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Abstract

This study examines the Tianshan spruce forest in the central Tianshan Moun-
tains, and based on the functional value method, employs the Getis-Ord Gi* hot
spot analysis method to perform quantitative visualization analysis of the spa-
tial pattern of ecological service value. The results demonstrate that: (1) The
total ecological service function value of the Tianshan spruce forest in the central
Tianshan Mountains is 96.09$x $108 yuan - a-1, with water conservation, carbon
sequestration and oxygen release, soil conservation, and biodiversity conserva-
tion constituting the dominant functions. (2) The ecological service value across
different forest age classes exhibits the following pattern: middle-aged forest is
highest, followed by near-mature forest, mature forest, and young forest, while
over-mature forest has the lowest total value but the highest per-unit-area value.
(3) The ecological service value across different forest farms exhibits the follow-
ing pattern: Nanshan Forest Farm is highest, followed by Hutubi Forest Farm,
Banfanggou Forest Farm, and Miquan Forest Farm, with Xinjiang Agricultural
University Practice Forest Farm being the lowest. (4) The forest ecosystem ser-
vice function values among different forest farms display significant clustering
characteristics, with hot spot areas concentrated in Hutubi Forest Farm and
Nanshan Forest Farm in the southwest, and cold spot areas concentrated in Mi-
quan Forest Farm and Banfanggou Forest Farm in the northeast. These results
provide a scientific basis for regional ecological resource optimization manage-
ment and ecological protection policy formulation, and offer theoretical support
for the sustainable development of the Tianshan forest ecosystem.

chinarxiv.org/items/chinaxiv-202509.00033 Machine Translation


https://chinarxiv.org/items/chinaxiv-202509.00033
https://chinarxiv.org/items/chinaxiv-202509.00033

ChinaRxiv [$X]

Full Text

Quantification and Spatial Differentiation of Ecosystem
Service Value of Picea schrenkiana Forest in the Central
Tianshan Mountains

SUN Yubo!, ZHAO Shanchao?, WANG Yapei?, MA Xiaoli', CHEN
Yuwen'!, HUANG Xuansheng!, WANG Weixia!

1College of Forestry and Landscape Architecture, Xinjiang Agricultural Univer-
sity /Xinjiang Department of Education Key Laboratory of Arid Land Forestry
Ecology and Industrial Technology, Urumqi 830052, Xinjiang, China

2Natural Forest Protection Center, Xinjiang Forestry and Grassland Bureau,
Urumgi 830000, Xinjiang, China

Abstract

This study examines the Picea schrenkiana forest ecosystem in the central Tian-
shan Mountains, Xinjiang, China. Using the functional value method and Getis-
Ord Gi* hotspot analysis, we quantified and visualized the spatial patterns of
ecosystem service values. The results show that the total value of ecosystem
services for Picea schrenkiana forests is 96.09$x107{8}$ Yuan per year, with
water conservation, carbon sequestration and oxygen release, soil conservation,
and biodiversity protection serving as the dominant functions. Ecosystem ser-
vice values vary significantly by forest age, with middle-aged forests exhibiting
the highest value, followed by near-mature, mature, and young forests; over-
mature forests show the lowest total value but the highest per-unit area value.
Among the five forest farms, Nanshan Forest Farm demonstrates the highest
ecosystem service value, followed by Hutubi, Banfanggou, and Miquan Forest
Farms, with the Xinjiang Agricultural University Practice Forest Farm showing
the lowest value. Significant spatial clustering of ecosystem service values occurs
across forest farms, with hotspots concentrated in the southwestern Hutubi and
Nanshan Forest Farms, while cold spots are concentrated in the northeastern
Miquan and Banfanggou Forest Farms. These findings provide a scientific basis
for optimizing regional ecological resource management, formulating ecological
protection policies, and supporting the sustainable development of the Tianshan
forest ecosystem.

