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Abstract: Previous studies have explored the long time series and large-scale cultivated land nutrient
sensitivity and its spatial differentiation characteristics in arid zones from human activities in the
context of climate change. This study is based on 10-year interval data on soil nutrient content of
cultivated land in the oasis in Xinjiang, China, cultivated land use intensity (LUI) and climate data sets.
Using sensitivity and GIS analysis methods, this paper studies soil nutrient sensitivities and their
spatial distribution patterns in the context of LUI and climate change. The results showed significant
response differences and spatial heterogeneity regarding the sensitivity of soil nutrient systems to LUI
and climate change. Among them, soil nutrients were the most sensitive to temperature changes,
followed by LUI, while precipitation was the weakest. Soil nutrient sensitivity showed a decreasing
spatial distribution pattern from the northeast to the southwest. The soil nutrient system had a strong
adaptability to LUI and climate change. However, there were differences in different sensitivity states.
These results provide scientific guidance for the spatial selection and implementation of soil fertility
enhancement and land remediation projects in similar arid areas.
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1. Introduction

Soil nutrients are the basic substances required for soil to play its function, which is not only the
basis of soil fertility and plant growth, but also closely related to the agricultural ecosystem and
sustainable development. Human activities and climate change lead to significant changes in soil
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function [1-4]; when the speed of change is much greater than the running speed of the soil nutrients
cycling mechanism, the content of soil nutrients will begin to fluctuate. It may manifest as gains/losses
in soil fertility and a decline in soil productivity, thus affecting the sustainability of agricultural
production, the balance of ecosystem and the healthy development of human society and economy [5—
8]. This, it can be seen that under the background of intensified human activities and climate change, the
adaptability and reaction extent of soil nutrients, as well as the content gain and loss change of soil
nutrients, are the contents that need to be urgently studied.

Human activities have a profound impact on the soil. The use and management of cultivated land
are the most important and direct activities for human beings to utilize and transform soil and to intervene
in soil ecosystem with consciousness and purpose [9,10]. The use and management of cultivated land
have a bidirectional influence on the occurrence and development of soil; the reasonable cultivated use
of land and the intensity can make the soil develop towards a benign direction and improve the content
of soil nutrients on the original basis, while excessive and unreasonable cultivated use of land and the
intensity will cause soil degradation [11-14]. However, traditional studies mostly analyzed the impact
of human activities on soil nutrients from a certain aspect or a single dimension [15—17], and lacked the
research revealing the response of soil nutrients to human cultivated land use activities from a systematic
perspective.

Water and heat are often exchanged between the soil and the atmosphere. The climate directly
affects the water and heat of soil, the migration and conversion process of minerals and the nutrients
within soil and determines the direction and intensity of soil formation. Among the climatic factors,
air temperature and precipitation have the most universal meaning for soil formation. Currently,
research on the response of soil nutrients to climate change mainly focuses on a quantitative analysis
of the direct or indirect relationship between climate factors and soil nutrients [18,19], and the level of
soil nutrients under the background of different land use types or regional climate [20-22]. In the
meantime, the regions involved in these studies are mainly located within semi-humid/humid regions;
additionally, these regions lack continuous, long-term and large-scale attention from researchers. Some
studies show that the warming trend in arid regions is significantly higher than that of humid regions;
a similar rise in temperature in arid regions may have a greater impact on the natural environment and
socioeconomic systems.

The existing research on the response of soil nutrients to human activities and climate factors
utilizes quantitative analyses to measure the response or correlativity between them in a fixed time-
space dimension and evaluate the content of soil nutrients, while the soil nutrient composition changes
alongside the dynamic changes of human activities and climate factors. At the same time, the response
of soil nutrients to human activities and climate change under the large-scale time-space background
has regional differences, and there are some studies that quantitatively evaluated such differences,
which can lead to either an increase or loss of soil nutrients.

Xinjiang is located in the arid region of northwest China within the hinterland of Asia. It is one
of the most sensitive regions affected by global climate change, and the contradiction of water
resources shortage is prominent. The development of modern agriculture is mainly guided by
agricultural mechanization and the efficient utilization of integrated water and fertilizer. Within the
climatic environment characterized by drought and the suitable agricultural cultivation mode, it is
important to study the response degree of soil nutrients to human activities and climate change and
either the content gain or loss of soil nutrients for the protection of agricultural system, the
improvement of soil ecosystem’s ability in arid regions to cope with climate change, the promotion of
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the sustainable development of ecological safety and social economy in arid regions, and the formation
of a coping strategy for an oasis cultivated land system in the context of future climate change.

