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Abstract: Characterized by obvious altitudinal variation, habitat complexity, and diversity in 
land cover, the Mt. Qomolangma region within the central Himalayas is one of the most sen-
sitive areas to climate change in the world. At the same time, because the Mt. Qomolangma 
region possesses the most complete natural vertical spectrum in the world, it is also an ideal 
place to study the vertical structure of alpine land cover. In this study, land cover data for 2010 
along with digital elevation model data were used to define three methods for dividing the 
northern and southern slopes in the Mt. Qomolangma region, i.e., the ridgeline method, the 
sample transect method, and the sector method. The altitudinal distributions of different land 
cover types were then investigated for both the northern and southern slopes of the Mt. Qo-
molangma region by using the above three division methods along with ArcGIS and MATLAB 
tools. The results indicate that the land cover in the study region was characterized by obvi-
ously vertical zonation with the south-six and north-four pattern of vertical spectrum that re-
flected both the natural vertical structure of vegetation and the effects of human activities. 
From low to high elevation, the main land cover types were forests, grasslands, sparse ve-
getation, bare land, and glacier/snow cover. The compositions and distributions of land cover 
types differed significantly between the northern and southern slopes; the southern slope 
exhibited more complex land cover distributions with wider elevation ranges than the northern 
slope. The area proportion of each land cover type also varied with elevation. Accordingly, the 
vertical distribution patterns of different land cover types on the southern and northern slopes 
could be divided into four categories, with glaciers/snow cover, sparse vegetation, and 
grasslands conforming to unimodal distributions. The distribution of bare land followed a 
unimodal pattern on the southern slope but a bimodal pattern on the northern slope. Finally, 
the use of different slope division methods produced similar vertical belt structures on the 
southern slope but different ones on the northern slope. Among the three division methods, 
the sector method was better to reflect the natural distribution pattern of land cover. 
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1  Introduction 
Human beings affect the land surface by changing the land cover (Haberl et al., 2007). 
Changes in land cover and the ecological environment are considered to be a key issue by 
numerous international organizations and scientific research programs (Pitman et al., 2011; 
He et al., 2014), and are thus a key area of study in global change research (Mooney et al., 
2013). Under certain conditions, the gradient of natural zones in the vertical direction is 
1000 times that in the horizontal direction (Walter, 1973). The study of natural mountain 
belts is an effective way to reveal the complexity and heterogeneity of mountain environ-
ments. The changes in vertical zonation are an important indicator of climate change (Dull-
inger, 2004). Accordingly, numerous comparative studies have been carried out on the ver-
tical spatial patterns in mountainous regions worldwide, including comparative analyses of 
snow lines and the upper/lower limits of forests (Walter, 1973; Allan, 1986; Callaway, 1997). 
In alpine environments, climate change has been shown to affect plant physiological proc-
esses, species composition, and the diversity of plant communities, which may change the 
structures and functional characteristics of these communities. The transitional zone or 
ecotone between different vegetation types is particularly sensitive to the effects of climate 
change. For example, in the Alps, the mountains of North America (Grabherr et al., 1994), 
and Wutai Mountain (Mu, 2003), observed changes include the vertical movement of the 
boundary line of vegetation, the increase in the altitude of the alpine forest line (Beniston, 
2003), and the change in plant growth at the polar forest line (Gian-Reto et al., 2002; Liang 
et al., 2016). Some studies have explored the spatial relationship between climate change 
and vertical belts through statistical analysis, simulation, and field studies. For example, Xu 
et al. (2009) investigated the spatial relationship between mountain vertical belts and climate 
factors, Yao et al. (2015) studied the effect of warming on vertical zonation, and Liang et al. 
(2016) and Li et al. (2016) reported the mechanisms of the responses of the forest line and 
tree line to climate change.  

Mt. Qomolangma (MQ), located in the middle of the Himalayas, has a large elevation 
range, complex habitat, and unique ecosystem types (Cidanlunzhu, 1997). MQ also pos-
sesses the world’s most complete natural vertical zonation, making it an ideal place to study 
the vertical changes in high-altitude vegetation. In the 1970s, Zhang and Jiang (1973) sys-
tematically analyzed the relationship between vertical zonal vegetation and horizontal zonal 
vegetation in the MQ area based on data collected by the scientific expedition team of the 
Chinese Qomolangma Mountaineering Team (1959–1960), the Tibetan Comprehensive Ex-
pedition Team of the Chinese Academy of Sciences (1960–1961), and the Tibet Scientific 
Expedition of the Chinese Academy of Sciences (1966–1968). In the 1980s, Zheng (1981) 
further clarified the vertical characteristics of vegetation in the eastern Himalayas. These 
studies have had a profound influence on our understanding of the vertical zonation and 
three-dimensional zonal characteristics of vegetation in the MQ region along with the pat-
terns of vertical differentiation in the natural environment. 

Due to the limitation of research conditions, most previous studies on mountain vertical 
belts were only based on limited field survey data or other data with low temporal and spa-
tial continuity. In addition, these studies mainly focused on a single or few types of vertical 
belt boundaries (e.g., forest line and snow line). Few studies have analyzed the vertical zo-
nation of entire mountains. A single point or a single line (spatial location) was often used to 
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to represent the boundary in the vertical zone, weakening the transition characteristics of the 
vertical zone boundary. While such a simple linear band structure can describe the vertical 
characteristics of vegetation, it cannot provide information about the formation process of 
mountain vertical belts, resulting in uncertainty regarding the evolution of vertical zones. 
This study explores the vertical structure and distribution of land cover on the southern and 
northern slopes of the central Himalayas using high-resolution land cover data and geo-
graphic information system (GIS) spatial analysis. Revealing the spatial differentiation of 
land cover on the southern and northern slopes of the central Himalayas, this study also pro-
vides a new method for studying vertical zonation in mountain regions. 