Keywords: Picea schrenkiana forest; spatial pattern of ecosystem service val-
ues; ecosystem services; central Tianshan Mountains

1. Introduction

Ecosystem service functions refer to the various benefits that ecosystems pro-
vide to human society, either directly or indirectly, while maintaining their own
ecological balance, including water conservation, soil conservation, carbon se-
questration and oxygen release, and other functions. As a crucial component of
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terrestrial ecosystems, forests play a vital role in ecological security and socioe-
conomic sustainable development. In recent years, the classification, assessment,
and accounting of ecosystem service functions have become important topics in
global ecological economics research. Daily and Costanza et al. proposed defi-
nitions and classification methods for ecosystem service functions, establishing
a theoretical foundation for subsequent research. In China, researchers began
introducing relevant theories in the 1990s and developed ecosystem service value
equivalent factor methods based on Chinese conditions.

Currently, domestic and international studies primarily employ functional value
methods and equivalent factor methods for assessment. The functional value
method offers high accuracy but requires substantial data, making it suitable for
small-scale evaluations. The equivalent factor method is simple and efficient but
insufficient in reflecting spatial heterogeneity and dynamic changes. Most exist-
ing research has focused on global, national, or watershed scales, with relatively
few studies examining spatial distribution characteristics, regional differences,
and synergistic or trade-off relationships among functions at the regional scale.
The Tianshan mountain forest represents an essential component of Xinjiang’
s terrestrial ecosystem, playing an irreplaceable role in maintaining ecological
security and promoting regional economic development. Picea schrenkiana, as
the most widely distributed and largest timber volume species in Xinjiang s
mountain forests, demonstrates significant ecological functions in water conser-
vation, soil conservation, and climate regulation. Although previous studies
have addressed multi-scale assessments of forest ecosystem service functions in
Xinjiang, research on the spatial distribution characteristics and regional differ-
ences of forest ecosystem service functions in the central Tianshan Mountains
remains insufficient, particularly regarding aggregation characteristics and spa-
tial synergistic relationships among functions. Therefore, this study focuses on
the Picea schrenkiana forest ecosystem in the central Tianshan Mountains, com-
bining functional value methods with Getis-Ord Gi* hotspot analysis to quantify
and evaluate ecosystem service function values and reveal their spatial distribu-
tion patterns and hotspot areas. The research aims to provide a scientific basis
for regional ecological resource optimization management and ecological protec-
tion policy formulation, while offering theoretical support for the sustainable
development of the Tianshan forest ecosystem.

2. Materials and Methods
2.1 Study Area

The study area is located in the northern foothills of the central Tianshan
Mountains in Xinjiang (43°01 ~43°97 N, 86°46 ~87°67 E), primarily distributed
in the mid-mountain zone at elevations of 1500-2200 m. The region belongs to
a semi-arid coniferous forest climate zone, with an average annual temperature
of 6.55°C, unevenly distributed precipitation concentrated in the same season
as heat, an average annual precipitation of 600 mm, abundant sunlight with
annual sunshine duration exceeding 2040 hours, and terrain that slopes higher
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in the south and lower in the north. The soil type is mountain gray-brown
forest soil. The vegetation is dominated by Picea schrenkiana and grasses, with
representative understory plants including Aegopodium alpestre, Polygonum
viviparum, Poa nemoralis, Cicerbita azurea, and Stellaria soongorica. Based on
forest resource inventory data, the central Tianshan Picea schrenkiana forest
was divided into five forest farms: Nanshan, Miquan, Banfanggou, Xinjiang
Agricultural University Practice Forest Farm, and Hutubi. Forest stands were
classified by age into young, middle-aged, near-mature, mature, and over-mature
forests. Required social public data included reservoir construction cost per unit
capacity, water purification costs, fertilizer prices, and oxygen prices, sourced
from government agencies, industry reports, and official websites, with data
from 2019. Supplementary data were obtained from published research papers
and professional journals. Field survey data on tree height, diameter at breast
height (DBH), soil nutrient content, vegetation diversity, and canopy density
were collected through sampling in 2019.

