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Abstract:

 Cultivated land resources are an important basis of regional sustainability; thus, it is important to determine the distribution of the cultivated land in the Northeast Asia trans-boundary area of China, Russia and Mongolia, which has a continuous geographic and ecological environment and an uneven population distribution. Extracting information about the cultivated land and determining the spatial and temporal distribution of its features in this large trans-boundary area is a challenge. In this study, we derived information about the cultivated land of the North-South Transect in Northeast Asia by Linear Spectral Mixing Model, using time series data with MODerate resolution Imaging Spectroradiometer (MODIS) in 2000 and 2010. The validation showed more than 98% pixels with a root mean square error less than 0.05. The overall accuracy and spatial consistency coefficients were 81.63% and 0.78 in 2000 and 72.81% and 0.75 in 2010, respectively. The transect analyses indicate the presence of a greater amount of cultivated land in the south and less in the north. China owns most of the cultivated land in the transect area, followed by Mongolia and then Russia. A gradient analysis revealed a decrease of 34.16% of the cultivated land between 2000 and 2010. The amount of cultivated land decreased 22.37%, 58.93%, and 64.73% in China, Russia, and Mongolia, respectively. An analysis shows that the amount of cultivated land is primarily influenced by the various land development and protection policies in the different counties in this trans-boundary area.
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1. Introduction

The trans-boundary area of China, Russia, and Mongolia in northeast Asia has varying ecosystems, diverse climate zones, and significantly differing human-land relationships. The region has a large population that is unevenly distributed [1,2,3]. Cultivated land is the most important agricultural resource supporting the people living in the region. Due to its vulnerability to both natural and human forces, the distribution of the cultivated land in the area is very sensitive to both regional and global climate changes as well as to changes in the human activity in the three countries, such as changes in agriculture policy and population. It is notable that the social and economic systems of Russia and Mongolia were reformed in the early 1990s, which has had an influence on the first 10 years of the 21st century. Thus, obtaining information on the distribution of the cultivated land and the recent dynamics in the region is significant for ecologically safe construction, regional sustainable development and long-term international cooperation.

Remote sensing technology has been widely applied to extract information about cultivated land. The methods can be divided into three categories: computer automatic extraction, visual interpretation and man-machine interactive interpretation. Computer automatic extraction algorithms include decision tree models, artificial neural networks, support vector machines models, etc. Deng [4], Stern [5] and Li [6] used decision tree models to extract cultivated land information. Hou [7], Wang [8], Bai [9] and Bruzzone [10] extracted built-up land information using an artificial neural network algorithm, with higher accuracy. Liu [11] constructed an elaborate crop classification system using a support vector machine. Combining the spectral and spatial texture features, Yao [12], Zhu [13], Peña-Barragán [14] and Vintrou [15] extracted highly accurate cultivated land information using an object-oriented approach. Ashraf M. [16] used a maximum likelihood supervised classification technique to extract cropland information from satellite data. Yan [17] and Liu [18] extracted relevant farmland information with a visual interpretation method using QuickBird, SPOT data and feature interpretation signs. Dou [19] and Zhao [20] extracted cultivated land information with an accuracy up to 98.22% using a man-machine interactive interpretation method, but this was both costly and time-consuming.

Each of the cultivated land extraction methods has various applications and limitations. First, the high and medium spatial resolution data were used primarily for cultivated land information extraction in small areas. Second, most of these remotely sensed data were selected in a specific time period (e.g., one day or a few days in a year) when users are conducting a cultivated land distribution study in specific regions, which can easily result in the loss of cultivated land information for land that is seasonally cultivated or abandoned for a period of time. For example, if the crops are cultivated in the autumn or winter, and the remotely sensed images are obtained in the summer, the extracted information may not include the land cultivated in the subsequent seasons.

Because of these challenges, MODerate resolution Imaging Spectroradiometer (MODIS) data were chosen for this study. These data have the advantages of a medium spatial resolution, daily coverage, high sensitivity, and cost-free distribution [21]. MODIS sensors have collected more than ten years of data on the earth’s surface and provide an excellent opportunity to extract and analyze the long-term spatiotemporal changes in cultivated land. A Linear Spectral Mixture Model (LSMM) method integrated with time series data was used to extract the cultivated land in this area. This method avoids the loss of daily images and information on seasonal or abandoned land. A transect approach was used to obtain the baseline of the cultivated land information for the long-term research in this area. Section 2 introduces the materials and related methodology. Section 3 presents the interpretation results of the transect in 2000 and 2010. Section 4 discusses the cultivated land’s spatial distribution, gradient change characteristics and the driving forces for these changes. A summary is presented in Section 5.



