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Abstract: In the past few decades, human activities have caused the emission of large amounts of
carbon dioxide, which has severely impacted the Earth’s ecosystem and human health. Therefore,
carbon reduction has become the focus of global attention. In this study, the Zhouyuan region of
China, which is rich in ancient remains, is taken as an example. Based on the land use characteristics
in 1990, 2000, 2010, and 2020, the spatial-temporal evolution of land use and carbon storage in the
Zhouyuan region is simulated using four methods, including land use classification, land use transfer
maps, patch-level land-use simulation (PLUS), and the integrated valuation of ecosystem services
and trade-offs (InVEST) models under three scenarios, including the natural development scenario,
urban development priority, and heritage conservation priority in 2030. According to the results,
the carbon storage in the area in 2030 under all three scenario simulations has decreased compared
with 2020, indicating that the region faces great challenges in achieving its targets of carbon peak
and carbon neutrality. The paper points out four causes for the decrease in carbon storage, and five
suggestions for increasing carbon storage are proposed, such as developing a carbon storage master
plan, applying energy-saving technologies, establishing an ecological substitution mechanism, and
so on. Through the study of carbon storage in the Zhouyuan region, this paper hopes to establish
a mechanism to balance urban development, heritage conservation, and carbon sinks on the one
hand, and encourage more scholars to participate in the study of carbon sinks in areas rich in ancient
remains, so as to to jointly promote their healthy development on the other.

Keywords: carbon storage; INVEST model; land use; carbon neutrality; Zhouyuan region

1. Introduction

Terrestrial ecosystem carbon storage is the sum of above-ground and below-ground
organic carbon from vegetation, dead organic carbon, and soil organic carbon storage
in the ecosystem [1]. Terrestrial ecosystems, as an important global carbon pool [2—4],
not only reflect the production capacity of regional ecosystems to a certain extent, but
also characterize the carrying capacity for carbon emissions of ecosystems [5]. Land use
change can directly affect the carbon cycle process of the terrestrial ecosystem, making it an
important factor causing the change in regional carbon sinks [6]. Therefore, the application
of land use change is considered an essential tool to assess the carbon storage of regional
terrestrial ecosystems [7,8].

Recent years have witnessed a slew of research at home and abroad on the driving
mechanism of carbon storage in terrestrial ecosystems, the changes in carbon storage at
different spatial scales and their effects, and the optimization of carbon storage calculation
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models on the basis of land use change. Regarding the driving mechanism of carbon
storage, Zomer et al. pointed out that preserving the carbon sequestration capacity of
agricultural soils is beneficial for decelerating the trend of global warming [9], and the
same is true for protecting grassland ecosystems, according to Ma et al. [10]. Atkin et al.
showed that plant ecosystems are the key to carbon storage and the culprit behind the
“fate of carbon” [11,12]. Additionally, Yue et al. pointed out that the addition of N can
enhance the carbon sink of the terrestrial ecosystems [13]. Furthermore, Morford et al.
used forest ecosystems as an example to further confirm the critical role of increased
N in enhancing carbon storage [14]. Regarding examples of carbon storage at different
spatial scales, Pugh et al. investigated the impact of forests on carbon sinks from a global
perspective [15]. In the Americas, Williams et al. explored the relationship between forests
and carbon sinks in the U.S. [16]. Coffield et al. elaborated on the constraints of climatic
factors on carbon storage in California’s wildland ecosystems [17]. In Asia, Asner et al.
studied carbon storage changes in Malaysian Borneo [18]. Li et al. examined the spatial
and temporal evolution of carbon storage in the Hangzhou region of China [19]. In Europe,
Zaehle et al. projected the carbon storage of European land in 2100 based on land use [20],
while Viskovi¢ analyzed the carbon storage of Croatia [21]. In Africa, Ko et al. explored
carbon capture and storage in South Africa [22]. In addition, Romén conducted a systematic
study on carbon capture and storage in three countries: Brazil, South Africa, and India [23].
In terms of optimizing carbon storage calculation models, Wang et al. proposed a method to
improve the accuracy of land use change simulation based on the Markov-cellular automata
mode [24]. Zhao et al. combined the PLUS and InVEST models to predict regional carbon
storage [25]. Van der Voort et al. combined the SoilCASTOR model with remote sensing
and machine learning to improve the accuracy of soil carbon calculations [26].

However, research on carbon storage methods or examples rarely involves areas rich
in ancient remains. These areas are characterized by repeated changes in land use types, a
tendency to fragment land use structures under strict heritage protection measures, and
enormous urbanization pressure [27]. They are widely distributed worldwide, such as in
Egypt in Africa, Mexico in the Americas, and the Levant in Asia. In addition, according to
the results of the third survey of Chinese cultural relics, there are 766,722 ancient remains dis-
tributed in China alone (http:/ /www.gov.cn/guoqing/2012-04/11/content_2584143.htm).
Therefore, areas rich in ancient remains have become an essential spatial type for studying
carbon storage in terrestrial ecosystems. Areas rich in ancient remains often have large
amounts of cultivated land, forest land, and grassland, which have good carbon storage
capabilities. However, with urbanization, the construction land area has soared, and the
carbon storage capacity has decreased. During the process, the region has long been in a
conflict between urban construction and heritage conservation [27], but carbon storage is
often neglected in either choice of balanced strategies. Therefore, in the process of urban-
ization, it should focus on the area rich in ancient remains and increase the carbon storage
capacity of the area under the premise of protecting cultural relics well. In the present
paper, the Zhouyuan region of China is taken as a case study to explore the spatial-temporal
evolution of carbon storage in areas rich in ancient remains under the influence of both
urbanization and heritage conservation.

