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Themountain base elevation, which refers to the initial altitude of amountain or

the mountain altitudinal belt, is of great significance for the study of mountain

altitudinal zonality and the mass elevation effect. However, a fast and efficient

algorithm for the automatic extraction of a mountain base elevation is still

lacking; therefore, a new method based on mountain structure modeling to

calculate the mountain base elevation is proposed for the Qinling-Daba

Mountains (QDM). The result shows that 1) the mountain structures in

different catchments of the Qinling-Daba Mountains can be divided into six

types, namely, pyramid, low-diamond, diamond, inverse pyramid, hourglass,

and ellipsoid, and each type has a specific distribution law; 2) based on the

mountain structure, the calculation result of the mountain base elevation in the

Qinling-Daba Mountains ranges from 99m to 3,979 m, being high in the west,

north, and south and low in the east and middle, which is consistent with the

overall terrain distribution of theQinling-DabaMountains; and 3) there is a good

linear correlation between themountain base elevation and the average altitude

in the Qinling-Daba Mountains with R2 = 0.96 (p < 0.01), which also indicates

that the mountain base elevation quantification algorithm works well in the

mountain areas with a complex terrain.
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Introduction

The mass elevation effect (MEE), a phenomenon that shows the distribution

boundary of internal similar vegetation, is higher than that of peripheral isolated

mountains, and this occurs widely in large mountains and plateaus (Grubb, 1971;

Holtmeier, 2009; Zhao et al., 2014; Zhao et al., 2015). It not only changes and

destroys the horizontal zonality but also shapes the non-zonality of vegetation and

climate distribution in mountainous areas (Zhang and Yao, 2016) and has become a hot
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field in mountain geography research recently (Han, 2011a; Yao

and Zhang, 2012; Zhao et al., 2014; Zhao et al., 2015; Zhang and

Yao, 2016; Han et al., 2018; Zhao et al., 2021; Tian et al., 2022).

The mountain base elevation (MBE), which is closely related to

MEE, is the key topographic factor for the MEE (Han, 2011a;

Han et al., 2012; Zhao et al., 2014; Zhao et al., 2015). Generally, a

higher MBE can cause a higher surface temperature in terms of

the same altitude, and this can result in a higher vegetation

distribution (Shreve, 1922; Han, 2011a; Yao and Zhang, 2013;

Lan et al., 2022). Therefore, the MBE is used widely as a proxy of

MEE to reveal the important influence of the MEE on the

altitudinal distribution of timberline and snowline (Han,

2011a; Han et al., 2012; Zhao et al., 2014; Zhao et al., 2015).

The automatic extraction of the MBE will be helpful for the

quantitative study of the MEE and in explaining the intensity and

mechanism of the non-zonal effect of mountain vegetation

distribution.

The MBE is the initial elevation of different parts of a

mountain system or plateau, determining the structure of the

mountain altitudinal spectrum and the type of the vegetation

altitudinal belt (Hou, 1981). For the same orientation, same soil,

and rock texture, the vegetation types on the mountain are also

roughly similar. For mountains that are not far apart, the higher

MBE is generally associated with a higher altitudinal distribution

elevation (Shreve, 1922). For this reason, the extraction of the

MBE is considered helpful to explain the structure and

distribution of mountain altitudinal belts. However,

traditionally, the mountain base belt and MBE are mostly

obtained by manual means (Hou, 1981; Liu, 1981; Zhao et al.,

2014; Tian et al., 2022), which is not only inefficient but also

inaccurate because of the lack of scientific standard and the

existence of subjectivity. With the development of modern Earth

observation technology and GIS technology (Zhu et al., 2021),

especially with the development and application of the digital

elevation model (DEM) data, the automatic quantification of the

MBE becomes feasible.

