
Citation: Zou, Z.; Du, Y.; Song, H.

Fractal Features in Terrain

Restoration of Jiuzhai Valley, a World

Natural Heritage Site in China.

Fractal Fract. 2023, 7, 863. https://

doi.org/10.3390/fractalfract7120863

Academic Editors: Palle Jorgensen,

Zhihua Zhang and M. James

C. Crabbe

Received: 7 October 2023

Revised: 29 November 2023

Accepted: 30 November 2023

Published: 5 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fractal and fractional

Article

Fractal Features in Terrain Restoration of Jiuzhai Valley, a World
Natural Heritage Site in China
Zan Zou 1,† , Yue Du 2,† and Huixing Song 1,*

1 College of Landscape Architecture, Sichuan Agricultural University, Chengdu 611130, China;
zouzan22@163.com

2 College of Art, Sichuan Technology and Business University, Chengdu 610000, China;
haruisland66@gmail.com

* Correspondence: songhuixing@sicau.edu.cn; Tel.: +86-13666299106
† This author contributed equally to this work.

Abstract: Jiuzhai Valley, a World Natural Heritage Site, was significantly damaged by an earthquake
in 2017. However, case studies on the restoration of World Natural Heritage sites are lacking.
This study aimed to use the box-counting method to analyze fractal characteristics of the terrain
in Shuzheng Valley. Research data were used to conduct artificial intervention restoration of the
earthquake-damaged terrain. Our results showed that (i) the travertine terrain shows self-similarity
at different scales. The fractal dimension was related to terrain complexity: the more complex the
terrain, the higher the fractal-dimension value; (ii) a combined form of fractal generator elements at
the same scale was related to terrain complexity—differences in the spatial combination of the fractal
generator elements can be compared based on fractal dimension; and (iii) the newly restored dam
terrain also showed fractal characteristics whose spatial combination form was similar to that of the
surrounding terrain. The complexity of the terrain’s fractal element combination may be related to the
influence of surrounding environmental factors and the different ecological functional requirements.
This study provides basic data for the near natural restoration of the Sparkling Lake travertine terrain
after an earthquake and proposes new concepts and strategies for restoring World Natural Heritage
Site terrains.

Keywords: World Natural Heritage; fractal dimension; box-counting method; earthquake restoration;
landscape terrain restoration

1. Introduction

Jiuzhai Valley, a well-recognized Natural World Heritage Site, has a superior natural
environment. The 7.0 magnitude earthquake (Mw 6.5) that occurred on 8 August 2017 (later
referred to as the “8.8” earthquake) caused damage to the travertine terrain of Sparkling
Lake in Jiuzhai Valley, resulting in vegetation erosion, drying up of the lake, and waterfall
cutoff [1,2]. The earthquake tracking results indicated that the travertine terrain of Sparkling
Lake had been exposed to air for an extended period following the “8.8” earthquake, caused
by the dam break and subsequent drying up of the lake. In the event of disasters, such
as rainstorms or earthquakes, striking again, a new round of damage is likely to occur,
leading to a gradual breach of the dam downstream of Sparkling Lake and causing further
damage to the overall travertine terrain [3]. Sparkling Lake is likely to face more serious
disaster risks. Therefore, restoration of Sparkling Lake through artificial intervention is
urgently needed.

Until recently, most restorations of heritage sites pertained to World Cultural Her-
itage sites such as castles, temples, and roads [4]. A worldwide dearth of restored natural
heritage sites appears to exist. The protection and restoration of world natural heritage
needs to follow the same principles regarding authenticity and integrity that govern
the protection of World Cultural Heritage sites [5]. The guiding document of the World
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Heritage Convention, “Convention concerning the protection of the world cultural and
natural heritage”, indicates that parts of this heritage possess exceptional qualities, consid-
ered to be of “outstanding universal value (OUV)”, and as such deserve special protection
from the dangers that increasingly threaten them. Furthermore, it clarifies the duties of
state parties to protect world cultural and natural heritage [5,6]. The Faro Convention
emphasizes the importance of human and community participation in heritage protection.
In addition to protecting historical buildings and materials, the protection of heritage
sites must be beneficial to the general public, who need to recognize the value of natural
landscapes. According to a report released by the United Nations Office for Disaster
Risk Assessment, the number of natural disasters worldwide is increasing, but studies on
disaster risk reduction are quite limited [7]. Currently, due to the lack of case studies on
the restoration of World Natural Heritage sites, their restoration is difficult and requires a
balance between restoration and protection of authenticity and integrity. The restoration
of World Natural Heritage sites may be of practical significance to humanity as a whole
by better protecting their OUV.

