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N o G e W

Abstract: Climate change mitigation and carbon neutrality are current hot topics. Forests, urban
green spaces, and wetland ecosystems are recognized as important carbon sinks. The Yangtze
River Delta region in Eastern China, which plays a pivotal role in China’s economic and social
development, is rich in such carbon-sink resources. There is, however, a lack of regional carbon data.
The investigation of carbon storage and carbon densities of forest, urban green space, and wetland
ecosystems is, therefore, of great importance. In this study, the forest resource management map
(including wetland) and green space system planning map of Changzhou city, combined with a
field investigation and laboratory experimental analysis, were used to estimate the carbon storages
and carbon densities of the forest, urban green space, and wetland ecosystems in Changzhou city.
The average carbon density and carbon storage in Changzhou were 83.34 + 4.91 Mg C ha—! and
11.30 £ 0.67 Tg C, respectively, of which soil accounted for 74%, plants accounted for 25%, and litter
accounted for less than 1%. The forest ecosystem contributed the most to the carbon pool (72%),
with the green space ecosystem and the wetland ecosystem each accounting for 14% of the carbon
pools. Clearly, the forest, green space, and wetland ecosystems in Changzhou city have a large carbon
storage capacity. This study is of significance as it provides data on the carbon sink functions of forest,
green space, and wetland ecosystems at the provincial and national regional scales.

Keywords: carbon storage; carbon density; soil carbon; plant carbon; litter carbon

1. Introduction

Terrestrial ecosystems play a key role in the global carbon cycle [1,2] and are impor-
tant for mitigating climate change and achieving “carbon neutrality” [3,4]. The Chinese
government has announced that it will achieve “carbon neutral” by 2060 [5]. Conservation
and the use of carbon sink resources are considered key strategies for mitigating the effects
of climate change [6]. Carbon sink resources, therefore, need to be strengthened, and the
quantification of ecosystems needs to be promoted [7]. Forest, urban green space, and
wetland ecosystems are common carbon sink ecosystems. These ecosystems are thought to
mitigate climate change by sequestering atmospheric CO, through plants, soils, and sedi-
ments [8,9]. By determining the carbon storage and carbon density of different ecosystems,
a theoretical basis can be provided for formulating and adopting corresponding carbon
sequestration strategies.
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As an important part of terrestrial ecosystems, forests play an important role in mitigat-
ing the greenhouse effect and affecting the global carbon cycle. Forests capture atmospheric
carbon dioxide and store it in tree biomass and soil organic matter [10-12]. Globally, carbon
is mainly stored in forest vegetation and soil. The carbon sequestration function of forest
vegetation is an important indicator of the stability and health of forest ecosystems [13,14].
Similarly, forest soil organic carbon (SOC) is an important indicator of soil quality [15-17].
Forest vegetation and forest soil account for 44% and 45%, respectively, of the total forest
carbon storage, followed by forest litter, which accounts for 6% [11]. Some researchers
estimate that, globally, forest soils account for nearly 70% of the total forest ecosystem
carbon storage [18]. Stock estimation is a classic research method for determining forest
ecosystem carbon storage [19]. Using regional forest inventory data such as forest type,
age, stand density, stand volume, mean tree height, and diameter at breast height (DBH),
forest carbon stocks have been estimated [20]. In recent years, the four most commonly
used methods to estimate vegetation carbon storage based on inventory data are the av-
erage biomass method, volume-derived method, biomass regression equation method,
and continuous conversion factor method [21]. For a more accurate measure of regional
scale carbon storage, some studies have not only estimated the carbon storage of common
ecological forest species but also included bamboo forests, shrub forests, economic forests,
and medicinal forests in the calculations [22-24]. Recent studies have also shown that forest
biodiversity can promote carbon storage and increase the carbon sink capacity [25,26].
A large number of studies on forest carbon storage have focused on tropical, temperate,
and boreal regions [5,27,28]. There are few studies, however, on the carbon storage in
subtropical regions [29], and the forest carbon storage in the Yangtze River Delta region has
not been reported. It is, therefore, important to obtain data on the forest ecosystem carbon
storage of the Yangtze River Delta to supplement that in subtropical East China and to
provide a reference for the future estimations of forest carbon storage at the national scale.

Urban green spaces are a vital part of urban green infrastructure and play an important
role in mitigating climate change and the urban heat island effect [30,31]. On the one hand,
green vegetation can absorb atmospheric CO; through photosynthesis [32,33]. The CO,
is then converted into the above and belowground biomasses, and the carbon is stored in
the form of stems, branches, and roots [34]. Urban trees in the United States are estimated
to store 643.2 million tons of carbon in total and have a total carbon sequestration rate of
25.6 million tons per year [33]. The carbon density of urban green spaces in China is
relatively low. Studies have found that as long as urban green spaces are effectively
managed, urban vegetation can still absorb and accumulate a large amount of carbon and
has great potential as a passive carbon sink [30]. On the other hand, urban green spaces
have rich vegetation and high density. The vegetation litter decays, storing carbon in the
soil [35,36]. There are, however, only a few studies on the soil carbon storage of China’s
green spaces [37]. A comprehensive estimate of the carbon storages and carbon densities of
urban green space ecosystems is, therefore, necessary.

Wetland ecosystems have a strong carbon accumulation and high organic carbon stor-
age capacity [38,39]. Their potential for mitigating climate change has attracted increasing
attention [40]. Although they occupy only 5% to 8% of the earth’s surface, their carbon
storage accounts for 20% to 30% of the total carbon storage of terrestrial ecosystems [41-44].
Of this, more than 90% of carbon storage occurs in sediments [45]. Due to the increasing
effects of climate change and human activities, the global wetland area has decreased by
nearly 50% [46], and this will cause a decline in the overall carbon storage capacity [47].
With the intensification of global warming, the decomposition of wetland SOC will increase,
promoting the conversion of carbon sinks into carbon sources [48]. At present, a lot of
research on wetland carbon storage has been carried out around the world, such as in
India [49], Mexico [50], Colombia [51], and China [48,52-55]. The wetland carbon storage
in the Yangtze River Delta region of Eastern China, however, has not been reported, and its
estimation is needed to provide a reference for the development of wetland conservation
and carbon storage strategies.
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The Yangtze River Delta region lies in the east of China and is one of the most active
economic development regions in China. Changzhou city is one of its representative cities
and has abundant carbon sink resources. This study used the forest resource management
map (including wetland area) and the green space system planning map of Changzhou
city, combined with a field investigation and laboratory experimental analysis, to estimate
the carbon storages and carbon densities of the forest, urban green space, and wetland
ecosystems in Changzhou city. This paper aims to provide data for estimating ecosys-
tem carbon storage at the provincial or national scale and a reference for formulating
scientific and rational carbon sequestration strategies for forest, urban green space, and
wetland ecosystems.

2. Material and Methods
2.1. Study Area

Changzhou is a prefecture-level city in Jiangsu Province, China, located in the middle
of the Yangtze River Delta (31°09" N to 32°04' N, 119°08’ E to 120°12’ E). The city covers
an area of 4373 km?, and the permanent population is 5.3662 million. It currently governs
six municipal districts, namely, Jintan District, Wujin District, Xinbei District, Tianning
District, Zhonglou District, and Jingkai District, and manages one county-level city, namely,
Liyang city. With its warm and cloudy climate, it is characterized as a typical northern
subtropical monsoon climate zone. The annual average temperature is 17.5 °C, and the
annual average precipitation is 1100 to 1200 mm. The landform type is alluvial plain, most
of which is alluvial clay. Changzhou has a dense river network, including the Yangtze River,
Taihu Lake, Changdang Lake, Gehu Lake, and the Beijing—Hangzhou Grand Canal. The
vegetation is dominated by mid-subtropical evergreen broad-leaved forests and northern
subtropical deciduous and evergreen broad-leaved mixed forests.

2.2. Data Collection
2.2.1. Area and Classification of Ecosystems

The area and location of forest and wetland ecosystems come from the Changzhou
Forest Resources Management Map (in 2020). Forests with an area greater than 50 ha
were defined as the dominant forest tree species (groups). A total of 26 dominant tree
species (groups) in Changzhou were screened out, and their locations and areas were
determined. Tree species with an area of less than 50 ha were classified into similar tree
species of dominant tree species. In addition, the map of 2020 was used to determine
the location of river wetlands, lake wetlands, and artificial wetlands in Changzhou city.
Their areas were determined according to administrative divisions and divided into seven
parts. According to the “Urban Green Space Classification Standard” (CJJ/T85-2017) [56]
of the Ministry of Housing and Urban-Rural Development, the types of green spaces were
divided into five categories, that is, park green space, protective green space, square green
space, attached green space, and regional green space. According to the “Changzhou City
Green Space System Planning (2004-2020)", the area and location of each urban green space
was determined.