The extraction of the MBE depends on the research scale and

mountain structure. From the mountain system scale

perspective, the mountain base is the turning surface of the

regional topography. It is relatively flat and occupies a large area

corresponding to the altitude, which is usually accompanied by

an obvious increase in altitude above it and valleys or plains

below it. According to Elsen’s classification of global mountain

systems, all mountains can be divided into four types (Elsen and

Tingley, 2015), namely, pyramid, inverse pyramid, diamond, and

hourglass, according to the law of mountain surface area changes

with elevation. For the pyramid type, the maximum surface area

appears at a lower elevation closer to the bottom of the mountain,

while the other three types do not. In a certain altitudinal range,

the mountain surface area of the other three types increases with

altitude, resulting in a higher mountain base elevation than in a

pyramid mountain. However, when looking deeply into the

internal structure of a mountain system, it can be found that

there are obvious differences in mountain base elevation at

different positions for the same mountain. For example, the

mountains of the European Alps have a mountain base elevation

close to sea level in the northern and southern edges, but

1,000–1,500 m in the internal relatively continental climate

zone. This means that there are unignorable differences in

mountain base elevation within the mountain system, and it is

necessary to further divide the mountains with complex terrain

and identify a more refined mountain base elevation, thus laying

a foundation for the further study of the MEE within the

mountain system. This method can solve the shortcomings of

low efficiency and inaccuracy of previous methods by total

automatic extraction of MBE. The accurate MBE would, in

the future, contribute to the quantification of the MEE and

construct a foundation for an in-depth explanation of the

vegetation distribution and climate pattern inside mountains.

Study area

The Qinling-Daba Mountains (QDM) lie between 30 ~ 36°N

and 101–114°E, with a length of about 1,000 km from east to west

and an area of about 3,00,000 km2 (Figure 1). It extends from the

west of Dieshan Mountain in Gansu to the east of Shennongjia

Mountain in Hubei, spanning six provinces and cities of Gansu,

Sichuan, Shaanxi, Chongqing, Hubei, and Henan, and consists of

the towering western Qinling Mountains in the west, the

northern Qinling Mountains in the north, the Daba Mountain

in the south, and the Hanjiang Valley in the middle.

As one of the most important mountain ranges in China, the

QDM, located in central China, is not only the boundary between

the Yangtze River Basin and Yellow River Basin but also the

natural boundary of geography and climate between northern

and southern China. Specifically, the southern part of the Daba

Mountains is in the north subtropical zone, with the evergreen

broad-leaved forest as the main vegetation, while the northern

part of the Qinling Mountains is in the warm temperate zone

with the deciduous broad-leaved forest as the major vegetation

community. On the whole, the terrain inside the mountains is

quite complex, with high elevation in the west, north and south,

and low elevation in the east and middle. For example, the

southern slope of the Qinling Mountains is a fold belt, where

the terrain is relatively flat. From the ridge line of the Qinling

Mountains (3,600–3,700 m in elevation) to the Hanshui Valley

(400–500 m) on the southern edge, the slope length can reach

100–120 km, and the mountain base elevation presents complex

changes. On the contrary, the northern slopes of the Qinling

Mountains form the shield, which is mainly composed of the

Shifeng Forest and the Great Cliff Layer (Yu, 1958; Fu et al., 1996;

Liu et al., 2004), and the terrain is extremely steep. From the main

peak (~3,700 m) to the Weihe plain (~400–500 m) on the

northern edge, the slope is less than 40 km long, with fewer

uplands and a lower base elevation. Therefore, the Qinba

Frontiers in Environmental Science frontiersin.org02

Wenjie et al. 10.3389/fenvs.2022.1030301

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1030301


Mountain range exhibits a complex mountain effect, and it is not

difficult to understand that the complex terrain of the Qinba

Mountains leads to completely different mountain base

elevations in different parts, which makes it representative for

the study of MEE.

Methods

The quantification of MBE mainly consists of three steps,

namely, mountain partitioning, mountain structure judgment,

and MBE calculation (Figure 2). The first step is to divide the

large area of the QDM into smaller mountain units and calculate

the surface area at different altitudes in each partition. The

second step is to determine the structure type of each

partition according to the area–elevation relationship. The last

step is to determine the mountain base elevation according to the

average elevation below the altitude of the maximum surface area

and explore the correlation between the MBE and the average

elevation.

