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Abstract: It is necessary to reconstruct past changes in land use and land cover to under-
stand the historical effects of humans on climate and the local environment. We collected
information from historical documents on the cropland area at the county level for Heilongji-
ang Province, northeast China during 1900-1910. The original records from different histori-
cal documents were calibrated with each other. We then defined an agricultural suitability
index quantified by the distance from settlements, the slope and complexity of the topography,
and the distance from rivers. Following the order of the agricultural suitability index from high
to low values, the documented areas of cropland at the county level were then allocated into 1
km x 1 km cells. The area of cropland in 2009 was then retrieved from Landsat ETM+ images
and compared with the areas of cropland during 1900-1910 to determine the human-induced
changes in land use and land cover. In this period, the total area of cropland was about
25,397 km? and this mainly occurred in the mid-southern part of Heilongjiang, in particular the
six counties of Hailun, Bayan, Wuchang, Hulan, Shuangcheng and Wangkui. In 2009, the
total area of cropland had increased to about 163,808 km? and had spread over the south-
western part to the central and northeastern parts of Heilongjiang. The area of cropland had
therefore increased by about 138,411 km? during the 20th century. The proportion of land
used as cropland increased from about 5.6% during 1900-1910 to about 36.2% in 2009,
indicating that about 30.6% of the natural land surface in Heilongjiang was replaced by
cropland. A total of about 44% (60,962 km?) of the cropland was converted from forest, mainly
on the western edge and in the northeastern part of the present-day agricultural area. These
areas of cropland reconstructed from historical records for the period 1900-1910 could be
used as a basic data set to study the effects of agricultural development on climate and the
local environment.
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1 Introduction

Agricultural development is the main human activity that modifies the land surface (Godfray
et al., 2010; Goldewijk et al., 2011). As a result of agricultural development, the naturally
occurring vegetation (e.g. woodlands, grasslands and swamps) is converted into cropland.
The surface energy balance and the partition of the net surface radiation between latent heat
and sensible heat are determined by the properties of the land surface and therefore changes
in land cover may have important implications for the climate (Houghton et al., 2012;
Mahmood et al., 2014). The global climate implications of changes in land cover are con-
troversial, however it is generally accepted that changes in land cover may regulate the cli-
mate at the local or regional level as important as CO, emissions from burning fossil fuels
(Forster et al., 2007; Findell et al., 2009). It is therefore valuable to study the local and re-
gional climatic effects of changes in land cover to help in understanding the dynamics of
climate change.

To improve our understanding of the climatic effects of changes in land cover, it is nec-
essary to reconstruct historical changes in land use. There have been a number of recon-
structions of historical changes in land cover (e.g. Goldewijk et al., 2011). Among these re-
constructions, two have been used extensively. One data set was released by the Center for
Sustainability and the Global Environment (SAGE), University of Wisconsin, USA (Ra-
mankutty and Foley, 1999, 2010). The SAGE data set was created using national level crop-
land areas from 1992 inventories to calibrate the satellite-based DISCover data set to give
spatially precise and accurate quantitative areas of cropland. Keeping the relative spatial
weights unchanged, the historical national level cropland area was then allocated into grid
cells (Ramankutty and Foley, 1999). A static spatial pattern during past centuries is unlikely
to be a reasonable model for northeast China because this region has undergone tremendous
development since the mid-19th century and the spatial weights of cropland in the past are
therefore much lower than at the present time (Ye et al., 2009; Li et al., 2010).