In conclusion, there are fewer studies to discuss the response degree of soil nutrients and its spatial
pattern in the context of human activities and climate dynamic changes, as well as the content gain or
loss of soil nutrients in differentially response regions. Therefore, two research hypotheses are
proposed in this paper: soil nutrients are sensitive to LUI and climate; and LUI and climate change
cause changes in soil nutrient content.

Taking Xinjiang, which is the most typical and largest arid region in China, as an example, this
study establishes the LUI dataset, climate dataset and soil nutrients database based on the “Input-
Output-System”; this system uses a multi-factor comprehensive evaluation method, liner regression
equation and ordinary Kriging interpolation method to comprehensively reflect the cultivated land
use activities by human beings, studies the changes of LUI, climate and soil nutrients in Xinjiang,
China and produces thematic maps. On this basis, the sensitivity analysis method is used to
quantitatively analyze the sensitivity and spatial pattern of soil nutrients in oasis cultivated land using
LUI and climate change datasets. Finally, the content gain and loss change and range in differentially
sensitive regions are compared and analyzed, and the process and technical methods for soil nutrients
maintenance and restoration in arid regions are put forward.

2. Materials and methods
2.1.  Overview of study region

Xinjiang is located within the arid region of China and Mongolia in the hinterland of Eurasian
continent, with geoFigureical coordinates from 73°40’E to 96°18'E and from 34°25'N to 48°10'N. In
this region, mountains and basins are alternately arranged, thereby forming a unique topoFigurey of
“Three Mountains and Two Basins” (Figure 1). This region belongs to a typical temperate continental
climate, with climate features of strong continentality, dry and little rainfall, uneven distribution of
temperature and precipitation and abundant light and heat resources; the area of the cultivated land is
about 5,242,270 hm?, of which the area of water-saving irrigation is about 2,916,150 hm?. Wheat,
maize and cotton are mainly planted, and, to date, the comprehensive mechanization of the main crops
within the whole region has reached 85%; the soil types are mainly aeolian sandy soil, gray desert soil,
brown desert soil and brown calcium soil. According to the second general survey of soil nutrients in
China, rapidly available potassium is relatively rich in soil nutrients, with other nutrients in either a
medium or deficient state.

In line with the Regulation for Gradation on Agricultural Land Quality in China and differences
in the natural environment, socioeconomic conditions and crops types, structures and maturation
between regions [23], this study divides the distribution space of cultivated land in Xinjiang (A) into
seven farming divisions, including the southern area of Junggar Basin (B), the northern area of Junggar
Basin (C), the Ili Valley area (D), the Tuha Basin (Turpan Basin and Hami Basin) (E), the western area
of Tarim Basin (F), the southern area of Tarim Basin (G) and the northern area of Tarim Basin (H)
(Figure 1).
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Figure 1. Distribution of Xinjiang Location, Meteorological Stations and Soil Sampling
Points. (a) represents the overall spatial distribution of zones, soil sampling sites and
meteorological stations in Xinjiang; (b) represents a schematic map of soil sampling sites
in southern Xinjiang; (c) represents a schematic map of soil sampling sites in northern
Xinjiang.

2.2.  Data sources and processing

2.2.1. LUI data

The remote sensing monitoring data of land use is derived from the Resource and Environment Data
Center of Chinese Academy of Sciences (https:/www.resdc.cn/). In this study, data on land use,
management, and agricultural production is derived from the Xinjiang Statistical Yearbook (2010-2020).

2.2.2. Climate data

The climate data is derived from the common dataset of the National Meteorological Science Data
Center at 66 meteorological stations in Xinjiang (Figure 1), which was observed day by day from 1960
to 2019; this study mainly uses the temperature and precipitation data. First, the processing of climate
data is to make a statistical summary of the daily observation data to obtain yearly data; then, the
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Arcgis software (Version 10.2) geostatistical analysis tool is used to conduct an ordinary Kriging
interpolation in combination with the elevation of meteorological stations. Second, taking the
simulated climate spatial distribution map as the base map, the fishnet creation tool within Arcgis is
used to establish a fishnet map with a rank of 500 % 650, and the extraction point tool of value is used
to extract the climate value. Finally, the obtained climate data in the county is processed through the
identification, screening and summery statistical tools within Arcgis.