2. Materials and Methodology


2.1. Study Area and Data


2.1.1. Study Area

A transect, which consists of a series of research sites and a global change driving gradient (temperature, precipitation, land use intensity, etc.), is a ribbon study area. It is considered to be one of the most effective methods of exploring the relationship between global change and terrestrial ecosystems [22]. The North-South Transect in Northeast Asia (NSTNEA) was selected as the study area because of its usefulness for discovering the cultivated land distribution characteristics of the larger area.

The NSTNEA was defined by Chinese, Russian and Mongolian scientists in 2008 [23]. It ranges from 32 to 78°N and 105 to 118°E. The transect centers on Lake Baikal, extending southward to the north bank of the Yellow River in China and northward to the polar region (Figure 1). The vegetation types along the transect vary gradually from broad-leaf forests, crops, and steppes in the south to conifer-deciduous broad-leaf mixed forests, conifer forests, boreal forests, and tundra in the north. This transect covers multiple eco-geographical zones from the south to north, i.e., mixed forest in the Loess Plateau, mixed forest in the Yellow River plain, deciduous forest in northeast China, East Siberian taiga, Baikal region coniferous forests, Dauria forest-steppe, Mongolian steppe, Selenge-Orkhon forest-steppe, southern Siberia forest-grasslands, Ordos Plateau grassland and Trans-Baikal bald mountain tundra biome [23]. The elevation ranges from 70 to 1400 m. The temperature and precipitation decrease with increase in the latitude. According to 2008 statistics, the average population density was 56 people per square kilometer. The highest density value was 39,171 people per square kilometer in Tianjin, China, and the lowest density value was less than 1 person per square kilometer in the northern area over latitude 68°N in Russia.

Figure 1. Location of the study area.
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By the end of 1991, a radical economic change had been implemented in the former Soviet Union, aimed at promoting the country’s economic transformation from a centrally planned economy to a market economy [24,25]. Mongolia launched a similar radical market-oriented reform in the early 1990s [26,27]. These reforms resulted in the economic decline of both countries during the transition until 2000.



2.1.2. Data

The data used in this study include the MODIS/Terra Vegetation Indices products, Digital Elevation Model (DEM) data, and cultivated land extraction accuracy evaluation data.

The MODIS/Terra Vegetation Indices (MOD13Q1) is a level 3 land data product with 250-m spatial resolution and 16-daytime resolution and includes 12 data sets (Table 1). The Normalized Differential Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI) are important surface vegetation feature parameters that can indicate objective land cover characteristics. Because the EVI has a more enhanced vegetation detection capacity than the NDVI [28], it was selected as the basic data set for the cultivated land extraction in this study. The MOD13Q1 data for the year 2000 and 2010 were downloaded from the National Aeronautics and Space Administration’s (NASA) website [29]. Only images that were cloud-free and non-strip were selected and downloaded after careful quality control. A total of 345 images, including 18 temporal serials from the year 2000 and 300 images that included 16 temporal serials from the year 2010, were selected (Table 2). Two temporal serials from 2010 were omitted because of large areas without data in the images.

Table 1. MOD13Q1 data sets.


	Data Sets Name
	Brief Description





	250m_16_days_NDVI
	Normalized Difference Vegetation Index



	250m_16_days_EVI
	Enhanced Vegetation Index



	250m_16_days_VI_Quality
	Vegetation Index Quality



	250m_16_days_red_reflectance
	Red Reflectance



	250m_16_days_NIR_reflectance
	NIR Reflectance



	250m_16_days_blue_reflectance
	Blue Reflectance



	250m_16_days_MIR_reflectance
	MIR Reflectance



	250m_16_days_view_zenith_angle
	View Zenith Angle



	250m_16_days_sun_zenith_angle
	Sun Zenith Angle



	250m_16_days_relative_azimuth_angle
	Relative Zenith Angle



	250m_16_days_composite_day_of_the_year
	Composite Day of the Year



	250m_16_days_pixel_reliability
	Pixel Reliability Summary Quality








Table 2. EVI temporal series in 2000 and 2010 (format of the days: yyyyddd).


	Day in 2000
	Day in 2010
	Temporal Serial





	2000049
	2010049
	T1



	2000065
	2010065
	T2



	2000081
	2010081
	T3



	2000097
	2010097
	T4



	2000113
	2010113
	T5



	2000129
	2010129
	T6



	2000145
	2010145
	T7



	2000161
	2010161
	T8



	2000177
	2010177
	T9



	2000193
	2010193
	T10



	2000209
	2010209
	T11



	2000225
	2010225
	T12



	2000241
	2010241
	T13



	2000257
	2010257
	T14



	2000273
	2010273
	T15



	2000289
	2010289
	T16



	2010305
	----------
	T17



	2010321
	----------
	T18












The selected images were mosaicked together by using the MODIS Reprojection Tool (MRT) [30]; the EVI data set was then extracted by using the ENVI software according to the boundary of the study area; finally, all of the pre-processed EVI data were stacked into a unified file for cultivated land extraction.