The other data set, the Historical Database of the Global Environment (HYDE) was re-
leased by the Institute of Public Health and Environment, Netherlands Environmental As-
sessment Agency (Goldewijk, 2001; Goldewijk et al., 2011). The latest HYDE data set (ver-
sion 3.1) was created by using the contemporary population and the per capita cropland area
for the period before 1960 to estimate the national cropland area; the national cropland area
was then allocated into 5'x5' (latitude/longitude) grid cells. The national cropland area was
allocated into grid cells using a mix of two weighting maps: (1) a current map, which was
retrieved from a satellite map for the year 2000 (Goldewijk and Drecht, 2006); and (2) a
historical map, constructed based on six rules by considering the effects on agricultural ac-
tivities of population density, temperature, the suitability of the land for crops, the distance
to water, the surface slope and city development (Goldewijk et al., 2011). Such a spatial al-
location might be more reasonable for historical times than the SAGE method. However, the
HYDE data set for northeast China still has large uncertainties because the national total
area of cropland was estimated using a static per capita cropland area the same as that in the
mid-20th century, rather than the essential cropland area (Li et al., 2010). There are also
some published reconstructions specific to northeast China. Ye et al. (2009) estimated the
area of cropland for each county with an interval of 50-100 years for the last 300 years us-
ing local historical documents. As a result of using local records and the experience of histo-
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rians to translate these historical records, this estimation has a lower uncertainty than previ-
ously published work. Li et al. (2010) allocated this reconstruction into a 1°x1° grid cell
using the area weighting method. However, such a spatial resolution is probably too coarse
for Heilongjiang Province.

The work reported here aimed to create a high-resolution data set for the area of cropland
in Heilongjiang during 1900-1910. We used local historical documents to estimate the area
of cropland at the county level and then allocated this cropland area into grid cells of 1 km x
1 km. By comparing the spatial distribution of cropland in this period with that in 2009, we
revealed the changes in land cover resulting from agricultural development during the 20th
century. This resulted in a high-quality data set for use in studying the effects of changes in
land cover on the regional environment and climate.

2 Data and methods

2.1 Study area
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Figure 1 Location of Heilongjiang Province and the dis-
tribution of counties

Counties: 1=Mohe, 2=Tahe, 3=Huma, 4=Nenjiang, 5=Heihe,
6=Sunwu, 7=Xunke, 8=Jiayin, 9=Wudalianchi, 10=Yichun,

2.2 Data sources 11=Nehe, 12=Keshan, 13=Bei’an, 14=Gannan, 15=Fuyuan,
16=Luobei, 17=Hegang, 18=Tongjiang, 19=Kedong, 20=Suiling,
2.2.1 Cropland data 21=Yi’an, 22=Fuyu, 23=Baiquan, 24=Qigihar, 25=Hailun,

26=Suibin, 27=Longjiang, 28=Fujin, 29=Qing’an, 30=Raohe,
31=Lindian, 32=Tieli, 33=Mingshui, 34=Tangyuan, 35=Hua-
chuan, 36=Suihua, 37=Wangkui, 38=Durbete, 39=Tailai,
40=Qinggang, 41=Jixian, 42=Daqging, 43=Anda, 44=Youyi,
45=Baoqging, 46=Jiamusi, 47=Shuangyashan, 48=Bayan,
49=Yilan, 50=Lanxi, 51=Huanan, 52=Tonghe, 53=Hulin,

The cropland area data were compiled
from local historical documents. For the
period 1900-1910, the cropland area

data were compiled from the Survey
Report of Manchurian Railway (LPA,
2008) and Local Gazette of Man-
chu-Mongolia (CSMR, 1923). The Sur-
vey Report of Manchurian Railway is

54=Mulan, 55=Zhaodong, 56=Hulan, 57=Boli, 58=Qitaihe,
59=Zhaozhou, 60=Fangzheng, 61=Binxian, 62=Acheng,
63=Zhaoyuan, 64=Linkou, 65=Harbin, 66=Mishan, 67=Yanshou,
68=Shuangcheng, 69=Jidong, 70=Hailin, 71=Shangzhi, 72=Jixi,
73=Wuchang, 74=Muling, 75=Dongning, 76=Mudanjiang,
77=Suifenhe, 78=Ning’an
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based on a field survey conducted by the Survey Department of the South Manchuria Rail-
way Company in the period 1909-1925. The third section of the fifth volume of this report
records the conditions of society, including the sub-provincial cropland area, for the 34th
year of Emperor Guangxu’s reign (1908). The Local Gazette of Manchu-Mongolia, which
was published in 1918, records the area’s natural resources, including the sub-provincial
cropland area of three provinces of northeast China during 1900-1910. The two sources
partly overlapped with one other and could therefore be compared.