Reducing traces of artificial intervention when restoring natural landscapes remains a
topic of broad and current interest [8,9]. Studies have investigated landscape restoration
of natural coastal dune systems [10] and World Heritage sites [11,12] and evaluated their
natural values following restoration [9,13]. However, traditional landscape restoration
typically involves extracting data on landscape characteristics so that landscape designers
can imitate the original landscape style and characteristics via restoration. This method
involves subjectivity in the design process and cannot replicate the authenticity of the
original landscape features. Concerning the current study, traditional landscape restoration
methods were not supported by reliable data due to the absence of accurate field investiga-
tions and surveys pertaining to Sparkling Lake in Jiuzhai Valley before the earthquake. A
previous study reconstructed a 3D computer graphics-based image of the Bam Adobe castle,
a World Heritage Site, by analyzing the spatial structure of the castle and the relationship
between its internal and external façades, which enabled its restoration [14]. This case
reinforced the importance of effectively extracting the landscape and geomorphic features
of Sparkling Lake for its restoration.

However, unlike artificial buildings, such as castles, natural terrain and vegetation
are often irregular and complex, and may be explained by fractal theory. Although Eu-
clidian shapes are composed of smooth lines, many natural shapes exhibit self-similarity
at different spatial scales [15]. The fractal theory proposed by Mandelbrot can be used to
analyze complex and irregular forms and structures in nature, including rivers, coastlines,
and skylines, considered to have a fractal morphology, as well as their topography and
geomorphology. It can also reveal the potential order or laws governing these natural land-
scapes [16–21]. More specifically, a local portion of the natural landscape may reflect the
self-similarity characteristics of the entire landscape, which can be described quantitatively
by the fractal dimension. Fractal geometry based on “self-similarity” helps determine
the potential order or laws governing the external morphology of the landscape [16–18],
and postulates that fractal morphology generally exists in natural landscapes, such as
vegetation [22–24], coastlines [21,25], habitats and wetlands [26–28], among others. Fractal
dimension characteristics can also be seen in artificial landscapes, such as terraces [29,30],
artificial land use [31], building environments [32–34], traffic networks [35,36] and others.
The practice of fractal geometry in landscape restoration of quarries, open-pit mines, and
other damaged environments [37,38], as well as river shoreline restoration [39], urban
skyline construction [40,41], urban spatial organization structure [42–47], and landscape
restoration [11], has confirmed that the balance, congruence, and symmetry of fractal images
enhance pleasure in perception and cognition. Therefore, any change in fractal dimensions
may affect people’s visual judgment and preference for a landscape [48–50]. People prefer
images with fractal features [51]. Accordingly, quantifying the self-similarity characteristics
of natural landscapes via fractal dimensions is considered an effective means of describing
their characteristics and one that may guide natural landscape restoration [15,40].
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This study aimed to address the following questions. Can artificial restoration effec-
tively restore the damaged terrain of World Natural Heritage? What kind of restoration
methods should be implemented to minimize the traces of artificial intervention and align
with the restoration principles of World Natural Heritage? What metrics should be used to
assess the similarity between restored terrains and their surroundings to ensure a successful
restoration outcome? To address these issues, this study explored the fractal dimension
and characteristics of the terrain in Shuzheng Valley by quantifying the self-similarity
characteristics of the natural landscape of this area using fractal geometry. In addition, the
results were used to conduct artificial intervention restoration of the earthquake-damaged
terrain. This could help to prevent geological disasters caused by dam breaks due to a lack
of stability from recurring in Sparkling Lake and improve the ability to minimize disaster
risks in the Shuzheng Valley area. The results of this study may help to facilitate other
World Natural Heritage restoration projects, with our restoration experience serving as an
important reference for natural landscape restoration.

2. Research Methods

In order to explore the fractal dimension and characteristics of the terrain in Shuzheng
Valley, it is necessary to extract different scales of the terrain and conduct fractal analysis.
Therefore, the terrain extraction process of Shuzheng Valley is essential. Moreover, a series
of calculation processes are required to obtain the fractal dimension of Shuzheng Valley at
different scales. After analyzing the results, the terrain characteristics of Shuzheng Valley
can be applied to the terrain restoration of Sparkling Lake.

2.1. Study Area

The Jiuzhai Valley Scenic Area is a World Natural Heritage Site that functions as
a national AAAAA tourist attraction (the highest level of tourist attractions in China),
nature reserve, and geological park. Moreover, it is the first natural reserve in China
whose main purpose is the protection of natural scenery. Its special geological conditions
have led to the formation of large-scale travertine deposits via the combined action of
water bodies and organisms. These deposits have formed natural landscapes in Shuzheng
Valley, such as travertine dams and waterfalls with high ecological, aesthetic, and research
value. Shuzheng Valley, including Shuzheng Falls, Shuzheng Lakes, Lying Dragon Lake,
Sparkling Lake, Double-Dragon Lake, Reed Lake, and other scenic areas, is located at
the starting point of the tourist route of the Jiuzhai Valley Scenic Area (Figure 1). The
terrain is based on the accumulation of debris flow deposits in the river valley, followed
by the deposition of travertine deposits, forming multiple lakes of different sizes stacked
layer-by-layer along the valley. Here, the forests, lakes and waterfalls are connected in a
staggered way, presenting a delightful landscape replete with “trees growing in the water,
water flowing in the forest, and people swimming in the scenery” [52].