DEM data were used as auxiliary data. The Global 30 Arc-Second Elevation Data Set (GTOPO30) [31] was downloaded from the United States Geological Survey.

High-resolution land cover map data are required for accurate cultivated land assessment. However, only global level land cover data products that covered the entire transect area were available, and openly regional level data products were lacking. Because we selected the MODIS data sets as the input data sources for the cultivated land extraction, we didn’t select its land cover product as the reference data for the assessment of accuracy. The GLC2000 and GlobCover data sets were used in the study. The global land cover maps for the year 2000 (GLC2000) [32] and for the year 2009 (GlobCover2009) [33] were downloaded and used as global scale validation data. The GLC2000 was developed by the European Union’s Joint Research Centre. It was first developed regionally using experts in the field and then integrated into a single global product with the coarsest resolution at 1 km [34]. The overall accuracy of the GLC2000 is 68.6% (±5%) [35]. The GlobCover2009 was developed by the GlobCover consortium. A supervised and unsupervised classification algorithm was used to classify pixels with resolutions higher than 300 m. The overall accuracy of the GlobCover2009 is 67.5% [36,37].

The National Land-Use/Land-Cover Data-2000 of China (NLCD-2000) was used to validate the data in China. The NLCD-2000 was produced by approximately 100 scientists from eight research institutions in the Chinese Academy of Sciences using visual interpretation and digital image processing technology [38]. The production team made continuous efforts to provide updated land-use maps of the NLCD. To date, this dataset covers the periods of the late 1980s, 1995, 2000, 2005 and 2010. The land-use maps at a scale of 1:100,000 are drawn based on Landsat TM data, which has six first level classes and 25 second level classes. The average interpretation accuracy of the NLCD-2000 for land-use has been verified as 92.9% [39,40,41].

All of the land cover validation data were cut out by the boundary of the NSTNEA using the ENVI software. For the direct evaluation of the accuracy of the cultivated land information, all of the land cover validation data were reclassified into one of two classes: cultivated land or non-cultivated land.




2.2. Methodology


2.2.1. Harmonic Analysis of Time Series

There are many methods for time series data reconstruction [42,43,44]. Among them, the Harmonic ANalysis of Time Series (HANTS) and TIMESAT [45], which have software package support, are commonly used. The HANTS has advantages for dealing with the time series of irregularly spaced observations and for identifying and removing cloud-contaminated observations [46]. The TIMESAT program uses an adaptive Savitzky-Golay filtering method and developed methods that are based on upper envelope weighted fits to asymmetric Gaussian and double logistic model functions [45,47]. The TIMESAT has a high processing efficiency, but it has limitations on the selection of algorithms. Compared with the TIMESAT, the disadvantage of the HANTS is that there are no objective rules for determining the control parameters; thus, this determination is made on the basis of experience and after running several combinations of control parameters [46]. However, because the cropland distribution has obvious irregular features that are affected by human activities, the HANTS was selected as the primary method for time series construction in this study.

The core of the harmonic analysis is the Fourier transform and least squares fitting. Using a discrete Fourier transform, the time series of an element is transformed from the time domain to the frequency domain. A harmonic (sinusoidal) wave exists in the time domain that corresponds to each frequency component. Time series data can be decomposed into different harmonic curves of frequency using HANTS. Typical curves that reflect the time series are selected and superposed consequently. Time series data can then be reconstructed. The theory of HANTS is as follows:
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(1)




where f(x) is the continuous time series curve that satisfies the hypothesis of the convergence theorem (Dirichlet) and 2t cycle, A0 is a harmonic reminder, i is the order of harmonic, Ai is the amplitude of the harmonic order i, ωi is the frequency of the harmonic order i, and φi is the phase of the harmonic order i.
The Fourier expansion is as follows:



f(x)=a02+∑i=1∞(aicosωix+bisinωix)A0=a02=1t∫−ttf(x)dx, ai=1t∫−ttf(x)cosωixdx, (i=1,2,…), bi=1t∫−ttsinωixdx,(i=1,2…) Ai=ai2+bi2,ωi=πit,φi=arctanaibi



(2)




where ai, bi are the Fourier coefficients of harmonic order i. A Fourier coefficient is fit using the least squares method as follows:
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(3)




where J is the coefficient matrix, M is the Fourier matrix, and MT is the transposed matrix of the Fourier matrix. The coefficient matrix can be computed using the Fourier fitting process, as has been elucidated in detail in previous research [48,49,50].