Located in the western part of the Guanzhong Plain in Shaanxi Province, the Zhouyuan
region harbors abundant ancient remains; hence, it is known as “the cradle of Chinese
civilization”. In the process of prosperous urbanization, a large amount of cultivated
land, forest land, and grassland have been transformed into construction land, resulting
in dramatic changes in the land use structure of the Zhouyuan region, making it one of
the most prominent areas in the conflict between China’s urban construction and heritage
conservation. In September 2020, the Chinese government proposed a goal of a carbon
peak by 2030 and carbon neutrality by 2060 [28], under which great importance has been
attached to the study on the carbon storage and the coordination of the relationship between
urbanization, heritage conservation, and the increase of carbon storage in the region.
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Based on the land use characteristics in 1990, 2000, 2010, and 2020, the spatial-temporal
evolution of land use and carbon storage in the Zhouyuan region is simulated using four
methods, including land use classification, land use transfer maps, PLUS, and InVEST mod-
els under three scenarios, including the natural development scenario, urban development
priority, and heritage conservation priority in 2030. According to the study, the carbon
storage in the Zhouyuan region in 2030 under all three scenario simulations has decreased
compared with 2020, indicating that the region faces great challenges in achieving its targets
of carbon peak and carbon neutrality. To increase the carbon storage in the region, the paper
points out four causes for the decrease in carbon storage. Furthermore, five suggestions for
increasing carbon storage are proposed, hoping to balance the relationship between the
increase in carbon storage in the Zhouyuan region and its conservation of urbanization
and heritage.

2. Materials and Methods
2.1. Overview of the Study Area and Data Sources
2.1.1. Overview of the Study Area

The Zhouyuan region is located in the western part of the Guanzhong Plain in
Shaanxi Province. It is connected to the Qishui River in the east, the Qian River in the
west, Qishan Mountain in the north, and the Wei River in the south, roughly located at
107°10" E-108°5" E, 34°15’' N-34°40’ N, with a total area of approximately 2389.26 km?
(Figure 1). It mainly includes parts of Chencang District, Fengxiang District, Meixian
County, Qishan County, and Fufeng County in Baoji City, parts of Yangling District in Xi’an
City, and parts of Wugong County and Qianxian County in Xianyang City. These counties
all belong to the warm temperate semi-humid continental monsoon climate zone, with
high temperatures and rain in summer and cold temperatures and little snow in winter.
In addition, these counties also embrace four distinct seasons, with an average annual
temperature of 10 °C-14 °C and an average annual precipitation of 600 mm-700 mm.
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Figure 1. Research scope map.

The Zhouyuan region is rich in ancient remains; hence, it is the cradle of Chinese
civilization. As far back as the Neolithic period (circa 10000 BC-2000 BC), there were
human activities in the Zhouyuan region, such as at the Yijiabu site in Fufeng County [29]
and the Shuang’an site in Qishan County [30]. In addition, the Zhouyuan region also
preserves many ancient remains from the Shang Dynasty (1600 BC-1046 BC), Western
Zhou Dynasty (1046 BC-771 BC), Eastern Zhou Dynasty (770 BC-256 BC), Qin Dynasty
(221 BC-207 BC), Han Dynasty (202 BC-220 AD), Sui Dynasty (581 AD-618 AD), Tang
Dynasty (618 AD-907 AD), etc. The most representative sites are the Zhouyuan site in the
Western Zhou Dynasty [31] and the Yongcheng site of Qin in the Eastern Zhou Dynasty [32].
To display the rich ancient remains in the Zhouyuan region more intuitively, the paper
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drew a distribution map of ancient remains in the Zhouyuan region during the main
historical periods (Figure 2) and compiled a list of ancient remains that have been included
in the provincial and national key cultural relics protection units (Table 1), according to
the Chinese Cultural Relics Atlas Shaanxi branch [33]. In Figure 2, the red dots indicate
the locations of ancient remains, and the red dots in the Neolithic figure represent the
distribution of ancient remains from the Neolithic period found in the Zhouyuan region to
date, and so on. Six maps of the distribution of sites in the Zhouyuan region are drawn for
the Neolithic, Shang Dynasty, Western Zhou Dynasty, Eastern Zhou Dynasty, Qin and Han
Dynasties, and Sui and Tang Dynasties.

&,

From Qin Dynas to Han Dynasty

From Sui Dynas Tang Dynasty

. Location of Ancient Remains

Neolithic Circa 10000 BC-2000BC  Qin Dynasty 221 BC-207BC
Shang Dynasty 1600 BC - 1046 BC  Han Dynasty 202 BC-220
Western Zhou Dynasty 1046 BC-771BC  Sui Dynasty 581-618
Eastern Zhou Dynasty 770 BC-256 BC  Tang Dynasty 618-907

Figure 2. Ancient remains distribution in Zhouyuan region.
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Table 1. National and provincial key ancient remains in Zhouyuan region.

