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Abstract: Given that cultivated land serves as a strategic resource to ensure national food security,
blind emphasis on improvement of food production capacity can lead to soil overutilization and
impair other soil functions. Therefore, we took Heilongjiang province as an example to conduct a
multi-functional evaluation of soil at the provincial scale. A combination of soil, climate, topography,
land use, and remote sensing data were used to evaluate the functions of primary productivity, provi-
sion and cycling of nutrients, provision of functional and intrinsic biodiversity, water purification
and regulation, and carbon sequestration and regulation of cultivated land in 2018. We designed a
soil function discriminant matrix, constructed the supply-demand ratio, and evaluated the current
status of supply and demand of soil functions. Soil functions demonstrated a distribution pattern
of high grade in the northeast and low grade in the southwest, mostly in second-level areas. The
actual supply of primary productivity functions in 71.32% of the region cannot meet the current
needs of the population. The dominant function of soil in 34.89% of the area is water purification
and regulation, and most of the cultivated land belongs to the functional balance region. The results
presented herein provide a theoretical basis for optimization of land patterns and improvement of
cultivated land use management on a large scale, and is of great significance to the sustainable use of
black soil resources and improvement of comprehensive benefits.

Keywords: agroecosystems; Heilongjiang province; supply and demand; soil multifunctionality;
spatial scales

1. Introduction

Soil provides basic services for maintaining and guaranteeing agricultural production,
plant growth, animal habitats, biodiversity, and environmental quality, and is one of the
core elements linking the entire natural ecosystem [1]. Soil is the key foundation for
cultivated land to perform its functions, a limited resource essential to the maintenance and
sustainable use of land, and essential for cultivated land to have multifunctional roles [2].
Agriculture is facing the challenge of increasing primary productivity to meet the growing
global demand for food security [3]. However, most of the soil resources in the world
are in a barren or worse state, and one third of cultivated land is moderately or highly
degraded [4]. The total amount of cultivated land resources in China is only 135 million ha,
and the per capita cultivated land is only 0.30 ha, which is lower than the world’s per capita
level of 0.37 ha; thus, China is facing a serious shortage of cultivated land [5]. The cultivated
land area of black soil in Northeast China accounts for 27% of China’s total cultivated
land [6], and the total grain output accounts for 25% of China’s total output. However,
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commodity grain accounts for 33% of China’s agricultural production. Because of long-term
and high-intensity utilization, cultivated land resources in the black soils area have been
overdrawn for a long time, and the excessive input of chemical fertilizers and pesticides
has broken the original stable micro-ecological system of the black soils. The degradation
of soil functions like soil biodiversity, nutrient maintenance, carbon storage, buffering, and
water purification and regulation has become a shortcoming that restricts the improvement
of regional food production capacity and sustainable agricultural development and poses a
serious threat to national food security in Heilongjiang province [7]. In China, the Ministry
of Natural Resources conducts surveys and evaluations of the quality of agricultural land
and the Ministry of Agriculture and Rural Affairs evaluates the quality of cultivated land.
These agencies have formed a farmland resource evaluation system that takes the county
as the project unit and the field as the evaluation unit and summarizes the results at
the provincial and national scales, providing a solid foundation for the utilization and
management of cultivated land. However, these tasks were restricted by the scientific
methods and protection concepts of the time. This is because they ignored the general
principle of scales in land quality evaluation. Specifically, there were problems of mixed
scales, and it was difficult to describe scales accurately and quickly above the county level.
This situation cannot meet the management needs of different levels. Additionally, the two
sets of plans mainly characterize the production potential and serve cultivation. However,
they have insufficient consideration of soil function and soil environmental conditions,
and the research results have a single effect, which makes it difficult to serve the current
multi-target soil health management and protection. As a result, a relatively new practice
to fulfil this goal has emerged in which researchers have begun to calculate multiple soil
functions to guide the sustainable use of cultivated land [8].

Soil function indicates a soil-based ecosystem service that consists of a series of
soil processes that support the provision of ecosystem services and contribute to the
production of goods and services that are beneficial to human social requirements and
the environment [9]. The carbon, nitrogen, water, and biological reservoirs in soil make
a significant contribution to the sustainability of the earth [10]. The core of ecosystem
processes is the biogeochemical cycles of carbon, nitrogen, and water. Understanding and
evaluating the natural capital savings of soil from the perspective of ecosystem service
functions can improve the resource utilization efficiency of production activities [11]. The
core of ecosystem processes is the biogeochemical cycle of carbon, nitrogen and water.
Understanding and evaluating the natural capital savings of soil from the perspective of
ecosystem service functions can improve the resource utilization efficiency of production
activities [12], by increasing the ability of soil to retain water and fertilizer and preventing
soil erosion, both of which increase and stabilize crop yields. In addition, increasing soil
carbon storage helps slow climate change [13]. The nutrient cycle represented by the
nitrogen cycle provides nutrient support for the production of biomass [14]. Ecosystem
services related to the soil water cycle include food and water security supply services, soil
storage water and purification water flow regulation services and support services [15]. Soil
biodiversity is closely related to the formation of ecosystem services [16]. Soil ecological
services comprise supporting services for biological production, habitat, species, and
genetic diversity, services providing nutrients, water, and mineral raw materials, and
services that regulate water, the carbon cycle, and greenhouse gas emissions, as well as
services that preserve the soil landscape and cultural relics [17]. Therefore, the ability of
soils to provide multiple ecosystem functions simultaneously is known as soil ecosystem
multifunctionality [18,19], which provides a simple metric to assess the overall functioning
of ecosystems or treatments [20]. However, there is still no consensus on the quantitative
standards and methods for the versatility of ecosystems. This is mainly because of the
structural complexity and functional diversity of ecosystems [21]. Soil function and its
ecosystem service are used when evaluating soil quality for land use and management [9].
If one or more soil functions are restricted, soil quality may be threatened by compaction,
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erosion, loss of biodiversity and organic matter, salinization, pollution, or desertification,
which influences the rational utilization and protection of the soil.

