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Abstract: Human activities (e.g., exploitation, utilization, and conservation) exert substantial impact on forest 

ecological functions (FEF). The human influence on FEF significantly varies across developmental stages, 

which are attributed to the temporal and spatial in nature. This study evaluates some notable FEF indices (FEFI) 

in the 448 counties within the Yellow River basin (YRB) using panel data from the Seventh to Ninth National 

Forest Inventory. Data analysis involves employing the residual trends, geographical and temporal weighted 

regression. Results indicate that, firstly, the overall forest ecological function in the YRB is moderate to inferior, 

with superior FEF in counties endowed with more natural forest resources. Afforestation demonstrates a short-

term improvement, but its effectiveness diminishes over time. Secondly, the positive spatial correlation is 

stronger among counties, characterized by both high-high and low-low agglomeration effects. Scattered 

planting, simple stand structure, and concentrated harvesting of forests at the identical stand ages hinder the 

formation of complex and large-scale FEF agglomerations. Thirdly, significant spatial-temporal differences 

exist in the impact of human activities on FEF. In the upper reaches of the basin, increased vegetation coverage 

through agricultural and forestry production benefited FEF, however, some over-exploitation of forests and 

grasslands is observed there. In the middle reaches, the economic development, expanding population and the 

greening activities help to improve FEF effectively, but excessive water using in agricultural production 

brought more difficulties to FEF improvement. In the lower reaches of the basin, improved wastelands and 

forest protection positively influence FEF. This study recommends that county governments should prioritize 

forest management with multi-species and multi-layered complex forests. Each county should define its 

position in regional development and ecological protection, considering the potential impacts on neighboring 

regions. This holistic approach promotes more effective integrated regional management. 

Keywords: Forest ecological function; human activities; spatial-temporal variation; geographic 

temporal weighted regression 

 

1. Introduction 

Forests, identified as the most crucial terrestrial ecosystems [1], play an irreplaceable role in 

sustaining the human living environment and improving climate conditions [2]. The ecological 

functions, which encompass carbon sink [3], water conservation [4], soil and water retention [5,6], 

climate regulation, environmental purification, and biodiversity protection [7,8], emphasize the 

significance of forests. Generally, forests face escalating pressure due to intensified human activities 
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associated with urbanization and industrialization [9]. Excessive logging of forests not only depletes 

wood supply but also triggers ecological degradation and reduced biodiversity. 

In response to forest degradation problems, some countries, such as China, have initiated 

ecological projects to create artificial forests (plantation), striving to improve forest coverage while 

meeting the demands of economic development. Although China's forest coverage has increased 

from 20.36% to 22.96% according to the results of the 7th to the 9th National Forest Resources 

Inventory. Artificial forests, compared to natural and primitive forests, have simpler stand structures 

and lower quality of ecological functions. The extensive development of artificial forests has led to 

the problems, such as poorer forest stability, severe pests and diseases, and declining soil fertility. 

This has resulted in China's forest ecological function index of 0.57, generally at a moderate level, 

which still lags behind the global average [10]. 

The current study focuses on the Yellow River basin (YRB), which serves as an ecological 

corridor connecting the east and west of China, holds the paramount importance in wind-breaking, 

sand-fixing, and ecological protection. The direct influence of the YRB on the evolution trend of 

ecological security and environmental quality in the medium to long term is evident [11,12]. 

Additionally, the YRB plays a crucial role in China's economic development and food security [13]. 

Recognizing this, the Chinese government in 2019 positioned the ecological protection and high-

quality development of the YRB as a prime national strategy [14]. Understanding the changing trends 

in forest ecological function in the YRB and identifying key driving factors are crucial for the better 

utilization and protection of forest resources and the comprehensive improvement of the basin's 

habitat quality. The YHB exhibits almost all the typical climatic zones and topographic landscapes of 

northern China, with stepped socio-economic development levels across its upper, middle, and lower 

reaches. Thus this study can be of interest and useful to the readers, and can be universally applicable 

to other countries and regions. 