2.2.2. Field Investigation and Sampling

Field investigation and sampling work were performed in Changzhou city from June
to September 2022. In total, 86 forest sample plots were defined according to the forest
resource management map of Changzhou City (2020), 54 green space sample plots were
defined according to the “Changzhou City Green Space System Planning” (2004-2020), and
33 wetland sampling points were defined according to administrative region (Figure 1). A
20m X 20 m tree survey plot was defined, and all tree species with a DBH greater than 5 cm
were measured. Geographical location, DBH, tree height, crown diameter, and tree species
were recorded. A 2 m X 2 m bush plot was defined, the main species and their coverage
were recorded, and all shrubs and herbs in the sample were harvested and brought back to
the laboratory for drying at 65 °C, weighing, and determination of carbon content. A 1 m
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soil profile was made in each forest plot, and each profile was divided into four layers: ~0
to 20 cm, ~20 to 40 cm, ~40 to 60 cm, and ~60 to 100 cm. Because the green space soil is
mainly an infill, a 40 cm soil profile was made for each green space plot and divided into
0 to 20 cm and 20 to 40 cm. Wetland sediment samples (~0-20 cm) were collected using
an adjustable-length KHT0204 piston sediment column sampler. Finally, the soil samples
of the corresponding soil layers were collected and brought back to the laboratory to be
air-dried, ground, and passed through a 2 mm sieve to measure the SOC content.
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Figure 1. Map of survey sites in the study area.

2.3. Data Analysis
2.3.1. Measurement and Estimation of Plant and Litter Biomass and Carbon

The biomass allometry equation was obtained from the literature [57-59] and the
norm “Guidelines on Carbon Accounting and Monitoring for Afforestation Project” (LY /T
2253-2014) (State Forestry Administration, 2014) (Appendix 2) [60]. The equation was used
to calculate the biomass of dominant tree species (groups) (Table 1) based on tree height
and crown diameter, and DBH was obtained. The total biomass per tree (Ws) was directly
calculated, or the ratio of belowground biomass (Wg) to aboveground biomass (W) of
R; (Table 1) (Equation (1)) was used to calculate belowground biomass and aboveground
biomass, respectively (Equation (2)). The biomass per unit area (Sws) was calculated as
the ratio of total biomass () _Ws) to area (A) (Equation (3)). Plant carbon storage (Mp)
was calculated by multiplying the total biomass () 'Ws) of the tree species (groups) by the
corresponding carbon content (CF;) (Table 1) (Equation (4)). The litter carbon storage (ML)
accounted for 4% of the IPCC’s default value [61], which was 4% of the corresponding
tree species (groups) plant carbon storage (Mp) (Equation (5)). Plant carbon density (Syy)
was calculated as the ratio of total plant carbon storage (}_"M) to area (A) (Equation (6))
(“AR-CM-001-V01 Carbon Sink Afforestation Project Methodology” [61]).

R, = VR

=W M)
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Ws = Wr + Wr 2)
Y Ws

SWs - A (3)

Mp =) _ Ws x CF; (4)

ML = Wp X 4% (5)
_ M

Sm==4 (6)

where Rj is the ratio of the belowground plant biomass to the aboveground plant biomass
(%), Wr is the belowground plant biomass (Mg), Wr is the aboveground plant biomass
(Mg), Wg is the total plant biomass (Mg), Sy is the biomass per unit area (Mg ha=1), Ais
the dominant tree species (groups) area (ha), Mp is the plant carbon storage (Mg C), CFj is
the carbon content (%), My, is the litter carbon storage (Mg C), and Sy is the plant carbon
density (Mg C ha™!).

Table 1. Biomass allometric equations of dominant tree species (group) in the study area.

Tree Species (Groups)

Biomass Allometric Equations R; CF;

Mixed broad-leaved forests
Phyllostachys edulis
Pinus massoniana

Cinnamomum camphora

Castanea mollissima

Pinus elliottii
Other sclerophyll broad-leaved forests
Cunninghamia lanceolata
Malacophyll broad-leaved forests

Mixed bamboo forests

Quercus spp.

Populus

Camellia sinensis
Metasequoia glyptostroboides
Pyrus
Other medicinal forests
Salix
Other economic forests
Prunus persica
Cupressus funebris
Pinus thunbergii

Other pine forests

Morus alba

Wr = 0.0421 (DZH)0-9703

WS =213.4164 D70.5805H2.3131

Wt =0.01672 (D?H)?8°%
Ws = 0.056 (D2H)?-850
Wr = 0.0711 (D*H)?9104
Wg = 0.0767 (D?H)*#71
Wr =0.0711 (D*H)*9104
Wg = 0.0657 (D?H)?-88%
WR = 0.0459 HO'1067D2'0247
WS =0.140 HO.543D11.062
Wr = 0.1199 (D?*H)08°09
Wi =0.0074 (D>H)*06%
W, =0.0042 (D>H)11
W3 = 0.0715 (D2H)0448%
WT = W1 + W2 + W3
Wr = 0.0551 (D2H)0-7061
WS =0.140 HO.543D11.062
Wg = —5.826 + 0.047D*H
Wr =0.0711 (D2H)0-9104
WS =0.140 HO.543D11.062
WR = 0.0459 HO'1067D2'0247
Wr =0.0711 (D2H)0-9104
WR = 0.0459 HO.1067D2.0247
Wr = 0.02479 D033
Wr = 0.0711 (D?H)0-9104
W1 = 0.0600 HO.7934D1.8005
W23 =0.1377 D1.4873L0.4052
WR =0.0417 H70.O780D2.2618
WS:W1 +W23+WR
WR = 0.0459 HO.1067D2.0247

)
0.262 0.490
/ 0.504
0.264 0.511
/ 0.492
0.261 0.497
/ 0.511
0.261 0.497
/ 0.520
0.289 0.485
/ 0.500
0.292 0.500
/ 0.496
/ 0.500
/ 0.501
0.261 0.497
/ 0.500
0.288 0.485
0.289 0.485
0.289 0.485
0.22 0.510
0.280 0.515
/ 0.511
0.289 0.485

Wi, Wy, W3, Wr, Wg, and Ws represent the biomass of the trunk, branch, leaf, aboveground plant biomass,
belowground plant biomass, and total plant biomass, respectively. D is diameter at breast height (cm), H is height
(m), and L is crown diameter (m). R; is the ratio of belowground plant biomass to aboveground plant biomass,
and CFj is the plant carbon content. The Phyllostachys edulis biomass allometry equation was derived from
Zhang [57]. The biomass allometry equations for Mixed bamboo forests, Camellia sinensis, Other medicinal forests,
and Other pine forests were derived from Qian [58]. The biomass allometry equation for Quercus spp. was derived
from Lin [59]. Other biomass allometry equations were derived from “Guidelines on Carbon Accounting and
Monitoring for Afforestation Project” (LY /T 2253-2014) (State Forestry Administration, 2014) (Appendix 2) [60].
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2.3.2. Estimation of Soil Carbon

The soil organic carbon (SOC) was determined using the potassium dichromate ex-
ternal heating oxidation-ferrous sulfate titration technique [62]. A 5 mL volume of 0.8 M
KyCryO7 and 5 mL of HySO4 were added to 0.1 g of air-dried soil and passed through a
0.149 mm sieve, which was then boiled in an oil bath at 170-180 °C for five min and cooled,
after which an indicator was added and titrated with 0.2 M FeSOy.

The organic carbon density and storage of each soil was calculated from the field
survey data using Equations (7) and (8) (“AR-CM-001-V01 Carbon Sink Afforestation
Project Methodology” [61]):

SOCD = Z?:l Ci x D; X E; % (1 — Gi)/loo (7)

Mg = A X Socp (8)

where Socp is the SOC density (Mg C/ha), C; is the carbon content of the different soil
layers (g kgfl), D; is the soil bulk density (g cm3), E; is the soil thickness (cm), G; is the
volume percentage of gravel with a diameter > 2 mm (%), Mg is the SOC storage (Mg C),
and A is the soil area (ha).

2.4. Statistical Analysis

The data were analyzed using SPSS 22.0, and the plots were drawn using ArcGIS 10.6
and RStudio 4.2.2. The organic carbon density and storage at different soil depths were
determined. The Kolmogorov-Smirnov test was first applied to check for the normality
of the data. For data conforming to a normal distribution, a one-way analysis of variance
(ANOVA) was performed. After multiple comparisons, the Tukey test was selected for
homogeneity of variance, and Tamhane’s T2 test was selected for heterogeneity of variance.
Significance was considered at p < 0.05.

3. Results
3.1. Forest Ecosystem Carbon Density and Carbon Storage
3.1.1. Area and Biomass of Dominant Tree Species in the Forest Ecosystem

The forest area of Changzhou city measured 61,285.37 ha, and there were 26 main
dominant tree species (groups) (Table 2). Among them, the area of Other shrub forests was
the largest, accounting for about 20% of the total forest area. The area of Mixed coniferous
forests was the smallest, accounting for only 0.08% of the total forest area. In terms of
ecosystem, the biomass per unit area of forest plants was 74.32 & 36.98 Mg ha~!, and the
total biomass reached 4.55 4 2.27 Tg (Table 2). In terms of individual tree species (groups),
the unit biomasses of Mixed coniferous forests and Metasequoia glyptostroboides were the
highest, measuring 122.70 + 10.70 Mg ha~! and 120.04 & 51.36 Mg ha ™!, respectively. The
Mixed broad-leaved forests (0.90 £ 0.24 Tg), however, had the highest total biomass, ac-
counting for about 20% of the total forest plant biomass. Morus alba had the lowest biomass
per unit area (4.35 + 1.05 Mg ha~1) and the lowest total biomass (343.03 + 82.91 Mg).