There is currently no soil function classification and evaluation system in the world.
The European Commission’s soil protection strategy was an important initiative that
brought the concept of soil functions to the attention of the wider public and placed the
concept on the political agenda. Seven soil functions were defined in the strategy: (i)
production of food and biomass, (ii) storage, filtering, and transformation of compounds,
(iii) habitats for living creatures and gene pools, (iv) the physical and cultural environment,
(v) a source of raw materials, (vi) a carbon pool, and (vii) archives of geological and archae-
ological heritage [22]. Guerra et al. described and analyzed four soil ecosystem functions
across soil macroecological studies and 17,186 sampling sites: (i) decomposition, (ii) soil
respiration, (iii) nutrient cycling, and (iv) water infiltration [23]. Schulte et al. classified
soil functions into five categories: primary productivity, water purification and regulation,
carbon sequestration and regulation, provision of functional and intrinsic biodiversity,
and nutrient supply and circulation [24]. In 1997, Zhao Qiguo et al. pointed out that soil
quality evaluation in agricultural systems should take soil function as a central task, but
mainly focus on the evaluation of soil production functions [5]. Based on the classification
of ecosystem service function types, the classification of soil functions can be continuously
improved, the characterization indicators of soil functions can be selected, and the indi-
cators can be classified and interpreted [25,26]. Under the precondition of being in favor
of protection of soil functions, most soil evaluations conducted to date have been based
on individual or comprehensive evaluations of soil functions through reasonable selection
of evaluation methods [27-30]. For example, Thoumazeau et al. proposed an integrated
indicator set, Biofunctool®, to evaluate the impact of agricultural land management on
soil functions. This set consists of 12 rapid and economical field indicators, including
soil active organic carbon, soil basic respiration, earthworm activity, available nitrogen,
and infiltration rate and stability of soil aggregates, to assess three dynamic soil functions;
namely, carbon conversion, nutrient cycling, and structure maintenance [31,32]. In terms of
the integration of multiple function evaluation results, Schulte et al. conceptually described
the cooperative weighing of soil functions of various land use types such as cultivated land,
forest land, and grassland based on the theory of functional soil management [24,33]. Land
use types have different requirements for various soil functions. In terms of evaluation
indicators and their weights, prior knowledge such as literature and expert experience is im-
portant for the selection of indicators and determination of weights [3]. The Delphi method
and analytic hierarchy process commonly used in previous studies are typical applications
of traditional expert systems. However, these methods are often criticized for being more
subjective [34]. Poorly subjective methods can also be used in practical applications, such
as meta-analysis or structural equation modeling [23,35]. The soil functions of cultivated
land mainly involve five aspects that contribute to increased agricultural productivity
and provide other regulatory and supportive ecosystem services: primary productivity,
provision and cycling of nutrients, provision of functional and intrinsic biodiversity, water
purification and regulation, and carbon sequestration and regulation [8]. In other countries,
the theoretical framework, index selection, and standardization of soil function evaluation,
and the mapping method of evaluation results have been relatively systematic [36,37],
providing a reference for the development of soil multifunctionality evaluation and change
analysis in China [38-44]. Existing studies on large scale soil function are still slightly
inadequate in China. Therefore, we have taken Heilongjiang province as our research area,
selecting evaluation indicators according to local conditions, establishing a soil function
evaluation model to reveal regional differences in soil functions and providing references
for the sustainable use of land resources and the formulation of cultivated land protection
policies based on evaluation of the supply and demand of soil functions. The specific
purposes of this article are to: (A) evaluate the soil function of paddy fields and dry land in
Heilongjiang province and the current situation of supply and demand by using the multi-
factor comprehensive evaluation method and analyzing the main restrictive factors of the
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soil function in each region; and (B) divide the cultivated land use function region guided
by the dominant function of soil, combine this with analysis of soil function restriction,
and put forward corresponding utilization optimization and regulation suggestions for
different areas. The research frame diagram is shown in Figure 1.
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Figure 1. The research frame diagram.

2. Materials and Methods
2.1. Study Area

Being in the northernmost location and highest latitude in China (Figure 2), Hei-
longjiang province is a vast area, with a high biodiversity environment, diverse landform
types, rich natural resources, and a large area of fertile black soil. The province has a total
land area of 47.07 million ha, which accounts for 4.9% of China, making it the sixth largest
province in the country. Because of its large area of cultivated land per capita, Heilongjiang
province is an important agricultural province in China. Given that the plains are flat
and open with high soil nutrient content, good agricultural cultivation conditions, and
high concentrated and contiguous cultivated land, the region is suitable for large-scale
mechanized operations [45]. The cultivated land quality in the Songnen Plain and Sanjiang
Plain ranks first in China, with the black soil area accounting for about 33% [46]. Hei-
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- Heilongjiang Province

longjiang province contains the highest proportion of black soil in China, and nearly 30%
of the high-quality cultivated land is located in the black soil area of Northeast China. It is
primarily underlaid by Black soil, Meadow soil, Dark brown soil, Albic soil, Chernozem
soil, and Chestnut soil. The black soil is loose and high in organic matter content, making
it suitable for cultivation. Nevertheless, the recent rapid development of urbanization in
Heilongjiang province has had adverse effects on land in the region, causing serious erosion
and desertification [47]. Moreover, because of the vast area and the unreasonable structure
of cultivated land utilization, the cultivated land use pattern urgently needs to be optimized.

[
]
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Figure 2. Location of the study area. Source: Drawn by the authors.

2.2. Construction of an Evaluation Method System of Soil Function
2.2.1. Construction of Evaluation Indicator System at the Provincial Scale

The primary productivity function is the ability of soil to produce plant biomass for
human use and to provide food, feed, fiber, and fuel within the boundaries of natural or
managed ecosystems [48]. The water purification and regulation function is the ability
of the soil to absorb, store, and transport water for later use, prevent long-term drought,
floods, and soil erosion, and remove harmful compounds from water [49]. The carbon se-
questration and regulation function is the ability of soil to store carbon in an unstable form
with the purpose of slowing down the increase in the concentration of carbon dioxide in the
atmosphere [50]. The provision of functional and intrinsic biodiversity function includes
numerous soil biological processes. Soil can provide habitats for animals, plants, and mi-
croorganisms, supporting their life activities and protecting biodiversity [51]. The function
of provision and cycling of nutrients indicates the ability of soil to absorb and maintain
nutrients, produce and retain the nutrients absorbed by crops, promote soil biochemical
processes, and provide and retain nutrients [52]. We constructed a provincial-scale soil
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function evaluation indicator system for cultivated land (Table 1) based on existing large-
and medium-scale soil function evaluation indicator systems [53-55] that considered the
availability of data and was founded on the principles of stability, dominance, spatial vari-
ability, regionality, and systemicity [56,57]. Due to difficulty obtaining soil biological data,
we indirectly characterized the large-scale soil biological diversity from the perspective of
the suitability of the soil biological habitat and the suitable soil conditions for biological
survival [58,59]. However, during practical evaluation and application, these indicators
can be combined with necessary supplements or simplifications according to the actual
data collection of the study area. It is important to note that the five soil function models
show overlap in terms of data input. For example, soil organic carbon supports multiple
soil ecosystem functions that are underpinned by processes such as C sequestration, N
mineralization, aggregation, promotion of plant health, and compound retention [60]. Soil
organic carbon is considered to be an important indicator for monitoring soil degradation
and soil erosion because it affects soil aggregation and stability [61], and is the primary
component influencing soil fertility [62]. Soils with higher organic carbon contents have
better buffering and a stronger capacity to preserve soil water and fertilizer [63], and
the amount of soil carbon sequestration is principally reflected in the soil organic carbon
content [64]. In addition, increasing soil organic carbon in agricultural soils can enhance
a myriad soil biological processes [60]. Therefore, soil organic carbon is input into all
five function models. This creates interconnections between soil functions as observed
in the field; however, the threshold values and decision rules used to assess the input at-
tributes are unique for each model [65]. As several indicators use the same input variables,
statistical correlations among indicators are expected.

