) 251,356 0

Household electricity consumption million kw·h 2372.4 147.3
Road density km/km2 113.41 1.21

The mechanism of the geographical detector is as follows. First, Fujian was divided
into n units, and the forest cover of every unit was recorded: y1, y2 . . . . . . yn. In fact, the
potential determination factors must be categorical variables in the geographical detector.
However, the potential determination factors selected in this paper are all continuous
variables. The natural discontinuity grading technique was taken to transform continuous
variables into categorical variables. Based on the highest value, mean value, and standard
deviation of continuous variables, the natural discontinuity grading technique was used
to divide a continuous value into nine geographical strata (Xi, i = 1, 2 . . . 9). In particular,
stratum 1 (category 1) suggests that the actual value of the determination factor was the
smallest, whereas stratum 9 (category 9) suggests that the actual value was the largest.
Then, the distribution of the forest cover was overlaid with the geographical stratum X.
Every unit recorded the forest cover and each potential determination factor’s category.
Then, two approaches for the geographical detector were adopted: factor detector and
risk detector.

Factor detector calculates the explanatory power of each potential determination factor
for the forest cover’s spatial distribution. In this study, q is defined as the difference between
one and the ratio of accumulated dispersion variance of the forest cover of each sub-region
to that of the entire study region. If factor X affects the forest cover, the dispersion variance
of the forest cover in each sub-region will be small, whereas the variance between sub-
regions will be large. In other words, when the factor completely explains the spatial
distribution of forest cover, and the variance σ2

x,i = 0, then the variance σ2 6= 0 and q = 1;
in contrast, when a factor is completely unrelated to forest cover, then q = 0. The q value
ranges between [0, 1]. The effect of a determination factor on the spatial distribution of
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forest cover increases with q. Equation (3) shows the expression for the q value for the
factor detector:

q = 1− 1
Nσ2 ∑9

i=1 nx,iσ
2
x,i (3)

where N is the total number of units over the entire region, σ2 is the variance between
sub-regions, nx,i is the number of units in sub-region Xi, and σ2

x,i is the dispersion variance
of the forest cover in each sub-region. The q value indicates the explanatory power of a
determination factor on the distribution of forest cover.

The risk detector is usually used to examine the difference in average values between
sub-regions of factor X. However, we focus on calculating the average values of forest
cover in each sub-region Xi. Equation (4) shows the expression for the average values of
forest cover:

Yx,i =
∑m

k=1 ym
m

(4)

where Yx,i is the mean of forest cover in sub-region Xi, m is the number of units in sub-region
Xi, and ym is the forest cover of each unit.

3. Research Results
3.1. Spatial Distribution of Forest Cover

We categorized forest cover into five levels based on the natural discontinuity grading
method: lower, low, middle, high, and higher. The forest cover in the majority of county-
level jurisdictions is middle or above, with 51 county-level jurisdictions accounting for
65.4 percent. Only a small number of county-level jurisdictions (27, representing 34.6%) did
not meet the middle level of forest cover. In particular, high forest covers are concentrated in
the central and western county-level jurisdictions of Fujian Province. Forest cover showed
a declining trend eastward (Figure 1).
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3.2. Global Spatial Auto-Correlation

ArcGIS software was used to examine global spatial auto-correlation. Moran’s I
value for forest cover at the county level in Fujian province was 0.4246. Thus, the spatial
distribution of forest cover in Fujian Province showed a positive correlation and had certain
spatial agglomeration distribution characteristics (Table 2).

Table 2. Results of global spatial auto-correlation of forest cover in Fujian Province.

Moran’s I Z Score p Value

Forest cover 0.424560 6.120910 0.000000

3.3. Local Spatial Auto-Correlation

Based on the local spatial auto-correlation analysis of forest cover at the county level
in Fujian Province, the results showed that most county-level jurisdictions demonstrated
non-significant spatial patterns (see Table 3). The corresponding spatial agglomeration
distribution map showed how forest cover was distributed (see Figure 2). In particular, the
positive correlation type includes H-H clustering type and L-L clustering type, while the
negative correlation type includes H-L clustering type and L-H clustering type.

Table 3. Summary of local spatial auto-correlation categories and the number of districts and counties
with forest cover in Fujian Province.

Auto-Correlation Type
Forest Cover

Number Ratio

H-H cluster 14 17.95%
H-L cluster 0 0
L-H cluster 1 1.28%
L-L cluster 10 12.82%

Not significant 53 67.95%
Total 78 100%

In conjunction with Table 3 and Figure 2, the local spatial auto-correlation analysis of
forest cover indicated that H-H and L-L accounted for 14 and 10 county-level jurisdictions,
or 17.95% and 12.82% of the total number of county-level jurisdictions, respectively. H-L
and L-H clustering types accounted for 0 and 1 county-level jurisdictions, or 1.28% of the
total number of county-level jurisdictions, among those with negative correlation values.
Fifty-three county-level jurisdictions were insignificant, constituting 67.95% of the total.
The spatial distribution of positive and negative correlation types varied tremendously. The
H-H cluster type mostly created a loop-shaped block distribution in the center, and was
located in the western portions of Sanming City, Fuzhou City, the southwestern portion
of Ningde City, and the confluence of the southwestern portions of Nanping City and
Sanming City. The majority of L-L clusters were located in the south of Quanzhou City, and
in the northeast and south of Zhangzhou City. The majority of L-H clusters were found in
the northwest portion of Longyan City.
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Figure 2. Spatial agglomeration distribution result of forest cover in Fujian Province in 2020.

3.4. Geographic Detector Results
3.4.1. Factor Detector Results

Several variables affected the spatial distribution of forest cover in Fujian Province.
The factor detector results from the geographical detector revealed the q and p values of
each variable that might impact the spatial distribution of forest cover, which were then
ranked according to the explanatory power of each determination factor (Table 4). Overall,
the q value of socioeconomic factors was greater than that of natural environmental factors.
In other words, natural environmental factors affected the spatial distribution of forest
cover, but their explanatory power was less powerful than that of socioeconomic factors.

Table 4. Results of factor detector for the spatial distribution of forest cover in Fujian Province.

Determination Factors
Forest Cover

q Value p Value Rank

Precipitation (X1) 0.266 0.000 10
Average annual temperature (X2) 0.309 0.000 4

Elevation (X3) 0.277 0.000 7
Slope (X4) 0.073 0.000 12

Population density (X5) 0.566 0.000 1
Output value of tertiary industry (X6) 0.306 0.000 5

Grain output per unit area (X7) 0.273 0.000 8
GDP per capita (X8) 0.267 0.000 9

Per capita disposable income of rural households (X9) 0.316 0.000 3
Forestry output value (X10) 0.242 0.000 11

Household electricity consumption (X11) 0.304 0.000 6
Road density (X12) 0.418 0.000 2
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Among the natural environmental factors, climate factors had the greatest influence
on the spatial distribution of forest cover. The slope had comparably low explanatory
power for forest cover, and the q value was significantly less than 0.1 (q = 0.045). The
explanatory power of slope was the lowest among all selective factors, diminishing the
explanatory power of topography for the spatial distribution of forest cover. However,
temperature had a greater explanatory power for the spatial distribution of forest cover
(q = 0.309) compared to other natural environmental conditions. The explanatory power
of elevation and precipitation was, respectively, 0.277 and 0.266. Therefore, the impacts of
elevation and precipitation on the spatial distribution of forest cover were nearly identical.
In general, natural environmental factors, such as annual average temperature, elevation,
and precipitation, had significant impacts on the spatial distribution of forest covers. Dire
environmental circumstances were the limiting factors of forest cover.

Among socioeconomic factors, population density had the strongest explanatory
power for the spatial distribution of forest cover (q = 0.566), indicating that population
density played a key role in the spatial distribution of forest cover. Moreover, the effect
of road density on the spatial distribution of forest cover should not be overlooked. The
explanatory power of road density ranked second, only lower than population density
(q = 0.418). The spatial distribution of forest cover was closely associated with economic
development in various locations. The explanatory power of rural household per capita
disposable income and per capita GDP for the spatial distribution of forest cover was
0.316 and 0.267, respectively. Moreover, household electricity consumption and tertiary
industry production value had nearly identical impacts on the spatial distribution of forest
cover. The explanatory power of household electricity consumption and tertiary industry
production value was 0.306 and 0.304. Similarly, the explanatory power of grain output per
unit area and forestry output value was 0.273 and 0.242. Overall, socioeconomic factors
played an essential role in the spatial distribution of forest cover.

3.4.2. Risk Detector Results

According to the results of the risk detector (see Figure 3), the forest cover was
higher in regions with more precipitation or higher altitude. Within a specific range,
the forest cover constantly grew with the increase in regional slope, but when the slope
surpassed a particular threshold, forest cover began to decrease. There was no evident
change between forest cover and annual average temperature; however, the high value of
forest cover was relatively concentrated in county-level jurisdictions with a lower annual
average temperature.

Among the social and economic factors, population density, tertiary industry output
value, and road density may be detrimental to regional forest covers. According to the
results in Figure 3, county-level jurisdictions with denser populations or roads were prone
to lower forest covers. The output value of the tertiary industry and forest cover also
showed a similar relationship. Lifestyle usually interacted with population size and
economic structure. Regions with a high output value for the tertiary industry possibly
had better development, which tended to attract a large number of migrants. Therefore,
the forest cover in regions with higher household electricity consumption also showed
a downward trend. The spatial distribution of forest cover had an inverted U-shaped
relationship with regional per capita GDP, as well as with household per capita disposable
income level. Specifically, the higher the forestry output value was, the higher the forest
cover was, indicating that the development of the forestry industry could promote regional
forest cover. Moreover, the spatial distribution of forest cover and grain yield per unit area
exhibited M-shaped fluctuations.
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4. Discussion

Understanding the determinators for the spatial distribution of forest cover is cru-
cial for forest governance. Through the case study on Fujian Province of China, twelve
indicators, regarding the natural environmental conditions and socioeconomic factors,
were chosen, and the determination factors for the spatial distribution of forest cover
were identified. Compared with previous results, our findings have both similarities
and differences.

To a certain extent, the natural environmental conditions had the explanatory power
for the spatial distribution of forest cover. Regions with adequate precipitation, suitable
temperature, steep terrain, and high elevation are prone to having a higher forest cover.
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The eastern regions of Fujian Province consist primarily of plains with flat topography and
limited precipitation. The middle and western regions of Fujian Province are dominated
by mountains and hills, with a complex topography and high elevation. Influenced by the
elevation, precipitation increases gradually from east to west in Fujian Province. Conse-
quently, the middle and western regions of Fujian Province develop a favorable natural
environment for forest growth. Forest covers have formed agglomeration distribution
in the central and western regions of Fujian Province. Therefore, diversities in natural
environmental conditions result in the uneven distribution of forest cover.

Among social and economic factors, population density is the most powerful in
explaining the spatial distribution of forest cover. The higher the population density is,
the lower the forest cover will be. The finding confirms Wright and Sandel’s assertion
that humans have the largest impact on existing forest cover [36,37]. On the other hand,
Sloan stressed the synergistic influence of population density and other factors on forest
cover [38]. This study discovered a particular association between population density,
road density, the production value of the tertiary industry, and the spatial distribution
of forest cover. Similarly, regions with higher road density or higher tertiary industrial
output value have lower forest cover. The development of roads in the east of Fujian
Province is useful for those who wish to move from the central and western regions to
the eastern regions of Fujian Province. The road weakens the centrifugal force caused
by the transportation cost of spatial distance. The migration of a large number of people
has provided labor for the development of the tertiary industry in the eastern regions
of Fujian Province [39]. Population aggregation and industry growth give rise to the
expansion of built-up land and industrial land; as a result, deforestation speeds up [40].
Furthermore, the extension of human production and living space in the east has led to
a rise in household electricity consumption. Consequently, regions with high household
electricity consumption have a comparatively low forest cover [21,41]. In the central and
western regions of Fujian Province, the high altitude and complicated terrain naturally
protects forests from destruction. Due to the poor road construction in the mid-west of
Fujian Province, a growing number of residents are choosing to emigrate, and the pressure
of population on forest cover has gradually decreased. This result is also consistent with
the literature, which suggests that roads are the primary cause of deforestation [42–45].

The relationship between forest cover and per capita GDP, as well as per capita
income of rural households, has an inverted U shape. Economic development increases the
opportunity cost of farming, and rural residents gradually prefer to engage in industrial
activities and live in urban areas [21,39]. Consequently, agricultural land becomes vacant
and is, naturally, turned into forest. Woodland, on the other hand, is changed into industrial
land and urban land to meet the demands of industrial expansion and urban construction.
The eastern regions of Fujian Province possess the endowment advantages of economic
development. In the past several decades, the eastern regions of Fujian Province have
realized the circular accumulation of resource elements and industrial growth. Meanwhile,
various factor endowments in the central and western regions have gradually become
attracted to the eastern regions of Fujian Province. The central and western regions of
Fujian Province have formed conditions for the recovery and growth of forest resources,
which further explains the agglomeration distribution of forest cover in the mid-west.
This result confirms Caravaggio’s conclusion that the potential for economic growth to
improve the growth of forest cover is limited [46]. In other words, the forest cover will
reach a turning point of growth and cease increasing when the economic level reaches a
certain point.

The spatial distribution of forest cover can be explained by the forestry production
value. In particular, a region with a higher forestry output value has a higher forest cover.
While the satisfaction of local timber demand depends on the availability of local timber, the
boom in timber demand can play a key role in promoting the increase in forest cover [47].
Similarly, forest cover is currently high in the mid-west and low in the eastern regions of
Fujian Province, according to the output of timber production. With the timber demand
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increasing, the coverage of forests will continue growing in the central and western regions
of Fujian Province.

Despite the valuable findings of this study, several limitations do exist and deserve
future advancement. First, considering that the results and the determination factors
of the distribution of forest cover fluctuate depending on the historical context, cross-
sectional analysis is insufficiently persuasive. Second, more determination factors could be
incorporated into the analysis with the increasing availability of socioeconomic data.

5. Conclusions

This paper focused on the determination factors for the spatial distribution of forest
cover. We used a 30 m resolution GIS-based data set and socioeconomic data set. Spatial
auto-correlation and geographic detector approaches were adopted. This paper revealed
the influence of natural environmental and socioeconomic factors on the spatial distribution
of forest cover at a county-level jurisdiction. The results indicate that natural environmental
factors could shape the spatial distribution of forest cover, while socioeconomic variables
could play a more significant role in the spatial distribution of forest cover. This is primarily
due to the limited control that natural environmental factors have over forest growth,
whereas the progress of human beings’ capacity to interfere with forests can further change
the spatial distribution of forest cover. Concerning the effect of time on the spatial distri-
bution of forest cover, future studies could investigate the factors influencing the spatial
distribution of forest cover in various temporal scenarios.
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Abstract: A scientific understanding of the synergistic and trade-off relationships among ecosystem
services (ESs) is essential for maintaining the structure, function, and health of plantation forest
ecosystems. This understanding facilitates effective ecosystem management practices, and helps
identify the types, intensities, and spatial and temporal distribution characteristics of interactions
among ESs, which is critical for regional development planning, ecological supplementation, and
the maximization of economic benefits. In this study, we used correlation analysis, bivariate spatial
autocorrelation, and hot spot analysis to comprehensively analyze the synergistic and trade-off
relationships between ESs in Pinus massoniana (PM) plantations in Guangxi Paiyang Forest Farm
from 2009 to 2018, across both time and space. The study showed that the ESs in PM plantations in
Guangxi Paiyang Forest Farm maintained significant positive correlation (synergy), with a mutually
reinforcing relationship among services. Notably, the regulating services shifted from weak synergy
to weak trade-off relationships over time. From the bivariate spatial autocorrelation analysis, it is
clear that the overall trade-off synergistic relationship among the four ESs is basically consistent with
the correlation analysis results. From the distribution of multiple ES hot spots, we determined that
the number of small groups that can provide three to four service hot spots in Guangxi Paiyangshan
Forest Farm is greater. The spatial distribution of cold–hot spots of various ESs varied, and the
distribution of cold–hot spots of supply services and regulation services of carbon sequestration and
oxygen release was similar.