Table 2. Area and biomass of main dominant tree species (groups) in forest ecosystems.

Tree Species (Groups) Area (ha) Biomass per Unit Area (Mg ha—1) Total Biomass (Mg)
Other shrub forests 12,269.66 18.80 = 5.12 230,669.60 + 62,820.66
Mixed broad-leaved forests 9023.88 99.80 + 26.35 900,559.61 + 237,813.57
Phyllostachys edulis 5021.99 87.60 = 12.56 439,921.92 + 63,072.64
Pinus massoniana 4904.15 87.09 + 9.96 427,113.79 + 48,869.33
Cinnamomum camphora 4687.33 85.35 4+ 5.36 400,065.62 + 25,142.1
Castanea mollissima 4408.13 89.38 4 15.85 394,004.41 + 69,878.05
Pinus elliottii 3699.43 98.81 + 23.19 365,530.80 + 85,772.58
Other sclerophyll broad-leaved forests 3569.27 72.23 £ 11.96 257,825.45 + 42,678.90

Cunninghamia lanceolata 2805.61 105.63 + 30.56 296,345.17 + 85,733.24
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Table 2. Cont.

Tree Species (Groups) Area (ha) Biomass per Unit Area (Mg ha—1) Total Biomass (Mg)
Malacophyll broad-leaved forests 2315.77 66.07 4 8.35 153,014.34 4 19,334.88
Mixed bamboo forests 1447.98 5791 +7.17 83,854.74 + 10,378.72
Quercus spp. 1410.08 95.00 + 3.61 133,958.00 + 5084.13
Populus 1007.52 115.65 + 28.84 116,523.61 =+ 29,061.57
Mixed coniferous and broad-leaved forests 991.00 114.07 4+ 33.95 113,038.59 =+ 33,642
Camellia sinensis 874.26 19.38 4+ 3.48 16,944.33 + 3046.37
Metasequoia glyptostroboides 604.46 120.04 £+ 51.36 72,561.42 + 31,043.75
Pyrus 548.44 65.43 + 21.24 35,883.28 4+ 11,650.84
Other medicinal forests 356.30 57.43 +5.40 20,460.37 + 1924.7
Salix 337.49 65.39 + 8.23 22,069.12 4+ 2776.83
Other economic forests 277.57 66.81 4+ 31.07 18,543.50 £ 8624.92
Prunus persica 194.11 87.63 +9.94 17,009.27 + 1929.78
Cupressus funebris 173.99 75.00 + 14.1 13,049.53 + 2452.77
Pinus thunbergii 121.37 89.47 £+ 21.06 10,859.08 + 2556.66
Other pine forests 105.66 78.22 + 32.37 8265.40 + 3420.47
Morus alba 78.85 4.35+ 1.05 343.03 £+ 82.91
Mixed coniferous forests 51.10 122.7 £10.7 6269.36 4= 546.85
Total 61,285.37 74.32 + 36.98 4,554,683.34 + 2,266,564.36

3.1.2. Forest Plant and Litter Carbon Density and Carbon Storage

The carbon density of the forest plants was 36.63 4 5.43 Mg C ha~! (Table S1), account-
ing for 27% of the total forest ecosystem carbon density (Figure 2). In terms of single tree
species (groups), Metasequoia glyptostroboides had a higher plant carbon density (55%), and

Morus alba had a lower plant carbon density (1%) (Figure 2). In addition, the total carbon
storage of the forest plants was 2.24 &+ 0.33 Tg C (Table S1). Among these dominant tree
species (groups), Mixed broad-leaved forests and Phyllostachys edulis contributed the most
to carbon storage, and the sum of the two accounted for about 30% of the total plant carbon
storage (Figure 3). Morus alba had the lowest carbon storage, accounting for only 0.01% of
the total plant carbon storage (Figure 3).

Forest ecosystem

Mixed coniferous forests
Morus alba

Other pine forests

Pinus thunbergii
Cupressus funebris
Prunus persica

Other economic forests
Salix

Other medicinal forests
Pyrus

Metasequoia glyptostroboides

Camellia sinensis .
Plant carbon density
Litter carbon density
Soil carbon density

Mixed coniferous and broadleaved forest.
Populus

Quercus spp.

Mixed bamboo forest

Malacophyll broadleaved forests
Cunninghamia lanceolata

Other sclerophyll broadleaved forests
Pinus elliottif

Castanea mollissima:

Cinnamomum camphora

Pinus massoniana

Phyllostachys edulis

Mixed broad-leaved forests

Other shrub forests

0% 25% 50% 75% 100%

Carbon density percent (%)

Figure 2. Percentage of carbon density of different carbon pools in forest ecosystems and tree
species (groups).
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0% -
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Figure 3. Percentage of carbon storage of tree species (groups) from different carbon pools in

forest ecosystems.

The forest litter carbon density and carbon storage were 1.47 4 0.22 Mg C ha~! and
90,017.12 £ 13,436.70 Mg C (Table S1), respectively. Among these dominant tree species
(groups), Mixed coniferous forests had the highest litter carbon density (2.50 + 0.22 Mg C ha™!),
and Mixed broad-leaved forests had the highest litter carbon storage (about 20%). The litter
carbon density and carbon storage of Morus alba, however, were the lowest (Figure 3).

3.1.3. Forest Soil Carbon Density and Carbon Storage

Although the average forest soil carbon density was 95.73 + 6.36 Mg C ha~! (Table S1),
the soil carbon densities of Other economic forests and Prunus persica were higher (Figure 4).
In addition, although the total carbon storage of forest soil was 5.87 & 0.39 Tg C (Table S1),
the carbon storages of Other shrub forests and Mixed broad-leaved forests were higher,
with the two accumulatively accounting for 30% of the total forest soil carbon storage
(Figure 3). In terms of the forest soil profile, the carbon density and carbon storage decreased
significantly with soil depth layer (p < 0.001) (Figures 4 and 5) (Table 3). In addition, the soil
carbon storage was mainly distributed in the surface layer, that is, 0 to 40 cm, accounting
for about 70% of the total carbon storage of the soil profile (Figure 5).

Table 3. Effects of soil depth on forest soil carbon density and carbon storage.

Soil Depth
Index
F Value p Value
Soil carbon density 101.349 <0.001 ***
Soil carbon storage 16.446 <0.001 ***

Represents statistical significance, with *** p < 0.001; n = 312.
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3.1.4. Total Carbon Density and Carbon Storage of Forest Ecosystems

The total organic carbon density of the forest ecosystem was 133.83 + 3.20 Mg C ha™!
(Table S1). Among them, plant (27%) and soil (72%) contributed the most, and litter
accounted for only 1% (Figure 2). The total carbon storage of the forest ecosystem was
8.20 & 0.10 Tg C (Table S1). The sum of the carbon storage of Other shrub forests and
Mixed broad-leaved forests accounted for nearly 30% of the total carbon storage, and the
accumulation of the top 10 dominant tree species (groups) exceeded 80% of the total carbon
storage (Figure 3).

3.2. Green Space Ecosystem Carbon Density and Carbon Storage

The total area of the green space ecosystem in Changzhou measured 11,933.61 ha, of
which the area of the attached green space was the largest, and the area of the square green
space was the smallest. The carbon density and carbon storage of the green land plants
were 48.51 4 15.33 Mg C ha~! and 0.58 & 0.18 Tg C, respectively (Table S2). It is worth
noting that the plant carbon storage of the attached green space, the park green space,
and the protective green space each accounted for almost 30% of the total plant carbon
storage (Figure 6). The carbon density and carbon storage of the green space soil were
81.39 + 18.57 Mg C ha—! and 0.97 + 0.22 Tg C, respectively (Table S2). The attached green
space had the highest soil carbon storage. In addition, the sum of the soil carbon storage of
the attached green space and the park green space reached 80% of the total green space soil
carbon storage (Figure 6). The total carbon density and carbon storage of the green space
ecosystem were 129.90 4 18.57 Mg C ha~! and 1.55 & 0.22 Tg C, respectively. The main
contributors of this carbon storage were plants (37%) and soil (62%). Litter accounted for
only 1% (Table S2). In general, the carbon storage of the green space ecosystem was mainly
due to the attached green space and the park green space, which, together, accounted for
75% of the total carbon storage (Figure 6).

100%%

75%

Square green space
[ ] Regional green space
. Protective green space
B park green space
. Attached green space

50%

Green space carbon storage percentage (%)

25%

0%
’ Plant Litter Soil Green space ecosystem

Figure 6. Percentage of carbon storage of each carbon pool in the green space ecosystem.

