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Abstract: Farmland landscape fragmentation is an important problem affecting the agricultural
modernization process in China. However, farmland landscape fragmentation leads to land being
wasted and increases management costs, particularly in the dryland’s oasis regions. Therefore,
investigating the impact of farmland landscape fragmentation on agricultural irrigation is of great
significance in developing oasis agriculture. This paper used the landscape quantitative index
(DIVISION), the moving window method, and gradient analysis methods to study the temporal and
spatial pattern changes in farmland fragmentation in the Hotan Oasis. Additionally, the impact of
fragmentation on irrigation in the oasis was elaborated upon by exploring the relationship between
evapotranspiration and its components in farmland fragmentation. The results showed that the
farmland area of the Hotan Oasis increased from 1546.19 km? in 2000 to 2068.23 km? in 2020, and
farmland landscape fragmentation increased with the expansion of the Hotan Oasis. In addition, a
significant relationship between farmland fragmentation and evapotranspiration and its components
was evident. A lower DIVISION value corresponded to a higher ET value, a lower ETs/ETc ratio,
and a higher water use efficiency. When the total farmland area is assumed to remain unchanged, the
irrigation water consumption is reduced by 4.82 x 108 m3 according to the size and proportion of
arable land with the lowest degree of fragmentation (L1, division value of 0.46). In addition, with the
increase in the proportion of farmland, the scale of oasis decreases by 2431.56 km? for the reduction
in field roads, shelterbelt, and bare land. These findings suggest that solving the problem of farmland
fragmentation can effectively reduce irrigation water consumption, realize the internal expansion of

the oasis through intensive land use, and relieve the pressure of the external expansion of the oasis.

Keywords: oasis; farmland fragmentation; evapotranspiration; agricultural irrigation; intensive
land use

1. Introduction

Farmland fragmentation is the division of agricultural land into multiple independent
production plots with different shapes and sizes [1]. Farmland fragmentation is one of
the main problems in agriculture in developing countries [2]. The implementation of
intensive land utilization, agricultural mechanization, and rural development is a major
challenge for farmland fragmentation [3]. Farmland fragmentation is the consequence
of complex interactions between multiple driving forces, including ecological forces [4],
economic and population growth [5], landscape protection [6], urbanization [7], transport
infrastructures [8], and climate change [9]. This smaller and more isolated division mode
will have a negative impact on the production efficiency, production technology efficiency,
and scale efficiency [10,11]. Farmland fragmentation also contributes to higher agricultural
land use heterogeneity [12] and diversity [13].
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Irrigated agriculture is fundamental to addressing current and future dietary needs [14],
because it provides 40% of the global food production using only 20% of the global agricul-
tural land [15]. Therefore, the efficient utilization of water resources is of great significance
to the sustainable development of irrigated agriculture, especially in arid areas. Previous
studies frequently analyzed the relationship between the ownership of plots, the size and
number of plots [16], the distance between plots, and the spatial distribution of plots from a
socioeconomic perspective [17,18]. These studies suggest that farmland fragmentation may
affect the utilization efficiency of irrigation agricultural water resources through transporta-
tion distance. For example, in the study of the land fragmentation index for drip-irrigated
field systems in the Mediterranean, Heider et al. (2018) [15] showed that the high dispersion
of land increases the irrigation cost of the drip irrigation system.

In addition, the study of evapotranspiration (ET) and its components is important to ex-
plain regional crop water demand and crop water consumption for the better management
of agricultural water resources [19]. For example, Li et al. (2021) [20] found that the propor-
tion of cultivated land area has a significant negative correlation with the evapotranspira-
tion of reference crops. At the same time, the research results of Numata et al. (2021) [21]
and others showed that a fragmented forest landscape with high boundary density might
reduce forest ET. This could be attributed to the availability of less soil water at the edges
of forests, and the reduction in vegetation transpiration offsets soil evaporation, espe-
cially under drought stress. In this context, characterizing the relationship between farm-
land fragmentation and agricultural irrigation water consumption has become critical
in evaluating fragmentation’s comprehensive effect and formulating subsequent land
management policies.