2.2 Evaluation Indicators

Based on the “Specifications for Assessment of Forest Ecosystem Services in
China” (hereinafter referred to as the “Specifications” ) and corresponding for-
mulas, this study adopted six specific evaluation indicators: water conservation,
soil conservation, carbon sequestration and oxygen release, nutrient accumula-
tion, atmospheric environment purification, and biodiversity protection (Table
1).

2.3 Data Sources

Data sources included forest resource inventory data and vector data, social
public data, literature and research findings, and field monitoring data. Forest
resource inventory data were utilized to obtain stand characteristics. Social pub-
lic data included reservoir construction cost per unit capacity (6.07 Yuan-m™=3),
excavation and transportation costs per unit area (12.6 Yuan - m—3), diammo-
nium phosphate fertilizer price (2400 Yuan - t~1), potassium chloride fertilizer
price (2200 Yuan - t~!), organic matter price (320 Yuan - t~!), nitrogen content
in diammonium phosphate (18.00%), phosphorus content (46.01%), potassium
content in potassium chloride (60.00%), water purification cost (2.79 Yuan-t~1),
and oxygen price (1000 Yuan - t~!). The carbon tax rate adopted was 150 USD
per ton, based on Swedish carbon tax rates. These data were sourced from the
China Water Resources Yearbook, Ministry of Water Resources budget quotas,
China Agricultural Information Network, fertilizer product specifications, Xin-
jlang government wastewater treatment fees, and the National Health Commis-
sion. Field data from 2019 were obtained through plot surveys, including tree
height, DBH, soil nutrient content, vegetation diversity, and canopy density.
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2.4 Measurement Methods

This study employed a distributed calculation method, dividing the central Tian-
shan region into five primary calculation units: Nanshan Forest Farm, Miquan
Forest Farm, Banfanggou Forest Farm, Xinjiang Agricultural University Prac-
tice Forest Farm, and Hutubi Forest Farm. Each primary unit was further
divided into five secondary calculation units by forest age. Calculations were
performed according to formulas in the Specifications to generate homogeneous
data for each unit, which were then aggregated for comprehensive analysis. Us-
ing the ArcGIS platform, hotspot analysis (Getis-Ord Gi*) was applied to sta-
tistically identify significant hotspot and cold spot areas.

3. Results
3.1 Physical Quantification and Valuation of Ecosystem Services

3.1.1 Physical Quantification The total water regulation volume of the
Picea schrenkiana forest ecosystem in the central Tianshan Mountains was
2.83$x107{8}$ m3, with water purification volume also at 2.83$x107{8}$
m?. Carbon sequestration amounted to 1.21$x107{6}$ t, oxygen release to
3.24$x107{6}$ t, nutrient accumulation to 1.86$x107{4}$ t (with nitrogen
fixation at 1.13$x107{4}$ t, phosphorus fixation at 0.04$x107{4}$ t, and
potassium fixation at 0.03$x107{4}$ t), and negative ion provision reached
2.79$x107{24}$% units. The ranking of per-unit-area physical quantities for
each indicator matched that of total physical quantities (Table 3).

3.1.2 Valuation The total ecosystem service value of Picea schrenkiana
forests in the central Tianshan Mountains was 96.09$x107{8}$ Yuan per
year. Water conservation value was highest at 34.06$x107{8}$ Yuan, ac-
counting for 35.45% of the total. Carbon sequestration and oxygen release
value ranked second at 31.87$x107{8}$ Yuan (33.16%). Soil conservation
value was 14.34$x107{8}$ Yuan (14.93%), biodiversity protection value was
1.75$x107{8}$ Yuan (1.82%), nutrient accumulation value was 0.20$x107{8}$
Yuan (0.21%), and atmospheric environment purification value was lowest at
0.20$x107{8}$% Yuan (0.21%). Overall, water conservation, carbon seques-
tration/oxygen release, and soil conservation accounted for 83.54% of total
ecosystem service value, demonstrating clear dominance (Figure 2).