2  Methodology 
The study area was located in the upper and middle reaches of the Koshi River Basin (KRB) 
in the middle of the Himalayas in China and Nepal, with a geographical position of 
85°22'–88°21'E, 26°47'–29°12'N. The KRB extends to the south of the Yarlung Zangbo 
River in the north, borders between Nepal and India on the south, the vicinity of Kathmandu 
in the west, and the borders between China, Nepal and India to the east (Figure 1a), covering 
a total area of 53,988.4 km2 (Zhang et al., 2013). The average elevation of the KRB is 3783 
m, and more than 49% of the area of the KRB lies above 4500 m. The KRB includes six 
major peaks, i.e., MQ (8844 m), Mt. Makalu (MM, 8463 m), Mt. Cho Oyu (MC, 8201 m), 
Mt. Kanchenjunga (MK, 8586 m), Mt. Lhotse (8516 m), and Mt. Xixiabangma (8012 m) 

(Zhang et al., 2013; Wu et al., 2017). Valleys are distributed among the mountains in the 
KRB, and include the Boqu valley, Rongxia valley and Pengqu valley in China from west to 
east. 

2.1  Data 

The data used in this study were land cover data and topographic data for 2010. The land 
cover data were provided by the Land Change and Regional Adaptation Research Group of 
the Tibetan Plateau, Institute of Geographic Sciences and Natural Resources Research, CAS 
(Wu et al., 2017). The spatial resolution of the data was 30 m. The Class-I land cover type 
interpretation accuracy was between 71% and 100% with an average of 83.36%. Digital 
elevation model (DEM) data (ASTER GDEM) were obtained from the Unites States Geo-
logical Survey network at a resolution of 30 m (https://earthexplorer.usgs.gov). Other to-
pographic data were derived from the DEM data.  

2.2  Methods 

2.2.1  Division of the southern and northern slopes 

To analyze the vertical distribution characteristics of land cover, the formation process of 
vertical belts, and the similarities and differences in vertical zonation on the southern and 
northern slopes in the study area, it is necessary to accurately depict the distributions and 
structural characteristics of land cover types on two slopes. Accordingly, the following three 
division methods were used to divide the southern and northern slopes, allowing the analysis 
of the vertical distribution of land cover on each slope:  

(1) Ridgeline method. In this conventional method, the southern and northern slopes were 
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divided by using the ridgeline of the Himalayas as a boundary. The ridgeline was expressed 
as a single line from the bottom of the mountain to the top on the southern or northern slope. 
Based on this division method, the southern slope included all the mountains and their 
slopes, which are lower than the Himalayan ridge, and so is the northern slope. The areas of 
the southern and northern slopes in the study area were shown in Figure 1b. 

 
Figure 1  Maps of the study area showing the terrain (a), and the southern and northern slopes of Mt. Qomo-
langma determined by using three division methods: (b) ridgeline method, (c) sample transect method and (d) 
sector method 

 

(2) Sample transect method. In this method, the peak of each mountain was taken as an 
apex, with 0° direction as the northern slope and 180° direction as the southern slope. The 
slope direction was divided according to the degree of sunlight received. The southern slope 
included all the mountains and their land cover types of each slope direction in sample tran-
sect, as well as the northern slope. To study the vertical distribution of land cover in 
high-altitude mountains, three rectangular transects (bandwidth = 10 km) of the southern and 
northern slopes spanning MQ, MC, and MM were created in this study (Figure 1c). These 
transects were referred to as the MQ transect, MC transect, and MM transect, respectively. 

(3) Sector method. In this method, the peak of the mountain was taken as the apex, and 
the area within 157.5° southeast–180° south–202.5° southwest was taken as the southern 
slope, while the area within 337.5° northwest–0° north–22.5° northeast was taken as the 
northern slope. The southern (northern) slope included the southern (northern) slopes of all 
mountains. The southern slope of the mountain was the southern slope of the sector, while 
the northern slope of the mountain was the northern slope of the sector. The MQ region was 
selected as the research sample area (Figure 1d).  
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2.2.2  Extraction of land cover data using ArcGIS and MATLAB 

The land cover data for the study area were extracted as follows. For the ridgeline method, 
the ridge of the main Himalayan Mountains was taken as the boundary to divide the northern 
and southern slopes. The aspect tool in ArcGIS was then used to extract the data for the 
southern and northern slope areas. The divided southern and northern slope areas were then 
used as masks to extract the land cover type data for each slope.  

2.2.3  Statistical analysis of the vertical distribution of land cover 

MATLAB was used to obtain the vertical land cover data. The extracted land cover and ele-
vation data for the northern and southern slopes were converted into ASCII format. 
MATLAB was then used to overlay the land cover and elevation data to calculate the pro-
portions of different land cover types using a 100-m gradient range. 

2.2.4  Definition of relevant terms 

To get a better understanding of the spatial structure and characteristics of the vertical zones 
of land cover, the following terms were defined.  

Distribution of upper limit/lower limit referred to the elevation zone of the upper-
most/lowermost edge of the continuous distribution of a land cover type (Figure 2). In the 
actual operation, if the complete pixel information of the land cover type appeared in a 
100-meter vertical distribution band, this land cover type was considered to be present. If the 
100-meter zone was the highest altitude of the distribution of the land cover type, the eleva-
tion zone was regarded as the upper limit of that type; while if the 100-meter zone was the 
lowest altitude of the distribution of the land cover type, the elevation zone was regarded as 
the lower limit of that type.  

