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As the research area of this study, Sanjiang Plain is an important grain-producing area and
commodity grain base in China, which plays an important role in China’s food security and
stability. From 2000 to 2015, the climatic conditions and cultivated land use in this region
changed significantly. The climatic basis for the changes occurring to the regional
cultivated land-use area was revealed using several analytical methods such as
correlation coefficient and geographic detector. The findings are as follows: (1) The
internal changes of cultivated land use were mainly from dry land changed to paddy
field, and the area ratio of dry land to paddy field gradually decreased from 3.80:1 to 1.19:
1. (2) The average air temperature and precipitation during the tillage period were 18.05 °C
and 428.25mm, respectively. (3) The long-term increasing temperature trend promotes
the transformation from dry land to paddy fields, but the increase in June precipitation
inhibits it. (4) Regional hydrothermal climatic factors can go some way toward explaining
the cultivated land-use spatial distribution. The trends of two factors are interlinked, and
together explain the changesmore effectively than when just considering individual factors.
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INTRODUCTION

Heated discussions between the United Nations Sustainable Development Goals (SDGs) and Nature-
based Solutions (NbS) mean that climate change and its impact on food security have attracted the
attention of several researchers, both in China and elsewhere (Khanal et al., 2018; Ali et al., 2020; Xu
et al., 2020; Fujimori et al., 2022). The adaptability of agricultural production, cultivated land use, and
layout to climate changes has become a hot topic. Although China’s grain output has maintained
sustained growth for many years, it is still difficult to balance long-term production and demand.
According to the theory of crop growth dynamics, climatic conditions such as temperature and
precipitation are the basic limiting conditions for crops to grow. Only in suitable climatic conditions
can crops be cultivated and then developed into cultivated land. But does climate change have an
impact on the change of cultivated land use?What is the impact of climate change on cultivated land-
use change? These questions have not been answered, which is not conducive to the protection and
rational utilization of cultivated land resources. Therefore, responding and adapting cultivated land
use to climate changes and adjusting climate adaptive planting to ensure national food security and
stability are vitally important.

According to the Third National Assessment Report on Climate Change, China’s warming
rate has exceeded the global average of 0.9–1.5°C/100a since 1900 (The third National Climate

Edited by:
Li Peng,

Sichuan Normal University, China

Reviewed by:
Xiangjin Shen,

Northeast Institute of Geography and
Agroecology (CAS), China

Xiaolan Wang,
Southwest University of Science and

Technology, China

*Correspondence:
Guoming Du

nmgdgm@126.com

Specialty section:
This article was submitted to

Interdisciplinary Climate Studies,
a section of the journal

Frontiers in Earth Science

Received: 25 January 2022
Accepted: 28 March 2022
Published: 02 May 2022

Citation:
Zhang L, Wang Z, E S, Du G and
Chen Z (2022) Analysis of Climatic
Basis for the Change of Cultivated

Land Area in Sanjiang Plain of China.
Front. Earth Sci. 10:862141.

doi: 10.3389/feart.2022.862141

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 8621411

ORIGINAL RESEARCH
published: 02 May 2022

doi: 10.3389/feart.2022.862141

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.862141&domain=pdf&date_stamp=2022-05-02
https://www.frontiersin.org/articles/10.3389/feart.2022.862141/full
https://www.frontiersin.org/articles/10.3389/feart.2022.862141/full
https://www.frontiersin.org/articles/10.3389/feart.2022.862141/full
http://creativecommons.org/licenses/by/4.0/
mailto:nmgdgm@126.com
https://doi.org/10.3389/feart.2022.862141
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.862141


Change Assessment Report writing committee, 2015). With
the change of climate, planting systems and cultivated land
layout in China vary in their regional climate adaptability,
and the expansion of paddy fields in the cultivated land is
prominent. Northeast China is a typical area of paddy field
expansion among cultivated land (Ye et al., 2009; Li et al.,
2020), and climate change is an important reason for the
development of paddy fields in that area. However, the
response characteristics of changed cultivated land use and
distribution under different climatic factors and trends
remain unclear, and the climatic basis for the change of
both paddy field and dry land also needs more research.
Most of the studies on the use of cultivated land in
response to climate change have focused on the impact of
climate change on food security and grain production
potential (Du et al., 2018a; Purola et al., 2018; Xiao et al.,
2021; Dasgupta and Robinson, 2022), the analysis of the
factors driving cultivated land-use change (Shi and Shi,
2015; Cao et al., 2016; Shao et al., 2020; Wang et al.,
2021), and the simulation of cultivated land-use change
under different climate scenarios (Zhou et al., 2017; Duku
et al., 2018; Strasser et al., 2019; Giuliani et al., 2022).
However, there are relatively few studies on the impact of
regional climate change on the internal change of cultivated
land use and its distribution. In some studies, annual climate
data were selected for analysis, as it is clearly unsuitable to use
annual mean analysis for areas with large climate differences
and a short farming period.

