o ey 4
<@ sustainability ﬂw\p\py

Article

Spatiotemporal Changes in Rural Settlement Land
and Rural Population in the Middle Basin of the
Heihe River, China

Manjiang Shi !, Yaowen Xie 1* and Qi Cao 2

1 College of Earth Environmental Science, Lanzhou University, Lanzhou 730000, China;

shimj111@163.com (M.S.)

College of Civil Engineering and Architecture, Southwest University of Science and Technology,
Mianyang 621010, China; cq1098890240@126.com (Q.C.)

*  Corresponding: xieyw@lzu.edu.cn; Tel.: +86-0931-8912-404

Academic Editor: David J. O’Brien
Received: 18 March 2016; Accepted: 28 June 2016; Published: 29 June 2016

Abstract: Understanding the relationship between the spatiotemporal expansion of rural settlement
land and the variation of rural population is the foundation of rational and specific planning for
sustainable development. Based on the integration of Landsat TM, ETM+, and OLI images and
demographic data, using mathematical models, landscape indexes, and a decoupling model, the
spatiotemporal changes of the rural settlement land area and its decoupling relationship with the rural
registered population were analyzed for the middle basin of the Heihe River in China. During the
period 1986-2014, the following changes occurred: (1) The study area experienced increases of
124.94%, 55.16%, and 1.56% in rural settlement land area, number of patches, and rural registered
population, respectively; (2) Edge-expansion, dispersion, and urban encroachment were the dominant
patterns of dynamic changes in the studied rural settlement land. Among these, edge-expansion
was the most prevalent development pattern; it contributed more than half of the total increase in
the number of patches and the total area growth; (3) The annual growth rate of the rural registered
population increased from 0.7% in 1986-2002 to —0.5% in 2002-2014. By that time the rural settlement
land area had undergone a gentle increase from 3.4% to 3.6%. Generally, the rural registered
population and rural settlement land has experienced a shift from weakly decoupled in 1986-2009 to
strongly decoupled in 2009-2014; (4) From 1986 to 2014, rural urbanization and modernization were
the main causes that led to the decline in the rural registered population; however, economic growth
promoted the expansion of rural settlement land during this same period. We believe that with the
rapid development of urbanization, the decoupling relationship between the rural settlement land
area and the reduction in the rural registered population cannot be completely reversed in the short
term. It is recommended that the government should enhance the role of planning rural settlement
land during the process of urbanization.

Keywords: rural settlement land; landscape change; rural registered population; decoupling; middle
basin of the Heihe River

1. Introduction

The policies enacted with the Chinese Economic Reform have led to rapid urbanization.
The accompanying socioeconomic transformation has resulted in a concomitant decrease in the
rural registered population (RRP) since 1996 [1,2]. Despite this decrease, as the main type of area in
which the rural population to lives and works, rural settlement land (RSL) has undergone continual
expansion. According to the National New Urbanization plan (2014-2020) of the State Council of
China, during 2000-2011, the RSL area increased by 20,300 km?, while the rural registered population
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(RRP) simultaneously decreased by 1.33 billion [3]. No coordinated development pattern for the
co-evaluation of population and settlement land in rural areas has appeared, which directly impacts
the extensiveness of rural land utilization [4]. As reported by the Xinhua news agency, there were
nearly 100 million acres (66,700 km?) of uninhabited RSL (more than 1/18 of the country’s cropland)
in China’s rural areas in 2014 [5]. Thus, the problem of detecting and understanding spatiotemporal
changes in RSL as well as the relationship between the RSL area and the RRP has attracted scientific
attention in recent years [1,6].

In this context, the term “rural settlement land” refers to villages, in other words, dwellings and
associated facilities, which usually include homesteads, room for livestock (e.g., pigsties, sheepfolds,
stables, and cowsheds), warehouses, farm machinery storage sheds, land for other infrastructure,
and land for public facilities as well as surrounding land, such as village roads and squares in rural
areas [1,4,7,8]. In China, RSL is the second most prevalent type of land use in rural areas after
cropland [9,10]. However, considering China’s enormous rural population and the scarcity of cropland
per capita, any rural land that is used for settlements is likely to come at the expense of cropland.
Therefore, RSL is recognized as a key threat to the region’s food security [11-13]. In addition, with rapid
urbanization and industrialization, many rural labourers have left the rural areas, attracted to jobs in
the cities either temporarily or seasonally. However, their permanent homes usually remain in rural
areas. Moreover, as their incomes rise, farmers have been actively building new houses and greatly
expanding RSL areas. The migration of the rural population to the cities has left many dwellings in the
inner village areas seasonally or permanently unoccupied. This process has been the cause of several
peculiar and unique changes in the relationship between the RSL and the RRP, and it also strongly
affects rural sustainable development [2,14]. In this context, an ability to quantitatively describe the
relationship between the RSL and the RRP is essential for understanding their changing relationship.

