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Abstract: Available potassium (AVK) in the soil of cropland is one of the most important factors
determining soil quality and agricultural productivity. Thus, it is crucial to understand the variation
of AVK and its influencing factors for sustaining soil fertility and mitigating land degradation.
Farm households are the ultimate land users, and their land-use behaviors inevitably play an
important role in the variation of AVK. This paper, therefore, aims to explore the effects of households’
land-use behaviors on soil AVK from spatial and temporal perspectives. Taking an urban peripheral
region in Northeast China as the study area, we firstly use geostatistics (Kriging interpolation) and
GIS tools to map out the spatial AVK distributions in 1980, 2000, and 2010, based on soil sampling
data points, and then assess the impacts of land-use behaviors on AVK using econometric models.
The results show that, although the AVK content in the study area has a largely downward trend over
the 30 years, there are distinct trends in different stages. The disparity of trends can be attributed
to the changes in households’ land-use behaviors over time. The spatial variation of AVK is also
substantial and intriguing: the closer to the urban area, the greater the decline of soil AVK content,
while the farther away from the urban area, the greater the rise of soil AVK content. This spatial
disparity can too be largely explained by the obvious differences in households’ land-use behaviors
in various regions.

Keywords: soil available potassium; land-use behavior; spatial-temporal analysis; soil quality;
Kriging interpolation

1. Introduction

China faces the great challenge of meeting the ever-increasing food demand, due to its large and
ever-growing population and dietary shifts accompanying rapidly increasing income, with scarce
agricultural land. Land conservation is not only essential for the realization of sustainable social and
economic development in China, but also of great strategic significance for ensuring world food security
and stabilizing international food prices [1–3]. Chinese governments have prioritized maintaining the
soil quality of arable lands to safeguard national food security. Therefore, researches on how and where
improvements can be made to enhance the sustainability of agricultural production are of paramount
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importance to policymakers. While much attention has been focused on maintaining the arable land
area—as reflected by the so-called “cropland red line” policy, aiming to maintain at least 1.8 billion mu
(i.e., 0.12 billion ha) area of quality arable land, the deterioration of soil quality and land degradation
has long been overlooked. Recently, soil preservation has been recognized as one of the most important
factors restricting food security and agricultural product safety in China [4,5]. Potassium is one of
the four essential macronutrients (N, P, K, and S) needed by plants, which directly and indirectly
affect soil fertility. Soil available potassium (AVK) determined by ammonium acetate leaching-flame
photometric method is an effective method that determines soil availability of potassium, which can be
can directly absorbed and utilized by plants [6,7]. It is thus a good indicator of the supply capacity
of potassium nutrient and soil fertility of cropland, which in turn affects the yield and quality of
crops [8,9]. The critical soil test values or the AVK values at which relative yield to potassium fertilizer
application is equal to 90% for each crop in the study. Therefore, the study on the spatial and temporal
variation of AVK in soil and its influencing factors are critical for monitoring the dynamic evolution
characteristics of cropland soil fertility and scientific planning and management of croplands.

There is a growing body of literature on the spatial and temporal variations of soil fertility and its
driving factors [10,11]. The current literature mainly focused on two aspects. One is on the spatial
variation of soil physical properties and soil salinity from the perspective of natural science [12–14].
In past years, geostatistical methods have been increasingly used to analyze the spatial variation of
soil nutrients [15–17], for example, soil organic matter [18], NO−3-N [19], available phosphorus [5],
AVK [20,21], nugget effect and correlation degree [22], coefficient of variation [23]. At the same time,
studies on the influencing factors of soil fertility have gained much attention. Researches showed that
soil fertility changes are directly or indirectly affected by soil erosion, farming systems, land-use modes,
and fertilizer inputs [24–28]. However, the existing researches still have the following limitations:
firstly, the change of soil nutrient content is affected not only by natural conditions, but also by human
activities. In intensive land use areas, for example, in urban peripheral regions, human factors play
an important role. However, existing researches focus more on the natural perspective, and the
discussions on human production behavior and activities are relatively rare; convincing empirical
analyses are still lacking. Secondly, most studies have been either on the spatial variation or temporal
changes of soil nutrient content in a certain region. There is a lack of spatial-temporal analysis of
continuous monitoring data, especially in the area of intensive land use, where land-use behaviors
significantly influence soil nutrients changes. Thirdly, there are few researches on the mechanism of
the change of soil AVK based on multivariate data—especially on the data of soil fertility, the role of
farm households’ behaviors, and socio-economic statistics.

To bridge the existing research gaps, this study aims to investigate the link between soil AVK
and farm households’ behaviors from a theoretical and empirical perspective. For that, we take
a suburban area of Shenyang, a megacity in Northeast China, as the study area. This region is
at the interface between urban expansion and cropland conservation, and forms intricate regional
complexes [29–31]; substantial changes have taken place in both households’ land-use behaviors and
management measures ever since the implementation of the household contract responsibility system
(HRS) in China in the early 1980s. Small households, with diverse characteristics are the main land
users and the ultimate decision-makers on the ground. This provides a perfect setting to study how
land-use behaviors influence the change of soil AVK content.
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Specifically, we try to answer two research questions: first, what changes have taken place in
the content of AVK in cropland soil in the urban peripheral region, where land-use changes most
dramatically? Second, what is the relationship between these changes and the households’ land-use
behaviors? In this research, first of all, we embark on a multidisciplinary approach, by integrating
theories and methods from soil sciences, land-use change science, and household economics of social
sciences. Secondly, by revealing the temporal and spatial variation of soil AVK content, we hope to
provide technical guidance for the sustainable utilization of regional cropland by preserving the soil
quality of cropland, and at the same time, provide scientific bases for policymakers in designing policy
measurements in regulating households’ land-use behaviors to maintain and enhance cropland quality
and health, while improving agricultural productivity in intensive agricultural areas.