The catchment divisions

In this study, the catchment divisions form the basis for

judging the mountain structure and calculating mountain base

elevation, and these are mainly based on the terrain feature line

(Xiao et al., 2008) and hydrological analysis (Nie, 2008). The

terrain feature line normally contains features such as the ridge

line or valley line, which can be used in the catchment divisions.

FIGURE 1
Topography of Qinling-Daba Mountains and the position of four section lines.

FIGURE 2
Flow map of MBE quantification.
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However, manual division is unavoidable in this process. The

other hydrological method divides the inverted mountain into

watersheds by setting a certain threshold of confluence

accumulation, which is simulated by a hydrological analysis

algorithm based on DEM (https://asterweb.jpl.nasa.gov/gdem.

asp). In this method, the boundary line of each watershed of the

inverted mountain is roughly the valley line of the upright

mountain. Compared with the terrain feature line method, the

hydrological analysis method is simpler and more scientific, but

its high dependence on the partition algorithm is a vital defect,

which makes it difficult to find inappropriate situations in the

partition progress. Therefore, the combination of the two

methods is considered the best solution to make up for their

shortcomings, which not only ensures the scientificity of the

calculation process but also reduces the possibility of

unreasonable partition.

The QDMpartition is carried out by the hydrological analysis

tools of ArcGIS 10.2 software, and the specific steps are as

follows: first, invert the QDM terrain, which is primarily to

ensure that the obtained watershed partition results have the

significance of mountain zoning. Second, extract the watershed

of the inverted terrain as a rough QDM partition after a series of

steps, including the filling of depressions, the calculation of flow

direction and discharge, and the extraction of the threshold value

of confluence accumulation in turn. Finally, extract the terrain

feature lines and manually determine the final fine partition

combined with the watershed boundaries.

In watershed zoning, the determination of the threshold

value of confluence accumulation is the key to the whole

method. If the threshold value is too high, the actual river

channel will be neglected, while if the threshold value is too

small, a large number of pseudo-rivers will be produced,

which will severely interfere with the research. Previous

studies have often determined the river threshold based

on the “trial and error method (Zhu et al., 2013),”

plotting the curve of the river network density changing

with confluence accumulation. It is found that the curve

tends to be stable when the accumulation of confluence in the

QDM reaches 700,000 (Liu et al., 2018). Therefore, in this

study, the threshold value of confluence accumulation is set

to 7,00,000.

Judgment of the mountain structure

In this study, the law of the mountain surface area changing

with altitude proposed by Elsen (Lan et al., 2022) is used to

describe the mountain structure. The mountain structure of the

QDM is re-divided based on Elsen’s study but considers more

interior information about the mountain. To facilitate automatic

classification by the computer, an algorithm is designed to

determine the mountain structure according to the number of

the curve peak and the ratio of the elevation where the area peak

is located to the whole mountain (Figures 3, 4).

FIGURE 3
Model of the relationship between the mountain surface area and altitude.
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In accordance with the curve of the mountain surface area

changing with altitude in every partition of the QDM, the

mountains are divided into six types, namely, pyramid, low-

diamond, diamond, ellipsoid, inverse pyramid, and hourglass

(Figure 5). Among the six types, the peak surface area of the

pyramid appears at the bottom of the mountain and decreases

with the increase in altitude; the diamond type is one whose

surface area peak appears roughly in the middle of the mountain,

and it is the most common among all types; the low-diamond

type is between the pyramid type and diamond type, with the

surface area peak appearing in the middle and lower parts of the

mountain; the ellipsoid type has a form showing a gentle change,

where the surface area peak is not prominent; the inverse

pyramid type is completely opposite to the pyramid type, with

the surface area peak located in the upper part of the mountain

and which decreases with the decrease in the altitude; and the

hourglass type has two surface area peaks which are far apart, and

the surface area shrinks sharply in the middle of the mountain.