NO. Name Period Location (County) Type
. Western Zhou Dynasty Fufeng . .
1 Zhouyuan site (1046 BC-771 BC) and Qishan Ancient sites
. . Eastern Zhou Dynasty . . .
2 Yongcheng site of Qin (770 BC256 BC) Fengxiang Ancient sites
Sui Dynasty
3 Tomb of Tai (581 AD-618 AD) Yangling Ancient tombs
Provincial Key Ancient Remains
Neolithic
4 Shuigou site (Circa 10,000 BC-2000 BC) F . . .
8 and Western Zhou Dynasty engxaang Ancient sites
and Eastern Zhou Dynasty
Neolithic
and Shang Dynasty
5 Waujiatou site (1600 BC-1046 BC) Fengxiang Ancient sites
and Western Zhou Dynasty
and Eastern Zhou Dynasty
From Qin Dynasty
. (221 BC-207 BC) to . . .
6 Aoli site Han Dynasty Fengxiang Ancient sites
(202 BC-220 AD)
7 Lingbu site Neolithic Meixian Ancient sites
8 Baijiacun site Neolithic Meixian Ancient sites
9 Jiangyuan sit Neolithic Yanglin Anci i
gyuan sie and From Western Zhou Dynasty to Han Dynasty sung ncient sites
. Neolithic . . .
10 Shangdecun site and From Western Zhou Dynasty to Han Dynasty Yangling Ancient sites
11 Gedamiao site Neolithic Yangling Ancient sites
s Neolithic : . .
12 Kanjiadi site and Shang Dynasty Yangling Ancient sites
Neolithi
13 Qinjiazhuang No. 1 site and H(;i IDyl; asty Fufeng Ancient sites
14 Wangjiatai site Neolithic Fufeng Ancient sites
Neolithi
15 Yijiabu site and Shjr(:gl Dl;nas ty Fufeng Ancient sites
16 Dongqu site Western Zhou Dynasty Fufeng Ancient sites
. . Neolithic . . .
17 Cangjiemiao site and Western Zhou Dynasty Qishan Ancient sites
. Neolithic . . .
18 Shuangan site and From Western Zhou Dynasty to Han Dynasty Qishan Ancient sites
. Neolithic . . .
15 Weijiahe No. 1 site and From Shang Dynasty to Han Dynasty Qishan Ancient sites
. Neolithic . . .
20 Yongyao site and Western Zhou Dynasty Qishan Ancient sites
Neolithic
21 Qiyang No. 1 site and From Tang Dynasty (618 AD-907 AD) to Song Qishan Ancient sites
Dynasty (960 AD-1279 AD)
Neolithic
22 Zhaojiatai site and Western Zhou Dynasty Qishan Ancient sites
and Qin Dynasty
. . Neolithic . . .
23 Dingtong site and Western Zhou Dynasty Qishan Ancient sites
Neolithic
24 Wangjiazui site and Western Zhou Dynasty Qishan Ancient sites
and Qin Dynasty
25 Sunjia site From Western Zhou Dynasty to Qin Dynasty Qishan Ancient sites
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Table 1. Cont.

NO. Name Period Location (County) Type
26 Ma Yuan’s Tomb Han Dynasty Fufeng Ancient tombs
27 Ban Gu’s Tomb Han Dynasty Fufeng Ancient tombs
28 Yang Xun’s Tomb Tang Dynasty Fufeng Ancient tombs
29 Jiangyuan’ Tomb - Wugong Ancient tombs
30 Su Wu’s Tomb Han Dynasty Wugong Ancient tombs
31 Suiyangdi’s Tomb Sui Dynasty Wugong Ancient tombs
Tang Dynasty

and Ming Dynasty
32 Famen Temple (1368 AD-1644 AD) Fufeng Ancient buildings

and Qing Dynasty

(1636 AD-1912 AD)
33 Chenghuang Temple From Ming Dynasty to Qing Dynasty Fufeng Ancient buildings
34 Taiping Temple Pagoda Song Dynasty Qishan Ancient buildings
35 Zhougong Temple Qing Dynasty Qishan Ancient buildings
36 Baoben Temple Pagoda Song Dynasty Wugong Ancient buildings
37 Chenghuang Temple From Ming Dynasty to Qing Dynasty Wugong Ancient buildings
38 Yang Xun Stele Tang Dynasty Fufeng Ancient stone carvings

2.1.2. Data Sources

In this study, data resources for the Zhouyuan region were obtained from remote sensing
images of LandSat 5 TM in 1990 and 2010, LandSat 7 ETM+ in 2000, and LandSat 8 OLI in
2020. These original images spanning nearly 30 years come from the USGS (http:/ /glovis.usgs.
gov /) website, using the US-developed WGS84 Universal Transverse Mercator (WGS84UTM)
coordinate system. The spatial resolution of images for all years was 30 m, and the strip
number/line was 128/36. These images were taken from May to June with less than
2% cloudiness. Using ArcGIS 10.1 and ENVI5.1 software, the paper pre-processed the
raw images with geometric correction, image alignment, mosaic, crop, enhancement, and
supervised classification on the one hand, and further interpreted and analyzed the remote
sensing images on the other.

