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Abstract: To master the transformation method and spatio-temporal variation characteristics of
cultivated land quality at multiple scales, this paper constructed three spatial scales (Laixi city,
Qingdao city, and Shandong province) and two temporal scales (the second survey (2007) and
the third survey (2020)), and used a linear model to transform the evaluation system. Descriptive
statistics, area statistics, spatial distribution, and aggregation analysis were used to explore the
spatial scale variability, and the dynamic variation characteristics were analyzed. The results showed
that (1) the R? of scale transformation models are more than 0.826, which has a simple structure
and strong universality; (2) with the administrative scale increases, the evaluation units’ number
decreases, the spatial distribution is generally similar but progressively approximate, the high and
low land levels gradually change to medium-level land, and the spatial aggregation degree is county-
scale > provincial-scale > city-scale, with significant scale effect; and (3) in the past ten years, the
average grade has increased from 6.26 to 6.13 in Laixi city, but still has much room for development.
This study puts forward a method of spatio-temporal scale transformation and scale effect analysis
for cultivated land quality, which has positive significance for improving the evaluation system,
promoting land protection, and regional sustainable development.

Keywords: cultivated land quality; evaluation; scale transformation; scale effect; spatial and temporal
variation

1. Introduction

Cultivated land quality (CLQ) reflects the cultivated land production capacity. It is
crucial to maintaining agricultural ecosystem balance, promoting sustainable agricultural
development, and maintaining social and economic stability [1]. At present, there are
many problems in cultivated land resources utilization, such as quantity reduction, quality
decrease, and ecological destruction, which cause increased pressure on cultivated land and
seriously threaten both sustainable utilization and food security [2,3]. Therefore, scientific
evaluation and long-term monitoring of regional CLQ are necessary [4].

CLQ has a significant scale effect [5]. Many domestic and foreign scholars have
conducted lots of research on CLQ at different spatial scales. For example, the agricultural
land assessment was carried out in large-scale areas such as provinces, countries, and the
world [6-8], in medium-scale areas such as counties and cities [9-11], and in small-scale
areas such as villages and towns [12-14]. Related studies provide evaluation methods
at different scales, but the evaluation results cannot learn from each other. As a result,
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the characteristics and rules obtained from single-scale evaluation cannot be applied to
the CLQ analysis at other scales. Therefore, a multi-scale comprehensive CLQ evaluation
and result analysis have become a research hotspot. For example, Li et al., Zhang et al.,
and Sun et al. used the spatial autocorrelation method to analyze the spatial distribution
difference of CLQ at multiple scales [15-17]. However, the research focused on evaluation
results analysis, and each scale used the same evaluation system, which made it difficult
to reflect the scale difference of the evaluation system. Therefore, how to use the CLQ
characteristics at one scale to infer and predict the CLQ at another scale based on ensuring
the comparability and scale suitability, and how to realize the scale transformation of the
CLQ evaluation system still need to be studied in depth.

Establishing a long-term monitoring system is the key to ensuring the stability and
improvement of CLQ [18]. At present, the research on CLQ has changed from static spatial
analysis to dynamic spatio-temporal change analysis, and fruitful research results have
been achieved [19,20]. Since 2002, the Ministry of Agriculture has begun to carry out
cultivated land fertility evaluation, soil testing, and formula fertilization projects, and has
accumulated rich research experience [21]. In recent years, with the proposed manage-
ment and protection policy of “quantity, quality and ecology of cultivated land”, and the
gradual implementation of CLQ evaluation based on the third survey data, ecological and
environmental factors began to be incorporated into the evaluation system [22]. However,
the previous connotation of CLQ and its evaluation methods could not meet the needs of
new spatio-temporal dynamic analysis. Realizing the transformation and unification of
different systems is the premise for CLQ analysis.

This study explored a spatial and temporal transformation method from provincial,
city, and county scales, and studied the spatial variation characteristics and the dynamic
change law of multi-scale CLQ. The aim of this study was to improve the evaluation system,
realize scientific evaluation and dynamic monitoring of multi-scale CLQ, and provide a
reference for the protection and sustainable utilization of cultivated land resources.