The recent empirical and theoretical literature has shown the various spatial statistics
and methods used to study farmland landscape fragmentation. Since it is challenging to
quantify land fragmentation, most studies use the number of plots owned by farmers or
their average size to measure fragmentation. Sometimes, they combine relevant information
to construct comprehensive indicators to reflect fragmentation, such as the Januszewski
index or the Simpson index [22]. However, these indicators ignore key spatial variables,
such as the spatial isolation and parcel shape of farmland, which are difficult to apply
for the study of regional fragmentation at a larger spatial scale. Thus, some scholars use
landscape indicators for the quantification and evaluation of cultivated land fragmentation
at the regional level, such as edge density (ED), patch density (PD), division (D), etc. [12].

Oases are fertile pieces of land in the context of the desert environment in arid re-
gions and are supported by artificial or natural rivers. Oases support human settlements
mainly because of their fertile land, groundwater availability, and surface runoff from
neighboring mountains [23]. Irrigated agriculture is the main pillar of the oasis economy,
and the improvement of its structure and function is of great significance to the sustainable
development of oases [24,25]. However, the structure of oasis landscapes is gradually
becoming complex due to climate change, showing various fragmentation trends [26].
Under arid climates, landscape fragmentation significantly impacts ET in oasis regions [27].
Therefore, more studies are needed to better monitor the quality and evolution trend of
oasis landscapes. They could provide a reference for the scale of oasis expansion, land
use/land cover change (LUCC), and the sustainable development of agriculture in arid
areas with the efficient utilization of water resources. Over the past few years, several
studies have analyzed the relationship between landscape fragmentation and evapotran-
spiration. However, few studies have revealed the relationship between oasis farmland
fragmentation and crop evapotranspiration.

The Hotan Oasis is a typical oasis in an arid area, mainly due to its irrigated agriculture
with complete landscape structure and function, like other oases that are located in arid
areas. In view of the far-reaching impact of landscape fragmentation on oasis agriculture,
this paper aims to quantify the fragmentation of arable land in the Hotan Oasis through
the landscape index division. A combination of the moving window method and the
gradient analysis method was used to describe the spatial and temporal pattern changes in
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the fragmentation of arable land in the Hotan Oasis from 2000 to 2020. On this basis, the
response relationship between evapotranspiration and its components in the fragmentation
of arable land has been explored to provide a scientific basis for improving the utilization
of water resources in oasis irrigated agriculture and optimizing the spatial structure of
arable land in arid areas.

2. Materials and Methods
2.1. Overview of the Study Area

The Hotan Oasis is located in Nanyuan, Tarim Basin. It is the largest oasis on the
north slope of Kunlun Mountain, including Hotan City and Hotan, Moyu, and Luopu
counties (Figure 1) [27,28]. The oasis is dry with little rain, strong evaporation, and windy
sand. It has a continental, warm, temperate, and dry desert climate. The annual average
temperature is 13 °C, the annual precipitation is less than 50 mm, the annual evaporation
is 2746.30 mm, the vegetation coverage is low, and the ecosystem is relatively fragile [29].
The Yulong kashgar River and Kara kashgar River supply surface water for the formation
and evolution of the oasis. The canal system is developed, forming a typical artificial oasis
landscape [30]. At present, due to the large-scale development and utilization of water and
soil resources in the basin, the groundwater level in the downstream area has decreased
and the ecological environment is a deteriorating [31]. The oasis area is dominated by
irrigated agriculture, with a total area of 5176.99 km? and a cultivated land area of about
2068.23 km? (Table 1). In addition to the water absorbed by crop roots, the rest of the
agricultural water is consumed by field soil evaporation. Most of the water consumed by
the oasis is dissipated by evapotranspiration, and the annual average water consumption
is about 1.76 x 108 m3 [32]. Therefore, the optimal allocation of land and the appropriate
estimation of the actual evapotranspiration are of great significance in regulating the actual
evapotranspiration and allocation of water resources in the oasis.
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Figure 1. Overview of the study area.