2.2. Research Methodology
2.2.1. Method Overview

In the present paper, four methods, including the land use classification model, the
land use transfer map model, the PLUS model, and the InVEST model, were used to inves-
tigate the effect of land use change on carbon storage in the Zhouyuan region from 1990 to
2020 and predict the carbon storage in the region in 2030. The research methodology could
be divided into three steps (Figure 3): (1) Based on remote sensing image interpretation,
this paper investigated the land use structural and transfer changes in the Zhouyuan region
from 1990 to 2020 using the land classification model and the land transfer map model.
(2) Based on the land use changes from 1990 to 2020, the PLUS model was used to simulate
the land use structure of the Zhouyuan region in 2030 under three scenarios, such as the
natural development scenario, the urban development priority, and the heritage conserva-
tion priority. (3) The InNVEST model was used to study changes in carbon storage among
land use types over the past three decades, and simulate the carbon storage of each land
use type in the Zhouyuan region under the three scenarios in 2030, respectively.
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InVEST model| o5 under three scenarios in 2030

Figure 3. Method flow chart.

2.2.2. Land Use Classification Model and Land Use Transfer Map Model

Based on remote sensing image data from 1990, 2000, 2010, and 2020, and referring
to the classification criteria for current land use status in China (GB/T 21010-2017), the
study area was classified into six categories using the maximum likelihood classification:
cultivated land (CL), forest land (FL), grassland (GL), water area (WA), construction land
(COL), and unutilized land (UL). The land use change drivers are 14 in total, including
6 natural driving factors and 8 social driving factors (Table 2). Among the natural drivers,
the annual average temperature and precipitation were obtained from the National Weather
Science Database (http://www.nmic.cn/) using inverse distance interpolation. In terms
of social drivers, the distances to roads, railways, cities, and water bodies were calcu-
lated using the ArcGIS Euclidean Distance Analysis tool. Then, the image interpretation
data were calibrated through actual surveys and the government’s land use update data
(http:/ /www.baoji.gov.cn/; http:/ /www.xa.gov.cn/; http:/ /www.xianyang.gov.cn/). The
calculation of the land use classification model and land use transfer map mode was
consistent with Chen et al. [27].

Table 2. Drivers of land use change in Zhouyuan region.

Natural Driving Factors Social Driving Factors

NO. Name

Name

z
S

Soil types
- Distance to cities
Distance to water bodies

1 Land use data 1 Population size
2 Annual average temperature 2 GDP data
3 Annual precipitation 3 Nighttime lighting data
4 DEM 4 Distance to main roads
5 Slope 5 Distance to railways
6 6 Distance to highways
7
8

2.2.3. PLUS Model

The PLUS model is a land-use simulation tool based on cellular automata (CA), with
higher simulation accuracy than other models [34]. The model consists of two modules: the
land expansion analysis strategy (LEAS) and the CA model based on multi-type random
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patch seeds (CARS). See the Supplementary Materials of the paper for detailed calculation
formulas for LEAS and CARS.

In this paper, the specific parameters of the PLUS model were set as follows: (1) The
LEAS module: the number of regression trees was 50, the sampling rate was 0.01, and the
mTry was 9. (2) The CARS module: the thread was 0.9, the neighborhood size was 3, the
expansion coefficient was 0.5, and the patch generation was 0.5. (3) Three development
scenarios: natural development scenario (ND), urban development priority (UD), and
heritage conservation priority (HC). In ND, the land use structure of the Zhouyuan region
in 2030 was predicted based on land use transfer data from 1990 to 2020 combined with
the Markov model. In UD, priority was given to the development of COL, and its transfer
out is restricted. The probability of transferring FL, CL, GL, and UL to COL increased
by 40%, 30%, 30%, and 20%, respectively. In HC, priority was given to the protection of
ancient remains. The probability of transferring CL to FL increased by 40%, the probability
of transferring FL and GL to COL was reduced by 40%, and the probability of transferring
UL to FL and GL increased by 20%. (4) Accuracy verification: The paper established a
confusion matrix using land use data from 1990 to 2020. The results showed that the kappa
coefficients were all above 0.9, meeting the accuracy requirements of land use simulation in
the PLUS model. See Supplementary Materials for a detailed confusion matrix.

2.2.4. InVEST Model

The InVEST model, namely, the integrated valuation of ecosystem services and trade-
offs model, is a tool for assessing the quantity and economic value of ecosystem service
functions [35,36]. It mainly consists of four carbon pools, including carbon of above-ground
biomass (C-above), carbon of below-ground biomass (C-below), carbon of soil organic
matter (C-soil), and carbon of dead organic matter (C-dead). Based on the assumption that
the carbon density of a given type is a constant that does not vary with time, the InVEST
model can estimate the carbon storage of a specific region in combination with land use
data. The calculation formula is as follows:

Ci = CGiabove T Cibelow + Cisoil T Ci-dead (1)
n

Crotal = _ Ci X S )
i=1

In Formulas (1) and (2), i is the ith land use type, C; is the ith total carbon density
(t/hm?), Ci_sbove is the ith above-ground biomass carbon density, Cj pelow is the ith below-
ground biomass carbon density, C; s is the ith soil organic matter carbon density, and
Ci_dead is the ith dead organic carbon density. Cyyq is the total carbon storage (), n is the
total number of land-use types, and S; is the area of ith land use type (hm?).