2.2.2. Multiple Endmembers Spectral Mixture Analysis

The mixed pixels of a land cover image indicate that a pixel is composed of several different pure land cover types. The spectrum value of a mixed pixel is the mix value of the pure land cover types in this pixel. Each spectrum value of the pure land cover type is called an endmember. The Linear Spectral Mixture Model (LSMM), which is widely used when quantitatively extracting land cover information [51], is used to extract the endmember in a mixed pixel. Based on the time series data extracted from the EVI using HANTS, the endmembers were selected by the linear mixture model, which is as follows:
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(4)
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(5)
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(6)




where N is the number of endmembers, M is the number of bands, Pj is the reflectance of bands j, and ci is the fraction of the endmember in the pixel. ei,j is the reflectance of endmember i in band j, and rj is the residual. The RMSE (root mean square error) is used to evaluate the accuracy of the model’s fit.
A Multiple Endmember Spectral Mixture Analysis (MESMA) is an advanced model that is based on the LSMM [52], and allows endmembers to vary on a per-pixel basis. The optimal linear endmember combination can be selected by comparing multiple endmember models in one mixed pixel based on the MESMA. Terrain shade is considered an endmember in the MESMA and can increase the accuracy of the model [53]. Vegetation and shade constitute a two-endmember model called the vegetation-shade model, and vegetation, cultivated land and shade constitute a three-endmember model called the vegetation-cultivated land-shade model. The endmember composition principle of MESMA is shown in Figure 2. Model1, Model2, ..., and Modeln in Figure 2 represent different endmember models. The endmember model may be a two-endmember, three-endmember, four-endmember, …, n-endmember model, where n is a variable.

Figure 2. Multiple Endmember Spectral Mixture Analysis principle.
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All of the models are run for each pixel. For example, after running m two-endmember models, if the RMSE in a pixel located in (100, 100) is RMSE1 < RMSE4 < RMSEm-2 < ... < RMSEm, with the smallest value being the RMSE1, the type of the pixel (100,100) can be interpreted as vegetation because the two-endmember model is vegetation-shade. All of the pixels can be interpreted by repeating this process. The cultivated land information reported in the paper was derived using the two-endmember model.

2.2.3 Endmember Selection

Endmember selection is the most important step in the decomposition of mixed pixels. There are traditionally two methods for selecting endmembers: the image endmember method and the reference endmember method. The former method allows the selection of homogeneous pixels directly from actual images, which is more likely to be used with the actual geographic features in the field. The latter method poses difficulty for ensuring the synchronization of the measured data and the actual image data. Moreover, it is difficult to guarantee the appropriate correction of the atmosphere correction. The image endmember method is more commonly used in research activities than the reference endmember method [54]. Taking the year 2000 as an example and using the image endmember method, the selection process is described as follows: (1) Perform a Minimum Noise Fraction (MNF) transformation based on the composite image. In this case, most of the information is concentrated in the first five MNF bands. (2) Label the Pure Pixel Index (PPI) of every pixel in the processed image. (3) Build an image endmember library based on the above labeled pixels and position the endmembers on Google Earth promptly. As a result, the image endmember library will be built.



2.2.4. Accuracy Assessment Method

The fit of a model is generally assessed using the residual and RMSE over all of the image bands. The interpreted cultivated land data are quantitatively evaluated, and the coefficient of spatial consistency is evaluated in space. The coefficient of spatial consistency can be computed by comparing the reference data and interpreted data pixel by pixel. The formulas are as follows:
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(7)




where Areference is the reference cultivated land area, Ainterpreted is the interpreted cultivated land area, and Ktotal is the overall accuracy.
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(8)




where K is the coefficient of the space consistency, M is the number of pixels with consistent spatial attributes, and N is the number of pixels with inconsistent spatial attributes [55].




3. Results


3.1. Time Series Data Reconstruction

The vegetation-related information was commonly found in low frequency harmonics. Meanwhile, the noise of the handling errors generated in the process generally existed in the higher frequency harmonics. To reduce these noise effects, we set the inhibition of the direction to “low” in this study using HANTS to exclude the high frequency harmonics and to reconstruct the smooth low frequency harmonics. With repeated testing and analysis, the MOD13Q1/EVI time series data in the NSTNEA were reconstructed for 2000 and 2010. The frequency was set to two, and the error tolerance and degree of over determinedness were set to 1000 and eight, respectively.

Figure 3 shows the curves before and after the time series data reconstruction. The blue curve represents the original curve, which has a serrate wave. The red curve represents the constructed curve, which reflects the actual changes more realistically. Figure 4 shows the different cropland EVI curves in the different locations (X, Y) of the transect after HANTS processing. These fluctuation curves may reflect the double cropping and various phenology characteristics. These features are helpful for the endmember selection and cropland information extraction.

Figure 3. EVI time-series curves before and after a harmonic analysis.
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Figure 4. Cultivated land characteristic library.
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3.2. Cultivated Land Information Extraction

The basic principle of sample point selection is to ensure that every province in each country has a similar number of points (endmembers) of different types. Combined with PPI and the MODIS images of 2000 and 2010, the authors selected cultivated and non-cultivated points from Google Earth. All of the selected endmembers were integrated into the image spectrum feature library, which includes 643 cultivated land points, 284 non-vegetation points and 827 vegetation points for the year 2000 and 449 cultivated land points, 661 non-vegetation points and 729 vegetation points for the year 2010. A total of 1754 curves for 2000 and 1839 for 2010 were selected (Figure 5). Using the image spectrum feature library, two-endmember models were built that combined the features of endmember and shade. All of the models were classified into three categories: cultivated land-shade, vegetation-shade, and other-shade (other-shade represents the land cover other than cultivated land and vegetation). Shade is taken as an endmember only at the sub-pixel level and not used directly for cultivated land extraction. It is part of the accuracy assessment because the results and the reference data must be compared at the pixel level.