Table 1. Evaluation indicator system for cultivated land soil function.

Soil Function Indicator

Soil texture

Soil thickness/cm

Available soil moisture/mm
pH
Primary productivity Gravel contents

Soil organic carbon

Bulk density
Slope
>10° Effective accumulated temperature

Soil texture
Soil thickness
pH
Soil organic carbon
CEC
Bulk density

Provision and cycling of nutrients

Bulk density
Soil organic carbon
pH
Provision of functional and intrinsic >10° Effective accumulated temperature
biodiversity Annual cumulative precipitation
Soil thickness
Available soil moisture
Soil texture
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Table 1. Cont.

Soil Function Indicator

Soil texture
Soil thickness
Available soil moisture
Base saturation%
Water purification and regulation Gravel contents
Soil organic carbon
CEC
pH
Bulk density
Soil thickness
Soil texture
Carbon sequestration and regulation Bulk density
Soil organic carbon
Gravel contents

2.2.2. System for Evaluation of Soil Function Supply and Demand

Soil function is transferred from cultivated land ecosystems to social economic systems
for utilization by humans, and the functional service flow is considered the actual supply.
Human demand is formed by the consumption and use of products and services produced
by soil functions. When there is small human demand or a high soil function, the soil
function enables satisfaction of human demand (actual supply is greater than or equal
to human demand). When human demand for the utilization of soil function is beyond
its capacity, the actual supply will be less than or equal to human needs. The actual
supply of soil functions can be employed by human society. To meet human requirements,
however, the actual supply of soil functions may exceed its own capacity. A demand matrix
was then assigned through the supply capacity of soil functions and human demand for
soil functions to spatially support evaluation of the status of the supply and demand of
soil functions, and select the indicator of “supply-demand ratio” to explain the surplus
relationship between actual supply and demand, that is, whether the actual supply of soil
functions enables us to meet the current requirements of human society [8].

2.3. Collection and Processing of Basic Data

Remote sensing data primarily consisted of Landsat satellite remote sensing data
and the Normalized Differential Vegetation Index (NDVI). The remote sensing data of
Heilongjiang land use stems from the geospatial data cloud, and collected Landsat 8 remote
sensing data from September 2018. After acquiring the images, the ENVI 5.1 software was
applied for splicing, radiometric calibration, atmospheric correction, geometric correction,
mosaic cutting, remote sensing interpretation, and supervision classification of images
to six types of land use: cultivated land, woodland, grassland, water area, urban and
rural, industrial and mining, residential, and unused with the Kappa coefficients of 0.84
to meet the demand for accuracy [66]. NDVI data originated from NASA, and vegetation
index data was processed in a linear manner to acquire the standard vegetation index.
Meteorological data such as rainfall and accumulated temperature originated from the
National Meteorological Science Data Sharing Service Platform, while soil data including
the CEC, pH, gravel content, soil organic carbon, and bulk density were acquired from
SoilGrids (https:/ /soilgrids.org), while soil texture, soil thickness, available soil moisture,
and base saturation were obtained from the Harmonized World Soil Database. Terrain data
were mainly digital elevation data (DEM) derived from the geospatial data cloud. The grid
method was applied to divide the evaluation unit in the research, and the cultivated land
spot was extracted from the land use status map in 2018 after image interpretation, with
a1l x 1km grid to sample the study area at equal intervals. ArcGIS 10.6 was employed
to merge small map spots to generate 134,449 evaluation units. To facilitate subsequent
evaluation and analysis, each unit was given a unique identification code.
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2.4. Evaluation Indicator Gradation System

The optimal gradation and assignment of each indicator lies in a value of 100 points,
with the worst value being 60 points, and the others referring to the classification standards
of cultivated land quality in the northeast reported in “Cultivated Land Quality Gradation”
(GB/T 33469-2016), “Agricultural Land Quality Gradation Regulations” (GB/T 28407-2012),
and the gradation and assignment methods described in related studies [67-69]. The value
was assigned in accordance with the degree of impact of indicators on soil functions and
adjusted based on the foundation of the actual situation of the study area. The soil function
supply matrix proposed by Coyle et al. represents the supply proportion (grid size) of five
soil functions of different land use types [70], with the horizontal axis indicating land use
type and the vertical axis five soil functions, white for primary productivity, purple for
provision and cycling of nutrients, blue for water purification and regulation, green for
provision of functional and intrinsic biodiversity, and dark gray for carbon sequestration
and regulation (Figure 3). This matrix was used as a reference to determine the proportion
of cultivated soil functions in this study.

Figure 3. The supply matrix of cultivated land soil function (Adapted with permission from ref. [70].
Copyright 2016 Copyright Coyle, et al.).