Carbon density is the most important factor affecting the total carbon storage in
the study area, which should be determined by large-scale soil sampling [37,38]. Due to
time and cost constraints, many scholars can only use existing sources of carbon density
data from the literature [39-41]. Based on existing literature [42,43], this paper prioritizes
carbon density data from Xi’an, Xianyang, and Baoji cities in Shaanxi Province, followed by
carbon density data from the same climatic regions. Sources of carbon intensity data for
different land use types are shown in Table 3. See the Supplementary Materials for more
detailed formulas.
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Table 3. Carbon density of each land use type in Zhouyuan region (t/hm?).

Type C-above C-below C-Soil C-Dead
CL 3.81 53.96 101.74 0
FL 28.35 77.50 148.78 0
GL 23.60 57.84 93.59 0
COL 1.67 0 20.24 0
WA 2.01 0 0 0
UL 0.87 0 20.24 0

Note: cultivated land (CL); forest land (FL); grassland (GL); construction land (COL); water area (WA); unutilized
land (UL); carbon density of above-ground biomass (C-above); carbon density of below-ground biomass (C-below);
carbon density of soil organic matter (C-soil); carbon density of dead organic matter (C-dead).

3. Results
3.1. Land Use Structure from 1990 to 2020

Using ENVI software, the area and proportion of land use types in the Zhouyuan
region in 1990, 2000, 2010, and 2020 were extracted by interpreting remote sensing images.
Table 4 and Figure 4 show the six land use changes in CL, FL, GL, COL, WA, and UL in the
area over the past three decades.

Table 4. Land use structure from 1990 to 2020.

Year Area CL FL GL coL WA UL
Proportion
1990 Area/km? 1713.55 42.32 295.86 282.48 54.94 0.11
Proportion/% 71.72 1.77 12.38 11.82 2.30 0.01
2000 Area/km? 1689.36 4453 294.21 306.71 54.34 0.11
Proportion/% 70.71 1.86 12.31 12.84 2.27 0.01
2010 Area/km? 1682.33 50.77 230.40 373.01 52.65 0.10
Proportion/% 70.41 213 9.64 15.61 2.20 0.01
2020 Area/km? 1579.59 49.58 243.87 462.37 53.74 0.11
Proportion/% 66.11 2.07 10.21 19.35 2.25 0.01
Note: cultivated land (CL); forest land (FL); grassland (GL); construction land (COL); unutilized land (UL); water
area (WA).

A 1990

2000

2010
I Cultivated land

B Water area

L —

0 25 50 km

I Forest land

2020
[ Grassland

[ Construction land [ Unutilized land

Figure 4. Land use structure map from 1990 to 2020.

The results showed that CL was the dominant land use type in the Zhouyuan region,
followed by COL. The proportion of CL remained above 65% over the past three decades
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but has significantly declined from 71.72% in 1990 to 66.11% in 2020, a decrease of 5.61%
and a reduction of 133.96 km?. However, COL has sharply increased, from 282.48 km?
in 1990 to 462.37 km? in 2020, an increase of 179.89 km? or 63.68% compared with 1990.
Meanwhile, the reduction in GL was also apparent, with a total reduction of 51.99 km?, or
17.57%, from 1990 to 2020. In addition, FL increased slightly, while WA and UL remained
almost unchanged.

3.2. Land Use Transfer Process from 1990 to 2020

Based on land use classification, this paper used ArcGIS to generate land use transfer
maps for three periods within the study area, including 1990-2000, 2000-2010, and 2010-2020.

As shown in Table 5 and Figure 5, the conversion of CL to COL (code: 15), FL to COL
(code: 25), GL to COL (code: 35), and WA to COL (code: 45) were all very significant during
19902020, with a total transfer volume of 191.47 km?, 3.5 km?, 12.36 km?, and 3.09 km?,
respectively. Baoji and Xianyang exhibited the fastest change over the last decade due to
their rapid expansion of urban areas. For example, converting CL to COL alone was as
high as 103.73 km?. In addition, within 30 years, the conversion of FL to GL (code: 23) was
2.65 km?, along with the recession of GL and WA, indicating that the Zhouyuan region
may face certain ecological destruction.

Table 5. Land use change of Zhouyuan from 1990 to 2020.

Year 1990-2000 2000-2010 2010-2020
Area Proportion Area Proportion Area Proportion