Table 1. Transfer matrix of land use/cover area in Hotan Oasis from 2000 to 2020 (unit: km?).

2000
2020 Forest Land Grassland Farmland Others Water Total Reduce

Forest land
Grassland

541 0.18 68.62 75.14 2.00 151.35 145.94
59.14 3.76 422.18 459.97 10.86 955.91 952.15
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Table 1. Cont.

2000
2020 Forest Land Grassland Farmland Others Water Total Reduce

Farmland
Others
Water
Total
Increase

20.47 0.31 1017.72 505.91 1.77 1546.19 528.47
47.53 1.86 514.11 1745.79 29.22 2338.51 592.72
7.35 0.25 45.60 87.30 44.52 185.02 140.5
139.91 6.36 2068.23 2874.11 88.38 5176.99 —
134.5 2.6 1050.51 1128.32 43.86 — —

2.2. Data Sources

In this study, Landsat TM remote sensing images in 2000 (resolution 30 m) and the
ESA World Cover data in 2020 (resolution 10 m, resampling 30 m) were used as the basic
data with ArcGIS 10.4. The software completed the geometric correction and resampling.
According to the ESA land use classification standard, combined with the research content
and the characteristics of the Hotan Oasis, the land use/cover types were divided into five
categories: forest, grassland, farmland, others, and water. The NDVI and EVI data used to
calculate evapotranspiration in the Hotan area were derived from the geospatial data cloud
(http://www.gscloud.cn/, accessed on 1 January 2021). The data were Chinese products
synthesized based on MODIS, with a resolution accuracy of 500 m. The meteorological
data were obtained from the surface meteorological element-driven data set of China or
through calculation. The grid data obtained were processed via ArcGIS 10.4 (Environmental
Systems Research Institute, Redlands, California, CA, USA), and the model calculation was
completed using the R version 4.3.1 (http://www.r-project.org/, accessed on 10 March
2022). Finally, the calculation results were analyzed via one-way ANOVA through Excel.

2.3. Data Analyzed
2.3.1. Calculation of Farmland Fragmentation

With the development and application of landscape ecology and GIS technology,
cultivated land fragmentation can be quantitatively studied at the meso or macro level
via the landscape index. The landscape division index (DIVISION, dimensionless) refers
to the fragmentation level of the individual distribution of a landscape type. The larger
the landscape division index, the more serious the fragmentation level of the landscape
type, and the smaller the single area of the patch type, the more complex the overall
landscape [33]. The calculation method is as follows:

n
DIVISION = [1 — Y (a;/A)
j=1

M

where 4; is the area of cultivated land patch j; n is the number of patches of landscape
element type j; A is the total area of cultivated land.

Studies showed that dynamic changes in landscape patterns can affect soil hydrological
processes, such as soil water evaporation, soil water content, and the stable infiltration rate
of soil water. In order to explore the impact of farmland fragmentation on agricultural
irrigation and explain the impact of the relationship between farmland fragmentation and
evapotranspiration components on agricultural irrigation in the Hotan Oasis, we calculated
the evapotranspiration and components in the Hotan area and randomly selected three low-
fragmentation (L1 < L2 < L3) and three high-fragmentation (H1 < H2 < H3) areas (Figure 2)
according to the calculation results of DIVISION to elaborate upon the relationship between
farmland fragmentation and evapotranspiration components.
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Figure 2. Schematic diagram of gradient analysis and selection of plots with different fragments.