2. Materials and Methods
2.1. Study Area

In this study, Laixi city was taken as the study area, and a three-layer integrated spatial
scale system of Laixi city, Qingdao city, and Shandong province was constructed (Figure 1).
Laixi city (36°34'~37°90' N, 120°12'~120°40" E) is located in the northeast of Qingdao,
which belongs to the county-level city. It has a temperate continental monsoon climate
and complex geomorphic types. The cultivated land area is stable at about 80,000 hectares,
primarily including dry land, irrigated land, and vegetable land. The soil types are brown
soil, alluvial soil, and black soil, etc., primarily planting wheat, maize, and peanut. The
cultivated layer texture is primarily light loam and medium loam soil, and the texture con-
figuration is primarily clay interlayer, with a deep soil layer. The city is a national modern
agricultural demonstration area and an advanced county in grain production. Moreover,
Qingdao city (35°35'~37°90" N, 119°30'~121°00" E) is located in the south of Shandong
Peninsula, bordering the Yellow Sea to the east and south. The topography is high in the
east and low in the west. The cultivated land in Qingdao is primarily dry land and irrigated
land, with about 500,000 hectares. The soil is primarily brown soil and black soil. The
cultivated layer texture is primarily light loam soil, the texture configuration is primarily
clay interlayer, and the main crops are wheat, corn, cotton, etc., with a high agricultural
development level. Furthermore, Shandong province (34°22'~38°24" N, 114°47'~122°42' E)
is located in the east of China, with the Bohai Sea in the north and the Yellow Sea in the east
and south. The topography is high in the middle and low around. The cultivated land area
remained stable at about 7 million hectares, mainly including irrigated and dry land. The
soils include brown soil, cinnamon soil, and 15 other soil types. The cultivated layer texture
is primarily light, medium, and sandy loam soil. The texture configuration is primarily
loam and clay interlayer, with a deep soil layer. Wheat and maize are the main grain crops,
and cotton and peanut are the main cash crops, with a high agricultural modernization and
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industrialization level. In conclusion, the selected study areas are similar in agricultural
development, so conducting multi-scale research on CLQ is typical and feasible.
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Figure 1. Distribution map of the study area.

2.2. Data Source and Preprocessing

The CLQ evaluation data are mainly derived from the cultivated land fertility evalua-
tion, soil testing, and formula fertilization project of Laixi city, Qingdao city, and Shandong
province (2007-2011), based on the second national land use survey in China (hereinafter
called “the second survey”), and the cultivated land quality evaluation project of Laixi
city (2020), based on the third national land use survey in China (hereinafter called “the
third survey”). The data content includes the sampling sites data, thematic maps, and
relevant statistical data. As for sampling data, there are 2000, 2553, and 44,966 sites in Laixi,
Qingdao, and Shandong in the second survey, and 988 sites in Laixi in the third survey.
The data is mainly investigating the topography, soil parent material, and management
level around the points, and analyzing the primary nutrient information such as organic
matter, available potassium, and available phosphorus. Thematic maps include a land
use status map, a soil map, and an administrative zoning map (scale: 1:50,000, 1:100,000,
1:500,000, and 1:50,000), and the statistical data mainly includes land area, population area,
and various input-output indicators.

In this study, The Inverse Distance Weight (IDW) method was used to interpolate
soil nutrients. The IDW method assumes that the value at an unknown location can be
approximated as a weighted average of values at points within a certain cut-off distance [23].
The weighted index P was set as two by default, and the grid map resolution was set
according to the study area scale to ensure that the evaluation unit could obtain the
corresponding nutrient values. To better manage the data, the basic information of sampling
points and soil test data were recorded in the survey points as the primary database, and
the attribute database was established. At the same time, the grid maps interpolated by
nutrients and vectorized thematic maps were stored in the form of grid and point, line, and
area files, respectively, to form a primary thematic map graph database. All kinds of data
are collected and sorted, and the primary database of CLQ evaluation is constructed.
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2.3. Methods