The impacts of climate change and human activities on forest ecosystems have been 

longstanding concerns among researchers. Changes in climatic factors, such as fluctuations of 

temperature, precipitation, and duration of sunshine, strongly affect the productivity and carrying 

capacity of forest ecosystem [15,16,17]. Notably, human activities exert a greater impact on forest 

ecosystems than climate changes [18], which primarily attribute to forest governance [19,20]. Forests 

exhibit remarkably high biological productivity, generating a plethora of forest products, diverse 

flora and fauna, and associated by-products. Recent years have witnessed the direct and indirect 

destruction of surface vegetation due to accelerated economic growth, urban land expansion, and 

population explosion [21]. Population pressure has heightened the demand for agroforestry 

products, potentially leading to the conversion of forests into arable land or alternative uses, thereby 

reducing forest area and diminishing ecological functions [22,23]. But in certain regions, economic 

development has facilitated the optimization and upgrading of forestry structures, minimizing 

unnecessary waste of forest resources [24]. Additionally, forest policies and laws worldwide have led 

to significant expansions of forest coverage, such as in China and India, large-scale ecological 

restoration policies contributed significantly to the maintenance and improvement of forest 

ecological functions [25,26].   

In terms of criteria for evaluating the ecological functions of forests, we find that relying solely 

on the forest coverage rate (the ratio of forest area to total land area) as a criterion is deemed 

unscientific. A previous study revealed more forest cover but poorer forest ecological functions in 

the counties of the Aojiang River basin in China [27]. Forest ecological function (FEF) emerges as a 

more objective and comprehensive reflection of the overall quality of forests [28]. China has 

established a continuous forest inventory system in 1970s and introduced the concept of the forest 

ecological function index (FEFI) in the Technical Provisions on the Continuous National Forest 

Inventory issued in 2004 [29]. The FEFI is a measure, which includes important factors, such as forest 

productivity, naturalness, health, and ratio of forest stand area to national land area, provides a 

comprehensive evaluation of FEF [30,31].  

Despite advancements in our understanding of FEF, there are several limitations in the existing 

literature. For example, firstly, assessments of FEF were often based on forest inventory data that lack 
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dynamic analyses of changes. Secondly, existing researches of FEF mainly focused on examining 

forests in larger regions and water basins rather than at the county level, where the major policies 

were implemented and human activities were carried out. Recognizing this, evaluating FEF at county 

level must be an important prerequisite for the current study. And finally, previous studies tended 

to emphasize the impact of natural factors on forest ecological functions over human activities. 

Considering the difficulty in changing natural factors in the short term, our focus is on investigating 

how to better regulate human activities to improve FEF through more practical ways.  

This study evaluates the FEF of the 448 counties in the YRB using panel data from the Seventh 

to Ninth National Forest Inventory. Data analysis involves an application of the methods of residual 

trends and geographical and temporal weighted regression, which help investigate human activities 

bringing changes in FEF and their spatial-temporal variations across the YRB. ArcGIS software is 

used in data analysis. This study will contribute to enhancing the forest quality and ecosystem 

services of the YRB.   

2. Materials and methods 

2.1. Study area 

The Yellow River, situated between 95°53'～119°05'E and 32°10'～41°50'N, traverses nine 

provinces of China from west to east: Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, 

Shanxi, Henan, and Shandong, boasting a total length of 5,464 km [32]. Encompassing a vast area of 

795,000 square kilometers, the Yellow River basin-YRB (Figure 1) spans four major terrain units: the 

Qinghai-Tibet Plateau, the Inner Mongolia Plateau, the Loess Plateau, and the North China Plain. 

With an average annual temperature of 3.4o C and substantial inter-annual variations in precipitation 

ranging from 200-800 mm in most areas, the basin poses unique challenges due to significant altitude 

differences, complex geographical and climatic conditions, and fragile ecosystems, making it one of 

the world's regions with the most intense human activities [33]. 
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Figure 1. The Yellow River basin location. 