2.3.2. Calculation and Segmentation Method for ET

The PT-JPL model is a model proposed by Fisher and others based on the Priestley—
Taylor formula and satellite remote sensing data in order to simplify the calculation of actual
evapotranspiration [34]. The model determines the crop water demand through NDVI
values. When there is no vegetation in a patch, the NDVI value is 0, and the calculated
plant water demand is also 0. The PT-JPL model divides the actual evapotranspiration
into three parts: canopy interception evaporation, soil evaporation, and plant transpiration,
which are calculated as follows:

ET = ET +ETs+ET; @)

where ET is the total evapotranspiration (mm); ET. is the plant transpiration (mm); ETs is
the soil evaporation (mm); ETj is the canopy interception evaporation (mm). The Hotan
Qasis is located in an extremely arid area, with less precipitation, and the ET; in this area is
very low (about 2%) in evapotranspiration. Therefore, the ET; value was ignored in the
calculation and was not discussed in the study.

According to Equation (2), the PT-JPL model allows for the calculation of three parts
of evapotranspiration:

ET. = (1 _fwet)fngfM“AiHRnc 3)
ETs= (fzuet+fSM(1 - fwet))“r_'_,y(Rns _G> 4
BTy~ fut iy e )

where fy.t is the surface relative humidity (%); Fy is the fraction of green canopy (dimen-
sionless); fr is the vegetation temperature limit index (dimensionless); fs is the plant water
restriction index (dimensionless); fsy; is the limiting factor of soil water (dimensionless); « is
the coefficient in the Priestley—Taylor formula; A is the slope of temperature-saturated water
pressure (kPa/°C); v is the dry and wet meter constant, kPa/°C; Ry, is the net radiation
of the canopy (MJ/ m?); R, is the net radiation of the soil (MJ/m?2); G is the soil heat flux
(MJ/m?).
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During the calculation of the PT-JPL model, the number of parameters involved in the
calculation was reduced, so that all of the parameters could be obtained from the satellite
data. Fisher et al. [34] used the calculation results of the model to compare results from the
monitoring of actual evapotranspiration with 16 vorticity correlators, and the correlation
coefficient R? could basically reach more than 0.9.

2.3.3. Calculation Method of Oasis Area and Irrigation Water Demand

As the regional scale of the Hotan Oasis is relatively small, it was impossible to
distinguish the planting structure and planting mode; therefore, this area was studied
by considering it a homogeneous area. The spatial distribution data of cultivated land
were extracted from land use data, and the area and irrigation water demand of the Hotan
Oasis under six scenarios with different degrees of fragmentation were calculated. The
calculation formulae were as follows:

A/
A =20 ©6)
W= A" x ET )

where A’ is the oasis area under a scenario simulation; A’ is the current oasis’s cultivated
land area; P is the proportion of cultivated land; W is the water demand of the oasis; ET is
the total evapotranspiration of the oasis.

2.3.4. Spatial Analysis Method

The land transfer matrix comes from the quantitative description of the state transfer
of the system in system analysis and is often used to describe the net change in land
use, exchange change, total change, etc. In this paper, the statistics and transfer matrix
calculation of different land use types in the Hotan Oasis in 2000 and 2020 were estimated
through ArcGIS 10.4. As shown in Table 1, the row represents the land use type in 2020,
and the column shows the land use type in 2000.

The moving window method is an effective means to analyze the spatial variation in
the landscape pattern index, which can better connect the landscape pattern with natural
and socio-economic processes [35]. However, there are few reports on its application to the
change in oasis farmland landscape patterns. Referring to previous studies and the scale of
the study area, mobile windows with the sizes of 0.1, 1, 2, 3, 5, and 10 km were selected
for comparative analysis. After selecting the 2 km analysis window, we gradually moved
it from the upper left corner of the study area, moved one grid each time, calculated the
landscape index value in the window, assigned the value to the central grid of the window,
and finally obtained the grid map of each landscape index. Landscape index calculation
and moving window analysis were completed using Fragstats 4 software.