Code (km2) I()%) Code (km2) I()%) Code (km2) l()%)
11 1682.17 98.17 11 1591.93 94.23 11 1552.15 92.26
12 3.00 0.17 12 6.57 0.39 12 2.59 0.15
13 0.03 0.00 13 21.48 1.27 13 21.00 1.25
14 2.17 0.13 14 7.79 0.46 14 2.83 0.17
15 26.17 1.53 15 61.57 3.65 15 103.73 6.17
16 - - 16 0.02 0.00 16 0.02 0.00
21 - - 21 2.62 5.89 21 1.75 3.45
22 41.38 97.77 22 39.23 88.08 22 45.16 88.95
23 0.19 0.44 23 0.84 1.89 23 1.62 3.18
24 0.45 1.07 24 0.66 1.47 24 0.23 0.46
25 0.30 0.72 25 1.19 2.67 25 2.01 3.96
31 1.39 0.47 31 74.05 25.17 31 9.08 3.94
32 - - 32 4.25 1.45 32 1.26 0.55
33 293.11 99.07 33 204.90 69.64 33 215.80 93.66
34 0.78 0.27 34 2.82 0.96 34 0.64 0.28
35 0.57 0.19 35 8.18 2.78 35 3.61 1.57
41 3.03 5.52 41 8.43 15.51 41 0.73 1.38
42 0.10 0.19 42 0.61 1.12 42 0.25 0.47
43 0.59 1.08 43 291 5.36 43 0.58 1.10
44 50.65 92.19 44 41.30 76.01 44 49.64 94.31
45 0.56 1.02 45 1.09 2.00 45 1.44 2.74
51 2.75 0.97 51 5.28 1.72 51 15.86 4.25
52 0.05 0.02 52 0.11 0.04 52 0.32 0.09
53 0.29 0.10 53 0.26 0.09 53 4.88 1.31
54 0.29 0.10 54 0.06 0.02 54 0.39 0.10
55 279.10 98.80 55 300.99 98.13 55 351.57 94.25
61 - - 61 0.01 10.00 61 0.02 18.18
62 - - 62 - - 62 - -
63 - - 63 - - 63 - -
64 - - 64 - - 64 - -
65 - - 65 - - 65 - -
66 0.11 100 66 0.09 90.00 66 0.09 81.82

Note: (1) cultivated land; (2) forest land; (3) grassland; (4) water area; (5) construction land; (6) unutilized land;
Code “12” indicates conversion of cultivated land to forest land; other codes follow the same rules.
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Figure 5. Land use transfer map from 1990 to 2020.

3.3. Land Use Structure Simulation under Three Scenarios in 2030

Based on the land use evolution from 1990 to 2020, combined with driving factors and
the PLUS model, this paper simulated the spatial distribution and structural composition
of land use in the Zhouyuan region in 2030 under three scenarios: ND, UD, and HC.
As shown in Table 6 and Figure 6, generally, compared with 2020, the COL increased in
all three scenarios by 38.06 km? (ND), 77.97 km? (UD), and 2.66 km? (HC), respectively.
Specifically, in the ND scenario, the land use structure continued the same trend of change
as in the previous three decades. The CL area has decreased to 1548.61 km?, and the COL
area has increased to 500.43 km?, and this change mainly occurs in Xianyang City and its
surrounding areas. Under the UD scenario, urbanization accelerates, and by 2030, the CL
of Baoji and Xianyang will sharply decline, while the COL will soar to 1494.05 km? and
540.34 km?, respectively. In the HC scenario, CL and COL change slightly, and FL and GL
have increased to 51.43 km? and 244.69 km?, respectively.

Table 6. Land use structure simulation of Zhouyuan region under three scenarios in 2030 (km?).

Scenario CL FL GL WA COL UL
ND 1548.61 48.69 241.83 49.59 500.43 0.11
UD 1494.05 48.43 255.79 50.57 540.34 0.08
HC 1578.41 51.43 244.69 49.59 465.03 0.11

Note: cultivated land (CL); forest land (FL); grassland (GL); construction land (COL); water area (WA); unuti-
lized land (UL); natural development scenario (ND); urban development priority (UD); heritage conservation
priority (HC).

2030 - g 2030 2 2030

Natural development scenario Heritage Conservation priority Urban development priority
B cultivated land [l Forestland [ Grassland [l Waterarea B Constructionland [ | Unutilized land
)

0 25 50 km

Figure 6. Land use structure simulation of Zhouyuan region in 2030.
3.4. Changes in Carbon Storage
3.4.1. Changes in Carbon Storage from 1990 to 2020

According to the land use evolution, this paper uses the IN'VEST model to study the
changes in carbon storage in the Zhouyuan region from 1990 to 2020. In Table 7, the
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changes in COL show the most significant impact on carbon storage. Specifically, due to
the increase in COL, the carbon storage in the Zhouyuan region showed a net decrease
of 331,035.56 tons, 847,272.80 tons, and 1,264,520.00 tons in 1990-2000, 2000-2010, and
2010-2020, respectively. In addition, the increase in carbon storage in the region over the
past three decades was mainly due to the conversion of CL or WA to FL and GL, with a
cumulative increase of 441,660.24 tons.

Table 7. Carbon storage corresponding to land use change in Zhouyuan region from 1990 to 2020.

Increase in Carbon Storage Decrease in Carbon Storage
Year Land Use Type Change Land Use Type Change
Conversion Amount (t) Conversion Amount (t)
WA — CL 47,795.18 CL - COL 360,181.70
19902000 CL — FL 288,551.60 GL — COL 8730.40
COL - CL 37,876.54 GL — WA 13,579.75
CL - GL 33,345.15 GL - CL 114,939.40
2000-2010 WA — CL 132,742.70 CL — COL 847,272.80
CL — FL 62,495.92 GL — FL 33,857.89
CL — GL 32,593.62 CL — COL 1,427,474.70
2010-2020 COL - CL 218,261.52 CL — WA 44,524.02
CL — FL 24,673.95 GL — COL 55,306.82

Note: cultivated land (CL); forest land (FL); grassland (GL); construction land (COL); unutilized land (UL); water
area (WA); “WA — CL” indicates conversion of water area to cultivated land; others follow the same rules.