3.3. Wetland Ecosystem Carbon Density and Carbon Storage

The wetland area of Changzhou city measured 74,307.42 ha (Table 4). It was divided
into seven parts according to the administrative area. The city’s wetlands were mainly
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distributed in Wujin District, Jintan District, and Liyang District, with the wetland area
of these three districts accounting for 95% of the total wetland area. Similarly, soil carbon
storage in Wujin District, Jintan District, and Liyang District accounted for 95% of the
total wetland soil carbon storage (Table 4). In addition, the average carbon density of the
wetland soil was 20.83 & 5.34 Mg C ha™ . It is worth noting that the wetland area in the
Economic Development Zone was the smallest but had the highest soil carbon density
(40.23 + 32.41 Mg C ha~') (Table 4).

Table 4. Carbon density and carbon storage of wetland in each district.

District Wetland Area (ha) Soil Carbon Density (Mg Cha—1)  Soil Carbon Storage (Mg C)
Waujin District 26,044.02 2211+ 6.24 575,901.18 + 162,521.86
Jintan District 24,392.80 2043 £6.76 498,379.74 + 164,816.03
Liyang City 20,563.43 19.31 £ 7.00 397,093.01 + 143,872.14
Xinbei District 2792.83 23.89 £ 3.96 64,104.38 £ 11,047.58
Tianning District 332.67 20.29 £ 3.53 6750.32 + 1173.52
Bell Tower District 93.39 19.80 £ 0.61 1849.21 + 56.65
Economic Development Zone 88.28 40.23 +32.41 3551.68 4 2860.85
Total 74,307.42 20.83 £ 5.34 1,547,629.52 + 397,102.00

3.4. Total Ecosystem Carbon Density and Carbon Storage

The average carbon density of the three carbon sink ecosystems in Changzhou was
83.34 + 4.91 Mg C ha~! (Table S3). From the perspective of carbon pools, the Changzhou
regional carbon storage contributors were plant (25%), soil (74%), and litter (1%) (Figure 7).
In addition, the average carbon density of forest ecosystems was the highest, and that of
wetland ecosystem was the lowest. The average carbon density of green space ecosystems
was in the middle (Figure 8). The total carbon storage of the three major carbon sink
ecosystems in Changzhou was 11.30 £ 0.67 Tg C (Table S3). Soil accounted for 74%,
plants accounted for 25%, and litter accounted for less than 1% of the total carbon storage
(Figure 7). Forest ecosystems clearly contributed the most (72%) to carbon storage, with
green space ecosystems and wetland ecosystems accounting for 14% each (Figure 7).

100%

75%

Litter
I plant
. Soil

Wetland
Green space
forest

50%

Contribution of total carbon storage (%)

25%

0%

Carbon pools Ecosystems

Figure 7. Percentage of total carbon storage in different carbon pools and ecosystems.
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Figure 8. Carbon density of different ecosystems.

4. Discussion
4.1. Forest Ecosystem Biomass and Carbon Density

Forest ecosystems are important carbon pools and play a key role as terrestrial ecosys-
tem carbon sinks. Forest biomass is widely used to assess the patterns, processes, and
dynamics of the forest ecosystem’s carbon cycle at the local, regional, and global scales [63].
There are several studies on the aboveground biomass of single tree species (groups) [64].
There are, however, fewer studies on the biomass of tree species (groups) at the regional
scale, and these studies provide uncertain results [65]. The estimation of forest biomass and
carbon storage using regional forest resource patch maps, field survey data, and laboratory
experiments is considered accurate and reliable [66]. In the present study, the biomass of
each species (group) was obtained using the allometric growth model. For example, the
biomass per unit area of bamboo stood at the top for Jiangsu Province [67], and this was
mainly due to the geographical location. The Phyllostachys edulis forests in Jiangsu Province
are mainly located in Southern Jiangsu [68]. The density of Pinus massoniana was much
lower than the national average (127.65 Mg ha~!), and this is mainly due to factors such as
climate, tree age, and tree density [64].

Carbon content, based on the biomass of each tree species (group), was used to
calculate carbon storage and carbon density. The carbon density and carbon storage of the
Changzhou forest ecosystem vegetation were 38.10 & 5.65 Mg C ha—! and 2.34 + 0.35 Tg C,
respectively (Table S1), and this comprised both plant and litter carbon. The Changzhou
forest ecosystem vegetation’s carbon density was slightly lower than that of the Middle
tropics (44.23 Mg C ha~') and South tropics (44.96 Mg C ha~!) [69]. This may be because,
in the present study, some shrub and economic tree species were included, resulting in an
overall low carbon density. In addition, based on the carbon density and carbon storage
data of the forest vegetation in Changzhou city, Jiangsu Province, in 2010 (17.72 Mg C ha™ !,
1.41 Tg C) and 2015 (21.31 Mg C ha~1, 2.09 Tg C), forest vegetation was found to present
carbon sink properties from 2010 to 2020. In this study, the average plant carbon density
of other shrubs was lower than that of shrubs in the Heshan forest ecosystem of South
tropical Guangdong Province (14.96 + 1.09 Mg C ha~!). The vegetation carbon density
of Cunninghamia lanceolate (57.12 & 16.53 Mg C ha~!) in the Yangtze River Basin was at
the medium level (~25.32 to 90.89 Mg C ha~!). In addition, the carbon density of Populus
(57.36 + 14.31 Mg C ha—!) was much higher than the average carbon density of Populus
in Changzhou in 2010 (22.25 Mg C ha™?!) [70]. The vegetation carbon density of various
tree species was low in the subtropical zone, but the vegetation carbon storage increased
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compared with the past, suggesting that the forest vegetation in Changzhou has been acting
as a carbon sink. The forest soil carbon pool is also an important indicator for determining
the carbon sequestration potential of forest ecosystems [71,72]. The forest soil carbon
density (95.73 & 6.36 Mg C ha~!) in Changzhou, in the present study, was found to be
lower than the average forest soil carbon density in China (122.72 Mg C ha™!) [73]. This may
be because Changzhou forest is mainly a young forest. In addition, forest organic carbon
density was mainly determined by forest litter import and humification, and it increased
with an increase in forest age [74]. The organic carbon density was greatly affected by plant
roots and root exudates, and it increased with an increase in forest age [75]. The soil profile
showed that organic carbon density decreased significantly with an increase in soil depth
(Figure 4), and this is consistent with the results of several studies [57,76]. It is well-known
that forest vegetation and soil are the two most important sources of carbon pools in the
forest ecosystem. Hou [67] estimated that the carbon storage of forest soil in the Yangtze
River Economic Belt accounted for 81.46% of the total forest ecosystem carbon storage in
2020. This is higher than estimated in our study, where the carbon storage of forest soil
in Changzhou accounted for about 72% of the forest ecosystem. The estimation by Hou,
however, is significantly higher than the estimated soil carbon contribution (65.98%) of the
forest ecosystem in the Northwest Altai Mountains [27].

4.2. Greenland and Wetland Ecosystems’ Carbon Density

Urban green space ecosystems have great potential for climate change mitigation [30,66,77].
Urban green spaces are also an important part of urban green infrastructure. Chen [30]
estimated that the average carbon density of vegetation in the green infrastructure of
35 cities was 21.34 Mg C ha~!. In the present study, green spaces were comprehensively
divided into five categories, and the carbon density of urban green space vegetation in
Changzhou was estimated as 48.51 4 15.33 Mg C ha~!, which is relatively high. In recent
years, many studies have focused on the carbon density and carbon storage of green
space soils [78-82]. Climate and city-specific factors, such as urban age, urban area, urban
population, and urban management, however, may affect the urban soil carbon [8,83]. Our
estimates of soil carbon density in the green space ecosystems was, therefore, compared
with those of warm temperate and subtropical regions in China. In the present study, the
soil carbon density in the ~0 to 20 cm layer (45.22 4 8.18 Mg C ha~') was higher than
that measured in the warm temperate zone (39.80 Mg C ha~!) [84] and the subtropical
zone (25.90 £ 1.31 Mg C ha~1) [79]. Moreover, the soil carbon density in the ~0 to 40 cm
layer (81.39 4 18.57 Mg C ha~!) was higher than that measured in the ~0 to 50 cm layer
(74.08 + 20.20 Mg C ha') in nearby Shanghai [82]. Clearly, the green soil in Changzhou is
efficient at storing carbon. The soil of the urban green space in Changzhou was backfill
and underwent some compaction and management. As a result, the organic carbon content
was mainly located on the surface [85]. We, therefore, only performed an analysis of carbon
storage and carbon density at the ~0 to 40 cm depth. We also found that the soil carbon
density in the green space was lower than that of natural forests [86]. It is worth noting,
however, that the soil carbon storage in Changzhou'’s green space was more than 60% of
the total carbon storage of the green space, highlighting soil as an important carbon pool
in the green space ecosystem. Tao et al. [87] estimated that the average carbon density of
the urban green space ecosystem in Changzhou from ~1986 to 2011 was 73.82 Mg C ha™!
(~0-100 cm). In recent years, Changzhou City’s economy has developed rapidly, and the
construction of urban green spaces has also been steadily advancing. The carbon density of
urban green spaces has reached 129.90 & 18.57 Mg C ha~!, which is slightly lower than the
carbon density of forest ecosystems (133.83 + 3.20 Mg C ha~!) (Figure 8).