Core distribution zone (core distribution range) was related to the elevation range of a 
land cover type in its vertical distribution, with the number of elevation zones accounting for 
less than one-third of the total elevation zones within the distribution range of this land 
cover type, and the distribution area accounting for more than two-thirds of the total distri-
bution area (Figure 2). The entire vertical distribution range of this land cover type that ac-
counted for less than one-third of its total distribution zone was defined as the core distribu-
tion range of this land cover type. The interval of its elevation distribution zone was called 
the core distribution zone. The core distribution zone and core distribution range were de-
termined as follows. The elevation zone with the largest area proportion of this land cover 
type was taken as the center, and the area was extended from the center to both sides (up and 
down) with equal area ratio. When the area proportion of this land cover type was more than 
two-thirds of the total area of the land cover type, its vertical distribution range was consid-
ered to be the core distribution range of this land cover type, and its elevation distribution 
interval was considered as the core distribution zone. The core distribution zone referred to 
as the distribution range and proportion of the land cover type with an area proportion of 
100%. 

Main distribution zone. If land cover type had no obvious core distribution zone in its 
vertical distribution range, the vertical distribution area accounted for over two-thirds of the 
area of that land cover type (Figure 2). In application, if the area was increased from the 
zone with the largest area ratio of vertical distribution zone to both sides (up and down) with 
equal area ratio, and the distribution area ratio accounted for more than two-thirds of the 
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total distribution area of this type, the vertical distribution range of this type was defined as 
the main distribution zone of this land cover type, and the elevation zone interval was called 
the main distribution zone of this type. This referred to the distribution range and proportion 
of the land cover type with an area proportion of 100%. 

Dominant belt referred to the elevation interval in which the proportion of the distribution 
area of one land cover type was absolutely dominant over other land cover types (over 
two-thirds of the area of the elevation belt). Generally, dominant belt also referred to the 
distribution interval with the highest area proportion of a land cover type in each elevation 
zone. In the vertical distribution, the dominant zones of each type were distributed alter-
nately and did not overlap.  

Compound dominant zone referred to the case where there was no absolute predominance 
of a certain land cover type within a certain elevation range; instead, two or three land cover 
types had similar area proportions and distributions within an elevation interval. In this case, 
compound dominant zone referred to the combination of these two or three land cover types 
(Figure 3), and the naming convention was based on the area proportions in the zone. For 
example, considering a certain elevation range in which the area proportions of shrubland 
and grassland are 52% and 42%, respectively, the compound dominant zone was called the 
shrubland-grassland dominant zone. Alternatively, for an elevation zone consisting of 30% 
shrubland area, 31% forest area, 29% farmland area, and 10% construction area, respectively, 
the compound dominant zone was called the forest-shrubland-farmland dominant zone. 

 

 
 

Figure 2  Schematic showing the terminology used to describe the altitudinal distributions of land cover types 
 

 
 

Figure 3  Schematic showing the vertical distributions of compound dominant land cover types 
(from left to right: cropland-forest dominant belt, forest-cropland dominant belt, forest dominant belt, for-
est-cropland dominant belt, cropland-forest dominant belt, and cropland dominant belt) 
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According to the changes in the area proportion of each land cover type with elevation, 
along with the shape, number, and location of the peak area of the area ratio distribution 
between the northern and southern slopes for each land cover type, the distribution of each 
land cover type on each slope was classified as one of the following four types:  

1) Uni-no: one peak was observed in the area proportion curve of one land cover type on 
the southern or northern slope. Meanwhile, no obvious peak was observed on the other slope 
(e.g., a unimodal peak on the southern slope and no peak on the northern slope).  

2) Unimodal: one peak was observed in the area proportion curve for one land cover type 
on both the southern and northern slopes. Based on the peak elevations, this category could 
be divided into “unimodal south-low and north-high” and “unimodal south-north uniform” 
patterns. 

3) Unimodal-bimodal: one peak in the area proportion curve of one land cover type was 
observed on the southern or northern slope while two peaks are observed on the other slope. 
This type could be further divided into “south-unimodal and north-bimodal” and “south- 
bimodal and north unimodal” patterns. 

4) Bimodal: one peak in the area proportion curve of one land cover type was observed on 
each slope (i.e., “north-south bimodal” pattern). 

3  Results and analysis 

3.1  Land cover types and characteristics 

The land cover types in the KRB included 10 Class I types and 21 Class II types (Zhang et 
al., 1973). Ten Class I types were construction land, cropland, wetland, waterbody, forest, 
shrubland, grassland, sparse vegetation, bare land, and glacier and permanent snow cover, 
which was called glacier/snow cover for short. With an elevation ranging from 96 to 8844 m, 
there are 10 Class I types and 21 Class II types. The main land cover types were forest, 
shrubland, waterbody, cropland, and construction land. With an elevation ranging from 2100 
to 8844 m, there are 7 to 10 Class I types and 10 to 20 Class II types on the northern slope. 
The land cover types on the northern slope were mainly grassland, sparse vegetation, wet-
land, and bare land. In the three methods used to divide the southern and northern slopes, the 
Class I land cover types on the southern slope were basically the same. In contrast, on the 
northern slope, 2 to 3 main land cover types were not found at low elevation if the sample 
transect or sector method was used to divide the slopes compared to that if the ridgeline 
method was used. Meanwhile, if the ridgeline method was used, the northern slope was 
missing one Class II land cover type compared with the southern slope. Based on the sample 
transect and sector methods, the northern slope contained only 10 (or 11) Class II land cover 
types, 9 (or 10) less than that obtained using the ridgeline method. These results reflected the 
distribution characteristics of land cover in the high-altitude area of the northern slope.  

