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Abstract: Arable land systems are complex ecosystems composed of cultivated land and semi-natural
habitats. Retaining an appropriate proportion of semi-natural habitats in arable land systems is
beneficial for enhancing landscape heterogeneity and biodiversity. However, it is unclear how many
semi-natural habitats need to be retained in arable land systems to improve landscape heterogeneity.
In this study, the land use data of four counties were used as the data source in the Lower Liaohe Plain,
Liaoning Province, and Rao’s quadratic entropy index (Q) was used to quantitatively characterize
the landscape heterogeneity. We aimed to explore the minimum proportion of semi-natural habitat
required to maintain high landscape heterogeneity and determine the independent and interactive
effects of semi-natural habitat composition and configuration on landscape heterogeneity. We found
that (1) maintaining a 5% proportion of semi-natural habitats is the minimum threshold for achieving
high landscape heterogeneity in arable land systems. Retaining a 10% share of semi-natural habitats is
beneficial for both agricultural production and land ecology. (2) The combination of woodland, water
and ditches was good for improving landscape heterogeneity. Connectivity in semi-natural habitats is
critical to improving landscape heterogeneity. (3) The interaction of semi-natural habitat composition
and configuration had a strong effect on landscape heterogeneity (53.1%). Semi-natural habitat
configuration was found to be more important than composition for landscape heterogeneity. The
role of semi-natural habitat composition and configuration in maintaining landscape heterogeneity
and supporting the sustainability of land use therefore needs to be considered in arable land systems.
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1. Introduction