Figure 5. Sample distribution in the NSTNEA in 2000 and 2010.
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The two-endmember models are run pixel by pixel. The model with the least RMSE is then selected. The cultivated land is extracted based on the model’s calculation for 2000 and 2010. However, it is difficult to distinguish some of the cultivated land from the vegetation in Russia using the cultivated land distribution results because the highest EVI values for both the cultivated land and the forests are all from 0.25 to 0.3 in the alpine range region. In this case, the DEM and Google Earth images were selected as auxiliary data to extract the cultivated land in the Russia area. We hypothesized that the cultivated land in Russia exists where the DEM ranges from 500 m to 1000 m. Russia’s cultivated land was extracted and is primarily distributed in the Republic of Buryatia and outside Baikal Lake. The final results of the cultivated land distribution for the years 2000 and 2010 are shown in Figure 6a,b, respectively.

Figure 6. The distribution of cultivated land in the NSTNEA in 2000 and 2010.
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3.3. Accuracy Assessment


3.3.1. Model Accuracy


(1) Model Accuracy Assessment in 2000

The distribution range of the absolute values of residuals (Table 3) and the RMSE (Table 4) was computed for each band. More than 99.5% of the pixels had absolute residuals less than 0.1, as shown in Table 3. More than 98% of the pixels with RMSEs were less than 0.05, as shown in Table 4. These results suggest that the decomposition error of the model is very small.

Table 3. Distribution range of residuals in 2000.


	Range (%)
	T1
	T2
	T3
	T4
	T5
	T6
	T7
	T8
	T9





	0–0.1
	99.549
	99.528
	99.4776
	99.4572
	99.4821
	99.4865
	99.5076
	99.5684
	99.5913



	0.1–0.2
	0.3979
	0.4118
	0.449
	0.4583
	0.4367
	0.4417
	0.4432
	0.3881
	0.3653



	0.2–0.3
	0.0405
	0.0422
	0.0494
	0.0589
	0.0552
	0.0544
	0.0402
	0.0358
	0.0364



	0.3–0.4
	0.0057
	0.0102
	0.0119
	0.0129
	0.0147
	0.0122
	0.007
	0.0065
	0.0048



	0.4–0.5
	0.0015
	0.0036
	0.0062
	0.0063
	0.0062
	0.0033
	0.0008
	0.0008
	0.0019



	>0.5
	0.0031
	0.0044
	0.006
	0.0062
	0.0039
	0.0009
	0
	0
	0.0002



	Range (%)
	T10
	T11
	T12
	T13
	T14
	T15
	T16
	T17
	T18



	0–0.1
	99.591
	99.6
	99.6755
	99.6502
	99.5461
	99.3934
	99.3622
	99.4751
	99.6236



	0.1–0.2
	0.3587
	0.3597
	0.2957
	0.3185
	0.4022
	0.5138
	0.5231
	0.443
	0.3176



	0.2–0.3
	0.0434
	0.0365
	0.0244
	0.026
	0.0402
	0.0758
	0.093
	0.0621
	0.042



	0.3–0.4
	0.005
	0.0041
	0.0037
	0.0037
	0.0088
	0.0128
	0.0176
	0.0128
	0.0102



	0.4–0.5
	0.0018
	0.0002
	0.0003
	0.0008
	0.0022
	0.003
	0.0029
	0.0037
	0.0024



	>0.5
	0
	0
	0
	0
	0.0004
	0.0008
	0.0011
	0.0038
	0.0045








Table 4. Distribution range of RMSEs in 2000.


	Range
	0–0.05
	0.05–0.1
	0.1–0.15
	0.15–0.2
	0.2–0.25
	0.25–0.3
	0.3–0.35
	>0.35





	Percent %
	98.1176
	1.5012
	0.275
	0.0693
	0.0191
	0.0085
	0.0037
	0.0051














(2) Model Accuracy Assessment in 2010

Table 5 and Table 6 show the statistical results for the residuals and RMSEs in 2010. The decomposition error of the model is similar to that in 2000. More than 99% of the pixels with absolute residuals were less than 0.1, and more than 98% of the pixels with RMSEs were less than 0.05.

Table 5. Distribution range of the 2010 residuals.