The southern slope in the KRB had a slightly larger area than the northern slope (Table 1). 
The land cover types on the southern slope were mainly forest and cropland, which ac-
counted for 60%–86% of the area of the southern slope. The northern slope was dominated 
by grassland and bare land, which accounted for 74%–80% of the northern slope’s area. The 
results obtained using the sector method are as follows. The southern slope was dominated 
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by forests and cropland, these two types had similar area proportions and accounted for ap-
proximately 86% of the total area of the southern slope (Table 1). The northern slope was 
dominated by grassland, with an area proportion of 63% of the northern slope’s area, fol-
lowed by bare land and sparse vegetation with area proportions of 16.33% and 12.89%, re-
spectively. The area proportion of glacier/snow cover on the northern slope was higher than 
that on the southern slope. The results of the sample transect method are as follows. The 
southern slope was dominated by cropland and forest accounting for 60%–75% of the 
southern slope’s area; while the northern slope was dominated by grassland and bare land 
(73%). The area of glacier/snow cover was larger on the northern slope than on the southern 
slope. The results of the ridgeline method are as follows. The southern slope was dominated 
by forest, cropland, and glacier/snow cover; while the northern slope was mainly covered 
with grassland, bare land, and glacier/snow cover. The area of grassland was much higher 
(6.7 times higher) on the northern slope than on the southern slope; while forest was mainly 
distributed on the southern slope (Table 1). 
 

Table 1  Areas and proportions of different land cover types on the northern and southern slopes 

Southern slope Northern slope Area ratio 
Land cover type Division method

Area (km2) Percentage Area (km2) Percentage Southern slope: 
northern slope 

Sector method 374.20 44.94 5.66 1.05 66.11︰1 

MM transect 304.75 27.24 23.35 2.08 13.05︰1 

MQ transect 240.29 19.52 8.21 0.87 29.27︰1 

MC transect 406.96 31.88 9.04 1.02 45.02︰1 

Cropland 

Ridgeline method* 7917.95 26.91 243.64 0.99 32.50︰1 

Sector method 342.38 41.12 – – – 

MM transect 516.34 46.16 – – – 

MQ transect 559.99 45.50 – – – 

MC transect 406.80 31.87 – – – 

Forest 

Ridgeline method 11177 37.99 262.54 1.08 42.60︰1 

Sector method 13.62 1.64 – – – 

MM transect 38.65 3.45 10.41 0.93 3.71︰1 

MQ transect 34.85 2.83 – – – 

MC transect 36.13 2.83 – – – 

Shrubland 

Ridgeline method 1433.42 4.87 660.56 2.69 2.17︰1 

Sector method 22.17 2.66 340.08 62.99 0.07︰1 

MM transect 41.97 3.75 553.23 49.38 0.08︰1 

MQ transect 43.26 3.51 522.06 55.10 0.08︰1 

MC transect 106.15 8.31 450.42 50.94 0.24︰1 

Grassland 

Ridgeline method 2041.39 6.94 11886.72 48.40 0.17︰1 

Sector method 10.16 1.22 69.57 12.89 0.15︰1 

MM transect 28.04 2.51 96.74 8.63 0.29︰1 

MQ transect 28.56 2.32 72.77 7.68 0.39︰1 
Sparse vegetation 

MC transect 66.06 5.17 35.49 4.01 1.86︰1 

(To be continued on the next page) 
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(Continued) 
Southern slope Northern slope Area ratio 

Land cover type Division method
Area (km2) Percentage Area (km2) Percentage Southern slope: 

northern slope 
  Ridgeline method 1016.77 3.46 1073.82 4.37 0.95︰1 

Sector method 9.50 1.14 0.01 0.00 950︰1 

MM transect 9.67 0.86 6.90 0.62 1.40︰1 

MQ transect 7.90 0.64 1.43 0.15 5.52︰1 

MC transect 13.69 1.07 2.40 0.27 5.70︰1 

Waterbody 

Ridgeline method 182.87 0.62 152.43 0.62 1.20︰1 

Sector method 0.32 0.04 1.17 0.22 0.27︰1 

MM transect 0.19 0.02 0.48 0.04 0.40︰1 

MQ transect – – – – – 

MC transect – – – – – 

Construction land 

Ridgeline method 13.68 0.05 0.79 0.00 17.30︰1 

Sector method 34.37 4.13 88.18 16.33 0.39︰1 

MM transect 87.34 7.81 277.88 24.80 0.31︰1 

MQ transect 176.45 14.34 192.32 20.30 0.92︰1 

MC transect 145.79 11.42 203.95 23.06 0.71︰1 

Bare land 

Ridgeline method 4010.33 13.63 7750.94 31.56 0.52︰1 

Sector method 3.18 0.38 14.93 2.77 0.21︰1 

MM transect 8.35 0.75 12.86 1.15 0.65︰1 

MQ transect 9.07 0.74 22.95 2.42 0.40︰1 

MC transect 11.91 0.93 81.77 9.25 0.15︰1 

Wetland 

Ridgeline method 279.49 0.95 787.95 3.21 0.36︰1 

Sector method 22.83 2.74 20.26 3.75 1.13︰1 

MM transect 83.27 7.44 138.51 12.36 0.60︰1 

MQ transect 130.48 10.60 127.74 13.48 1.02︰1 

MC transect 83.11 6.51 101.19 11.44 0.82︰1 

Glacier/snow cover**

Ridgeline method 1355.58 4.61 1740.59 7.09 0.78︰1 

Sector method 832.73 100.00 539.87 100.00 1.54︰1 

MM transect 1118.57 100.00 1120.36 100.00 1.00︰1 

MQ transect 1230.85 100.00 947.48 100.00 1.30︰1 

MC transect 1276.59 100.00 884.27 100.00 1.44︰1 

Total 

Ridgeline method 29428.43 100.00 24559.97 100.00 1.20︰1 

* Data for the ridgeline method were updated on the basic data of Wu et al. (2017). ** Glaciers and permanent snow 
cover. 