3.2 Ecosystem Service Values by Forest Age

Calculated values varied significantly among age classes. Middle-aged forests
exhibited the highest value at 386.84$x107{8}% Yuan (40.26% of total),
followed by near-mature forests at 347.87$x107{8}$ Yuan (36.20%), mature
forests at 177.988x107{8}$ Yuan (18.52%), young forests at 30.34$x107{8}$
Yuan (3.16%), and over-mature forests at 17.91$x107{8}$ Yuan (1.86%).
Middle-aged and near-mature forests combined contributed 76.46% of total
value, playing a crucial role in the ecosystem. However, per-unit-area value
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showed a different pattern: over-mature forests > mature forests > near-mature
forests > middle-aged forests > young forests (Table 5).

3.3 Ecosystem Service Values by Forest Farm

Both physical quantities and values varied among forest farms, generally cor-
relating positively with forest area and volume. Nanshan Forest Farm showed
the highest ecosystem service value at 375.97$x107{8}$ Yuan (39.13% of to-
tal), followed by Hutubi at 272.61$x107{8}$ Yuan (28.37%), Banfanggou at
205.09$x107{8}$ Yuan (21.34%), Miquan at 65.56$x107{8}$ Yuan (6.82%),
and Xinjiang Agricultural University Practice Forest Farm at 41.71$x107{8}$
Yuan (4.34%). Nanshan Forest Farm dominated in carbon sequestration/oxygen
release and water conservation, while Hutubi Forest Farm excelled in soil con-
servation (Table 6).

Spatial clustering analysis revealed distinct patterns. Hotspot areas were con-
centrated in southwestern Hutubi and Nanshan Forest Farms, particularly for
water conservation, soil conservation, and carbon sequestration/oxygen release.
Cold spots were concentrated in northeastern Miquan and Banfanggou Forest
Farms (Figure 3). Hotspot and coldspot areas each accounted for approximately
30% and 35% of the total area, respectively, reflecting regional imbalances in
ecosystem service capacity (Table 7).

Overlay analysis of the three primary service functions (water conservation, soil
conservation, and carbon sequestration/oxygen release) identified four hotspot
categories (Figure 4). Non-hotspot areas accounted for the largest proportion
(45.67%), while Class III hotspots (all three functions) were smallest at 8.29%.
Class I, II, and III hotspots were primarily concentrated in Hutubi and Nanshan
Forest Farms (Table 8).

4. Discussion

This study quantified ecosystem service values for Picea schrenkiana forests in
the central Tianshan Mountains using Specifications-based formulas and identi-
fied spatial patterns through hotspot analysis. The total ecosystem service value
was 96.09$x107{8}$ Yuan per year, with water conservation, carbon sequestra-
tion/oxygen release, soil conservation, and biodiversity protection as dominant
functions. These findings align with Yang et al.’ s synthesis of Chinese for-
est ecosystem service valuations, which identified water conservation, carbon
sequestration/oxygen release, soil conservation, and biodiversity protection as
dominant services in China’ s forests. They also support Li et al.” s theory that
water conservation is primary in forest ecosystem services. Studies by Sun et
al. and Li et al. on Xinjiang’ s mountain forests and Altai Mountains similarly
identified water conservation, carbon sequestration/oxygen release, biodiversity
protection, and soil conservation as key functions, confirming Picea schrenkiana
forests’ vital contributions to water resources, carbon sequestration, and ecolog-
ical security. Notably, soil conservation function was particularly strong in our
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study area, consistent with research by Li et al. and Huang et al. demonstrating
that natural forest protection programs significantly enhance soil conservation
capacity, with effects becoming more pronounced over time.