Keywords: Pinus massoniana plantations; forest ecosystem services; trade-off synergy; service cold–hot
spot analysis

1. Introduction

Forest ecosystems are essential key systems for human beings, providing various
services such as timber volume, edible forest by-products, starch and other products, water
conservation, biodiversity conservation, and regulation of the atmospheric environment for
human life and production [1,2]. Forests serve as the most complete, abundant, and stable
carbon reservoir, natural oxygen reservoir, species gene pool, renewable resource reservoir,
freshwater resource, and renewable energy reservoir in nature. Forests play a fundamental
and critical role in human survival and the realization of sustainable ecological civiliza-
tion [3]. Additionally, forest ecosystems offer services to humans in terms of medical health
care, physical and mental relaxation, tourism, and rest, as well as other cultural experiences.
The ecological and economic benefits of forest ecosystems should be comprehensively
coordinated, and sustainable management of forest ecosystems should be maintained to
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achieve a mutually beneficial situation for both humans and nature. Schwaiger, F. et al. [4]
used a forest management model to analyze the trade-offs between ESs and biodiversity
indicators in two case study areas in Germany, which influenced decision-making in three
scenarios of forest management. Langner, A. et al. [5] used simulated scenario analysis
and multi-criteria decision analysis methods to quantify trade-offs among four ESs (timber
production, carbon storage, biodiversity conservation, and landslide hazard control) in
montane forests to make decisions about expected utility in multi-objective forest man-
agement. Dai, E. et al. [6] valued four services of timber volume, carbon storage, water
production, and soil conservation in the Ganjiang River basin, quantified their trade-offs
and synergies at the county scale and sub-basin scale, and detected synergistic relationships
between timber volume and carbon storage, soil conservation, and water production. Wu,
W. et al. [7] studied the trade-offs and synergistic relationships between two regulating ser-
vices, soil organic carbon regulation, total nitrogen regulation, and species diversity, as well
as their influencing factors in a mixed Pinus sylvestris and Quercus sylvestris needle-broad
forest, a deciduous broad-leaved southern date palm forest, and a broad-leaved evergreen
forest of Cycad and Quercus sylvestris, using secondary forests at different successional
stages in the central subtropical region.

Currently, both domestic and international research on forest multifunctionality has
primarily focused on the fundamental meaning of forest multifunctionality [8–10], as well
as the evaluation of multiple ESs and their spatiotemporal evolution characteristics [11–13].
However, further research is needed to develop and enhance our understanding of forest
ES trade-offs and synergies. In this study, we explored the spatiotemporal relationship
characteristics among multiple ESs in PM plantation forests by combining statistical analysis
methods, spatial mapping, and bivariate spatial autocorrelation methods. This study is a
continuation of the previous assessment of ESs in a Pinus massoniana plantation. We utilized
the value of ESs in PM plantations in Guangxi Paiyangshan Forest Farm as an indicator, and
employed correlation analysis to identify the absolute values of correlation coefficients and
the positive and negative directions to determine the types and strength characteristics of
relationships among ESs. Additionally, we employed the bivariate spatial autocorrelation
method to describe the synergistic and trade-off relationships among ESs in space, and
applied the hot spot analysis method to identify cold–hot spot areas of ESs. The spatial
quantification and mapping of ESs in PM plantation forests can be useful for revealing scale
effects and interactions of ESs, and providing a scientific basis for management decisions
in PM plantation forests.

2. Materials and Methods
2.1. Study Area

The Guangxi Paiyangshan Forest Farm (Figure 1), located in Ningming County, south-
west Guangxi, China, near the border with China and Vietnam is the only large state-owned
forestry field directly under the Forestry Department of Guangxi Autonomous Region
bordering Vietnam, with a total land area of 28,096.29 hm2 and a forest land area of
27,462.28 hm2. The geographical coordinates are 106◦30′–107◦15′ E, 21◦15′–22◦30′ N. The
southern red loam hilly area in China is a significant timber production region, with approx-
imately 308,000 km2 of planted forests. PM, one of the primary fast-growing production
species, is also a critical afforestation and deforestation species in southern China. It is the
most widely distributed and largest area timber species in pine [14,15]. PM has outstanding
features, including drought tolerance, ridge thinning resistance, strong growing ability,
rapid growth, high quality, and versatility [16]. These qualities have great economic and
ecological benefits [17,18], making PM an essential component in forestry production and
forest restoration and reconstruction in China [19]. In this study, the Paiyangshan Forest
Farm PM plantation is in the northern tropical case study area [20], which has an average
annual temperature of 21.8 ◦C, an average annual rainfall of 1250–1700 mm, a rainy season
from May to August, and a relative humidity of 82.5%. The annual number of sunshine
hours is 1650.3, and the annual evaporation is 1423.3 mm. After years of afforestation,
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the native vegetation has been replaced by natural broad-leaved secondary forests and
planted forests. The plantation forest tree species are mainly PM, Eucalyptus robusta, and
Illicium verum.
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2.2.1. Correlation Analysis

The commonly used statistical analysis methods in ES trade-off studies include cor-
relation analysis, root mean square deviation method, regression analysis, and cluster
analysis [21,22].

Correlation analysis is the simplest and most effective method to identify trade-offs
between ESs. The magnitude of the coefficients that are significantly correlated between
ES pairs and the direction of positive and negative correlation are used to determine the
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degree and direction of correlation among service pairs. Han, Y. [23] employed simple cor-
relation analysis to calculate the correlation coefficients between production services, water
conservation services, carbon sequestration and oxygen release services, environmental
purification services, and cultural and recreational services in Xi’an metropolitan area in
1999, 2006, and 2009. The aim was to identify synergies and trade-offs among agricultural
ESs. Partial correlation analysis can examine the interrelationships between ES pairs, ex-
cluding other factors based on the complex relationships among ESs. Sun, Y. et al. [24] used
partial correlation analysis to study the synergistic and trade-off characteristics of water
content, soil conservation, net primary productivity of vegetation, and food supply in the
Loess Plateau, using Yan’an City as an example. Alamgir, M., et al. [25] used regression
analysis and clustering methods to analyze the differences and linkages of multiple ESs
among different forest stands.

In this study, a negative correlation coefficient between two ESs that passed the signifi-
cance test was considered to indicate a trade-off relationship, while a positive correlation
coefficient that passed the significance test was considered to indicate a synergistic relation-
ship. Overall, the single services in the study area exhibit spatial heterogeneity, which may
lead to both trade-off and synergistic relationships. Therefore, we calculated and tested
the correlation coefficients between pairs of four ESs corresponding to small classes in the
study area for significance.

In this study, we employed Pearson correlation analysis to investigate the interactions
among ESs in PM plantation forests. Pearson correlation analysis is a commonly used
method for analyzing relationships among ESs [26,27]. We then used the chart.Correlation
function in the R language software to explore the interrelationships among the four
major forest services and each sub-forest of the PM plantation, and created a scatter
plot matrix. When the correlation coefficient of a pair of ESs is significantly positive,
it indicates a synergistic relationship between the services. Conversely, a significantly
negative correlation coefficient indicates a trade-off relationship between the services. If the
correlation is not significant, then there is spatial compatibility between the services. The
strength of the correlation is determined by the absolute value of the correlation coefficient.
A correlation coefficient in the range of (0, 0.3) indicates a weak correlation, that in the
range of [0.3, 0.5) indicates a moderately strong correlation, and that in the range of [0.5, 1]
indicates a strong correlation [28,29].

2.2.2. Bivariate Spatial Autocorrelation

To further examine the spatial distribution of synergistic and trade-off relationships
among ecosystem services, we assigned a value to each ES in the vector map of small group
units. Next, we imported these data into the GeoDa software to analyze the bivariate spatial
autocorrelation between pairs of services in the PM plantation forest using the bivariate
spatial autocorrelation module. High–high and low–low agglomerations both indicate
synergistic relationships, while high–low and low–high agglomerations indicate trade-off
relationships [30].

2.2.3. Hot Spot Analysis

Spatially cold–hot spots refer to areas with either high or low values for ESs provided
by PM plantation forests [31]. In this study, we used the hot spot analysis tool in the
ArcGIS spatial analysis module and the Getis-Ord Gi* local statistic to identify cold–hot
spots for four services [32]. To determine whether a small class was a hot or cold spot, we
used the aggregation index degree parameter Z(Gi*) and followed the classification criteria
described in the study by Wang, B. et al. [33]: if Z(Gi*) > 2.58, the region was classified as a
hot spot; if 1.65 < Z(Gi*) ≤ 2.58, it was a sub-hot spot; if Z(Gi*) < −2.58, it was a cold spot;
if −2.58 ≤ Z(Gi*) < −1.65, it was a sub-cold spot; and if −1.65 ≤ Z(Gi*) ≤ 1.65, it was not
considered significant.
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3. Results
3.1. Analysis of ES Interactions in PM Plantation Forests

Based on Figure 3, the correlation results of the ecosystem services (ESs) of PM planta-
tions in Guangxi Paiyangshan Forest Farm from 2009 to 2018 can be observed. In 2013, the
value per unit area of wood supply, carbon sequestration and oxygen release, and water
conservation became more concentrated, while the distribution of soil conservation was
more dispersed. In 2018, the data points for water conservation were more concentrated
than in 2013, while the data points for other services were more dispersed. From a cor-
relation standpoint, the six groups of services provided by PM plantations in Guangxi
Paiyangshan Forest Farm from 2009 to 2018 were all significantly positively correlated,
except for carbon sequestration and oxygen release, which were negatively correlated with
water conservation in 2018.

Wood supply was strongly positively correlated with carbon sequestration and oxygen
release in 2009, and weakly positively correlated with water conservation (correlation coef-
ficient 0.19) and soil conservation (correlation coefficient 0.20). This is similar to the strong
synergistic relationship between food provision and carbon sequestration and oxygen
release in the value of cropland ESs reported by Tian, Y. [26]. Carbon sequestration and
oxygen release were weakly correlated with water conservation (correlation coefficient
0.18) and soil conservation (correlation coefficient 0.17). The correlation between water
conservation and soil conservation (correlation coefficient 0.17) was also weak. In 2013,
the correlation increased (0.29) and was close to moderate for water conservation and
soil conservation, while all other service pairs decreased while maintaining their original
correlation. In 2018, the correlation between wood supply and carbon sequestration and
oxygen release increased (correlation coefficient 0.68), the correlation between water con-
servation and soil conservation increased (correlation coefficient 0.48), and the correlation
between the other service pairs decreased. There was a negative correlation between carbon
sequestration and oxygen release and water conservation, indicating a trade-off between
the two. The synergistic relationship between wood supply and carbon sequestration and
oxygen release decreased and then increased. The synergistic relationship between water
conservation and soil conservation continued to increase, while the synergistic relationship
between carbon sequestration and oxygen release and water conservation changed from a
synergistic relationship to a trade-off relationship. The synergistic relationship between the
other service pairs continued to decrease over the years.

In terms of ES types, from 2009 to 2018, the supply service (wood supply) and regulating
service (carbon sequestration and oxygen release) of Guangxi Paiyangshan Forest Farm
were in a strong synergistic relationship that first weakened and then strengthened. The
synergistic relationship between regulating service (water conservation) and supporting
service (soil conservation) changed from weak to moderate synergistic. The synergistic
relationship between regulating services (carbon sequestration and oxygen release as well
as water conservation) changed from synergistic to trade-off. The relationship between the
other service pairs showed a weak synergistic relationship that gradually weakened.

Overall, the service pairs of PM plantation forest at the macroscopic scale of Guangxi
Paiyangshan Forest Farm maintained a positive relationship from 2009 to 2018. The supply
service and the regulating service showed a strong synergistic relationship, the supply
service and the supporting service showed a weak synergistic relationship, and the regulat-
ing service and the supporting service showed a weak synergistic relationship. However,
the regulating service changed from a synergistic to a weak trade-off relationship among
them, and the relationship between water conservation and the supporting service in the
regulating service changed from a weak synergistic to a moderate synergistic relationship.
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Figure 3. A scatter plot matrix was used to show the results of the ES correlation analysis of PM 
plantation forests in Guangxi Paiyangshan Forest Farm from 2009 to 2018. Pearson correlation 

Figure 3. A scatter plot matrix was used to show the results of the ES correlation analysis of PM
plantation forests in Guangxi Paiyangshan Forest Farm from 2009 to 2018. Pearson correlation
coefficients range from −1 to 1, indicating negative and positive correlations, respectively. The
strength of correlation increases as the absolute value of the Pearson correlation coefficient approaches
1. Statistical significance is indicated by asterisks, with * representing significance at the 0.05 level,
and *** at the 0.001 level. The scatterplot matrices for 2009, 2013, and 2018 are presented as (a), (b),
and (c), respectively.

3.2. Spatial Association of ESs in PM Plantation Forests

After analyzing the temporal and spatial correlation of ESs, we gained initial insights
into the synergistic and trade-off relationship between the ESs of PM plantations in Guangxi
Paiyangshan Forest Farm. We determined that the synergy was greater than the trade-off
at the scale of the whole forest. Bivariate spatial autocorrelation analysis was conducted on
the ESs of PM plantations in Guangxi Paiyangshan Forest Farm, and the spatial distribution
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of “HH” type areas was determined to have high spatial correlation of high value of PM
plantation function, indicating enhanced synergy with the ESs of PM plantations in adjacent
small groups. The “LL” type area is the area with a high spatial correlation of low value of
PM plantation function, indicating weakened synergy with the adjacent small group PM
plantation ES pairs. The “LH” and “high–low” type areas are small classes with high and
low spatial correlation of ES pairs, respectively, indicating a trade-off between ES pairs in
adjacent small classes, whereby one service is enhanced or weakened in a small class unit
while another function is weakened in an adjacent small class. In other words, one service
is enhanced or weakened while another function is weakened or enhanced in the adjacent
small group. Due to space limitations, we have only analyzed the spatial correlations
between wood supply services and other services here.

Based on Table 1 and Figure 3, the analysis results are significant at a level higher
than 95%. As seen in Table 1, the trade-off synergistic relationship of each service pair is
generally consistent with the results of the correlation analysis (Figure 3). However, the
local autocorrelation index, Moran I, between carbon sequestration and oxygen release and
water conservation in 2018 is negative, indicating a weak trade-off, whereas other service
pairs are primarily synergistic with each other. Specifically, the synergistic relationship
between wood supply and carbon sequestration and oxygen release, water conservation,
and soil conservation is spatially robust, with the strongest synergistic relationship be-
ing between wood supply and carbon sequestration and oxygen release. The synergistic
relationship gradually decreases from 2009 to 2018 with other services. The synergistic rela-
tionship between carbon sequestration and oxygen release and soil conservation is initially
strong but then decreases. The synergistic relationship between carbon sequestration and
oxygen release and water conservation shows a weak synergistic relationship from 2009 to
2013 and a weak trade-off relationship in 2018. The overall spatial relationship between
water conservation and soil conservation is weakly synergistic, increasing first and then
decreasing. The overall synergistic relationship between multiple service pairs shows a
decreasing trend from 2009 to 2018.

Table 1. Bivariate local autocorrelation Moran I index of ESs in PM plantations in Paiyangshan
Forest Farm.

ESs Service Pairs 2009 2013 2018

Wood Supply–Carbon Sequestration and Oxygen Release 0.4248 0.2992 0.3369
Wood Supply–Water Conservation 0.1844 0.1442 0.0393
Wood Supply–Soil Conservation 0.1720 0.1204 0.0705

Carbon Sequestration and Oxygen Release–Water Conservation 0.1710 0.1409 −0.0295
Carbon Sequestration and Oxygen Release–Soil Conservation 0.1094 0.1160 0.0266

Water Conservation–Soil Conservation 0.1716 0.2298 0.1291

The analysis of spatial autocorrelation, with wood supply as the central indicator, and
other ESs of neighboring small groups as the corresponding indicators, revealed significant
spatial heterogeneity in the trade-off synergistic relationship between wood supply and
other services in the PM plantation.