2.2.3. Soil data

The soil nutrient data are derived from two datasets: the evaluation of cultivated land fertility and
monitoring the cultivated land quality. From May to October in 2008-2009 and 2017-2019, soil
sampling was carried out within the plough layer (0—30cm) throughout Xinjiang, collecting 7,241 and
7,244 samples, respectively (Figure 1). The sampling points were laid out based on the county, where
the ArcGIS software was used to superimpose the cultivated land resource map and soil type map to
produce the sampling base map. Considering the factors such as the number of cultivated land map
spots, area, crops and yield level, as well as the uniformity of the sampling points in the spatial
distribution, the sampling points were evenly arranged on the cultivated land plots to ensure that each
plot had sampling points, and the number of sampling points increased within the larger cultivated land
plots. During the collection of soil samples, the sampling points were laid out on the sampling base
map and taken as the guide to collect soil samples by use of GPS positioning; 2—10 mu of representative
plots were selected from 300—500 mu of strip fields to mix a soil sample with 15-20 points, and the
protection forest, road, use of agricultural film and natural environment around the cultivated land was
recorded. The collected soil samples were taken back to the laboratory for air drying, impurity removal,
grinding and screening, and about 20g of samples was utilized for fine grinding with a frozen mixing
ball mill. The content of the soil nutrients was determined with the following methods: (1) the total
soil nitrogen level by the Kjeldahl distillation method; (2) the available soil phosphorus level by the
sodium bicarbonate digestion-anti colorimetry method of molybdenum antimony; (3) the rapid
available soil potassium level by the ammonium acetate digestion-flame photometer method; and (4)
the total soil organic matter by the oil bath heating potassium dichromate oxidation capacity method.

2.3.  Study method
2.3.1. LUI calculation

The comprehensive measurement of the LUI establishes a dataset based on the input-output-
system while considering different aspects and levels. Therefore, this study utilizes a LUI dataset from
10 aspects of land use type, management and agricultural production, and divides the LUI
measurement into three dimensions: input, output and system. Among them, the input dimension refers
to the LUI of different inputs, such as chemical fertilizer and irrigation; the output dimension refers to
the ratio between the agricultural production output and the cultivated area, such as per unit area yield
of grain; and the system dimension refers to the relationship between the production input and the
output based on the cultivated land and the whole system, such as yield gap. See S1, the Supplementary
Information Table for the specific information of the LUI dataset.
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The multi-factor comprehensive evaluation method can transform the indices of the three
aforementioned dimensions into one index [24], which can comprehensively reflect the LUI; its
calculation formula is as follows:

LUI =) Xixw (1)

i=1

where X; is the standardized value of the ith index, which is calculated by the extreme value
standardization method, w;: is the weight of the ith index, which is determined by the entroy weight
method (S2, Supplementary Information Table), and 7 is the index number within the dataset.

2.3.2. Climate tendency rate

The climate tendency rate can reflect the variation trend of climate factors. A regression analysis
can establish the specific quantitative relationship between regional climate factors and the time series,
thus expressing the climate tendency rate. It is assumed that a certain climate factor is a dependent
variable X, which is affected by the independent variable ¢ of the time series, there are n observation
values (X1,X2,,,X») and time series values are (¢1,t2,,,tx). Then, their unary linear regression equation is
as follows:

Xn:atn+b (2)

where X is the fitted value of meteorological factors, #, is the time series, and the regression coefficient
a and the constant term b are calculated using the least square method, where ax10 usually represents
the tendency rate of climate factors.

The conspicuousness of the variation trend of climate factors is judged by the Mann Kendall test
method [25] (S3, Supplementary Information Table).

2.3.3. Spatial interpolation method of climate and soil nutrients

The ordinary Kriging method is used to make a spatial interpolation for the climate factors and
soil nutrients. The precondition of the ordinary Kriging interpolation is that the index data shows a
normal distribution. In this study, the data of the temperature is in line with a normal distribution, and
that of the precipitation and soil nutrients are necessary to make a logarithmic conversion to conform
to the law of normal distribution. The Arcgis software was used to highlight the logarithmic conversion
of the index data.