One of these scenic locations, Sparkling Lake, located 103◦54′1′′ E and 33◦12′13′′ N,
has an elevation of 2211 m, a length of 294 m, and a width of 232 m. Before the earthquake,
the lake was 16 m deep with a storage capacity of 45× 104 m3 and contained various plants.
The “8.8” earthquake destroyed the dam, forming a 40-m-long breach that was 15 and
12 m wide on the east and west sides, respectively, and approximately 13–15 m deep. The
original vegetation on the dam was scoured (Figure 2). The breach caused Sparkling Lake
to lose its water storage function, and the lake dried up. Moreover, after the earthquake,
Shuzheng Valley was classified as an area that posed a potential risk of debris flow, with
the potential to cause more severe damage in the area [53]. Therefore, artificial restoration
was deemed urgent (Figure 3).
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2.2. The Study Process

As observed in the flowchart in Figure 4, the fractal analysis and restoration design
comprised the following main research processes.
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Figure 4. Flowchart of the research.

Firstly, the original terrain information of Shuzheng Valley from before the earthquake
was extracted and divided into three scales for analysis. Grids of different sizes were
used to cover the extracted terrain and collect data. Data from the coverage grid were
processed, and the slope of the scatterplot was calculated to obtain the fractal dimensions.
We analyzed the fractal characteristics of Shuzheng Valley before the earthquake at different
scales (steps 1–3). Secondly, we extracted fractal generator elements of different terrain
scales in Shuzheng Valley and used them to fill and restore the Sparkling Lake terrain that
was damaged by the earthquake (step 4). Finally, we calculated the fractal dimensions
of the newly restored terrain using the same method. The restoration was quantified by
comparing the newly restored Sparkling Lake terrain’s fractal characteristics with those
of the original terrain (steps 5 and 6). If the fractal characteristics were dissimilar from
those of the original terrain, it was recommended to return to step 4 for redesign. Thus, the
design ensures the authenticity of World Natural Heritage sites.

2.3. Data Source and Processing

Using archived and new remote sensing data to analyze spatial structure through
fractal methods, Thomas W. Crawford and others [54] showed that fractal characterization
of Mytilus edulis L. spatial structure in intertidal landscapes was feasible. Other studies
have also demonstrated the feasibility of this method [47,55].The original data used in the
present study included Landsat-7TM remote sensing images acquired on 21 October 2015
(before the earthquake). After digitizing the remote-sensing images, the terrain was divided
into three scales [56]. The division of these three scales was determined by the overall and
partial relationship between the various scenic spots in Shuzheng Valley. The relationships
between the primary scale terrain, the secondary scale terrain, and the tertiary scale terrain
were overall and partial, respectively. The primary scale terrain was a whole, while the
secondary scale terrain and tertiary scale terrain were parts of the primary scale terrain.
At the same time, the tertiary scale terrain was also a part of the secondary scale terrain.
The primary scale included the whole Shuzheng Valley section (including Shuzheng Lakes,
Lying Dragon Lake, Sparkling Lake, and Double-Dragon Lake). The secondary scale
included three terrain sections, comprising Double-Dragon Lake, Sparkling Lake, and
Lying Dragon Lake. The tertiary scale, which was the smallest scale unit, included two
terrain sections, comprising the west and east residual dams, located on either side of the
Sparkling Lake dam breach. The division of these three different scales of terrain helps to
explore the fractal characteristics between the overall and partial terrain of Shuzheng Valley.
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Next, we extracted the terrain (lines) from the edges of each sample at three different scale
levels based on the boundary division of the landscape’s ecological patches (Figure 5).
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2.4. Calculation of the Fractal Dimension

The Hausdorff–Besicovitch dimension is the theoretical definition of the fractal dimen-
sion [57]. The fractal dimension is a characteristic measure of fractals and can be used to
describe the degree of space filled by fractal elements and indicate the size of the space
occupied by them [58]. The fractal dimension provides a connection between different
levels of scale that have self-similar elements [59]. However, some natural fractals do
not have any strict self-similarity, and fractal dimension is often the only way to describe
their nature [33]. The fractal dimension has been used in a lot of cases to describe the
“self-similarity” of natural landscapes [16,22,24].