The per-unit-area ecosystem service value in our study area was lower than in
Hunan, Chongqing, and Hebei provinces, consistent with Qi et al.” s finding that
China’s forest ecosystem services show an “east-high west-low, south-high north-
low” distribution pattern. This pattern relates closely to regional climate, forest
types, and biodiversity. Our study area lies in western mountainous regions
with arid climate, simple forest types, and lower vegetation cover and biodi-
versity compared to eastern and southern forests. Atmospheric environment
purification accounted for the lowest proportion of ecosystem services, differing
somewhat from some studies. As Yang noted, mountain forests typically show
weaker atmospheric purification than urban forests due to their distance from
urban and industrial pollution sources and lower exposure to harmful gases and
particulates. Consequently, this study only evaluated negative ion provision for
atmospheric environment purification, excluding PM2.5 and other pollutants,
resulting in lower values than other regions.

Ecosystem service values varied significantly by forest age, with middle-aged
forests highest, followed by near-mature, mature, and young forests, and over-
mature forests lowest. However, over-mature forests showed the highest per-
unit-area value. Middle-aged and near-mature forests, as the main components
of the Picea schrenkiana forest ecosystem, occupy a critical stage in forest val-
uation. These forests are in rapid growth phases with high photosynthetic
efficiency, superior carbon sequestration/oxygen release capacity, and vigorous
transpiration that aids water conservation and microclimate regulation. Their
rich species composition and complex structure maintain high biodiversity and
strong natural regeneration capacity. Over-mature forests, despite lower total
values, exhibit the highest per-unit-area value due to tall trees, extensive root
systems, abundant litter, and stable ecological structure, significantly enhancing
per-unit performance in water conservation and soil conservation. These results
demonstrate that different age classes provide distinct ecosystem services, high-
lighting the importance of managing forest resources by age class to enhance
regional ecosystem services and sustainability.

Ecosystem service physical quantities and values varied among forest farms,
with Nanshan Forest Farm highest, consistent with Li et al.’ s findings that
ecosystem service quantities and values correlate closely with forest area and
volume. Values ranked Nanshan > Hutubi > Banfanggou > Miquan > Xin-
jlang Agricultural University Practice Forest Farm, proportional to forest area.
Cluster analysis revealed similar hotspot patterns across service functions, with
hotspots concentrated in the largest Nanshan and Hutubi Forest Farms and cold
spots in Miquan and Banfanggou Forest Farms. Overlay analysis showed Class
I, II, and III hotspots also concentrated in Nanshan and Hutubi Forest Farms,
particularly in the largest Nanshan Forest Farm.

This study used forest inventory data from central Tianshan forest farms to
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objectively reflect ecosystem service conditions. However, limitations exist: the
assessment method relies heavily on forest area, tree height, and age, some pa-
rameters were difficult to obtain, and only six service functions were valued,
potentially affecting accuracy. Forest ecosystems are dynamic and constantly
evolving, making short-term monitoring data limited. Additionally, substitute
market prices used in the replacement cost method fluctuate with time and
social demand, requiring adjustment of ecological value coefficients to improve
assessment precision. Quantifying forest ecosystem service values helps the pub-
lic intuitively understand their importance, enhances environmental awareness,
and promotes scientific forestry development.

5. Conclusions

1) The total ecosystem service value of Picea schrenkiana forests in the cen-
tral Tianshan Mountains is 96.09$x107{8}$ Yuan per year, with water
conservation, carbon sequestration/oxygen release, soil conservation, and
biodiversity protection as the dominant functions.

2) Ecosystem service values vary significantly by forest age, with middle-aged
forests highest, followed by near-mature, mature, and young forests; over-
mature forests show the lowest total value but highest per-unit-area value.
Middle-aged and near-mature forests contribute most substantially and
represent the core stage for ecosystem service provision.

3) Nanshan Forest Farm exhibits the highest value, followed by Hutubi, Ban-
fanggou, and Miquan Forest Farms, with Xinjiang Agricultural University
Practice Forest Farm lowest. Significant spatial clustering occurs across
forest farms, with hotspots concentrated in southwestern Hutubi and Nan-
shan Forest Farms and cold spots concentrated in northeastern Miquan
and Banfanggou Forest Farms.
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