Sanjiang Plain became an important grain base in China
after its transformation from “Great northern wilderness” to
“Great northern warehouse.” Since it is located in the
northern part of the mid-temperate zone, the change in
regional climate has been significant in recent years under
the general environment of global warming (Liang et al.,
2014). Temperature and precipitation are important
limiting factors of regional crop planting. Since 2000, with
regional and global climate warming, the suitable planting
areas for crops shifting to the north has fostered the
adjustment of regional cultivated land planting structures,
increased planting area, and further increased grain output
(Du et al., 2018b). Regional hydrothermal climate changes
have a significant impact on cultivated land use. In the long
run, the hysteresis of human activities in response to climate
change is declining (Fang and Sheng, 2000), indicating that
the hysteresis of the cultivated area in response to climate
change has a decreasing trend. We selected the period
2000–2015 because the climate and cultivated land-use
changes in the study area were significant. Using analytical
methods, such as geographic detectors and correlation
analysis, the climatic basic characteristics of the changes in
the area of paddy fields and dry land were further clarified on
the basis of understanding the changes in regional cultivated
land use and internal structure, as well as the trend of
hydrothermal and climate change during the farming
period. This provides a basis for the adjustment of regional
cultivated land planting structure and the guarantee of a
stable food supply.

OVERVIEW OF THE STUDY AREA

Sanjiang Plain is located in the northeast of Heilongjiang
Province. The elevation ranges from −3 to 1,110 m, with the
north, north-east, and south-east lying low and the north-west
and south high (Figure 1). It is located in the humid, semi-humid,
and mid-temperate continental monsoon climate zone. Its
average annual temperature is 1–4°C and average annual
precipitation is 450–650 mm. Moreover, the soil is mainly
meadow soil and swamp soil, with a high organic and nutrient
content, which is ideal for agricultural cultivation in this
important grain supply area. In 2015, cultivated land was the
principal land use, followed by forest.

DATA SOURCES AND RESEARCH
METHODS

Data Source and Pre-Processing
Cultivated Land-Use Data
Landsat TM images were used to visually interpret the changed
areas in 2000, 2005, and 2015 based on the land-use data in 2010

FIGURE 1 | Schematic diagram of the study area.
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using the ArcGIS platform. The 2010 land-use data were fully
translated according to the “Remote Sensing Monitoring Data of
China’s Land Use Status in 2010.” The data were released by the
Resources and Environmental Science Data Center of the Chinese
Academy of Sciences, with a scale of 1:100,000, good data
accuracy and strong reliability (Liu, 1996). The interpretation
and signs in 2000, 2005, and 2015 are the same as those in 2010,
including 6 first-class land types and 25 second-class land types,
of which, cultivated land includes both dry land and paddy fields.
The interpretation results were tested and amended by means of
field sample point verification (Figure 1). Finally, the cultivated
land-use data in 2000, 2005, 2010, and 2015 were extracted for
analysis.

Hydrothermal Climate Data
Climatic data were selected from the precipitation and
temperature data during the tillage period (May–September)
between 2000 and 2015 from “China Surface Precipitation
(Temperature) Monthly Value 0.5° × 0.5° Grid Data Set
(V2.0).” Due to the lack of temperature data from May to
July and September in 2015, the missing data were calculated
and supplemented according to the “China Surface
Temperature Daily Value 0.5° × 0.5° Grid Data Set.”
Additionally, in order to study the response of cultivated
land use to regional hydrothermal climate change, the
spatial resolution of the hydrothermal climate data was
interpolated to 2 km by cubic convolution using the ArcGIS
software Resample tool according to the grid scale standard of
cultivated land use.

Research Methodology
Climatic Tendency Rate
We calculated the trend direction and degree of climatic factors
over time to represent the long-term change trend of climatic
factors (Wei, 2007).

xi represents the climatic factor variation with sample size n,
and ti represents the time corresponding to xi. A linear regression
equation of xi and ti is thus established:

x̂i � a + bti (i � 1, 2, ..., n) (1)
For climatic factor variable xi and time ti, the least square
estimation of regression coefficient b and constant a is

b �
∑n
i�1
xiti − 1

n(∑
n

i�1
xi)(∑n

i�1
ti)

∑n
i�1
t2i − 1

n(∑
n

i�1
ti)

2 (2)

a � �x − b�t (3)
�x � 1

n
∑n
i�1
xi �t � 1

n
∑n
i�1
ti (4)

where b*10 is the climatic factor tendency rate, the unit of
temperature tendency rate is °C/10a, and the unit of
precipitation tendency rate is mm/10a. The positive or
negative value of b indicates the trend direction of climatic

factor x, and when b > 0, the climatic factor x increases with
time t. When b < 0, the climatic factor x decreases with time t.
The absolute value of b indicates the trend degree of climatic
factor x.

Geo-Detector Factor Detection
Through the similarity of the independent variable X and
dependent variable Y in the spatial distribution, the extent to
which X explains the spatial differentiation of Y can be
determined (Wang and Xu, 2017). The greater the similarity,
the stronger the influence. Measured by q, the following
expression is used:

q � 1 −
∑L
h�1

Nhσ
2
h

Nσ2 � 1 − SSW

SST

SSW � ∑L
h�1

Nhσ
2
h, SST � Nσ2

(5)

where h = 1, . . . , L, h is a delamination of Y or X;Nh andN are the
number of units in layer h and the whole region. σ2h and σ2 are
variances of the Y values in layer h and the whole region,
respectively. SSW and SST are the total variance in the layer
and the total variance in the whole area, respectively. The value
range of q is [0, 1]. The larger the value of q, the stronger the effect
of X on Y, and vice versa. The value of qmeans that X explains the
spatial distribution of 100 × q% of Y.