The importance between two indicators was determined in combination with the
opinions of five experts and the differences in accordance with the relevant literature. The
solution to the article was to use a weighted average to assign the scoring value of each
level of expert, and constructed the judgment matrix to ensure that the restrictions of each
indicator and the total sorts and the single hierarchical arrangement passed the consistency
test (random conformance rate, CR < 0.1) to gain the gradation and assignment and weight
of evaluation indicators shown in Table 2.
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Table 2. Grading assignment criteria and weights of cultivated land soil function evaluation indicators.
Soil Indicator Grading Assignment Criteria of Indicators Indicator Data Source  Weight of
Function 100 90 80 70 60 Weight of Indicator Function
Soil texture Loam Clay Sand 0.1052 Harmonized
Soil thickness/cm >100 (100, 80] (80, 60] <60 0.0540 World Soil
Aanlable soil 150 125 100 75 50 0.2100 Database
moisture/mm
>
pH [5.5, 7.5) [7.5,8.5) 78555” 0.0879
Primary < .
productivity Gravel contents <4 4,6] (6, 8] (8,11] >11 0.0316 SoilGrids 0.6912
Organic carbon >90 (90, 70] (70, 50] (50, 40] <40 0.2857
i >1.
Bulk density 3 4 55 [125,1.45) zld5or 1566
g/cm <1
Slope <2 [2,6) [6,15) [15, 25) 0.0457 DEM data
>10° Effective .
= (2600, (2480, (2360, Meteorological
accumulated >2600 2480] 2360] 1995] <1995 0.0232 data
temperature
Soil texture Loam Clay Sand 0.0350 Harmonized
Soil thickness >100 (100, 80] (80, 60] <60 0.1482 World Soil
>8.5 Database
Provision pH [5.5,7.5) [7.5,8.5) oo 0.2640
and cycling  50anic carbon >90 (90, 70] (70, 50] (50, 40] <40 0.4350 SoilGrids 02258
of nutrients  CEC /emol /kg >20 (20,154]  (154,105]  (10.5,6.2] <62 0.0363
>
Bulk density [1,1.25) [1.25, 1.45) 71.<415 o 0.0815
Soil thickness >100 (100, 80] (80, 60] <60 0.0756 Harmonized
Carbon Soil moisture Loam Clay Sand 0.1427 World Soil
i Datab.
sequestration Byl density  [1,125) [1.25, 1.45) =150r 0604 atabase 0.0242
an . .
regulation ~ Organic carbon >90 (90, 70] (70, 50] (50, 40] <40 04690 ~ SoilGrids
Gravel contents <4 4, 6] (6, 8] (8,11] >11 0.0434
Bulk density [1,1.25) [1.25, 1.45) 21'315 °r 01091
Organic carbon >90 (90, 70] (70, 50] (50, 40] <40 0.3021 SoilGrids
>8.
pH [5.5,7.5) [7.5,8.5) —3555(” 0.2001
Provision of >10° Effective
functional accumulated >2600 (2168%(}’ (22:;1680(}’ (1293965(}’ <1995 0.0476 Meteorologic- 0.0242
and intrinsic temperature al :
biodiversity Annual data
cumulative >640 (640, 590] (590, 550] (550, 520] <520 0.0476
precipitation
Soil thickness >100 (100, 80] (80, 60] <60 0.0917 Harmonized
Available soil 150 125 100 75 50 0.0476  World Soil
moisture Database
Soil texture Loam Clay Sand 0.1543
Soil texture Loam Clay Sand 0.0487 o ed
Soil thickness >100 (100, 80] (80, 60] <60 0.0944 v?/m;glnslz'el
Available soil orld Soi
moisture 150 125 100 75 50 0.3037 Database
Water Base
purification  Saturation/% >80 (80, 50] <50 0.0252 -
and. Gravel contents <4 4, 6] (6, 8] (8,11] >11 0.0487
regulation Organic carbon >90 (90, 70] (70, 50] (50, 40] <40 0.1913
CEC 0.0294 SoilGrids
>
pH [5.5, 7.5) [7.5,8.5) f;’sor 0.0944
Bulk density [1,1.25) [1.25, 1.45) z1450r 1640

<1
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2.5. Soil Function Evaluation Model

The multi-factor comprehensive evaluation method was employed to establish a soil
function evaluation model of cultivated land:

n
Ci=) FyjWj ¢y
i=1

where C; indicates the comprehensive evaluation score of the i-th evaluation unit; Fj; is the
score of the j-th evaluation indicator of the i-th evaluation unit; Wj; is the weight of the
j-th evaluation factor of the i-th evaluation unit. The soil function evaluation results were
divided into three levels using Jenks natural breaks classification, with the highest quality
being the first-level function and the worst quality the third-level function.

2.6. Supply and Demand Ratio of Soil Function

The supply and demand matrix of soil function was established with reference to the
ecosystem service matrix method, with the soil function evaluation results as the actual
supply of soil functions and application of the following five-point system to the supply
of paddy fields and dry land: 1 = low supply capacity, 2 = general supply capacity, 3 =
medium supply capacity, 4 = high supply capacity, 5 = very high supply capacity.

First-level soil function supply is assigned 5 points, second-level 3 points, and third-
level 1 point. By employing the ecosystem service valuation method and the Delphi
method [71], a five-point system was assigned to the soil function requirements of the two
types of cultivated land (dryland and paddy field) based on expert knowledge, targeting
interviews, and statistical data, with 1 to 5 representing low to high demand. In accordance
with the results of supply and demand assignments, a supply and demand evaluation
matrix of cultivated soil function was then constructed (Figure 4).

So1l Function
Type of — ok
cultivated s i Provision of L s arbon
land P:;Illa}}in T-:.m\ Is;? H m?d functional and Wmﬁ; pllltlﬁi.‘_a a sequestration and
productivity cvchng of nutrients s l)m(ﬁversit}* and regulation 1'cgulaliou
1 1 1 1
Paddy field 3 5 =y 4 3 3 5 5 3

5 5 5 5
1 1 1 1

Hey fa 3 1 3 3 3 2 3 3 3
5 5 5 5

Figure 4. Soil function supply matrix of cultivated land in Heilongjiang province.

The supply-demand ratio refers to whether the total amount of soil function in a
certain area can meet the demand, reflecting the balance between the actual supply and
demand of soil function. The supply and demand of cultivated land function is classified
into three types based on the supply-demand ratio: full satisfaction, general satisfaction,
and dissatisfaction.

The supply-demand ratio of soil function = human needs/actual supply (2

A supply-demand ratio of soil function of less than 1 suggests a surplus state in
which the supply of soil function can meet the demand, while a supply-demand ratio of 1
indicates a balanced condition in which the supply of soil function enables basic satisfaction
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of the demand, and a supply-demand ratio of more than 1 indicates a loss status in which
the function of soil supply is unable to meet the demand.

3. Results
3.1. Analysis of Evaluation Results of Cultivated Land Soil Function

(1) The function of primary productivity

The second-level function dominated the paddy fields and drylands, accounting for
46.36% and 53.52%, respectively. As shown in Figure 5, there were second-level function
areas scattered in the central part and some counties and cities in the south and north,
first-level areas located in the cities of Hulin, Baoging, Fujin, Raohe, Tongjiang, and Fuyuan
County in the northeast, as well as parts of Suileng County, Hailun, and Bei’an in the central
part, and third-level districts concentrated in the 15 counties and cities in the southwest and
a small area of Ning’an and Dongning County in the southwest. The primary productivity
was found to be principally influenced by indicators of slope, soil texture, soil thickness,
and pH. Owing to the sticky soil texture, poor drainage, and excessive soil moisture in
the southwestern region, the available nutrients are not easily released, resulting in low
soil fertility and the accumulation of salt in the soil surface. This leads to intensified soil
salinization, high pH, and alkaline soil [72]. There are more sandstorms and droughts in the
western region, which causes serious soil erosion and a thin soil layer, resulting in soils not
conducive to cultivated production [73]. The southeast is hilly, and most of the cultivated
land has a slope of more than 5°, which is subject to sloping ridge-tillage and longitudinal
ridge-tillage. This practice, coupled with excessive development and utilization by humans,
has resulted in serious soil erosion in the southeast region, therefore, the soil is characterized
by stripped topsoil, a thin soil layer, and descending fundamental fertility.

Figure 5. The grade of soil primary productivity function of paddy fields and drylands.