2.2. Variables and data 

The transformation in socioeconomic conditions resulting from human activities significantly 

influences forest ecological functions. Different societal transformation periods have shaped forest 

ecological functions through varying modes of production and lifestyle, affecting agricultural 

practices, population distribution, urbanization, and land use changes. The long-term variations in 

forest ecological functions are interlinked with natural factors including climate change that exerts a 

direct impact on forest growth, cover and types [34,35]. The influence of temperature and 

precipitation is also determined by altitude, which varies across the YRB. Thus, we identified eight 

indicators that effectively capture human activities and their impacts on FEF within YRB during 2004-

2018. Three natural factors were selected as control indicators (Table 1). 
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Table 1. Descriptive statistic of the indicators. 

Variable category Indicator  Definition Unit 

Human activity factors 

DN night-time light data of county-level  - 

AGRI share of primary sector in GDP % 

INS share of secondary sector in GDP % 

PS ratio of resident population to county area thousand people 

URB urbanization ratio of resident population % 

FRM ratio of cultivated area to county area % 

CONS ratio of construction land area to county area % 

PROT class of forest land protection  - 

Natural factors 

TEMP annual average temperature ℃ 

PREC annual average precipitation mm 

ElEV average elevation of the county m 

In this study, data pertaining to forest ecological functions and forest land protection classes at 

the sample plot scale are sourced from the 7th to 9th National Forest Resources Inventory of China. 

This system allows for detailed factor data used for the calculation of forest ecological function 

indices for each sample plot, totaling 114,887 sample plots across the YRB. The methodology for 

calculating county-level Forest Ecological Function Index is elaborated below. 

Nighttime light data, owing to its objectivity and comprehensiveness, serves as a superior metric 

for regional economic development. The data employed in this study is an annual synthetic dataset 

corrected using a cross-sensor correction scheme based on the autocoder model [36]. Corresponding 

NPP-VIIRS Night-time Satellite Data is obtained from the National Geophysical Data Centre. Other 

data concerning socio-economic activities are primarily sourced from the China County Statistical 

Yearbook, statistical yearbooks of prefecture-level cities, and statistical bulletins of economic and 

social development at the county level. We address individual missing data through interpolation 

using the sliding average method. The policy intensity of forest protection in each county is calculated 

as a weighted average of the sample plot data. Land use data is acquired from the Chinese Academy 

of Sciences (CAS) Resource and Environmental Sciences and Data (RESD). We process the land use 

remote sensing monitoring data with a resolution of 1km for the years 2008, 2013, and 2018 using 

ArcGIS. Climate data is retrieved from the World Climate Database (https://worldclim.org). 

2.3. Methods 

2.3.1. Forest ecological function evaluation  

Utilizing factors such as forest volume, forest naturalness, community structure, tree species 

structure, total vegetation coverage, canopy density, mean tree height and litter thickness, we 

constructed an system to calculate the forest ecological function index (FEFI) as an standard to 

quantify the forest ecological function [37]. Each factor and its weight are shown in Table 2.  

Table 2. Evaluation factors and classification standards of forest ecological function [38]. 

Forest factors 
Classification standard 

Weight 
Ⅰ Ⅱ Ⅲ 

Forest volume 2/150 hmt  
22 /149~/50 hmthmt  

2/50 hmt  0.20 

Forest naturalness 1,2 3,4 5 0.15 

Forest community structure 1 2 3 0.15 

Tree species structure 6,7 3,4,5 1,2 0.15 

Total vegetation coverage %70  %69~%50  %50  0.10 

Canopy density 70.0  69.0~40.0  39.0~20.0  0.10 

Mean tree height m0.15  mm 9.14~0.5  m0.5  0.10 

Litter thickness grade 1 2 3 0.05 
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For a easier calculation, classification standard Ⅰ, Ⅱ and Ⅲ listed in table 2 are assigned the values 

3, 2 and 1 respectively. We calculated FEFI for each sample plot using the formula given in Eq. 1 

based on the weighted average method. 

i
i

i
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
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8

1

1  (1) 

where K denotes FEFI with K taking values [0,1], a higher value of K indicates better ecological 

function;
i

X indicates the standardized score of factor i and
i

W is the weight of factor i . 