A particularly useful way to examine this relationship is by viewing it within the framework
of decoupling [15]. In the context of the variation relationship between the RRP and the RSL area,
coupling is defined as synchronous change, whereas decoupling is defined as desynchronous change.
For example, in the early phases of urbanization, the growth of the rural population led to the expansion
of rural settlements; consequently, the RRP and the RSL area exhibited a coupling relationship.
However, as urbanization has continued, the rural population has grown only sluggishly or has fallen.
At the same time, the RSL area has continued to expand, causing the relationship between the RRP
and the RSL area to become decoupled.

The study of the changes in RSL has a long history that has focused predominantly on the size,
pattern, and spatial distribution [6,12,16,17] of rural land consolidation [18-20] as well as sustainable
management [21,22]. Recent studies have highlighted the driving forces behind rural settlement
dynamics and have found that the distances to cities, roads, and water bodies as well as various
terrain features have led to changes in the spatiotemporal distribution of RSL [2,21-28]. However, little
attention has been paid to the relationship between the spatiotemporal variations of RSL and RRP
over an extended time scale. In fact, for a long time, it was generally believed that RSL expansion
was caused by rural population growth. In addition, although some research has been conducted
on the coupling relationship between RSL and the RRP [17], analysis of the driving factors has been
performed primarily at the national scale rather than at the watershed scale, especially in rural areas
with oases.

In China, although oases occupy only 4%-5% of the total area of arid China, more than 90% of
the population and 95% of the social wealth in these areas are concentrated within the oases [29,30].
To investigate the dynamic evolution pattern of the RSL area and its decoupling relationship with the
RRP in areas with oases, this article considers an oasis in the middle basin of the Heihe River as a study
area and reports the use of Landsat TM, ETM+, and OLI images and socioeconomic and demographic
data from the years 1986, 1996, 2002, 2009, and 2014 to analyse the process of the changing landscape
of RSL. A decoupling model was used to analyse the relationship between the RSL area and the RRP
and the driving factors of change from 1986 to 2104. Specifically, our objectives were to (i) detect and
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explore trends in the patterns of spatial change RSL using quantitative models and landscape indexes;
(i) reveal the decoupling relationship between RSL and the RRP; and (iii) discuss which factors drive
the changes in the RSL area and the RRP.

2. Study Area and Data Sources

2.1. Study Area

The study area is located in the middle basin of the Heihe River, Gansu Province, which lies in
the arid climate zone of Northwest China, between 98°57'-100°52'E and 38°32/-39°42'N. The study
area encompasses Ganzhou, Linze, and Gaotai and has a total area of 10,500 km? (Figure 1). The mean
annual precipitation in the area is 62-156 mm, and the annual evaporation is 1000-2000 mm. The Heihe
River is the only surface runoff. From south to north, the topographic features successively consist of
the piedmont alluvial fan, the corridor plain, and the Gobi desert. The oases are mainly distributed
within the corridor plain. They account for 26.07% of the entire study area and 38% of the oasis area of
the entire Heihe River basin. In 2014, RSL accounted for approximately 5.89% of the total oasis area
(according to the results of this paper), whereas the 2014 population in the study area was 791,800,
corresponding to approximately 42% of the total population of the Heihe River basin. The urban
population was 326,200 and the RRP was 465,600, thus accounting for approximately 61.43% of the
total population. Farmers’ net income per capita amounted to approximately $1341.00—considerably
higher than the average ($776.41) for Gansu Province [20].
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Figure 1. Location of the study area in the Heihe River Basin of Northwest China.

2.2. Data Sources

We acquired remote images from the USGS Landsat archive, and Landsat TM, ETM+, and OLI
(WRS path 133, row 033, and path 134, row 33) were the primary data sources. These images were
acquired from the years of 1986 to 2014 in five time steps (1986, 1996, 2002, 2009, and 2014; see Table 1).
The image data were selected from among relatively cloud-free scenes (cloud cover <10%) acquired
between June and September. For improved work efficiency and accuracy, we cropped the images at
the boundaries of the three studied counties. We also acquired a topographic map at the 1:50,000 scale
that was produced in 1989 from the Gansu Province Department of Land and Resources. Other map
data used in this study included high-resolution historical maps from 2002, 2009, and 2014 provided by
Google Earth. These topographic maps and high-definition images were used to verify and improve
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the accuracy of the Landsat images. Social and economic statistics from 1986 to 2014 were collected
from the Zhangye Bureau of Statistics.