3.4.2. Carbon Storage Simulation in 2030

Based on the PLUS model to predict the future land use structure, the study simulated
the carbon storage of the Zhouyuan region in 2030 using the InVEST model. The carbon
storage data and spatial distribution in the three scenarios are shown in Table 8 and Figure 7.

Table 8. Carbon storage of each land use type under three scenarios in Zhouyuan region.

Carbon Storage in 2030 (10° t)

Type Carbon Storage in 2020 (10° t)
ND UuD HC
CL 25,197.58 24,703.47 23,749.80 25,178.82
FL 1262.57 1239.74 1233.16 1176.76
GL 4268.76 4233.03 4477 .31 4283.9
WA 10.78 9.95 10.14 9.95
COL 1012.95 1084.92 1183.80 1018.80
UL 0.22 0.22 0.16 0.22
Total 31,752.86 31,271.33 30,654.37 31,668.45

Note: cultivated land (CL); forest land (FL); grassland (GL); construction land (COL); water area (WA); unuti-
lized land (UL); natural development scenario (ND); urban development priority (UD); heritage conservation
priority (HC).

The carbon storage of the Zhouyuan region by 2030 is estimated to be
31,271.33 x 105 tons, 30,654.37 x 105 tons, and 31,668.45 x 105 tons in the ND, UD, and
HC scenarios, respectively. Compared with 2020, they will decrease by 481.53 x 105 tons,
1098.49 x 105 tons, and 84.41 x 105 tons, respectively. Moreover, in Figure 7, the areas with
low carbon storage in all three scenarios are located along the Weihe River in the south
and in the urban built-up area. However, compared with ND and UD, the color patches
indicating high carbon storage, such as the increase of green, yellow, and red in the HC
scenario, are mainly concentrated in the northern foothills.
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Figure 7. Carbon storage of Zhouyuan region under three scenarios in 2030.

4. Discussion

This study was the first to analyze the spatial-temporal evolution of carbon storage in
areas rich in ancient cultural remains at home and abroad using multiple models. Based on
the land use classification and transfer map model from 1990 to 2020, the PLUS model was
used to predict the land use structure of the Zhouyuan region in 2030 under three different
scenarios. On this basis, the INVEST model was used to analyze the spatial-temporal
changes in carbon storage in the region during the past three decades, and the carbon
storage in 2030 was simulated. The combination of these methods improved the efficiency
and accuracy of this study.

The results showed that from 1990 to 2020, the CL area in the Zhouyuan region
plummeted, while the COL area increased dramatically, indicating that this region has
been in a period of rapid urbanization during the past three decades. During this process,
along with the conversion of a large amount of CL to COL and the degradation of a large
amount of FL and GL due to destruction, the carbon storage in the Zhouyuan region
decreased drastically.

4.1. Comparative Analysis of the Three Scenarios

In the simulation of carbon storage in the three scenarios in 2030, the carbon storage in
the Zhouyuan region was reduced in all scenarios compared with that in 2020. Specifically,
in the ND scenario, the areas of CL, FL, and GL are shrinking, the area of COL is increasing,
and the carbon storage in the Zhouyuan region is decreasing. In the UD scenario, the
priority given to urban construction leads to a sharp decrease in CL and a spike in COL. As
a result, the carbon storage in the region has precipitously declined. In the HC scenario, the
expansion of artificial land such as COL is restricted to a certain extent, and environmental
protection measures are strengthened. Hence, carbon storage in the region has decreased
slightly, with a cumulative decrease of 84.41 x 105 tons by 2030. The simulation results
of carbon storage reduction under all three scenarios indicate that the increase in carbon
storage in the Zhouyuan region faces major challenges. However, HC should be the optimal
strategy for the region’s goal of carbon neutrality.

4.2. Causes of Carbon Storage Decline

The Zhouyuan region is rich in ancient remains. Despite a series of measures in-
troduced by the local government to protect cultural relics, a large amount of CL is still
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converted into COL in the surging wave of urbanization, directly leading to carbon storage
reduction in the area.

According to the simulation results, this situation will also remain unchanged in
2030. In the ND and UD scenarios, the reduction of carbon storage is noticeable when
urban construction maintains a high growth rate. However, in the HC scenario, the carbon
storage in the Zhouyuan region in 2030 still decreases after strict measures have been
taken, indicating that it is a challenge to achieve carbon neutrality in areas rich in ancient
remains. This paper tentatively identifies four specific causes. (1) During the process
of urbanization, accompanied by the expropriation of a large amount of CL for urban
construction, many ancient remains have been discovered simultaneously. However, most
of them were backfilled after being cleaned by archaeologists, and the site continued to be
used for urban construction. Therefore, the discovery of ancient remains did not stop the
pace of urban construction, but they were mercilessly abandoned during the construction
process. (2) Some significant ancient remains, such as the Zhouyuan Shaochen site [44],
are mainly protected by building museums, which are also essentially urban construction.
Huge buildings and other artificial facilities are encroaching on CL, leading to a reduction in
carbon storage. (3) Numerous archaeological excavations of ancient remains are underway
in the Zhouyuan region. These archaeological sites occupied tremendous amounts of CL,
FL, and GL and lasted for an extended period. For example, the archaeological work at
the Zhouyuan site has been going on for about 50 years [45]. Prolonged anthropogenic
disturbance of large amounts of CL and other lands is also essential for the decline of
carbon storage in this region. (4) The neglect of FL and GL in the conservation of cultural
relics has led to ecological damage. For example, in the Baoji Zhouyuan Museum, many
buildings, paving, and other artificial facilities have been constructed, but the green space
is minimal. This ecological damage due to heritage conservation without proper ecological
restoration has further exacerbated the reduction of carbon storage in the region.