The weighted average method was also used to calculate FEFI of county-level as in Eq. 2. 
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where FEFI indicates county-level FEFI;
i

K is FEFI of sample plot i ,
i
s is the area of sample plot

i  and S is the sum of areas of all sample plot located within a certain county. With reference to the 

classification criteria developed by Technical regulations for continuous forest inventory in China 

(GB/T 38590−2020), FEFI was categorized into three grades: Level Ⅰ [0.667,1], Level Ⅱ (0.4,0.667) and 

Level Ⅲ [0-0.4], representing different levels of forest ecological functions: good, moderate and poor 

, respectively [38].  

2.3.2. Spatial autocorrelation analysis  

We used the global Moran’s I index and local Moran’s I index to describe the global and local 

cluster characteristics of FEF, respectably [39]. The equations for these indexes are as follows: 
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where 
i
x  and 

j
x

 
are the forest ecological function indexes of counties i and j , respectively; 

n  is the total number of counties; x is the average of all counties; 
ij

W is the spatial weight matrix, 

and 
2

i
s  denotes the variance of 

i
x . The values of Moran’s I range from -1 to 1. A Moran’s I value 

tending toward 1 represents a positive autocorrelation, that is, similar values occur in adjacent 

locations, while a Moran’s I value tending toward -1 indicates negative spatial autocorrelation. If the 

spatial distribution of FEFI is completely random, the value of Moran’s I would approximate to 0. As 

for the local Moran’s I, a value greater than 0 shows that the high (low) index value of county i is 

surrounded by neighboring high (low) values; a value less than 0 indicates that the high (low) value 

of county i is surrounded by neighboring low (high) values. Based on the local Moran’s I, the map of 

Local Indicators of Spatial Association (LISA) shows four clustering patterns: high–high (H–H), low–

low (L–L), high–low (H–L) and low–high (L–H).  

2.3.3. Residual trends method 

Residual trends method is widely used to quantify the contribution of climate change and 

human activities to vegetation coverage [40]. It can be expressed as: 

preobs
FEFIFEFI   (5) 

 


n

i
iipre

NatFEFI
1

 (6) 

where
i

  is the regression coefficient between FEFI and each natural factor;   is the error term. 

obs
FEFI is the observed value, 

pre
FEFI is the predicted value obtained from regression model. 0  

indicates the positive impacts of human activities on FEF, while 0  indicates that of negative 

impacts.  
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2.3.4. Geographic and Temporal Weighted Regression  

To capture the influence of factors on FEF under different spatial and temporal conditions, we 

used the Geographic temporal weighted regression (GTWR). GTWR integrates the temporal and 

spatial information into the weighting matrix, and explores the heterogeneity of driving factors in the 

temporal and spatial dimensions [40]. It can also be used to handle panel data, leading to results 

closer to the actual situation. The specific formula is expressed as in Eq. 7 [41]. 

nixtvutvuy
iij

k

j iiijiiii
,,2,1,),,(),,(

10
  
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sample point i . ),,(
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with the following space–time weight function: 
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where ),(
ii
v is the longitude and latitude of each county; 

ST
b is the bandwidth of the space–

time weight function. The optimal bandwidth is determined by the Akaike Information Criterion 

(AIC). 

3. Results  

3.1. Evaluation of FEF and the spatial-temporal distribution patterns 

The average county-level FEFI increased from 0.427 in 2008 to 0.437 in 2018, signaling a gradual 

improvement in forest ecological functions. However, it was important that the overall level 

remained relatively low during this period, with the study area dominated by counties exhibiting 

moderate and poor forest ecological functions. An intriguing observation is that, from 2008 to 2013, 

198 counties experienced a decline in forest ecological function, constituting 62.49% of the total area. 

In contrast, from 2014 to 2018, although the number of counties with decreased function increased to 

204, the overall coverage decreased to only 46.29%. 