2. Conceptual Framework

Before the analytical study, here, we construct a conceptual framework to illustrate the causal
relationship between land-use behaviors and soil fertility change. This framework shows how
households’ decisions and behaviors affect the AVK content in soil from temporal and spatial
perspectives. Households are the ultimate decision-makers in the family-based farming system in China;
they are both producers and consumers; they make decisions on land use, capital, and labor inputs in
agricultural production to partially fulfil demand from consumers. According to household behavior
theory in neoclassical economics, the goal of household production is to maximize utility [32,33].
However, the utility function of households may vary in different stages of economic development,
and so does the goal of agricultural farming of households. The level of development has been
constantly changing. During this process, households generate and measure their own needs, namely
food demand and monetary demand. The former can meet the household consumption of food, and the
latter can meet the family’s money expenditure needs. Under the strong constraints of household
consumption, households have a priority to meet the needs of household food demand, and the
decision-making basis is the satisfaction of household food consumption capacity. After household
consumption is met, farmer households then focus on attaining the maximum economic value from
the land. The process would eventually match the value and function of the cropland, according to the
needs of the household.

However, the difference in households’ land-use targets in different periods results in the temporal
and spatial variability of households’ land-use behaviors. Generally speaking, since the reform and
opening up in the late 1970s, the main demands of households have shifted from food self-consumption,
to pursuing monetary returns from the land to meet the basic money expenditure needs on diversifying
food consumption, to the purchase of basic needs like clothing, and then to profit maximization demand,
based on the market-oriented production system. The land use target of households is consistent with
the realization of the goals of their economic activities. Households’ land-use behaviors vary in different
stages, accordingly. Specifically, it passed from the stage of maximizing grain production, to the stage
of grain production and profit optimization, and then to profit maximization. The differentiation
of households has also presented the stage of farm-oriented households, to part-time households,
and then to the off-farm oriented households, in different spatial extents at the same time. The change
of land-use pattern, degree, and input intensity would inevitably lead to different evolutionary laws of
soil AVK in time and space (see Figure 1).
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Figure 1. The theoretical analysis framework of the effects of households’ land-use behaviors on soil
available potassium (AVK).

3. Materials and Methods

3.1. Study Areas

Sujiatun District, our case study area, is located in the south of Shenyang City, 15 km away
from the center of Shenyang, which is the only mega-city in the three northeastern provinces of
China. The total area is 782 km2, located at east longitude ranging from 123◦09′ to 123◦47′ and north
latitude ranging from 41◦27′ to 41◦43′. The study area belongs to a continental semi-humid monsoon
climate of the warm temperate zone with four distinct seasons, abundant sunshine, and concentrated
rainfall. The annual average temperature is about 8 degrees Celsius, The average frost-free period
is 150.5 days, the longest is 175 days (1975). The shortest is 128 days (1972, 1974). The earliest final
frost date was April 20 (1967). The latest date is May 18 (1960). The annual average precipitation
is 659.6 mm, the highest year is 1055.3 mm (1953), and the lowest is 445 mm (1965). The annual
sunshine hours are 2527 h on average. Annual average evaporation 1430.3 mm. Sujiatun is a national
commodity grain base and demonstration area of grain self-sufficiency. It is also a demonstration
area of agricultural standardization production in Liaoning Province, a base of high-quality rice in
Shenyang City, and a suburban agricultural demonstration area [2]. In this study, we select Linhu
Street (near suburb), Yongle Township (outside suburb), and Wanggangbao Township (middle area) as
sample areas, which are located in the western plain area (see Figure 2). The soil type in this area is
cultivated loamy meadow soil, and the land use type is dry land. Under the condition of relatively
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homogeneous natural conditions, the change of AVK content in soil is mainly driven by human factors,
which determine the potassium balance of the agricultural production system. Thus this region makes
a suitable study area for our study.
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3.2. Data Collection and Processing