The calculation of mountain base
elevation

Generally, the mountain base surface can be considered as

the base of the whole mountain, which is related to the location

where the maximum surface area of the mountain appears to a

greater extent; therefore, this study regards where the peak of the

mountain is located as the upper limit. The value of the MBE is

defined as the average of the altitude of the surface peak area, and

the lowest altitude of the mountain

Hb � Hm +Hl

2
,

whereHb is the mountain base elevation,Hm is the altitude where

the peak surface area is located, andHl is the lowest altitude of the

mountain.

Result

Mountain divisions in the Qinling-Daba
Mountains

By using the watershed zoning method and terrain

feature line method, we divide the QDM into 209 zones

(Figure 6). Each partition is connected by small valleys, and

the surface runoff flows into them and forms small

watersheds. These valleys are considered to have an

independent MBE. The average altitude of each partition

in the QDM (Figure 7) is calculated, and its distribution is

consistent with the overall terrain pattern in the QDM,

which is generally higher in the west and lower in the

east. Due to the obvious differences in average altitudes,

different partitions will form different watersheds, thus

forming different MBEs.

FIGURE 4
Algorithm for judging the mountain structure.
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For different profiles, the average elevation of the

partitions is consistent with the terrain (Figure 8). For

instance, the average elevation of the QDM shows a

similar step-like rising from east to west along the two

latitude profiles of 32.67°N and 33.96°N. The average

elevation first decreases and then rises from north to

south along the two longitude profiles of 110.53°E and

107.81°E, covering the Qinling Mountains (north), the

Hanjiang Valley in the middle, and the Daba Mountains

in the south. In addition, for the 107.81°E profile, the average

elevation of the Qinling Mountains (near Taibai Mountain)

is higher than that of the Daba Mountains, while for another

110.53°E profile, the average elevation of the Daba

Mountains (near Shennongjia) is higher than that of the

Qinling Mountains (near Funiu Mountain). This is

consistent with the actual terrain conditions.

FIGURE 5
Types of mountain structures: (A) Pyramid type, (B) low-diamond type, (C) diamond type, (D) ellipsoid type, (E) inverse pyramid type, and (F)
hourglass type.

FIGURE 6
Catchment divisions (209) in the Qinling-Daba Mountains.
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FIGURE 7
Average altitude of each catchment in the Qinling-Daba Mountains.

FIGURE 8
Altitude and average altitude along four profiles of (A) 32.67°N, (B) 33.96°N, (C) 107.81°E, and (D) 110.53°E in the Qinling-Daba Mountains.
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Mountain structure types

Based on the automatic extraction algorithm of mountain

structures at a regional scale, the mountain structure types of

209 partitions are divided into six patterns, namely, ‘pyramid,’

‘low-diamond,’ ‘diamond,’ ‘inverse pyramid,’ ‘hourglass,’ and

‘ellipsoid,’ and each type has a specific altitude distribution

range. As shown in Figure 9 and Figure 10, the pyramid

mountains are mainly distributed in the relatively flat terrain

in the east, some low mountains in the middle, and a small

number of low mountains on the southern edge of the western

alpine group in the QDM, with an average elevation range of

about 500–1,000 m. Slightly higher than pyramid mountains,

low-diamond mountains are usually distributed around pyramid

mountains, such as the north and south sides of the Hanjiang

Valley and the periphery of the western high mountains, with an

altitude range of 1,000–1,500 m. As the most common type,

diamond mountains are widely distributed in the northwest and

north of the QDM, and also in some higher altitude areas in the

south, with an average altitude of about 1,500–3,000 m. The

inverse pyramid mountain is the highest type, with an average

altitude of about 2000–4,000 m, is concentrated in the lofty areas

in the west of the QDM, and also scattered in other prominent

areas. Ellipsoidal mountains are scattered and roughly located

near ridges or in areas with severe topographic changes, and the

average elevation is 1,000–1,500 m.

Along the longitudes, 110.53°E and 107.81°E, eight partitions

near each section line are selected to draw the mountain structure

sequence (Figure 11). It is not difficult to find that the

area–elevation relation curve changes regularly with the

terrain. Specifically, at the Qinling and Daba mountain ridges,

the peak of the surface area is at the highest elevation, while it is

relatively low on the southern and northern slopes, and reaches

the lowest in Hanjiang Valley in the middle, showing a

high–low–high change rule in a north–south direction.