Figure 2 illustrates that counties categorized as "Poor" were predominantly clustered in the 

central north of the YRB, characterized by an arid climate, limited precipitation, and insufficient 

water resources. Counties classified as "Moderate" were mainly situated in semi-humid areas with 

higher precipitation, falling into two subcategories: those abundant in natural forest resources, such 

as counties along the Qilian Mountains, Qinling Mountains, Lvliang Mountains, and Taihang 

Mountains, consistently exhibiting the best forest ecological functions in the basin; and those in river 

plain areas with rich arable land resources, such as Henan and Shandong provinces. We noted the 

observed instability in FEF in many counties in the lower reaches, which meant a decline from Level 

"Moderate" to "Poor" after a brief period of improvement. 

 

Figure 2. Spatial distribution of the FEF by forest inventory cycles (2008, 2013, and 2018). 
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3.2. Spatial agglomeration of FEF in the YRB 

The Moran’s I values increased from 0.506 to 0.562, both of which are significant at the 1% level 

during 2008-2018, indicating a growing positive correlation in the spatial distributions of forest 

ecological functions, with regions having higher or lower FEFI tending to cluster together. 

Notable changes of Moran’s I values were observed in the High-High and Low-Low areas 

(Figure 3). The H-H area, consisting of counties with better forest ecological functions, is located 

predominantly along the Qinling and Taihang Mountains. Over time, there is a noticeable increase 

in agglomeration in the eastern part of the Qinling Mountains and a decrease in agglomeration in the 

northern part of the Taihang Mountains. Conversely, the L-L areas, comprising counties with 

predominantly poorer forest ecological functions, are clustered in the upstream warm temperate 

steppe and desert-grassland regions. The agglomeration in these areas tended to spread outward in 

recent years. The High-Low and Low-High areas were randomly distributed in various regions that 

are not statistically significant throughout the observed period. These findings suggest that the forest 

ecological function of counties in the YRB is easily influenced by neighboring regions. 

 

Figure 3. Local Indicators of Spatial Association (LISA) cluster map of FEF. 

3.3. Identifying the impact of human activities on FEF 

To determine the extent of human activities' impact on FEF, natural factors' influence (Table 1) 

was excluded through residual analysis. In most counties on the Qinghai-Tibetan plateau, the 

contribution of human activities was primarily positive in 2008 (Figure 4). However, by 2018, FEF 

deteriorated as the intensity of human activities increased. In downstream counties, the impact of 

human activities exhibited a non-linear characteristic. Specifically, in 2008 and 2018, human activities 

had a negative effect on FEF. However, starting from Zhengzhou city in 2013, both human activities 

and FEF developed coordinately in counties, suggesting that human factors were the main driving 

force behind improved FEF during this period.  

Top of Form 

 

Figure 4. Spatio-temporal characteristics of the impact of human activities on FEF. 

3.4. The influence of human activity indicators on FEF based on GTWR 

Figure 5 illustrates the varied impact of each factor in different regions, with coefficients 

standardized for comparative analysis. Generally, the level of economic development (DN), the 

development of the secondary industry (INS), urbanization (URBI), and protection of forest land 
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(PROT) did not exert significant impacts on forest ecological functions in the YRB. A brief analysis 

would be conducted solely on the direction of influence. 

In the upstream counties, forest ecological function had improved alongside economic 

development. Counties extending from the southeastern part of the farming-pastoral zone in North 

China to Shanxi in Shaanxi province witness better forest ecological function with the development 

of the secondary industry. China's rapid urbanization in recent years, from a spatial-temporal 

perspective, appeared generally unfavorable for the improvement of FEF across most of the YRB, 

except for a considerable number of counties close to the estuary where positive effects of 

urbanization were evident. In the west of the watershed, the positive role of PROT was diminishing, 

covering the entire Tibetan plateau in 2008 but reducing to only counties where the region's major 

nature reserves were located in 2018. Conversely, in the eastern watershed, effective woodland 

resource conservation had improved the FEF, with this positive effect spreading from south to north 

within Shanxi Province. 
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Figure 5. Spatial-temporal distribution of human activity factors affecting FEF calculated by GTWR. 

Comparatively, the development of the primary industry (AGRI), especially cultivation leading 

to changes in production land use (FRM), an increase in population density (PS), and consequent 
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changes in the ratio of land dedicated to urban and rural construction (CONS), exhibited a more 

pronounced difference in the FEF. These factors were considered core influencing factors and would 

be analyzed with a focus on spatial and temporal changes in the following sections. 