Geo-Detector Interaction Detection
The interaction between different factors of Xswas identified, and
it was evaluated whether factors X1 and X2 will increase or
weaken the influence of the dependent variable Y when acting
together, or whether the effects of these factors on Y are
independent of each other (Zhou et al., 2017). We calculated
the influence of X1, X2, X1 ∩ X2 to Y, respectively, and compared
q(X1), q(X2), and q(X1 ∩ X2). When q(X1 ∩ X2) < min (q(X1),
q(X2)), the interaction between X1 and X2 on Y is nonlinearly
weakened. When min (q(X1), q(X2)) < q(X1 ∩ X2) <max (q (X1),
q (X2)), the nonlinearity of the single factor weakens. When q(X1
∩ X2) > max (q(X1), q(X2)), it shows a two-factor enhancement.
When q(X1 ∩ X2) = q(X1) + q(X2), it shows they are independent
of each other. When q(X1 ∩ X2) > q(X1) + q(X2), it shows a
nonlinear enhancement.

RESULTS AND ANALYSIS

Analysis of Cultivated Land-Use Change
From 2000 to 2015, as for the changes of the cultivated land use in
the study area, there were basically three types: dry land
unchanged, dry land changed to paddy field, and paddy field
unchanged (Figure 2). The areas where dry land has not changed
are mainly located in the central and southern parts of the
Sanjiang Plain, accounting for 51.28% of the total area. The
areas where dry land has changed to paddy field area are
mainly located in the northeast of the Sanjiang Plain,
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accounting for 24.68% of the total area. The areas where the
paddy field has not changed are mainly distributed at the junction
of the area where dry land has not changed and the area where dry
land has changed to paddy field, accounting for 19.27% of the
total area. Using the ArcGIS software mean center tool to
calculate the density center of cultivated land-use change, it
was found that the density center of dry land change and the
density center of paddy field change showed opposite trends. In
2000, 2005, 2010, and 2015, the density center of the area where
the dry land changed continued to move to the southwest, while
the density center of the area where the paddy field changed kept
moving northeast. The density center of the area where paddy
field changed to dry land migrated to the northeast first and then
to the northwest, with an overall trend of migration to the
northeast. The density center from dry land to paddy field
showed a trend of migration in the northeast direction first
and then in the southwest direction, with an overall trend of
migration to the northwest. Generally, the external change in
cultivated land use in the Sanjiang Plain between 2000 and 2015
was small. The majority of transformations were internal changes
in cultivated land use, and the area ratio of dry land to paddy field
in the region gradually decreased from 3.80:1 in the year 2000 to
1.19:1 in 2015.

Analysis of Climate Change of Water and
Heat in the Cultivation Period
The average temperature and precipitation during the growing
seasons from 2000 to 2015 within the study area were 18.05°C and
428.25 mm, respectively. The monthly variation of air
temperature and precipitation during the tillage period is
parabolic and reaches its peak in July. The Raster Calculator

and Contour tool in ArcGIS software were used to calculate the
climate tendency rate and draw isolines (Figure 3). The results
show that the temperature tendency rate during the tillage period
demonstrates a relatively obvious meridional zonality, with a
gradual increase from west to east. Apart from the long-term
decreasing trend of air temperature in some western regions,
most regions show an increasing trend, and the warming range in
the northeast of the study area is relatively high. The distribution
of precipitation tendency rate within the tillage period does not
display obvious zonal characteristics, but the characteristics of
high precipitation in the north and low in the south are still
obvious. Apart from the continuing decreasing trend in some
southern areas, precipitation in most areas has risen, with
increases in the northeast of the study area being noticeably
high. Simultaneously, the precipitation tendency rate density
degree is scattered in the north and dense in the south, and
the regional difference of precipitation change in the north of the
study area is relatively small, while that in the south of the study
area is relatively large.

Response Analysis of Cultivated Land Use
to Hydrothermal Climate Conditions
Correlation Analysis
In order to analyze the spatial change of regional cultivated
land areas, the ArcGIS software Fishnet tool was used to grid
the cultivated land-use data in the study area. In order to avoid
patch fragmentation caused by the gridding, based on
comprehensively considering spatial heterogeneity, patch
size, and other characteristics, the study area was divided
into 27,927 2 km × 2 km grids while referring to the landscape
ecology requirement of selecting 2–5 times the average patch