Carbon stored in the inland freshwater wetlands is known as blue—green carbon [88,89].
Water is the main factor affecting the carbon pool in inland freshwater wetlands. Continu-
ous anaerobic conditions in flooded water lead to slow decomposition and the deposition
of organic matter in wetlands, increasing organic carbon storage in the soil [90,91]. The
SOC content in the wetlands of China was estimated to account for ~85.4% to 93.5% of
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the total organic carbon of the wetland ecosystems [92]. In addition, freshwater wetland
soils can absorb ~1.38 to 2.26 Mg C ha~! y~!, which is much higher than that of for-
est soils [41,93]. Located in the Yangtze River Delta, Changzhou has numerous rivers,
lakes, and constructed wetlands, which are of significance as temporary storage areas for
SOC [52,94,95]. In the present study, the soil carbon density in the ~0 to 20 cm layer of
the wetland ecosystem (20.83 4 5.34 Mg C ha~!) was estimated to be similar to that of the
adjacent Chaohu Lake (~0-20 cm, 22.80 Mg C ha~!) [48] and the Ningxia Plain wetland
(~0—40 cm, 26.69 Mg C ha1) [52]. It was, however, slightly lower than that of the Northern
Gulf of Mexico wetlands (~0-10/15 cm, ~34-47 Mg C ha~1) [50] and much lower than that
of the subalpine lake delta wetlands (~0-30 cm, ~140-1256 Mg C ha~!) [54]. The SOC pool
is subject to dynamic equilibrium processes and varies depending on the input and output
of carbon sources [96]. Wetland soil carbon is, in particular, highly sensitive to changes in
the surrounding environment [97]. The Changzhou wetland ecosystems mainly include
the Yangtze River, the Beijing—-Hangzhou Grand Canal, and some constructed wetlands.
These wetlands are distributed in areas of dense population, developed shipping, and rapid
economic development, and they are subject to obvious human interference [98,99]. This
is an important reason for the low carbon density and storage of these wetland soils. In
addition, due to the limitations of field sample collection, we only collected ~0-20 cm of
wetland sediment carbon for measurements, so the carbon density of the wetland ecosys-
tem in Changzhou City was lower than that of the forest and urban green space ecosystems
(Figure 8).

5. Conclusions

Forests, green spaces, and wetlands are important carbon storage ecosystems in
Changzhou. In this study, the forest resource management map (including wetland) and
green space system planning map of Changzhou city, combined with field investigation and
laboratory experimental analysis, were used to estimate the carbon storages and densities of
the forest, urban green space, and wetland ecosystems in Changzhou city. Forest ecosystems
contributed the most to carbon storage (72%), while green space ecosystems and wetland
ecosystems each accounted for 14% of the total carbon storage. The average carbon density
of the forest ecosystem was the highest, and that of the wetland ecosystem was the lowest.
The average carbon density of the green space ecosystem was in the middle. Clearly, the
forest, green space, and wetland ecosystems in Changzhou city all had large carbon storage
potentials, with the soil carbon storage being the largest and the carbon density decreasing
with an increase in soil depth. In the current era of global warming and climate change, the
results of the present study are useful for understanding the carbon density and carbon
storage status of regional forests, green spaces, and wetland ecosystems, and they provide
a reference for regional carbon sink research. Our future work will focus in-depth on the
dynamic changes of regional carbon storage and carbon density to obtain a deeper and
more comprehensive understanding of carbon sequestration in regional forest, green space,
and wetland ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f15020303/s1, Table S1: Carbon density and storage of each
forest type; Table S2: Carbon density and carbon storage of each green space type; Table S3: Carbon
density and carbon storage of each ecosystem.

Author Contributions: W.D.: Investigation, Laboratory analyses, Methodology, Data processing,
Writing—original draft. X.L.: Investigation, Laboratory analyses, Methodology, Review and editing.
H.H. and Z.L.: Review and editing, Project administration, Funding acquisition. Z.G. and C.X.:
Project administration, Funding acquisition. PW., L.L., Z.Z., Y.S., Y.Y. and X.J.: Investigation, Lab-
oratory analyses, Data processing. All authors have read and agreed to the published version of
the manuscript.


https://www.mdpi.com/article/10.3390/f15020303/s1
https://www.mdpi.com/article/10.3390/f15020303/s1

Forests 2024, 15, 303 15 0f 18

Funding: This study was supported by the Changzhou project’s basic research program of 2022
(Second batch), “Characterisation of soil carbon pools of major forest types in Changzhou city”
(CJ20220194); the Jiangsu Province geological survey project of 2023, “Comprehensive survey on
ecological and geological environment of important ecological function areas in Taihu Lake Basin”;
and the national positioning observation and research on the forest ecosystem in Yangtze River Delta
supported by State Forestry and Grassland Administration (Grant No. 2022132077). Special funding
for the project was obtained by the technology innovation on Carbon Peak Carbon-Neutral in Jiangsu
Province in 2021: “Key technology research on energy crops and tree cultivation of agroforestry
system and promotion of ecological carbon sequestration capacity in coastal areas” (BE2022305).

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors. The data is not publicly available due to confidentiality.

Acknowledgments: We would like to thank all the colleagues who participated in this research in
one way or another during the experiments but were not included in the final authors’ list.

Conflicts of Interest: Author Zhigiang Liu was employed by the company Jiangsu Changhuan
Environment Technology Co., Ltd. The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed as a potential conflict
of interest. The Jiangsu Changhuan Environment Technology Co., Ltd. had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results.

References

1. Lu, E; Hu, H,; Sun, W,; Zhu, J; Liu, G.; Zhou, W.; Zhang, Q.; Shi, P; Liu, X.; Wu, X,; et al. Effects of national ecological restoration
projects on carbon sequestration in China from 2001 to 2010. Proc. Natl. Acad. Sci. USA 2018, 115, 4039-4044. [CrossRef]

2. Yue, K,; Fornara, D.A.; Yang, W.; Peng, Y.; Peng, C.; Liu, Z.; Wu, E. Influence of multiple global change drivers on terrestrial
carbon storage: Additive effects are common. Ecol. Lett. 2017, 20, 663—672. [CrossRef]

3. Zhao, X.; Tang, X; Du, J.; Pei, X,; Chen, G.; Xu, T. A data-driven estimate of litterfall and forest carbon turnover and the drivers of
their inter-annual variabilities in forest ecosystems across China. Sci. Total Environ. 2022, 821, 153341. [CrossRef]

4. Zhu,].-J,; Yan, B. Blue carbon sink function and carbon neutrality potential of mangroves. Sci. Total Environ. 2022, 822, 153438.
[CrossRef]

5. Wang, Y,; Wang, X.; Wang, K; Chevallier, F; Zhu, D.; Lian, ].; He, Y.; Tian, H.; Li, ].; Zhu, J.; et al. The size of the land carbon sink
in China. Nature 2022, 603, E7-E9. [CrossRef]

6. Harindintwali, ].D.; Yuan, Z.; Wang, M.; Wang, F,; Li, S.; Yin, Z.; Huang, L.; Fu, Y,; Li, L.; Chang, S.X; et al. Technologies and
perspectives for achieving carbon neutrality. Innovation 2021, 2, 100180.

7. Harindintwali, ].D.; Wei, K; Shan, Y.; Mi, Z.; Costello, M.].; Grunwald, S.; Feng, Z.; Wang, F; Guo, Y.; Wu, X,; et al. Climate
change: Strategies for mitigation and adaptation. Innov. Geosci. 2023, 1, 100015-1-100015-35.

8. Vasenev, V.; Kuzyakov, Y. Urban soils as hot spots of anthropogenic carbon accumulation: Review of stocks, mechanisms and
driving factors. Land Degrad. Dev. 2018, 29, 1607-1622. [CrossRef]

9. Zhang, X.; Lu, J.; Zhang, X. Spatiotemporal trend of carbon storage in China’s bamboo industry, 1993-2018. ]. Environ. Manag.
2022, 314, 114989. [CrossRef] [PubMed]

10. Bonan, G.B. Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science 2008, 320, 1444-1449.
[CrossRef] [PubMed]

11. Pan, Y; Birdsey, R.A.; Fang, J.; Houghton, R.; Kauppi, PE.; Kurz, W.A; Phillips, O.L.; Shvidenko, A.; Lewis, S.L.; Canadell, ].G.;
et al. A large and persistent carbon sink in the world’s forests. Science 2011, 333, 988-993. [CrossRef] [PubMed]

12.  Roebroek, C.T.]J.; Duveiller, G.; Seneviratne, S.I.; Davin, E.L.; Cescatti, A. Releasing global forests from human management: How
much more carbon could be stored? Science 2023, 380, 749-753. [CrossRef] [PubMed]

13. Karelin, D.V.; Zamolodchikov, D.G.; Shilkin, A.V.; Popov, S.Y.; Kumanyaev, A.S.; de Gerenyu, V.O.L.; Tel'nova, N.O.; Gitarskiy,
M.L. The effect of tree mortality on CO2 fluxes in an old-growth spruce forest. Eur. J. For. Res. 2021, 140, 287-305. [CrossRef]

14. Spampinato, G.; Malerba, A.; Calabro, F.; Bernardo, C.; Musarella, C. Cork oak forest spatial valuation toward post carbon city by
CO; sequestration. In New Metropolitan Perspectives; NMP 2020; Smart Innovation, Systems and Technologies; Bevilacqua, C.,
Calabro, F,, Della Spina, L., Eds.; Springer: Cham, Switzerland, 2021; Volume 178, pp. 1321-1331.