The box-counting method is a common method used to calculate the fractal dimen-
sion, and reflects the degree of space occupied by the fractal elements and allows shape
calculations [58,60,61]. This method uses square grids of different unit scales to cover the
measured figures and then generates statistics on the square grids occupied by the figures
of different unit scales [15,62,63]. Finally, it is substituted into the calculation formula [33]
(p. 5). Accordingly, the box-counting dimension method was used to calculate the fractal di-
mensions. The measured terrain was covered with grids of different sizes, divided 20 times
in total, and the statistics of the grid-covered terrain images were obtained using the Quick
Select (QSE) command in AutoCAD 2022 (Figure 6) [64]. The present study focused only
on the fractal analysis of two-dimensional planes.
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The specific steps involved were: (a) the creation of a circle as a marker symbol,
using the Block command to create a new block of this circle, then naming it “Count”;
(b) marking of all grids of the covered terrain with the circle named “Count”; (c) using
the QSE command to count the number of circles named “Count”; and (d) importing the
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statistical data into Microsoft Excel and calculating the fractal dimension Db using the
following formula [33] (p. 5):

Db = lim
r→0

 log (N r)

log( 1
r

)
n

where Nr is the number of square grids covered by the graph during measurement and
r is the unit size of the square grids during measurement. While the function slowly
approaches the limit value, the slope of the regression line in the double-logarithmic graph
with Nr versus r estimates the box-counting dimension. The box-counting dimension, Db,
is equivalent to the fractal dimension.

2.5. Design of Terrain Restoration for the Broken Sparkling Lake Dam

As fractal dimensions are key factors in quantitative restoration design, we attempted
to quantitatively design a new dam terrain for Sparkling Lake that would be similar to
the surrounding terrain by coordinating the relationship between the fractal dimension,
Db, and the topography. However, this may involve selecting various fractal elements and
different combination forms.

2.5.1. Selection of Fractal Elements

For the restoration design process, all terrain fractal generator elements at the three
scales in the Shuzheng Valley area can be extracted, iterated, combined many times, contin-
uously copied, shrunk, and enlarged, enabling suitable forms to be selected to fill the site,
i.e., to restore it. After repeated attempts and coordination, a group of Sparkling Lake dam
terrains “self-similar” with the surrounding terrain was able to be formed (Figure 7).
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When selecting fractal elements, considering the impact of terrain restoration on water,
soil, and vegetation is necessary. For example, water is the key link within the landscape
of the Jiuzhaigou Natural World Heritage Site. However, the earthquake on 8 August
2017 severely disrupted the connectivity between the up- and downstream river systems,
affecting the original aquatic ecosystem [65]. A restored Sparkling Lake dam terrain needs
to assume the role of water exchange between Double-Dragon Lake and Lying Dragon
Lake. In terms of terrain design, water flow channels from southwest to northeast must be
preserved. Therefore, in the selection of fractal elements, selecting a strip-shaped terrain
similar to the area of Shuzheng Lakes in Shuzheng Valley is necessary to facilitate the
subsequent combination and formation of water flow channels.
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2.5.2. Combination of Fractal Elements

Different combinations of fractal elements may affect terrain morphology, thereby
affecting the flow direction, velocity, and rate of water flow. The design should compre-
hensively consider the total water storage capacity of Sparkling Lake after restoration and
the differences between water volumes during the dry and wet seasons. By combining
the design of the dam crest terrain, a suitable terrain morphology could be generated to
ensure that Sparkling Lake is in a state of water conservation during both the wet and dry
seasons, thereby forming an aesthetically pleasing landscape. The water flowing through
the restored dam crest forms a waterfall whose shape is influenced by the water flow ve-
locity and rate. Therefore, in the restoration design process, the tortuosity and undulation
of the dam crest terrain should also be considered. Terrain morphology also affects plant
growth [66,67]. With due consideration given to the subsequent vegetation restoration, it
becomes necessary to reserve a plant-planting pool. Different terrain compositions can
form planting ponds of different shapes, specifications, and slopes, thereby affecting the
configuration of plant clusters. A terrain that is too narrow restricts plant growth. In the
process of fractal element combination, sufficient planting areas should be reserved to pro-
vide sufficient growth space for plants to spread. Therefore, comprehensively considering
various environmental factors and selecting an appropriate combination of fractal elements
is necessary.