Table 1. Dataset used for this paper.

Remo]t)eatsaensed Path/Row (éloovl;i Date Reference Data Year
e L O
e A
Landsat 7 ETM+ gij 82? g:;: 22000022//161//1131 Google Earth 52?; }fcac;\ezsl)red part of the
i AR BOUL a2
Landsat 8 OLI gi;ggg g:ﬁ 22%1144//76//165 Google Earth igjg;iizj;ed all of the
3. Methods

To explore the temporal and spatial distribution characteristics of RSL and its evolutionary
relationship with the rural population, we first needed to extracted the RSL date from the remotely
sensed data (in Section 3.1), and then, by applying GIS spatial analysis, using a kernel density analysis
model to reveal the trends of the RSL distribution in time and space (in Section 3.2), we used landscape
indexes to quantitatively describe the changes in area, shape, and proximity of the RSL (in Section 3.3).
However, these landscape indexes exhibit considerable spatial heterogeneity; therefore, to clearly
describe the differences, we used a buffer analysis method to draw landscape index curves from
high-density areas of the RSL distribution to remote mountainous areas (in Section 3.4). Finally, a
decoupling model was applied to reveal the relationship between the expansion of RSL and the change
in the RRP (in Section 3.5).

3.1. Rural Settlement Land Interpretation Method

We used an object-based classification method based on the ENVI 5.1 software (developed by the
visual information solutions exelis company, Boulder, CO, USA) to extract the information of RSL from
the Landsat images [27]. Before interpretation, geometric and FLAASH (Fast Line-of-sight Atmospheric
Analysis of Spectral Hypercubes) atmospheric correction were applied. The Root Mean Square Error
(RMSE) of geometric rectification was less than 0.5 pixels [27,30]. Because this research focused on the
spatiotemporal distribution of RSL, after image segmentation, the land use types was divided into
six classes: rural settlement, oasis (including cropland, forest, and grassland), urban built-up area,
water body, and road/desert [31-34]. For improved the accuracy, using the topographic map and the
high-resolution historical maps obtained from Google Earth as reference data, an artificially interactive
interpretation was implemented to revise the results. In addition, based on the RSL definition given
above, patches with an area of greater than 2700 m? that were selected as settlement layers were edited
and compiled into vector maps by means of attribute selection from the interpretation results (patches
with an area of less than 2700 m? may consist of 1-2 rural homesteads and some ancillary facilities,
but these were considered to have not yet reached the level of rural settlements). Finally, through a
random sampling method, a number of random points corresponding to 10% of the total number of
patches (approximately 400 patches) were acquired to verify the accuracy of the interpretation against
the high-resolution images provided by Google Earth for 2014. The verification indicated an overall
accuracy greater than 90%.

3.2. Detection Method for the Spatial Clustering of Rural Settlement Land

We used the Kernel Density Estimation (KDE) method to detect the spatial clustering trends of
RSL. KDE models have been used to represent and analyse the spatial trends of landscape features as
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well as their potential ecological interactions or their influences on the surrounding landscape [35].
Before the spatial clustering analysis, we transformed the polygons into points to act as input data for
the KDE model. Then, KDE was used to produce smoothed surfaces by applying a moving window
superimposed on a grid. The density of the studied variables was estimated at each window location
according to the kernel function shown in Equation (1):

1 n
O

)

where f(x, v) is the estimated density value at the position (x, y), the units are km?, 1 is the number of
RSL patches, 1 is a bandwidth or smoothing parameter, K is the kernel function, and d is the distance
from x to y.

3.3. Quantitative Methods of Studying Landscape Changes in Rural Settlement Land

A landscape pattern index is both a highly concentrated form of landscape pattern representation
and a simple quantitative index that reflects the structure and spatial allocation of a landscape [36].
For this study, we selected seven indexes represent the RSL landscape patterns in terms of area,
density, and shape (see Table 2). Then, we used Patch Analysis 5.0 software (Centre for Northern
Forest Ecosystem Research, Ontario Ministry of Natural Resources: Thunder Bay, ON, Canada)
(downloadable from http:/ /www.cnfer.on.ca/SEP/patchanalyst/Patch5_1_Install.htm), which is an
extension of ESRI’s ArcMap 10.2 (ESRI: Redlands, CA, USA) for calculation of the landscape indexes.