(2) The function of provision and cycling of nutrients

Most land in paddy fields and dry land were second-level function, followed by
first-level function, and then third-level function. The third-level zone is distributed in the
southwest, and the main influencing factor is CEC, that is, soil with high CEC enables the
retention of more nutrients and exertion of better cushioning performance than that with
low CEC (Figure 6). There were some third-level zones, especially in the area bordering
Inner Mongolia, which is characterized by frequent windy weather year round, a dry
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climate, and low rainfall. In recent years, deforestation and overgrazing have resulted
in serious soil desertification and low CEC in desertified areas, which has impacted the
circulation and storage of soil nutrients [74].

Provision and cycling
of nutrients

Figure 6. The grade of provision and cycling of nutrients function in paddy fields and drylands.

(3) The function of provision of functional and intrinsic biodiversity

The provision of functional and intrinsic biodiversity in paddy fields and drylands
demonstrated a decreasing spatial distribution pattern from northeast to southwest (Figure 7).
This function was primarily affected by pH and annual accumulated precipitation, and
the suitable pH range is an imperative condition for the survival of animals and plants.
The soil types in the southwestern part consisted of meadow chernozem, hydrochloride
meadow soil, and hydrochloride chernozem, with the average pH ranging from 8 to
8.5, showing strong alkalinity and low nutrient content. Additionally, the low annual
accumulated precipitation in the southwest is unable to meet the requirements of animal
and plant survival. Land utilization methods influence the composition of soil biological
communities [74], and paddy soil can provide soil organisms with a more stable source of
nutrients such as water and organic carbon sources. In addition, paddy soil holds more soil
biomass than dry land soil, which suggests that paddy soil biodiversity is slightly better
than that of dry soil [75].
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Figure 7. The grade of provision of functional and intrinsic biodiversity function in paddy fields and drylands.

(4) The function of water purification and regulation

Water purification and regulation functions in most areas of paddy fields and dry
land are at a high level (Figure 8). The first-level area had the widest range, primarily
distributed in the central, northeastern, and most of the northwestern areas of the province.
The second and third-level area was mainly scattered in the north of Ning’an, the east of
Shuangcheng, the middle of Boli County, the west of Longjiang County, and the northeast
of Fuyu County. As the prime factor, soil organic carbon and available soil moisture
were the main influencing factors, and higher organic carbon content contributes to the
purification and buffering function [76]. When compared with dryland soil, paddy field soil
has stronger carbon sequestration ability and organic carbon content, as well as more stable
soil natural water content. The content of organic carbon and available soil moisture in
the southwest was lower than the overall average level of the study area, and the unequal
water and heat and seasonal rainfall have caused serious soil erosion, desertification, and
thinning of the soil layer, which will affect the functional performance of water purification
and regulation.
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Figure 8. The grade of soil water purification and regulation function in paddy fields and drylands.

(5) The function of carbon sequestration and regulation

The first-level of carbon sequestration and regulation districts were principally dis-
tributed in the cities of Tongjiang, Fujin, Hulin, and Mishan, as well as Raohe County,
Fuyuan County, and Baoging County in the northeast, and part of the cities of Wudalianchi,
Bei’an, and Hailun as well as Suileng County in the middle. The second-level area was
concentrated in the middle, south, and north, while the third-level area includes most of
the southwest and a small part of the south (Figure 9). Cultivated land utilization is an im-
portant factor of human activities that affects the carbon cycle of soil ecosystems, and there
are significant differences in soil organic carbon content under different cultivated methods.
Some studies have shown that rice has the best ability to absorb carbon and produce oxygen
among the main crops per unit area, resulting in an obvious carbon sequestration effect of
paddy soil and high organic carbon content [77,78], and the organic carbon content serves
as a significant factor. Sanjiang Plain is located in the northeast, where the soil conditions
are better than those in the southwest because there is a large area of meadow soil and black
soil that is soft, fertile, and rich in organic matter. Organic matter with high content can
improve the structure of soil aggregates, increase the exchange capacity of soil ions, and
strengthen the ability of soil to fix carbon and release oxygen. There is serious soil erosion
in the southwestern region, and the existing research demonstrates that the low organic
matter content and clay particles of eroded soil lead to the 20% lower carbon sequestration
capacity than that of high-quality soil. Therefore, the spatial distribution law gradually

decreased from northeast to southwest.
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Figure 9. The grade of soil carbon sequestration and regulation function in paddy fields and drylands.

(6) Comprehensive Evaluation Results of Soil Function

The soil function gradation presented a spatial distribution pattern of high in the
northeast and low in the southwest, with the third-level area distributed in a small portion
in the south (Figure 10). This function predominated by the second-level area of soil
function, which accounts for 46.59% of land area. The first-level area was mainly distributed
in the east and northeast, and as well as in a small portion of the central part in strips,
accounting for 28.56% with comprehensively unrestricted or low indicators and highly
functional soil. The third-level area was scattered in 17 counties and cities in the southwest
of Ning'an, the eastern part of Dongning County, and the intersecting part of the northern
area of Boli County and the eastern part of Yilan County. The dry climate, low rainfall,
and frequent windy weather year-round in the southwestern part has caused serious
soil erosion and desertification. The soil types in this area include meadow chernozem,
hydrochloride meadow soil, and hydrochloride chernozem, which have a high calcium
carbonate content, average pH of more than 8, and strong alkalinity, as well as a low
content of organic matter and micronutrient elements that influence the performance of soil
function [79]. The northeast region is located in the Sanjiang Plain, which is characterized
by small slopes, flat terrain, and balanced water and heat resources. The soil types in this
region primarily consist of meadow soil and black soil, which are thick and fertile.



Land 2021, 10, 605 16 of 29

Soil function

Legend
[ ] County boundary

- First-level

Second-level

P Third-level

[TT T T T T T T T[T T T1T1]
0 125 250 500 750 km

Figure 10. The grade of soil function in Heilongjiang province.

3.2. Soil Function Supply-Demand Ratio

Through regional statistics (Figures 11 and 12), the supply and demand of primary
productivity function was predominated by functional dissatisfaction, which accounted for
71.32%. This was followed by the functional satisfaction area, which was scattered in the
east and occupies 17.00%. The spatial pattern of provision and cycling of nutrient functions
showed a gradual increase from southwest to northeast, and the functional satisfaction
area is primarily distributed in the northeast, which accounted for 39.39%. The zone of
general satisfaction was found to be roughly the same as that of dissatisfaction, accounting
for 29.03% and 31.58%, respectively, and this zone was concentrated in the southwest. The
functional and intrinsic biodiversity function of 72.53% can satisfy the requirements of
human society, while 13.00% scattered in the central and southern can basically meet this
demand, and 14.47% was the functional dissatisfaction area, which was mainly distributed
in the southwest. The spatial distribution of water purification and regulation functions
and carbon sequestration and regulation functions showed the same trend, presenting
a spatial pattern of high in the middle and low in the surrounding area. Overall, more
than 50% had strong supply capacity to enable a surplus, while most of the southwestern
region and a small part of the south had inferior supply capacity that resulted in a state of
insufficient supply and weak functionality.
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Figure 11. Proportion of supply and demand area of cultivated land soil function.