The technical flow chart adopted in this study is shown in Figure 2. Firstly, the CLQ
evaluation was realized based on determining the multi-scale evaluation system. Then, the
linear model was used to transform the evaluation system of the spatial and temporal scale.
Finally, the temporal and spatial variation characteristics of CLQ were analyzed based on
the evaluation results after the scale transformation.

l Spatial scale models | | Temporal scale model |

Evaluation
system
transformation

Linear Scale variation

analysis

Multi-scale
CLQ evaluation

Evaluation Indicators, weights, — — - —
and membership degree | Descriptive statistical || Spatial distribution |

| Area statistical || Spatial aggregation |

Figure 2. Technical flow chart. CLQ: cultivated land quality.

2.3.1. Cultivated Land Quality Evaluation Based on GIS

Since cultivated land is a complex system, a single soil property cannot quantitatively
express the CLQ. Therefore, this study introduces the index sum evaluation method, aiming
to use the Integrated Fertility Index (IFI) to coordinate the influencing factors of CLQ, and
then comprehensively and objectively reflect the CLQ in the region [24]. The CLQ evaluation
in this paper mainly refers to the evaluation standards such as “Rules for soil quality survey
and assessment (NY /T 1634-2008)” [25] and “Cultivated land quality grade (GB/T 33469-
2016)” [26]. First of all, the administrative zoning map, soil map, and land use status map
were superimposed to realize the division of evaluation units. Secondly, the hierarchical
cluster and Delphi methods were used to screen the evaluation factors. Among them, the
hierarchical cluster method [27] was used to screen relatively independent quantitative
indicators. The Delphi method [28] is a feedback anonymous letter inquiry method,
which is suitable for screening qualitative indicators. Thirdly, the Analytic Hierarchy
Process (AHP) method was used to determine the evaluation factor weights (C;), which is
a quantitative evaluation method developed on a qualitative basis [29]. Fourthly, we used
the Delphi and fuzzy statistical methods to determine the indicator membership degree
(F;). The fuzzy statistical method [30] is a quantitative evaluation method based on the
membership degree theory of fuzzy mathematics. Finally, the IFI was calculated by using
the index sum method, and the CLQ grade was divided. The specific formula is as follows:

n

IFI=) (C; x F); (1)
i=1

where C; represents the combined weight of the ith index, and F; represents the membership
degree of the ith index.

2.3.2. Spatial and Temporal Scale Transformation of the CLQ Evaluation System
Spatial Scale Transformation of the CLQ Evaluation System

According to the characteristics of different study areas, the corresponding evaluation
indicators, indicator weights, and membership degree were selected to evaluate the CLQ
in each region. Then, the CLQ evaluation results transformation at multiple scales was
carried out, which is divided into two steps:

(1) The application of other scale evaluation systems. Starting from the evaluation
units at A-scale, the system at B-scale was used to evaluate, and the evaluation results of
the A region at B-scale were obtained.
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(2) The construction of the scale transformation model. Taking the evaluation result
at A-scale as an independent variable and the evaluation result at B-scale as a dependent
variable, the linear model was used to construct the scale transformation model from A to B.

The A and B scales represent the current and transformation scales, respectively. The
specific transformation method adopted is shown in Figure 3.

County-scale

[F]Pm\-‘incezF(]F[(fny)

[F]City:F(]F[Pro\‘mcc)

City-scale Provincial-scale

Figure 3. The technical roadmap of the evaluation system scale transformation. Note: The box
and the line segment represent the evaluation results and transformation models at different scales,
respectively. IFlcounty, [Flcity, and IFlprovince Tepresent the Integrated Fertility Index at county-scale,
city-scale, and provincial-scale, respectively.