2.2.2  Population and settlement data

This study used population data taken from the Local Gazette of Heilongjiang (Wan et al.,
1992) and the Local Gazette of Jilin Province (CCCJP, 1992) for the period 1900-1910. The
Local Gazette of Heilongjiang records the population of the 39 counties of Heilongjiang
from the 33rd year of Emperor Guangxu’s reign (1907) to the 7th year of the Republic of
China (1918). The Local Gazette of Jilin Province records the population of each county in
Jilin Province from the 10th year of Emperor Shunzhi’s reign (1653) to 1985, including the
time slice for 1910.

We also used historical distribution data for the settlements. For the period 1900-1910,
the spatial distribution of settlements in Heilongjiang was taken from the 8th volume of the
Atlas of Historical Geography (Tan, 1987); the spatial distribution of settlements in Jilin was
taken from Zeng et al. (2011).

2.2.3 Supporting geographical data

In addition to the cropland and population data, we also used supporting geographical data,
including a map of forests in Heilongjiang (Li, 1993), the spatial distribution of wetlands
and lakes in the 1950s, surface elevation data and present day rivers. The map of forests in
Heilongjiang shows the types of forest and their spatial distribution in 1896 and has a scale
of 1:300,000. The spatial distribution of wetlands and lakes in the 1950s was taken from a
map (1:300,000) of land use in northeastern China created by the Economics Section of the
Institute of Geography, Chinese Academy of Sciences (Sun, 1959). The surface elevation
data were taken from the Bureau of Survey and Geoinformation of Heilongjiang Province
and had a spatial resolution of 90 m. The distribution of rivers was taken from the National
Geomatics Center of China (2012).

2.3 Method for the spatial allocation of cropland during 1900-1910

To create a spatially precise cropland data set for the period 1900-1910, we estimated the
area of cropland in each county and then allocated the area of cropland to spatially precise
grid cells of 1 km x 1 km.

2.3.1 Estimation of cropland area at the county level

The historical documents generally record the cropland area at the county level. As the ad-
ministrative boundaries have significantly changed over the last century, it is necessary to
locate the historical records in the contemporary counties. Figure 2 shows the distribution of
counties during 1900-1910. There were 35 counties in total, 17 of which were governed by
Jilin in this period.

The area of cropland recorded in the historical documents used local traditional units — for
instance, the units of cropland area in the Survey of Manchurian Railway (LPA, 2008) and
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Local Gazette of Manchu-Mongolia
(CSMR, 1923) are Shang and Tiandi,
respectively. In this study, we used units
of square kilometers (km?). Table 1 gives
the conversion ratios between these tradi-
tional units and km?.

The areas of cropland for 20 counties
during 1900-1910 were derived directly
from the Survey Report of Manchurian
Railway (LPA, 2008). As these records
were derived from field surveys they
have a high level of confidence. The ar-
eas of cropland for 34 counties during
1900-1910 were derived with calibration
from the Local Gazette of Man-
chu-Mongolia (CS MR, 1923). The cali-
bration was performed by regressing the
area of cropland at the county level from
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Figure 2 Boundaries of counties in Heilongjiang Province
during 1900-1910

the Survey Report of Manchurian Railway (LPA, 2008) against that from the Local Gazette
of Manchu-Mongolia (CSMR, 1923). The calibration was carried out for both Heilongjiang
and Jilin provinces, for which there are 11 and seven samples, respectively (Figure 3a). We

Table 1 Conversion ratios among the area units
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Figure 3 Linear regression of cropland areas from Liaoning Provincial Archives (2008) against cropland areas
from Local Gazette of Manchu-Mongolia (Course on the Survey of Manchurian Railway, 1923) (a) and linear
regression of cropland areas against population in Heilongjiang Province during 1900-1910 (b)
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found that there was a strong correlation between these two reports, with common variances
of 75% in Jilin Province and 99% in Heilongjiang Province. In addition, there are two coun-
ties that were not recorded by either of these two documents. We estimated the area of crop-
land based on the population by regressing the area of cropland at the county level against
population (Figure 3b). The area of cropland was strongly correlated with the population
with a common variance of 84% in Heilongjiang.