Previous studies have shown that the fractal dimension of terrain is significantly
affected by land use, vegetation type, land area, and human disturbance [27]. Similarly, in
terrain restoration design, environmental factors affect terrain morphology. Different com-
binations of fractal elements result in different fractal dimensions for the terrain. The spatial
analysis of a site can be conducted by obtaining comparable fractal dimension values [43].
The current study compared the fractal dimension of the restored terrain of Sparkling
Lake generated by combining fractal elements with the surrounding landscape terrain to
determine whether the restored Sparkling Lake terrain is similar to the surrounding terrain
and whether the combination form of fractal elements under this mode is appropriate.
A fractal model used to study urban morphology delineated that fractal dimension was
related to urban density [35]. Similar to the study on urban morphology, the present study
filled the space created by the Sparkling Lake dam break for restoration in the most effective
manner using fractal elements and observed that space-filling through fractal dimension
changes ensured an appropriate -degree of filling (Figure 7). The appropriate degree of
filling was similar to that of the surrounding terrain. Using the concept of fractals to plan
and design the terrain form of a dam may be regarded as an objective and quantitative
design method.

3. Results

After a series of calculations, the fractal dimensions of the Shuzheng Valley section at
different scales and the newly restored Sparkling Lake dam were obtained. Then, these
fractal dimensions were compared and analyzed.

3.1. Fractal Analysis of Shuzheng Valley Terrain

The calculated fractal dimensions of the travertine terrains in the Shuzheng
Valley—section of Jiuzhai Valley exhibited an apparent linear relationship at all three
scales—(Figure 8). Comparing the fractal dimension values of travertine terrains in Jiuzhai
Valley at different scales indicated that the fractal dimension of Shuzheng Valley at the
primary scale was 1.3618 (R2 = 0.9938), while those of Double-Dragon Lake, Sparkling
Lake, and Lying Dragon Lake at the secondary scale were 1.5235 (R2 = 0.9930), 1.3785
(R2 = 0.9891), and 1.6557 (R2 = 0.9973), respectively. The fractal dimension values of the
western and eastern residual dams at the tertiary scale were 1.7533 (R2 = 0.9994) and 1.6975
(R2 = 0.9980), respectively. Fractal dimension values were in the order of primary-level
scale < secondary-level scale < tertiary-level scale.
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3.2. Fractal Analysis of Newly Restored Dam

Several factors must be considered in terrain design. Following careful consideration,
the present study generated the restored terrain of the Sparkling Lake dam following
an earthquake (Figure 9a) and conducted a fractal analysis of the restored dam terrain.
The fractal analysis indicated that the restored Sparkling Lake dam terrain belonged to
the tertiary level of the scale assumed in this study and possessed significant fractal
characteristics (Figure 9b). Its fractal dimension was 1.4332 (R2 = 0.9986), which was closest
to the value of the Sparkling Lake terrain fractal dimension at the secondary scale level.
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4. Discussion
4.1. Self-Similarity of Terrains with Different Scales

Linear relationships indicate that the Shuzheng Valley section and its internal Double-
Dragon Lake, Sparkling Lake, Lying Dragon Lake, and residual dams on the east and
west sides possess obvious fractal self-similarity characteristics in external morphology.
Fractal dimension values were in the order of primary-level scale < secondary-level scale
< tertiary-level scale, indicating that in the Shuzheng Valley section of the Jiuzhai Valley,
travertine terrain morphology in different areas was similar, but not identical. Due to
insufficient analysis of larger-scale terrain in our study, Shuzheng Valley displayed fractal
characteristics across all three selected scales. The terrain of Shuzheng Valley exhibits
similar characteristics within a given scale range. This similarity is also found in trees [51].
While the observed patterns are not entirely replicated at different scales, they possess
analogous fractal characteristics. Beyond this intuitive, more conceptual approach, it is
possible to introduce measures that help describe the complex form of fractal objects by
means of unique values. Therefore, if the terrain exhibits the particular features of fractal
objects, we may conclude that despite its highly irregular aspect, it follows a well-defined
spatial organization principle, which can be characterized by quantitative factors [62,68].
Previous studies discussed the fractal dimension of urban patterns, wherein the appropriate
urban pattern fractal dimension scale was between 1.5 and 2 [35]. The spatial form with a
fractal dimension close to 1.71 was considered the preferred mode, with the urban form
pattern reaching a relatively stable and reasonable state in terms of both balance and
agglomeration [69]. In the current study, the fractal dimension of the natural terrain of
the Shuzheng Valley section was approximately 1.3–1.7. This result indicated that the
terrain of natural environments had a lower fractal dimension value when compared to
artificial environments.

The slope of the logarithmic graph usually varies with the scale when the box-counting
dimension method is used. The estimated fractal dimension is a combination of these slopes
and differs from the theoretical dimension. Martínez confirmed that the variability of Db
is almost negligible within an appropriate scale range [46]. Generally, the smaller the
scale range of the observation dimension, the greater the fluctuation. Loehle and Li [70]
proposed establishing a multiscale fractal dimension profile to study the change in fractal
dimension with scale. In the current study, we selected three different terrain scales to
conduct our research. The fractal dimension value gradually increased, which suggests that
the complexity of the terrain also increased as the scale of the sample decreased (Table 1),
consistent with previous reports [19,20]. This accounts for the natural terrain being complex
and seemingly irregular.