Table 2. The landscape indexes for RSL in the study.

Index Description
Number N = Z n;; where N is the total number of RSL patches and n; is the
ith patch
n
Unit: 10° m2. A = ) a;; where A is total RSL area and 4; is the area of ith
Total area i=1
RSL patch.
a;
Mean Patch size (MPS) Unit: m2. MPS = ’7 ; where MPS is mean RSL patch size and a; and n
have the same meanings given above.
2
Patch Size Standard 9 Z [ai— Sy ai/m) . wh . iation of th
Deviation (PSSD) Unit: m#. SD = f, where SD is standard deviation of the
RSL patch size and 4; and 7 is the same meanings given above.
” 2 4 — 4. ; ; )
Patch density (PD) Unit: 1/m* x 10*. PD = nl./A X .10 ; where PD is RSL patch density and n;
and A have the same meanings given above.
MSI = 0.25P/+/A; where P and A are the patch perimeter and patch area,
. respectively. With a square as the standard, if MSI = 1, then the RSL patch
M h, 1
ean Shaper index (MSI) shape is close to being square or circular (MSI = 0.88), if MSI > 1, then the
RSL patch shape is close to oval or rectangular.
Euclidian mean nearest neighbor Unit: m. MNN = # ; where I; is distance from patch i to nearest
distance (MNN) neighboring patch of the same class, based on patch edge-to-edge distance.

3.4. Detection Method for the Spatial Heterogeneity of Rural Settlement Land

To explore the characteristics of the expansion of RSL, we chose the patch density (PD), mean
shape index (MSI), and Euclidean nearest-neighbour (MNN) indexes from Table 2. These indexes
can represent the basic changes in the RSL landscape characteristics of area, shape, and proximity.
Then, we applied ring-based analysis [37] to reveal the characteristics of RSL landscape variations
from the city centres outwards. Before performing the ring-based analysis, we chose the centre points
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of Zhangye, Linze, and Gaotai as the starting points for the analysis and created 2-km buffers in an
increasing stepwise manner. Each city was partitioned into a series of 2-km rings extending outward
from the center, except for a few townships that were separate from the main RSL.

3.5. Methods of Decoupling Analysis of the Relationship between the Rural Settlement Land Area and the Rural
Registered Population

To assess the relationship between the RSL and RRP, we used Tapio’s model [1,15], which can be
expressed in terms of elasticity values as shown in Equation (2):
RSLni1—RSLn
Bnt1 = ﬁ )
RRP,

In Equation (2), RSL;1 and RSL;, are the RSL areas in year n + 1 and year n, respectively, and
RRPy 1 and RRP;, are the RRP numbers for year n + 1 and year n, respectively.

According to Tapio’s model, eight logical possibilities can be distinguished, any of which might
potentially describe the decoupling states between the RSL area and the RRP (Figure 2). The growth
rate of the RSL area and the change in the RRP can exhibit a coupling, decoupling, or negative
decoupling relationship. Decoupling can be further divided into three subcategories. In the first
subcategory, weak decoupling, the RSL area and the RRP both increase (and 0 < 3 < 0.8). The second
subcategory, strong decoupling, occurs when the RRP grows while the RSL area decreases (and 3 < 0).
Finally, the third subcategory, recessive decoupling, occurs when the RRP and the RSL area both
decrease (and 3 > 1.2). Similarly, negative decoupling includes three subcategories. In expansive
negative decoupling, the RRP and RSLA both increase (and {3 > 1.2); in strong negative decoupling,
the RRP decreases and RSL increases (and 3 < 0); and in weak negative decoupling, both variables are
decreasing (and 0 < 3 < 0.8). To avoid overinterpreting slight changes as significant, a +20% variation
of the elasticity values near 1.0 is here still regarded as coupling for this study. Thus, coupling is
defined as the elasticity values where 0.8 < 3 <1.2.

ARSL>0

Expansive negative
decoupling (END)
ARSL/ARRP >1.2;

Expansive coupling
(EC)
ARSL/ARRP=0.8~1.2;

Strong negative decoupling(SND)
ARSL/ARRP <<0.0:

Weak decoupling (WD)

Strong decoupling (SD)
ARSL/ARRP<20.0;

Recessive coupling Recessive
RO) decoupling(RD)
ARSL/ARRP=0.8~1.2; ARSL/ARRP>1.2

ARSL<0

Figure 2. The decoupling model between rural settlement land (RSL) area and the rural registered
population (RRP).
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4. Results

4.1. The Patterns of Dynamic Change in Rural Settlement Land

From 1986 to 2014, the majority of the RSL was located in the corridor plain area, approximately
centred on the three cities. The remaining RSL patches were predominantly located near the rivers (the
main branches of the Heihe, Liyuan, and Bailiang Rivers) and major roads, with a smaller portion on
the piedmont alluvial fan of the southern and western region of the study area (Figure 3).
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Figure 3. The patterns of dynamic change in the RSL distribution from 1986 to 2014.