15. Li, D.; Shao, M.a. Soil organic carbon and influencing factors in different landscapes in an arid region of northwestern China.
Catena 2014, 116, 95-104. [CrossRef]

16. Liu, X,; Lu, X;; Yu, R;; Sun, H,; Li, X;; Li, X.; Qi, Z.; Liu, T.; Lu, C. Distribution and storage of soil organic and inorganic carbon in
steppe riparian wetlands under human activity pressure. Ecol. Indic. 2022, 139, 108945. [CrossRef]

17.  Vitti, C,; Stellacci, A.M.; Leogrande, R.; Mastrangelo, M.; Cazzato, E.; Ventrella, D. Assessment of organic carbon in soils: A

comparison between the Springer-Klee wet digestion and the dry combustion methods in Mediterranean soils (Southern Italy).
Catena 2016, 137, 113-119. [CrossRef]


https://doi.org/10.1073/pnas.1700294115
https://doi.org/10.1111/ele.12767
https://doi.org/10.1016/j.scitotenv.2022.153341
https://doi.org/10.1016/j.scitotenv.2022.153438
https://doi.org/10.1038/s41586-021-04255-y
https://doi.org/10.1002/ldr.2944
https://doi.org/10.1016/j.jenvman.2022.114989
https://www.ncbi.nlm.nih.gov/pubmed/35429689
https://doi.org/10.1126/science.1155121
https://www.ncbi.nlm.nih.gov/pubmed/18556546
https://doi.org/10.1126/science.1201609
https://www.ncbi.nlm.nih.gov/pubmed/21764754
https://doi.org/10.1126/science.add5878
https://www.ncbi.nlm.nih.gov/pubmed/37200428
https://doi.org/10.1007/s10342-020-01330-3
https://doi.org/10.1016/j.catena.2013.12.014
https://doi.org/10.1016/j.ecolind.2022.108945
https://doi.org/10.1016/j.catena.2015.09.001

Forests 2024, 15, 303 16 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

Dixon, R.K.; Solomon, A.M.; Brown, S.; Houghton, R.A.; Trexier, M.C.; Wisniewski, J. Carbon pools and flux of global forest
ecosystems. Science 1994, 263, 185-190. [CrossRef]

Jia, S.W. Study on carbon storage of forest vegetation and its economic value in Henan Province based on continuous forest
resources inventory. Hubei Agric. Sci. 2016, 55, 1612-1616.

Tang, X.; Zhao, X; Bai, Y.; Tang, Z.; Wang, W.; Zhao, Y.; Wan, H.; Xie, Z.; Shi, X.; Wu, B.; et al. Carbon pools in China’s terrestrial
ecosystems: New estimates based on an intensive field survey. Proc. Natl. Acad. Sci. USA 2018, 115, 4021-4026. [CrossRef]

Sun, W.; Liu, X. Review on carbon storage estimation of forest ecosystem and applications in China. For. Ecosyst. 2019, 7, 4.
[CrossRef]

Jiang, P.; Meng, C.; Zhou, G.; Xu, Q. Comparative study of carbon storage in different forest stands in subtropical China. Bot. Rev.
2011, 77, 242-251. [CrossRef]

Qiu, Z; Feng, Z.; Song, Y.; Li, M.; Zhang, P. Carbon sequestration potential of forest vegetation in China from 2003 to 2050:
Predicting forest vegetation growth based on climate and the environment. J. Clean. Prod. 2020, 252, 119715. [CrossRef]

Zhang, J.; Kuang, L.; Mou, Z.; Kondo, T.; Koarashi, J.; Atarashi-Andoh, M.; Li, Y.; Tang, X.; Wang, Y.-P.; Pefiuelas, J.; et al. Ten
years of warming increased plant-derived carbon accumulation in an East Asian monsoon forest. Plant Soil 2022, 481, 349-365.
[CrossRef]

Chen, S.; Wang, W.; Xu, W.; Wang, Y.; Wan, H.; Chen, D.; Tang, Z.; Tang, X.; Zhou, G.; Xie, Z.; et al. Plant diversity enhances
productivity and soil carbon storage. Proc. Natl. Acad. Sci. USA 2018, 115, 4027-4032. [CrossRef] [PubMed]

Chen, X; Taylor, A.R.; Reich, P.B.; Hisano, M.; Chen, H.Y.H.; Chang, S.X. Publisher Correction: Tree diversity increases decadal
forest soil carbon and nitrogen accrual. Nature 2023, 620, E16. [CrossRef] [PubMed]

Dai, L.; Zhang, Y.; Wang, L.; Zheng, S.; Xu, W. Assessment of carbon density in natural mountain forest ecosystems at northwest
China. Int. J. Environ. Res. Public Health 2021, 18, 2098. [CrossRef]

Ren, H.; Li, L.; Liu, Q.; Wang, X,; Li, Y.; Hui, D,; Jian, S.; Wang, J.; Yang, H.; Lu, H.; et al. Spatial and temporal patterns of carbon
storage in forest ecosystems on Hainan island, southern China. PLoS ONE 2014, 9, e108163. [CrossRef]

Zhang, Q.; Ye, H.; Ding, Y.; Cao, Q.; Zhang, Y.; Huang, K. Carbon storage dynamics of subtropical forests estimated with
multi-period forest inventories at a regional scale: The case of Jiangxi forests. J. For. Res. 2019, 31, 1247-1254. [CrossRef]

Chen, W.Y. The role of urban green infrastructure in offsetting carbon emissions in 35 major Chinese cities: A nationwide estimate.
Cities 2015, 44, 112-120. [CrossRef]

Woldegerima, T.; Yeshitela, K.; Lindley, S. Ecosystem services assessment of the urban forests of Addis Ababa, Ethiopia. Urban
Ecosyst. 2017, 20, 683-699. [CrossRef]

Jim, C.Y.; Chen, W.Y. Assessing the ecosystem service of air pollutant removal by urban trees in Guangzhou (China). J. Environ.
Manag. 2008, 88, 665-676. [CrossRef]

Nowak, D.J.; Greenfield, E.J.; Hoehn, R.E.; Lapoint, E. Carbon storage and sequestration by trees in urban and community areas
of the United States. Environ. Pollut. 2013, 178, 229-236. [CrossRef]

Nowak, D.J.; Crane, D.E. Carbon storage and sequestration by urban trees in the USA. Environ. Pollut. 2002, 116, 381-389.
[CrossRef]

Jo, HK. Impacts of urban greenspace on offsetting carbon emissions for middle Korea. J. Environ. Manag. 2002, 64, 115-126.
[CrossRef]

Pouyat, R.V.; Yesilonis, I.D.; Nowak, D.J. Carbon storage by urban soils in the United States. J. Environ. Qual. 2006, 35, 1566-1575.
[CrossRef]

Wang, D.R. Spatiotemporal dynamics of carbon storage and density of urban forest in Xiamen city. . Fujian Coll. For. 2013, 33,
12-17.

Ruffing, C.M.; Dwire, K.A.; Daniels, M.D. Carbon pools in stream-riparian corridors: Legacy of disturbance along mountain
streams of south-eastern Wyoming. Earth Surf. Process. Landf. 2016, 41, 208-223. [CrossRef]

Xiao, D.; Deng, L.; Kim, D.-G.; Huang, C.; Tian, K. Carbon budgets of wetland ecosystems in China. Glob. Chang. Biol. 2019, 25,
2061-2076. [CrossRef]

Blue Carbon Lab. Victoria’s Teal Carbon—Blue Carbon Lab. 2022. Available online: https://www.bluecarbonlab.org/victoria-
teal-carbon (accessed on 1 September 2023).

Carnell, P.E.; Windecker, S.M.; Brenker, M.; Baldock, J.; Masque, P.; Brunt, K.; Macreadie, PI. Carbon stocks, sequestration, and
emissions of wetlands in south eastern Australia. Glob. Chang. Biol. 2018, 24, 4173-4184. [CrossRef] [PubMed]

Lane, R.R.; Mack, SK.; Day, ].W.; DeLaune, R.D.; Madison, M.].; Precht, P.R. Fate of soil organic carbon during wetland loss.
Wetlands 2016, 36, 1167-1181. [CrossRef]

Mitsch, W.].; Bernal, B.; Nahlik, A.M.; Mander, U.; Zhang, L.; Anderson, C.J.; Jorgensen, S.E.; Brix, H. Wetlands, carbon, and
climate change. Landsc. Ecol. 2013, 28, 583-597. [CrossRef]

Zeng, Z.Q.; Zhang, C.; Li, J.; Yang, N. Carbon stock and cycling of wetland ecosystem. China Agric. Sci. Bull. 2013, 29, 88-92.
Cui, LJ.; Ma, Q.F; Song, H.T.; Luan, ].W. Estimation methods of wetland ecosystem carbon storage: A review. Chin. . Ecol. 2012,
31, 2673-2680.