with regard to jurisdictional claims in

Agricultural intensification and increased levels of land-use intensity have led to a
decline in landscape heterogeneity (a reduction in and loss of natural and semi-natural
habitats) in arable land systems worldwide [1]. Landscape heterogeneity can affect species
persistence by supporting larger species pools, providing patch diversity and encouraging
biological spillovers between complementary resources at the local and landscape levels [2].
However, as landscape heterogeneity declines, biodiversity is also facing a general decline.
In addition to influencing species diversity, a decrease in landscape heterogeneity may also
directly impair ecosystem functioning due to reduced cross-habitat exchange of materials
and energy [3,4]. Alsterberg et al. found that high heterogeneity ecosystems composed of
multiple habitats show higher levels of multiple ecosystem functions than ecosystems with
a single habitat [5]. Habitat diversification promotes multiple ecosystem services without
compromising yield [6]. Therefore, it is essential to maintain semi-natural habitats in arable
land systems.
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The retention of appropriate proportions of semi-natural habitats to enhance landscape
heterogeneity benefits biodiversity and ecosystem services [7,8]. The presence of seminatural habitats and landscape heterogeneity are key determinants of the delivery of
ecosystems services such as pollination and pest control [9,10] and may be an appropriate
way to support the sustainability of arable land systems [11]. Agri-environment schemes
(AES) in most European countries aimed at protecting semi-natural habitats can be traced
back to 1985 [12]. Moreover, the European Union (EU) allocates a significant budget to
promoting the protection of the ecological environment and preventing the loss of seminatural habitats in arable land systems [13]. The new Common Agricultural Policy (CAP)
(period from 2023 to 2027) will help to improve the environment through nine standards of
good environmental and agricultural condition (GAEC). GAEC 8 requires farmers to devote
a proportion of arable land to non-productive areas and features (among other obligations)
in order to improve the biodiversity of arable land systems [14], in line with the Green
Deal target to have high-diversity landscape features in at least 10% of non-productive
areas by 2030 [15]. In addition, studies found that 20% of semi-natural, non-crop habitat
appears to be a rough threshold for enhancing biodiversity and sustaining services [16].
However, there is currently no policy on the protection of semi-natural habitats in arable
land systems, nor is there a compensation or incentive mechanism for farmers for the
losses caused by the conservation of semi-natural habitats in China. Moreover, the per
capita surface of arable land (total arable land/total Chinese population) in China is only
0.007 hm2 . Therefore, achieving high landscape heterogeneity with a low proportion of
semi-natural habitats combined with the optimal landscape composition and configuration
is more suitable for China’s agricultural development, and it is also a goal that is being
explored worldwide [17,18]. Nevertheless, if the proportion of semi-natural habitats in
arable land systems is too low, the consequence is that, no matter how their composition and
configuration are optimized, it is impossible to achieve high landscape heterogeneity. The
excessive conversion of arable land to semi-natural habitats may affect food security [19].
Figuring out the threshold for the proportion of semi-natural habitat required to achieve
high landscape heterogeneity is key for arable system sustainability. Unfortunately, the
threshold for the proportion of semi-natural habitat required to achieve high heterogeneity
is currently unclear.
Studies have found that landscape heterogeneity shows differences even under the
same proportion of semi-natural habitat [20]. This is because landscape heterogeneity is
driven by two aspects: (i) the number and proportion of different cover types (composition
heterogeneity) and (ii) their complex spatial arrangement (configuration heterogeneity) [21].
The more diverse the landscape composition, the more complex the landscape configuration,
and the higher the heterogeneity of the landscape. However, the landscape composition
and configuration are mutually influential and not completely independent. The number
of patches (configuration heterogeneity) inherently limits the diversity of cover types
(composition heterogeneity) [22]. The composition of semi-natural habitats refers to the
types and proportion of semi-natural habitats in an arable land system. Semi-natural
habitat configuration refers to the spatial arrangement of semi-natural habitats in an arable
land system, such as connectivity and dispersion. The relative importance of independent
and interactive to landscape heterogeneity remains unknown.
The objective of this study was to explore the minimum proportion of semi-natural
habitat required to achieve high landscape heterogeneity in arable land systems and to
determine the independent and interactive effects of semi-natural habitat composition and
configuration on landscape heterogeneity. We hypothesized that (1) there is a minimum
semi-natural habitat proportion threshold for achieving high landscape heterogeneity in
arable land systems, and (2) optimizing the semi-natural composition and semi-natural
configuration has different effects on improving the heterogeneity of the landscape.
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2. Materials and Methods
2.1. Study Area
This study was carried out in four counties (Changtu County, Dawa County, Dengta
County and Zhangwu County) located in the northern, southern, eastern and western parts
of the Lower Liaohe Plain (Figure 1). The areas are 4324 km2 , 1762 km2 , 1170 km2 and
3623 km2 , respectively. Changtu County is known for its agricultural productivity and is
the country’s largest grain production base. It is also a typical intensive agricultural area
of the Lower Liaohe Plain. Cultivated land in the county is spatially concentrated and
contiguous, and the scale of the fields is large. Dawa County is located at the estuary of
the Lower Liaohe River; the county is mainly dominated by paddy fields, and the shape of
the fields is regular. Dengta County is low in the west and high in the east; the east is a
remnant of the Changbai Mountains and is a hilly area, mainly woodland. The central and
western areas are an alluvial plain, with cultivated land and paddy fields in an interlaced
distribution with and different shapes. Zhangwu County is located on the southern edge
of Horqin Sandy Land, and the terrain is high in the north and low in the south. In the
north, there are more fixed sand dunes formed by wind sand dunes, and between the
alluvial plain distributed from northwest to southeast, the terrain is relatively flat and
is part of the Songliao Plain. Zhangwu County is the key county in the construction of
the Three-North Shelter Forest Program (TNSFP), which is one of the largest and longest
ecological restoration programs in the world [23]. Therefore, there are farmland shelterbelts
between the fields, and the proportion of semi-natural habitat area is relatively high.

Figure 1. Location of the study area. Panel (a) shows the location of the study area in China; panel
(b) shows the four counties (Changtu County, Dawa County, Dengta County and Zhangwu County),
which are located in the northern, southern, eastern and western parts of the Lower Liaohe Plain
in Liaoning Province. The base map is an elevation map of Liaoning Province. Panel (c) shows the
landscape composition of the four counties.