 

3.2  Vertical distributions of different land cover types on the northern and southern 
slopes 

The distributions of the various land cover types changed with the environmental gradient. 
Figure 4 shows the vertical distributions of different land cover types and their area propor-
tions based on the three slope division methods. The vertical distribution patterns of land 
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cover types on the northern and southern slopes were divided into four major categories and 
five minor categories as follows.  

1) South unimodal and north no peak pattern (MQ and MC sample transect methods and 
sector method). The elevation ranges obtained for forest (100–4000 m) and shrubland 
(1700–5100 m) on the southern slope were larger for the sector method than for the sample 
transect method, and peak values differed slightly. The forest distribution obtained using the 
sample transect method of MM belonged to this type. In the unimodal pattern, the peaks in 
the altitudinal distributions of some land cover types were significantly lower on the south-
ern slope than on the northern slope. For example, the elevation distributions of glacier/snow 
cover on the southern slope of MQ obtained by the sector method and the sample transect 
method were 700 and 800 m lower than those of the northern slope, respectively. The dis-
tribution patterns of some land cover types, including grassland for the MQ sample transect 
method, cropland and sparse vegetation for the sector method, and forest, shrubland, crop-
land, and marsh wetland for the ridgeline method, could be described by “wide south and 
narrow north.” Due to the inclusion of multiple independent slope components in the ridge-
line method, the distributions of grassland, sparse vegetation, and glacier/snow cover at high 
elevation nearly offset the difference in distribution between the northern and southern 
slopes. Therefore, the differences in distribution between the two slopes were not obvious in 
this case.  

2) South-unimodal and north-bimodal pattern (a compound distribution of single and 
double peaks). For the three slope division methods, the peak value of bare land appeared in 
different positions on the northern and southern slopes. Sparse vegetation, marsh wetland, 
and cropland exhibited this pattern when the MQ sample transect method was used.  

3) South-bimodal and north-unimodal pattern (a compound distribution of single and 
double peaks). The distributions of construction land based on the sector and ridgeline divi-
sion methods and the distribution of waterbodies (rivers and lakes) based on the MQ sample 
transect method exhibited this pattern.  

4) North-south bimodal pattern. The distribution of waterbodies (rivers and lakes) based 
on the sector division method belonged to this pattern. The two peaks in the distribution of 
water on the southern slope appeared in the elevation ranges of 200–300 m (accounting for 
31% of the total area of waterbodies) and 4900–5000 m (4.9%). On the northern slope, the 
two peaks appeared in the elevation ranges of 4300–4400 m (38.2%) and 5200–5300 m 
(10.6%). The waterbodies in the high-elevation zone were mainly glacial lakes. 

Regarding the distribution characteristics of single land cover types (Class I), with the 
exception of forest, which was mainly distributed on the southern slope, the vertical distri-
bution ranges of all land cover types on the southern slope were wider than those on the 
northern slope, while the elevations of the distributions and the core distribution zones were 
lower on the southern slope than on the northern slope (Figure 4 and Table 2). The elevation 
ranges and core distribution zones also differ significantly among land cover types. The ele-
vation ranges and core distribution zones on the southern slope are as follows (from low to 
high elevation): cropland (elevation range: 100–4000 m, core distribution zone: 500–2200 
m); forest (100–4000 m, 500–3100 m); shrubland (300–5100 m, 3300–4600 m); grassland 
(1400–5900 m, 4100–5100 m); sparse vegetation (300–5300 m, 4100–5300 m), bare land  
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Figure 4  Altitudinal distributions of different land cover types on the southern and northern slopes based on the 
three slope division methods: (a) sector method; (b) MM sample transect method; (c) MQ sample transect method; 
(d) MC sample transect method; and (e) ridgeline method 
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Table 2  Altitudinal distributions of different land cover types on the northern and southern slopes based on 
different slope division methods 

Land cover 
type Division method Southern slope Northern slope 

Class I – Elevation 
range (m)

Core distribu-
tion zone (m)

Advantage
zone (m)

Elevation 
range (m)

Core distribu-
tion zone (m) 

Advantage 
zone (m) 

Sector method 100–4000 600–1700 100–1800 4000–4500 4100–4500 – 

MM transect 100–4000 1100–2200 1000–1700 4200–4600 4200–4500 – 

MQ transect 100–4000 700–1500 – 3900–4500 4300–4500 – 

MC transect 200–4000 500–1400 200–1400 4200–4500 4400–4500 – 
Cropland 

Ridgeline  
method 96–4300 700–1700 100–1500 2300–4500 4100–4500 – 

Sector method 100–4000 500–2000 1800–3600 – – – 

MM transect 100–4000 1700–3100 100–1000
1700–3900 – – – 

MQ transect 100–4000 600–1900 100–3700 – – – 

MC transect 200–4000 700–2200 1400–3800 – – – 

Forest 

Ridgeline  
method 100–4000 1100–2600 1500–3800 2100–4000 3200–4000 2300–3900 

Sector method 1700–5100 3300–4200 3600–4000 – – – 

MM transect 1700–5000 3200–4200 3900–4100 – – – 

MQ transect 1600–5000 3700–4200 3700–4200 4300–5300 4500–5000 – 

MC transect 1600–5100 3500–4300 3800–4000 – – – 
Shrubland 

Ridgeline  
method 300–4800 3400–4600 3800–4200 2400–4800 4200–4800 3900–4100 

Sector method 1600–5900 4100–5100 4000–5000 4000–5100 4500–5000 4000–5100 

MM transect 3000–5100 4600–5100   4200–5100 4400–4900 4200–5100 

MQ transect 1500–5100 4100–5000   3900–5100 4400–5000 4000–5100 

MC transect 2500–5100 4300–5000 4000–5000 4200–5100 4300–4700 4400–5000 
Grassland 