Temporal Scale Transformation of the CLQ Evaluation System

The model construction steps are as follows: First of all, the second and third sur-
vey systems were used to evaluate the CLQ based on the third survey evaluation units.
Then, the second survey evaluation results were used as independent variables, the third
survey evaluation results were used as dependent variables, and the scale transformation
from the second survey to the third survey evaluation system was realized by a linear
regression model.

2.3.3. Spatial Scale Variation Characteristics Analysis of CLQ

The analysis of spatial variation characteristics is carried out from two perspectives:
county-level region (Laixi city) and city-level region (Qingdao city). As shown in Figure 4,
the main steps are as follows:

(1) The acquisition of evaluation results at other scales. That is, the evaluation results of
corresponding regions were extracted from the evaluation results of CLQ at different scales.

(2) The unification of the evaluation system. That is, we used the scale transformation
model to transform the evaluation results at different scales to the corresponding regional
evaluation system.

(3) The analysis of variation characteristics. Based on the CLQ evaluation results at
multi-scale in the same region after the unification of the evaluation system, the following
methods were used to analyze the characteristics of spatial variability:

(@ Descriptive statistical analysis

The evaluation units’ number and descriptive parameters such as the maximum,
minimum, average, median, standard deviation, and coefficient of variation [31] of IFI
were analyzed by SPSS software.

(@ Area statistical analysis
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Original evaluation results

This mainly includes the area proportion calculation of CLQ grade and Weighted
Average Grade (WAG) under multiple scales. The specific formula is as follows:

WAG = Xn:(Ai x i); @)
i=1

where i represents the ith land, and A; represents the area ratio of ith land.

(® Spatial distribution analysis

The CLQ evaluation results were plotted by ArcGIS software, and its spatial distribu-
tion characteristics were analyzed.

(® Spatial aggregation analysis

Geoda software was used to analyze the aggregation degree of CLQ at multiple scales.
The global Moran’s I index was used to measure the aggregation degree in the whole
region, and the Local Moran’s I index reflected the CLQ correlation between adjacent areas
within the local scope [32].

Evaluation results after scale transformation

County-level region Descriptive statistical
Laixi city (S1) /
&
2
S L L
Laixi city Laixi (82)
— Area slatistical
Scale
transformation Analysis of spatial
Qingdao city (SM model variation characteristics | |
%<
o e =3
T e Taixi ¢ity Laixi (53) T 1 Spatial distribution
L -
& |
é}-’f;“ | — = |
Cr |
Shandongqpm\’iﬂce l_ o _l \ Spatial aggregation
(83) Qingdao city Qingdao (S3) City-level region

Figure 4. The technical roadmap of spatial variation characteristics analysis and the evaluation results conversion. Note: S1,

52, and S3 represent the elements at county-scale, city-scale, and provincial-scale, respectively.

2.3.4. Temporal Scale Variation Characteristics Analysis of CLQ

To analyze the dynamic changes of CLQ in Laixi city, first of all, this study used the
temporal scale transformation model to transform the evaluation results (the second survey
data) into the third survey system. Then, the dynamic analysis of CLQ was achieved
through the area changes and spatial distribution before and after the two land use surveys
(2007~2020).

3. Results and Analysis
3.1. Multi-Scale CLQ Evaluation Based on GIS

According to the characteristics of different study areas, following the principles of
dominance, difference, stability, and sensitivity, evaluation indicators were selected at
different scales, and their weights were determined (Table 1). After the division, 6730,
8800, and 11,188 evaluation units were obtained based on the second survey data for Laixi
city, Qingdao city, and Shandong province, respectively, and 39,184 evaluation units were
obtained based on the third survey data for Laixi city. Then, the CLQ at different scales
was evaluated.
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Table 1. CLQ evaluation indicators and weights at different scales.
The Second Survey The Third Survey
s s . . Shandong R
Laixi City = Qingdao City Province Laixi City
Weight Weight Weight Index Weight
frrigation and 0.2248 0.2083 0.1840 Irrigation capacity 0.1670
Site drainage capacity