From a spatial point of view, the supply capacity of the five soil functions in the
northeast was relatively strong and in a surplus state, while the supply and demand in
the southwest and a small part of the southeast are out of balance and cannot meet the
functional requirements. The main reason for this spatial distribution was that the northeast
portion is in the Sanjiang Plain, where there is uniform water and heat, flat terrain, less
erosion and soil-water loss, and a deep soil layer. Moreover, the region is dominated by a
large area of black soil and meadow soil with a balanced acidity-alkalinity, rich nutrient
storage, high organic carbon content, and strong water storage and fertilizer retention
capacity, which is beneficial to the growth of animals and plants [80]. The main soil types
in the southwestern region are aeolian sandy soil and saline-alkali soil. In some low-lying
areas, standing water lies in the large area of sodic alkaline soil that bears high salt content
and soil alkalinity as well as poor ventilation and water permeability, and is unsuitable for
animal and plant growth. Additionally, the border with inner Mongolia is characterized
by strong winds throughout the year and little rainfall, making the region susceptible to
wind erosion and drought, prominent soil sandification problems, and poor water and
fertility retention. As a mountainous area, the southeastern region is characterized by
large slopes, serious soil erosion, and water-soil loss, resulting in thin cultivated soil layers,
loss of soil nutrients, low soil fertility, susceptibility to drought and waterlogging, and
inferior functionality.
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Figure 12. Distribution map of supply-demand ratio of cultivated land soil function.

3.3. Identification of Dominant Soil Function of Cultivated Land

Soil has a variety of functional attributes and states, which are usually characterized
by a combination of functions. Therefore, we determined the best soil function in the
evaluation unit as the dominant function (Figure 13). The largest area of dominant function
was water purification and regulation, with 6.11 million ha, or 34.89% of the total area.
This was mainly distributed in Suibin County and Luobei County in the northwest and
northeast. Soil has a strong ability to absorb and store water, and can therefore effectively
prevent natural disasters such as droughts and floods in the region. The second largest area
of dominant function was the carbon sequestration and regulation function area, which
accounted for about 29.57% of the total and was mainly distributed in the southwest. This
area was characterized by a high capacity to store carbon in an unstable form, which can
effectively slow the release of carbon dioxide into the atmosphere and adjust the field
microclimate. The provision and cycling of nutrients and provision of functional and
intrinsic biodiversity were slightly less distributed, while the dominant function with the
smallest area was the primary productivity, which had an area of only 0.24 million ha, or
1.35% of the total. This area was mainly distributed in Fujin in the east of the study area
and Hailun in the center of the area.
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Figure 13. Dominant soil functions of cultivated land in Heilongjiang province.

3.4. Cultivated Land Use Zoning Based on Soil Functions

To clarify the dominant soil functions and functionalities and combine these with
the evaluation results for the five soil functions while ensuring the spatial continuity and
integrity of the division, the county and city are set as the basic units and the soil function
supply and demand evaluation results are superimposed on the basis of the dominant
function of the soil to divide the cultivated land into use function zones (Figure 14).

(1) Functional balance region

Most areas in Heilongjiang province were functionally balanced. The five soil func-
tions were in a balanced development, and the compound value of the soil was relatively
high. Based on the favorable soil functional conditions, it is necessary to strictly protect
and expand the high-yield and stable cultivated land. While maintaining the soil function
of the existing cultivated land, deep ploughing is used to break the bottom of the soil
plow and increase the permeability of the soil, improve the water storage capacity and
water retention capacity of the soil, and promote increased crop production [81]. In the
functional balance region, we suggest the characteristics of agricultural production be
highlighted with special attention given to various functions such as farmland production
ecology. Additionally, the layout of farmland should be optimized and the development of
ecological agriculture promoted. To avoid destroying the soil, the requirements of "hiding
grain in the ground" should be followed to develop ecological fertile land. The compound
functions of farmland soil agricultural production, water conservation, and biodiversity
should be considered. Additionally, construction of an agro-ecological leisure tourism
complex to guide the rational and compound use of farmland space and further enhance
its versatility is suggested [82].

(2) Food supply region

Food supply regions were dominated by the functions of primary productivity and
nutrient cycling and supply. The terrain in these areas is mainly valley plains, hilly plains,
and slightly inclined high plains, and these areas are characterized by abundant surface
water, fertile black soil, high natural fertility, rich mineral nutrients, moderate texture,
good agricultural utilization conditions, large and concentrated cultivated land, and high
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productivity. However, this region was densely populated with a limited amount of
cultivated land. The region was also affected by restrictions such as urban construction and
poor ecological soil functions. The food supply region could benefit from increased road
construction to increase the accessibility of field roads, as well as improved cultivated land
irrigation and drainage equipment to ensure the water conditions required for crop growth
are met. Additionally, farming conditions should be improved through measures such as
land consolidation and land development. This area could also be enhanced by adopting
agricultural modern management measures [72]. Food supply regions are considered
key areas for high-standard farmland construction. In such regions, it is important to
promote measures to return straw to the field, increase the number of soil aggregates,
increase soil porosity, and reduce soil compactness [83]. At the same time, these areas can
adopt agricultural modernization management measures to enhance the overall utilization
efficiency of farming, promote agricultural production mechanization and industrialization,
improve farming techniques, strengthen agricultural training and guidance for farmers,
and introduce characteristic cash crops based on regional characteristics. It is also possible
to mobilize farmers’ production enthusiasm through the implementation of agricultural
subsidies to ensure high and stable grain production in the region [84]. Based on the original
land, we suggest implementation of cultivated land utilization and protection measures,
promotion of biological control measures, optimization of farming methods, and promotion
of cultivated land rotation while avoiding long-term overload cultivation. Finally, soil can
be improved through various utilization measures such as rotation, allowing fields to lay
fallow, and alternative planting ecological quality [85].

(3) Ecological agriculture region

The north-central and southeastern parts of Heilongjiang province are typical eco-
logical agricultural regions. The terrain in the north-central part is characterized by hills
and undulating mountains. The complex terrain is not conducive to agricultural farming,
and there are serious water and soil erosion phenomena in the region [86]. This is mainly
because part of the cultivated land was woodland and grassland before reclamation, and
the soil was fertile. However, because large areas have been subject to land reclamation for
many years, the original forest belt was cut down by farmers and the vegetation coverage
rate declined, causing gully erosion to become more serious and soil fertility to decrease
annually. As a result, the functions of primary productivity and nutrient supply and circula-
tion are weak [87]. However, the climate is suitable and rainfall is sufficient. For cultivated
land with a larger slope, the farming method can be improved. Alternatively, some fruit
trees with higher economic benefits can be selected according to local climatic conditions,
and a combination of trees should be adopted by fruit farmers. The planting mode takes
advantage of the developed root system of fruit trees to reduce soil erosion, consolidate
soil, store water, and improve the ecological environment. For some difficult-to-use hills
and sloping lands, it is possible to return farmland to grassland, rotate crops and pastures,
or plant multiple crops, all of which can improve soil fertility and increase the economic
benefits of farmers [88]. Because of the characteristics of the regional topography and the
advantages of mountain landscapes, biodiversity can be protected and mountain tourism
and agricultural areas can be developed.