The variations of temperature and precipitation usually abide by the law of vertical zonal
differentiation, which are related to the elevation of meteorological stations; therefore, it is necessary
to incorporate the elevation collaborative interpolation of meteorological stations when using the
ordinary Kriging method to simulate spatial distribution. The GS+ (Version 9.0) software was used to
screen the spatial interpolation model of the soil nutrients; the larger the determination coefficient (R?),
the smaller the quadratic sum of residuals (RSS). The available phosphorus, the rapid available
potassium and organic matter conform to the index model, and the total nitrogen conformed to the
spherical model, and the specific information is shown in S4, Supplementary Information Table.
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2.3.4. Analysis method of sensitivity

A sensitivity analysis is widely used in climatological studies and economic analyses (elasticity).
This is a method that can measure the sensitivity between regional environmental factors without
regard to the unit of measurement, and is defined as the ratio of the change rate of one factor to that of
another factor in form [26]. A sensitivity analysis was used to measure the sensitivity of the total
nitrogen, available phosphorus, rapid available potassium and organic matter in cultivated soil
nutrients to the regional LUI and variations of temperature and precipitation. The formula is as follows:

. Ano/no Ono x
Sx =lim = X — 3)
=0 Ax/x ox no

where no is the soil nutrients (total nitrogen, available phosphorus, rapid available potassium and
organic matter), x is either the LUI, temperature or precipitation, and Sk is the sensitivity coefficient of
the soil nutrients to the LUI, temperature and precipitation. A positive sensitivity coefficient indicates
that the soil nutrients will increase with an increase of the LUI, temperature and precipitation. A
negative sensitivity coefficient indicates that the soil nutrients will decrease with a decrease of the LUI,
temperature and precipitation. The greater the absolute value of the sensitivity coefficient, the greater
the impact of the LUI and climate change on the soil nutrients.

The classification of the sensitivity coefficient refers to the classification system established by
Lenhart [27] (S5, Supplementary Information Table).

In this study, the LUI measurements were made on a county basis, while the spatial presentation
of the soil nutrients and climate data was formed by spatial modeling using the ordinary kriging method.
In order to improve the robustness of the calculation of the soil nutrient sensitivity to the LUI and
climate change, soil nutrient and climate data were extracted on a county basis using the “Extract by
Mask Tool” in ArcGIS. The results of the soil nutrient sensitivity calculations to the LUI and climate
change are shown in Figures 2, 3 and 4.

3. Result and analysis
3.1.  Spatial and temporal variation of LUI, temperature, and precipitation

From 2009 to 2019, the LUI of Xinjiang slightly increased from 0.111 to 0.158. The changes in
the LUI for the seven farming sub-regions were significantly different. Excluding the Tuha Basin,
which decreased slightly, the other sub-cultivation sub-regions increased in different magnitudes; the
spatial variation of the LUI was heterogeneous. In essence, the growth rate presents a large spatial
pattern in southern Xinjiang and a small spatial pattern in northern Xinjiang (Sla, S2a, 2b and 2c,
Supplementary Information Figure).

The overall trend of temperature and precipitation in Xinjiang from 1960 to 2019 shows a more
significant increase in amplitude (temperature tendency rate = 0.332 °C/10a, precipitation tendency rate
=15.401 mm/10a). Among them, the amplitudes of temperature and precipitation from 2009 to 2019 are
more significant (temperature tendency rate = 1.086 °C/10a, precipitation tendency rate = —11.924
mm/10a) (S1, Supplementary Information Figure). In terms of spatial variation, the temperature shows
a rising trend from southeast to northwest (S2d, 2e and 2f, Supplementary Information Figure). The
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precipitation is bounded by the Tianshan Mountains, which shows an increasing in the south and a
decreasing trend in the north (S2g, 2h and 2i, Supplementary Information Figure).

3.2.  Soil nutrient sensitivity and its spatial distribution
3.2.1. Sensitivity and spatial distribution of soil nutrients to LUI changes

The average values of the sensitivity coefficient of the total nitrogen, available phosphorus, rapid
available potassium and organic matter are 0.319, 0.344, 0.435 and 3.322, respectively, the proportions
of counties exceeding the average value are 25%, 23%, 26% and 22%, respectively, and that with a
high grade of sensitivity are 41%, 40%, 39% and 78%, respectively.

Excluding the organic matter, there are prominent spatial differences in the sensitivity coefficients
of the total nitrogen, available phosphorus and rapid available potassium (Figure 2). Among them, the
sensitive regions above the high grade of total nitrogen, available phosphorus and rapid available
potassium are mainly distributed in the northern, western and eastern parts of the Junggar Basin, and
counties and cities within the Tuha Basin and southern part of Tarim Basin. The sensitive regions below
medium grade are mainly distributed in the northern and southern regions of the Tianshan Mountain,
Ili River Valley and Aksu River Basin (Figure 2a, 2b and 2c¢); the sensitivity areas with high grade of
organic matter are essentially distributed throughout the entire region of Xinjiang (Figure 2d).