dl' ) Geomorphic types 0.0996 0.1537 0.1104 Drainage capacity 0.0400
conditions 0.1252 Topography sites 0.1230
Salinization 0.0644 Effective soil thickness 0.1560
Cultivated layer 0.0790 0.1282 0.1502 Cultivated layer 0.1030

texture
Physical Topsoil thickness 0.1106 0.1955 0.1699 Topsoil thickness 0.0200
properties Texture configuration 0.0632 0.1238 Texture configuration 0.0700
Obstacle factors 0.0474 0.0881 Obstacle factors 0.0200
Soil bulk density 0.0300
Organic matter 0.0835 0.1074 0.0931 Organic matter 0.0860
Chemical pﬁ;;‘;ﬁzis 0.0694 0.0658 0.0541 Available phosphorus 0.0530

properties . . . .
Rapidly available 0.0556 0.0530 0.0501 Rapidly available 0.0420

potassium potassium
Available zinc 0.0278 PH 0.0400
Available boron 0.0139

Salinization 0.0100
Envi Groundwater depth 0.0100
et Farmland shelterbelt 0.0100
conditions Biodiversity 0.0100
Cleanliness 0.0100

3.2. Spatial and Temporal Scale Transformation Results of CLQ
3.2.1. Spatial Scale Transformation Results of CLQ

The spatial scale transformation models obtained through model construction are
shown as follows, and the determination coefficient (R?) is used to measure the model
accuracy [33]: (1) y = 0.722x + 0.262 (R? = 0.934) and y = 0.851x + 0.150 (R? = 0.843)
are the transformation model from county-scale to city-scale and provincial-scale;
(2) y = 0.969x — 0.016 (R? = 0.826) and y = 0.827x + 0.144 (R? = 0.886) are the transformation
model from city-scale to county-scale and provincial-scale; and (3) y = 1.108x — 0.124
(R% =0.881) and y = 1.005x — 0.007 (R% = 0.948) are the transformation model from
provincial-scale to county-scale and city-scale. The R? of obtained models is better than
0.826, indicating a significant linear relationship between different evaluation systems
results. This indicates that the model could better realize the CLQ transformation between
multiple scales.

3.2.2. Temporal Scale Transformation Results of CLQ

The temporal scale transformation model between the second and third survey sys-
tems is y = 0.847x + 0.150, with R? = 0.900, which has a simple structure, strong stability,
and good fitting effect.

3.3. Spatial Scale Variation Characteristics Analysis of CLQ
3.3.1. Descriptive Statistical Analysis of Multi-Scale CLQ

Figure 5 and Table 2 reflect the cumulative frequency curve characteristics and mathe-
matical statistics characteristics of IFI at different scales in the same region, respectively.
Figure 5 shows that the cumulative frequency curve of IFI at different scales in the same
region has similar changes. As shown in Table 2, with the administrative scale increases
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Integrated fertility index

0.2

from the county perspective, the evaluation units’ number decreases, and the IFI scope
gradually narrowed. The average and median first decrease and then increase, while the
standard deviation and coefficient of variation first increase and then decrease. Among
them, the CV is 8.65% at the provincial-scale, with weak variability, and the CV is better
than 11.90% at the county-scale and city-scale, with medium variability. From the city
perspective, the evaluation units number decreases, the average and median of IFI in-
crease, and the standard deviation and coefficient of variation decrease and has moderate
variability, which is consistent with the observation law in the county.

Integrated fertility index

0.4
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Figure 5. Cumulative frequency curves of Integrated Fertility Index ((a). Laixi at county-scale; (b). Laixi at city-scale;

(). Laixi at provincial-scale; (d). Qingdao at city-scale; (e). Qingdao at provincial-scale).

Table 2. Descriptive statistical characteristics of Integrated Fertility Index.