From 2009 to 2018, the synergistic and trade-off areas between wood supply and car-
bon sequestration and oxygen release were more synergistic than trade-off areas (Figure 4).
In 2009, the synergistic enhancement areas were mainly located in the Beishan branch,
Gongwu branch, a small portion of small classes in Honghu branch, and the northwestern
part of Pucheng branch. However, these areas decreased significantly by 2013. Specifi-
cally, the synergistic enhancement areas in Beishan branch shifted to the north, and the
synergistic enhancement areas in Gongwu branch and Pucheng branch decreased. By 2018,
the synergistic enhancement area of Gongwu branch decreased significantly, while the
synergistic enhancement area of Nianke branch and Honghu branch increased slightly.
Additionally, the synergistic weakening area was mainly concentrated in the west and
east of Gongwu branch, the middle of Nianke branch, Honghu branch, Nalai branch,
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and Dawangshan branch in 2009. The synergistic weakening area in the western part of
Dawangshan branch, Nalai branch, and Gongwu branch decreased, but Beishan branch
increased. The number of synergistic weakening areas increased in Gongwu branch and
Pucheng branch and decreased in Beishan branch in 2018, with little change in the number
of synergistic weakening areas from 2009 to 2018. Moreover, the weighted areas were
mainly distributed in Gongwu branch and Honghu branch in 2009. However, the weighted
areas were sporadically distributed in major sub-fields in 2013. In 2018, the weighted
areas increased, mainly distributed in Honghu branch and Nianke branch. The number of
“high–low” and “low–high” balance areas remained close over the years.

From 2009 to 2018, the synergistic and trade-off areas between wood supply and
water conservation were more synergistic than trade-off areas (Figure 5). In 2009, the
areas of synergistic enhancement were mainly located in the southern Gongwu branch
and the western and eastern parts of the Pucheng branch. However, the synergistic
enhancement area significantly reduced in 2013, particularly in the Gongwu branch. In
2018, the synergistic enhancement area of the Pucheng branch decreased while the southern
Gongwu and Beishan branches saw a significant increase. Conversely, the areas where
the synergy weakened in 2009 were mainly concentrated in the Honghu branch, Nianke
branch, the northwestern part of the Nalai branch, and the Dawangshan branch. This area
significantly reduced in 2013 and only remained in the Beishan branch, southwestern part
of Nianke branch, northwestern part of Honghu branch, and Gongwu branch. However,
the synergistic weakening area increased again in 2018, particularly in the Honghu branch
and Dawangshan branch, while it decreased in the Beishan branch. Over the years, the
number of regions showing synergistic changes decreased and then increased. In 2009,
the “low–high” trade-off area was mainly located in the southern part of Gongwu branch,
Honghu branch, and the southern part of Pucheng branch, while the “high–low” trade-off
area was mainly located in the Honghu branch, Beishan branch, the northwest end of
Gongwu branch, and Nianke branch. In 2013, the number of trade-off areas decreased, with
“high–low” trade-off areas mainly in the northwestern part of the forest and “low–high”
trade-off areas in the southeastern part. In 2018, the number of weighing areas increased,
with the “high–low” weighing areas mainly existing in the northern part of the entire forest,
such as Honghu branch and Dawangshan branch, while the “low–high” weighing areas
were located in the southern part of Beishan branch, Gongwu branch, and the southern part
of Pucheng branch. The number of trade-off areas has fluctuated over the years, and the
number of “low–high” trade-off areas has consistently exceeded the number of “high–low”
trade-off areas.

From 2009 to 2018, the synergistic and trade-off areas between wood supply and water
conservation were more synergistic than trade-off areas (Figure 6). In 2009, the synergistic
enhancement areas were mainly located in the northwestern part of the Gongwu and
Pucheng branches, but this area significantly reduced in 2013 and was only distributed
in the northwestern part of the Pucheng branch. However, in 2018, the number of syner-
gistic enhancement areas increased, particularly in the northwestern part of the Pucheng,
Gongwu, Nianke, and northern part of Daeangshan branches. The areas of weakened
synergy were distributed across all major branches in 2009 but decreased in 2013, mainly
in the Beishan and Nianke branches, the western part of the Honghu branch, and the
northeastern part of the Dawangshan branch. However, in 2018, the area of weakened
synergy increased, mainly in the Honghu, Nianke, and Dawangshan branches. In 2009,
the “low–high” weighing area was distributed across all branches, while the “high–low”
weighing area was mainly located in the Honghu, Beishan, and Gongwu branches. The
number of weighing areas decreased in 2013, and the “low–high” weighing areas were
mainly located in the northern and southern parts of Gongwu and Pucheng branches,
while the “high–low” weighing areas were located in the western and middle parts of the
forest. However, in 2018, the number of weighing areas increased, and the “low–high”
weighing areas were mainly located in the Gongwu, Dawongshan, and Pucheng branches,
while the “high–low” weighing areas were located in the Gongwu, Honghu, and Pucheng

179



Forests 2023, 14, 581

branches. The number of trade-off areas decreased and then increased over the years, and
the “high–low” trade-off area was consistently higher than the “low–high” trade-off area.
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Figure 4. This is a Local LISA plot that shows the relationship between wood supply and carbon
sequestration and oxygen release services in the PM plantations of Guangxi Paiyangshan Forest
Farm from 2009 to 2018. The analysis used the following indicators: NS (not significantly clustered),
HH (high–high clustering), LL (low–low agglomeration), LH (low–high agglomeration), HL (high–
low agglomeration). The plot includes the following LISA maps: (a) wood supply and carbon
sequestration and oxygen release services in 2009; (b) wood supply and carbon sequestration and
oxygen release services in 2013; and (c) wood supply and carbon sequestration and oxygen release
services in 2018.
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Figure 5. The Local LISA map shows the relationship between wood supply and water conservation
services in PM plantations in Paiyangshan Forest Farm from 2009 to 2018. The map is categorized
into NS (not significantly clustered), HH (high–high clustering), LL (low–low agglomeration), LH
(low–high agglomeration), and HL (high–low agglomeration). We present three LISA maps: (a) the
map of wood supply and water conservation services in 2009, (b) the map of wood supply and
water conservation services in 2013, and (c) the map of wood supply and water conservation services
in 2018.
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Figure 6. These Local LISA plots show the relationship between wood supply and soil conservation
services in PM plantations in Paiyangshan Forest Farm from 2009 to 2018. The plots are categorized
into NS (not significantly clustered), HH (high–high clustering), LL (low–low agglomeration), LH
(low–high agglomeration), and HL (high–low agglomeration). The LISA maps for wood supply and
soil conservation services are presented for three years: (a) 2009, (b) 2013, and (c) 2018.
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3.3. Single ES Space Cold Hot Spot Analysis

The spatial variation and clustering characteristics of ES values were analyzed using
hot spot analysis. The number and proportion of small groups of cold and hot spots were
counted for each service value in PM plantation forests.

According to Table 2, the percentage of cold and hot spots of the four ESs in Guangxi
Paiyangshan Forest Farm changed from 2009 to 2013. The service with the largest per-
centage of hot spots and sub-hot spots in small groups shifted from carbon sequestration
and oxygen release to water conservation. The service with the smallest percentage of
cold spots and sub-hot spots from 2009 to 2018 remained carbon sequestration and oxygen
release. Among the four services, carbon sequestration and oxygen release were the most
prominent in Guangxi Paiyangshan Forest Farm.

Table 2. Statistics on the number of small classes of cold hot spots of ESs in PM plantations in Guangxi
Paiyangshan Forest Farm in 2009–2018.

ES Wood Supply
Carbon

Sequestration and
Oxygen Release

Water
Conservation

Soil
Conservation

2009

Hot Spots and
Sub-hot Spots

Number 621 894 532 674
Proportion 28.33% 40.78% 24.27% 30.75%

Cold Spots and
Sub-cold Spots

Number 722 489 1042 629
Proportion 32.94% 22.31% 47.54% 28.70%

2013

Hot Spots and
Sub-hot Spots

Number 450 499 412 423
Proportion 31.80% 35.27% 29.12% 29.89%

Cold Spots and
Sub-cold Spots

Number 441 349 541 510
Proportion 31.17% 24.66% 38.23% 36.04%

2018

Hot Spots and
Sub-hot Spots

Number 486 583 752 517
Proportion 28.45% 34.13% 44.03% 30.27%

Cold Spots and
Sub-cold Spots

Number 396 338 649 486
Proportion 23.19% 19.79% 38.00% 28.45%

By combining Table 2 and Figure 7, we can observe that in 2009, the number of hot
and cold spots of wood supply service value in small groups was 621 and 722, respectively.
Hot spots and sub-hot spots were more concentrated in spatial distribution, mainly in the
central and eastern part of Beishan branch, Gongwu branch, northern and western part of
Pucheng branch. Cold spots and sub-cold spots were mainly distributed in the central and
western part of Gongwu branch, Nianke branch, Honghu branch and Dawangshan branch.
In 2013, the number of hot and cold spots of small classes of wood supply service value
amounted to 450 and 441, respectively, with an increase in the proportion of hot spots and
a decrease in the proportion of cold spots. Compared with 2009, the number of hot spots
decreased mainly in Gongwu branch, while it increased in Beishan branch. The number of
small groups of cold spots mainly increased in Gongwu branch as well as Pucheng branch
and decreased in Nianke branch. The number of small classes of hot and cold spots of
wood supply service value quantity in 2018 was 486 and 396, respectively. Hot spots and
sub-hot spots were mainly distributed in the northern part of Beishan branch, some small
classes in the northern part of Honghu branch as well as the northern part of Pucheng
branch, and the hot spot distribution area was reduced. Cold spots and sub-cold spots were
more dispersed, mainly distributed in the southwest end of Beishan branch, the middle of
Gongwu branch, the south end of Honghu branch, the south of Pucheng branch, and the
west of Dawangshan branch. The distribution of cold spots significantly reduced compared
with 2013. From 2009 to 2018, the percentage of hot spots of wood supply services first
increased and then decreased, the percentage of cold spots continued to decrease, the area
of lower wood supply services continued to decrease, and the distribution pattern of the
whole forest value volume changed to high east–west and low middle.
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Figure 7. This figure shows the distribution of cold–hot spots of wood supply for PM plantations in
Paiyangshan Forest Farm from 2009 to 2018, with Z(Gi*) as the aggregation index degree parameter.
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Panel (a) displays the distribution of cold–hot spots in 2009, panel (b) displays the distribution in
2013, and panel (c) displays the distribution in 2018.
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By combining Table 2 and Figure 8, we can observe that in 2009, there were 894 hot
spots and 489 cold spots in the number of small groups with service values of carbon
sequestration and oxygen release. The hot spots and sub-hot spots were concentrated in
the central part of Beishan branch, the northwestern and eastern parts of Gongwu branch,
and the northern part of Pucheng branch. Meanwhile, the cold spots and sub-cold spots
were mainly distributed in the southern and southwestern ends of Gongwu branch, the
northeastern part of Dawangshan branch, the northwestern part of Honghu branch, and
Nalai branch. In 2013, the number of small groups of hot–cold spots for the value of
carbon sequestration and oxygen release services decreased to 499 and 349, respectively,
with the percentage of hot spots decreasing and the percentage of cold spots increasing.
Compared with 2009, the hot spots decreased in the southern part of Beishan branch but
increased in the northern part of Beishan branch and the northwestern part of Gongwu
branch. Meanwhile, the number of small groups of cold spots mainly in the western part of
Gongwu branch and Dawangshan branch decreased, but that in the southern part of the
Gongwu branch increased. In 2018, there were 583 hot–cold spots of the value of carbon
sequestration and oxygen release services, with 338 being cold spots. The percentage of hot
and sub-hot distribution areas decreased, but the distribution range changed. The hot spot
area of the value of carbon sequestration and oxygen release appeared in Honghu branch,
and the distribution range of cold spots and sub-cold spots changed significantly. In 2013,
the percentage of small classes of cold spots was mainly concentrated in the eastern part of
Gongwu branch and Nianke branch, and there were no cold spots in Honghu branch and
Beishan branch. However, the percentage of cold spots for carbon sequestration and oxygen
release services increased and then decreased from 2009 to 2018, while the percentage of
hot spots continued to decrease. Overall, from 2009 to 2018, the distribution pattern of the
entire forest value volume changed to high east–west and low middle.

By combining Table 2 and Figure 9, we can observe that in 2009, the number of
hot–cold spots of water conservation service value in small groups was 532 and 1042,
respectively. The distribution of cold–hot spots was relatively concentrated, with hot spots
and sub-hot spots mainly distributed in the east and south of PM plantations in Guangxi
Paiyangshan Forest Farm (south of Gongwu branch), and cold spots and sub-cold spots
mainly distributed in the northwest of PM plantations in Guangxi Paiyangshan Forest
Farm (north of Beishan branch and Nianke branch, northwest of Narai branch and Honghu
branch, and west and northeast of Dawangshan branch). In 2013, there were 412 and
541 small classes of hot–cold spots in the value volume of water conservation services. The
percentage of hot spots increased while the percentage of cold spots decreased. Compared
with 2009, the hot spots were mainly located in the south of Gongwu branch. The number
of small groups of cold spots mainly decreased in the northwest of Gongwu branch, Nianke
branch, the northwest of Nalai branch, and Dawangshan branch. In 2018, there were 752
and 649 small classes of hot–cold spots in the value volume of water conservation services,
and the percentage of hot spots continued to increase while the percentage of cold spots
continued to decrease. Hot spot areas appeared in the southwest of Beishan branch and
Gongwu branch, and hot spot areas of water conservation value volume appeared. The
distribution range of cold spots and sub-cold spots changed considerably, with the Beishan
branch transforming into a hot spot area, the northwestern part of the Gongwu branch not
being significant, and cold spots appearing in the Dawangshan branch. The percentage
of hot spots for water conservation services continued to increase while the percentage of
cold spots continued to decrease from 2009 to 2018. The distribution pattern of cold–hot
spots of the entire forest value shifted from high in the southeast and low in the northwest
to high in the west of the southeast and low in the north of the center.
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Figure 8. Distribution of cold–hot spots of carbon sequestration and oxygen release in PM Plantations
in Paiyangshan Forest Farm from 2009 to 2018. Z(Gi*) is the aggregation index degree parameter. Red
indicates a hot spot region, orange indicates a sub-hot spot region, yellow indicates an insignificant
region, dark green indicates a cold spot region, and light green indicates a sub-cold spot region. The
distribution of cold–hot spots of carbon sequestration and oxygen release is shown for the years
2009 (a), 2013 (b), and 2018 (c) in the following figures.
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Figure 9. Distribution of cold–hot spots of water conservation in PM Plantations at Paiyangshan
Forest Farm, 2009–2018. The aggregation index degree parameter Z(Gi*) was used to analyze the
spatial pattern of water conservation services. Red indicates hot spot regions, orange indicates
sub-hot spot regions, yellow indicates insignificant regions, dark green indicates cold spot regions,
and light green indicates sub-cold spot regions. The following maps show the distribution of cold–hot
spots of water conservation services in 2009 (a), 2013 (b), and 2018 (c), respectively.
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By combining Table 2 and Figure 10, we can observe that in 2009, the number of small
groups of hot–cold spots for soil conservation service value was 674 and 629, respectively.
Hot spots and sub-hot spots were mainly distributed in the northwestern and central parts
of Gongwu branch, the northwestern part of Nalai branch, and Pucheng branch, while
cold spots and sub-cold spots were mainly distributed in the northern part of Beishan
branch, the eastern and northwestern end of Nianke branch, the central and southern parts
of Gongwu branch, and Honghu branch. In 2013, the number of hot and cold spot small
classes of soil conservation service was 423 and 510, respectively, with the percentage of
hot spots decreasing and the percentage of cold spots increasing. Compared with 2009,
hot spots were mainly in the northwestern and central part of Gongwu branch and the
northwestern part of Nalai branch, while their numbers increased in the central part of
Nalai branch and Pucheng branch. The number of small groups of cold spots increased
mainly in the eastern part of Beishan and Dawangshan branch, and decreased in Gongwu
branch. In 2018, the number of hot–cold spot small classes for the value of soil conservation
services was 517 and 486, respectively, with an increase in the percentage of hot spots and a
decrease in the percentage of cold spots. The hot spot distribution area changed less, and
decreased in Nalai branch. The cold spot distribution area was widely reduced, distributed
in the eastern part of Nianke branch and Honghu branch, and other former cold spot areas
became hot and cold insignificant areas. The proportion of hot spots in soil conservation
services decreased and then increased, while the proportion of cold spots increased and
then decreased from 2008 to 2019. The distribution pattern of cold–hot spots of the entire
forest value shifted from an overall staggered pattern of cold–hot spots to high in the east
and central part and low in the north.
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Figure 10. The distribution of cold–hot spots of soil conservation for PM plantations in Paiyangshan
Forest Farm from 2009 to 2018 is presented in this figure. The aggregation index degree parameter is
denoted by Z(Gi*). The color red represents hot spot regions, orange represents sub-hot spot regions,
yellow indicates insignificant regions, dark green denotes cold spot regions, and light green indicates
sub-cold spot regions. Panel (a) displays the distribution of cold–hot spots of soil conservation in
2009; panel (b) shows the distribution in 2013; and panel (c) depicts the distribution in 2018.