(4) Functionally vulnerable region

Functionally vulnerable regions were mainly distributed in counties and cities in
the southwest, which is characterized by low-lying, poorly drained, and poor climatic
conditions. These regions border Inner Mongolia and are affected by the Siberian dry
monsoon, which is characterized by little rainfall and high evaporation. These conditions
eventually lead to soil water storage. In these regions, poor capacity and serious soil
salinization have led to soil fertility loss, soil stickiness, soil compaction, and difficulty in
utilization. These areas have also long been subject to erroneous production activities such
as blind land reclamation, improper irrigation and drainage, and over-grazing, which have
caused serious soil desertification, fragile ecological functions, and restricted use of soil
functions. Focusing on soil improvement, we suggest advanced irrigation and drainage
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technology be introduced, and that reasonable irrigation and drainage be used to promote
soil desalination. Additionally, the groundwater level should be controlled to a critical
depth to effectively prevent salt reverse. It is also important to choose salt-tolerant crops
and promote the planting of salt-tolerant or salt-resistant crops, as well as to encourage
the return of straw to the field, increase the application of organic fertilizers and soil
nutrients, improve soil physical and chemical properties, reduce soil water evaporation,
promote soil aggregation, and stabilize soil in these regions [89]. Integrating fragmented
land and developing innovative agricultural planting technology will help break through
the limitations of climate and water resources. For soil desertification areas, ecological
conservation can be adopted, starting with protection of the land ecosystem, as well as
adjusting the planting structure and layout [90].
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Figure 14. Cultivated land use zones in Heilongjiang province.

4. Discussion and Prospects

The establishment of macro-scale soil function evaluation theories and methods is a
bottleneck that needs to be broken through in the field of natural resource management in
China [3]. This article describes an evaluation method that is pertinent for the study area.
However, the method described herein would be difficult to apply to other areas, especially
while large-scale soil biodiversity surveys in China are still in their infancy. Large-scale
evaluation of cultivated land soil function is a complex and comprehensive process. The
availability of indicators and data quality are essential to soil function evaluation. Here, we
discuss some limitations of our study dataset and then look in depth at how the evidence
supports our research hypotheses. The protection of national food security is inseparable
from the management and protection of soil health. It is important to re-evaluate the
properties and functions of soil, and to plan and expand the mission of soil science. Based
on this, the present article discusses the current key research directions, provides a reference
for future studies, and provides guidance for agricultural production.



Land 2021, 10, 605

22 of 29

4.1. Soil Function Evaluation Scale and Indicator

Soil function assessments have evolved over time with changes in the objectives, tools,
methods, and indicators of these assessments [91]. For example, the main objective of
assessments before the 1970s was determining the suitability of soils for crop growth, while
after 2010 the objective changed to evaluation of multi-functionality, ecosystem services,
resistance, and resilience of soils. This change in objectives has resulted in more advanced
methods and novel indicators for determination of soil function being developed (Table 3).

Table 3. Evolution of soil function assessment over time in terms of objectives, tools, methods, and indicators.

Before 1970 1970-1990 1990-2010 2010 Onwards

suitability for crop

- . Iti-functionali
productivity, environment, multi-functionality,

bjecti ductivit . t ices,
Objectives growth productivity animal /human health ecosystem services
resistance and resilience
Tools visual/analytical /digital
. il quality test kits, and .
soil assessment based on color, structure, SOU quanly test ks, an high-throughput methods,
Methods (bio)chemistry, multivariate : .
macrofauna D add microbiology
statistics
Indicator trends few indicators many indicators minimum data sets novel indicators

Soil is an ecosystem that has different states under different spatial scopes, different
time frames, and different management methods [92]. Conducting analyses on different
scales solves different problems. Additionally, soil is the result of the combined effects of
soil-forming factors at different scales [93]. At the national scale, policy makers need to
analyze the overall quality and trends of soil resources to ensure national food security. At
the watershed scale, the general public hopes to maintain a healthy production and living
environment in the region. At the field scale, farmland managers are concerned about the
productivity and sustainability of the soil. The existing literature mainly focuses on the
evaluation of soil quality at small and medium spatial scales under specific land use or
agricultural land conditions. However, there is almost no related research on cross-spatial
scales or multi-functional dimensions [94], which makes it difficult to satisfy different levels
of soil health protection decision-making and management behavior needs. Therefore, soil
protection needs to be controlled at the macro level, but also implemented at the micro
level. China’s land resource management and utilization decision-making levels include
townships, counties, cities, provinces, and countries. The indicators, units, methods, and
applications of soil function evaluations at different scales have their own characteristics [3].
The soil function evaluation indicators and importance of different scales are not fixed,
but should be adjusted according to the temporal and spatial change in characteristics
of indicators and the purpose of soil management. Data conditions are the main factor
restricting the selection of indicators; however, from the perspective of scale differentiation,
the availability of data and the selection of indicators are consistent. The large spatial
scale mainly focuses on the endogenous potential and evolution trends of soil functions,
and static indicators that can reflect the inherent properties of the soil should be used
and be relatively consistent with the results of wide-area digital soil mapping. The small
spatial scale mainly focuses on the performance of soil functions in the current state. It is
necessary to adopt dynamic indicators that can respond to farmland management measures
and be obtained through sampling tests [95,96]. Because China has a vast territory and
large geographical differences, it is possible to select representative plots under different
soil types, land use types, ecological environments, and soil management scenarios to
reveal the law of spatial differentiation characteristics of soil functional supply capacity at
different scales, and to establish a minimum indicator set for soil function evaluation in
different regions [97].
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4.2. Classification and Evaluation of Soil Ecosystem Service Function