	Range (%)
	T1
	T2
	T3
	T4
	T5
	T6
	T7
	T8





	0–0.1
	99.46
	99.5605
	99.5399
	99.5799
	99.4923
	99.3838
	99.4252
	99.5847



	0.1–0.2
	0.3974
	0.3881
	0.4235
	0.379
	0.4466
	0.569
	0.5283
	0.386



	0.2–0.3
	0.0283
	0.0389
	0.0285
	0.0318
	0.0515
	0.0396
	0.0435
	0.0261



	0.3–0.4
	0.0097
	0.0078
	0.006
	0.0074
	0.008
	0.0058
	0.0025
	0.0024



	0.4–0.5
	0.0047
	0.0026
	0.0012
	0.0011
	0.001
	0.0011
	0
	0.0001



	>0.5
	0.0072
	0.0042
	0.0012
	0.0011
	0.001
	0.0011
	0
	0.0001



	Range (%)
	T9
	T10
	T11
	T12
	T13
	T14
	T15
	T16



	0–0.1
	99.661
	99.661
	99.6472
	99.6798
	99.5968
	99.4373
	99.4275
	99.4788



	0.1–0.2
	0.3092
	0.3092
	0.3339
	0.2987
	0.3656
	0.5122
	0.5099
	0.4606



	0.2–0.3
	0.0262
	0.0262
	0.0143
	0.0174
	0.0343
	0.0436
	0.0493
	0.0433



	0.3–0.4
	0.0025
	0.0025
	0.0035
	0.0034
	0.0026
	0.006
	0.0097
	0.0109



	0.4–0.5
	0.0002
	0.0002
	0.0005
	0
	0
	0.0006
	0.0023
	0.0042



	>0.5
	0.0002
	0.0002
	0.0005
	0
	0
	0.0006
	0.0025
	0.0057








Table 6. Distribution range of the 2010 RMSEs.


	Range
	0–0.05
	0.05–0.1
	0.1–0.15
	0.15–0.2
	0.2–0.25
	0.25–0.3
	0.3–0.35
	>0.35





	Percent %
	98.1176
	1.5012
	0.275
	0.0693
	0.0191
	0.0085
	0.0018
	0















3.3.2 Cultivated Land Accuracy

The overall accuracy and spatial consistency coefficient were used to assess the accuracy of the results. The results are shown in Table 7. In the NSTNEA, using the GLC2000 and GlobCover2009 as references, the overall accuracy and spatial consistency coefficients were 81.63% and 0.78 in 2000 and 72.81% and 0.75 in 2010, respectively. To further verify the method, the more precise NLCD-2000 was used in the Chinese region of the transect. The overall accuracy and spatial consistency coefficients were 94.76% and 0.79, respectively.

Table 7. Accuracy assessment.








	
	GLC2000
	GlobCover2009
	NLCD-2000





	Overall Accuracy
	72.81%
	83.16%
	94.76%



	Spatial Consistency Coefficient
	0.78
	0.75
	0.79










The small residual and the RMSE show that the decomposition result of the model is reliable [56]. As for the cultivated land precision, the overall accuracy demonstrates high consistency with the land cover data products of the global scale and has a high accuracy in the Chinese part of the transect. It is worth mentioning that the original land cover products have the limitations noted above and inherent disagreements exist in regard to the cultivated land cover type [36]. However, the high spatial consistency coefficient suggests that the results are feasible for further spatial distribution and gradient analyses for 2000 and 2010 in this large transect scale.





4. Discussion


4.1. Spatial Distribution Analysis

In 2000, the spatial distribution of the cultivated land shows that the pattern is centralized in the southeast and decentralized in the northwest. The distribution range mainly includes the northeastern Henan province, western Shandong province, southern Hebei province, central Shaanxi province and Shanxi province. There are also sporadic distributions of cultivated land in the northern Hebei province, southern Shaanxi province, eastern Gansu province, northwestern Henan province, Inner Mongolia and the Ningxia autonomous region. In Mongolia, the cultivated land is mainly distributed in the northeast area. Most of the cultivated land is distributed in the Ulaanbaatar, Dornod, Sukhbaatar, Khentii and Central provinces. In Russia, the cultivated land is primarily distributed in the Republic of Buryatia and outside Baikal Lake. There is little cultivated land in the northern Irkutsk region. In general, the pattern of the transect in 2000 is as follows: the cultivated land is distributed primarily in the south, while almost no cultivated land resources are in the north. Most of the cultivated land is distributed in China, followed by Mongolia and then Russia. Although the general distribution pattern of the cultivated land in 2010 is consistent with that in 2000, the total area of the cultivated land and locations of the regional distributions changed dramatically.