3.4. Multiple ESs Cold Hot Spot Analysis

The distribution and extent of cold–hot spots of individual ESs have been explored in
detail earlier. The same service provides different amounts of value in different regions,
and different regions can also provide multiple ESs. However, the regions provide different
service capacities, both high and low, specifically reflected in this paper by the amount
of service value per unit area [20]. Furthermore, the cold–hot spots of four ES value
amounts are spatially superimposed to identify the cold–hot spots of multiple ESs in
different regions.

The overall spatial distribution of the number of multiple hot spot ESs in Guangxi
Paiyangshan Forest Farm over the years shows a pattern of high in the east and west
and low in the middle (Figure 11). The gray small classes indicate that there are no hot
spot services in the small mark. The western and northern part of Pucheng branch is the
distribution area of four hot spot ES supply, while the southern part of Gongwu branch
only provides one hot spot ES. Among these, the number of hot spot ESs provided by
small classes of PM plantation forest in Gongwu branch is more complicated. In 2013, the
number of hot spot ESs increased in Beishan branch and the southern part of Gongwu
branch, while it decreased in the northwestern and eastern part of Gongwu branch. In
2018, the number of hot spot ESs decreased in the southern part of Gongwu branch and
increased in Beishan branch, the central part of Gongwu branch, Honghu branch, Nalai
branch, and Dawangshan branch. The largest number of small groups was able to provide
three to four hot spot services from 2008 to 2019.
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4. Discussion

Most studies investigating the interconnections of various ESs have focused on admin-
istrative units such as provinces, basins, watersheds, and counties, but few have examined
the spatial associations between ES pairs at the scale of forestry units. In this study, we
quantified the synergistic and trade-off relationships among four ESs—wood supply, carbon
sequestration and oxygen release, water conservation, and soil conservation—in Guangxi
Paiyangshan Forest Farm, and explored the spatial autocorrelation distribution and hot
spot distribution of ES pairs. Correlation analysis can provide a good overall perspective for
qualitatively analyzing trade-off or synergistic relationships of ES pairs, but it cannot fully
capture the spatial information of these relationships. Therefore, spatial autocorrelation
analysis is a good complement to the analysis. Our results indicate that the relationships
among ESs in PM plantations, like other forest ecosystems [34,35], exhibit a variety of syn-
ergistic and trade-off relationships, with obvious spatial heterogeneity and a predominance
of synergistic relationships.

Different spatial scales can influence the interactions among ESs, and the synergies
and trade-offs among them can also change [36]. By comparing the correlation coefficients
among the four ES functions in PM plantations in Guangxi Paiyangshan Forest Farm, we
identified the important relationships of ESs at the camping unit scale. We detected a
significant positive correlation between the ES functions of the PM plantation, indicating
a strong synergistic relationship between wood supply, carbon sequestration and oxygen
release services, and a weak synergistic relationship between wood supply, water conserva-
tion, and soil conservation, which is consistent with the findings of Dai, E. et al. [6]. We
also observed a weak synergy between water conservation services and the other three
services (water conservation and soil conservation increased from weak to moderate syn-
ergy). Carbon sequestration and oxygen release had a weak synergistic relationship with
water conservation, and carbon sequestration and oxygen release had a weak synergistic
relationship with soil conservation services. Furthermore, we identified an important
trade-off between carbon sequestration and oxygen release services and water conservation
services. Based on the previously conducted ES assessment of PM plantation forests [20],
it is known that the wood supply capacity, as well as carbon sequestration and oxygen
release capacity, of PM plantation forests increase with the accumulation of stand volume
and productivity with the increase in forest age. At the same time, soil erosion slows down
under the effect of vegetation cover, and the soil conservation capacity of PM plantation
forest increases. However, the water conservation capacity is mainly influenced by both
rainfall and evaporation, with the increase in vegetation cover, evaporation increases and
water conservation capacity decreases. Therefore, forest management should focus on
the holistic theory of ESs and balance the relationship between provisioning services and
regulating and supporting services according to local environmental problems to improve
the overall benefits, rather than the economic benefits of a single service.

Overall, the ESs of PM plantation forests are dominated by synergistic relationships.
There is a strong synergy between provisioning services and regulating services (carbon
sequestration and oxygen release), a weak synergy between provisioning services and
regulating services (water conservation), a weak synergy between provisioning services
and supporting services, and a weak synergy between regulating services and supporting
services. This indicates that the presence and growth of PM plantations contribute to the
positive growth of these three services, providing a basis for multi-objective management
operations in PM plantations. However, if the wood supply capacity is realized solely as
timber output capacity, it will create a trade-off with the other three services. The output
of timber volume will weaken the stand stock and ultimately affect the ESs of the whole
stand [37,38].

There are four types of spatial relationships among ES pairs in PM plantations: “HH”
synergistic relationship, “LL” synergistic relationship, “HL” trade-off relationship, and
“LH” trade-off relationship. Understanding the overall synergy and trade-offs is important,
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but it is also necessary to understand the spatial distribution of these relationships in order
to develop strategies that can be tailored to local conditions.

The analysis of ES hot and cold spots in PM plantations revealed that the relationship
between ES pairs affects the differences in service provisioning capacity among small
groups of plantation forests in the region. The probability of multiple service hot spots
occurring in small classes with synergistic changes in service pairs is higher, and their
spatial distribution is increasingly similar. This finding is consistent with the results of Tian,
Y.’s study [26]. On the other hand, the hot and cold spots provided by small plantation
classes showing trade-off relationships overlap more, and the likelihood of hot spots
appearing in the same area is lower, resulting in greater spatial variability. Furthermore,
while some small plantation classes may provide multiple hot spot services, others may
only provide one or no hot spot services.

5. Conclusions

This study utilized correlation analysis, bivariate spatial autocorrelation, and hot spot
analysis to synthesize the synergistic and trade-off relationships over time and space of ESs
in PM plantations in Guangxi Paiyangshan Forest Farm from 2009 to 2018, and revealed
the following main findings:

• There were significant correlations among the four pairs of ESs in Guangxi Paiyang-
shan Forest Farm. A strong synergistic relationship was observed between wood
supply and carbon sequestration and oxygen release services, whereas a weak syn-
ergistic relationship existed between wood supply and both water conservation and
soil conservation. Additionally, a weak synergistic relationship was observed between
water conservation and the other three services. Notably, the synergistic relationship
between water conservation and soil conservation improved from weak to moder-
ate, while the synergistic relationships between carbon sequestration and oxygen
release and both water conservation and soil conservation were weak. Overall, supply
services had a strong synergy with regulating services (carbon sequestration and
oxygen release), a weak synergy with regulating services (water conservation), a weak
synergy with supporting services, and regulating services had a weak synergy with
supporting services.

• There were significant spatial differences in the bivariate spatial autocorrelations
among the four ES pairs, and the overall spatial trade-off and synergistic relationships
among the service pairs were generally consistent with the results of the correlation
analysis. Wood supply showed synergistic relationships with carbon sequestration
and oxygen release, water conservation, and soil conservation, with the strongest
synergistic relationship observed between wood supply and carbon sequestration and
oxygen release services. The synergistic relationship between wood supply and other
services weakened over time.

• The spatial distribution of cold–hot spots for each ES in Guangxi Paiyangshan Forest
Farm varies. There are both similarities and significant differences in the spatial
distribution of cold–hot spots of different types of ESs. The distribution of cold–
hot spots for provisioning services and regulating services (carbon sequestration
and oxygen release) was similar, while the distribution of cold–hot spots for carbon
sequestration and oxygen release, as well as water conservation services, which are
also regulating services, differed significantly.

• Once the trade-offs and synergistic relationships between service pairs in time and
space are understood, the decision-making process for PM plantation management
should consider the spatial heterogeneity of different ecological processes and their
links to different services. It is important to recognize the interrelationships among ESs,
clarify their spatial and temporal characteristics, and identify the driving mechanisms
behind them. Coordination and optimization of multiple services should be prioritized,
and one service should not be enhanced at the expense of others.
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• This study has some limitations. For example, while analyzing the trade-offs and
synergies of ESs for the entire PM plantation in Guangxi Paiyangshan Forest Farm,
the study lacked research on the scale effects of trade-offs and synergies of ESs [39].
The research on the value of ESs and the factors influencing the synergy and trade-off
relationship between multiple services is not deep enough, and the study only focused
on the ecosystem supply, regulation, and support services while neglecting the cultural
services of PM plantations. In the future, we will continue to study the synergy and
trade-off relationship between multiple ecosystem services in depth.
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Abstract: This paper presents the results of an analysis of the effects of Poland’s forest management
evolution over the last 75 years on forest biodiversity at the ecosystem level. Forest biodiversity
changes in the two politically and economically different eras (socialism and democracy) are inter-
preted based on four indicators used in assessments of forest stands (naturalness; habitat diversity;
forest management system; forest stand age structure). In the era of socialism (1945–1989), there
were dynamic increases in the area of semi-natural forests as well as in the proportion of the most
fertile habitats, whilst the proportion of the poorest habitats decreased quite dynamically. Then, the
clearcutting management system was regularly implemented, with adverse impacts on forest spatial
structure diversity. The proportion of old/mature tree stands and the stand average age increased at
relatively slow rates. In the era of democracy (1990–2020), there were comparatively more dynamic
increases observed in the area of forests undisturbed by man, as well as in the proportions of mixed
broadleaved and wetland forest habitats. At the same time, the proportion of old/mature stands and
stand average age kept increasing at relatively fast rates. The area of forests managed with the use
of the shelterwood system increased and the area of forest plantations substantially decreased. On
the other hand, irrespective of the era under study, there occurred a noticeable not-so-favourable
decreasing trend in the proportion of the youngest forest stands. All in all, during the analysed
period of more than seven decades, the evolution of forest management practice implemented in
Poland’s forests by State Forests National Forest Holding led to the restoration of/an increase in
biodiversity at the ecosystem level. Yet, there have remained unsolved issues, as regards the following
aspects: organisational (the assurance of further reconstruction of forest stands, and the restoration
of water profiles), political (a lack of up-to-date national forest policy), and financial (the costs of
protecting/restoring biodiversity vs. State Forests’ self-financing), as well as conceptual (old-growth
stands in managed forests, and controversy over clearcutting) and natural/anthropogenic (climate
change, and the eutrophication of forest habitats) issues. The solutions may require measures outside
the limits of Poland’s forestry, if not far beyond national borders.

Keywords: forest spatial structure; habitat diversity; management practices; naturalness; SFM
indicator; stand age structure

1. Introduction

Forest management, dependent upon historical, political, economic and social condi-
tions, determines the shape, sustainability and biodiversity of forest ecosystems [1]. Thus,
changes in the goals and principles of forest management result in alterations of forest
ecosystems and in their ability to provide services related to biodiversity and its conserva-
tion [2,3]. The examination the aforesaid relations at the large spatial and temporal scales is
important and informative. In this study, we examined the relationship between changing
forest management and the state of forest ecosystems using the example of Poland’s forests
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(Central Europe), taking into consideration the period from the end of World War II (1945)
to the present.

In order to obtain a better understanding of the changes that occurred during the
analysed period, it is necessary to go slightly back in time. Of many phases of forest use in
Poland, the most significant one for the diversity of forest ecosystems were those which
began about 250 years ago. Starting from 1772, Poland was split between the bordering
empires (Russia, Prussia and Austria) for over 120 years. At that time, the country’s
environment was intensively exploited, and in the 19th century, forest coniferous tree
species were propagated; this also occurred all over Europe [4–9]. Modelled on agriculture,
single-species, single-generation and single-layer spatially ordered forest stands were
cultivated, leading to the elimination of the ecosystem and spatial diversity of forests
almost completely [10,11].

After Poland regained its independence in 1918, works on a modern model of multi-
functional forestry began to emerge. Established at that time (1924) was the Polish State
Forests Enterprise who has to date continued functioning, and is now known as State
Forests National Forest Holding (the State Forests or the SF, hereafter also referring to
Poland’s forests managed by this enterprise). Currently, the SF is the EU’s largest spe-
cialised entity managing national forests [12]. In 1939, the outbreak of World War II
abruptly terminated the initial stage of Poland’s forestry development and brought on the
destruction of national forests due to warfare, military battles and over-exploitation by
the occupying forces until 1945 [13,14]. Nevertheless, subsequent generations of Polish
foresters have continued to pursue the initial course and to build on the achievements
gained before the war, although the extent of the use of former knowledge has changed
over time.

On account of historical changes in Poland in the last decades, we divided the period
under study (1945–2020) into two stages, which are quite different in terms of Poland’s
political and economic conditions, i.e., the era of socialism (1945–1989) and the era of
democracy (since 1990). The two eras have made their important marks on the shape of
forest management in Poland.

Extensive nationalisation and industrialisation were characteristic of Poland under
socialist conditions [15,16], resulting in severe environmental pollution, which was every
so often followed by the extinction of natural habitats, and which was also recorded in
the case of forests [17,18]. The economy was centrally planned and regulated, devoid
of market mechanisms, and national forestry was implemented in line with a resource-
based economic model [4,7]. Forest management was chiefly focused on industrial wood
production and the achievement of commercial goals [19], whereas ecological principles
and forest sustainability were of secondary importance [7]. Nonetheless, the managers of
state-owned forests undertook a number of measures so as to reduce ongoing biodiversity
loss one way or another.

Appropriate measures had a chance to be implemented on a considerable scale only
after the transformation of Poland’s political (and economic) system into a democratic one
which brought about the free market (starting from 1989). This led to the implementation
of the concept of sustainable forest management (SFM), with a strong emphasis being put
on the protection and restoration of forest ecosystems [20–23], including ecosystem-level
biodiversity. A very important factor for the maintenance direction of reforms was to
continue the state ownership of forests under the conditions of the transformed economic
system [3]. In the meantime, Poland joined several international processes on the protection
of, inter alia, forest biodiversity (e.g., the Convention on Biological Diversity, and the
Ministerial Conference on the Protection of Forests in Europe—now FOREST EUROPE),
and started implementing jointly developed recommendations/guidelines on its own forest
industry and management practice.

Two milestone actions undertaken during the era of democracy have boosted the
protection of biodiversity in Poland’s forests (especially those managed by the SF), i.e., the
accession to the European Union (2004) and the implementation of the Birds and Habitats
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Directives [24]. The ratification of the Aarhus Convention (2003) [25] resulted in greater-
than-before public participation in shaping the rules and ways of forest management,
especially in terms of forest nature conservation.

The aforementioned historical, political, economic and social changes (together with
the increased awareness of environmental issues) during the period under study have
considerably influenced the state of forest biodiversity in Poland. So far, these aspects have
been studied based on selected indicators, in relation to biodiversity at the landscape level.
The results of Referowska-Chodak and Kornatowska [26] show that in the era of socialism,
there were prompt increases in total forest cover, wood resources (total growing stock)
and the total area of protective forests essential for biodiversity conservation. In the era of
democracy, average growing stock density increased intensively and forest management
has put a greater emphasis on reducing forest fragmentation and clearcut logging. Likewise,
there was an average increase observed in protected forests’ areas in both eras under study.
At the crossing point, the area of protected forest in Poland increased most vividly. The
changes throughout the study period were considered positive for the forest landscape. Yet,
numerous problems and challenges in this have still remained. These include, inter alia,
unnecessary beneficial alterations in the ownership structure of Poland’s forests; outdated
national forest policies; insufficient funding for nature conservation; uneven distribution
and ongoing forest fragmentation across the country; climate change impacts (e.g., extreme
weather events) [26]. For a more complete picture of the consequences of the evolution
of forest management in Poland, there is a need for further comprehensive analyses as
regards other than landscape biodiversity levels, including but not limited to the ecosystem
biodiversity level.