The impact of the agricultural industry (AGRI) consistently exhibited a negative trend, and this 

adverse effect had become increasingly significant by 2018, extending across the Loess Plateau to 

downstream counties in Henan Province. Moreover, AGRI had emerged as a significant constraint in 

pastoral areas, particularly in regions where animal husbandry was predominant, such as Gansu, 

Sichuan, and Inner Mongolia, located to the west of the northern farming-pastoral transitional zone, 

as well as in key farm product production districts in the YRB, like the Fenwei Plain. 

The influence of population density (PS) showed distinct spatial variations. In the upper reaches 

of the Yellow River, especially in the transition section from the Tibetan Plateau to the Loess Plateau, 

population growth proved detrimental to improving FEF, emerging as the most significant 

constraint. From the Loop Plain to the counties at the junction of upstream and midstream, the impact 

shifted from negative to positive, becoming a central driving force in promoting FEF. However, in 

the transition section from the middle to the lower reaches, the positive impact of PS reverted to a 

negative impact after a brief improvement in 2013. Notably, there was an increasing contribution of 

PS to FEF in the lower plain. 

The positive impact of changes in production land use (FRM) was concentrated in alpine and 

arid areas with harsh natural conditions, particularly in the western and northern parts of the basin. 

Here, artificial planting enhanced vegetation cover and improve the ecological environment. In most 

districts and counties in the YRB, except those mentioned earlier, the proportion of cultivated land 

area was negatively correlated with FEF. This negative impact was particularly pronounced in the 

high loess gully and the river valley plain in the northern foothills of the Qinling Mountains. 

Counties where the expansion of land used for urban and rural construction (CONS) contributed 

to FEF were decreasing. In 2008, these counties were distributed in the Inner Mongolia Autonomous 

Region, northern Shaanxi and Shanxi Provinces, and the entirety of Shandong Province. However, 

by 2018, it became detrimental to FEF when construction land expands in the northern counties of 

Shaanxi Province. CONS exerted the greatest negative effect on FEF in Tianshui City in the southern 

Gansu Province. Starting from this central point, the impact gradually diminished in all directions 

across most of the YRB. 

4. Discussion 

4.1. Model selection and validity of results 

We made a comparison of parameters between the GTWR and OLS models. The goodness-of-fit 

(R2) for the GTWR model was 0.49, surpassing that of the OLS model (0.10). Moreover, the AICc value 

for the GTWR model was -4290.25, smaller than the -3274.69 observed for the OLS model. These 

metrics indicated the superior suitability of the GTWR model for this study. Consequently, we used 

the results of GTWR model to delve deeper into the analysis of the impacts of human activity 

indicators on FEF across various counties. 

4.2. Spatial-temporal variations of human activity factors driving FEF 

The long-term variations in forest ecological functions were influenced by both natural and 

human activity factors, as well as their interactions. The direct impact of natural factors on forest 

ecological functions was evident in the wide variability of vegetation types, forest biomass, 

community structure, and naturalness concerning temperature, precipitation, and elevation. The 

water and thermal resources in the YRB exhibited a decrease from south to north, with more 

pronounced characteristics as more in the southeast and less in the northwest [40]. We found it 

becomes evident that annual precipitation and average temperature across counties showed an 

upward trend during 2004-2018. Collectively, the climate change, marked by increasing temperature 

and humidity, provided a more favorable environment for forest growth. 
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Additionally, natural factors also significantly shaped the scope and intensity of human 

activities. For example, while afforestation was commonly used to rehabilitate and expand forest 

cover, the regeneration and maintenance of artificial forest vegetation depended on adequate water 

resources. In China, greening initiatives had not surpassed the 400-mm precipitation threshold [43], 

and the lack of water resources post-afforestation posed a risk to the existing vegetation.  