3.2.1. Soil Observations

To ensure the continuity and comparability of soil sample collection, the number and location of
sampling points were determined according to the difference of plot size, planting system, crop species,
and yield level of cropland. The sample points used in this study include soil observation data from three
periods, 1980, 2000, and 2010. The number of sampling points has increased over time, with 119 sampling
points collected in 1980, 141 sampling points collected in 2000, and 1437 sampling points collected in
2010. The initial soil data and sample distribution map in the year 1980 comprehensively used the
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data and soil map of the second national soil survey in Sujiatun District. The soil map at a scale of
1:50,000 was used to facilitate the collection of 119 sampling points—evenly distributed across the
study area—between May and June in 1980. Based on the main section of the second national soil
survey, 141 soil observations were collected from May to June in 2000. In 2010, as soil tests had become
more widespread in the region over time, the number of sampling points in the cropland concentrated
area increased to 1437 according to the geographical coordinates of the soil sample points in 2000.
Approximately 15~20 sampling points of the 0–20 cm soil layer of cropland were taken in a chessboard
spatial sampling pattern. GPS was used to obtain the geographic coordinates of soil sample points in
2000 and 2010. As the 2000 sampling points include the 1980 sampling points, the GPS locations of the
1980 sampling points can be determined. Removing the plant roots and debris, stones, insect corpses,
and other debris from the soil samples is a standard practice in preparing soil samples for analysis
using a soil sieve. Subsequently, soil samples were air-dried and passed through a 0.15–1.0 mm sieve
to remove plant roots and debris, stones, insect corpses, and other debris. The chemical analysis
methods of soil AVK in three periods were the same, which is the ammonium acetate leaching-flame
photometric method [6,7].

3.2.2. Socioeconomic Data

The socioeconomic data used in this study mainly comes from two sources, one is the statistical
data provided by the local statistical bureau and the other is the survey data of the households in the
study area.

The socioeconomic statistics are mainly derived from Shenyang Statistical Yearbook (1995–2010),
Shenyang City Economic Statistics Yearbook (1985–1991), Compilation of National Economic Data of
Sujiatun District (1984–1997) and Compilation of Statistical Materials of Sujiatun District (1998–2010).
The household-level data of this study comes from the sample survey of the households in Sujiatun
District from March to June 2010. To support this research, the soil sampling data and the
households’ survey data were designed to be matched with each other: while taking soil samples
in households’ land, the households were interviewed to record their land use, planting systems,
fertilization status, water conservancy facilities, irrigation water sources, irrigation systems, and average
yields. The sampling approach is based on the average distribution, according to the principle of
representativeness and variability. The clustering, stratification, and random sampling methods were
carried out to ensure the reliability of data collection. Overall 240 households were interviewed;
excluding non-representative invalid questionnaires, 238 valid questionnaires were obtained: 79, 78,
and 81 in Linhu Street, Wanggangbao Township, and Yongle Township, accounting for 33.2%, 32.8%,
and 34% of the total sample size, respectively.

3.3. Methodology

We first used geostatistical analysis, the Kriging interpolation method, to generate the soil
AVK surface maps, based on the soil survey data at sampling points. Then, we further related the
AVK content value to human activities, namely, the households’ land-use behaviors, by a linear
regression model.

3.3.1. Geostatistical Analysis Methodology

We firstly conducted spatial superposition analysis using the semi-variance function [34–37] and
the Kriging interpolation on the soil AVK in 1980, 2000, and 2010 [38–40]. The process is described as
follows: The coordinate transformation had to be carried out, because the reference ellipsoids used
in the two spatial coordinate systems are different. The land and topographic survey was based on
the Beijing 54 Coordinate System in China, while the GPS survey data was based on the WGS84
geocentric coordinate system. In China, the 1:50,000 soil map is projected to the two-dimensional
plane rectangular coordinate system, according to the three-degree band Gauss-Kruger, therefore the
GPS survey data needs to be reprojected to match with the GIS data. In this study, we used MapGIS®
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software to read in GPS data, complete precise projection conversion and data format conversion,
and then convert GPS data in the WGS84 coordinate system to Beijing 54 Coordinate system. Finally,
data in ESRI shapefile format was exported, which can be read by ESRI ArcView®. Thus, we obtained
the soil sampling point bitmaps of 1980, 2000, and 2010 at the plot scale. Then, we calculate the
theoretical model of the semivariance function, draw the graph, and count the area of each level by the
ESRI ArcGIS® v10.

3.3.2. Econometric Model Construction

Based on the theoretical analysis framework presented earlier, we constructed the following
econometric analysis model:

LUB = f (GCC, MCI, LII) (1)

The model indicates that households’ land-use behaviors (LUB), including land-use patterns,
land use levels, and land input intensity, can be quantified by three quantifiable dependent variables.
GCC indicates whether households plant economic crops, indicating the difference in land-use patterns;
MCI means the land multiple cropping index, indicating the difference in land use level; while LII
indicates the amount of land capital investment per unit area of household showing the difference in
household’s land input intensity.

AVK = g(LUB) (2)

Model (1) is brought into Model (2) to obtain Model (3) to model the effects of households’ land-use
behaviors on the change of AVK content in cropland.

AVK = g(LUB) = g[ f (GCC, MCI.LII)] = h
(
GCC+/−, MCI+/−, LII+/−

)
(3)

The model represents the theoretical model of the relationship between households’ land-use
behavior and AVK content.

In addition, it should be noted that the above model is only a general model of the interaction
mechanism between the land-use behavior of households and the change of AVK in cropland. In specific
applications, we need to choose a specific model form according to the specific characteristics of each
study area, as well as the availability of data.