2.3.2  Allocation of cropland area at the county level into grid cells

To determine the spatial distribution of cropland within one county, we quantified the agri-
cultural suitability of each 1 km x 1 km grid cell. We quantified the agricultural suitability
only within the potential area of cultivation, excluding the forests, wetlands, rivers, lakes
and mountains. We defined mountains as elevations higher than 200 m and slope greater
than 3°. Following the order of the agricultural suitability index from high to low, we
assigned the area of cropland cell by cell. The assignation continued until all the cropland
area had been allocated. The agricultural suitability index is quantified as in Eq. (1):

R=——— &)

- axa+bxf+cxy

where R is the agricultural suitability index and «, £ and y represent the human dimension
factor, the water resource factor and the topography complexity factor, respectively.

To determine a, b and ¢, we used the broadly accepted analytical hierarchy process me-
thod. The analytical hierarchy process is a useful method for complex decision-making (Xu,
2009). We used a decision scale of 2 and the initial comparison matrix is given in Eq. (2):

1 2 2
2 1 2 @)
2 12 1

The consistence ratio of Eq. (2) is 0.0518, which is <0.1 and thus implies that this matrix is
effective. Using this matrix, we estimated that a, b and ¢ were 0.490, 0.312 and 0.198,
respectively. As a consequence, Eq. (1) can be given as:

1

R= 3)
0.490x & +0.312x B +0.198x 7

2.3.3 Method of retrieving area of cropland in 2009

We retrieved the areas of cropland in 2009 at a spatial resolution of 1 km x 1 km with unsu-
pervised classification using Landsat images. According to the National Land Classification
(Trial) (MLR, PRC, 2001) and the land use practices of Heilongjiang, the types of land use
are classified into seven categories: cropland, forest, grassland, water, urban/building land,
unused land, and others. Following the Committee of Agriculture Divisions in China (1984),
the retrieved cropland area was verified through a field survey. Among the 400 field survey
points, 369 retrieved points were consistent with this field survey.

3 Results
3.1 Cropland area at the county level

Figure 4 shows the estimated fraction of cropland area and the per capita cropland area for
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each county of Heilongjiang during 1900-1910. The total area of arable land was about
25,397 km?, accounting for 5.61% of Heilongjiang in this period. Our estimation is similar
to that of Ye et al. (2009), who estimated that 5.4% of Heilongjiang was arable land during
1900-1910. This estimated fraction of cropland area at the county level has a spatial pattern
characterized by more cropland in the center of the province and less cropland in the sur-
rounding areas. Hailun, Lanxi, Hulan, Bayan and Shuangcheng counties had a fraction of
cropland area >25.9%, with a maximum of 53.8%. The area fraction of cropland decreased
from the central area to the eastern and western margins. In the surrounding areas, the frac-
tion of cropland area ranged between 0.7 and 5.2%, with a minimum of 0.7% in Nenjiang,
Heihe and Mishan counties.
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Figure 4 Cropland area fraction (a) and per capita cropland area (b) for each county in Heilongjiang Province

during 1900-1910

The mean per capita cropland area of
Heilongjiang during 1900-1910 was
about 0.9 hm?, which is close to the 0.8
hm? recorded by Xin et al. (1999). The
per capita cropland area was spatially
variable. In general, the per capita crop-
land area was high in the
mid-southwestern part, but low in the
southeastern and northwestern parts. The
maximum per capita cropland area was
about 8.2 hm? in Tangyuan County and
the minimum was about 0.1 hm? in
Zhaozhou County.

3.2 Spatial distribution of agricul-
tural suitability index

Figure 5 shows the spatial distribution of

54°N

51°N

48°N

45°N

1

123°E 126°E 129°E 132°E 35°E

I
in
o«
=
1
<+

Cultivation possibility _

| . High:738.4 —— River 3
e Settlements 0 240 km
Low:1.5 —» Migration routes =~ ——«—— |
120°E 123°E 126°E 129°E 132°E

Figure 5 Suitability of agricultural development at a cell
size of 1 kmx 1 km in Heilongjiang Province during 1900-1910
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the suitability of land for agricultural development at a cell size of 1 km x 1 km in Heilong-
jiang during 1900-1910. The agricultural suitability index had a linear distribution in
Heilongjiang in this time period and the spatial pattern was closely related to routes of im-
migration and settlement. Immigrants moved northwards along the state highway from
Liaoning Province to Jilin Province and finally settled in Heilongjiang during 1900-1910. In
Heilongjiang, immigration progressed along the line from Shuangcheng county to Hulan
county and then continued to Suihua, Hailun and Baiquan counties. Some migration oc-
curred along the Nenjiang River from Jilin city and Bodune to the western part of Heilong-
jiang. Migrants also moved northwards along the Mudanjiang River to the Sanjiang Plain,
Ussuri River Reach and Amur River Reach (Li and Shi, 1987). These routes correlate with
the regions with a high agricultural suitability index (Figure 5).