Ridgeline  
method 1400–5100 4400–5000 4400–5000 2500–5100 4400–5000 4100–5100 

Sector method 3000–5300 4400–5300 – 4600–5400 5000–5400 5100–5400 

MM transect 3000–5300 4500–5300 – 4700–5300 5000–5300 5100–5300 

MQ transect 3300–5300 4100–4800 – 4700–5300 5200–5300 5100–5300 

MC transect 3100–5300 4500–5200 – 4700–5300 5200–5300 5200–5300 

Sparse  
vegetation 

Ridgeline  
method 2100–5300 4600–5300 – 4000–5400 5000–5400 5100–5400 

Sector method 100–2500
4200–5300 100–500 – 4200–4500

5000–5800 4200–4400 – 

MM transect 
100–800

1400–2200
4600–5400

4900–5400 – 4200–4400
5700–6100 4200–4300 – 

MQ transect 100–900
3700–5300 100–500 – 4200–5300 4200–4300 

4800–5000 – 

MC transect 200–1800
4200–5300 200–700 – 4200–4400

5500–5800 4300–4400 – 

Waterbody 

Ridgeline  
method 

96–2900
3700–5300

200–700 
4900–5300 – 2200–5300 4100–4600 – 

Sector method 1000–1700 1100–1300 
1500–1600 – 4200–4400 4300–4400 – 

MM transect – – – – – – 
Construction 
land 

MQ transect 1500–1700 1500–1600 – 4200–4400 4300–4400 – 

(To be continued on the next page) 
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(Continued) 
Land cover 

type Division method Southern slope Northern slope 

Class I   Elevation 
range (m)

Core distribu-
tion zone (m)

Advantage
zone (m)

Elevation 
range (m)

Core distribu-
tion zone (m) 

Advantage 
Zone (m) 

  MC transect – – – – – – 

  Ridgeline  
method 400–2400 1000–1600 – 4200–4400 4200–4400 – 

Sector method >3000 4800–5900 5000–5700 > 4200 5100–5600 5400–6000 

MM transect >3000 5000–5900 4100–5500 > 4200 5000–5900 5300–6100 

MQ transect >3400 4300–5200 4200–5100 > 4300 5100–5700 5300–5900 

MC transect >3100 5000–5500 5000–5900 > 4300 5000–5800 5000–5200 
5300–6100 

Bare land 

Ridgeline  
method >1100 4700–5700 4200–4400

5000–5700 >3000 5000–5700 5400–6000 

Sector method < 2800 100–500 – 4000–5000 4200–4500 – 

MM transect < 4900 100–1000 – 4200–5200 4200–4500 – 

MQ transect 100–4500 400–1100 – 3900–5300 4000–4400 3900–4000 

MC transect < 5200 200–1400 – < 5500 4300–4400 – 
Wetland 

Ridgeline  
method < 5100 200–1400 – 3500–5300 4100–4400 – 

Sector method > 4400 5200–5900 > 5700 > 5100 6000–6600 >6000 

MM transect > 4800 5100–5800 > 5500 > 5400 6000–6700 >6100 

MQ transect > 4100 5000–6000 > 5100 > 4300 5200–6300 > 5900 

MC transect > 4600 4700–5700 > 5900 > 5400 6000–6600 >6100 

Glacier/snow 
cover 

Ridgeline  
method > 4000 5100–5900 > 5700 >3800 5400–6300 >6000 

 

(over 3000 m, 4300–5900 m), and glacier snow cover (over 4100 m, 4700–6000 m). In ad-
dition, waterbodies (100–5400 m, 100–5400 m), marsh wetlands (100–5200 m, 100–1400 
m), and construction land (400–2400 m, 1000–1600 m) are distributed along the valleys 
(Table 2). On the northern slope, the elevation ranges and core distribution zones of each 
land cover type were as follows (from low to high elevation): cropland (4000–4600 m, 
4000–4500 m); shrubland (4300–5300 m, 4500–5000 m); grassland (3900–5100 m, 
4200–5000 m); sparse vegetation (4600–5400 m, 5000–5400 m); bare land (over 4200 m, 
5000–5900 m); and glacier/snow cover (over 4300 m, 5200–6700 m). Waterbodies 
(4200–6100 m, 4200–5000 m), wetlands (3900–5500 m, 4000–4500 m), and construction 
land (4200–4400 m, 4300–4400 m) were distributed along the valleys. 

3.3  Vertical distribution characteristics of land cover types in the central Himalayas 

The vertical distributions of land cover types on the southern slope were wider and the ver-
tical zone spectrum was more complete; while the northern slope was dominated by 
high-elevation land cover types with narrower distributions (Figure 5). The vertical distribu-
tions of land cover differed between the southern and northern slopes. Construction land and 
cropland, which were related to human activities, were mostly distributed along mountains 
and valleys (rivers) in a wide range of elevations. At low and middle elevations, construction 
land and cropland were often crisscrossed by forests and shrubland; thus, the vertical distri-
bution of land cover in the KRB had characteristics affected by human activities. The dis-
tributions and compositions of different land cover types on the southern and northern slopes 
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were graphically depicted in Figure 5. On the southern slope, forest, shrubland, grassland, 
sparse vegetation, bare land, and glacier/snow cover exhibited zonal distributions; while 
cropland, construction land, wetland, and waterbodies were distributed in a wide range of 
elevation (Figure 5). The result of using three methods for dividing the northern and south-
ern slopes showed the characteristics of this land cover type’s composition to some extent; 
only the elevation and area of its distribution were different. On the northern slope, cropland, 
grassland, sparse vegetation, bare land, and glacier/snow cover showed zonal distributions; 
while cropland and construction land were distributed in the valleys below 4400 m. Wetland 
was distributed together with waterbodies or distributed along the edges of glacier/snow 
cover.  