Number Min Max Mean Median SD CvV
Count County-scale 6730 0.271 0.961 0.797 0.793 0.095 11.90%
ounty City-scale 1319 0.450 0918 0.743 0.729 0.099 13.32%
area Provincial-scale 142 0.528 0.921 0.809 0.836 0.070 8.65%
Citv area City-scale 8800 0.480 0.986 0.768 0.780 0.116 15.10%
y Provincial-scale 849 0.488 0.979 0.821 0.830 0.108 13.15%

3.3.2. Area Proportion Results Analysis of Multi-Scale CLQ

According to relevant standards [25], the CLQ evaluation results were divided into
6 grades. Grade 1 and 2 were classified as high-level land, grade 3 and 4 were classified
as medium-level land, and grade 5 and 6 were classified as low-level land. The results
are shown in Table 3. The Weighted Average Grade (WAG) of CLQ at the county, city, and
provincial scales are 3.23, 3.15, and 3.27, respectively. With administrative scale increases,
the area proportion of high and low land levels decreases, while the medium-level land is
increased in the county. In the city area, the area proportion of high-level land decreases
from 40.45% to 37.54%, medium-level land increases from 42.68% to 44.65%, and the low-
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level land increases slightly. It can be seen that with the administrative scale increases, the
high and low land levels have a trend of changing to the medium-level land.

Table 3. The area proportion of CLQ grade (%).

County Area City Area
Grade County-Scale City-Scale Provincial-Scale County-Scale Provincial-Scale
High ; 168.'0529 24.61 176?209 24.19 211..5446 23.00 g;z 40.45 g;ﬁ 37.54
Medium i ;Zg 58.86 111232 61.51 ggi 61.42 ﬁ;g 42.68 ;g;ﬁ 44.65
Low 2 114- 6885 16.53 1032328 14.30 15 4144 15.58 169;7() 16.87 161’.8010 17.81

3.3.3. Spatial Distribution Results Analysis of Multi-Scale CLQ

As shown in Figure 6, the CLQ grades at different scales in the same region have a
particular spatial distribution similarity. In Laixi city, the high-level land is concentrated
in the central and southern part, the low-level land is concentrated in the northern and
central part, and the middle-level land is relatively widely distributed. In Qingdao city,
the high-level land is mainly concentrated in Pingdu and Jiaodong city, the low-level land
is mainly concentrated in Huangdao city, and the middle-level land is mainly distributed
in the central part. At the same time, the distribution of CLQ grades on a small scale is
relatively dispersed, and the cross distribution phenomenon of some grades is common.
With administrative scale increases, the spatial distribution of CLQ grades is gradually
generalized, and some fine CLQ grades are covered.

km

1
mkm

01530 60
2 km

Quality grade of cultivated land

123456

Figure 6. Spatial distribution map of CLQ grades ((a). Shandong province; (b). Qingdao at city-scale; (c). Laixi at
county-scale; (d). Qingdao at provincial-scale; (e). Laixi at city-scale; (f). Laixi at provincial-scale).
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3.3.4. Spatial Aggregation Results Analysis of Multi-Scale CLQ

According to the local spatial autocorrelation analysis results (Figure 7), H-H types
are mainly concentrated in the central and southern part, while L-L types are mainly
concentrated in the northern part of Laixi city. In Qingdao city, H-H types are mainly
distributed in the northwest, while the L-L types are mainly distributed in the east and
north, with similar spatial clustering characteristics. Based on spatial autocorrelation
analysis, the global Moran’s I index at the county, city, and provincial scales in Laixi city is
0.860, 0.248, and 0.475 respectively, and that is 0.450 and 0.776 at the city and provincial
scales in Qingdao city, respectively. It can be seen that with the administrative scale
increases, the spatial distribution aggregation degree of CLQ decreases first and then
increases in Laixi city. Among them, the aggregation at city-scale is the worst, which is
mainly due to the excessive number of independent evaluation units. At the same time,
Qingdao city at different scales has similar aggregation variation.

Aggregation type

Nonsignificant type
BN HHpe
= L-L type
[ | L-H type
[ H-Ltype

01530 60
km

Figure 7. Local spatial association and aggregation of CLQ ((a). Laixi at county-scale; (b). Laixi at city-scale; (c). Laixi at

provincial-scale; (d). Qingdao at city-scale; (e). Qingdao at provincial-scale).