3.3 Reconstruction of cropland based on grid cells

Figure 6 shows the reconstructed spatially precise areas of cropland for the period
1900-1910. Agricultural development mostly occurred in the central and western parts of
Heilongjiang, particularly in the counties of Wangkui, Suihua, Bayan and Hulan. Other areas,
especially the northern and eastern parts of the study area, were much less developed.

Ye et al. (2009) have reported the spatial distribution of cropland at the county level based
on the present county boundaries. To compare our results with those of Ye et al. (2009), we
recalculated the fraction of cropland area
at the county level based on the present
counties using our reconstructed data.
Table 2 shows that our estimation was in
the same range of that of Ye et al. (2009)
for 65 counties (83.3% of the total num-
ber of counties). Our estimation dis-
agreed with that of Ye et al. (2009) for
only 13 counties. The maximum differ-
ence was seen in Wangkui county; in this
county our estimation was higher than
that of Ye et al. (2009) by 40%.

The HYDE and SAGE data sets pro-

T vide spatially precise global cropland
i kT data for the last 300 years. However, the
quality of the HYDE and SAGE data sets
is poor in northeast China (Li et al.,
Figure 6 Reconstruction of spatial distribution of crop- 2010). We therefore did not further com-
land during 1900-1910 at a cell size of 1 km x 1 km based pare the results of this study with the

on historical documents
HYDE and SAGE data sets.
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3.4 Spatial features of agricultural development during the 20th century

Figure 7a shows the changes in the area of cropland from the early 20th century to 2009.
The total area of cropland increased from about 25,397 km? during 1900-1910 to about
163,808 km? in the early 21st century. It is suggested that the area of cropland increased by
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Table 2 Modern county boundaries-based cropland area fraction during 1900-1910 from Ye et al. (2009) and
this study

County R1 R2 County R1 R2 County R1 R2
Wangkui 066 0.2-0.6 Ning’an 0.04 0-0.05 Fujin 0.00 0-0.05
Bayan 0.63 0.1-0.2 Acheng 0.03 0-0.05 Daging 0.00 0-0.05
Hailun 0.58  0.2-0.6 Mingshui 0.03 0-0.05 Lindian 0.00 0-0.05
Hulan 052 0.1-0.2 Zhaoyuan 0.03 0-0.05 Qitaihe 0.00 0-0.05
Suihua 049 0.2-0.6 Gannan 0.05 0.05-0.1 Dongning 0.00 0-0.05
Shuangcheng 046  0.1-0.2 Fangzheng 0.05 0.05-0.1 Waudalianchi 0.00 0-0.05
Lanxi 0.46  0.2-0.6 Nehe 0.03 0-0.05 Yichun 0.00  0-0.05
Binxian 0.31 0-0.05 Huachuan 0.02 0-0.05 Kedong 0.00 0-0.05
Mulan 026 0.2-0.6 Baoqing 0.02 0-0.05 Keshan 0.00  0-0.05
Harbin 0.26 0-0.05 Durbete 0.01 0-0.05 Youyi 0.00 0-0.05
Yanshou 020 0.1-0.2 Tangyuan 0.01 0-0.05 Shuangyashan  0.00  0-0.05
Wuchang 020 0.1-0.2 Huachuan 0.01 0-0.05 Huma 0.00 0-0.05
Qing’an 0.21 0.2-0.6 Sunwu 0.01 0-0.05 Jiayin 0.00 0-0.05
Suiling 0.20 0.2-0.6 Tongjiang 0.01 0-0.05 Tahe 0.00 0-0.05
Qinggang 0.15 0.1-0.2 Longjiang 0.01 0.05-0.1 Fuyuan 0.00  0-0.05
Yilan 0.13 0-0.05 Heihe 0.01 0-0.05 Mohe 0.00  0-0.05
Baiquan 0.12 0-0.05 Tailai 0.01 0-0.05 Muling 0.00 0-0.05
Shangzhi 011  0.1-0.2 Mudanjiang 0.00 0-0.05 Suibin 0.00 0-0.05
Jiamusi 0.11 0-0.05 Linkou 0.00 0-0.05 Suifenhe 0.00 0-0.05
Zhaodong 0.10 0-0.05 Mishan 0.00 0-0.05 Luobei 0.00 0-0.05
Fuyu 0.09 0.05-0.1 Hailin 0.00 0-0.05 Hulin 0.00  0-0.05
Bei’an 0.07 0.2-0.6 Nenjiang 0.00 0-0.05 Jixian 0.00 0-0.05
Qigihar 0.06 0.05-0.1 Yi’an 0.00 0-0.05 Raohe 0.00 0-0.05
Tieli 0.06 0.2-0.6 Xunke 0.00 0-0.05 Jidong 0.00 0-0.05
Anda 0.05 0-0.05 Zhaozhou 0.00 0-0.05 Jixi 0.00 0-0.05
Tonghe 0.04 0-0.05 Boli 0.00 0-0.05 Hegang 0.00 0-0.05