4.3. Suggestions for Improving Carbon Storage

The Zhouyuan region is still in the process of rapid urbanization. The conversion
of CL, FL, and GL to other artificial lands, such as COL, will continue for a long time,
resulting in a severe crisis of carbon storage increase in this area. To achieve the Chinese
government’s goal of peaking carbon by 2030 and becoming carbon neutral by 2060 [28],
this paper proposes five recommendations. (1) On the basis of the overall urban master
plan and cultural relics protection plan, a carbon storage master plan should be formulated
as soon as possible to coordinate the relationship between urban development, cultural
relics protection, and carbon storage, so as to avoid the phenomenon of low-carbon storage
that occurs in the region due to rapid urbanization and one-sided emphasis on cultural
relics protection. (2) People should apply energy-saving and low-carbon technologies
to heritage conservation, explore new ways of heritage conservation, and coordinate the
balance between heritage conservation and carbon storage. For example, when building
museums, recycled materials are used to reduce carbon emissions and meet green building
standards. (3) While excavating archaeological sites, attention should be paid to protecting
the ecological environment and avoiding large-scale and long-term occupation of CL, FL,
GL, and WA. (4) Exploration should be carried out to establish an ecological substitution
mechanism to maintain the carbon storage in the region by increasing CL, FL, and GL
on related land in an off-site area due to heritage conservation. (5) A carbon trading
system suitable for heritage conservation should be established, and relevant parties
must purchase carbon indicators or pay the penalty to reduce carbon storage caused by
heritage conservation.

The study on carbon storage in the Zhouyuan region shows the difficulty of increasing
carbon storage in areas rich in ancient remains during the wave of urbanization. With the
further acceleration of China’s urbanization process, the conflict between the increase in
carbon storage and urban expansion in the region will become more acute. To achieve the
goals of carbon neutrality and carbon peak, how to balance the relationship between carbon
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storage and urbanization in areas rich in ancient remains through technical, economic, or
administrative means will become an essential issue for scholars at home and abroad.

Based on the land use characteristics in 1990, 2000, 2010, and 2020, this paper sim-
ulated the spatial-temporal evolution of land use and carbon storage in the Zhouyuan
region in 2030 under three scenarios, such as the natural development scenario, the urban
development priority, and the heritage conservation priority, using a combination of four
models, including the land use classification model, the land use transfer map model, the
PLUS model, and the InVEST model. The results showed the challenges of increasing
carbon storage in the Zhouyuan region and proposed relevant suggestions to increase
carbon storage in the region. Compared with the study of carbon storage in metropolitan
areas and other geographic pattern units, this paper is the first quantitative research on the
spatial-temporal evolution and prediction of carbon storage in areas rich in ancient remains
based on the distribution of historical monuments, using the Zhouyuan region as a case
study. The authors hope this paper will provide some references and cases for the study of
carbon neutralization and carbon peaking in areas rich in ancient remains.

Despite the meaningful results and findings of this study, in-depth exploration and
discussion of other issues are needed in further studies. Carbon neutrality and carbon
peaking are complex issues. In addition to carbon storage, carbon emissions remain
indispensable. However, only carbon storage was discussed in this study, which may
not be sufficient to fully reveal the issues of carbon sinks in areas rich in ancient remains,
making it necessary to integrate carbon storage with carbon emissions in future research, so
as to provide more accurate recommendations for achieving carbon neutrality and carbon
peak goals in areas rich in ancient remains. In addition, this paper needs to be optimized
for constructing and evaluating the PLUS and InVEST models. In the future, the authors
will further construct carbon pools based on field treks and experiments to simulate and
explore the carbon storage situation in the study area more objectively.

5. Conclusions

In the process of urbanization, areas rich in ancient remains face a contradiction
between heritage conservation and urban construction. With the realization of the strategic
goals of carbon neutrality and carbon peak, carbon sink has become a new challenge in
this area. For example, in the simulation of carbon storage in the three scenarios in 2030,
the carbon storage in the Zhouyuan region was reduced in all scenarios compared with
that in 2020, indicating that the Zhouyuan region has some difficulties in increasing carbon
storage. However, heritage conservation priorities should be the optimal strategy for the
region’s carbon neutrality goal. Through the study of carbon storage in the Zhouyuan
region, this paper hopes to establish a mechanism to balance urban development, heritage
conservation, and carbon sinks on the one hand, and encourage more scholars to participate
and apply more new methods in the study of carbon sinks in areas rich in ancient remains
on the other, so as to jointly promote their healthy development on the other.
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