3.4. Time Temporal Scale Variation Characteristics Analysis of CLQ

After the transformation of the temporal-scale model (y = 0.847x + 0.150), the area
proportion under the third survey system was shown in Table 4. Referring to the relevant
technical regulations [26], the equidistant method divided the land into ten grades. Grade
1, 2, and 3 were classified as high-level land; grade 4, 5, and 6 were classified as medium-
level land; and grade 7, 8, 9, and 10 were classified as low-level land. The second survey
evaluation results show that the area proportion of high, middle, and low level-land is
6.16%, 65.78%, and 28.06%, respectively, while the area proportion is 7.07%, 67.16%, and
25.77% in the third survey. It can be seen that from 2007 to 2020, the area proportion
of high and medium land levels increases, while the area proportion of low-level land
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decreases continuously, and the WAG increased from 6.26 to 6.13. According to the dynamic
evaluation results (Figure 8), the spatial distribution characteristics of CLQ grade in the
past ten years are stable. Still, the spatial distribution of low land is gradually reduced, and
the spatial distribution of middle and high land is gradually extensive.

Table 4. The area proportion of CLQ grade in different periods (%).

Grade The Second Survey (2007) The Third Survey (2020)

1 0.00 0.00

High 2 0.00 6.16 0.02 7.07
3 6.16 7.05
4 6.63 7.30

Medium 5 28.24 65.78 28.64 67.16
6 3091 31.22
7 4.53 4.70
8 1.44 1.67

Low 9 942 28.06 8.44 25.77
10 12.67 10.96

N

A

Quality grade of cultivated land

23456780910

0 510 20
km

Figure 8. Dynamic evaluation results of CLQ: (a) evaluation results of the second survey (the third survey system);

(b) evaluation results of the third survey.

4. Discussion

(1) As an open and gray system, cultivated land is characterized by the coexistence of
quantitative and qualitative elements, making the CLQ at different scales show complex
characteristics [34,35]. A scientific and reasonable CLQ assessment at multiple scales is
directly related to the efficient use and management of farmland and sustainable agri-
cultural development [36]. The evaluation at multiple scales should reflect the CLQ at
corresponding scales and the differences between scales. Natural factors (e.g., climate
and terrain) and human factors (e.g., farming methods and agricultural inputs) will lead
to CLQ differences to some extent [37]. Therefore, screening the evaluation indicators
and determining the weights has become the premise of CLQ evaluation at a multi-scale.
According to the characteristics of study areas and based on the characteristic elements
of the cultivated land, this study adopted the combination of qualitative and quantitative
methods, using the hierarchical cluster and Delphi methods to screen the evaluation factors.
This study also used the AHP method to determine the indicator weights, where the CLQ
evaluation at multiple spatial scales (province, city, and county) and temporal scales (the
twice and third survey) were realized. These methods can be used for a reference as a
multi-scale land evaluation.
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(2) CLQ has a significant spatial variability, and the possible reasons are discussed here.
On the one hand, the driving factors of CLQ (e.g., soil nutrients) have a significant scale
variability [38], which directly leads to the scale difference of CLQ. On the other hand, the
evaluation tries to reflect the CLQ at this scale, and the difference in the evaluation system
indirectly leads to the difference in CLQ [39]. Therefore, the scale transformation of the
evaluation system has become the key to solving the scale effect problem and conducting
multi-scale comprehensive research. In this paper, the linear model was used to realize
the scale transformation of the evaluation system between province, city, and county.
Compared with the evaluation system directly using other scales, the obtained model has
a simple structure, which can effectively avoid the disadvantages of repeated evaluation
and realize the CLQ transformation quickly and efficiently at different scales, which is
consistent with the research results of Zhang et al. [40]. However, the selected study areas
are primarily located in hilly areas, so the applicability of the scale transformation model
in plain areas needs further discussion.