Considering the above, the main aim of the present study was to evaluate the effects of
forestry evolution under Poland’s conditions on the state of forest biodiversity at the ecosys-
tem level, in reference to selected indicators. In the perspective of 75 years (1945–2020),
the specific objectives were distinguished: (1) to determine the direction and dynamics
of changes in forest ecosystems, (2) to identify drivers of the observed changes and their
effects, and (3) to identify threats to forest ecosystems and the direction of further actions
for the benefit of forest biodiversity at the ecosystem level. The study period comprised
the two political eras in Poland (socialism and democracy) with differently formulated
forest management objectives. In the era of socialism, forest management was focused on
industrial wood production and the achievement of commercial goals whereas in the era of
democracy, the emphasis has been put on the implementation of the concept of sustainable
forest management (SFM) and the restoration of forest ecosystems. The regulations and
guidelines for forest management developed in the eras under study are quite different but
in both cases have directly influenced the state and structure of forest ecosystems.

The results of a comprehensive ana”ysis’of relationships between forest management
and forest biodiversity at the ecosystem level, carried out in consideration of conceivable
conflicts, as well as the long-term perspective and the large spatial scale, can be useful
for enhancing sustainable forest management, for example in the regions with historical
conditions or forest structures analogous to those in Poland. On a broader scale, such
studies can serve as forms of documentation of changes occurring under the impact of
human activity on the surrounding nature.

2. Materials and Methods
2.1. Indicators

The indicators used to measure the state of forest biodiversity, such as the set of
criteria and indicators (C&I for SFM) developed by FOREST EUROPE [27] often reflect
the condition of more than one level of biodiversity. In order to assess forestry evolution
effects on different levels of forest biodiversity in Poland’s forests (State Forests), we used
the criteria/indicators that reflect the studied aspects to the greatest extent.

In the present study, the widely used biodiversity indicators, such as species richness
and abundance as well those related to alpha, beta, gamma diversity, were not used
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as they merely refer to a species level. Our aim was to focus on analysing complex
systems composed of various factors and forest management undertakings that shape forest
ecosystems—not only in terms of species characteristics, but also spatial and temporal
diversity. Therefore, in regard to the ecosystem level, the following proved useful: selected
C&I for SFM [27]; selected factors listed by Keller [28] as determinants of biodiversity
related to forest ecosystem stability; selected indicators used by Mederski et al. [7] to
analyse the effect of “ecological” forestry policy on the landscape change.

The influence of the evolution of Polish forestry on forest biodiversity at the ecosystem
level was therefore studied based on the following four indicators:

1. Naturalness—C&I for SFM: Indicator 4.3, naturalness [27]. The indicator refers to
a degree of alteration of a certain ecosystem classified in the following classes [3]:
forests undisturbed by man (“the natural forest development cycle persists or was restored
and show characteristics of natural tree species composition, natural age structure, deadwood
component and natural regeneration and no visible signs of human activity”); semi-natural
forests (“neither undisturbed by man nor plantations but displaying some characteristics of
natural ecosystems”); plantations (“usually representing ecosystems on their own, established
artificially by planting or seeding, often with introduced tree species, and intensively managed”;
“completely distinct from the original ecosystem”). In this study, consistent with the
methodology adopted in Poland, forests undisturbed by man were considered forests
under strict protection in forest nature reserves (area per ha). Forests protected
in national parks were not analysed, as institutions other than State Forests are
responsible for their management [26]. In the case of forest plantations, we took
into account those established for increased timber production in shorter production
cycles (ha). Seed plantations (focused on the conservation of gene resources) and
Christmas tree plantations (usually established under power lines) were not included
in the analysis. The area of semi-natural forests (ha) was calculated as the difference
between the total area of forests administered by the SF over the study years [26] and
the sum of the areas of other forest categories examined, i.e., forests undisturbed by
man and plantations;

2. Habitat diversity: diversity of habitat conditions is, as stated by Keller [28], one of the
factors that influence forest ecosystem functioning. In the present study, we focused on
4 basic types of forest habitats in Poland (the term considered to represent the physical
conditions of forest sites). The habitats under this study were distinguished by forest
site fertility from the poorest to the most fertile, i.e., those of (1) coniferous forests,
(2) mixed coniferous forests, (3) mixed broadleaved forests and (4) broadleaved forests.
Based on available data, we calculated the respective habitat area proportions (%) in
each of the study years. In further descriptions, we referred to the habitat moisture
gradient through the analysis of changes in the proportion (%) of the wettest habitats
in the forests under study;

3. Forest management system: indicator methods of final felling [7]. This indicator refers to
general principles of forest use and regeneration, as well as to the implementation of
specific activities in time and space so as to ensure that the intended production goal
is achieved [11]. The management system directly influences forest ecosystem charac-
teristics and spatial structure, which, in accordance with Keller [28], is a factor with
significant effects on ecosystem stability. In this study, depending on data availability,
there are presented figures on forest areas (ha) covered by specific treatments under
each analysed management system in a given study year or the total forest area (ha)
planned for the application of a given management mode in the long-term perspective;

4. Forest stand age structure: the age structure of stands, consistent with Keller [28],
influences the formation of specific conditions for an ecosystem’s development and
its richness, and thus has effects on long-term ecosystem stability. This is also an
indicator for SFM (C&I, Indicator 1.3, age structure and/or diameter distribution [27]),
originally considered in terms of economic aspects and the contribution of forest
resources to global carbon cycles [3,27].
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2.2. Scope of Analyses

It was assumed that the analyses would include forest areas managed by the State
Forests National Forest Holding (SF), and references to all forests in Poland would be
made only if information regarding the SF was not available or the analysed data were
relevant for the interpretation of the obtained results. This approach was based on the
following: (1) almost 77% of the area of all Polish forests is currently under management
of the SF [29]; (2) a standardised forest management practice has been implemented in
all the forests administered by the SF [12]—this confirms the consistency of the presented
results and conclusions drawn; (3) more and more detailed and reliable data (especially
historical) concerning the SF are available compared to those on other forests in Poland;
(4) State Forests is the entity managing state land, and therefore, it is principally influenced
by pressures exerted by the government and decisions on land management policy.

The time scale of the analysis was the period of 1945–2020 (75 years). The influence of
the evolution of Poland’s forestry on forest biodiversity at the ecosystem level is presented
based on data pertaining to 10-year intervals (Figure 1).

Forests 2023, 14, x FOR PEER REVIEW 6 of 30 
 

 

 
Figure 1. Timeline of developments related to Poland’s forestry in 10-year intervals of the period 
under study (the era of socialism—red; the era of democracy—green). 

The year 1990 was assumed as the breakthrough year (the sanctioned start of forest 
management transformation). The data used for the analyses represented the status at the 
end of the year given in the tables/figures. In the case of data being unavailable for a given 
study year, if possible, data from contiguous years were used. Relevant information was 
then indicated in the footnotes to the tables/figures. Due to the different reporting mode 
(a marketing year covering the fourth quarter of the previous year and the first three quar-
ters of the following year), the results for the area under different types of forest manage-
ment systems in the year 1960 was calculated as the sum of ¾ of the parameter value for 
the 1959/1960 marketing year and ¼ of the value for 1960/1961. 

1950
• challenging times of post-war national reconstruction
• early stages of the centrally planned economy (including forest management)

1960
• intensified national raw material economy
• resource-based economic model in forestry

1970
• initial stages of recognition of raw material issues
• continuation of the national raw material economy (including forest management)

1980
• early stages of implementing environmental protection, and increasing public 
awareness of the environment

• forthcoming political and forest management changes

1990

• economy transformation and new top priorities for national development
• Poland's active participation in MCPFE (FOREST EUROPE) as well as in the 
development of the Convention on Biological Diversity; launching factual changes in 
forestry

2000

• preparations for the implementation of the Habitats and Birds Directives (Poland’s
impending accession to the European Union)

• implementation of nature conservation programs in forest management plans prepared 
by the forest districts

2010
• continued implementation of the principles of pro-ecological forest management 
(established Natura 2000 network, the Aarhus Convention, ratified)

• intensification of actions against climate change impacts

2020
• enhancing measures implemented since 1990

Figure 1. Timeline of developments related to Poland’s forestry in 10-year intervals of the period
under study (the era of socialism—red; the era of democracy—green).
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The year 1990 was assumed as the breakthrough year (the sanctioned start of forest
management transformation). The data used for the analyses represented the status at the
end of the year given in the tables/figures. In the case of data being unavailable for a given
study year, if possible, data from contiguous years were used. Relevant information was
then indicated in the footnotes to the tables/figures. Due to the different reporting mode (a
marketing year covering the fourth quarter of the previous year and the first three quarters
of the following year), the results for the area under different types of forest management
systems in the year 1960 was calculated as the sum of 3

4 of the parameter value for the
1959/1960 marketing year and 1

4 of the value for 1960/1961.
The substantive scope of the study included the following: (1) evaluating informa-

tion/data compiled in terms of the characteristics of the analysed feature, taking into
account differentiation over time, as well as the direction and dynamics of changes; (2) pro-
viding a comprehensive analytical commentary; (3) identifying threats to forest ecosystems
and indicating the directions of beneficial actions.

2.3. Sources and Analysis of Information

Once the indicators were selected and the scope of the study was defined, perti-
nent data for the study years were compiled. The presented numerical data came from
reports published by State Forests National Forest Holding (Poland) that included finan-
cial/economic information or that regarding the state of forests [30–33]; the Forest Data
Bank [34]; statistical yearbooks on forestry and environmental protection published mainly
by Statistics Poland (GUS); relevant available monographs and articles. Due to the lack of
pertinent studies/reports for some study years (especially, for those at the beginning of the
study period), several statistics were not available; nevertheless, the trend and dynamics
of changes could still be revealed. For each analysed indicator, the aforesaid trend and
dynamics of changes in indicator elements were determined both for the entire study
period and the periods of the political eras under study. For the purpose of the discussion
of the results, including the description of factors that influence changes in the analysed
parameters, we used the results of several articles from the Scopus (Elsevier) database
(keyword: Polish forestry), as well as those found using a snowballing approach.

3. Results and Discussion
3.1. Naturalness

The classification of forests according to the degree of their naturalness illustrates
the distance between the current and potential natural status of a particular forest and
reflects the history and intensity of human interventions in forest ecosystems [3]. In Poland,
forests with preserved primeval features (thus with the minimum aforesaid distance)
appear very sparsely [11], mainly in the case of outside forests managed by the SF. This is
mainly due to forest management being carried out for centuries, which was particularly
exaggerated during the period when Poland’s territory was split between Prussia, the
Habsburg monarchy, and Russia (1795–1918). As a result, there is now a dominating
presence of forests with a relatively greater distance between the current and potential
natural status, and this distance depends upon local conditions and history; therefore, it is
differentiated across the country.

At the beginning of the period under study—just after World War II ended (1945)—
there existed no structured network of forest (or other) protected areas [26]. At that time,
fast-growing tree plantations were not implemented [35,36]. Therefore, the entire forest
area under the administration of State Forests (5408 thousand ha [26]) can be classified as
semi-natural forests. In the course of time, forests began to diversify in some measures
(Table 1). The values presented in the table below are the result of a long search for the
most reliable data or of data interpolation as historical information (especially as regards
the era of socialism) were often unavailable or divergent.
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Table 1. Different degrees of naturalness in forests under the management of State Forests *.

Year 1950 1960 1970 1980 1990 2000 2010 2020

Forests undisturbed by man (thousand ha) 0.02 <5.0 1 <5.9 2 <8.7 2 1.0 0.9 1.6 10.0
Semi-natural forests (thousand ha) <5740 6125 6493 ~6700 6787 6943 7066 7108

Plantations (thousand ha) n.a. (>0) 10.0 8.6 3 n.a. (>0) 17.0 4 8.9 5 4.1 6 2.5

* sources: [26,35–44]; 1 area of all forest reserves, 2 area of all strict reserves, 3 based on data for 1965 and 1972,
4 based on data for 1987 and 1989, 5 based on data for 1998 and 2003, and 6 data for 2009; n.a.—data not available.

The dynamics of changes in the area of forests of different naturalness degrees.
During the period under study, the trends of changes in the area of the examined forests
varied depending on the forest category. There was an increase in the area of forests
undisturbed by man (which increased in the era of socialism by 1 thousand ha, and by
9 thousand ha in the era of democracy). The area of semi-natural forests also increased (by
1379 thousand ha in the era of socialism, and by 321 thousand ha in the era of democracy).
In the case of plantations, after a period of increase in their area (an increase of 17 thousand
ha under socialism), a decrease was observed (a decrease of 14.5 thousand ha under
democracy). The dynamics of the aforesaid changes varied. The increase in the area of semi-
natural forests was more dynamic in the era of socialism (on average 30.6 thousand ha/year)
when compared to that in the era of democracy (on average over 10.7 thousand ha/year).
This was contrary to the changes in the area of forests undisturbed by man; in the era of
socialism the increase rate was on average 22 ha/year, whereas in the era of democracy,
apart from an initial downward trend, it was 300 ha/year. The area of plantations was
quite variable In the era of socialism (depending on the projects implemented and their
success), whereas in the era of democracy, the area of newly established plantations was
smaller compared to that of already existing plantations converted into forests with the use
of earlier management/reforestation practices.

Forests undisturbed by man. Currently, at any rate, practically every forest in Poland
is under indirect pressures, such as industrial emissions [11]. Therefore, it is conceivable to
refer only to forests with ceased direct pressures. Polish forests strictly protected under the
Nature Conservation Act of 16 April 2004 [45] can be categorised as “forests undisturbed
by man” and assessed by means of Indicator 4.3, naturalness [27]. In forests managed
by the SF, the area of “undisturbed” forests increased bit by bit (Table 1) and in 2020,
it was 0.14% of the total area of State Forests. The low share of strictly protected forest
ecosystems was emphasised as an important problem by the Polish State Council for Nature
Conservation as early as 2007, and later in 2016 [46,47]. The Council pointed out, inter alia,
that undisturbed forest sites can serve as reference plots for improving forest management
practice [46]. They can be used to determine the natural stand type characteristic of a
region under given habitat conditions [11], as well as to observe and better understand
ecological processes [3]. Although the area under strict protection in forest nature reserves
designated in the SF has been increasing since 2007 and then since 2016 (Table 1), the area
of undisturbed protected forest ecosystems could be considerably enhanced. The value of
undisturbed forests is greater the larger and more consistent their area is, as this allows
natural ecosystem dynamics to occur [3]. On the scale of European countries, a particularly
high proportion of forests undisturbed by man occur in Georgia (17.7%), Bulgaria (18.1%),
and Liechtenstein (22.4%). However, the average for Europe as a whole is 2.2%, and in
Northern Europe region it reaches a maximum of 3.9% [3].

Semi-natural forests. The majority of Poland’s forests were strongly changed due to
the long-lasting implementation of the resource-based economic model of forest manage-
ment [48,49], in the time when the country was partitioned (1795–1918) and later, in the
era of socialism (1945–1989). Focusing on timber production turned forests into unstable
formations with seriously diminished species, ages and spatial structures. Yet, the forest
ecosystem is a living, dynamic natural entity, with great potential for regeneration. Nowa-
days, the degree of naturalness could be improved if forests were not affected by human
interference [11]—as referred to in the paragraph above—or through silvicultural practices.
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Already in the early 1980s, the Polish scientific community highlighted a need for the
implementation of a “close-to-nature silviculture model”, allowing for restoring complexity
and increasing the stability of forest ecosystems [48]. However, this concept had a chance
to gradually materialise only after the political, economic and social transformation which
took place in the late 1980s and early 1990s. Hence, the results presented in Table 1 show
data on forests categorised as semi-natural in the era of socialism whose features were
considerably less natural when compared to those in the era of democracy (and especially,
when compared to present forests). Even so, the classification adopted in this study is fit
for its purpose, because forest plantations—if not intensively managed for an extensive
period of time—can be considered semi-natural forests [3]. Notwithstanding the resource
management approach, “regular” Polish forests were not plantations, and even during the
era of socialism, there was harvested no more wood than its annual increase [26].