FIGURE 2 | Changes in cultivated land use from 2000 to 2015.
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area as the sampling grid size. We calculated the cultivated
land-use change area in the grids between 2000 and 2015, and
assigned the corresponding grid according to the calculated
area. Since the change of cultivated land use in the study area
is mainly an internal change, the response characteristics of
dry land and paddy field to hydrothermal climatic factors
vary. The changes in dry land and paddy field were calculated
separately, and the spatial sequence correlation with
hydrothermal climatic factors was attained. The types of
cultivated land-use change are counted as dry land
unchanged, dry land changed, dry land changed to paddy
field, dry land changed to other, other changed to dry land,
paddy field unchanged, paddy field changed, paddy field
changed to dry land, paddy field changed to other, and
other changed to paddy field. We considered the change
and distribution of hydrothermal climatic factors during
farming periods from 2000 to 2015, selected the
temperature tendency rate (Tt), average temperature (Tm),
average temperature in May (T5), average temperature in June
(T6), average temperature in July (T7), average temperature in
August (T8), and average temperature in September (T9). We
also analyzed the precipitation tendency rate (Pt), mean
precipitation (Pm), mean precipitation in May (P5), mean

precipitation in June (P6), mean precipitation in July (P7),
mean precipitation in August (P8), and mean precipitation in
September (P9). The Pearson correlation coefficient of
regional cultivated land-use change and spatial distribution
of hydrothermal climatic factors was calculated via the SPSS
software Correlation analysis tool.

By analyzing the correlation between dry land changed
types and hydrothermal climatic factors (Table 1), it was
found that the types of dry land changed to paddy field, dry
land changed, and dry land unchanged have a relatively strong
correlation with hydrothermal climatic factors, while the
changes from other types of land to dry land and the
changes from dry land to other types of land have a
relatively weak correlation with hydrothermal climatic
factors. Among all the hydrothermal climatic factors, the
positive correlation coefficient between Tt and the
conversion of dry land to paddy field is the largest, being
0.424, and the long-term increasing trend in regional
temperature promotes the transition from dry land to
paddy field. In addition, the negative correlation coefficient
between P6 and the conversion of dry land to paddy field is the
largest, which is 0.303, and the increase in regional
precipitation during June inhibits the transformation from
dry land to paddy field. The positive correlation coefficients of
P9, Pt, T7, T8 and the conversion of dry land to paddy field are
greater than 0.2, and an increase in related hydrothermal
climatic factors can promote the transformation from dry
land to paddy field. The positive correlation coefficient
between P6 and dry land changed has the largest value at
0.264, and the increase of regional precipitation in June
promotes the transformation from other land types to dry
land. Moreover, the negative correlation coefficient between
Tt and dry land changed has the largest value at 0.378, and the
long-term increasing regional temperature trend promotes
the transformation from dry land to other land types. The
negative correlation coefficients of P9, Pt, and dry land
changed are larger than 0.2, and the increase of related
hydrothermal climatic factors promotes the transfer of dry
land. The positive correlation coefficient between T5 and dry
land unchanged shows the largest value at 0.283, and the
increase in May regional temperature promotes dry land
stability. The negative correlation coefficient between Tt
and dry land unchanged is the largest at 0.260, and the
long-term increasing regional temperature trend inhibits
dry land stability and promotes change. The positive
correlation coefficients of T6, Tm, T7, and dry land
unchanged are greater than 0.2, and the increase in related
hydrothermal climatic factors can promote dry land stability.
The negative correlation coefficient between P9 and dry land
unchanged is greater than 0.2, and the increase in regional
precipitation in September has a restraining effect on dry land
stability.

Analysis of the correlation between paddy field changed
types and hydrothermal climatic factors (Table 2) suggests
that two types of land, namely paddy field changed and paddy
field unchanged, are strongly associated with hydrothermal
climatic factors, whereas the conversion of other types to

FIGURE 3 | Distribution of isolines of tendency rate of hydrothermal
climatic factors from 2000 to 2015.
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paddy fields, the conversion of paddy fields to dry land, and the
conversion of paddy fields to other types have relatively weak
correlations with hydrothermal climatic factors. Among all the
hydrothermal climatic factors, the positive correlation
coefficient between Tt and paddy field changed is the
largest at 0.431, and the long-term increasing regional
temperature trend promotes the conversion of other land-
use types to paddy fields. As for the negative correlation
coefficient, the one between P6 and paddy field changed is
the largest at 0.307, and the increase of regional precipitation
in June promotes the conversion of paddy fields to other land-
use types. The positive correlation coefficients of P9, Pt, T8,
T7, and paddy field changed are all greater than 0.2, and the
increase of related hydrothermal climatic factors can also
promote the conversion of other land-use types to paddy
fields. As for the positive correlation coefficient, the one
between T8 and paddy field unchanged is the largest at
0.236, and the increase of regional temperature in August
promotes paddy field stability. The positive correlation
coefficients of T9, Tm, T7, and the paddy field unchanged
are all greater than 0.2, and the increase of related
hydrothermal climatic factors can also promote paddy field
stability.