Gradient analysis can effectively reflect the spatial variation law of cultivated land
fragmentation. Urbanization is one of the main driving factors of farmland fragmentation,
and Hotan City is the largest city in the Hotan Oasis. Therefore, with the Hotan urban area
(37.11214° N, 79.91353° E) as the center, a spatial moving window analysis was carried out
along eight directions of four transects, East-West, South-North, North-South, Southeast-
Northwest, and Northeast-Southwest, and the representative indicators were sampled
equidistantly, so as to obtain the gradient difference in the cultivated land fragmentation
from the city center to the periphery (Figure 2). In order to explore the relationship between
agricultural development and landscape fragmentation, the study area was divided into
2 km x 2 km grid cells, the evapotranspiration of each cell was calculated, and finally,
the correlation between cultivated land fragmentation and evapotranspiration data was
analyzed to evaluate the relationship between them.
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3. Results
3.1. Temporal and Spatial Variation Characteristics of Farmland and Its Fragmentation Degree

It can be seen from Table 1 and Figure 3 that the development of the social economy
has significantly changed the vegetation coverage in the Hotan Oasis from 2000 to 2020.
The farmland area has increased significantly, but the coverage area of other vegetation
types has decreased. Among these, the cultivated land area increased from 1546.19 km?
in 2000 to 2068.23 km? in 2020, showing a significant increasing trend, and the grassland
area decreased from 955.91 km? in 2000 to 6.36 km? in 2020. Approximately 420 km? was
reclaimed as cultivated land, and the rest was mainly used for construction or classified as
bare land due to serious vegetation degradation (Table 1). The water area has also been
reduced by more than 50%, from 185.02 km? in 2000 to 88.38 km? in 2020. The forest land
area changed slightly, with a reduction of only 11.38 km? in 20 years (Table 1). After entering
the 21st century, with the improvement of drilling technology, the reduction in irrigation
difficulty, the support of relevant policies, and the improvement of farmers’ enthusiasm, the
area of cultivated land increased, and the area of grassland decreased rapidly. In addition,
the acceleration of urbanization, population growth, and urban expansion, as well as the
continuous change in agricultural planting structure, have led to a continuous change
in the land use pattern, and more than 1000 km? of cultivated land has changed land
use category.
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Figure 3. Temporal and spatial changes of land use in Hotan Oasis from 2000 to 2020.

In the last 20 years, human activities have exacerbated the transformation of land use
types within the oasis, and a rapid outward expansion of the oasis periphery has increased
the fragmentation of the cultivated land. DIVISION is an important indicator that describes
the fragmentation of cultivated land. The larger the DIVISION, the smaller the area of a
single cultivated land plot and the more serious the fragmentation of cultivated land. As
shown in Figure 4, the area of the Hotan Oasis increased significantly from 2000 to 2020,
mainly manifested by the expansion of the oasis to desert areas. However, due to irregular
and discontinuous oasis expansion, the DIVISION of the oasis edge area continues to
increase. Therefore, the periphery of the oasis showed a higher fragmentation of cultivated
land in 2020. Additionally, from 2000 to 2020, DIVISION's spatial distribution was centered
mainly around the river and has gradually shifted towards the oasis’ periphery. Compared
with 2020, the fragmentation of cultivated land was less in 2000. The level of cultivated land
fragmentation was exacerbated with the process of oasis urbanization and the adjustment
of land use structure. The difference is that areas where the DIVISION decreased were also
found in the west and east of the oasis, mainly because the previously existing grassland
and a large area of unused land had been replaced by cultivated land, which improved the
fineness of the farmland.
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Figure 4. Spatiotemporal distribution of farmland landscape fragmentation.

The gradient analysis of the two time periods showed that the degree of cultivated
land fragmentation in 2020 was generally higher than that in 2000 (Figure 5). It can be seen
from Figure 3 that the degree of farmland fragmentation on both sides of the river was low,
the average area of cultivated land was high, and the degree of intensification was high. In
the eight directions centered on Hotan City, the DIVISION value was not symmetrically
distributed in the center of Hotan City, but in an irregular wavy distribution, with obvious
fluctuations in the west-east and northwest—southeast directions. A DIVISION value
of 0 indicates no cultivated land landscape in an area. Therefore, the scale of the Hotan
Oasis in 2000 was smaller compared to 2020, and the land types not reclaimed by agriculture
in the oasis were gradually reduced. In addition, the fragmentation degree of the newly
cultivated land was generally high, indicating disparity in the process of reclamation in
this area. It can be seen that the temporal and spatial changes in landscape fragmentation
could reflect the expansion of the Hotan Oasis and the change in land use patterns in the
last 20 years.
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3.2. Relationship between Farmland Fragmentation and Evapotranspiration Components