Using the spatial join tool of ArcGIS, three patterns of change—edge expansion, dispersion, and
urban encroachment—were identified. These led to the dynamic changes in the RSL distribution shown
in Figure 4. From 1986 to 2014, as summarized in Table 3, the edge expansion pattern contributed
2061 (56.90%) of the RSL patches and 90.65 km? (55.76%) of the total RSL area. The dispersion pattern
led to increases of 1635 (43.04%) and 68.50 km? (44.24%) of the RSL patches and the total RSL area,
respectively. Finally, urban sprawl encroached on 290 (5.33%) of the RSL patches and 8.48 km? (7.85%)
of the total RSL area.

600 ~ 25 . -
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Figure 4. The curves of the annual changes in the (a) number and (b) area of RSL patches under
different dynamic patterns from 1986 to 2014.
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Table 3. The summary of the number and area variations of the RSL caused by three patterns of
dynamic change in the RSL distribution from 1986 to 2014.

Dynamic Pattern Number  Annual Percentage/%  Area/km? Annual/km?  Percentage/%
Dispersion 1635 125 44.24 68.50 3.70 43.04
Edge-expansion 2061 375 55.76 90.65 12.95 56.96
Urban encroachment 290 10 7.85 8.48 0.29 5.33

In addition, Figure 4 presents the curves of the annual changes in the number (Figure 4a) and area
(Figure 4b) of RSL patches for the three different modes of change. The pattern of dispersion shows a
shift in trend circa 2002 in both the number and area of RSL patches. As Figure 4 shows, before 2002,
the annual rates of change in number and area associated with the dispersion pattern were rising,
whereas they showed a downward trend after 2002. By contrast, the edge expansion pattern showed
a continuously increasing trend, with some fluctuations, during the four periods from 1986 to 2014.
Because the proportion of urban encroachment was small, the corresponding average annual rate of
change was not significant in any study period.

4.2. The Clustering Trend of Rural Settlement Land

As shown in Figure 5, the RSL patches were clustered close to the urban region of Zhangye in
1986 but expanded to the peripheral regions of the urban areas and along both sides of the rivers
and roads from 1996 to 2004. Ultimately, all of the RSL patches had clustered, forming four clustered
districts: Zhangye, Linze, Gaotai, and near both sides of the Heihe and Bailiang Rivers. The RSL
density showed a significant decrease from the surroundings of the cities to remote villages, gradually
forming a hollow in 2014, as observed in Figure 5. In general, RSL initially developed near urban areas
and along the rivers and, then extended to peripheral regions and along the main roads.

KED Value (per/km?)
[TJoo~os
[Jor~12
B 13-
[ BEREF
| EERED)
| BN
| [EEREE

0 25 50 km

Figure 5. The spatial clustering trends of RSL from 1986 to 2014.

4.3. The Landscape Change of Rural Settlement Land

4.3.1. Overall Change Characteristics

As shown in Table 4, the RSL landscape indexes in the study area showed significant changes
from 1986 to 2014. In particular, the patch area increased considerably, the total area and the patch
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size standard deviation (PSSD) increased by 122.03%, and 225.15%, respectively. The total number
of patches (N), the mean patch size (MPS) and the MSI increased by 55.16%, 52.81%, and 19.49%,
respectively. Meanwhile, the PD and MNN indexes decreased by 33.33% and 32.32%, respectively.

Table 4. Values of the landscape indexes for RSL from 1986 to 2014.

Year 1986 1996 2002 2009 2014
Number 2382 3023 3397 3601 3696
Total area/10° m? 71.68 90.10 111.08 137.46 159.15
MPS/m? 27,682.27 28,205.76 31,209.82 38,040.39 42,300.04
PSSD/m? 22,331.96 27,256.16 37,372.71 54,719.27 72,613.34
PD/1/m? x 10% 0.36 0.34 0.31 0.26 0.24
MSI 1.18 1.23 1.29 1.38 141
MNN/m 263 234 212 184 178

Because of the differences in the RSL expansion patterns among different periods, the changes
in patch area and number were asynchronous from 1986 to 2014. As Table 4 shows, the total area
increased by 122.03%, whereas the number of patches increased by only 55.16%. In addition, the PSSD
and MPS also significantly increased, as mentioned above; however, the PD decreased from 0.36 to
0.24 from 1986 to 2014. Thus, these observations indicate that the edge expansion mode was the main
driver of the increase in the RSL area during 1986-2014.