4. Results

4.1. Temporal and Spatial Evolution Characteristics of AVK

4.1.1. Temporal Evolution Characteristics of Soil AVK

Using the semi-variance model parameters fitted in GS+win9® (a software platform developed by
Tetoc scientific instrument in China). The optimal models are exponential, spherical, and exponential
in 1980, 2000, and 2010, respectively. The coefficients of determination R2 are 0.878, 0.775, and 0.838,
respectively. It indicates that the interpolation models have good accuracy, and the interpolated
values are consistent with the spatial distribution characteristics of soil AVK. Based on the result of
the semi-variance model, the Ordinary Kriging interpolation method was chosen in Geostatistical
module of ArcGIS® 9.3 to interpolate the soil AVK levels [18] in the three periods, respectively (Table 1).
The root-mean-square errors (RMSE) are 2.176 in 1980, 3.173 in 2000, and 2.749 in 2010, respectively.
This meets the standard requirements for the accuracy of spatial interpolation. As a result, the soil AVK
grade area tables and spatial interpolation maps of AVK1980, AVK2000, and AVK2010 were obtained
(Figure 3).
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Table 1. Statistics on the area of AVK in various levels from 1980 to 2010.

Region Level Content
In 1980 In 2000 In 2010

Area (ha) Ratio (%) Area (ha) Ratio (%) Area (ha) Ratio (%)

Linhu
Street

I ≥180 183 1.6 — — — — — — — —
II 160–180 1923 17.1 — — — — — — — —
III 140–160 684 6.1 — — — — — — — —
IV 120–140 147 1.3 34 0.3 559 5.0
V 100–120 164 1.5 1037 9.2 2314 20.6
VI <100 66 0.6 2097 18.7 295 2.6

Wanggangbao
Township

I ≥180 343 3.1 — — — — — — — —
II 160–180 1976 17.6 — — — — 35 0.3
III 140–160 1146 10.2 — — — — 778 6.9
IV 120–140 117 1.0 123 1.1 2135 19.0
V 100–120 — — — — 1673 14.9 634 5.7
VI <100 — — — — 1785 15.9 — — — —

Yongle
Township

I ≥180 — — — — — — — — — — — —
II 160–180 — — — — — — — — 492 4.4
III 140–160 1930 17.2 — — — — 2879 25.7
IV 120–140 2542 22.7 699 6.2 976 8.7
V 100–120 — — — — 2619 23.3 124 1.1
VI <100 — — — — 1154 10.3 — — — —

Total

I ≥180 526 4.7 — — — — — — — —
II 160–180 3899 34.7 — — — — 522 4.7
III 140–160 3760 33.5 — — — — 3663 32.6
IV 120–140 2806 25.0 856 7.6 3670 32.7
V 100–120 164 1.5 5329 47.5 3070 27.4
VI <100 66 0.6 5036 44.9 295 2.6

AVK levels were grouped according to national soil survey levels—Level 1: > 180 mg/kg, Level 2:
160–180 mg/kg, Level 3: 140–160 mg/kg, Level 4: 120–140 mg/kg, Level 5: 100–120 mg/kg, and Level 6:
< 100 mg/kg. In general, the soil AVK positively correlate soil quality and crop productivity. Thus,
soil in Level 1 is the best, while Level 5 is the worst in terms of soil quality. From the temporal
evolution, it can be seen that the average content of AVK in the soil in 1980 was 149.58 mg/kg,
which was mainly distributed in Level II (160–180 mg/kg), III (140–160 mg/kg), and IV (120–140 mg/kg).
Among them, the area of cropland in Level II was the largest (3899 ha), accounting for 34.7%, mainly
distributed in Linhu Street and Wanggangbao Township. Followed by Level III, the cropland area was
3760 ha, accounting for 33.5%, mainly distributed in the north of Yongle Township and the south of
Wanggangbao Township. Soil AVK was high on the whole, and specifically, the content in the north was
higher than that in the south. By 2000, the average content of AVK in soil was 103.62 mg/kg, which was
mainly distributed in Level IV (120–140 mg/kg), V (100–120 mg/kg), and VI (less than 100 mg/kg).
Among them, the area of cropland in Level V was the largest, accounting for 47.5% of the total area of
cropland in the study area, which mainly located in the middle south of Wanggangbao Township and
middle west in Yongle Township. Then followed by Level VI, the area is 5036 ha, accounting for 47.5%,
which mainly distributed in Linhu Street and Wanggangbao Township. In short, from 1980 to 2000,
the content of AVK in soil decreased significantly. By 2010, the average content of AVK in soil was
134.29 mg/kg, mainly distributed in Level III, IV, and V, and the area was 3657 ha, 3670 ha, and 3072 ha,
respectively. During the 30 years from 1980 to 2010, the average content of AVK in soil decreased,
but the trends vary spatially among places. AVK decreased in the first 20 years and increased in the next
10 years, but the ranges of change were different. The average annual decrease was 0.51 mg/kg. In the
first two decades (1980–2000), the average content of AVK decreased by 46.04 mg/kg, with an average
annual decrease of 2.30 mg/kg, while the average annual increase in the next 10 years (2000–2010) was
1.5 mg/kg.
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4.1.2. Spatial Distribution Characteristics of Soil AVK