2.2. Semi-Natural Habitat Composition
The composition of semi-natural habitats was characterized by semi-natural habitat
types and proportions of semi-natural habitats. Semi-natural habitat types in the arable
land systems according to land use types were divided into five types: woodland, grassland,
waters, ditch and rural road. The calculation of the proportion of semi-natural habitats
first requires the determination of the analytical scale. On the one hand, landscape ecology
research believes that ensuring that the study scale does not lose the information of fine
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non-arable land patches but comprehensively reflects the sample landscape pattern is the
key to determining the research scale. In general, landscape samples with an area of 2 to
5 times the average patch area are optimal [24]. On the other hand, the scale of 1 km × 1 km
is considered meaningful for the activity density and the diversity of arthropods in arable
land systems [25]. Consequently, the scale of 1 km × 1 km was determined as the scale for
the analysis in this study. The results at this scale can also better provide a basis for the
protection of biodiversity in arable land systems. Land use data with an accuracy of 1:5000
were used as the data source, and the fishing net tool in ArcMap10.2 was used to set a grid
of 1 km × 1 km. Grids containing land for commercial land and other construction land
were excluded, and less than 50% of the semi-natural habitats were extracted. Finally, a
total of 1196 grids (1 km × 1 km) were retained, and the proportion of semi-natural habitat
area within each grid was calculated.
2.3. Semi-Natural Habitat Configuration
Most of the landscape metrics and indices were used concerning biodiversity and
habitat analysis, as well as the evaluation of the landscape pattern (landscape composition
and landscape configuration) and its change [26]. We used seven landscape indices to
characterize the configuration of semi-natural habitats (Table 1). The aggregation index
(AI) measures the aggregation or adjacency of the same patches, where the smaller the
value, the more dispersed the landscape. The patch cohesion index (COHESION) characterizes the connectedness of the corresponding patch type. The landscape division index
(DIVISION) equals the probability that two randomly chosen places in the landscape under
investigation are not situated in the same contiguous habitat patch. The DIVISION is
negatively correlated with the effective mesh size. The mean Euclidean nearest neighbor
index (ENN_MN) equals the distance (m) to the nearest neighboring patch of the same
type, based on the shortest edge-to-edge distance. The landscape shape index (LSI) is
the ratio between the actual landscape edge length and the hypothetical minimum edge
length. The mean shape index (SHAPE) describes the ratio between the actual perimeter
of the patch and the hypothetical minimum perimeter of the patch. The splitting index
(SPLIT) describes the number of patches if all patches in the landscape were to be divided
into equally sized patches [27]. To calculate the landscape index, we converted vector
data of land-use into raster data (5 m × 5 m) using ArcGIS 10.2 (Environmental Systems
Research Institute, Redlands, CA, USA, 2013). The landscape index was calculated using
FRAGSTATS 4.2 (University of Massachusetts, McGarigal et al., USA, 2012).
Table 1. Landscape metrics used to characterize the landscape configuration.
Abbreviation
AI
COHESION

DIVISION

Name
Aggregation index
Patch cohesion index

Landscape division index

AI =
COHESION = 1 −

Formula
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0 < COHESION < 100

2 !
0 < DIVISION < 1
ENN_MN > 0
LSI ≥ 1
SHAPE_MN ≥ 1
1 ≤ SPLIT ≤ number of cells squared

Note: where gi is the number of like adjacencies based on the single-count method, and Max − gi is the classwise
maximum number of like adjacencies of class i. pij is the perimeter in meters, aij is the area in square meters


and Z is the number of cells. A is the total landscape area in square meters. ENN patchij is the Euclidean
nearest-neighbor distance of each patch.
 E isthe total edge length in cell surfaces and minE is the minimum total
edge length of cell surfaces. SH APE patchij is the shape index of each patch.

Land 2022, 11, 1018

5 of 16

2.4. Landscape Heterogeneity
The landscape heterogeneity was quantitatively characterized using Rao’s quadratic
entropy index, which is a comprehensive and useful metric for characterizing landscape heterogeneity and environment heterogeneity [28,29]. The calculation process was as follows:
firstly, we divided each grid into four regions, according to the quality dimensions (descriptors) of each region, to calculate the semantic dissimilarity between two regions. Secondly,
the quadratic entropy index (Q) was calculated to represent the landscape heterogeneity
of each grid (Appendix A) (the formulas used are shown below). Landscape heterogeneity was divided into five levels: very high (≥2.0), high (1.5~1.9), medium (1.0~1.4), low
(0.5~0.9) and very low (<0.5).
q
d ( C A , CB ) =

|U |

∑i Wi S Ai − SBi

2

(1)