Previous studies have shown that the higher the fractal dimension, the more complex
and irregular the spatial morphology [27,55]. Samples at the tertiary scale were from the
overflow of travertine dams with several shallow water and low-lying areas. The frag-
mentation degree of the terrain is higher and more complex at the tertiary scale; therefore,
the fractal dimension increases with the fragmentation degree of the terrain. However,
both the primary- and secondary-scale terrain samples contained large lakes, which have
large water areas and a high integrity of travertine terrain, resulting in low fractal dimen-
sion values. Landscape patch characteristics may be an important factor affecting fractal
dimensions. Differences in landscape patch complexity may affect ecological diversity,
stability, and function. A complex terrain has a more stable ecosystem with a higher fractal
dimension. Contrastingly, a simple terrain has a relatively fragile ecosystem with a lower
fractal dimension [23]. The fractal dimensions of Shuzheng Valley at the primary scale and
Sparkling Lake at the secondary scale were low; therefore, their environments were fragile
and vulnerable.

The relationship of travertine terrain samples among the primary-, secondary-, and
tertiary-level scales indicates that coherence exists between the whole and its components.
The fractal dimension of the primary scale is closest to that of the secondary scale of
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Sparkling Lake, reflecting significant self-similarity between the whole and parts of the
fractal, which is repeated and expanded in countless microgeomorphic units [29,44].

Table 1. Terrain characteristics.

Scale Terrain Area Fractal
Dimension Altitude Size Terrain Characteristics

Primary scale Shuzheng
Valley 1.3618 2200–2280 m 253–294 m long

2734 m wide

Contains three large lakes and some
overflow dams. Terrain is generally

complex, and spatial distribution
is loose.

Secondary
scale

Double-Dragon
Lake 1.5235 2200 m

333 m long
334 m wide

9 m deep

Contains a large lake and a small
number of small overflow dams with

complex terrain.

Sparkling Lake 1.3785 2211 m
294 m long
232 m wide
16 m deep

Contains a large lake and a large
overflow dam with a relatively

simple terrain.

Lying Dragon Lake 1.6557 2220 m
459 m long
293 m wide
24 m deep

Contains a large lake and a large
number of overflow dams with

complex terrain.

Tertiary scale

West residual dam 1.7533 2211 m
70 m long
30 m wide

0.3–0.5 m deep

Located between the main road and
the collapsed Sparkling Lake dam, it
comprises a large amount of shallow
and low-lying land with complex and

irregular terrain.

East residual dam 1.6975 2211 m
70 m long
30 m wide

0.3–0.5 m deep

Located between the collapsed
Sparkling Lake dam and the forest

mountain. It comprises a large
proportion of shallow and low-lying

land with complex and
irregular terrain.

4.2. Differences in the Composition of Terrain Fractal Elements at the Same Scale
4.2.1. The Primary Scale

The primary scale included three large lakes that form irregular and blocky fractal
elements. The remaining areas were small, terraced lakes formed by overflow embankments
that formed narrow-striped fractal elements. The fractal dimension can be considered a
measure of an object’s ability to fill the space in which it resides [71]. Isabelle Thomas and
others [55] conducted a fractal analysis on 18 urban agglomerations and found that the
lowest value was obtained for Bayonne–Anglet–Biarritz (BAB) in France (1.51). The BAB is
a set of cities strung along the coast with an elongated outline and scattered land use with
many detached houses. Hence, the pattern is rather scattered and irregular, comprising a
set of local clusters. The results are consistent with those of Isabelle Thomas and others.
The number of elements formed by the terraced lake terrain in the primary-scale terrain is
considerable, but the spatial distribution is loose and the space occupation intensity is low,
which may explain the low fractal dimension value of the primary-scale terrain.

4.2.2. The Secondary Scale

By comparing the travertine terrain samples of Double-Dragon Lake, Sparkling Lake,
and Lying Dragon Lake at the secondary level, both Double-Dragon Lake and Lying Dragon
Lake contained multiple lakes and exhibited complex dam morphology, resulting in a high
fractal dimension. Double-Dragon Lake and Lying Dragon Lake contain several travertine
dams of different shapes, dividing large lakes into many areas of different sizes and shapes,
finally forming travertine-terraced lakes. Their terrain composition is more complex than
that of Sparkling Lake; therefore, they have higher fractal dimensions. Although Sparkling
Lake also includes some overflow travertine dams, the scale of this patchy terrain is too
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small to be observed at the secondary-scale level; therefore, the complexity of the Sparkling
Lake formation is lower than that of Double-Dragon Lake or Lying Dragon Lake.