Mitsch, W.J.; Gosselink, J.G. Wetlands, 4th ed.; John Wiley & Sons: Hoboken, NJ, USA, 2007.


https://doi.org/10.1126/science.263.5144.185
https://doi.org/10.1073/pnas.1700291115
https://doi.org/10.1186/s40663-019-0210-2
https://doi.org/10.1007/s12229-011-9080-1
https://doi.org/10.1016/j.jclepro.2019.119715
https://doi.org/10.1007/s11104-022-05642-8
https://doi.org/10.1073/pnas.1700298114
https://www.ncbi.nlm.nih.gov/pubmed/29666315
https://doi.org/10.1038/s41586-023-06458-x
https://www.ncbi.nlm.nih.gov/pubmed/37488361
https://doi.org/10.3390/ijerph18042098
https://doi.org/10.1371/journal.pone.0108163
https://doi.org/10.1007/s11676-019-00891-3
https://doi.org/10.1016/j.cities.2015.01.005
https://doi.org/10.1007/s11252-016-0624-3
https://doi.org/10.1016/j.jenvman.2007.03.035
https://doi.org/10.1016/j.envpol.2013.03.019
https://doi.org/10.1016/S0269-7491(01)00214-7
https://doi.org/10.1006/jema.2001.0491
https://doi.org/10.2134/jeq2005.0215
https://doi.org/10.1002/esp.3830
https://doi.org/10.1111/gcb.14621
https://www.bluecarbonlab.org/victoria-teal-carbon
https://www.bluecarbonlab.org/victoria-teal-carbon
https://doi.org/10.1111/gcb.14319
https://www.ncbi.nlm.nih.gov/pubmed/29938397
https://doi.org/10.1007/s13157-016-0834-8
https://doi.org/10.1007/s10980-012-9758-8

Forests 2024, 15, 303 17 of 18

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Murdiyarso, D.; Kauffman, J.B.; Warren, M.; Pramova, E.; Hergoualc'H, K. Tropical Wetlands for Climate Change Adaptation and
Mitigation Science and Policy Imperatives with Special Reference to Indonesia; CIFOR Working Paper 91; Center for International
Forestry Research: Bogor, Indonesia, 2012.

Yao, X.; Wang, J.; Xie, X.; Jiang, D.; Xu, X. Distribution of SOCD along different offshore distances in China’s fresh-water
lake-Chaohu under different habitats. Sci. Rep. 2022, 12, 14712. [CrossRef]

Taran, M.; Ahirwal, ].; Deb, S.; Sahoo, U.K. Variability of carbon stored in inland freshwater wetland in Northeast India. Sci. Total
Environ. 2023, 859, 160384. [CrossRef]

Hansen, V.D.; Nestlerode, ].A. Carbon sequestration in wetland soils of the northern Gulf of Mexico coastal region. Wetl. Ecol.
Manag. 2013, 22, 289-303. [CrossRef]

Pérez-Rojas, J.; Moreno, F.; Quevedo, J.C.; Villa, J. Soil organic carbon stocks in fluvial and isolated tropical wetlands from
Colombia. Catena 2019, 179, 139-148. [CrossRef]

Bu, X; Dong, S.; Mi, W.; Li, F. Spatial-temporal change of carbon storage and sink of wetland ecosystem in arid regions, Ningxia
Plain. Atmos. Environ. 2019, 204, 89-101.

Pan, M.; Hu, T;; Zhan, J.; Hao, Y.; Li, X.; Zhang, L. Unveiling spatiotemporal dynamics and factors influencing the provision of
urban wetland ecosystem services using high-resolution images. Ecol. Indic. 2023, 151, 110305. [CrossRef]

Scott, D.N.; Wohl, E.E. Evaluating carbon storage on subalpine lake deltas. Earth Surf. Process. Landf. 2017, 42, 1472-1481.
[CrossRef]

Wang, B.; Mu, C.; Lu, H,; Li, N.; Zhang, Y.; Ma, L. Ecosystem carbon storage and sink/source of temperate forested wetlands in
Xiaoxing’anling, northeast China. . For. Res. 2021, 33, 839-849. [CrossRef]

CJJ/T85-2017; Urban Green Space Classification Standard. Ministry of Housing and Urban-Rural Development of the People’s
Republic of China: Beijing, China, 2017.

Zhang, ].; Zhang, L.; Hao, H.; Liu, C.; Wang, H. Carbon storage of a subtropical forest ecosystem: A case study of the Jinggang
Mountain National Nature Reserve in south-eastern China. J. For. Res. 2018, 30, 1011-1021. [CrossRef]

Qian, Y,; Yi, L.; Zhang, C.; Yu, S.; Shen, L.; Peng, D.; Zheng, C. Biomass and carbon storage of public service forests in the central
area of Zhejiang Province. Sci. Silvae Sin. 2013, 49, 17-23.

Lin, H.; Ma, X.; He, Z; Liu, B.; Huang, Z.; Tian, X. Research on Forest Ecosystem Carbon Sinks in Jiangsu Province. For. Resour.
Manag. 2014, 90-97. [CrossRef]

National Forestry and Grassland Administration. Guidelines for Carbon Accounting and Monitoring of Afforestation Projects (LY/T
2253-2014) (Appendix 2); National Forestry and Grassland Administration: Beijing, China, 2014.

National Forestry and Grassland Administration. AR-CM-001-V01, Carbon Sink Afforestation Project Methodology; National Forestry
and Grassland Administration: Beijing, China, 2013.

Nelson, D.W.; Sommers, L.E. Total carbon; organic carbon and organic matter. In Methods of Soil Analysis; Sparks, D.L., Ed.;
Madison Press: Madison, FL, USA, 1996; pp. 961-1010.

Fang, ].Y.; Chen, A.P; Peng, C.H.; Zhao, S.Q.; Ci, L. Changes in forest biomass carbon storage in China between 1949 and 1998.
Science 2001, 292, 2320-2322. [CrossRef]

Jin, L.; Li, X,; Huang, Q.; Yang, H.; Huang, J. Allometry, biomass and productivity in Pinus massoniana forests of China: An
updated review of published data. Pol. J. Ecol. 2022, 70, 1-32. [CrossRef]

Li, Y,; Geng, H. Spatiotemporal trends in ecosystem carbon stock evolution and quantitative attribution in a karst watershed in
southwest China. Ecol. Indic. 2023, 153, 110429. [CrossRef]

Sun, Y,; Xie, S.; Zhao, S. Valuing urban green spaces in mitigating climate change: A city-wide estimate of aboveground carbon
stored in urban green spaces of China’s capital. Glob. Chang. Biol. 2019, 25, 1717-1732. [CrossRef]

Hou, R.P; Xia, C.Z.; Chen, ].; Zhang, Q.H.; Li, HK,; Huang, ].].; Huang, X.; Deng, ].F.; Han, X.; An, T.Y,; et al. Carbon storage and
carbon sink of forest land and other biomass in the Yangtze River Economic Belt. Acta Ecol. Sin. 2022, 42, 9483-9498.

Xu, Z.; Cao, G.; Li, S.; Liu, B. Characteristics of carbon storage distribution structure and dynamic change of forest vegetation in
Jiangsu Province. J. Northwest For. Univ. 2019, 34, 69-75+91.

Tu, H.; Zhou, H.; Ma, G.; Zhang, R.; Yang, S. Characteristics of forest carbon storage in Yunnan based on the ninth forest inventory
data. J. Northwest For. Univ. 2023, 38, 185-193.

Xing, W.; Qi, W.; Zhao, Q.; Ge, Z. Analysis on carbon storage of poplar plantation in Jiangsu Province. J. Jiangsu For. Sci. Technol.
2015, 42, 15-18.