Comprehensive analysis shows that the response of cultivated
land-use change and hydrothermal climatic factors is mainly
manifested as paddy field changed, dry land changed to paddy
field, dry land changed, dry land unchanged, and paddy field
unchanged, among which, the conversion from dry land to paddy
field is the main constituent of paddy field transfer in and dry land
transfer out. Temperature increases in the early stages of tillage
favor dry land stability, while average temperature increases in
the latter stages favor paddy field stability. The long-term increase
in temperature during the farming period, the increase in
precipitation in September, and the increase in the long-term
trend in precipitation can all promote a reduction of dry land and

increase of paddy fields, and promote the switch from dry land to
paddy field. The increase of precipitation in June promotes the
increase of dry land and decrease of paddy field, while inhibiting
the switch from dry land to paddy field.

According to the theory and mechanism of crop growth
dynamics, the growth of rice needs certain heat resources and
accumulated temperature conditions. Therefore, the trend of
long-term increase of air temperature provides a basis for the
accumulation of accumulated temperature in the study area,
provides necessary conditions for the growth and planting of
rice, and is conducive to the expansion of paddy fields. In
addition, the same season of water and heat will promote the
good growth of rice, and the long-term increasing trend of
precipitation is very helpful to rice planting. The dry land in
the study area is dominated by maize and soybean, and the water
absorption in the early and middle tillage period is the key to
affect the quality, while the water demand in the late tillage period
is relatively small.

Factor Spatial Effect Analysis
Due to the conversion of dry land to other land, other land to dry
land, paddy field to dry land, paddy field to other land, and other
land to paddy field, these types of cultivated land-use changes
have a low correlation with regional hydrothermal climatic
factors (all correlation coefficients <0.2). Consequently, it is
ignored in the analysis of factor spatial influences. The types
of cultivated land-use change that show a strong correlation with
hydrothermal climatic factors were selected, and the spatial
influence of hydrothermal climatic factors on cultivated land-
use change was further analyzed via the Geographic Detector
factor detection tool (Figure 4). As the software input requires
quantifiable independent variables, it is necessary to reduce the
amount of hydrothermal climatic factors, before dividing the
independent variables into 15 levels, according to the natural
breakpoint method matching the actual study area situation and

TABLE 1 | Correlation order between dry land changed types and hydrothermal climatic factors.

Sort Dry land remains
unchanged

Dry land changed Dry land changed to paddy
field

Dry land changed to other
land-use types

Other land-use types
changed to dry land

Correlation
coefficient

Factor Correlation
coefficient

Factor Correlation
coefficient

Factor Correlation
coefficient

Factor Correlation
coefficient

Factor

1 0.283** T5 −0.378** Tt 0.424** Tt 0.054** T7 0.103** Tt
2 0.273** T6 −0.268** P9 −0.303** P6 0.053** T6 −0.093** P6
3 −0.260** Tt 0.264** P6 0.296** P9 0.052** T5 0.060** Pt
4 0.228** Tm −0.251** Pt 0.281** Pt 0.048** Tm 0.058** P9
5 0.212** T7 −0.191** T8 0.215** T7 0.042** T8 0.042** T7
6 −0.209** P9 −0.191** T7 0.214** T8 0.033** T9 0.039** T8
7 0.168** T9 −0.161** T9 0.180** T9 0.026** P6 0.035** T9
8 0.166** T8 −0.158** Tm 0.179** Tm −0.018** Tt 0.034** Tm
9 0.142** P6 −0.132** T6 0.151** T6 0.012* P5 0.031** T6
10 −0.119** P7 −0.095** T5 0.109** T5 0.012* Pm −0.029** Pm
11 −0.095** P8 −0.083** P5 0.088** P5 0.011 Pt −0.024** P8
12 −0.068** Pm 0.037** P7 −0.045** Pm 0.01 P8 0.020** T5
13 −0.044** Pt 0.035** Pm −0.045** P7 0.005 P7 −0.019** P7
14 −0.044** P5 0.029** P8 −0.039** P8 −0.004 P9 −0.009 P5

Note: ** Denotes a significant correlation at 0.01 (both sides).
* Denotes a significant correlation at 0.05 (both sides).
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relevant literary references. The results show that the influence of
regional hydrothermal climatic factors in the spatial distribution
on the five types of cultivated land-use change was significant
(p < 0.01).

Regional hydrothermal climatic factors have the greatest
influence on the spatial distribution of paddy field changed,
followed by dry land changed to paddy field, dry land
unchanged, and dry land changed. Regional hydrothermal
climatic factors have the weakest comprehensive
explanatory power for the spatial distribution of paddy
fields unchanged. Hydrothermal climatic factors with more
than 10% influence on the spatial distribution of paddy field
changed area are: Tt (23.4%), P6 (20.2%), P9 (15.0%), T9
(14.4%), Pt (14.3%), T8 (11.8%), and P7 (11.5%). The long-
term regional temperature changes during the farming period,
the precipitation in the middle and late periods of the farming
period, the temperature in the late period of the farming
period, and the long-term changes of the precipitation in
the farming period all have a strong explanatory power for
the spatial distribution of paddy field changed. The
hydrothermal climatic factors that can induce more than
10% of the spatial distribution of dry land changing to
paddy field area are: Tt (22.6%), P6 (20.0%), T9 (14.4%), P9
(14.3%), Pt (13.5%), T8 (11.5%), and P7 (10.6%). The long-
term changes of regional temperature during the farming
period, the precipitation in the middle and late periods of
the farming period, the temperature in the late period of the
farming period and the long-term precipitation in the farming
period all show a strong explanatory power for the spatial
distribution of the dry land changed to paddy field. The
hydrothermal climatic factors with more than 10% influence
on the spatial distribution of dry land unchanged area are: P9
(14.4%), T5 (13.8%), T6 (13.2%), P7 (11.7%), Tt (11.5%), Tm
(10.4%), and T9 (10.3%). Precipitation in the middle and late
periods of the regional farming period, the temperature during