Additionally, the decrease in the PD also reflects that the fragmentation of the RSL gradually
decreased from 1986 to 2014. The MSI increased from 1.18 to 1.41 between 1986 and 2014, indicating
a shift in the RSL patch shape towards long, rectangular bands. The MNN decreased from 263 m to
178 m, revealing that the edge-to-edge distances between RSL patches were becoming shorter; in other
words, the RSL distribution in the study area was becoming more clustered.

4.3.2. Spatial Heterogeneity from the Urban Central Outward

Using the method described in Section 3.4, we established the concentric circular partitions shown
in Figure 6, and then selected the RSL distributions in 1986, 2002 and 2014 for the calculation of the
PD, MSI and MNN indexes for different concentric ring partitions. Overall, the ring-based analysis
revealed the greatest differences in the RSL landscape indexes moving from the city centers outwards.
In the upper part of Figure 7, the PD shows an obvious declining trend with increasing distance
between the concentric circles and the urban centre of the three major cities at the three time points.
Among the three cities, the PD of Zhangye decreased most sharply in the 2-6 km range because
Zhangye is the largest city in the region and urban sprawl encroached upon some of the RSL patches.
Furthermore, the PD series presented in Figure 7 shows that in the range between 6-16 km, the spatial
influence of Zhangye over the RSL was higher than that of Linze or Gaotai.

The middle part of Figure 7 shows that the MSI increased slightly in all three regions from 1986 to
2014. Specifically, the MSI of Gaotai showed an obvious shift in the 1422 km range. This occurred
primarily because the shape of the RSL patches is more complex than those of patches of other land
types in this range; for example, the most obvious patches around Luotuocheng are long, rectangular
bands of RSL (Figure 3a). In addition, the MSI of Linze exhibited more complexity than those of
Zhangye and Gaotai in the 2-14 km range in 2014, whereas the MSI of Gaotai was more complex in the
12-30 km range.

As shown in the bottom part of Figure 7, the MNN decreased smoothly in all three regions during
1986-2014. Taking the 2014 MNN presented values in Figure 7 as an example, the maximum was
189.65 m for Zhangye, whereas the corresponding values were 172.39 m and 132.05 m for Linze and
Gaotai, respectively.
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4.4. Spatiotemporal Decoupling between the Rural Settlement Land Area and the Rural Registered Population

From 1986 to 2014, as shown in Figure 8, the total RSL area experienced continual growth.
By contrast, the RRP trend underwent a radical change starting circa 2001. During 19862014, the
total RSL area increased by 122.5%, whereas the RRP increased by 9.1% before 2001, but decreased
by 6.9% after 2001. Consequently, the per capita RRP of the RSL decreased from 159.78 m? in 1986 to
147.52 m? in 1996 and, subsequently, increased dramatically from 182.78 m? in 2002 to 277.86 m? in
2014. During 1986-2002, the annual growth rates of the RRP and the RSL area were 0.7% and 3.4%,
respectively, whereas the annual growth rates of the RRP and the RSL area were —0.5% and 3.6%,
respectively, from 2002 to 2014. In contrast to the synchronous growth of the RSL and the RRP during
1986-1996, there was negative growth in the RRP from 2002 to 2014 (Figure 8).
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Figure 8. The changes in the RSL area and the RRP from 1986 to 2014.

Therefore, the relationship between the RRP and the RSL area was weakly decoupled with an
elasticity of 1.9 during 1986-1996, whereas it was strongly decoupled with an elasticity of 6.3 from 1996
to 2002. Moreover, a negative decoupling has been observed since 2002, with an elasticity of —5.9 from
2002 to 2009 and —31.2 from 2009 to 2014.

Based on the changes of elasticity of the RSL area and the RRP, as shown in Figure 9, most
townships (91% of all 34 townships in the study area; see Figure 8) were in states of expansive
coupling (EC), expansive negative decoupling (END), or weak decoupling (WD) during 1986-1996.
However, starting at the beginning of 1996, the elastic coefficient (3) of the relationship between the
RRP and the RSL area decreased from 6.3 (1996-2002) to —31.2 (2009-2014). The number of townships
in the EC state decreased dramatically, whereas the number of townships in the SND state (e.g., Heli,
Liaoquan, Nijiaying, and Jiantan) significantly increased. According to the elastic coefficients, the
prevalence of SND increased from 6% (1986-1996) to 32% (2002-2009) and then to 44% (2009-2014).
During the same periods, the prevalence of EC diminished from 53% (1986-1996) to 12% (2002-2009),
and, ultimately, to 3% (2009-2014). The townships where these changes were most significant were
mainly those closest to the urban areas: Changan, Liangjiadun, Shangqin, and Daman near Zhangye;
Shahe, Shajin, and Yanuan near Linze; and Zhengyuan and Xuahua near Gaotai City.