Plantations. The concept of fast-growing tree plantations flourished in State Forests
during the era of socialism. Poplar (Populus sp.) plantations were established in the 1950s,
with the goal of establishing 50 thousand ha by the year 2000. Over time, the cost of
growing poplar plantations on forest lands turned out to be too high, so the project was
discontinued in the 1980s, as was the case with failed willow (Salix sp.) plantations in the
early 1970s. Then, 100,000 ha of spruce (Picea sp.), larch (Larix sp.), birch (Betula sp.) and
Douglas-fir (Pseudotsuga menziesii) plantations was to be established in 1970–1990, of which
only a little over 4000 hectares was realised. In the first decade of the 21st century, there
were efforts undertaken to establish plantations of tree species such as bird cherry (Prunus
avium) and black locust (Robinia pseudoacacia) but since 2010, projects of this kind have been
given up by State Forests [36]. Even though the current Forest Management Instruction [50]
still specifies “fast-growing tree plantations”, current plantations (especially in the case of
poplar) are usually established on agricultural lands with poor soils, so as to secure and
improve subsoil quality and provide income for private land owners [42,51], e.g., from
wood sale to paper factories. In view of the above, as far as Poland’s forests (State Forests)
are concerned, the present role of plantations is quite minor, comparable to that across
Europe (3.8% on average [3]), and significantly lesser than, for example, that in the United
Kingdom, Ireland and Belgium, where plantations dominate in the total forest area (in
proportions of 89.2%, 86.2% and 68.2%, respectively [3]). However, due to the growing
demand for timber, plantations of fast-growing trees on agricultural lands (outside of the
SF) may be necessary [42].

Naturalness and biodiversity. It is interesting to note that in regard to forest ecosys-
tems, naturalness and biodiversity are not always correlated, as a forest habitat located
in environments affected by strong limiting factors can have a considerably high level
of naturalness, even if its biodiversity is not high [52,53]. For instance, in Poland, the
process of ageing of unmanaged Carpathian beech forests has been accompanied by a
decrease in the diversity of the tree and herb layers [54]. Based on data from permanent
plots (established in 1936), Brzeziecki [55–57] reports considerable changes in tree species
composition and abundance, as well as the low recruitment rates of formerly dominant
species, in spontaneously developing tree stands strictly protected for about 100 years in
the Białowieża Forest (a unique temperate forest in eastern Poland). There are also observed
cases when high biodiversity is observable in less natural forests. For example, the outstand-
ing species composition and physiognomy of Euro-Siberian steppic woods with Quercus
spp. (Natura 2000 priority habitat 91I0) are attributable to, inter alia, human-dependent
cattle grazing [58].

3.2. Habitat Diversity

The potential natural vegetation in Poland was classified as temperate lowland forest
(predominant) and mountain forest [59]. Presumably, lowland forests in fertile habitats
would be dominated by oak-hornbeam communities [60]. However, this pattern was
disrupted as a result of centuries of a gradual takeover of fertile soils for agriculture,
leaving forests mainly on poorer soils [61,62]. This essentially translated into then existing
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structure of forest habitat types. On the other hand, it is important to be aware that forest
management per se also affects habitat quality, by changing basic parameters—fertility,
water content and pH [1,63]. The planting of Scots pine (Pinus sylvestris) stands on fertile
soils, which was carried out in Poland in the 1800s, and later, in the era of socialism, had
adverse effects on soil fertility, enzymatic activity and physicochemical properties [64,65].
The evolution of the structure of habitats in State Forests in terms of their fertility during
the study period is shown in Figure 2.
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The dynamics of changes in the share of forest habitats of different fertility levels.
Over the course of the analysed 75 years (in particular, the 67 years for which data are
presented in Figure 2), the structure of forest habitat types underwent a significant trans-
formation: the share of the least fertile habitats decreased three-fold, and the proportion
of the most fertile and fertile ones increased two-fold. In the case of the poorest forest
habitats (coniferous forests), the decrease rate was higher in the era of socialism (until the
year 1990, the average annual decrease was 0.69% of total forest area) when compared to
that in the era of democracy (average annual decrease: 0.46% of total forest area). In 2020,
the share of mixed coniferous forests in the total forest area was 144% of the value recorded
in 1953. A stable increase in the share of mixed coniferous forests was recorded in the era of
socialism (average annual increase: 0.24%), whereas in the era of democracy, after an initial
increase, the share of coniferous forests decreased to the level recorded in the beginning
of this era. More remarkable increases in forest habitat shares were observed in the case
of mixed broadleaved forests and broadleaved forests—in 2020, their shares were 255%
and 252% of the initial values (1953), respectively. However, a considerable difference can
be noted between the eras under study—the increase in the share of mixed broadleaved
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forests was more dramatic in the era of democracy when compared to that in the era of
socialism (an annual increase of 0.31% and 0.19% in total forest area, respectively). This
was not the case of broadleaved forest habitats; their share increased annually by 0.26% in
the era of socialism and only by 0.14% during the era of democracy.

Causes of changes in habitat fertility. We identified four causes of changes in forest
habitat fertility. Firstly, the changes may be due to habitat eutrophication resulting from
the deposition of airborne nitrogen compounds [62], which under Poland’s conditions is
one of the highest in Europe [3]. Even though the total nitrogen content in forest soils in
Poland is not high as that in Europe, it is gradually increasing—only in 2009/2012–2015 it
increased by 0.1 g/kg, the same value of increase as that in the pH of these soils (by 0.1) [3].
It should be noted that emissions of nitrogen and sulphur are a potential threat to Polish
forest ecosystems as the permissible levels of acid depositions are often exceeded [69]. On
the other hand, it should be emphasised that the magnitude of air pollution is a factor that
is decisively independent of forest management, and depends, inter alia, on national policy
in regard to the environment and the country’s development.

Secondly, changes in habitat structure within forests managed by the SF may be a re-
sult of forest land reclamation, which was carried out since 1955 at a rate of 20–75 thousand
ha/year [37,40,70], with a much higher rate in the years 1970–1980 (>100–200 thousand
ha/year [68]). As part of forestry undertakings, especially during the era of socialism,
mineral fertilisation was applied to forest soils, which directly affected forest resources and
related ecosystem services [2]. Over time, however, this form of interference in forest habi-
tats was scaled down, and in the last decades (democracy), fertilisation was applied to soils
only in very small areas—for example, in 2010 it was scaled down to 41 hectares of forests
under SF management and in 2020, it was scaled down to 15 hectares [41,70]. In addition to
fertilisation, certain tree species were planted to enhance habitat fertility [11,64]. The influ-
ence of stand species and spatial composition on soil trophic properties was also confirmed
by Augusto et al. [71]. An analogous effect was—and still is—achieved via the conversion of
stands from conifer monocultures established in too-fertile habitats into mixed broadleaved
and broadleaved forests (carried out by SF for about 50 years [7,17]). Admittedly, the
crowns of deciduous tree species increase the pH of throughfall precipitation [72].

Thirdly, changes in the habitat structure may be related to afforestation realised
in Poland since the end of World War II, which was especially intensive in the period
until the late 1970s [26,61,62]. Much of reforested/afforested land was characterised by
greater fertility than that found in the forests managed by SF, especially in the period just
after the war ended. This was due to the fact that areas with the most fertile soils were
formerly deforested for agriculture. For this reason, in post-agricultural areas designated
for afforestation, Brunic Arenosols (65.8%) were dominant on the scale of SF. In southern
Poland, even more fertile soils were observed—Cambisols and Luvisols. The dominant
forest habitat types assigned to these areas include mesotrophic fresh mixed coniferous
forest (35.9%) and fresh mixed broadleaved forest (26.5%), covering a total of 62.4% of
afforested post-agricultural land [73]. Therefore, the gradual inclusion of afforested land in
the acreage of SF has undoubtedly had an effect on the overall structure of forest habitats,
causing the proportion of the poorest habitats to decrease (Figure 2).

Fourthly, the documented changes in habitat structure may be a result of the increas-
ingly accurate identification of a habitat’s current and potential productive capacity [74].
Pertinent soil physical and chemical analyses and studies on spontaneous natural vege-
tation, including index plants, have been carried out over the last 20 years [75], with the
purpose to improve the precision of forest habitat classification. In this context, pioneer
solutions have been implemented in the promotional forest complexes (PFCs) established
by State Forests during the era of democracy [76]. PFCs are an original Polish concept of
implementing and promoting sustainable forest management.

The share of humid and wet habitats. The grid of forest habitat types in Poland’s
forests (State Forests) used for forest management planning also takes into account the
division of forest habitats listed in Figure 2 in terms of, inter alia, their degree wetness
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(dry/fresh/humid/marsh) [77]. In 1972, the share of forested humid/marsh (wetland)
habitats in the area of state-owned forests was 11.4% [68]. This was the time (the post-war
period—socialism) of the implementation of land drainage projects to make wet habitats
(forested and non-forested) productive [78,79]. It is worth noting that the draining of
wetlands to turn them into pastures and arable fields was carried out not only in Poland,
but also in large areas in other parts of Europe [80]. In Poland, a new approach to forest land
improvement was assumed after the transformation of the political system from socialism
into democracy, which no longer required almost every hectare of land administered by
State Forests to be made productive [11,78,79]. As a result of the remedial measures taken
(see Section 3.5), the share of forested moist and wet/wetland habitats in SF has increased
to 15.8% (calculated based on [33]). This is a positive development in the perspective of
preserving biodiversity, as well as increasing the population of trees [81].

3.3. Forest Management Framework

The method of management directly influences forest spatial diversity—the number
of forest stories/layers, tree density, and tree size (e.g., differentiated DBHs) as well as the
shape of crowns [82–86], the microclimate, insolation that reaches the forest floor at a given
stage of stand development, soil moisture and nutrient contents [87]. Forest organisms
respond to the specific living conditions shaped by humans; those that can endure can
adapt [84].

Polish forestry cultivates high forests almost exclusively [11], with four main manage-
ment systems being currently in use: clearcutting, shelterwood cutting, selection cutting
and special (functional) cutting. The first three systems apply to commercial forests and
the last one applies to those with important protective functions [11,50,88]. Under the
aforesaid forest management systems, the following can be used: clearcuts, step cuts, group
selection cuts and single-tree selection cuts [11,88]. The changes in the way forests have
been managed since the end of World War II are shown in Table 2; notably, during the study
period, the methods for reporting relevant information/data were modified and data were
not always available.

Table 2. Management systems in Poland’s forests administered by State Forests *.

Year 1950 1960 1970 1980 1990 2000 2010 2020

Clearcutting system (thousand ha) n.a. n.a. n.a. n.a. n.a. n.a. 3219.0 3190.6
Clearcuts (thousand ha) 16.9 47.8 40.8 34.6 33.5 29.5 26 30.3

Shelterwood cutting system (thousand ha) n.a. n.a. n.a. n.a. n.a. n.a. 3137.5 3378.5
Various types of cuts (e.g., step cuts, group

selection cuts) (thousand ha) 58.4 8.3 11.4 8.3 n.a. n.a. n.a. n.a.

Selection cutting system (single-tree selection
cuts) (thousand ha) – – – – n.a. n.a. 174.4 110.1

Special (functional) cutting system (thousand ha) – – – – n.a. n.a. 541.6 442.2

* sources: [34,61,62,68,89]; n.a.: data not available; —: no such cutting system.

The dynamics of changes in different forest management methods. Irrespective of
the political era under study (socialism vs. democracy), two basic forest management
systems dominate in the SF: clearcutting and shelterwood cutting. However, there is a
fundamental difference between their dynamics, depending on the examined era: the forest
area under the shelterwood cutting system has been increasing, and that under the clearcut-
ting system has been decreasing in the era of democracy (Table 2), even though the total
area of forests administered by SF has been augmented [26]. The system of selection cutting
has as yet been of minor importance, and was established only in the era of democracy,
when Polish forestry put a greater emphasis on biodiversity conservation. The outcome
of the new approach to forestry in the democratic era is also the method of management
dedicated to forests of special importance for, among others, nature conservation purposes
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(special management—the special cutting system). Over the last decade, selection cutting
and special cutting systems have been used in areas decreasing in size.

Clearcutting system/clearcuts. This management method has a strong impact on the
spatial structure of forest ecosystems, as an entire mature stand is removed at once, and
a succeeding stand—resulting from forest regeneration over a wide-open area—is even-
aged (single-generation), single-storey, and most often comprises pioneer or post-pioneer
species [11,90]. Due to the dominant share of the Scots pine [33], which is a pioneer species,
as well as because of a considerable area of poor habitats being occupied with forests
in Poland (see Section 2.2), the clearcutting method was and still is widely applied as a
forest management practice (Table 2; [11,91]). It is worth noting that single-generation
forests, being a result of the use of the clearcutting management system, have not been a
problem only for Poland’s forest ecosystems, but also for those in Europe, where about
75 percent of the total forest area is covered by even-aged forests [3]. In Poland, besides
being used in coniferous forests, the clearcutting system is currently used in parts of alder
forests [11,50,88]. Two aspects of clearcutting management are worth pointing out: the
total and unit clearcut area. The total clearcut area has gradually decreased over the years,
regardless of the political era under study (Table 2), despite the fact that the overall area
of forests administered by SF has increased [26]. On the other hand, however, there were
recorded increases in the total area of clearcutting (e.g., in the year 2020—Table 2). In most
cases, this was due to the necessity to remove trees because of large-scale wind damage
or forest dieback caused by the impacts of biotic factors [2,61,62,92]. Nevertheless, in 2020
(democracy), only 20% of all timber harvested came from clearcutting. In comparison, in
the marketing year 1959/1960 (socialism), 55% of timber mass was harvested under the
clearcutting management system [26]. In the era of socialism, the unit area of clearcutting
was usually 6 ha. This was justified on practical grounds in single-generation Scots pine
stands, because the method was the least expensive and time-consuming, which translated
into higher income from the forest [7,48]. Until the 1960s, even if ill-chosen, the clearcutting
management system was also used in large areas covered by mountain beech forests [84].
In the era of democracy, clearcutting in 6 ha areas has been used only on certain sites,
and the forest areas of smaller size are routinely planned for harvesting with the use of
this method [22,88], which is considered a manifestation/evidence of the “greening” of
Poland’s forestry practices [22,61].

Shelterwood cutting system/various types of cuts. This management method inter-
feres with forest spatial structure to a moderate degree; for a certain period of time, two
generations of trees coexist, afterwards an older generation is harvested, so forest cover
continuity is maintained [11,90]. Currently, this system is used in broadleaved forests and
in alder forests not managed under the clearcutting system [11,50,88]. The implementation
of the shelterwood management system has become particularly important in the era of
democracy, being used as a measure with the purpose of adapting to the changes in the
fertility of forest habitats (see Section 2.2). Concurrently, as can be seen in the historical
data (Table 2), in the early stages of socialism, the area of forests under the shelterwood
management system was much larger than that under the clearcutting system. At that
time, foresters attempted to bring back the species composition and spatial structure of
Poland’s forests—altered in earlier times—to a more natural state. However, due to the
soon-to-be-implemented central planning of the economy (characteristic of socialism),
as well as various adverse impacts/overexploitation in forests, these attempts had to be
abandoned [93,94].

Selection cutting system/single-tree selection cuts. Under selection management—
along with forest cover continuity— multi-generation forests have been maintained [11,90].
This kind of management is currently recommended for fir (Abies alba) forests and mountain
Norway spruce (Picea abies) forests [11,50,88]. Forests managed in this manner currently
account for only 1.5% of the total forest area administered by SF (the value derived from
Table 2). In comparison, in Switzerland, about 8% of the total forest area is managed
this way [95]. On a European scale, about 1

4 of forest area is covered by multi-generation
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forests [3]. Thus, evidently, in Poland’s forests managed by SF, the proportion of unevenly-
aged forests is comparatively low, with a noticeable decreasing trend in recent years
(Table 2). The downward trend may be due to the process of degradation and resultant
reconstruction of artificial spruce monocultures in mountainous areas, which have been
proven to have little resistance to adverse abiotic and biotic factors [6].

Selection management as well as various cuts under the shelterwood cutting system
have beneficial effects on the diversification of the spatial structure of forests [11,48,54,90].
At a stand level, the multi-layered forest structure allows for a more efficient use of light,
water and soil nutrients by forest vegetation [11,86]. Also, the provision of ecosystem
services, such as biodiversity maintenance, is generally more advantageous compared to
the establishment of single-generation forests, especially young ones [3,48,90,96]. On the
other hand, however, the selection cutting system is quite expensive and difficult to imple-
ment [11]. It also does not provide solutions to all dilemmas and issues concerning nature.
Noted was an increased share of ruderal plant species and increased homogenisation of the
undergrowth when this practice was applied [1,54,97]. Nonetheless, analogous phenomena
are also observed in unmanaged forests [54].