where d(C A , CB ) is the semantic dissimilarity between regions A and B, U is the domain
composed of all the considered quality dimensions, Wi is the weight of each quality dimension/descriptor, and S is the score of this descriptor for each region (C A , CB ) in the
conceptual space.
U
Q = ∑U
(2)
A ∑ B d ( C A , CB ) p A p B
where d(C A , CB ) is the semantic dissimilarity between regions A and B, U is the domain
composed of all the considered quality dimensions, and p A and p B are the proportions of
areas of regions A and B.
2.5. Statistical Analysis
Regression analysis was used to explore the relationship between the proportion
of semi-natural habitats and landscape heterogeneity. Regression analysis is a statistical
method used to explore the quantitative relationship between explanatory variables and
response variables, which can be divided into linear regression analysis and non-linear
regression analysis according to the type of relationship between explanatory variables
and response variables. The merits of the regression model fit are usually measured by
the goodness of fit (R2 ); the maximum value of R2 is 1, where the closer the R2 value
is to 1, the better the fit of the model, and the higher the degree of interpretation of the
explanatory variable to the response variable. In this paper, the proportion of semi-natural
habitats was used as the explanatory variable and landscape heterogeneity as the response
variable for regression analysis. Analyses were carried out using SPSS 25.0. In addition,
biota-environment (BIOENV) was used to explore the potential relationships between
the composition and configuration characteristics of semi-natural habitats and landscape
heterogeneity. Variation partitioning analysis (VPA) was used to determine the independent
and interactive effects of semi-natural habitat composition and configuration on landscape
heterogeneity in arable land systems. VPA is an unbiased decomposition of the total
variance of the response variables into subvariances determined by the combination of
individual explanatory variables. The above analysis was carried out using the Vegan
package in R [30].
3. Results
The results show that the proportion of semi-natural habitats in the study area was
mainly distributed in the ranges of 0–5% and 6–10%, accounting for 43% of the total. The
semi-natural habitat types in the arable land systems were mainly woodland, accounting
for 62% of the total area of the semi-natural habitat. The minimum value of landscape
heterogeneity was 0.2, and the maximum value was 2.8. The landscape heterogeneity in
the study area was mainly concentrated at the low level (0.5–0.9), accounting for 35.2%
(Figure 2).
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Figure 2. (a) Proportion of different types of semi-natural habitat area. (b) Proportion of grid numbers
in different ranges of semi-natural habitats. (c) Boxplot of the range of Rao’s quadratic entropy index
value. (d) Proportion of grid numbers at different landscape heterogeneity levels.

In order to explore the relationship between the proportion of semi-natural habitats
and the heterogeneity of the landscape, the landscape heterogeneity corresponding to each
proportion of semi-natural habitat ratio was ranked, and 115 high landscape heterogeneity points and 95 low landscape heterogeneity points at each proportion were selected
for regression analysis, respectively. The regression analysis showed that the relationship between semi-natural habitat proportions and landscape heterogeneity is nonlinear.
Landscape heterogeneity varied in the same proportions of semi-natural habitats. The
goodness-of-fit degrees were 0.948 and 0.727. This result indicates that the proportion of
semi-natural habitats explains a higher degree of landscape heterogeneity. The regression
of high heterogeneity in the same proportion amplitude shows a tendency to increase first,
then decrease and then increase. When the proportion of semi-natural habitats is 19%, the
difference in landscape heterogeneity is maximized. In addition, we found that, when the
proportion of semi-natural habitats is less than 5%, the landscape heterogeneity is at a low
or medium level, and the landscape heterogeneity cannot reach a high level regardless
of the composition and configuration of the semi-natural habitats in the arable land system (Figure 3). Consequently, a semi-natural habitat proportion of 5% is the minimum
threshold for achieving high landscape heterogeneity in arable land systems. Moreover,
the curve sharply increases when the proportion of seminatural vegetation goes from 0%
to approximately 10%; then, the rate of increase slows down. This indicates that when
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semi-natural vegetation share is low, a relatively modest increase in this range produces a
high benefit in terms of heterogeneity.

Figure 3. Plot of non-linear regression model for Rao’s quadratic entropy index to proportion of
semi-natural habitats.