In addition, recessive coupling (RC), recessive decoupling (RD) and weak negative decoupling
(WND) showed slight growth from 1996 to 2014, as seen in Figure 9. For example, during 2009-2014,
Hongyazi township, which is farthest away from the Gaotai, entered the RC state; Anyang, Liaoquan,
Wujiang, and Xiangdao entered the RD state, and Heli entered the WND state during 2009-2014.
These findings indicate that both the RSL area and the RRP exhibited decreasing trends in these
townships during 2009-2014.
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Overall, from 1986 to 2014, the relationship between the RSL area and the RRP experienced a shift
from WD to SND, particularly in the main townships around the cities and along the rivers and roads.
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Figure 9. States of decoupling between the RSL area and the RRP during 1986-2014.

5. Discussion

5.1. Spatiotemporal Variations in Rural Settlement Land Expansion

This study reveals that both the RSL area and RRP experienced significant and complex changes
during the period 1986-2014. Over the past 28 years, the RSL area has continuously expanded, whereas
the RRP initially increased and subsequently decreased. This result is similar to the research results
obtained for Beijing [38]; however, the reasons for the growth in RSL area varied from 1986 to 2014, as
indicated by the different patterns of change in the RSL. In this study, dispersion was the dominant
pattern of RSL area growth before 2001, but after 2001, the pattern of edge expansion gradually
became the dominant pattern of RSL area growth. Moreover, the RSL patches tended to be simple and
regular, and the degrees of dispersion and RSL fragmentation decreased over time. Meanwhile, the
edge-to-edge distance decreased significantly over time as the spatial RSL distribution became more

concentrated in the study area.

Several authors have revealed the characteristics of dynamic change in RSL at the national [32],
provincial [12,39], and county [27] levels, and even at smaller scales [25]. By considering patterns of
dynamic change in three dimensions, this study analysed the spatial clustering trends and landscape
changes of RSL from 1986 to 2014, thereby providing more detailed information and showing that
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the observed spatiotemporal variations in RSL expansion arose for the following reasons: At the
considered time scale, the pattern of edge expansion was the major driver of the increase in the
total RSL area. Moreover, the strength of the edge expansion pattern increased from 1986 to 2014.
Meanwhile, the dispersion pattern was the second greatest contributor to the increase in the total RSL
area, but its influence decreased year by year. At the considered spatial scale, the spatial heterogeneity
of the RSL is mainly reflected in the observed spatial clustering and the changes in the landscape
indexes from the city centres outwards.

5.2. The Influence of Urbanization on Rural Settlement Land and the Rural Registered Population

Given the points discussed above, it can be noticed that with the rapid development of the region,
the relationship between RSL and RRP is closely associated with social and economic development, i.e.,
rates of urbanization as well as economic growth. Unfortunately, due to the limitations of accessing data
at the village or township scale, four indices (Figure 10) representing different dimensions of regional
development were selected to analyze the influence on RSL and RRP. Among these indices, GDP and
farmers’ net income per capita (Figure 10a) represented regional economic development, while the
total power of agricultural machinery and the urbanization rate represented regional agricultural
modernization and urbanization (Figure 10b).
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Figure 10. The changes in (a) economic factors; (b) rural modernization and urbanization, and (c) RSL
area in the study area during 1986-2014.
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On the whole, the trends of growth in the regional economy, agricultural modernization, and
urbanization are consistent with the RSL expansion trend. Economic growth is one of the main
drivers of the expansion of both urban and rural construction land [14,26,40]. As their incomes
rise, farmers have been actively building new houses, thereby greatly expanding areas of RSL.
Consequently, housing consumption has ranked second in the total consumption of rural residents
in China for a long time. In our study area, housing consumption has accounted for more than 16%
of the total consumption since 1986 [41—43]. From 1986 to 2014, farmers’ per capita net income rose
from 527 to 9854 yuan; the annual growth rate was approximately 13.14%, which is far greater than
the annual RSL area growth rate of 4.36%. At the same time, the GDP increased from 534 billion to
23,979 billion yuan; its average annual growth rate was approximately 16%, although that rate has
slightly reduced (to between 12% and 7%) in recent years (Figure 10). Therefore, economic development
may be one the primary reasons for the expansion of RSL in the study area.