In the past 20 years, the annual average evapotranspiration and its components in the
Hotan Oasis remained relatively stable (Figure 6). The average values of the evapotranspi-
ration (ET), soil evaporation (ETs), vegetation transpiration (ETc), and ETs/ETc remained
171.32 mm, 98.90 mm, 73.58 mm, and 2.02 mm in 20 years, respectively. In order to illus-
trate the impact of farmland fragmentation on agricultural irrigation in the Hotan Oasis,
we calculated the ET, ETs, ETc, and ETs/ETc from plots with varying levels of farmland
fragmentation. Figure 6a shows a comparison of the average annual evapotranspiration
of different fragmentation plots. It can be seen from Figure 6a that different plots showed
the same fluctuation trend of evapotranspiration, but the amount of evapotranspiration
was different across different years. Overall, the average annual evapotranspiration of
L1, L2, and L3 was higher than that of H1, H2, and H3. Over the last 20 years, L1 had
the strongest ET with an evapotranspiration value of 578.85 mm /year; H2 had the worst
ET with an evapotranspiration value of 394.84 mm/year. In addition, the evapotranspi-
ration values of all regions reached peaks in 2004, which were 655.10 mm, 609.48 mm,
688.66 mm, 505.88 mm, 449.40 mm, and 501.46 mm. The minimum evapotranspiration
values, 618.49 mm, 501.58 mm, 605.81 mm, 302.88 mm, 294.30 mm, and 385.33 mm, were
noted in 2013. It can be seen that the interannual change was mainly affected by the climate,
and the average annual evapotranspiration in low-fragmentation plots was higher than
that in high-fragmentation plots.
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Figure 6. Relationship between the fragmentation and ET components. Figure (a—d) describe the ET,
ETs, Etc, and Ets/Etc of Hotan Oasis and different fragmentation plots from 2000 to 2018, respectively.

Figure 6b,c show a comparison of the ETs and ETc among the plots. It can be seen from
the figure that different plots exhibited the same fluctuation trend of evapotranspiration
components. Over the last 20 years, the ETs of all plots showed an overall decreasing
trend, and the average values of soil evaporation were 290.60 mm, 285.58 mm, 268.43 mm,
300.97 mm, 304.29 mm, and 290.54 mm. The ETc showed an upward trend, with annual
average values of 286.59 mm, 221.29 mm, 309.86 mm, 99.76 mm, 89.91 mm, and 152.44 mm.
The ETs/ETc values among blocks showed a downward trend, with the lowest in 2013,
which were 0.55, 0.69, 0.49, 1.85, 2.27, and 1.02 (Figure 6d). Overall, the ET and ETc of the
L1, L2, and L3 plots were higher than those of the high-fragmentation plots (H1, H2, and
H3). However, the ETs/ETc and ETs values of L1, L2, and L3 were lower as compared to the
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high-fragmentation plots. An analysis of variance indicated significant differences between
the low- and the high-fragmentation plots, except in the case of soil evaporation (Figure 7).
The results demonstrate that the degree of farmland fragmentation can affect the amount
of agricultural irrigation by affecting evapotranspiration and its components in an area.

z m Low fragmentation ® High fragmentation

£ a 14

£ 600

2 3 ©

S 400 a a , W
(75

S b L

T 200 1

(35

I—

ET ETc ETs ETs/ETc

Figure 7. Significance test of evapotranspiration and components of different fragmentation plots.
Different lower-case letters at ET, ETs, ETc, and ETs/ETc indicate significant differences (p < 0.05)
between the low- and the high-fragmentation plots.