The results show that the organic matter of the soil was extremely sensitive to a change of the
LUI, which has the greatest impact and the widest coverage. The total nitrogen, available phosphorus
and rapid available potassium were more sensitive to a change of the LUI, of which the overall spatial
distribution is scattered with concentrated regions.

(a)Total nitrogen (b)Available phosphorus

(c)Rapid available potassium (d)Organic matter

Sensitivity classes Il [0,0.05) WEN[0.05,0.20) WEN[0.20,1.00) M [1.00,+w)

Figure 2. Spatial distribution of sensitivity of soil nutrients to LUI.
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3.2.2. Sensitivity and spatial distribution of soil nutrients to climate changes

The mean values of the sensitivity coefficients of the total nitrogen, effective phosphorus, quick-
acting potassium and organic matter to temperature were 2.041, 1.517, 1.861 and 9.578, respectively,
the proportion of counties and municipalities exceeding the mean values were 24%, 30%, 26% and
31%, respectively, and the proportion of counties and municipalities with a high level of sensitivity
and above were 77%, 78%, 73% and 94%, respectively. In terms of spatial distribution, the areas with
a soil nutrient sensitivity to high grade temperatures and above were generally distributed within
Xinjiang, and the areas of medium grade temperatures and below were distributed within the northern
and southern slopes of the Tianshan Mountain and the western part of the Tarim Basin (Figs. 7a, 7c,
7e, and 7g); specifically, the sensitivity coefficients of most areas within Xinjiang were more than 0.20,
which indicated that the soil nutrients were extremely sensitive to the temperature changes. Among
them, in most counties and cities in Xinjiang, the sensitivity coefficients of the total nitrogen and
organic matter to climate were more than 1, which were basically in an extremely sensitive state. The
sensitivity of the effective phosphorus and quick-acting potassium to temperature was slightly lower,
which was due to the spatial heterogeneity of the temperature change, resulting in greater variability
in the spatial distribution of the effective phosphorus and quick-acting potassium to temperature. The
arid climatic environment of the region lead to a greater impact of temperature change on the
ecosystem, and temperature is an important factor in determining the deepening or slowing down of
the arid climatic environment; the conduction effect of the temperature change will lead to a change
of the soil physicochemical properties, and the soil nutrients will be affected by a more significant
impact.

The mean values of the sensitivity coefficients of the total nitrogen, effective phosphorus, quick-
acting potassium and organic matter to precipitation were 0.261, 0.274, 0.211 and 2.503, respectively,
the proportion of counties exceeding the mean values were 22%, 27%, 26% and 25%, respectively,
and the proportion of counties and cities with high grade sensitivities or higher were 30%, 27%, 28%
and 61%, respectively. The western valley and eastern basin of Xinjiang are high-grade sensitivity
areas of total nitrogen to precipitation (>0.2), and most of the remaining areas have either a low
sensitivity or a very low sensitivity (<<0.2 or <<0.05). The effective phosphorus and quick-acting
potassium in the north and east of Xinjiang are highly sensitivity to precipitation (>0.20), and the west
and south of the country are less sensitive to precipitation. The sensitivity of organic matter to
precipitation was not obvious in the southern part of Xinjiang, with more areas having a very low
sensitivity (<0.05), while most areas in the northern regions showed a very high sensitivity (>1) (Figs.
7b, 7d, 7f and 7h). With abundant precipitation in the river valleys in western Xinjiang and extreme
drought in the eastern basin, the non-robustness of climate change in the two regions resulted in a high
sensitivity of the soil nutrients to precipitation. Scarce precipitation in southern Xinjiang resulted in a
generally low sensitivity of the soil nutrients to precipitation. The relatively high precipitation in
northern Xinjiang was the main reason for the higher sensitivity of the soil nutrients to precipitation.

The results show that the sensitivity of the soil nutrients to temperature changes is greater than
that of precipitation, and the sensitivity of the soil nutrients to the north of the Tianshan Mountain in
Xinjiang is greater than that to the south of the Tianshan Mountain. The impact of climate change on
organic matter is significantly greater than that of total nitrogen, available phosphorus and rapid
available potassium.