As shown in Table 2 and Figure 3, the changes of AVK varied over time and space from 1980 to
2010. The magnitude of the AVK increase was between 0 and 30 mg/kg. Overall, an area of 3512 ha,
or 31.30% of the total area of the study area, showed an increase of AVK over that study period. It was
mainly distributed in the south of Yongle Township. The range of the AVK decline was between −60
to −30 mg/kg to 0 mg/kg, accounting for 53.97% of the total area of the study area. It was mainly
distributed in Linhu Street and Wanggangbao Township. The results showed that the content of AVK
in the soil near the peripheral region of the city showed a downward trend, and the extent of the
decline was gradually increasing, while it showed a slightly increasing trend far away from the city.
From 1980 to 2000, the soil AVK content showed a downward trend. The largest decline was more
than 60 mg/kg, covering an area of 4508 ha, accounting for 40.17% of the total area of the study area.
It mainly distributed in Linhu Stree and Wanggangbao Township. While the declining trend was more
moderate in Yongle Township, and the range was 0~30mg/kg, indicating a trend that the nearer the city
is, the larger the decline is. From 2000 to 2010, the soil AVK in the whole study area showed an upward
trend. The largest increase was more than 30 mg/kg, covering an area of 5788 ha, accounting for 51.59%
of the total area of the study area, mainly concentrated in the southern part of Wanggangbao Township
and Yongle Township. That is, the farther away from the urban area is, the greater the increase is.

Table 2. Distribution of AVK content in cropland soil.

Period Area and Proportion Range of Content Various (mg/kg)

<−60 −60–−30 −30–0 0–30 >30

2010–1980
Area (ha) 1595 3334 2721 3512 57

Proportion (%) 14.22% 29.72% 24.25% 31.30% 0.51%

2000–1980
Area (ha) 4508 3843 2826 43 -

proportion (%) 40.17% 34.25% 25.19% 0.39% -

2010–2000
Area (ha) - - 340 5092 5788

proportion (%) - - 3.03% 45.38% 51.59%

4.2. Households’ Land-Use Behaviors Change over Time and Its Effect on Soil AVK

4.2.1. Households’ Land-Use Behaviors Change over Time

Based on the above theoretical analysis and socioeconomic and environmental changes in the
study area, this paper mainly selects some specific indicators to represent land-use behaviors. The areas
of grain crops and cash crops are used to measure land-use type, the multiple cropping index is
regarded as land use degree (or land use intensity), while chemical fertilizer input is used as land
input intensity.

Land-Use Type Change over Time

Figure 4 displays the change in planting area of grain crops (corn and rice) and cash crops
(vegetables and melons) from 1980 to 2010 in the Sujiatun District. It indicates that grain crops planting
area has declined overall, from 32,457 ha in 1980 down to 25,812 ha in 2010. The total decrease amounts
to 6645 ha in 30 years, with an average annual reduction of 221.5 ha. In particular, the reduction in grain
crop area has become more pronounced since 2000. By 2003, the area of grain crops was essentially
equal to those of cash crops.

The change in the vegetable planting area has gone through three stages: slow growth, rapid growth,
and stabilization (Figure 5). In the first 10 years, the vegetable planting area increased slowly from
2271 ha in 1983 to 3271 ha in 1990, with an average annual growth of 100 ha. In the second 10 years,
from 1991 to 1999, the vegetable planting area showed a rapid growth trend, from 4030 ha in 1992
to 8230 ha in 2000, with an average annual growth of 420 ha. In the last 10 years, from 2001 to 2010,
the area remained at a high level—about 8000 ha overall.
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Figure 5. Change of economic crop planting area from 1980 to 2010.

The change in the planting area of melon and fruit mainly experienced two stages. In the first two
decades, the area of melon and fruit cultivation stayed at a low level with an average area of 257 ha.
However, during the last 10 years, from 2001 to 2010, the area of the melon and fruit area began to rise
rapidly to 565 ha in 2010, which increased nearly four times in ten years.

Land Use Degree Change over Time

As an indicator to measure land-use degree, the multiple cropping index can reflect the final impact
of population pressure on the cropping system under certain natural resource conditions. The multiple
cropping index of households in Sujiatun District from 1980 to 2010 shows that households’ land-use
degree is gradually increasing, which can be roughly divided into three stages (shown in Figure 6).
In the first stage from 1980 to 1990, the multiple cropping index increased from 100.23% to 102.96%,
with a peak of 105.04% in 1986 and a trough of 100.16% in 1989. In the second stage between 1991 and
2000, the change of multiple cropping index is in a relatively stable stage with an annual growth rate of
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0.026%. However, the multiple cropping index first rose sharply and then grew steadily in the third
stage from 2001 to 2010. The multiple cropping index rose from 103.42% in 2000 to 111.88% in 2010,
with a trough of 101.27% in 2003 and a peak of 112.37% in 2006.
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Land Input Intensity Change over Time

It can be seen from Figure 7 that the application intensity of potash fertilizer and compound
fertilizer increased from 1980 to 2010, increasing from 0 kg/ha to 96 kg/ha and 20 kg/ha to 257 kg/ha,
respectively. The temporal trends of these two fertilizers differed significantly. For the amount of
potash fertilizer applied, the changes can be divided into three phases: slow rise (1980–1995), rapid rise
(1996–2005), and slow decline (2006–2010). In contrast, the compound fertilizer side, the application
amount experienced a slow increase stage (1980–2000), and a significant increase stage (2000–2010).
The average annual increase was 3.9 kg/ha in the first stage, while the application amount was 15.9 kg/ha
in the second stage, nearly four times as much as the former.Land 2020, 9, x FOR PEER REVIEW 13 of 20 
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4.2.2. Impact of Households’ Land-Use Behaviors on Temporal Evolution on AVK