We found that most counties with consistently poor FEF, as shown in Figure 2, were 

predominantly those with insufficient water resources, posing challenges to forest and grassland 

development. Reversing the issues of low total forest resources and poor quality in this region was a 

complex and long-term task. In contrast, counties with moderate FEF suffered less from water 

scarcity, and these areas can experience significant improvements in forest coverage and volume 

through artificial afforestation in the short term. Meanwhile, we observed an inverted U-shaped 

change in FEF in some counties during the study period. It probably because that the artificial forest's 

simple stand structure and limited resilience to natural risks underscore the importance of long-term 

forest stewardship, which was precisely contradicted by a prevalent emphasis on afforestation over 

management in most counties.   

The clustering characteristics of FEF in the YRB were becoming more significant (Figure 3), 

indicating that it was essential to analyse the drivers of changes in FEF from a basin-wide perspective. 

Another reality that cannot be ignored was that the natural environment of the YRB varied greatly. 

Therefore, we divided the YRB into six regions according to the natural and geographic features [44], 

and made a comprehensive analysis of how human activities influencing FEF in different regions. 

We attempted to find out more reasonable paths to enhance the FEF for the entire basin through 

human activities, ultimately achieving sustainable development of the economy, society, and 

ecology. 

The source area of the Yellow River, primarily covered by upland meadow and scrub vegetation, 

exhibits reduced forest fragility with increasing elevation [45,46]. The challenging environmental 

conditions at high altitudes limited large populations, reducing the overall impact of anthropogenic 

activities [47,48]. In areas with higher altitudes, climate effects tended to outweigh anthropogenic 

factors [49], emphasizing the importance of minimizing human activities to maintain the natural state 

of vegetation. 

Qinghai, Gansu, and northwest Sichuan, positioned at the intersection of the "Qinghai-Tibet 

Plateau Ecological Barrier" and the "Loess Plateau-Sichuan-Yunnan Ecological Barrier," served as 

vital water-sourcing and recharge areas for the upper reaches of the Yellow River. Despite ecological 

projects stabilizing forest ecological function for a certain period, the up-river region faced challenges 

with the lowest forest coverage rate in the entire basin. Human activities such as grazing and farming, 

driven by economic constraints, led to the degradation of alpine meadows [50,51]. In these regions, 

strengthening infrastructure construction and improving agricultural and animal husbandry 

production efficiency were crucial for enhancing artificial vegetation coverage [52,53], and 

consequently, the ecological function of forests. 

Inner Mongolia and Ningxia, constrained by natural conditions and water scarcity, faced 

challenges in developing the forest and grassland industries. Population growth and urbanization 

exerted pressure on ecological water use, impacting the long-term ecological function of forests [54]. 

Additionally, abundant mineral deposits drove industrial and mining land expansion, leading to the 

loss of natural ecosystems [55]. Urban and rural construction increasingly focused on greening, 

enhancing ecological livability [56]. Expanding artificial vegetation through construction emerged as 

an effective way to improve forest ecological functions in the region. 

The Loess Plateau, comprising the principal part of the middle reaches of the YRB, exhibited 

distinct spatial variations in forest ecological function due to natural vegetation differences and 

complex terrain. The southeast, with a more stable forest system dominated by tree communities, 

shrub communities, and herbaceous communities [57,58], surpassed the northwest, which faces 

challenges from rapid population growth, urbanization, and irrational development of farming and 

animal husbandry [59]. Ecological projects in the Loess Plateau, supported by the Chinese 

government, contributed significantly to restoring net primary productivity [58,60].  
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In the downstream Henan and Shandong provinces, densely inhabited hilly plain areas 

witnessed significant impacts from economic development and irrigation on vegetation growth [61]. 

Conceding farmland to forests and afforestation in barren mountains improved forest cover to some 

extent [62]. However, the diversion of the Yellow River created highlands with depressions and hills, 

limiting tree species suitable for planting. Due to scattered planting of artificial forests in various 

counties, the simple stand structure and concentrated harvesting time impede large-scale 

agglomeration effects in most regions. Economic development, focusing on forestry's economic 

benefits [63], negatively impacted forest ecological functions.  

The alluvial plains of the Yellow River Delta, characterized by saline and alkaline soils, 

experienced improved vegetation coverage through saline-alkaline land improvement and seed 

industry innovation [64]. Industry and mining development, coupled with population growth and 

urban agglomeration, positively impacted economic growth and forest ecological functions [65]. 