From low to high elevation, the land cover type composition changed from complex to 
simple (i.e., from three or four land cover types to one type on the southern slope and from 
two or three land cover types to one type on the northern slope; Figure 5). The land cover 
type composition changed with elevation, reflecting comprehensive results of ecosystem 
adaptation and human influence.  

 

 
 

Figure 5  Distributions and compositions of different land cover types in different vertical zones on the northern 
and southern slopes based on different slope division methods: (a) southern slope, sector method; (b) northern 
slope, sector method; (c) southern slope, MM sample transect method; (d) northern slope, MM sample transect 
method; (e) southern slope, MC sample transect method; (f) northern slope, MC sample transect method; (g) 
southern slope, MQ sample transect method; (h) northern slope, MQ sample transect method; (i) southern slope, 
ridgeline method; and (j) northern slope, ridgeline method 
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To clearly explain the vertical distribution characteristics of land cover types in the study 
region, Figure 6 graphically shows the vertical belts of land cover types (Class I) for both 
the southern and northern slopes (Table 2). Figure 6 indicates a “south six, north four (five)” 
vertical belt pattern in the middle Himalayas (Figures 6a and 6b). In this pattern, “south six” 
referred to cropland, forest, shrubland, grassland, bare land, and glacier/snow cover; while 
“north four (five)” referred to (wetland), grassland, sparse vegetation, bare land, and gla-
cier/snow cover. This structure reflected the internal relationship between land cover and the 
vertical natural zones on MQ. The distribution of cropland or cropland-forest composite belt 
on the southern slope (Figure 6b) also reflected the effects of human activities. 

 

 
 

Figure 6  Dominant altitudinal band structures of land cover types on the southern and northern slopes of the 
KRB based on different slope division methods: (a) sector method; (b) sample transect method with MQ, MC, and 
MM transects; and (c) ridgeline method. For the ridgeline method, both the southern and northern slopes contain 
unique distribution types in the two directions, which increase the uncertainty in the results. Therefore, the verti-
cal zonation of land cover based on the ridgeline method is not discussed in this paper. 
Note: code representation in legend: 1-cropland, 2-forest, 3-shrubland, 4-grassland, 5-sparse vegetation, 6-bare 
land, 7-waterbody, 8-glacier/snow cover, 9-none 

4  Discussion 

4.1  Relationships between the vertical distribution of land cover and the distributions 
of climatic and soil zones 

Due to the huge differences in topography in the MQ region, the hydrothermal conditions 
changed with elevation, and obvious vertical changes in climate, soil, and ecosystems were 
observed. The climate and soil types on MQ differed significantly between the northern and 
southern slopes (Table 3) (Tibet Scientific Expedition Team of the Chinese Academy of 
Sciences, 1975). Comparison of the vertical distributions of land cover types with the verti-
cal distributions of climate and soil types showed that the northern and southern slopes of 
MQ had formed unique vertical belts that reflected the adaptation of land cover to specific 
environments. Meanwhile, the upper and lower limits of the vertical zones of some domi-
nant land cover types differed slightly from those of the climate and soil zones. This may be 
attributed to their different study areas, sampling zones, sampling locations, research meth-
ods, and spatiotemporal scales of the data.  
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Table 3  Comparison of the altitudinal distributions of land cover, climate, and soil on the southern and northern 
slopes of Mt. Qomolangma 

  
Vertical climatic zone  

of MQ (Zheng et al., 1975） 
Vertical soil zone  

of MQ (Gao et al., 1975） 

Sector method of MQ 
Dominant belt of land cover 

(this paper) 

  Elevation (m) Vertical climatic 
zone 

Elevation 
(m) Vertical soil zone Advantage 

zone (m) Land cover type 

1600–2500 Mountain subtropical 
zone 1600–2500 

Mountain yellow-brown
soil 

100–1800 Cropland 

2500–3100 
Mountain warm 
temperate zone 

2400–3100 
Mountain acid  
brown soil 

1800–3600 Forest 

3100–3900 
Mountain cold  
temperate zone 

3100–4100 
Mountain bleached  
podolic soil 

3600–4000 Shrubland 

4100–4500 
Subalpine shrub  
meadow soil 

    

4100–4500 Subalpine meadow soil 4000–5000 Grassland 3900–4700 Subalpine cold zone

4500–4800 Alpine meadow soil     

4700–5500 Alpine cold zone 4800–5600 Alpine frozen soil 5000–5700 Bare land 

Southern 
slope 

> 5500 Alpine ice-snow belt > 5600 Ice and snow > 5700  Glacier/snow cover 

4000–5000 Plateau cold zone 4400–4700 Subalpine steppe soil 4000–5100 Grassland 

4700–5200 Alpine meadow-steppe 
soil 5100–5400 Sparse vegetation 

5000–6000 Alpine cold zone 
5200–5500 Alpine frozen soil 5400–6000 Bare land 

Northern 
slope 

> 6000 Alpine ice-snow belt > 5500 Ice and snow > 6000 Glacier/snow cover 

* Cited from “A report on the scientific investigation of the Mount Qomolangma Region, 1975” 
 

4.2  Comparison of the vertical distributions between land cover and vegetation in the 
MQ region 

The vertical belts of land cover determined by using the sector method of slope division 
were compared with those of vegetation studied by Zhang et al. (1973). With the exception 
of cropland, the main characteristics of distribution, composition and structure of two belts 
were consistent on the northern and southern slopes (Table 4). For example, with increasing 
elevation on the southern slope, the dominant land cover types were forest, shrubland, 
grassland, sparse vegetation, bare land, and glacier/snow cover; while those on the northern 
slope were grassland, sparse vegetation, bare land, and glacier/snow cover. The two slopes 
were consistent in the composition of Class I land cover types, except difference in distribu-
tion amplitude. 