Accordingly, the mountain structure types also show regular

changes. Along the longitude 107.81°E, the mountain structure

types at the Qinling Mountains and Daba Mountains are

diamond, the south and north slopes are low-diamond, and

the Hanjiang Valley is a pyramid. At another section line of

110.53°E, the structure of the Qinling ridge becomes an inverse

pyramid, the southern slope of the Daba Mountains becomes

ellipsoid and other parts are the same as those at 107.81°E.

Obviously, the distribution law of the mountain structure is

FIGURE 9
Spatial distribution of different mountain structure types in
the Qinling-Daba Mountains.

FIGURE 10
Average elevation ranges of different mountain structure types in the Qinling-Daba Mountains.
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FIGURE 11
Mountain structure recognitions near 107.81°E (A) and 110.53°E (B) in the QDM.

FIGURE 12
Spatial distribution of mountain base elevation in the Qinling-Daba Mountains.
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completely consistent with the actual terrain trend, which reflects

the important significance of the mountain structure in

exhibiting the mountain terrain.

Distribution of the mountain base
elevation in the Qinling-Daba Mountains

Based on the peak feature of the mountain structure curve,

the mountain base elevation is finally determined, showing an

obvious spatial distribution law in the QDM (Figures 12, 13).

From east to west, the MBE of the Qinba Mountains increases in

a step-like manner. For example, the MBE on the west side of

Dieshan Mountain, Xionghuang Mountain, and Xuebaoding

Mountain is over 2,250 m, then ranges from 1,250 m to

2,250 m between their east sides and the Jialing River, and

then ranges from 500 m to 1,250 m in Laicang Mountain,

Daba Mountain, and Taibai Mountain, and finally to less than

500 m in Funiu Mountain and Shennongjia Mountain in the east

FIGURE 13
Average altitude and mountain base elevation in the QDM along four profiles of (A) 32.67°N, (B) 33.96°N, (C) 107.81°E, and (D) 110.53°E.

FIGURE 14
Scatter plot of the mean altitude and base elevation in the
Qinling-Daba Mountains.
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of the QDM. From south to north, the Qinba Mountains present

a high–low–high distribution characteristic. Along 107.81°E, theMBE

near the Daba Mountains in the south at 32.67°N is more than

1,000m, while it is less than 500m at the Hanjiang River between

32.67°N and 33.96°N, and then more than 1,000m again in Taibai

Mountain near 33.96°N. Along 110.53°E, the MBE of the Daba

Mountains and the south slope of Shennongjia Mountain is

between 500 and 1,250m, then becomes less than 750m at the

north slope of Shennongjia Mountain and the south slope of Taibai

Mountain and Funiu Mountain, and then returns to 500–1,250m in

Taibai Mountain and the northern slope of Funiu Mountain. As

mentioned earlier, on different profile lines, the variation of the MBE

of the QDM is consistent with the average altitude (Figure 13).

Furthermore, the regression analysis of the MBE and the average

altitude in each partition shows that there is a significant positive

correlation (Figure 14), with R2 as high as 0.96 (p < 0.01). This implies

that the higher the average altitude of the mountain is, the higher the

MBE is. Specifically, it is about 873m for every 1,000m increase in

average altitude. To some extent, it also proves that the MBE can

reflect the terrain change and mountain effect.