3.3. Effects of the Fragmented Plots Merging on Oasis Agricultural Irrigation

Irrigated agriculture is the main component of the agricultural ecosystem in the
Hotan Oasis, and the amount of farmland irrigation is one of the key factors affecting
the development of water-saving agriculture in oases in arid areas. Investigating the
relationship between cultivated land fragmentation and oasis agricultural irrigation is
of great significance in improving the utilization efficiency of oasis agricultural water
resources. Because the regional scale of the Hotan Oasis is relatively small, under the
background of an inability to distinguish the planting structure and the planting mode,
the region was studied as a homogeneous entity. The ETs/ETc and total oasis area of the
Hotan Oasis were positively correlated with the degree of farmland fragmentation, which
increased with the increase in the degree of farmland fragmentation. The total amount of
ET and the total area of cultivated land showed a negative correlation, which decreased
with the increase in fineness (Figure 8). Therefore, in the process of oasis expansion, when
the degree of cultivated land fragmentation shows an increasing trend, the proportion of
cultivated land area will gradually decrease, as will the land use efficiency. In addition, the
smaller the ETs/ETc, the higher the water use efficiency of the vegetation. Therefore, the
consolidation of fine plots can effectively improve the water use efficiency of farmland.

— Variation of ET —— Variation of oasis area
\ Variation of ETs/ETe \ —— Variation of farmland area
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Figure 8. Relationship between ET, ETs/ETc, oasis area, farmland area, and cultivated land fragmen-
tation degree.
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Based on the abovementioned results, the farmland of the Hotan Oasis was merged
according to the proportion of cultivated land in L1, L2, and L3 with low fragmentation.
Then, the ET, agricultural water resource utilization efficiency, and change in oasis scale
under these three scenarios were compared with the current situation of the Hotan Oasis
agriculture. After consolidating the finely divided plots and keeping the total area of
arable land unchanged, the ET of the Hotan Oasis showed an increase with the decrease
in farmland fragmentation (Figure 9a). Among them, the fragmentation degree of L3 was
the lowest, and the ET value was the highest (about 551.42 mm). The degree of farmland
fragmentation in the Hotan Oasis was the highest and the ET value was the lowest, about
386.04 mm. The results showed that a higher ET and lower ETs/ETc reflected a higher
water use efficiency of crops and a higher yield. Land consolidation can effectively reduce
the amount of irrigation, and the irrigation water demand decreases with the reduction in
farmland fragmentation (Figure 9b). At present, the agricultural irrigation water demand of
the Hotan Oasis is about 20.05 x 108 m3; when the fineness degree of cultivated land is L1,
the water volume is the highest, about 4.82 x 108 m3. In addition, when the fineness degree
of cultivated land in the Hotan Oasis is L1, the oasis scale is reduced by 2431.56 km?, and
the land use efficiency is significantly improved. On the other hand, after the consolidation
of finely divided plots while keeping the scale of oasis unchanged, the area of arable land
will increase, and the efficiency of water resources utilization will increase. In short, the
consolidation of fragmented plots is not only conducive to agricultural modernization and
intensive land use, but also to improving the efficiency of agricultural irrigation water and
reducing irrigation water consumption.
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Figure 9. Impact of consolidation of fragmented plots on Hotan irrigated agriculture. (a) Effects of
different land consolidation on the ET of Hotan Oasis; (b) the water saving amount of irrigation and
the scale change of Hotan Oasis after land consolidation.