AIMS Geosciences Volume 9, Issue 4, 632-651.
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Figure 3. Spatial distribution of sensitivity of soil nutrients to temperature and precipitation.
3.3.  Variation status of soil nutrient content in differentiated sensitive areas

To compare and analyze the impact of the LUI and climate change on the change of the soil
nutrient content gain and loss, the parts of which absolute values of the sensitivity coefficient to the
LUI and climate change are Grade I and Grade II (|S| < 0.20 = are combined into lowly sensitive
regions (LSR), and the parts with Grade III and Grade IV (|S| > 0.20) are combined into highly sensitive
regions (HSR) according to the classification system of the sensitivity coefficients. Lowly sensitive
regions are the areas where the LUI and climate change have a weak impact on the soil nutrients. The
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highly sensitive regions are the overlapping areas where the LUI and climate change have a great
impact on the soil nutrients, and the main types include the LUI and climate (temperature and
precipitation), the LUI and precipitation, the LUI and temperature, and temperature and precipitation
(Figure 4).

(a)Total nitrogen (b)Available phosphorus

(d)Organic matter

Highly/Lowly sensitive regions

0 200 km Lowly sensitive regions [l LUI-Precipitation
— I LUI-Climate I LUI-Temperature Bl Precipitation-Temperature

Figure 4. Highly/Lowly sensitive regions of soil nutrients to LUI and climate change.

In general, the increase/decrease of the average values of the soil nutrients are different in
highly/lowly sensitive regions, the absolute values of the changes in highly sensitive regions are larger
than those in lowly sensitive regions, and there are differences among the changes of average values
in the content of the soil nutrients in highly/lowly sensitive regions in the seven farming areas.

From the perspective of the changes of soil nutrient content in highly/lowly sensitive regions, the
total nitrogen increased by 8.840% in highly sensitive regions, which was greater than the 2.308% of
the lowly sensitive regions (Figure 5a and 5e). The available phosphorus in highly sensitive regions
decreased by 12.215%, which was greater than the 8.978% of the lowly sensitive regions (Figure 5b
and 5Se). The rapid available potassium increased by 15.618% in highly sensitive regions and decreased
by 1.191% in low sensitive regions (Figure 5c and 5e). Compared with the increase of organic matter
in the lowly sensitive regions (4.997%), that of the highly sensitive regions (20.026%) was the largest
among the indices of the soil nutrients, with a difference of 15.029% (Figure 5d and Se).

AIMS Geosciences Volume 9, Issue 4, 632-651.
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Figure 5. Time series changes of soil nutrients in highly/lowly sensitive regions. (a), (b),
(c) and (d) are the statistics of soil nutrient content in highly and lowly sensitive regions,
respectively. (e): Variation range of soil nutrient content in highly and lowly sensitive
regions.

As seen from the overall changes of soil nutrients in the seven farming divisions, the content of
total nitrogen decreased by 5.934% only in the highly sensitive regions of the Ili River Valley, which
is lower than the 8.608% increase of the lowly sensitive regions. The absolute values of the soil nutrient
content changes in the remaining highly sensitive regions were larger than those of the lowly sensitive
regions (Figure 6), among which, the farming areas in western part of Tarim had the largest gap of
increase, reaching 22.177% (Figure 6a, 6b, and Figure 7). Among the seven farming divisions, the
available phosphorus displayed a downward trend for both the highly and lowly sensitive regions, and
the decrease for the highly sensitive regions was greater than that of the lowly sensitive regions. Among
them, the northern part of the Junggar Basin had the largest decrease for highly sensitive regions
(—30.574%) and its southern part had the smallest decrease (—7.889%), while the decrease for the lowly
sensitive regions was less than 0.1% (Figure 6¢, 6d, and Figure 7). The increase of rapidly available
potassium in highly sensitive regions was greater than that of the lowly sensitive regions, and the
largest difference was 19.036% in the northern part of the Junggar Basin (Figure 6e, 6f, and Figure 7).
In the seven farming areas, the increase of organic matter in lowly sensitive regions was far less than
that of the highly sensitive regions. The highly sensitive regions in the southern part of the Junggar
Basin and the northern and southern parts of the Tarim Basin were the regions with the largest increase
in the soil nutrients, among which the difference between the highly sensitive regions and lowly
sensitive regions in the southern part of the Junggar Basin was the largest (17.160 %) (Figure 6g, 6h,
and Figure 7).