Discussion

The MEE has an important influence on the boundary of

mountain altitudinal belts and timberline distribution. As a

heating surface that absorbs solar radiation, the towering mountains

produce an obvious thermal effect which enhances the heat conditions

inside the giant mountain systems and plateaus, thus leading to a

higher mountain altitudinal belt elevation (Holtmeier, 2009). Closely

related to the MEE, the MBE is a key index of quantification of the

mountain effect. However, the traditional MBE extraction method is

mostly manual (Han, 2011a), which is not only inefficient but also

inaccurate because of the lack of scientific criterion and the existence of

subjectivity. Previous studies tried to use terrain and hydrological

features to automatically partition the mountain base elevation

(Zhang et al., 2012), but for the specific MBE, it is still necessary to

interpret zone-by-zonemanually according to the topographic features,

which is not suitable for numerous partitions. In recent years, some

studies have proposed calculating the MBE according to the terrain

fluctuation degree and the average elevation of the partition after

automatically partitioning, which further reduces human intervention

and improves the calculation efficiency.However, thesemethods are all

based on two-dimensional considerations and lack consideration of the

three-dimensional mountain structure; therefore, it is unable to reflect

the overall mountain structure and establish a three-dimensional

model. According to the relationship between the mountain area

and altitude, this study established three-dimensional modeling of

mountain structures at a regional scale. Due to the complexity and

diversity of mountain structures at the QDM, this study divided the

mountain structure into six categories adding two additional types,

namely, low-diamondmountains and ellipsoid mountains, in addition

to Elsen’s four categories at the global scale (Elsen and Tingley, 2015).

Based on watershed segmentation and mountain structure

information, we automatically obtained MBE for 209 sub-basins.

The QDM is located in the transitional area between the

Qinghai–Tibet Plateau and the eastern plains of China. Its basic

terrain of high west and low east determines the distribution

characteristics of the MBE. From the east–west perspective, the

mountain base elevation of the QDM shows an obvious step-like

increase from east towest. Fromnorth to south, the base elevation first

increases to a ridge and then decreases, in both theQinlingMountains

and DabaMountains. Among them, the MBE of the Hanjiang Valley

is the lowest (<500m), which is consistent with the changing trend of

the average altitude, proving that the MBE is closely related to the

average altitude, andR2 of them reaches 0.96 in theQDM. In addition,

the mountain structure is closely related to the surface area of the

mountain, which means that the higher the MBE, the larger the area

receiving radiation is, and this can result in a stronger mountain

warming effect.

In addition, the higher the MBE of the selected zone within

the QDM generally, the higher the boundary of the mountain

altitudinal zone is. For example, the upper limit of the mixed

forest in Taibai Mountain (MBE of 1,250 m) is 120 m higher than

that in the Hanjiang Valley (MBE of 491 m), and the upper limit

of the birch forest is 200 m higher than that in the Hanjiang

Valley (Liu et al., 2018). It demonstrates that the influence of the

MEE determined by the MBE even affects the position of the

north–south boundary (Zhao et al., 2019; Zhang et al., 2021). It

can also be foreseen that the quantification of MBE is of great

significance in the division of the north–south boundary in

China. However, it is important to note that the MBE is a

common substitute factor for quantifying the MEE but is not

the only influencing factor. There are other possible influencing

factors, such as the slope direction, shading degree, and lithology,

which contribute to the MEE to some extent.

Conclusion

By using the watershed partition method and terrain feature

line method, the QDM is divided into 209 zones, which are

considered to have independent MBEs. The average

elevation of the MBE in QDM is generally higher in the

west, north, and south and lower in the east and the middle,

which is consistent with the overall terrain of the QDM. The

MBE along the four profile lines of 32.67°N, 33.96°N, 107.81°E,

and 110.53°E also evidences this pattern. According to the

area–elevation relationship, the mountain structure types of

209 partitions are divided into six patterns, namely, ‘pyramid,’ ‘low-

diamond,’ ‘diamond,’ ‘inverse pyramid,’ ‘hourglass,’ and ‘ellipsoid,’ and

their average elevation interval is, respectively, 500–1,000m,

1,000–1,500m, 1,500–3,000m, 2000–4,000m, 1,000–2,500m, and

1000–1,500m. The higher MBEs are more likely to be found in the

inverse pyramid, diamond, and hourglass mountains, and the lower

and medium MBEs are usually distributed in the pyramid and low-
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diamond mountains. In addition, the significant and positive

correlations between the MBEs and the average altitude (R2 = 0.96,

p < 0.05) prove the usefulness of our algorithm.
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