The vertical distributions of land cover types exhibited characteristics different from those 
of the vertical distribution of vegetation. This is because that the interpretation of 
high-resolution remote sensing image data for land cover revealed the effects of human ac-
tivities based on the distributions of cropland and construction land and the corresponding 
utilization of mountain forest, shrubland, and grassland. On the southern slope, cropland was 
dominant with the distributions of cropland and forest interspersed at elevations below 1800 
m. In contrast, on the northern slope, cropland and construction land were mainly distributed 
at elevations below 4400 m.  
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Table 4  Comparison of the vertical distributions between land cover types and vegetation on the slopes of Mt. 
Qomolangma 

Vertical distributions of land cover types (this paper) Vertical distributions of vegetation (Zhang et al., 1973) 

  Advantage zone (m) Land cover types Distribution range (m) Vegetation types 

  < 1000 (1200) Monsoon forest zone 100–1800 Cropland 
1000–2500 
2500–3000 (3100) 
 

Evergreen broadleaved forest belt 
Mountain coniferous broadleaved (evergreen, 
deciduous) mixed-forest zone 1800–3600 Forest 

3000–3800 (4100) Subalpine coniferous zone 

3600–4000 Shrubland 3800–(4100)–4500 Alpine brush 

4000–5000 Grassland 

 Sparse vegetation 
4500–5200 Alpine meadow. 

5000–5700 Bare land 5200–5500 (5600) Lichen gravel zone 

Southern 
slope 

> 5700 Glacier/snow cover > 5500 (5600) Permanent snow-ice zone 

  Grassland 3900–4400 Steppe zone 
4000–5100 

Grassland 4400–5000 Alpine steppe zone 

5100–5400 Sparse vegetation 5000–5700 Alpine meadows with sparse cushion vegeta-
tion zones 

5400–6000 Bare land 5700–5800–(6200) Lichen, gravel zone 

Northern 
slope 

> 6000 Glacier/Snow cover > 5800–6200 Frigid zone 

  
The results of this study were compared with the vertical distributions of vegetation from 

1959–1968 (Zhang et al., 1973). The vertical distribution of vegetation in the MQ region 
had not changed substantially since 1959–1968 (Zhang et al., 1973). However, the lichen-
ic-gravel zone (land cover type = bare land) at high elevations had shown local changes due 
to increases in temperature and human activities. The forest zone had also changed locally at 
low elevations due to human activities. The distribution range of gravel increased signifi-
cantly. The expansion of gravel into lower elevations was mainly caused by grassland deg-
radation attributable to grazing (Zhang et al., 2013); while the expansion into higher eleva-
tions was primarily caused by the retreat of high-elevation glaciers (Nie et al., 2010). The 
decreased distribution range of forest could be related to the increases in cropland and 
residential land. These changes affected the overall ecosystem services provided by the high 
mountains, highlighting the challenges related to ecological and environmental protection in 
the MQ region in both China and Nepal. The changes in the vertical distributions of land 
cover revealed in this study reflected the effects of human activities on the land and vegeta-
tion.  

5  Conclusions 
Based on land cover data for 2010 and DEM data, three methods for dividing the northern 
and southern slopes in mountainous areas were adopted to study the vertical distribution 
characteristics of land cover in the central Himalayas. The key results are summarized as 
follows. 

(1) The vertical distribution of land cover in the central Himalayas was basically consis-
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tent with the natural vertical zones in this region; however, it reflected the effects of human 
activities. The vertical spectrum of land cover in the central Himalayas could be described 
by a “south-six, north-four” pattern.  

(2) The distributions and compositions of land cover types differed significantly between 
the northern and southern slopes. The land cover types on the southern slope were diverse 
with wide distributions. In contrast, on the northern slope, the land cover types were fewer 
and mostly had narrow distributions at high altitudes. From low to high elevation, the 
dominant land cover types on the southern slope were forest, shrubland, grassland, sparse 
vegetation, bare land, and glacier/snow cover; while those on the northern slope were grass-
land, sparse vegetation, bare land, and glacier/snow cover. Waterbodies, wetlands, cropland, 
and construction land were mostly distributed along mountains and valleys (rivers) on both 
slopes. 

(3) The results by using three methods to divide the southern and northern slopes showed 
similar vertical distributions of land cover on the southern slope. The use of ridgeline 
method resulted in great uncertainty, because both the southern and northern slopes divided 
using this method contained the unique distribution types in the two directions. This was the 
main factor responsible for the different distributions obtained for the northern slope. Based 
on field survey data, the use of sector division method provided the most accurate distribu-
tions of land cover among the three division methods. 

(4) Compared with the vertical distributions of vegetation over 40 years ago, the main 
vertical zones had not changed substantially. The main changes are as follows: 1) bare land 
had expanded into both higher and lower elevations, and the distribution amplitude in-
creased significantly; and 2) forest land had been converted to cropland and construction 
land in the low-elevation areas of the southern slope.  
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