Levine, ].S.; Cofer, W.R.I,; Cahoon, D.R.; Winstead, E.L. Biomass burning a driver for global change. Environ. Sci. Tech. 1995, 3,
120-125. [CrossRef]

Schulp, C.J.E.; Nabulars, G.-J.; Verburg, P.H.; de Waal, R.W. Effect of tree species on carbon stocks in forest floor and mineral soil
and implications for soil carbon inventories. For. Ecol. Manag. 2008, 256, 482-490. [CrossRef]

Yuan, J.; Zhang, Y.; You, C.; Cao, R.; Tan, B.; Li, H,; Jiang, Y.; Yang, W. The three-dimension zonal pattern of soil organic carbon
density in China’s forests. Catena 2021, 196, 104950. [CrossRef]

Prietzel, J.; Bachmann, S. Changes in soil organic C and N stocks after forest transformation from Norway spruce and Scots pine
into Douglas fir, Douglas fir/spruce, or European beech stands at different sites in Southern Germany. For. Ecol. Manag. 2012, 269,
134-148. [CrossRef]


https://doi.org/10.1038/s41598-022-18260-2
https://doi.org/10.1016/j.scitotenv.2022.160384
https://doi.org/10.1007/s11273-013-9330-6
https://doi.org/10.1016/j.catena.2019.04.006
https://doi.org/10.1016/j.ecolind.2023.110305
https://doi.org/10.1002/esp.4110
https://doi.org/10.1007/s11676-021-01366-0
https://doi.org/10.1007/s11676-018-0649-y
https://doi.org/10.13466/j.cnki.lyzygl.2014.01.018
https://doi.org/10.1126/science.1058629
https://doi.org/10.3161/15052249PJE2020.70.1.001
https://doi.org/10.1016/j.ecolind.2023.110429
https://doi.org/10.1111/gcb.14566
https://doi.org/10.1021/es00003a746
https://doi.org/10.1016/j.foreco.2008.05.007
https://doi.org/10.1016/j.catena.2020.104950
https://doi.org/10.1016/j.foreco.2011.12.034

Forests 2024, 15, 303 18 of 18

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

Zhao, F,; Kang, D.; Han, X,; Yang, G.; Yang, G.; Feng, Y.; Ren, G. Soil stoichiometry and carbon storage in long-term afforestation
soil affected by understory vegetation diversity. Ecol. Eng. 2015, 74, 415-422. [CrossRef]

Jia, L.Y.; Wang, G.X,; Luo, J.; Ran, F;; Li, W.; Zhou, J.; Yang, D.L.; Shi, W.B.; Xu, Q.; Zhu, K,; et al. Carbon storage of the forest and
its spatial pattern in Tibet, China. J. Mt. Sci. 2021, 18, 1748-1761. [CrossRef]

Fan, L.; Wang, J.; Han, D.; Gao, J.; Yao, Y. Research on promoting carbon sequestration of urban green space distribution
characteristics and planting design models in Xi’an. Sustainability 2023, 15, 572. [CrossRef]

Dorendorf, J.; Eschenbach, A.; Schmidt, K.; Jensen, K. Both tree and soil carbon need to be quantified for carbon assessments of
cities. Urban For. Urban Green. 2015, 14, 447-455. [CrossRef]

Du, J.; Yu, M.; Cong, Y.; Lv, H.; Yuan, Z. Soil organic carbon storage in urban green space and its influencing factors: A case study
of the 0-20 cm soil layer in Guangzhou City. Land 2022, 11, 1484. [CrossRef]

Linden, L.; Riikonen, A.; Setala, H.; Yli-Pelkonen, V. Quantifying carbon stocks in urban parks under cold climate conditions.
Urban For. Urban Green. 2020, 49, 126633. [CrossRef]

Pouyat, R.; Groffman, P; Yesilonis, I.; Hernandez, L. Soil carbon pools and fluxes in urban ecosystems. Environ. Pollut. 2002, 116,
5107-5S118. [CrossRef]

Zhou, T.Y. Spatial Pattern Characteristics and Driving Mechanism of Soil Organic Carbon Storage in Shanghai Urban Green Space; East
China Normal University: Shanghai, China, 2015.

Allory, V.; Sere, G.; Ouvrard, S. A meta-analysis of carbon content and stocks in Technosols and identification of the main
governing factors. Eur. . Soil Sci. 2022, 73, e13141. [CrossRef]

Tang, Y.; Shi, TM.; Bu, Y.J.; Shi, Y. Spatial distribution of soil organic carbon stocks in urban green space with urbanization in
Shenyang, China. Chin. Landsc. Archit. 2019, 35, 68-73.

Scharenbroch, B.C.; Lloyd, J.E.; Johnson-Maynard, J.L. Distinguishing urban soils with physical, chemical, and biological
properties. Pedobiologia 2005, 49, 283-296. [CrossRef]

Chien, S.-C.; Krumins, J.A. Natural versus urban global soil organic carbon stocks: A meta-analysis. Sci. Total Environ. 2022,
807, 150999. [CrossRef]

Tao, Y;; Li, E; Liu, X.; Zhao, D.; Sun, X.; Xu, L. Variation in ecosystem services across an urbanization gradient: A study of
terrestrial carbon stocks from Changzhou, China. Ecol. Modell. 2015, 318, 210-216. [CrossRef]

Nahlik, A.M.; Fennessy, M.S. Carbon storage in US wetlands. Nat. Commun. 2016, 7, 13835. [CrossRef]

Zinke, L. The colours of carbon. Nat. Rev. Earth Environ. 2020, 1, 141. [CrossRef]

McLeod, E.; Chmura, G.L.; Bouillon, S.; Salm, R.; Bjork, M.; Duarte, C.M.; Lovelock, C.E.; Schlesinger, W.H.; Silliman, B.R. A
blueprint for blue carbon: Toward an improved understanding of the role of vegetated coastal habitats in sequestering CO5.
Front. Ecol. Environ. 2011, 9, 552-560. [CrossRef]

Mitsch, W.J.; Bernal, B.; Hernandez, M.E. Ecosystem services of wetlands. Int. ]. Biodivers. Sci. Ecosyst. Serv. Manag. 2015, 11, 1-4.
[CrossRef]

Zheng, Y;; Niu, Z.; Gong, P,; Dai, Y.; Shangguan, W. Preliminary estimation of the organic carbon pool in China’s wetlands. Chin.
Sci. Bull. 2012, 58, 662—670. [CrossRef]

Bernal, B.; Mitsch, W.J. Comparing carbon sequestration in temperate freshwater wetland communities. Glob. Chang. Biol. 2012,
18, 1636-1647. [CrossRef]

Sutfin, N.A. Spatiotemporal Variability of Floodplain Sediment and Organic Carbon Retention in Mountain Streams of the
Colorado Front Range. Doctoral Dissertation, Colorado State University, Fort Collins, CO, USA, 2016.

Wohl, E.; Dwire, K.; Sutfin, N.; Polvi, L.; Bazan, R. Mechanisms of carbon storage in mountainous headwater rivers. Nat. Commun.
2012, 3, 1263. [CrossRef]

Wau, Y. Elevation gradient characteristics and impact factors of soil carbon fractions in the Pinus taiwanensis Hayata forests of Dai
yun Mountain. Acta Ecol. Sin. 2020, 40, 5761-5770.

Lal, R. Soil carbon sequestration impacts on global climate change and food security. Science 2004, 304, 1623-1627. [CrossRef]
Lu, M.,; Zou, Y,; Xun, Q.; Yu, Z; Jiang, M.; Sheng, L.; Lu, X.; Wang, D. Anthropogenic disturbances caused declines in the wetland
area and carbon pool in China during the last four decades. Glob. Chang. Biol. 2021, 27, 3837-3845. [CrossRef]

Toming, K.; Kotta, J.; Uuemaa, E.; Sobek, S.; Kutser, T.; Tranvik, L.J. Predicting lake dissolved organic carbon at a global scale. Sci.
Rep. 2020, 10, 8471. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ecoleng.2014.11.010
https://doi.org/10.1007/s11629-020-6520-6
https://doi.org/10.3390/su15010572
https://doi.org/10.1016/j.ufug.2015.04.005
https://doi.org/10.3390/land11091484
https://doi.org/10.1016/j.ufug.2020.126633
https://doi.org/10.1016/S0269-7491(01)00263-9
https://doi.org/10.1111/ejss.13141
https://doi.org/10.1016/j.pedobi.2004.12.002
https://doi.org/10.1016/j.scitotenv.2021.150999
https://doi.org/10.1016/j.ecolmodel.2015.04.027
https://doi.org/10.1038/ncomms13835
https://doi.org/10.1038/s43017-020-0037-y
https://doi.org/10.1890/110004
https://doi.org/10.1080/21513732.2015.1006250
https://doi.org/10.1007/s11434-012-5529-9
https://doi.org/10.1111/j.1365-2486.2011.02619.x
https://doi.org/10.1038/ncomms2274
https://doi.org/10.1126/science.1097396
https://doi.org/10.1111/gcb.15671
https://doi.org/10.1038/s41598-020-65010-3

	Introduction 
	Material and Methods 
	Study Area 
	Data Collection 
	Area and Classification of Ecosystems 
	Field Investigation and Sampling 

	Data Analysis 
	Measurement and Estimation of Plant and Litter Biomass and Carbon 
	Estimation of Soil Carbon 

	Statistical Analysis 

	Results 
	Forest Ecosystem Carbon Density and Carbon Storage 
	Area and Biomass of Dominant Tree Species in the Forest Ecosystem 
	Forest Plant and Litter Carbon Density and Carbon Storage 
	Forest Soil Carbon Density and Carbon Storage 
	Total Carbon Density and Carbon Storage of Forest Ecosystems 

	Green Space Ecosystem Carbon Density and Carbon Storage 
	Wetland Ecosystem Carbon Density and Carbon Storage 
	Total Ecosystem Carbon Density and Carbon Storage 

	Discussion 
	Forest Ecosystem Biomass and Carbon Density 
	Greenland and Wetland Ecosystems’ Carbon Density 

	Conclusions 
	References