In the first stage (1980–2000), the soil AVK content in the whole study area decreased, and the
average content decreased from 149.56 mg/kg in 1980 to 103.52 mg/kg in 2000. This time corresponds
to the early stage of reform and opening up in China, and GDP per capita has gradually increased
from a low level at RMB 1013 (USD 680) in 1980 (shown in Figure 8), and then grew to RMB 10,125
(USD 1212) in 1995 and RMB 15,666 (USD 1982) in 20001. Under such a socioeconomic background,
households’ land-use behaviors are mainly characterized by the cultivation of corn and rice, and the
area of cash crops remained low, but started to slowly increase. As a result of the cultivation of corn
and rice, the multiple cropping index also grew slowly. In terms of agricultural inputs, the input of
compound fertilizer and potash fertilizer is at a low level, and this leads to a significant decline in soil
AVK content in this area.
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Figure 8. Trends of GDP per capita and primary industry employment ratio from 1980 to 2010.

In the second stage (2000–2010), the soil AVK content in the whole study area tended to increase,
and the average content increased from 103.52 mg/kg in 2000 to 134.27 mg/kg in 2010. At this
stage, GDP per capita increased from RMB 15,666 (USD 1892) in 2000 to RMB 62,357 (USD 9211) in
2010—nearly an four-fold increase. The labor force engaged in agriculture also began to shift and
differentiate. The proportion of employment in agriculture dropped from 23.5% in 2000 to 10.9%
in 2010. Under the influence of the external socioeconomic environment, the land use behavior of
households had also undergone major changes. The proportion of cash crops increased rapidly, and so
did multiple cropping index and fertilizer application; all of them reached a high level in 2010. Negative
potassium balance can happen when potassium removal from agricultural cultivation is greater than
the application of potassium fertilizer. The deficiency of potassium fertilizer has become the main
constrain for the increase in crop yield. Realizing the problem, farm households have increased the
amount of potassium fertilizer since 1998. While after 2005, local soil and fertilizer stations began to
promote soil testing and customized fertilization technology, so that households gradually learned
that an optimal ratio of nitrogen, phosphorus, and potassium in the soil could increase the yield
more effectively. As a result of these changes in the land-use behaviors of the households, the AVK

1 USD/RMB exchange rate was USD 1 = RMB1.49 in 1980; USD 1 = RMB 8.351 in 1995; USD 1 = RMB 8.2784 in 2000; USD 1 =
RMB 6.7695 in 2010.
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content increased significantly and households began to practice intensive farming to obtain the
maximal benefit.

4.3. Temperal Evolution of Households’ Land-Use Behaviors and Its Effect on Soil AVK

4.3.1. Spatial Variation of Households’ Land-Use Behaviors

Spatial Variations of Land Use Type

Through the investigation on the three study areas, it was found that there were obvious spatial
differences in households’ crop selection behaviors, and the crop selection options were divided into
three types of households including grain crops only, both grain crops and cash crops, and cash crops
only. Moreover, as the distance from the city center increases, the grain crop area gradually decreases,
while the cash crops area gradually increase. As shown in Table 3, Linhu Street, the closest to Shenyang
City, 93.7% of the respondents in this area only planted grain crops, while the proportion in Yongle
Township, the farthest from the city center, is just 2.5%. Nearly 45% of the respondents in Wanggangbao
Township selected both grain crops and cash crops, where is in the middle of the three study area.

Table 3. Land-use behavior of households in the study area.

Land–Use Behavior Classification
Linhu Street Wanggangbao

Township Yongle Township Total

Obs Proportion % Obs Proportion % Obs Proportion % Obs Proportion %

GCC
Grain crops only 74 93.7 23 29.5 2 2.5 115 48.3
Both grain crops
and cash crops 1 1.3 35 44.9 31 38.3 50 21.0

Cash crops only 4 5.10 20 25.6 48 59.2 73 30.7

MCI

1.0 74 93.7 39 50.0 2 2.5 115 48.3
1.0–1.5 3 3.8 26 33.3 22 27.2 51 21.4
1.5–2.0 0 0 5 6.4 32 39.5 37 15.6
2.0–2.5 0 0 3 3.9 12 14.8 15 6.3
2.5–3.0 2 2.5 5 6.4 13 16.0 20 8.4

LII

self–employed
(day per mu)

0–10 56 70.9 29 37.2 19 23.5 104 43.7
10–20 19 24.1 40 51.3 26 32.1 85 35.7
20–30 2 2.5 5 6.4 11 13.6 18 7.6
>30 2 2.5 4 5.1 25 30.8 31 13.0

employment
(day per mu)

0 47 59.9 63 80.8 9 11.1 119 50.0
1–10 30 38.0 6 7.7 21 25.9 57 23.9

11–20 2 2.5 5 6.4 23 28.4 30 12.6
>20 0 0.0 4 5.1 28 34.6 32 13.5

capital investment
(Yuan per mu) a

¥0–500 ($0–74) 72 91.1 38 48.7 9 11.1 119 50.0
¥500–1000
($74–128) 6 7.6 17 21.8 7 8.6 30 12.6

¥1000–1500
($128–222) 1 1.3 16 20.5 9 11.1 26 10.9

>¥1500(>$222) 0 0 7 9.0 56 69.1 63 26.5

Note: a The value in brackets is US dollars. USD/RMB exchange rate was USD 1 = RMB 6.7695 in 2010.