4.2.3. The Tertiary Scale

At the tertiary scale, the fractal dimension of the western residual dam terrain of
Sparkling Lake was slightly higher than that of the eastern residual dam terrain. On the
west side, a large amount of flowing water passes through the west residual dam, with a
large number of water channels and many shallow and low-lying areas, forming a large
number of overflow dam terrain structures. Micro-terrain undulations and changes were
complex, and the terrain was highly fragmented. On the east side, the water flowing
through the east residual dam was relatively less than that flowing through the west
residual dam. Compared with the western residual dam, the eastern residual dam had
several but smaller water channels and a lower degree of terrain fragmentation. Therefore,
the difference in terrain changes was slightly smaller in the two-dimensional plane, and
the fractal dimension was lower than that of the western residual dam. This is consistent
with the results of other research showing that the complexity of the edge of the Hani
Terrace was affected by hydrological processes [72]. In general, differences in the fractal
dimensions between the west and east residual dams were small (1.7533 vs. 1.6975), and
the self-similarity characteristics were apparent.

Generally, fractals have three properties: heterogeneity, self-similarity, and charac-
teristic length. These geometric features also apply to fractal generator elements in land-
scapes [23]. As the primary, secondary, and tertiary scales are affected by different environ-
mental factors, the latter leads to differences in the size, quantity, and other characteristics
of the fractal generator elements. Therefore, the composition of some elements within the
three different scale levels and their fractal dimensions differ. The difference in fractal
element composition at the same scale due to the difference between the numbers and sizes
of fractal elements results in different terrain complexities and affects the fractal dimension
value. This finding was consistent with the results of terrain fractal dimensions at different
scales. However, travertine terrains all have fractal characteristics, indicating that they
possess similar fractal elements. Such differences in combinations reflect the beauty of the
order and irregularity of natural fractals. Evidently, the external morphology of the terrain
is similar, but the combination form of the internal part of the fractal elements also affects its
fractal dimension. In contrast, we may infer the similarities between terrains by comparing
the dimensions of the terrain formed by different combinations of similar fractal elements.
By comparing the fractal calculation results of each grid with the fractal terrains, the fractal
value can be visualized and the terrain morphology of each part of the study area can be
clarified [73]. Some studies have suggested that landscape habitats are more vulnerable
to human interference than to natural processes, suggesting that natural ecosystems are
significantly affected by human interference [23,74]. This may contribute to the restoration,
reconstruction, and management of landscape ecological habitats; nevertheless, the degree
of human intervention should be minimized in restoration designs.

4.3. Verification of Newly Restored Terrain Fractal Dimension

The fractal dimension of the newly restored Sparkling Lake at the secondary scale was
close to that of Shuzheng Valley at the primary scale, indicating self-similarity between
the restored dam terrain, Sparkling Lake, and Shuzheng Valley. The spatial structure of
the terrain at different scale levels was similar and conformed to the characteristics of the
overall and partial self-similarity of the fractal theory. The fractal dimension can be used as
an important reference index to evaluate the planar morphology of the terrain.

However, some differences among the similarities were noted. This was substantiated
by previous fractal analysis results of Shuzheng Valley (see, e.g., Section 4.2), which indi-
cated that each terrain is affected by environmental factors, and some differences in the
combined form of the fractal elements exist. However, fractal self-similarity is unaffected
by this phenomenon. The restored terrain of the Sparkling Lake dam serves as the main
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channel for water exchange between Sparkling Lake and Double-Dragon Lake. Therefore,
several water flow channels are present in the southwest to northeast direction, and the
fractal- element morphology of the terrain is mostly elongated. The terrain complexity and
fractal dimension value of the restored dam were lower than those of the residual dams on
the east and west sides. This was the outcome of combining fractal elements, influenced by
the environmental factors. This terrain was similar to what it was before earthquake.

Following verification of the fractal dimension, the Sparkling Lake dam was recon-
structed according to the designed terrain (Figure 10a). After the construction of the
Sparkling Lake dam, the lake was filled with water to the top of the dam (Figure 10b),
causing the lake water to overflow, forming a waterfall (Figure 10c). To ensure the land-
scape effect of the waterfall, different fractal elements were used to design and combine
terrain morphology, forming water flow channels with different widths, twists, and slopes
to control the rate, water direction, and speed of water flow in various areas on top of the
dam (Figure 10d).
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In the specific implementation process, water flow channels were formed by stacking
travertine stones, which are similar to the surrounding terrain in terms of overall terrain
boundary morphology but also simulate the shape of natural travertine terrain in terms of
local terrain color and undulation. After restoring the Sparkling Lake dam through this
design, Sparkling Lake and its up- and downstream lakes had abundant water, and the
travertine terrain was well-maintained under water coverage. A satellite image acquired
on 10 September 2021 (Google Earth, 8192 × 4320 pixels) shows that the overall landscape
of Shuzheng Valley had been successfully restored (Figure 10e).