Special management system. Special management is related to forests with
marginalised or excluded commercial functions (e.g., designated nature reserves, and
parts of protective forests [11,50,88]). Although such types of forests existed in the era of
socialism [26], a special mode of their management has become a part of management
planning only in the era of democracy. In the last decade, there has been observed a
downward trend in the area of forests under the special management system (Table 2).
Nevertheless, in the same decade, the overall area of forests in nature reserves and that of
protective forests generally increased [26]. The indicated inconsistency can be explained
by the less-restricted nature conservation measures undertaken in some protective forests
(under the management of SF). Another reason behind this could be the relinquishment
of some of constraints—initially introduced under requirements related to forest man-
agement certification. In light of the imperative to respect Poland’s nature conservation
law, less-restricted nature conservation measures would be unlikely in the case of nature
reserves [45,98].

3.4. Age Structure of Forest Stands

Forest biodiversity is determined, inter alia, by the age structure of stands [3,28].
Forest age structure can be considered at a stand level (to which a reference was made
in Section 3.3: a single- or multi-generation stand, depending on the forest management
system used at the site), or at the scale of the entire country. Under the present study, forest
biodiversity was determined at the scale of national forests managed by SF (Table 3). It
should be noted that the co-presence of stands of different ages—combined with open
spaces—shapes a mosaic of the environments valuable for maintaining the diversity of
different groups of organisms, for instance bats [10,91,99].

Table 3. The proportion of area covered by stand age classes in forests managed by SF *.

Year 1950 1 1960 1970 2 1980 3 1990 2000 2010 2020

Age class I (1–20 years old) (%) 23.2 29.4 24.4 21.6 14.2 12.0 10.8 10.9
Age class II (21–40 years old) (%) 22.8 23.1 21.6 21.2 24.7 20.1 15.0 13.4
Age class III (41–60 years old) (%) 18.5 18.0 19.1 21.5 20.5 22.7 24.4 19.2
Age class IV (61–80 years old) (%) 13.1 13.6 14.6 16.0 18.1 19.4 19.1 20.8

Age class V and older (>80 years old) (%) 14.3 13.4 14.1 15.2 18.1 20.9 23.0 24.0
Stands under the selection cutting system

(uneven-aged) and those in the restocking class
(with distributed age classes) (%)

n.a. n.a. 3.0 3.1 3.3 4.1 6.2 9.5

Felling sites, blanks and irregularly stocked open
stands, and not reforested/afforested forest land (%) 8.1 2.5 3.2 1.5 1.1 0.8 1.5 2.2

* Sources: [30–33,75,89,94]. 1 data for 1948; 2 data for 1967; 3 data for 1978; n.a.—data not available.
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The dynamics of changes in the age structure of forest stands. In the period
1948–2020, the age structure of Poland’s forests administered by SF meaningfully changed
(Table 3). The proportion of the area covered by younger stands (of up to 40 years old)
decreased from 46.0% to 24.3%, with a lower decrease rate in the era of socialism (approx.
0.16%/year) compared to that in the era of democracy (approx. 0.49%/year). As for the
other age classes, the proportions of their areas increased over the entire period under
study—with differentiated dynamics: lower proportions for 41–80-year-old stands (middle-
aged, age classes III and IV) and higher proportions for those that were older (age class
V and higher; tree stands under the selection cutting system and those in the restocking
class). The area covered by middle-aged stands, in age classes III and IV, increased from
31.6% to 40.0%. The increase rate was lower in the era of democracy (about 0.05%/year)
than that in the era of socialism (about 0.16%/year). In contrast, the area of forest stands
containing older trees increased from 14.3% to 33.5%, with a lower increase rate (approx.
0.17%/year) in the era of socialism compared to that observed in the era of democracy
(approx. 0.40%/year). A natural consequence of the evolution described above is the
change in the average age of forest stands. During the period under study, the average
age of forest stands increased by about 20 years. Initially, reaching the average increase of
10 years took about 45 years (the era of socialism), whereas the duration of the next average
increase of 10 years was 30 years (the era of democracy).

Young stands (1–40 years old). The initial dominance of forest stands classified in
younger age classes (in the era of socialism until the early 1980s) was related to forest
restoration activities, which were undertaken for the regeneration of the forests over-
exploited during World War II, as well as actions carried out with the purpose of intensive
post-war reforestation/afforestation [17,26,62,100]. Nowadays, at the European level, only
in Iceland, there is a relatively large proportion of forests in the regeneration phase being
recorded [3]. In Poland, due to the shrinking of reforestation/afforestation areas, and
also restrictions regarding clearcutting management introduced in the era of democracy
(including the reduction of the size of clearcut areas—see Section 3.3)—the proportion of
area covered by younger stands has considerably decreased, particularly that covered by
the youngest stands (1–20-year-old trees). In this regard, it is worth noting that in Table 3,
the area covered by this generation of trees is also included in the category “Tree stands
under the selection cutting system. . .”; for the most part, these stands appear in multi-
generation forests [33]. A continuous reduction in the area covered by the youngest stands
may pose a future risk to forest sustainability and the proper age class structure [61,62]. The
diversification of forest age structure is a key driver of biodiversity, as it enriches habitats
with a range of species associated with each stage of the successional forest cycle [10]. In
Poland, the arrangement of the areas covered by trees in certain age classes (a comparative
level, yet not necessarily optimal) is considered “normal” if stands of the age classes I and
II cover about 18% (each) of the forest area [33]. The values presented in Table 3 evidently
differ from those.

Middle-aged stands (41–80 years old). The slowed-down afforestation/reforestation
process has influenced a successive increase in the proportion of the area covered by middle-
aged forests (with various fluctuations in age class III forests). At the turn of the 20th and
21st centuries, age classes II and III showed a dominant trend, and since 2010, age classes
III and IV have prevailed (41–80 years old) (Table 3). The current proportion of stands of
this age slightly exceeds the average. This is considered “normal” in the system of age
classes in Poland’s forests, where stands in age classes III and IV should each cover about
18% of the forest area [33]. Available data show that in the majority of European countries,
forests in the intermediate development phase also prevail and cover considerably large
areas [3]. It is worth noting that forest stands composed of species such as pine, spruce,
birch (common in Poland’s forests) in the intermediate development stage (50–100 years
old) are characteristic of the highest biomass production, as was reported in Sweden [101].

Old stands (>80 years old; tree stands under the selection cutting system and those
in the restocking class). After the collapse of Eastern European socialism, old-growth
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forests were defined as threatened by the major socio-economic restructuring processes
that occurred in the transition of the economy from state-led to market-oriented [2]. How-
ever, this has not been the case of Poland’s forests as they have mostly remained state
property [102,103]. Currently, 81–100-year-old tree stands constitute 15.2% of the forest
area under the administration of State Forests. Under the “normal” arrangement of the
age classes, they should account for approx. 18% [33]. Stands older than 100 years of
age (tree stands under the selection cutting system and those in various stages of regen-
eration) constitute another 18.3%, even though their assumed share under the “normal”
arrangement of the age classes amounts to approx. 9% [33]. Thus, a noteworthy over-
representation of the oldest stands in relation to the aforesaid “normal” pattern is observed.
The increase in the proportion of older stands in managed forests, related to the process of
management transformation towards SFM has been observed not only in Poland, but also
throughout Central Europe [49,63,104]. In several European countries (the Netherlands,
Norway and Portugal), the proportion of forest stands in the mature phase of development
is considerably higher (in terms of the area covered) compared to that of stands in other
developmental phases [3]. This is related, for example, to an increase in the rotation age
of forest tree species [63]. Currently, in Poland’s forests managed by SF, depending on
the geographical region and habitats, the rotation ages are 70–140 years for Scots pine
(typically 110–120 years); 80–130 years for Norway spruce; 90–140 years for fir (Abies sp.);
100–140 years for beech (Fagus sp.); 120–240 years for oak (Quercus sp.) [50]. Apart from
the adopted rotation age, the presence of older stands may be achievable thanks to the
designation of many protected areas throughout forests administered by SF [26,98,105].
In general, mature forests provide ample ecosystem services related to, inter alia, biodi-
versity, which are more favourable compared to the presence of young forests [3,10,101].
Older forests are characterised by greater spatial diversity and the presence of specific
microhabitats (which is an element of diversity at the ecosystem level) and support the
existence of numerous species, often appearing in greater abundance than they do in
younger forests [10,96,101,106]. Of these species, some appear only in older stands [87].
The presence of old trees (even individual specimens) has great aesthetic value, as they
shape the diversity of forest landscapes [11].

Average age of stands. The gradual increase in the average age of forest stands
managed by SF (more intensive in the era of democracy—Figure 3) reflects the general
direction of changes in Poland’s forests.

The average stand age (64 years) in forests under SF management is higher than that
that in privately-owned forests (58 years [107]). The value of the calculated average age of
privately-owned forests results from, among other factors, the afforestation of private lands
at the beginning of the era of democracy. As a result, considerably large areas covered by
young forests contributed to the lowering of the calculated average value. At the same time,
the average stand age of forests managed by SF is of a lower value than that determined
for protected forests in national parks (92 years [107]). This is due to long-term strict
protection (for example, via taking them out of use). With the current average age of
64 years (Figure 3), older stands in state-owned forests (those administrated under SF) are
dominated by fir Abies sp. (which are on average 81 years old), hornbeam Carpinus sp.
(77 years old) and beech Fagus sp. (73 years old).A lower rotation age (40–80 years) results
in an age below the average for all SF-administered forests (64 years—Figure 3) for poplar
Populus sp. (52 years) as well as alder Alnus sp. and birch Betula sp. (58 years) [33,50]. It
is worth emphasising that in the period 1950–2010, the average age of stands in Poland’s
forests administered by SF increased by 18 years (Figure 3), whilst in Europe as a whole, it
decreased by 7 years [108].
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3.5. Issues and Directions of the Protection of Forest Ecosystems in Poland

In the field of the protection of biodiversity at the ecosystem level in Poland’s forests,
there still remain problems and dilemmas to be solved (Figure 4).
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Effects of transformation of forest management model. Forest management objec-
tives, adopted in Poland at the beginning of the era of democracy and thereafter amended,
have rendered the realisation of forest production functions conditional on the needs of
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ecosystem preservation being taken into account [109]. This is a meaningfully different
approach to that implemented in the era of socialism, where the production function played
a distinctive, superior role resulting in considerable anthropogenic changes in forest ecosys-
tems [48]. Not without significance for the course of changes in Polish forestry is the fact
that SF, as the organisation managing the majority of the country’s forests, has been the
most important forest policy maker at a national level [76]. Many positive changes have
already been achieved; nevertheless, the full effect of forest management transformation
on the enhancement of forest ecosystems is still to be seen. Considering the now-existing
alteration of some forest ecosystems, the model of a semi-natural forest with a diversified
species and spatial structure [11,48,49] is not always possible to implement in the time
of one generation of a stand [48]. In view of this, it is necessary to ensure future, legal,
organisational and financial measures, for continuing the instigated processes, as they are
necessary in boosting the diversity and security of Poland’s forests.

Lack of revised national forest policy. In Poland, the policy on forests and forestry
in force was adopted in the year 1997 [21]. This means, inter alia, that there have been
no solutions included that were developed afterwards, as part of the process of FOREST
EUROPE (e.g., the resolution “Conserving and Enhancing Forest Biological Diversity in
Europe”, MCPFE 2003 Vienna Resolution 4), or those related to Poland’s accession to the
European Union (2004) and the implementation of a network of nature protection under
Natura 2000 [110]. The decisions/recommendations adopted under the framework of these
processes address the issues of the protection, conservation and management of forest
ecosystems in practice. Even though in the forests administered by SF or those protected in
national parks (designated as state-owned lands) many consecutive endorsements have
been already implemented [50], there are forests under other forms of ownership, where
the situation is not as promising. This is because of the lower requirements for forest
management documentation [20] as well as unsolved organisational management issues.
Consequently, in view of safeguarding the richness of all forest ecosystems in the country,
a national forest program (NFP) should be legitimately established, which is not the case
in Poland, even though comprehensive works on the NFP proposal were carried out in
2013–2016, with a wide range stakeholders participating. One of the issues debated was
the better recognition of the necessity to safeguard forest biodiversity.

The reconstruction of tree stands. The first, initial component of the forest manage-
ment transformation model, implemented as early as in 1970s (under socialism) [7,17],
considered a gradual replacement of coniferous stands artificially planted on fertile forest
sites in the 1800s and in the era of socialism, by mixed and broadleaved stands made of
species indigenous to a given forest habitat [5]. Therefore, in the years 1948–2020, the
proportion of forest area covered by coniferous tree species decreased from the initial
87.1% to 75.6% [33,94]. This approach enabled the application of more complex forest
management systems (see Section 3.3), which enhanced the differentiation of the forest’s
spatial structure [11]. On the other hand, however, recovering the spatial (and species)
structure of forest ecosystem may not be welcomed by society, with expressions of dis-
satisfaction and low acceptance due to their individuals’ own preferences when it comes
to the forest landscape. The results of the study by Edwards et al. [111] revealed that
from the perspective of the surveyed persons, the forest should be full of light, dry and of
low density. Dense understorey vegetation is not appreciated, as it reduces visibility and
causes a loss of the sense of safety. Poland’s State Forests are in general accessible to the
public, who contributes to shaping the forest ecosystem through the mechanism of public
consultations on draft forest management plans [112]. In consideration of the conflict of
interests between forest management practices implemented towards forest restoration and
public expectations, as for forest appearance, it is important to increase public awareness
of the reasoning behind the naturalisation of forest spatial (and species) structure, e.g.,
through educational campaigns carried out by SF.

Dilemmas of the clearcutting forest management system. The clearcutting manage-
ment system (which in Poland concerns a forested area of over 3 million ha—see Section 3.3)

211



Forests 2023, 14, 1739

is considered to strongly and negatively interfere with the forest ecosystem [11,113]. The
assumption is that the greater the clearcut area, the greater the adverse impact [96,114].
Clearcutting results in local climate changes followed by, e.g., the fast decomposition of
forest litter and the leaching of plant nutrients from the soil [11,90]. At the same time, the
pioneer stage of forest regeneration is consolidated, and forest age, species and layer struc-
tures are most often in decline [11,48], which decreases forest resistance to damage from
biotic and abiotic factors [11]. In order to limit the negative consequences of clearcutting,
since 1995, it has been recommended (by State Forests) to leave behind old-growth tree
groups with all the lower layers [11,22]. Apart from the above, the clearcutting system
remains one of the elements of forest management which evokes negative emotions in
Polish society [115]. However, it should be noted that there are a number of forest species
for which the presence of open spaces is essential for proper functioning. For example,
studies on bat activity carried out on Poland’s Scots pine stands showed the beneficial
effects of clearcuts (and 1 m high young forests as well) on bats [91], which was confirmed
via the study results obtained outside Poland [116,117]. Likewise, a considerable increase
in undergrowth vegetation diversity after cutting trees in coppice stands was noted by De-
cocq et al. [87]. Hence, the use of clearcuts should not be completely abandoned, especially
if the restrictions regarding their maximum area are respected.

Large areas covered by old stands. Apart from the beneficial effects of old-growth
forests (see Section 3.4), the ageing of forests may be associated with certain problems of
forest management. An increased stand age and volume leads to a greater susceptibility
of stands to disturbances [118,119], resulting in damage due to abiotic factors [62], such
as strong winds [11,120], biotic factors such as insect outbreaks [120] and anthropogenic
factors, such as pollution [121]. The ageing of beech stands, for example, may lead to
top soil acidification, lower nutrient concentrations, and consequently, to plant species
homogenisation in the undergrowth, which means that older stands do not always gen-
erate better conditions for the conservation of species richness [63,84]. In view of forest
management, wood from old-growth trees is not profitable enough as it depreciates with
time, thus implying economic losses [61,62]. The profitability of wood production is an
important issue. If the optimal economic rotation age was taken into account, then, e.g., for
Scots pine (the dominant species in forests managed by SF), it would range between 75 and
91 years, rather than 110 and 120 years—as is currently the case in Poland’s forests [122,123].
Decreasing the rotation age was postulated by the authors of the above calculations, in
order to meet legal requirements as regarding SF’s self-financing [123]. It is important
to note that the large area of old-growth forests will at some point require regeneration;
thus, there will be established young forests. Young forests do not yield good profits from
large-size timber and require considerable maintenance expenditures. In Poland, there
is very high demand for wood, which is first of all due to its advanced wood processing
industry [29]. Mature wood is very valuable for the furniture industry (juvenile wood
is used by the paper industry). Timber and its products manufactured in Poland have
been exported to European and non-European markets [29], so a reduction in the supply
of wood from state forests will result in lesser wood availability not only in Poland, but
also in other countries. The presented issues/dilemmas require further analysis and the
development of pertinent procedures in order for the optimal solution to be chosen for a
specific place, time and in relation to the needs of people and nature now and in the future.