(3) Based on the use of the scale transformation model to ensure the scale suitability
and comparability of the evaluation system, this study found that the evaluation results
at different scales in the same region are both similar and different. With the evaluation
scale increases, the comprehensiveness and generality of the evaluation results increases,
the number of evaluation units decreases, and the high and low land levels gradually
changed to medium-level land. However, with the evaluation scale decreases, the diversity
and multiplicity of CLQ are gradually enhanced, the cultivated land patches are more
fragmented, the implied CLQ information in a large scale is gradually highlighted, and the
spatial distribution of each grade is more refined, which is similar to the research of Odeh
et al., Luan et al., and Su et al. in other fields [41-43]. However, the Integrated Fertility
Index (IFI) was taken as the research object in this paper, which cannot reveal the internal
correlation and mechanism of CLQ influencing factors at multi-scale. Relevant content will
become the focus of the following research.

(4) CLQ has a significant temporal scale effect. With the time change, it shows the
characteristic of time autocorrelation. Under the natural state, the CLQ is relatively stable in
a certain period [44]. However, due to differences in farmland management measures and
agricultural input levels, the CLQ constantly changes over time [45]. As a result, dynamic
evaluation and long-term monitoring of CLQ are essential, but current studies mainly
analyze the change under the same evaluation system [46,47]. However, over time, on the
one hand, affected by the spatial and temporal heterogeneity of land, the driving factors
of CLQ will change, and the previous evaluation system will no longer be applicable [48].
On the other hand, scholars’ cognition of CLQ is constantly improving, resulting in con-
tinuous changes in the evaluation system, where the ecological environment factors have
increasingly become an essential indicator. Therefore, how to achieve comparability has
become the primary problem in the dynamic monitoring of CLQ. In this paper, the linear
model was used to realize the temporal scale transformation of the evaluation system from
the second survey to the third survey. It is found that the CLQ has a good development
trend, but it still mainly indicates medium-level land and has much room for improvement
in Laixi city. The obtained temporal scale transformation model effectively enhances the
dynamic comparability of CLQ.

5. Conclusions

This paper uses the linear model to carry out the spatial and temporal transformation
of multi-scale CLQ. Multiple methods were integrated to realize the spatial scale effect and
the dynamic change analysis of CLQ. The following conclusions are drawn:

(1) The spatial scale transformation models are y = 0.722x + 0.262 (from county-scale
to city-scale), y = 0.851x + 0.150 (from county-scale to provincial-scale), y = 0.969x — 0.016
(from city-scale to county-scale), y = 0.827x + 0.144 (from city-scale to provincial-scale),
y = 1.108x — 0.124 (from provincial-scale to county-scale), and y = 1.005x — 0.007 (from
provincial-scale to city-scale). The temporal scale transformation model is y = 0.847x + 0.150
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(from the second survey to the third survey), with R? > 0.826, which has a simple structure,
good fitting effect, strong stability and universality, and is suitable for the transformation
and unification of a multi-scale CLQ evaluation system.

(2) With the administrative scale increases, the number of evaluation units decreases,
the average and median of IF] first decrease and then increase, and the standard deviation
and coefficient of variation first increase and then decrease. The high and low land levels
change to medium-level land. The spatial distribution is generally consistent and gradually
approximate, and the spatial aggregation degree is shown as county-scale > provincial-scale
> city-scale, with significant scale effect.

(3) In the past ten years, CLQ has been continuously improved in Laixi city. The
weighted average grade (WAG) has been increased from 6.26 to 6.13, the area proportion of
high-level land has been increased from 6.16% to 7.07%, the medium-level land has been
increased from 65.78% to 67.16%, and the low-level land has been reduced from 28.06%
to 25.77%.

This paper proposes a spatio-temporal scale transformation method of the evaluation
system, which can effectively realize the spatial variation and the dynamic change charac-
teristics analysis of multi-scale CLQ. It can accurately grasp the CLQ grade distribution
at different scales, and provides a scientific basis for guiding cultivated land resource
management and agricultural production according to local conditions.
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