Similarly, the fractal dimension, which remains unchanged over a wide range of scales,
has also been applied in landscape ecology in an attempt to explain the interaction between
population spatial patterns and ecological processes [22]. Researchers have conducted stud-
ies on the fractal characteristics of landscapes, particularly concerning vegetation [23,75].
However, the current study focused only on the terrain of Sparkling Lake and its sur-
rounding areas. Future studies should also analyze the fractal characteristics of vegetation.
Combining terrain and vegetation data can provide a more comprehensive understanding
of the spatial distribution pattern of Sparkling Lake, which would be beneficial for its
restoration. In addition, this study considered only large-scale terrain analysis, which only
guided the design of the terrain boundary of the newly repaired Sparkling Lake dam. In
the actual design process, consideration should also be given to the design of terrain on
smaller scales, such as slope design and vertical design of terrain.

5. Conclusions

A fractal dimension objectively and effectively fills site space, thus providing effective
guidance for terrain restoration. In the present study, a fractal dimension was applied to
the terrain restoration design of the Sparkling Lake dam break in Jiuzhai, a World Natural
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Heritage Site. The rationality of the spatial layout of the designed terrain was quantified
by comparing the fractal dimension values of the designed and surrounding terrains. The
conclusions are as follows.

(1) The travertine terrain at different scale levels exhibited an apparent linear relationship
and self-similarity. The fractal dimension increased as the scale level decreased,
reflecting terrain complexity. The terrain was more complex, and the fractal dimension
value was higher than the simple terrain.

(2) Differences were observed in the combinations of elements within the same scale.
According to the complexity of the terrain, the number and size of terrain fractal
elements in different combinations varied. Comparing the differences in fractal
elements in spatial combinations using the fractal dimension value is possible.

(3) The topography of the restored Sparkling Lake dam break shows fractal characteristics,
and the fractal dimension value is close to that of Sparkling Lake at the secondary
scale and that of Shuzheng Valley at the primary scale. The Sparkling Lake dam break
had similar fractal characteristics, but its fractal element combination complexity was
less than that of the residual dams on the east and west sides.

The application of fractal dimension helped to design and restore the natural morphol-
ogy of the broken dam quantitatively. Moreover, it enabled the authenticity and integrity of
the Sparkling Lake landscape of the Jiuzhaigou Valley Scenic and Historic Interest Area to
be restored as much as possible. The reconstruction work on the collapsed dam prevented
further collapse of downstream lakes in Sparkling Lake, thereby preventing secondary
disasters. This study was able to achieve protection of the overall travertine terrain of
Shuzheng Valley and improved the ability to minimize disaster risks in the Shuzheng
Valley area, helping to protect the World Natural Heritage OUV of Jiuzhai Valley and
contributing to the sustainable development of World Natural Heritage. In addition, the
current study introduced novel concepts and strategies that may improve the artificial
intervention process in relation to the restoration design of natural heritage sites.

In other applications of landscape restoration design, the fractal theory can also be
applied to vegetation restoration, species distribution [22,76], and other designs of the
Sparkling Lake dam. For example, in the present study, we projected plants vertically
onto a two-dimensional plane and then conducted fractal analysis via grid coverage.
Here, we primarily discussed the box-counting method when producing the fractal di-
mension. Another expression of the fractal dimension is the information dimension. The
box-counting dimension indicates the occupation and utilization of space by the plant
population, whereas the information dimension reflects the concentration intensity of the
plant population. The fractal dimension, comprehensively analyzed by box-counting and
information dimensions, can better reflect the space-filling potential of fractal elements.
Therefore, when analyzing plant population patterns, both the box-counting and infor-
mation dimension methods may be utilized to provide a more specific reference design
scheme for the plane configuration of vegetation restoration.

Fractal design schemes can also be combined with aesthetic evaluation methods to
assist landscape design via landscape aesthetic preference evaluation to improve theoretical
research and practical planning and design of landscape terrain [77]. The present study
focused only on the fractal analysis of two-dimensional planes. In future research, a combi-
nation of 2D and 3D fractal analysis could describe natural and non-natural environments
by using LiDAR-derived DSM or Arc GIS for fractal analysis [45,73]. In summary, fractal
theory quantifies the degree of space occupation in its unique geometric form, which may
then be combined with various methods and widely applied in landscape design.
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