The BIOENV analysis indicated that the types of semi-natural habitat, namely, woodland, waters and ditch, combined to give a maximum R value of 0.35 (p < 0.01), indicating
that this combination of semi-natural habitat composition best explained the variation in
the landscape heterogeneity (Table 2). For configuration, the aggregation index (AI) and
patch cohesion index (COHESION) combined to give a maximum R value of 0.52 (p < 0.01),
indicating that this combination of semi-natural habitat configuration best explained the
variation in the landscape heterogeneity (Table 3). Variance partitioning (Figure 4) confirmed that the optimal composition and configuration of semi-natural habitat can explain
the variation in landscape heterogeneity well (73.3% of the total variability). However,
there are also differences in the degree of interpretation of landscape heterogeneity by
semi-natural habitat composition and configuration. The composition of semi-natural
habitat explained 8.5% of the total variability, whereas the configuration of semi-natural
habitat explained 11.8%. The interpretation rate of landscape heterogeneity by semi-natural
habitat structures was higher. The interactive effects of composition and configuration
represented 53.1% of the total variability.
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The results of the variance portioning test show that the composition of semi-natural
habitats, the configuration of semi-natural habitats and the interaction of the two in the
interpretation of landscape heterogeneity all passed the significance test. The composition
of semi-natural habitats, the configuration of semi-natural habitats and the interaction
between the two significantly explained the differences in the strength and weakness of
landscape heterogeneity (p < 0.01), which is of statistical significance (Table 4).
Table 2. The relationship between landscape heterogeneity and semi-natural habitat type combinations based on BIOENV analysis.
Rank

Semi-Natural Habitat Types

R

p

1
2
3
4
5
6
7
8
9
10

Woodland, Waters, Ditch
Woodland, Waters, Grassland, Ditch
Woodland, Ditch
Woodland, Ditch, Grassland
Woodland, Waters, Ditch, Rural roads
Woodland, Grassland, Waters, Rural roads, Ditch
Woodland, Waters
Woodland, Grassland, Ditch, Rural roads
Woodland, Waters, Grassland
Woodland, Ditch, Rural roads

0.3478
0.3368
0.3327
0.3283
0.3103
0.309
0.2963
0.2878
0.2872
0.2846

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

Note: Summary of biota-environment (BIOENV) top 10 matches of semi-natural habitat types with landscape
heterogeneity in arable land systems. R, Spearman’s correlation coefficient. P, Spearman’s correlation coefficient
(BIOENV routine).

Table 3. The relationship between landscape heterogeneity and semi-natural habitat configuration
combinations based on BIOENV analysis.
Rank

Semi-Natural Habitat Configuration

R

p

1
2
3
4
5
6
7
8
9
10

AI + COHESION
AI + COHESION + SPLIT
AI
AI + LSI + COHESION
AI + SPLIT
AI + LSI + COHESION + SPLIT
AI + SHAPEMN + COHESION
AI + LSI
AI + SHAPEMN + COHESION + SPLIT
AI + ENNMN + COHESION

0.5205
0.5144
0.5018
0.4905
0.4889
0.4845
0.4694
0.4671
0.4646
0.4627

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

Note: Summary of biota-environment (BIOENV) top 10 matches of semi-natural habitat configuration with
landscape heterogeneity in arable land systems. AI, aggregation index. COHESION, patch cohesion index. SPLIT,
splitting index. LSI, landscape shape index. SHAPE_MN, mean shape index. ENN_MN, mean Euclidean nearest
neighbor index. R, Spearman’s correlation coefficient. P, Spearman’s correlation coefficient (BIOENV routine).

Table 4. Test of variance portioning of semi-natural habitat composition and configuration.
Name

F

p

Semi-natural habitat composition + semi-natural habitat configuration
Semi-natural habitat composition
Semi-natural habitat configuration

81.4
110
95.5

0.002
0.002
0.002
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Figure 4. Results of variation partitioning for landscape heterogeneity in terms of the fractions of
variation explained. The variation in the landscape heterogeneity is explained by two groups of
explanatory variables: CP (composition of semi-natural habitats) and CF (configuration of seminatural habitats); U is the undetermined variation; a and b are unique effects of composition and
configuration, respectively, while c is a fraction indicating their joint effects.