Spatial Evolution of Land Use Degree

Regarding the multiple cropping index (MCI), we divided the respondents into five groups
between 1.0 and 3.0, with 0.5 as intervals. The results show that the farther from the city center is,
the higher of MCI is. The MCI values of 93.7% of the respondents in Linhu Street were 1.0—as they
mainly grew corn once per year, while half of the respondents in Wanggangbao Township have MCI
values above 1.0. However, the proportion of respondents, whose MCI is above 1.0 in Yongle Township,
is about 97.5%; specifically, 39.5% of them have MCI between 1.5 and 2.0, and more than 30% of them
have MCI over 2.0.

Spatial Evolution of Land Input Intensity

Land investment mainly includes labor input and capital investment, and the labor force is divided
into self-employed labor and employment. Therefore, this study is mainly focused on the differences in
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household’s self-employment input, employee input, and household’s capital investment. The spatial
evolution between self-employment and employment is similar, that is, as the distance from the city
increases, the number of self-employed and employment inputs increased gradually. In terms of the
capital investment intensity, the proportion of households in Linhu Street decreased with the increase
of land input intensity, which are 91.1%, 7.6%, 1.3%, and 0.0%, respectively. In the opposite direction of
Yongle Township, the proportion increased by 11.1%, 8.6%, 11.1%, and 69.2%, respectively, meaning
the land input intensity was higher. Wanggangbao Township in the outer peripheral region is located
between the first two regions, and the change range is relatively small.

These results indicate that with the accelerating process of industrialization and urbanization,
households’ land-use targets and land use types in the study area have significantly diverged.
Specifically, the households in the suburban Linhu Street mainly engage in off-farm work or business,
and agriculture becomes less important in livelihood. Farmers plant grain crops such as corn,
which are time-saving and labor-saving, with low land-use and labor intensity. While the households
who are in the outer suburb of Yongle Township mainly involved in agriculture. They planted
vegetables and greenhouse vegetables, meaning the land use degree and land input intensity are the
highest. The households in Wanggangbao Township located in the middle place, are mainly part-time
households, and they plant both corn and vegetables. As a result, the land use degree and land input
intensity are also in the middle of Linhu Street and Yongle Township. The differences in land-use
behaviors of various types of households in different regions are bound to have different effects on the
changes of AVK in cropland soil.

4.3.2. Empirical Results of the Impact of Households’ Land-Use Behavior in Spatial Evolution on AVK

To quantitively analyze the impact of households’ land-use behaviors on the AVK content,
multiple linear regression models were used by testing and comparing different model estimation
forms. As shown in Table 4, land use types, land use degree and input intensity have different effects
on the change of AVK content in cropland soil. Specifically, households’ crop selection behavior has a
significant positive impact on the soil AVK content in Wanggangbao Township, with a significant level
of 1%. It indicates that when other conditions remain unchanged, the switch from grain to cash crops
will lead to an increase of soil AVK by an average of 61.205 mg/kg. The multiple cropping index had a
significant negative impact on AVK in Linhu Street. While holding other variables constant, soil AVK
in the study area decreases by an average of 15.469 mg/kg for each additional unit of the multiple
cropping index. While land input intensity has a significant positive impact on the soil AVKcontent
in Wanggangbao Township and Yongle Township, indicating that land input intensity increases by
1 yuan per mu unit, the average AVK content increased by 0.009 mg/kg and 0.037 mg/kg, respectively.
That is, the impact on Yongle Township was greater than that on Wanggangbao Township.

Table 4. Estimation results.

Linhu Street Wanggangbao Township Yongle Township

B t-Value Beta B t-Value Beta B t-Value Beta

GCC 61.205 *** 2.702 0.399
MCI −15.469 * −1.817 −0.282
LII 0.009 * 1.509 0.073 0.037 * 1.884 0.225

Note: *, **, *** denote statistical significance at 10%, 5%, and 1%. The factor corresponding to the parameter is
blank, which means that the model has not reached a significant level. B value is the coefficient of the regression
equation. The positive value of the coefficient indicates that the explained variable increases correspondingly when
the explanatory variable increases by one unit value, while the negative value indicates that the explained variable
decreases correspondingly when the unit value is increased. Beta value is expressed as the relative weight of each
explanatory variable in the model. The larger the absolute value, the greater the effect of the factor.

Due to the different effects of land-use behaviors of households in various regions, the soil AVK
appears obvious spatial differences. The main reason is that households in the suburban Linhu street
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are affected by urban expansion and with more off-farm employment opportunities. The households
there mainly plant corn and other field crops, and land use degree and land input intensity are both
low, due to the relatively low efficiency of agricultural production. While the households in the remote
suburb of Yongle Township, they mainly plant land vegetables and greenhouse vegetables to meet the
need of urban residents, with the highest level of land use degree and land input intensity. Households
in Wanggangbao Township in the middle of the study area can choose both grain crops and cash crops,
and they mainly grow corn and terrestrial vegetables, with higher land-use degrees and greater land
input intensity. The resulting land-use intensity forms a ring structure surrounding the central city and
resembles a distribution pattern of “anti Thunen circle” in space, which is a special manifestation of
classical agricultural location theory.