According to the statistics, the cultivated land accounted for 6.57 × 107 ha in China, 2.07 × 107 ha in Mongolia, and 0.56 × 107 ha in Russia in 2000. In 2010, the cultivated land accounted for 5.10 × 107 ha in China, 0.73 × 107 ha in Mongolia, and 0.23 × 107 ha in Russia. The spatial distribution of the change in the cultivated land is illustrated in Figure 7. The magenta represents the regions with an increase in cultivated land, and the blue represents areas with a decrease in cultivated land between 2000 and 2010. The figure shows that the increasing cultivated land area is less than the decreasing cultivated land area. The cultivated land in the total transect decreased 34.16%. Regionally, the cultivated land decreased by 22.37%, 58.93%, and 64.73% in China, Russia, and Mongolia, respectively.

Figure 7. Changes in the cultivated land in the NSTNEA between 2000 and 2010.
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Figure 7 shows the loss of cropland that is apparent in locations higher than 53°N in the Russia area and near 48°N in the eastern area of Mongolia. The reasons for the loss of cropland are attributed as follow: In the Russian region, we used the elevation as a condition parameter for cropland detection, which may have resulted in an underestimation of the cropland area. Additionally, in the Mongolian area, the amount of abandoned land increased significantly after the changes to Mongolia’s economic system in 1991 [57]. Thus, the cropland that was abandoned in the years immediately following 2000 is not easily distinguished from the grassland, although this distinction is clear in 2010. This phenomenon may have caused the amount of cropland to be overestimated in 2000 and explain the dramatic decrease between 2000 and 2010.





4.2. Gradient Analysis

To identify the gradient distribution and the change characteristics of the cultivated land in the transect from the south to the north, the transect was divided into 46 latitudinal gradient zones with 1° intervals. The area of the cultivated in each gradient zone was counted. Figure 8 shows the latitudinal graded distribution of the cultivated land in 2000 (the red colored curve). The curve shows a sinusoidal wave shape, and the entire change shows a “High-Low-High-Low” mode. The main transition region is between 32°N and 52°N. The cultivated land distribution gradually increases from 32°N and reaches its first peak at 36°N. The main bread basket is located in northern China, including the eastern Loess Plateau and the western North China Plain. From 37°N to 42°N, the area of cultivated land is drastically reduced. The primary region is located in a farming-pastoral ecotone in northern China that includes the northern Ningxia province, northern Shanxi province, northern Shaanxi province, Hebei province, and Inner Mongolia Autonomous Region. The amount of cultivated land in the region near 42°N is small because of the large steppe and Gobi that are distributed in the trans-boundary region of China and Mongolia. The amount of cultivated land increases from 42°N to 47°N and reaches its second peak in the transect with the Dornod province, Khentii province, Central province and Ulaanbaatar having a relatively large cultivated land distribution in Mongolia. Among them, the Central province and Ulaanbaatar have the largest cultivated land distribution in Mongolia near 47°N. From 47°N to 58°N, there is a sharp decline in the cultivated land area, especially above 54°N, where little cultivated land exists. The junction of Mongolia and Russia is adjacent to 50°N. The cultivated land in this area is very small and is scattered throughout the Russian region, except for the Republic of Buryatia and outside Baikal Lake from 52°N to 58°N.

Figure 8. The latitudinal graded distribution of the cultivated land in 2000 and 2010.
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The latitudinal graded distribution of the cultivated land in 2010 is illustrated in Figure 8 (the blue colored curve). This curve also shows a sinusoidal wave shape, and the entire change shows a “High-Low-Middle” mode. The change mainly occurs between 32°N and 52°N. The distribution pattern in China is similar to that in 2010, but it is clearly different in Mongolia from 42°N to 50°N. The cultivated land area curve peak in the Central province and Ulaanbaatar clearly decreases, causing a dramatic fluctuation in its neighboring region. There is little cultivated land north of 50°N, especially above 52°N in Russia.

The gradient change in the cultivated land between 2000 and 2010 shown in Figure 9 demonstrates the obvious fluctuations in the amount of cultivated land, with both increasing and decreasing features. For our purposes, increasing means that the non-cropland was converted into cropland, and decreasing means that the cropland became non-cropland. The change curve shows that the main trend is decreasing with two sharp peaks. One peak occurs at 36°N, which is the location of the “Grain for Green” project implementation area in the Loess Plateau of China. The related regions near this decreasing peak include Gansu, Shaanxi, Shanxi, and Shandong provinces. In this location, potatoes, beans and wheat are widely cultivated. The other peak occurs at 47°N, where the capital of Mongolia is located. The related regions near this second peak include the Ulaanbaatar, Central, Sukhbaatar, and Khentii provinces of Mongolia, in which potatoes and wheat are widely cultivated. The decreasing area covers nearly all of the Mongolia area in the transect. The total decreasing cultivated land area is approximately 0.3 × 107 ha between the two decreasing peaks. There is also an increased peak in the cultivated land in the transect, but the peak value is a bit lower. A flat peak exists near 40°N, where limited cultivated land in the trans-boundary area between China and Mongolia is distributed. In this region, the area of the corn and beans that is cultivated increases in the Chinese region, while the area of the cultivated potatoes and wheat decreased in the Mongolia region. Overall, the area of cultivated land decreased dramatically between 2000 and 2010.