4. Discussion
We studied the minimum proportion threshold of semi-natural habitats required to
achieve high landscape heterogeneity in arable land systems and explored the quantitative
influence of semi-natural habitat composition and configuration on landscape heterogeneity. The results show that if the proportion of semi-natural habitats in the arable land
system is too low, no matter how their composition and configuration are optimized, it
is impossible to achieve high landscape heterogeneity. Achieving high landscape heterogeneity in arable land systems requires a minimum threshold for the proportion of
semi-natural habitats. Landscape heterogeneity in arable land systems depends largely on
the composition and configuration of semi-natural habitats, and the interaction between the
two can better explain landscape heterogeneity. However, there are also differences in the
degree of interpretation of landscape heterogeneity by semi-natural habitat composition
and configuration, and the interpretation rate of landscape heterogeneity by semi-natural
habitat structures is higher.
The retention of semi-natural habitats has been shown to provide benefits for maintaining landscape heterogeneity and ecosystem services in arable land systems [7,8,11,31,32].
This study found that maintaining a 5% proportion of semi-natural habitats is the minimum
threshold for achieving high landscape heterogeneity in arable land systems (Figure 3),
which is in agreement with the recommended minimum share for Ecological Focus Areas
(EFAs) established in the current CAP for arable farms [33]. However, the proposals for the
post-2020 CAP (budget period: 2021–2027) outline plans to abandon EFAs in their current
format [34]. Instead, it is proposed that member states set a minimum share of agricultural
area devoted to non-productive features or areas, with the threshold area and available landscape/habitat options being set by member states [14]. With the proportion of semi-natural
habitats set at 5%, there is likely to be little additionality for the conservation of semi-natural
habitats on the most Irish farms, or indeed wider European farmland [35]. Retaining a
10% share of semi-natural habitats is beneficial for both agricultural production and land
ecology [15], which has also been confirmed in our study. Nevertheless, arable land mostly
presents large patches and an intensive pattern, and there is no policy requirement to
protect semi-natural habitats in arable land systems in China [36]. Our study found that
21.1% of grids had a proportion of semi-natural habitats of less than 5% (Figure 2), which is
a potential threat to farmland biodiversity. Biodiversity is still at a low level in the arable
land systems of China [37]. Nonetheless, the Chinese government has gradually realized
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the necessity of biodiversity conservation; especially in recent years, the worrying trends of
declining biodiversity have continued [38]. Ensuring the high heterogeneity of arable land
systems is still a prerequisite for biodiversity conservation, and high heterogeneity can
provide habitat and sufficient food sources for farmland organisms, which is a key factor in
maintaining farmland biodiversity [7,39]. In addition, the presence of semi-natural habitats
facilitates conservation biological control (CBC), which is an important way to control
pests and reduce the use of pesticides through nature-based solutions [40]. The focus of
the CBC strategy is to reverse the negative effects of intensification on natural enemies,
reduce human disturbance to land and establish beneficial habitats for enemies. Among
them, habitat management is the main factor considered in the CBC strategy. Enhancing
landscape composition or complexity, increasing semi-natural habitat plant diversification
and reducing planting intensity have all been identified as effective conservation strategies
for natural enemies [41]. Reducing the intensity of agricultural land utilization, improving landscape heterogeneity, and improving habitat quality are important conditions for
agricultural sustainability.
This study showed that the types of semi-natural habitat, namely, woodland, waters
and ditch, best explained the variation in the landscape heterogeneity (R = 0.35, p < 0.01)
(Table 2). The proportion of woodland area is one of the most important factors that affect
the degree of habitat availability [42]. Although increasing the proportion of woodland
is economically costly and represents a slow development, it can significantly improve
the heterogeneity of the landscape in the long run, which is of great ecological value. In
addition, the primary role of woodland and hedges adjacent to arable land is to provide crop
protection (such as reducing the wind speed and soil erosion), leading to improved crop
yields. There can be competition between woodland/hedges and crop plants. Shade affects
the growth of nearby crops by reducing air and soil temperatures. However, it has a positive
effect on crop yields within the field [43]. Woodlands and hedges increase biodiversity in
arable land systems, The importance of woodland and hedgerows to farmland birds is well
established. Moreover, they can also affect the density and diversity of insect activity in
arable land systems (such as spiders and beetles, which are major predators in arable land
systems) [7]. Woodland and hedgerows also facilitate the storage of organic carbon [44].
Waters and ditches, in their inherent form, guarantee their relative areas in arable land
systems. Ditches can be expected to differ from other semi-natural habitats in several
aspects [45]. Being line-shaped landscape elements with a high edge ratio, ditches can
effectively convert and retain pollutants from arable land [46,47]. Therefore, the creation of
semi-natural habitats of woodland, waters and ditches in arable land systems can not only
improve landscape heterogeneity but also enhance ecosystem service capacity.
However, semi-natural habitat composition and configuration affect landscape heterogeneity independently and interactively [22,48]. Our research showed that the interaction
between the two can better explain landscape heterogeneity (explained 53.1%). In terms of
the independent effect, semi-natural habitat configuration explains landscape heterogeneity
better than semi-natural habitat composition (Figure 4). Moreover, improving landscape
heterogeneity by optimizing the landscape configuration in arable land systems, thereby
increasing biodiversity and maintaining landscape services and functions, has long become
an important part of agricultural environmental protection [49–51]. In this study, the aggregation index (AI) and patch cohesion index (COHESION) combination of semi-natural
habitat configurations best explained the variation in the landscape heterogeneity (R = 0.52,
p < 0.01) (Table 3). This result implies that ensuring habitat connectivity is important to
enhance landscape heterogeneity. Loss of connectivity can reduce the size and quality
of available habitat [52]. Moreover, it also weakens landscape heterogeneity by reducing
the number and size of habitats and increasing unfavorable spatial arrangements of habitats [53,54]. Changes in landscape configuration may also affect populations of enemies [55].
With habitat fragmentation, habitat patch connectivity declines. Studies have shown that
populations of enemies are sensitive to habitat fragmentation and connectivity [56]. The
proportion of semi-natural habitats reaching 5% is only the minimum threshold for achiev-