Note: R1 represents the cultivation rate in this study and R2 represents the cultivation rate of Ye et al. (2009).
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Figure 7 Area of cropland during 1900-1910 and in 2009 (based on Landsat ETM+ images) (a) and the spatial
distribution of forest in 1896 (Li, 1993) (b)
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about 5.5-fold in the 20th century. The increase in cropland area mainly occurred in the
western (Nehe, Keshan, Yi’an, Baiquan and Qinggang counties) and the eastern (Suibin,
Huachuan, Jixian and Youyi counties) parts of Heilongjiang.

By overlaying the cropland with the distribution of forest in 1896 (Figure 7b; Li, 1993), it
is estimated that about 60,962 km? of cropland were converted from woodland. This conver-
sion accounts for about 44% of the newly converted cropland area which mainly occurred in
the eastern part of Heilongjiang.

4 Conclusions

Using local historical documents, we studied the changes in land use and land cover result-
ing from agricultural development in Heilongjiang Province during the 20th century and
found that this province underwent tremendous agricultural development in this period. The
major conclusions are as follows.

(1) Agricultural development is characterized by a 5.5-fold increase in the total area of
cropland from about 25,397 km? in the early 20th century to about 163,808 km? in the early
21st century and a corresponding increase in the fraction of cropland area from 5.6% to
36.2%.

(2) There is large spatial variability in the area of cropland. Newly developed cropland
mostly occurred in the eastern and western parts of Heilongjiang, whereas the cropland in
the central part had already been developed by the period 1900-1910.

(3) In the eastern part of Heilongjiang, the newly developed cropland was mostly derived
from deforestation and this type of conversion accounted for about 44% of the total area of
new cropland.

5 Discussion

This spatially precise reconstruction of cropland was based on local historical documents
and estimation of the local suitability of land for agriculture by considering multiple factors.
This reconstruction not only confirms the estimations at the county level reported by Ye et al.
(2009), but also presents a high-resolution grid data set. This data set could be used as pri-
mary data to study the effects of human-induced changes in land cover on the land surface
heat and moisture flux and thus on the regional changes in climate over the last century.

Nevertheless, there are several relevant issues to be considered. The conversion of the
unit of area from the old units to square kilometers is a difficult issue in historical geography.
In this study, we used the conversion ratio reported by Ye et al. (2009); however, although
much historical evidence was used by Ye et al. (2009), more is needed to verify these con-
version ratios. In addition, the potential cultivation area was estimated by excluding forests,
wetlands, rivers, lakes and mountains. As these geographical features did not co-occur tem-
porally with the historical cropland, the estimated area of cultivation might have uncertain-
ties. It should also be noted that ‘2’ was used as the decision scale in the analytical hierarchy
process model. This value still required better verification.
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