The combination of urbanization and the increased use of agricultural machinery tend to result in
the transfer of rural labour to cities. The total power of agricultural machinery (TPAM) has become an
important tool for measuring regional innovation in agricultural science and technology [44-46]. As the
TPAM grows, rural labourers are increasingly displaced, eventually becoming migrant workers in cities.
To a certain extent, the modernization of agriculture has reduced the number of agricultural employees.
Similarly, the process of urbanization has resulted in a dwindling farming population. For example,
during 2009-2014, the RRP decreased by 0.22%, while the RSL area increased by 3.16%. This change
induced a strong negative decoupling between RSL and RRP. Therefore, although economic growth
has promoted the expansion of RSL, urbanization and the increased use of agricultural machinery
have reduced the RRP. As society has developed, these driving factors together have strengthened the
decoupling relationship between the RRP and the RSL area.

However, we should recognize that driving factors are very complex interactive processes. In fact,
because of the interactive influences of the various natural conditions and human activities involved
and the limitations of the data available in our study area, it was difficult to compile a complete list all
of factors that have influenced the changes in the RSL area and the RRP during the different periods
and at different locations. In addition, the decoupling model used in this paper is merely a simple
quantitative model. In future research, it may prove more appropriate to use survey data to analyse the
various driving factors and mechanisms affecting the relationship between the RSL area and the RRP.

5.3. Policy and Planning Implications

Since the enactment of the policies of the Chinese Economic Reform, research and planning
for rural areas have been given less attention compared with urban research [6]. Our study found
that the land area per capita in RSL regions increased from 125.57 m? in 1986 to 258.89 m? in 2014.
This considerably exceeded the 150 m? standard promoted by the Chinese government [47]. In addition,
we found that the pattern of dispersion of RSL has been on the wane in recent years, whereas the
edge expansion pattern has gradually become the main driver of growth in the RSL area. Thus, it
is imperative to control area growth by imposing strict limits on the boundary expansions of rural
settlements. For example, the traditional one-floor house with one courtyard has long been prevalent
in China because of its low building costs, but building multi-floor rural houses would be an effective
way to ameliorate this problem. Furthermore, some scholars have recognized that rural land could
improve the distribution of RSL in China [48].

6. Conclusions

This study showed that the relationship between the growth in land rural settlement and the
rural population in the middle basin of the Heihe River in China over a long-term period was
not synchronous. The results of the study provide valuable information for officials, planners, and
developers who must make decisions regarding the potential effects of the settlement and development
of oasis land related issues of development and ecological safety.
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In this study, we found that RSL expansion initially occurred close to urban centres, water bodies,
and roads and then extended to peripheral regions. Some of the RSL around the urban fringes was
eroded by urban sprawl during the study period. Regarding the spatiotemporal expansion of RSL,
the pattern of edge expansion accounted for the most significant growth in the total area, the number
of patches, and the annual rate of increase; the dispersion pattern was the second most important
factor in the expansion in RSL, but the associated annual rate of increase decreased year by year.
The shape of the RSL patches tended to be simple and regular, and their spatial distribution became
more concentrated over time.

This study is the first to investigate the characteristics of the spatiotemporal variation of RSL
landscape indexes (density, shape, and proximity) from urban centres outwards. Various marked
differences in landscape changes at the spatial and temporal levels have had a profound influence on
the landscape patterns of rural settlement, as reflected by the observed changes in the patch areas,
shapes, and concentrations of RSL. The trends of RSL area growth and changes in the RRP were
roughly synchronous in the earliest years considered in this study, but they diverged as the RRP began
to decrease. Consequently, the relationship between the RSL and the RRP experienced a shift from
being slightly coupled to being strongly decoupled between 1986 and 2014.

As urbanization, agricultural mechanization, and rural infrastructure construction have
accelerated, an increasing number of farmers have migrated from rural to urban areas, especially rural
residents of working age, leaving behind communities of elderly people and children and thus forming
what are called “empty villages” or “hollowed villages” [2,49]. Moreover, as rural infrastructure
further increases, rural construction land—including RSL—will continue to expand. Thus, the trend of
decoupling between the RSL and the RRP is expected to persist the short term. Therefore, it will be
particularly important to perform scientific and rational planning and to make management decisions
based on a thorough understanding of the laws governing the dynamic changes in RSL and the RRP.
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