The results show that the contents of the total nitrogen, rapid available potassium and organic
matter in highly sensitive regions increased with a gain and the range was far more than that within
the lowly sensitive regions under the combined action of the LUI and climate change, while the content
of available phosphorus decreased with a loss and the range was far more than that within the lowly
sensitive regions. The LUI and climate change had a great impact on the content of the soil nutrients,
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especially in the area where higher or high sensitivity coefficients are overlapped. This impact is the
result of the combined effect of the changes in two climate factors, temperature and precipitation, as
well as differences in the use and management of human cultivated land.
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Figure 6. Change of soil nutrients in highly/lowly sensitive regions in farming divisions.
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4. Discussion
4.1. LUI and climate change

The use and management of cultivated land is the most important and direct activity of human
beings to intervene the soil ecosystem of oasis cultivated land. It changes the structure and function of
the soil ecosystem through differentiated use patterns and intensity, resulting in changes of the soil
nutrients of the cultivated land. This study adopts an LUI to characterize the use and management of
cultivated land. Previous studies mostly used yield as a single index to measure the LUI [28]; however,
there are many methods to improve the crop yield, such as chemical fertilizer application, mechanical
tillage and watering, which may cause certain environmental consequences to the soil ecosystems.
Furthermore, phenological differences may limit crop yield, so the regions with similar yields should
not be considered to have the same LUI [29]. Meanwhile, harvested agricultural products and crop
residues can take a large amount of nutrients away from the soil [30From the aforementioned analysis,
it can be seen that the LUI stretches over multiple dimensions and involves various processes that
connect the relationship between humans and cultivated land. Therefore, the LUI can’t be measured
by use of a single index, and it is necessary to establish a systematic multi-dimensional dataset to
measure the LUI. This study establishes a comprehensive dataset based on the “Input-Output-System”
to measure the LUI and to uncover a more scientific measurement of the sensitivity of the soil nutrients
to LUI changes.

Climate change will cause changes of the soil nutrients in arid regions [31]. Previous studies on
the response of soil nutrients to factor changes were mostly in response or correlation of the soil
nutrients to the changes of a certain factor or factor class and were carried out in fixed time nodes and
smaller spatial scales under non-dynamic changes [32—34]. This study established a database based on
the measured data of the soil nutrient of cultivated land in the Xinjiang oasis ecosystem in two long-
term time series, and measured the sensitivity of soil nutrients in the context of human activities (LUI)
and climate change, which not only produced a spatial distribution map of sensitivity of the soil
nutrients, but was also more tridimensional and hierarchical than previous studies.

4.2.  Soil nutrient sensitivity

Soil degradation is always accompanied by the loss of soil nutrients. Soil degradation is a complex
process jointly affected by human factors and natural factors, in which the change of climate and land
complex is the basis to influence soil degradation, and the human land use mode and socio-economic
activities are the root causes of soil degradation [35-37] (see Fig S5 in the Supplementary Materials).
This study established two databases of cultivated land soil nutrients and an LUI comprehensive
dataset based on the “Input-Output-System”. Additionally, this study established a temperature and
precipitation dataset which considered arid regions as being extremely sensitive to the response of
climate change, and temperature and precipitation were significant factors affecting soil function [38—
41]. Based on the three aforementioned datasets, the sensitivity analysis method was introduced to
explore the sensitivity and spatial pattern of cultivated land soil nutrients to the LUI and climate change,
thus providing a useful reference for arid regions to cope with climate change and improve soil quality.

This study found that soil nutrients in arid regions were highly sensitive to LUI and climate
change, and the spatial difference of sensitivity distribution was significant. The total nitrogen, rapid
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available potassium and organic matter increased with an increase of the LUI, temperature and
precipitation, while the available phosphorus displayed the opposite effect. Through 12 years of
protective farming tests (no tillage, deep scarification and ridge farming) in the dry lands of North
China, Shao et al. found that the contents of total nitrogen, available phosphorus, rapid available
potassium and organic matter in the soil tillage layer increased in varying degrees [42], and Yuan et al.
found that the gradient change of climate had a positive impact on the soil nutrients for a long time,
while the short-term experimental climate change had a negative impact [43]. Compared with previous
studies, this study combined human activities (use and management of cultivated land) and the climate
change characteristics in arid regions to establish a dataset, comprehensively measured and compared
the response and spatial differentiation characteristics of soil nutrients to the LUI and climate change,
analyzed the change and range of the soil nutrient content in differentiation sensitive regions, and more
systematically and comprehensively interpreted the impact of human activities and climate change on
soil nutrients, which is conducive to the efficient utilization of the oasis cultivated land soil and the
improvement of the soil quality in divisions, and is conducive to the sustainable production of oasis
agriculture, the balance of ecosystem and the healthy development of human society.