Land 2022, 11, 1018

11 of 16

ing high landscape heterogeneity. The configuration of semi-natural habitats in arable
land systems is particularly important. Ensuring the connectivity of semi-natural habitats
is a key element of landscape design and planning in arable land systems. Studies have
considered the configuration of all semi-natural landscape elements to be a functionally
coherent ecological network; this network enhances predation and parasitism and may
reduce crop damage by insect pests [57,58]. Constructing corridors between different
semi-natural habitats so that semi-natural habitats form interconnected ecological networks
is an important way to enhance landscape heterogeneity and biodiversity in arable land
systems [59].
5. Conclusions
Semi-natural habitats play an important role in enhancing landscape heterogeneity
and maintaining biodiversity in arable land systems [7,8,11,60]. This study indicates
that achieving high landscape heterogeneity in arable land systems requires a minimum
threshold for the proportion of semi-natural habitats, which is 5%, since our study found
that landscape heterogeneity is consistently low or medium when the proportion of seminatural habitats is less than 5%. However, landscape heterogeneity can reach a higher
level when the proportion of semi-natural habitats is higher than 5%, but it also depends
on other factors such as the type and structure of semi-natural habitats in the arable
land system. Therefore, 5% is only the minimum threshold for achieving high landscape
heterogeneity, but it does not guarantee that high landscape heterogeneity will be achieved
if the proportion of semi-natural habitats reaches 5%. In fact, reaching a 10% share could
be a good compromise in terms of benefits gained (sharp increase of heterogeneity) with
respect to costs (reduction of cultivable land). However, we found that 21% of arable land
systems had a proportion of semi-natural habitats below 5% in the study area. We propose
achieving the goal of retaining at least 5% of the semi-natural habitat firstly in the Lower
Liaohe Plain arable land system. However, how to plan and design this 5% semi-natural
habitat in the arable land system is an important question that needs to be considered in
future research. Meanwhile the government should compensate for the preservation of
semi-natural habitats and establish a level of compensation based on the proportion of
protection. In addition, farmers should be instructed to consider the type and connectivity
of semi-natural habitats when preserving them.
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Appendix A

Figure A1. Cont.
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Figure A1. Spatial distribution map of landscape heterogeneity based on 1 km × 1 km raster.
(a) Zhangwu County. (b) Changtu County. (c) Dawa County. (d) Dengta County.
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