The gradual eutrophication of forest habitats. The risk of eutrophication concerns
about 60% of Poland’s area, mainly its central part, but also the north-eastern part (the
latter is a region with a low level of atmospheric pollution) [62]. A soil nitrogen surplus
can lead to nutrient imbalances, growth reduction, nitrogen leaching and groundwater
pollution [3]. Gradual eutrophication (see Section 3.2) may therefore pose a threat to
the sustainability of forest ecosystems [61,62] and lead to forest homogenisation [124].
Negative changes in the undergrowth can be partially reduced by controlling the species
composition of the stand [125]. Eutrophication poses a particular threat to rare habitats on
sites with unfavourable fertility conditions, e.g., the Central European lichen Scots pine
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forests (communities of Cladonio-Pinetum association) that appear in Poland and that are
protected under the Natura 2000 program (code 91T0) [126]. Solving the eutrophication
problem can be very challenging due to the nature of its causes which are beyond the
control of forest managers, and therefore require the comprehensive, interdisciplinary
cooperation among many different institutions.

Ecosystem diversity and climate change. One of the most important contemporary
problems of biodiversity protection is climate change [127]. The habitats most depen-
dent on water resources are particularly vulnerable to climate change impacts [128]. In
Poland, amongst the forests in marshy and wet habitats, floodplain forests comprise the
richest ecosystems of broadleaved forests [81]. Higher mean temperatures (these every
so often being extremely high) and recurrence of droughts increase the risk of habitat
overdrying [80]. As a result, forest trees are more and more vulnerable and threatened by
dieback [62,127,129]. Global warming also poses the risk of frequent fires [29,53]. Further-
more, every so often, forests experience extreme weather events and their impacts [127].
In response to it all, some counteractive actions have been implemented by SF, with a
scope and scale that changes over time. In the whole period under study, there have been
fire protection measures undertaken, in light of the expanding scale, especially in the 21st
century, due to a greater fire risk attributable to prolonged drought periods caused by
climate change. In addition to technical solutions that allow a reduction in the risk of
fire/fire damage, such as the forest fire detection system that enables the relevant actors
to take quick actions towards fire control [62,70,80,130], over the years, there was a fire
hazard map for forests (that is open-access) that was developed and is updated twice a
day in the period from 1 April to September 30 [131].With the use of this tool, some forest
areas can be periodically restricted or closed for use by the general public [20] so as to
protect forest ecosystems against accidently set fire. All these solutions should also be
implemented in the future. Faced with uncertainty about the conditions for the further
development of a given forest, in Poland’s forests there is a complex cutting system that
has been implemented [11,48], and that includes shelterwood or selection cuttings. These
forest management methods contribute to the improvement of forest spatial structure.
The diverse and rich structure of forest ecosystems increases forest continuity, resilience
and stability [48,54,84,132], as well as compensating for the mortality observed after the
perturbations [86]. Since the transformation of Poland’s political and economic system,
complex cuttings have been more frequently implemented compared to the era of socialism
(see Section 3.3), which has contributed to the shaping of multi-aged forests, as well as
natural ones [63]. The process of transformation from a regular into an irregular form of
forests develops gradually [11,132] and should be continued in the future. An element
supporting the diversification of forest spatial structure (also biodiversity) is the planting
of trees which form a lower layer of crowns as well as plants that form an underlying layer
of vegetation (understorey) [11]. In the case of the understorey, the extent of planting has
been quite small in the last two decades [29,75]. This may be related to the lower level
of needs for such activities (many tasks have been already accomplished), and also to
the requirements of the Natura 2000 program. Planting additional trees and shrubs may
lead to the degradation of protected habitats, such as Central European lichen Scots pine
forests (code 91T0), thermophilous oak forests Potentillo albae-Quercetum (91I0) or habitats
of the most valuable and threatened plant and animal species. Therefore, care should
be taken when introducing additional vegetation. Supporting forest ecosystems under
climate change includes enhancing natural water retention in forests (so-called small water
retention) which has been implemented for some time in the era of democracy and needs
to be continued, bearing in mind that Poland’s forests were subject to destructive drainage
operations in the 1800s and 1900s.

Water management in forests. In forests managed by State Forests, the estimated area
of forest drainage was about 13% [11], i.e., 850 thousand ha [79]. Polish foresters tried to
avert this practice [133], as wherever drainage works were carried out, large, sometimes
irreversible hydrological changes were observed in forest ecosystems, especially those situ-
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ated in forest swamps and peat bogs [134], resulting in biodiversity loss [135]. A decrease
in water resources in forest habitats is particularly hazardous. In view of long periods of
drought due to ongoing climate change, bearing in mind the above considerations, as well
as the transformed priorities of forest management [11,78,79], in the era of democracy, as
early as in the second half of the 1990s, the first works began towards the restoration of
water resources in forests [79]. The devices used included gates, river bars, dikes, fords,
overspills, fish ladders, ditches and small retention reservoirs. Other solutions involved the
implementation of soft engineering elements, such as the introduction of woody, shrubby,
and/or herbaceous vegetation to enhance water retention potential and to contribute to
the protection of riverbanks [80,81]. In the 21st century, these works were intensified and
financially supported by the EU’s funds [61,62,81]. The total level of retention achieved as
a result of the actions taken in 2007–2015 exceeded that planned at approx. 32.3 million
m3 of water, and the actions taken in the period 2016–2020 resulted in the retention of
another 2.5 million m3 of water [70,136]. Notwithstanding the unquestionable successes
at the scale of State Forests, it should be noted that the situation in Poland is still quite
unfavourable—Poland ranks as one of the last countries in Europe in terms of available
water resources [80,81]. Therefore, it is necessary to continue the activities towards water
retention, which will benefit both forest ecosystems and non-forest ecosystems spatially and
hydrologically. These are first and foremost water bodies, swamps and peat bogs. Urgent
works related to water retention should also be undertaken outside the area administered
by State Forests. The described above measures concerning small retention are especially
recommended due to their low cost [81]. It is important to stress that restoring water reten-
tion largely contributes to the protection and restoration of ecosystems, especially those
dependent on hydrogenic habitats, and supports the implementation of the Sustainable
Development Agenda in terms of, inter alia, halting biodiversity loss (Goal 15, [137]). On
the other hand, it should be noted that so far achievements in water retention in Poland’s
forests (and beyond) have been in part due to the work of beavers, the population of which
in Poland has considerably increased from approx. 200 specimens in 1960 [37] to about
142,000 specimens in 2020 [43].

Reporting systems. Poland has been reporting on the state of forests under the
framework of FOREST EUROPE. In the submitted reports, Polish forests that are strictly
protected, compliant with the Nature Conservation Act [45], are referred to as “forests
undisturbed by man”. Yet, this approach does not take into account all the nuances of Polish
forest management and its impact on the naturalness of forest ecosystems. It is estimated
that at the beginning of 2020, at least 530 000 ha of forests managed by State Forests (7.5%
of the SF area) was completely excluded from timber harvesting. Apart from forest nature
reserves, this area comprised other types of strictly protected forests, the protection zones
for selected species, xylobiont refuges, wetland habitats, some protective forests and FSC
reference forests, all designated in line with national law or internal instructions and good
practices, and applicable only within SF [138]. In comparisons with the average percentage
of forests undisturbed by man in Europe (2.2% [3]), the aforesaid value of 7.5% of the SF
area excluded from logging seems to be a good result. This value reflects the reality of
Poland’s forests undisturbed by man better than that obtained by means of the method
used in the reporting system of FOREST EUROPE. The method for determining the area
of forests undisturbed by man could be verified in the future. This might improve the
social perception of forest management in a situation where more and more people expect
foresters to focus on the protective functions of forests (and not those related to wood
production). It should be emphasised that at least 23% of Poles believe that the primary
task of State Forests should be nature conservation [139].

Financing the protection of biodiversity. The main source of income for State Forests
is sale of felled timber [12,136]. Supporting the non-productive functions of forests, in
particular the function of biodiversity safeguarding, can increase the costs of management
and result in lower profits [140]. Currently, State Forests management is profitable, which
should allow for the maintenance of the course of positive changes in regard to biodiversity,

214



Forests 2023, 14, 1739

recorded step by step since the end of World War II. This trend may also be influenced
by the considerably strong social pressure focused on protecting the country’s natural
resources that arose along with transformation of Poland’s political system and economy.
Increasing the area of Natura 2000 sites that are under strict protection, as planned in the EU
Biodiversity strategy for 2030 [141], is also relevant. A consequence of expanding the area
of protected forests may be a lower supply of timber, as well as a reduction in employment
in the forest wood sector. Now, it is of great social importance and provides employment
for almost 0.5 million people in Poland [29]. It is necessary to anticipate a scenario in which
profitability comes to a halt, so as not to lose the so-far-attained effects of foresters’ work in
the field of biodiversity protection and restoration in Polish national forests. Within this
context, the aforesaid social considerations are not without significance.

4. Conclusions

The effects of the evolution of management of Poland’s forests carried out by State
Forests National Forest Holding (SF) in the period 1945–2020 on forest biodiversity at the
ecosystem level were analysed with the use of selected indicators (naturalness; habitat di-
versity; forest management system; forest stand age structure). Regardless of the deficiency
of precise data or any statistics for the years considered in this study, in some situations, it
was possible to determine the trends and dynamics of changes in particular parameters
related to ecosystem diversity in Polish forests. Such results were interpreted on the basis
of a comprehensive literature review, even if not all possible sources of information were
analysed. Nonetheless, the sources used allowed us to look at the analysed parameters and
problems from different angles.

Even though the period of 75 years does not seem as a long time in view of a forest
ecosystem’s lifespan and functioning, the obtained results indicate improvements in the
ecological condition of ecosystems in the examined forests which, over the study period,
were intensively influenced by political, economic and social changes at a national level.
During the time of a centrally planned socialist economy (the era of socialism: 1945–1989),
there were dynamic increases observed in the area of semi-natural forests and in the share of
broadleaved forest habitats. The proportion old forest stands, as well as the stand average
age, increased at a relatively slow rate. The proportion of poor coniferous forest habitats
dynamically decreased. The clearcutting forest management system prevailed, and as
a result the spatial structure of the forest was depleted. Along with a transition from a
centrally planned economy to a market economy (the era of democracy—ongoing since
1990) and forest management transformation, in Poland’s forests, there have been observed
increases in the area of forests undisturbed by man, and the shares of mixed broadleaved
forest habitats as well as wet and wetland/swamp forest habitats. The proportion of older
stands and the average age of stands have also increased at a relatively fast rate. The
area of forests managed under the shelterwood cutting system has expanded, which can
help maintain biodiversity within the forest ecosystem through boosting a forest’s spatial
structure. The area of forest plantations has considerably decreased. In general, regardless
of the era under study, there has been a decreasing trend observed in the proportion of the
youngest stands, which is particularly unfavourable in view of forest sustainability.

All in all, the evolution of forest management in Poland’s forests/those administered
under State Forests during the whole study period has led to the restoration of/an in-
crease in forest biodiversity at the ecosystem level, which was also perceptible in the era
of socialism, when Poland’s forestry had to face barriers related to the centrally planned
and regulated economy. Thanks to the gradual change in forest management priorities
towards treating forest as an ecological system performing multiple functions as well as
the implementation of closer-to-nature forestry, it was possible to enrich the species, ages
and spatial structures of forests and enhance their diversity and sustainability. Further
studies are needed on long-term relationships between forest management and forest plant
communities, which will require a compilation of comprehensive data (not available at the
moment). Likewise, in the future, it would be useful to carry out analogous smaller-scale
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(regional-level) studies on the diversity of habitats and other analysed parameters, so as
to capture their specific trends, the threats they face and the need to counter the risks.
Problematic, however, is the lack of comprehensive information related to forest manage-
ment development in Poland right after 1945. Additionally, changes in the administrative
boundaries of individual regional units of the state forests introduced over time affect the
consistency of the study’s results.

Even with the accomplishments referred to in the present study, in the field of the
protection of the ecosystem-level biodiversity in Poland’s forests, there still remain un-
solved problems, such as organisational (ensuring the further reconstruction of forest
stands, and improving water relations), political (revising the national policy on forests),
financial (bringing together costs of biodiversity protection/restoration and State Forests’
self-financing), conceptual (addressing the issue of old-growth stands, and the pros and
cons of clearcutting) and natural and anthropogenic (related to climate change and the
eutrophication of habitats) issues. In some cases, actions beyond Poland’s forestry, and
even beyond the country’s borders, will be necessary to carry out meet these challenges.

In times of urgent necessity to protect biodiversity on a local, national, continental
and global scale, the method of forest management, adopted objectives, priorities and
solutions are of great importance. The basis for their arrangement should be, inter alia,
long-term experience and comprehensive knowledge gained worldwide, which—under
similar or changing external conditions—will make it possible to avoid evident mistakes
or provide the right solution. The results and their interpretation presented in this paper
provide useful information that can be used to improve forest management with regard to
its impact on biodiversity at the ecosystem level.

Author Contributions: Conceptualisation, E.R.-C. and B.K.; methodology, E.R.-C.; formal analysis,
E.R.-C.; investigation, E.R.-C. and B.K.; writing—original draft preparation, E.R.-C.; writing—review
and editing, B.K.; visualisation, E.R.-C.; project administration, E.R.-C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Publicly available datasets were analysed in this study. These data can
be found through the following links: https://stat.gov.pl/obszary-tematyczne/rolnictwo-lesnictwo/
lesnictwo (accessed on 10 November 2022), https://stat.gov.pl/obszary-tematyczne/srodowisko-
energia/srodowisko (accessed on 30 October 2022), https://www.bdl.lasy.gov.pl/portal/publikacje
(accessed on 5 November 2022, https://www.bdl.lasy.gov.pl/portal/tworzenie-zestawienia-ru (ac-
cessed on 5 November 2022).

Acknowledgments: We would like to thank very much the reviewers of our work for their efforts
and valuable comments that greatly helped us to improve the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Van Calster, H.; Baeten, L.; De Schrijver, A.; De Keersmaeker, L.; Rogister, J.E.; Verheyen, K.; Hermy, M. Management Driven

Changes (1967–2005) in Soil Acidity and the Understorey Plant Community Following Conversion of a Coppice-with-Standards
Forest. For. Ecol. Manag. 2007, 241, 258–271. [CrossRef]

2. Griffiths, P.; Kuemmerle, T.; Baumann, M.; Radeloff, V.C.; Abrudan, I.V.; Lieskovsky, J.; Munteanu, C.; Ostapowicz, K.; Hostert, P.
Forest Disturbances, Forest Recovery, and Changes in Forest Types across the Carpathian Ecoregion from 1985 to 2010 Based on
Landsat Image Composites. Remote Sens. Environ. 2014, 151, 72–88. [CrossRef]

3. FOREST EUROPE. State of Europe’s Forests 2020; Ministerial Conference on the Protection of Forests in Europe FOREST EUROPE;
Liaison Unit Bratislava: Bratislava, Slovakia, 2020.

4. Rykowski, K. Forest Policy Evolution in Poland. J. Sustain. For. 1997, 4, 119–126. [CrossRef]
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[Results of the Update of Forest Area and Timber Resources in the State Forests as of 1 January 2001] 2001; BULiGL: Raszyn, Poland, 2001.
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61. Forest Research Institute (Poland); Jabłoński, M.; Jabłoński, T.; Kowalska, A.; Małachowska, J.; Piwnicki, J. Raport o Stanie Lasów w
Polsce 2010 [Report on the Condition of Forests in Poland in 2010]; CILP: Warsaw, Poland, 2011.
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