the farming period, and the long-term changes of temperature
during the farming period have a strong explanatory power for
the spatial distribution of the dry land areas that do not
change. The hydrothermal climatic factors with more than
10% influence on the spatial distribution of dry land changed
area are: Tt (18.6%), P6 (16.7%), T9 (11.9%), Pt (11.4%), and
P9 (11.4%). The long-term changes of temperature during the
farming period, the precipitation in the middle and late
periods of the farming period, the temperature in the late
period of the farming period, and the long-term precipitation
during the farming period have a strong explanatory power for
the spatial distribution of the dry land changed area. The
explanatory power of hydrothermal climatic factors to the
spatial distribution of the area where the paddy field is
unchanged is less than 10%. The temperature conditions
during the farming period have a strong explanatory power
for the spatial distribution of the unchanging areas of
paddy field.

Comprehensive analysis shows that the conversion from
dry land to paddy field is mainly in the form of paddy field
changed and dry land changed, and the influence of
hydrothermal climatic factors on the spatial distribution of
the above three is relatively consistent. The long-term
temperature change trend during the farming period has
the strongest explanatory power for the spatial distribution
of the above three types. The precipitation in June, the
precipitation in September, the temperature in September,
and the long-term change trend of the precipitation in the
farming period have a large explanatory power, all of which are
greater than 10%, and these findings correspond to the results
obtained from the correlation analysis of the three elements
and the hydrothermal climatic factors. The monthly
temperature during the tillage period strongly affects the
spatial distribution of unchanging area of paddy field. The
temperature is the limiting factor in regional paddy field

TABLE 2 | Correlation between paddy field changed types and hydrothermal climatic factors.

Sort The paddy field remains
unchanged

Paddy field changed Paddy field changed to dry
land

Paddy field changed to
other land-use types

Other land-use types
changed to paddy field

Correlation
coefficient

Factor Correlation
coefficient

Factor Correlation
coefficient

Factor Correlation
coefficient

Factor Correlation
coefficient

Factor

1 0.236** T8 0.431** Tt 0.096** T6 0.053** T8 0.119** Tt
2 0.218** T9 −0.307** P6 0.091** T7 0.051** T9 0.112** P9
3 0.215** Tm 0.306** P9 0.091** T5 0.040** Tm 0.073** Pt
4 0.206** T7 0.281** Pt 0.084** Tm 0.034** T7 −0.073** P6
5 0.192** T5 0.208** T8 0.070** T8 0.031** T5 0.058** T8
6 0.188** T6 0.204** T7 0.058** T9 0.026** Tt 0.054** T9
7 0.093** Tt 0.176** T9 0.036** P5 0.026** T6 0.042** T7
8 −0.079** P6 0.169** Tm 0.033** Pt 0.025** P9 0.037** Tm
9 0.074** Pt 0.137** T6 −0.012** P8 0.024** P5 0.022** P8
10 0.058** P5 0.096** T5 0.009 P6 0.014* Pt 0.015* T6
11 0.053** P9 0.082** P5 −0.007 P9 0.012 Pm 0.013* T5
12 −0.032** P8 −0.043** P7 −0.006 Tt 0.011 P8 0.010 P5
13 −0.030** P7 −0.043** Pm −0.005 P7 0.009 P7 0.006 Pm
14 −0.023** Pm −0.033** P8 0.001 Pm −0.004 P6 −0.002 P7

Note: **Denotes 0.01 as a significant correlation (both sides).
* Denotes 0.05 as a significant correlation (both sides).
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planting, and differences in temperature greatly influence
paddy field distribution. The precipitation in the later
period of the cultivation period, the temperature during the
cultivation period, and the long-term temperature change
during the cultivation period have a strong explanatory
power for the spatial distribution of the dry land areas
without change, and related hydrothermal climatic factors
affect the distribution of dry land.

Influencing Factors Interaction Analysis
Furthermore, the explanatory power of the spatial distribution
of cultivated land-use changes under the interaction of two
hydrothermal climatic factors was analyzed. It is found that the
two hydrothermal climatic factors have an enhanced
interaction effect on the spatial explanatory power of
cultivated land-use changes, that is, the interaction effect of
any two factors on the spatial distribution of cultivated land-
use change is greater than that of one factor alone. Among
them, the lowest interactive explanatory power of the
hydrothermal climatic factors to the dry land unchanged
area is 10.9%, while that to the dry land changed area is
9.7%. The lowest interactive explanatory power of
hydrothermal climatic factors for the area from dry land
changed to paddy field is 11.5%, while that for the constant
paddy field area is 7.9%, and that for the paddy field changed

area is 11.7%. Compared with a solitary action, the effect is
significantly greater.