4. Discussion

In the past two decades, increased urbanization and agricultural modernization have
caused a significant increase in oasis and farmland areas [36]. The natural vegetation and
ecotone periphery of the Hotan Oasis are continuously converted to cultivated land, which
has resulted in a 33.76% increase in arable land. From 2000 to 2020, the evapotranspiration
in the Hotan Oasis did not change much, soil evaporation decreased, the vegetation
transpiration increased, and the crop water use efficiency was improved to a certain extent.
As the proportion of arable land in the Hotan area has increased in recent years, changes in
planting and irrigation patterns have exacerbated the microclimate effect of the oasis [27].
However, it is evident from the landscape science perspective that the cultivated land
landscape in the Hotan Oasis is highly fragmented. It may be due to the irregular outward
expansion of the oasis that the cultivated land around the oasis has maintained a high
level of fragmentation since it was reclaimed [37]. On the other hand, human activities
in the urbanization process are also the main reason for the gradual increase in farmland
fragmentation in the Hotan Oasis [38]. Therefore, the current situation of cultivated land
fragmentation in the Hotan area is not conducive to promoting agricultural modernization
and intensive land use.
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Existing studies have mainly focused on the impact of farmland fragmentation on land
use efficiency and socio-economic benefits, and a few studies have focused on the relation-
ship between cultivated land fragmentation and evapotranspiration [20]. To determine the
impact of fragmentation on crop water demand/consumption, this paper used the response
relationship between evapotranspiration and its components. The results showed that with
the increase in fineness, the water use efficiency and ET of the cultivated land landscape
decreased. In addition, the relationship between fragmentation and ET components shows
that farmland fragmentation mainly affects landscape ET through the boundary density
and area ratio. According to Numata et al. [21], increasing edge density would increase
bare soil evaporation at the edge of forest landscape patches. At the same time, the decrease
in biomass and leaf area index (LAI) along the forest edge would lead to the decrease
in vegetation transpiration. Unlike natural landscapes (forest land), agricultural land is
affected by human activities (such as road hardening), which changes the soil evaporation.
Therefore, fineness mainly affects the water use efficiency of cultivated land landscape by
reducing vegetation transpiration.

Furthermore, under the assumption that the total area of farmland in the Hotan
Oasis remains unchanged, this study concluded that the consolidation of fragmented
land based on the plot size and proportion of L1 reduces 4.82 x 10® m3 of irrigation
water consumption and reduces the oasis scale by 2431.56 km?. This significant change
shows that land consolidation is an effective way to tackle the fragmentation of arable
landscape, improve the water use efficiency in oasis, and realize the intensive use of oasis
land. Therefore, the consolidation of fragmented cultivated land can slow down the oasis
external expansion process and stimulate an oasis’s internal expansion by improving the
efficiency of intensive land use. When the fragmented cultivated land outside an oasis
is incorporated into the oasis, the bare land and natural vegetation inside the oasis are
reduced. Consequently, the resulting microclimates can reduce the oasis’s temperature,
humidity, and soil evaporation [39,40]. In view of the relationship between farmland
fragmentation and evapotranspiration, the degree of fragmentation can be used as an index
for intensive land use, water-saving irrigation in oases, the appropriate scale evaluation of
oases, and so on.

5. Conclusions

(1) The cultivated land area of the Hotan Oasis increased from 1546.19 km? in 2000 to
2068.23 km? in 2020, and the fragmentation of cultivated land increased with the
expansion of the Hotan Oasis.

(2) There is a significant correlation between farmland fragmentation, evapotranspiration,
and its components in the Hotan Oasis. The ETs/ETc and the total area of the oasis
were positively correlated with farmland fragmentation, which increased with the
increase in farmland fragmentation. The total amount of ET and the total area of
farmland showed a negative correlation trend, which decreased with the increase in
farmland fragmentation.

(3) When the total area of farmland was unchanged, the consolidation effect on L1 was
the best, which could save 4.82 x 108 m3 of irrigation water. In addition, in the
process of land consolidation, the degree of intensive utilization within the oasis was
effectively improved. With the increase in farmland proportion, the scale of the oasis
was decreased by 2431.56 km?, including a reduction in field roads, part of the dense
shelterbelt, and bare land. Therefore, the consolidation of fragmented farmland can
not only improve the utilization efficiency of agricultural water resources, but also
realize the internal expansion of oases through intensive land use and alleviate the
pressure of the outward expansion of oases.
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