4.3.  Effects of LUI and climate change on soil nutrients

The soil nutrients are the basic material for the function of arable land system, and its quality
directly affects the production, life and ecological function of arable land system. The soil nutrient
system is the cross link between the elements of the environmental systems in the cropland system,
which is easily influenced by external factors and has a high sensitivity.

Temperature and precipitation are of a general significance for the soil nutrient changes and have
a major impact on the nature and intensity of chemical and physical processes in soil nutrients. Changes
in temperature and precipitation exacerbate the uncertainty in the soil nutrient system; when the rate
of change is greater than the rate of functioning of the cycling mechanisms within the soil nutrient
system, the soil nutrient system fluctuates, which may be manifested in the form of nutrient losses,
land degradation, and other phenomena. When either the rate of change is steady or when the soil
nutrient system is effectively replenished with the necessary elements (water, light and heat resources,
etc.), the healthy and efficient operation of the soil nutrient system will be promoted. Due to typical
arid climate characteristics, the effects of temperature and precipitation on the soil nutrients are more
pronounced in arid zones than in other climate type regions, with warm drying, scarce precipitation,
extreme droughts, and consequent desertification and soil erosion leading to significant soil nutrient
changes [44,45].

Cropland utilization and management is a conscious and purposeful modification of the land
system by human beings, which has a bidirectional effect on the development and coordination of
the soil nutrient system. Reasonable cropland utilization and management can make the soil nutrient
system develop in a benign direction (e.g., increased crop yields), whereas transitory and irrational
cropland utilization and management may cause the coordination of the soil nutrient system to be
destroyed and soil degradation to occur. Transitional land development and utilization activities in
arid zones deplete the fertility of arable land and disrupt the balance of soil ecosystems, the
application of chemical fertilizers, mulching, and soil salinization lead to drastic changes in the soil
nutrients of arable land, and the robustness of soil nutrients is greatly affected by arable land
utilization and management [46,47]
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The LUI, temperature and precipitation had a large impact on the soil nutrient changes, and the
superimposed effects of the three were more significant. In this study, we analyzed the changes and
magnitude of soil nutrient content loss and gain in differentially sensitive areas, and the results showed
that total nitrogen, quick-acting potassium, and organic matter content significantly increased in highly
sensitive areas and slightly increased in low-sensitive areas under the background of an increasing LUI
in arid zones and warming and humidifying climate. The effective phosphorus decreased more in the
highly sensitivity region compared to the lowly sensitivity region. The percentages of counties and
cities in the highly sensitivity regions for total nitrogen, effective phosphorus and quick-acting
potassium were 51%, 45% and 47%, respectively, which were not high. At the same time, the climate
change background of the seven cropping system sub-regions and the differences in human cropland
utilization led to different sensitivities of the soil nutrients to the LUI, air temperature and precipitation
in each region, and this difference was the main reason for the formation of the status quo of soil
nutrient content changes [48,49].

5. Conclusion

Based on the historical dataset and soil nutrient database of the LUI and climate change, this study
discussed the sensitivity and spatial pattern of soil nutrients in arid regions in the context of human
activities and climate change, as well as the gain and loss change of the soil nutrient content in
differentiated sensitive regions. According to study findings, under the background that that LUI
increased and the climate is warm and humidified in Xinjiang, China, the soil nutrient sensitivity was
significantly higher, which was most sensitive to temperature change, and organic matter of soil was
most affected by the LUI and climate change. In space, the soil nutrient sensitivity had obvious
differential characteristics, showing a spatial pattern of decreasing from northeast to southwest; the
gain and loss change of the soil nutrient content in highly sensitive regions was significantly higher
than that of lowly sensitive regions. In highly sensitive regions, the contents of the total soil nitrogen,
rapid available potassium and organic matter increased with a gain, among which the increase of soil
organic matter was the most and the decrease of available phosphorus was the largest. In lowly
sensitive regions, the content of other soil nutrients increased slightly, except that the content of
available phosphorus decreased slightly with a loss. Therefore, inspired by the above research findings,
this study puts forward the process and technical system for maintenance and restoration of soil
nutrients in arid regions.

A sensitivity analysis can reflect the response of soil nutrients to the LUI and climate change, but
it cannot determine the actual contribution of the LUI and climate factors to the soil nutrients. In future
research, the analysis can be focused on the actual contribution of the LUI and climate change to the
soil nutrients to form a systematic study on the relationship between cultivated land use and
management, climate change and soil nutrients.
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