The interaction of hydrothermal climatic factors on the top
5 influences on spatial distribution of cultivated land-use
change types was analyzed (Table 3). The interaction of P6
∩ P9 on the spatial distribution of dry land changed to paddy
field is a two-factor enhancement, and the rest are nonlinear
enhancements. The maximum interactive explanatory power
of dual hydrothermal climatic factors for the conversion of dry
land to paddy field is 40.1%, which is 17.5% higher than the
maximum explanatory power of the single factor. The
maximum interactive explanatory power of the dual
hydrothermal climatic factor to the change of dry land is
35.6%, which is 17.0% higher than the maximum
explanatory power of the single factor, while that to the dry
land unchanging area is 31.1%, which is 16.8% higher than the
maximum explanatory power of the single factor. The
maximum interactive explanatory power of the dual
hydrothermal climatic factor to the paddy field change area
is 39.7%, which is 16.3% higher than the maximum
explanatory power of the single factor, while that to the
constant paddy field area is 21.6%, which is 12.0% higher
than the maximum explanatory power of the single factor. P5 ∩
P6 is the most significant interaction affecting the spatial
distribution of the conversion of dry land to paddy field,

FIGURE 4 | Spatial influence of hydrothermal climatic factors on cultivated land-use change.
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paddy field change, and dry land change. Tt ∩ P7 is the most
significant interaction that affects the spatial distribution of
dry land invariant areas, and T5 ∩ P5 is the most significant
interaction that affects the spatial distribution of the constant
area of the paddy field.

CONCLUSIONS AND DISCUSSIONS

Conclusions
As an important grain growing area, Sanjiang Plain has
experienced significant changes in climate and cultivated land
use between 2000 and 2015. The distribution and change
characteristics of cultivated land use, the trend in
hydrothermal climatic factor changes, and the response of
cultivated land use to hydrothermal climate conditions in the
study area were analyzed via hydrothermal climate data and
cultivated land-use data during the tillage period. Studies have
shown that:

1) From 2000 to 2015, the external change of cultivated land use
in the study area was small. The internal change of cultivated
land use was mainly from dry land to paddy field, and the area
ratio of dry land to paddy field gradually decreased from 3.80:
1 in the year 2000 to 1.19:1 in the year 2015. The density center
of the dry land change area continued to move to the
southwest, and that of the paddy field change area
continued to move to the northeast. The density center of
the area where paddy field changed to dry landmigrated to the
northeast as a whole, and the density center of the area where
dry land changed to paddy land migrated to the northwest as
a whole.

2) The average temperature and precipitation during the
farming period from 2000 to 2015 were 18.05°C and
428.25 mm, respectively. The temperature tendency rate
during the tillage period showed obvious meridional
zonality, and gradually increased from west to east. In
addition, the range of warming in the study area was
relatively high. The precipitation tendency rate in the
tillage period was high in the north and low in the
south. The increase of precipitation of the study area
was relatively high, and the regional difference was
smaller in the north than in the south.

3) The increase of temperature in the early part of tillage
promoted dry land stability, while the increase of
temperature near the end of tillage promoted paddy field

stability. The long-term trend of temperature increased
during the cultivation period, the precipitation in
September, and the long-term precipitation trend
promoted the conversion of dry land to paddy land. The
increase of June precipitation inhibited the conversion of
dry land to paddy field.

4) Regional hydrothermal climatic factors had significant
explanatory power on the spatial distribution of
cultivated land-use changes, and the long-term trend of
changing air temperature during the tillage period had the
strongest explanatory power for the spatial distribution of
paddy field changes, which was 23.4%. The conversion of
dry land to paddy field was the main form of paddy field
change and dry land change. The explanatory power of
hydrothermal climatic factors on the spatial distribution of
the three types of cultivated land-use changes was relatively
consistent, and the long-term temperature trends during
the cultivation period had the strongest explanatory power
for the spatial distribution of the above three types of
cultivated land-use changes. Air temperature is the
limiting factor of regional paddy field planting, and
changes in air temperature greatly influence paddy field
distribution. The precipitation in the later period of the
farming period, the temperature during the farming period,
and the long-term change trend of the temperature during
the farming period have a greater impact on the spatial
distribution of dry land areas without change.

5) The explanatory power of the two hydrothermal climatic
factors on the spatial distribution of cultivated land-use
changes both showed an enhanced interaction, and its
effect was significantly higher than through a single
factor. P5 ∩ P6 is the most significant interaction that
affects the spatial distribution of dry land changed to
paddy field area, the spatial distribution of paddy field
change area, and the spatial distribution of dry land
change area. Tt ∩ P7 is the most significant interaction
that affects the spatial distribution of dry land invariant
areas, and T5 ∩ P5 is the most significant interaction that
affects the spatial distribution of the constant area of the
paddy field.

Discussions
Climate is the basic restrictive condition affecting cultivated
land-use systems. Water and heat conditions have a direct
impact on the distribution and change of cultivated land use by
affecting the suitability of crop planting. This paper analyzes
the response characteristics of cultivated land-use changes,

TABLE 3 | Spatial interaction and influence of hydrothermal climatic factors on cultivated land-use change.