5. Discussion

Compared with previous studies [5,19,41], this study reveals the temporal and spatial evolution
characteristics of soil AVK in the marginal zone of large cities based on continuous, high-density soil
sampling data, and discusses the underlying reasons for this evolutionary feature from the micro
perspective of households, according to long-term sequence statistics and households’ survey data.
It answers what kind of change takes place in the AVK content in time and space at the plot scale,
and its relationship with households’ land-use behavior in the peripheral region of the big cities. It is
of great significance to explore the regular pattern of soil fertility change in cropland. On one hand,
this study establishes links between soil science and economics, and reveals the influence mechanism
of households’ land-use behaviors on soil AVK content from the temporal and spatial dimensions,
which may inspire future multi-disciplinary researches. On the other hand, this study has important
policy implications. Generally, the fringe area of large cities is the most sensitive area for developing
urban modern agriculture. The understanding of how households’ land-use behaviors affect the AVK
content of the soil helps the government and policymakers to propose corresponding systems and
policies to regulate households’ agricultural production activities and promote the sustainability of
soil production capacity and environment. Finally, it realizes the dynamic analysis using multivariate
data, including the soil survey data, households’ survey data, and socio-economic statistics.

Although we have obtained important and interesting research results, there is no denying that
this study still has the following limitations: firstly, regarding the data, we only obtained three phases
data of soil AVK content, therefore, it is impossible to analyze the impact of households’ land-use
behavior on soil AVK content in the time dimension, by constructing an econometric time series
analysis—which still lacks in this research, as we only have a households survey at a single point in
time. Secondly, biophysical factors in this study, given the relatively short-time period, are assumed to
be constant, despite the fact that biophysical factors and human factors are the two most important
factors for the quality of soil quality change. The biophysical factors, such as topography, climate,
parent material, and organisms, usually change slowly compared to human factors, so the effects need
to be analyzed on a medium and long term basis. Additionally, we selected the area that is least affected
by biophysical factors and greatest influenced by human factors as the study area. Nevertheless, future
researches should examine how biophysical factors, especially climate change affect long-term soil
AVK content.

With the increasing influences of human activities on land quality, social, economic, and human
factors have become increasingly prominent in affecting the quality of cropland. Therefore,
multidisciplinary and multi-dimensional pattern detection and analysis are important to investigate
the temporal and spatial dynamics of cropland quality, such as the connecting spatial information
data with socialeconomic data of microeconomic subjects. The multi-model coupling process and
mechanism analysis are therefore promising and important fields for future researches in this regard,
for example, the simulation of households’ land-use behaviors affecting the quality of cultivated land
under different incentive policies and measurements. At the same time, the soil quality variation of
croplands is a dynamic and complex process. Further researches are thus needed on the optimization



Land 2020, 9, 160 17 of 19

of spatial soil sampling to facilitate the continuous soil quality monitoring. In addition, panel data on
households’ land-use behaviors, which is lacking in this research, would help greatly in deepening
the research.

6. Conclusions

This paper constructs a theoretical analysis framework for the impact of households’ land-use
behaviors on soil AVK content from the spatial and temporal dimensions. The empirical research
was conducted based on the matching data of high-density soil sampling data, long-term sequence
statistics, and cross-sectional household survey data in the Sujiatun area of Shenyang City, Liaoning
Province, China, comprehensively using the approach of geostatistics, econometric methods, and GIS.
The results of this study can be summarized as:

(1) Although the AVK content of the soil in the study area has a largely downward trend in the
past 30 years, there are different trends in different stages. This variation can be attributed to to
the gradual evolution of households’ land-use behaviors. From 1980 to 2000, the average value
of AVK decreased from 149.56 mg/kg to 103.52 mg/kg, due to the underdeveloped economy,
limited investment capacity, technology level, and management level, as well as the plunder of
cropland. After the year 2000, with the acceleration of the urbanization process and driven by
economic interests, households gradually seek to maximize profits by increasing agricultural
production. This was achieved by improving potassium use management: the use of potassium
soil test, potassium nutrient budgeting, and the increasing use of potassium fertilizers. As a result,
the average of AVK rose to 134.27 mg/kg in 2010 with an increased rate of 29.70% compared to
the year 2000.

(2) The spatial variation of AVK is also substantial and intriguing. The closer to the urban area,
the greater the decline of soil AVK content, while the farther away from the urban area, the greater
the rise. This can be attributed to the differences in households’ land-use behaviors in different
areas. The households in the near peripheral region mainly engage in off-farm work and only
cultivate time and labor-saving corns. This leads to a low land-use degree and low input intensity,
while the households further away from the city center mainly rely on agriculture as the major
income source and pursue profit maximization resulting in the highest land-use degree and land
input intensity.

This research provides a glimpse of how the land-use behaviors of small farm households
influence the soil AVK through an empirical study in Northeastern China. It reveals the complex
spatial dynamics of soil AVK driven by socioeconomic development. The results also shed light on
how policy measurements can be designed to steer farmer’s behaviors and preserve soil for sustainable
agricultural production.
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