Wetland ecosystems faced challenges due to urbanization [66,67], but efforts to return pasture or 

farmland to wetlands had showed positive results in recent years [66,68]. 

4.3. Limitations and future work 

By evaluating the forest ecological function of each county in the Yellow River basin and 

discussing the influencing factors, we have got some meaningful implications. Yet firstly, natural 

factors are very important to forest ecological functions, which can be taken as the basis for human 

activities improving or damaging the forest ecological functions. Although we have only briefly 

explored them due to the large study area and the focus on the impact of human activities, it is no 

doubt that a more focused exploration will lead to more valuable conclusions. Secondly, variations 

in forest cover types or forest utilization practices, and factors such as fires and pests can also have 

implications for forest ecological functions. Regrettably, for the sake of comparison, we were only 

able to conduct relatively basic calculations in this study. In addition, due to the large spatial span of 

the Yellow River Basin and the different ecological problems faced and ecological tasks undertaken 

by different sections, targeted research on subsections is a valuable direction for future research 

endeavors. 

5. Conclusions 

The historical and profound impact of human activities on forest resources and their ecological 

functions is undeniable. Observing and summarizing the temporal characteristics of changes in forest 

ecological functions is crucial for understanding the patterns of human activities affecting these 

functions. In this study, we utilized residual analysis and GTWR models to identify the most 

influential human activities on forest ecological functions in county-level administrative areas. Our 

key findings were as follows: 

First, the overall forest ecological function of counties in the Yellow River basin ranged from 

moderate to inferior, with higher levels in counties endowed with natural forest resources. While 

artificial afforestation could yield short-term improvements, its long-term impact was limited. 

Second, considering agglomeration effects, distinct clusters of high-high and low-low forest 

ecological functions in the Yellow River basin were becoming increasingly apparent. High-high 

agglomeration was predominantly in the eastern and southern mountainous areas, while low-low 

agglomeration occurred in the arid and semi-arid northwest Loess Plateau, expanding during the 

research period.  

Third, significant spatial-temporal differences exist in the impact of human activities on forest 

ecological functions. Social and economic activities positively correlate with forest ecological function 

in the upper reaches, increased vegetation coverage through agricultural and forestry production 

benefited FEF, however, over-exploitation of forests and grasslands observed there inhabited the 

improvement of FEF. In the midstream, the development of the secondary industry, increasing 

population density, as well as the greening of urban and rural areas helped to improve FEF 

effectively, but excessive demand for water triggered by the basic status of agricultural production 

brought more difficulties to forest protection. In the lower reaches, the primary industry's internal 
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structure optimization, land use improvements, population growth, and forestland protection 

positively affect forest ecological functions.  

We anticipate that these results will offer insights into optimizing differentiated governance 

strategies and regional collaboration to enhance forest ecological functions throughout the 

watershed. We propose several recommendations for the maintenance and improvement of forest 

ecological functions: 

1. Consider Climatic Limitations. Before implementing protective measures for forest and 

grassland resources, it is essential to account for the climatic conditions. In undeveloped 

areas like alpine woodlands and meadows, minimize artificial ecological restoration 

measures to reduce human disturbances and promote natural ecological recovery. 

2. Formulate Localized Measures. In counties with abundant natural resources, focus on 

banning natural forest logging, maintaining ecosystem integrity, and improving 

resource utilization efficiency. In less endowed counties, enhance forest ecological 

functions while improving natural conditions and vegetation cover, incorporating 

measures like constructing mixed forests to increase species diversity. 

3. Promote Integrated Development and Governance. Counties should articulate their 

positions in regional industrial development and ecological protection, considering the 

possible repercussions of ecological measures on neighboring regions. Leveraging the 

comprehensive effects of combined ecological measures is imperative, avoiding reliance 

on single ecological engineering or restoration measures. 

By adhering to these recommendations, it is possible to foster sustainable development, achieve 

ecological conservation goals, and enhance the overall quality of the forest ecological functions in the 

Yellow River basin. 
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