Types of cultivated land-use change Main interactions and interactive influence

The dry land remains unchanged Tt ∩ P7(0.311)Tt ∩ P5(0.306)Tt ∩ T6(0.302)Tt ∩ Pm(0.301)Tt ∩ T9(0.299)
Dry land changed P5 ∩ P6(0.356)P5 ∩ P9(0.311)Pt ∩ P6(0.301)P6 ∩ P7(0.298)P6 ∩ P9(0.297)
Conversion of dry land changed to paddy field P5 ∩ P6(0.401)P5 ∩ P9(0.359)Tt ∩ T7(0.349)Tt ∩ T6(0.341)P6 ∩ P9(0.339)
The paddy field remains unchanged T5 ∩ P(0.216)Tm ∩ P5(0.213)P5 ∩ P6(0.211)Tt ∩ P7(0.209)Tt ∩ P5(0.207)
Paddy field changed P5 ∩ P6(0.397)P5 ∩ P9(0.372)Tt ∩ T7(0.355)Pt ∩ P6(0.351)Tt ∩ T6(0.348)
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especially changes in the scale and structure of paddy fields and
dry land, and changes in hydrothermal climatic factors during
the cultivation period. Northeast China is an area that is
sensitive to global environmental change. Global warming
increases the accumulated temperature and promotes the
northward shift of crop planting boundaries, providing
important pre-conditions for an increase in cultivated land
(Man et al., 2016). Temperature is the main limiting factor for
crop growth in northeast China. Temperature increase has
different effects on the production potential of different crops
in northeast China. It has the greatest impact on rice, followed
by corn and soybeans, which have the least sensitivity to
temperature changes (Zhou, 2015). The growth of rice is
highly dependent on heat, and the increase of accumulated
temperature promotes the northward movement of the
suitable paddy field cultivation area (Gao and Liu, 2011).
The influence of average annual temperature change on
farmland productivity in the Sanjiang Plain is greater than
that of average annual precipitation (Guo et al., 2009). Air
temperature during tillage significantly influences the NDVI of
paddy fields in the Sanjiang Plain (Zhang et al., 2021). The
research results of this paper correspond with other relevant
research conclusions. Air temperature is the limiting factor in
regional paddy field planting, and variation in air temperature
greatly influences paddy field distribution. The long-term air
temperature change trend during the growing season has the
strongest effect on the spatial distribution of conversion from
dry land to paddy field, and the trend of increasing
temperature will promote the conversion of dry land to
paddy field.

Climate change has a certain impact on the use of cultivated
land in the study area, especially the composition of dry land
and paddy field, and promotes the transformation from dry
land to paddy field to a certain extent. However, cultivated
land utilization is a complex system, which is influenced by
multiple factors such as natural conditions, human activities,
and social economy. The influence mechanism is very
complex. Regional topography, economic benefits of crops,
and policy guidance will have an impact on the change of
cultivated land use. This study discusses the impact of climate
change on cultivated land use, especially the basic constraints
of dryland and paddy field planting, without considering the
interaction of climate and other factors, which is the limitation
of this study and the direction to be carried out in the future. In
addition, in the process of reclaiming wetlands into cultivated
land, the change of land cover leads to the change of land
surface reflectivity, which has an impact on land surface
temperature (Shen et al., 2020). Although during the study
period of this study, the regional cultivated land use mainly
shows internal changes, that is, the transformation between
dry land and paddy land, the influence of cultivated land use
on land surface temperature is relatively small. This is still the

limitation of this study and the direction to be carried out in
the future.

The basic data of cultivated land use used in this study are
based on Landsat TM data combined with visual
interpretation. Although the interpretation results are
modified by sampling data, according to the random
sampling method, the calculation accuracy meets the basic
research needs. Because of the imaging principle and
resolution of remote sensing data, it is different from the
real land cover, which cannot truly and completely express
the real land cover. The inaccuracy of data sources will make
the research results have some uncertainties (Zhang et al.,
2017; Shen et al., 2020; Malkoç et al., 2021). At the same time,
the accuracy of data sources restricts the research scale,
resulting in the analysis accuracy of this study is mesoscale.
In the future, we should combine meteorological station data
and more detailed land-use data for small-scale analysis and
research, and then put forward targeted farming decision-
making suggestions.

The change in hydrothermal climatic factors promotes the
transformation from dry land to paddy field in the Sanjiang
Plain and enhances the development of the regional
agricultural economy. However, the expansion of paddy
fields has an important impact on the balance and
allocation of regional water and soil resources (Lu et al.,
2018; Zhou et al., 2018). It is possible that the temperature
may decrease due to the “wetland effect” of paddy fields (Du
et al., 2019), thus affecting the sustainable use of regional
paddy fields. Making full use of the regional conditions and
climate change characteristics, monitoring and evaluating the
carrying capacity of regional water and soil resources,
reasonably controlling the scale of paddy fields, the
structure and layout of paddy fields and dry land, and
alleviating the contradiction between supply and demand
of water and soil resources are urgent problems which need
to be solved.
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