Figure 9. The latitudinal gradient distribution of cultivated land in 2000 and 2010.
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4.3. Analysis of the Driving Forces Changing the Cultivated Land

Generally, the driving forces of the changes in the cultivated land in the transect can be attributed to both natural and human factors. Local physical geographic conditions and climate change directly influence the distribution of the cultivated land. The temperature and precipitation have obvious gradient features from the south to the north. These two factors are important natural influences on the growth of crops and the reasons why the cropland is mainly distributed in the southern region, decreases with increasing latitude, and remains small in the northern region of the transect [57]. Although the natural driving forces can strongly affect the spatial distribution of the cultivated land, they were not the cause of the dramatic changes in the different countries during the 10-year study period, as the trans-boundary area of the three countries has a continuous and integrated ecological environment. Therefore, human activities as the driving forces of cultivated land change are analyzed and discussed in detail in this section.

In China, the implementation of the Reform and Opening policy and the socialist market economic system impacted the distribution of cultivated land as a result of a series of regional development strategies in northern China, such as the Western Development and Central Rise policy. Additionally, a series of ecological construction engineering projects have been initiated since the 1990s. The primary reasons for China’s cultivated land changes from 2000 to 2010 are discussed below, considering the current social background. First, with the acceleration of urbanization, large areas of cultivated lands have become occupied. Approximately 55.44% of the reduction of cultivated land in China from 2000 to 2010 was due to its use for construction [58]. Second, with the development of the economy, a large rural population moved to the cities, abandoning their cultivated lands. This migration inevitably led to the reduction of the total area of cultivated land. Third, many large-scale and long-term ecological construction projects were performed. For example, the Conversion from Cropland to Forest and Grassland Program (also called “Grain for Green, GFG”), which was initiated by the government in 1999, is a cropland retirement program with the integrated objectives of ecological preservation and local development. In 2002, 1897 counties in 25 provinces implemented a GFG policy. Most of these counties are either fully or partially included in the transect. To ensure crop security, the Chinese government protected the integral farmland with national policies; thus, although the area of cultivated land decreased on the whole, a small increasing trend still exists in the transect.

In Mongolia, the accelerated urbanization process and the declining rural population since the 1980s has increased the abandonment of cultivated land. After the reform of Mongolia’s social and economic systems in 1991, the agricultural policy changed from centralization to a free market economy. This weakened the centralized market and reduced support for agricultural investments both directly and indirectly. Because of a lack of effective marketing management and a functioning market economy, Mongolia’s agricultural production experienced an economic transition resulting from the following [59]: (1) instability of the market, (2) policy change, and (3) unclear land-use policies. These uncertainties affected agricultural production and led to the abandonment of farmland. The lack of machinery and of an irrigation management infrastructure also caused a decline in the crop yields. For example, in 2004, 138.5 thousand tons of cereals, 80.2 thousand tons of potatoes, 49.0 thousand tons of vegetables, and 9.6 thousand tons of fodder crops were produced. These levels of cereal and potato production are equivalent to an average of 17.5% and 75.3% of the level prior to 1990, respectively [60].

In Russia, national policies and the economic system were the primary factors for the reduction in cultivated land. The Russian Federation enacted a series of laws and established a number of nature reserves in the region to protect its resources as a precondition for economic development. After the dissolution of the Soviet Union in 1991, however, the Russian government launched rural land privatization as a core agricultural reform. The country ceased providing direct financial subsidies for agricultural production after enacting the policy with the result that some farmers chose to reduce their production, thereby causing a large area of cultivated lands to become idle. The data show that 120.9 million hectares of land were cultivated in 1999 and 76.36 million hectares of land were cultivated in 2007, indicating that the privatization of the rural land resulted in a decline in the area under cultivation [61,62,63]. The continuing decrease in the population is an important reason for the loss of farmland in Russia.




5. Conclusions

This study aimed to obtain information about the cultivated land using a mixed pixel model and yearly time series data in the transect. The method, which combines HANTS, LSMM, MNF, and PPI, can automatically derive cultivated land with pixel-level accuracy and may provide cost-effective means of mapping cultivated land with a large spatial coverage. The extracted cultivated land was divided into gradient zones in this transect in 2000 and 2010. Additionally, we qualitatively analyzed the arable gradient distribution and described the changes between 2000 and 2010. By analyzing the driving forces of the cultivated land change, we concluded that policy transformations were the predominant reasons for a decrease in the amount of cultivated land.

However, some points remain for study in the near future. First, the data processing method used in this study could be improved. As previously mentioned, TIMESAT is another good method for time series data construction and our next step is to compare it with the method we used here. Second, the distribution of the continuously cultivated land in the transect by year is also a future area of study that may yield more details about the changing trends in this trans-boundary area.
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