The soil system is a living system that performs soil functions that provide various
ecosystem services [98]. Soils provide a wide range of goods and services that are im-
portant for human well-being and sustainable socio-economic development, which are
collectively known as ecosystem services [26,99]. However, in recent years, soil function
has declined sharply due to the influence of climate change and human activities, seriously
threatening the survival and development of human beings [100]. Soil ecosystem services
are terminal services formed by soil ecosystems under the effect of human value orienta-
tion and the direct contributions of ecosystems to human benefits [101]; accordingly, each
soil ecosystem service reflects different soil functions [102]. The various divisions of soil
functions have made people realize the multiple uses of soil, as well as the effects that
environmental interference and anthropogenic activities have on soil functions. Currently,
one of the greatest challenges is determining how to quantify soil ecosystem services [103].
Some unsustainable management measures such as traditional farming, unreasonable
fertilization, and blind use of herbicides and pesticides have led to the devaluation and
degradation of soil ecosystem services. Conversely, sustainable soil management measures
such as conservation tillage, organic agriculture, cover crops, and crop diversification
have positive effects on soil ecosystem services [104]. Soil function evaluation has shifted
from focusing only on soil production functions in the early days to comprehensive soil
multi-function evaluation. Comprehensive coordination and weighing of the diversity of
soil ecosystem services are conducted through comprehensive evaluation of soil functions
to achieve sustainable soil management and use [105]. However, the comprehensive evalu-
ation of soil functions cannot be simply additive, as soil is suitable for plant habitat and
crop production functions simultaneously. Therefore, when conducting a comprehensive
evaluation, attention should be paid to the correlation between various soil functions [106].
The soil system integrates physical, chemical, and biological factors and processes, soil
properties that are key to providing a particular soil ecosystem service are identified and
related to context-specific environmental variables. Thus, soil ecosystem services assess-
ments can benefit from research into dynamic spatio-temporal modelling of soil properties
and processes [107].

4.3. Pay More Attention to Soil Biodiversity

Biodiversity not only provides humans with abundant food resources, but also plays
an essential role in maintenance of water and soil, climate regulation, water conservation,
and air purification [108,109]. Ecologists often pay more attention to above-ground bio-
diversity than soil biodiversity [110]. However, these two types of diversity are closely
related, and soil biodiversity significantly affects the function of ecosystems [111,112]. In
addition, Cameron et al. found that areas of mismatch between aboveground and soil
biodiversity cover 27% of the terrestrial surface of the Earth [113]. The soil acts as a com-
posite living entity [114], and a more diverse soil biome is conducive to increasing the
nutrients needed to produce high-yield and high-quality crops, as well as to protecting
crops from pests, pathogens, and weeds. Long-term application of organic fertilizers and
chemical fertilizers can be properly combined to increase the community diversity of key
soil groups [115]. However, the input of a large number of chemicals and unreasonable
management during intensive agricultural production can lead to decreased soil biodiver-
sity, an imbalance in microbial flora, simplification of soil food webs, increased occurrence
of pests and diseases, and severe reductions in crop yields [116]. Indeed, the quantity of
soil organisms and their activities can sensitively reflect changes in soil health and human
management, and can therefore be used as an ecological indicator of soil changes. Soil
biodiversity indicators mainly include microbial biomass, soil microorganisms, pathogens,
large and medium-sized soil animals, soil enzymes and plants. The EcoFinders (Ecological
Function and Biodiversity Indicators in European Soils) project of the European Union has
been trying to identify indicators that can comprehensively reflect soil biodiversity, includ-
ing soil biological community structure and functional gene expression [117]. However,
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this project is challenged by the following: (1) measurement of most biological indicators
takes a long time and the technical requirements and costs are high [118]; (2) there are many
types, individuals, and rapid changes among soil organism populations, as well as a certain
amount of functional redundancy [99]; (3) a high-resolution, quantitative understanding of
the abundance or functional composition of active soil organisms has not been developed
to date [119]. Soil is a challenging habitat, and finding clear and unambiguous relationships
between soil characteristics and the overall soil biodiversity is very difficult. At a large
scale, it is possible to indirectly characterize soil biological diversity from the perspective
of suitability of the soil biological habitat and the suitable soil conditions for biological
survival. The most important drivers of soil biodiversity on a global scale have been found
to be aridity, mean annual temperature, plant richness and cover, soil pH, C content, and
clay percentage [120].

4.4. Utilization and Protection of Black Soil Cultivated Land

Black soil is the most fertile and productive soil, which makes it suitable for farming.
Strengthening the protection of black soil has become a great concern to all sectors of
society [121]. The Great Plains of Ukraine, the Mississippi River Basin in North America,
the Black Soil Region of the Northeast Plain of China, and the Pampas Prairie of South
America are the four largest black soil regions in the world. Heilongjiang province is located
at the core of the Black Soil Region of Northeast China. Since the reclamation of black soil
in China, there have been several periods of rotation and fallow, low-intensity utilization by
humans and livestock, and high-intensity utilization of mechanization. The natural fertility
of black soil has declined annually, the soil has degraded, the organic matter content has
been sharply reduced, the cultivation layer has become thin, and the plow bottom has
thickened [45]. Because of long-term and unreasonable soil management techniques such as
soil plowing, allowing cultivated layers to remain bare, and wanton land reclamation, the
original stable micro-ecosystem of black soil in this region has been broken, resulting in soil
biodiversity, nutrient maintenance, carbon storage, water purification and water regulation
degradation [122,123]. Protection of black soil requires engineering, agronomic, biological,
and other measures to create a deep and fertile cultivated layer that stabilizes and increases
crop yields. After several years of cultivation, fertilization plans need to be developed to
maintain and improve soil fertility [6]. Soil fertilization measures include organic fertilizer
application and crop rotation [120]. Returning more than 80% of agricultural production
waste to the field after the harmless treatment can ensure that the soil organic matter does
not decrease, and may even lead to its slowly increasing. Additionally, straw deep return
protection technology can be used to maintain and increase the organic matter content of
the 0-20 cm black soil layer [124]. It is worth noting that although plowing is conducive
to the release of soil microbial activities and soil nutrients, as well as the mineralization
of soil materials, plowing also loosens the topsoil, which accelerates the wind and water
erosion of the soil and accelerates the decomposition rate of soil organic matter. No-tillage
straw mulch is a typical protective tillage measure, but it is still not clear if no-tillage, no
mulch, or less tillage is the best protective tillage measure [125].

5. Conclusions

Here, an evaluation system for the five functions of primary productivity (provision
and cycling of nutrients, provision of functional and intrinsic biodiversity, water purifi-
cation and regulation, and carbon sequestration and regulation) was developed based
on soil attribute data. Using the soil function discriminant matrix method, soil functions
based on supply-demand ratios were constructed to evaluate the current status of supply
and demand of soil functions. The comprehensive evaluation results of soil functions in
Heilongjiang province demonstrated a distribution pattern of high grade in the northeast
and low grade in the southwest, mostly in second-level areas. The paddy fields and dry
land showed similar primary productivity functions as well as provision and cycling of
nutrient functions, while the intrinsic biodiversity, water purification and regulation, and
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carbon sequestration and regulation functions of paddy fields are better than those of
dry land. The actual supply of primary productivity functions in 71.32% of the region
cannot meet the current needs of life. The dominant function of soil in 34.89% of the area is
water purification and regulation, and most of the cultivated land belongs to the functional
balance region. Cultivated land use zoning and optimization research ideas based on
soil multifunctionality make up for the lack of research on large-scale agricultural soil
health management and protection in China, and are of great importance to the targeted
protection and utilization of black soil.
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