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Abstract

This study assessed the impacts of expressway construction on the carbon sink function
of forest ecosystems in the karst region along the Du’an-Bama expressway in Guangxi, China.
Field investigations, soil physicochemical measurements, biomass and carbon stock estimations, soil
CO: flux monitoring, and greening project data analysis were conducted to characterize the carbon
sink performance of different vegetation types and the changes induced by expressway construction.
Results showed significant variations in biomass and carbon stock among vegetation types,
with forests exhibiting the highest carbon sequestration capacity, followed by shrublands and grasslands.
Soil physicochemical properties under different vegetation types also played an important role
in determining carbon stock potential. The expressway project permanently occupied 217.22 hm?
of land, leading to a biomass loss of 10207.21 t and a carbon stock reduction of 4601.89 tC.
The implemented greening measures compensated for 993.30 t of biomass and 441.90 tC of carbon,
corresponding to recovery rates of 9.73% and 9.60%, respectively. When considering the annual
sequestration capacity of restored vegetation together with the reduction in soil CO: emissions
beneath paved surfaces, the system exhibited an annual net carbon gain of 1629.65 tC, suggesting that
the losses caused by permanent land occupation could be offset within approximately 2.6 years under
the accounting framework of this study.
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Introduction

With the intensification of global warming, the
monitoring and assessment of forest ecosystem carbon
stocks have become a central focus in ecological
and environmental research [1-3]. Forest ecosystems
constitute a vital component of the terrestrial carbon
cycle [4, 5]. Through photosynthesis, forests sequester
atmospheric CO: into vegetation and soils, thereby
mitigating the rise in greenhouse gas concentrations [6-
8]. Under China’s “dual-carbon” strategy, strengthening
the monitoring and evaluation of forest carbon stock
dynamics is not only of ecological importance but
also provides practical support for achieving carbon
neutrality targets [9-11].

Karst regions are characterized by pronounced
ecological fragility, shaped by the combined effects
of hard and soluble carbonate rocks, well-developed
fissures and caves, and monsoonal climates with
synchronous heat and rainfall [12, 13]. These factors
contribute to the evolution of a dual surface-subsurface
hydrogeological structure, resulting in limited water
storage and poor water resource availability [12, 14].
In addition, carbonate bedrock provides insufficient
parent material for soil formation, leading to shallow
and discontinuous soils, low resource availability, high
calcium content, and weak alkalinity despite relatively
fertile properties [13, 15]. Under such conditions, forest
vegetation development in karst areas is constrained,
with slower growth and lower overall forest coverage
compared to non-karst regions [16, 17]. Although
vegetation types are diverse and play essential roles
in water regulation, soil conservation, and regional
ecological stability [4, 18], many endemic karst plant
species are highly sensitive to environmental changes
and face considerable challenges in regeneration after
disturbance [17, 19, 20].

In recent years, with the vigorous promotion of
infrastructure  development, multiple expressway
projects in Guangxi have entered planning and
construction phases [21]. However, as typical linear
engineering works, expressways not only permanently
occupy large areas of land but also involve frequent
excavation, land clearing, slope modification, and
drainage works, which directly damage native forests
along their routes [22-24]. These construction activities
typically remove large quantities of vegetation and
topsoil, disrupt existing forest structures, and cause
substantial declines in biomass [25, 26].

Existing studies have mainly focused on the
spatial-temporal distribution of forest carbon stocks
and the carbon sequestration potential of different
vegetation types. For example, Lan (2019) reported
that both hard and soft-broadleaf forests in Guangxi
exhibit relatively high carbon stock capacities [27]. Li
(2020) demonstrated that Caesalpinia sappan exhibits
strong adaptability and carbon sequestration potential
in the karst region of northwestern Guangxi, making
it an ideal species for rocky desertification control

and carbon sink enhancement [28]. Other studies by
Meng (2022), Li (2024), and Zhong (2025) revealed
the spatial heterogeneity of forest carbon stocks at
the regional scale, highlighting the regulatory roles of
topography, climate, and land use [29-31]. Nevertheless,
few studies have examined the direct carbon stock
losses and the compensatory effects induced by
large-scale engineering projects such as expressway
construction. On the other hand, research on the
ecological impacts of transportation infrastructure has
predominantly addressed landscape fragmentation and
land-use change [32-34], while systematic quantitative
evaluations of carbon sink functions remain scarce.
Therefore, accurately assessing forest carbon stock
reductions caused by expressway construction in
karst areas, as well as the compensatory potential of
subsequent greening projects, is not only of scientific
significance for understanding carbon sink dynamics
in karst forests but also provides practical guidance for
coordinating infrastructure development with ecological
conservation.

Based on the ecological fragility of karst forest
ecosystems and the disturbance characteristics
of expressway construction, this study aims to
quantify changes in forest ecosystem carbon stocks
under expressway development in karst regions. We
hypothesize that expressway construction leads to
measurable reductions in forest biomass and carbon
stocks in areas directly affected by road building
compared to undisturbed forests. Furthermore, we
expect that subsequent greening and restoration
measures can partially compensate for construction-
induced carbon losses. Through field-based vegetation
and soil surveys, biomass and carbon stock estimation,
accounting of permanent land occupation—induced
carbon losses, evaluation of greening project—based
carbon compensation, and measurement of soil CO:
emissions under different land-use types, this study
seeks to clarify the dynamic effects of road construction
and post-construction greening on forest carbon stocks
and to provide quantitative support for ecological
impact assessment and carbon compensation policies in
expressway projects.

Materials and Methods
Study Area

The study area is located along the Du’an-Bama
section of the expressway in Guangxi, southern China,
which traverses the karst region over a total length of
approximately 120 km. The route extends from Du’an
County to Bama County in Hechi City, passing through
Du’an, Dahua, and Bama counties (Fig. 1). The area
lies within a subtropical monsoon climate zone, with
a mean annual temperature of 19.6-21.6°C and an average
annual precipitation of about 1720 mm, characterized by
warm and humid conditions with synchronous heat and
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Fig. 1. Distribution of sampling plots in the study area.

rainfall [35] (China Meteorological Data Service Centre;
http://data.cma.cn). Major surface water bodies include
the Chengjiang River and the Hongshui River, the latter
being an important tributary of the upper Xijiang River
within the Pearl River system.

The study area exhibits complex geomorphological
features and pronounced topographic relief, dominated
by structural—erosional karst landforms such as peak-
cluster depressions and valleys, with local extensions
into eroded low hills [36, 37]. Carbonate rocks are widely
distributed, and intense karstification provides a typical
geological background of karst development [16, 38].

Soils and vegetation show distinct spatial patterns.
In rocky mountain areas, soil cover averages only
10.8%, and on steep slopes with gradients greater than
45°, the coverage is merely 3.2%. Forest vegetation
coverage ranges from 70% to 90%, with an average
of 83%. Vegetation types are dominated by shrubs
and grasslands. Natural vegetation has been highly
fragmented due to long-term land use and development.
Depressions and valleys are often converted into
croplands, while large tracts of intact natural forests
are scarce, resulting in a markedly patchy vegetation
distribution.

Plot Design and Survey Methods
Plot Design

Vegetation surveys were conducted by combining
literature review with field investigations, including

107°52'0"E

108°8'0"E

108°0'0"E

transect surveys and typical plot surveys. The transect
survey provided an overview of vegetation types,
community structure, and dominant species composition
within the project area. The typical plot survey further
analyzed the structural characteristics of major
vegetation types and key habitats. In total, 19 plots were
established and geo-referenced using GPS, following the
Technical Regulations for Accounting and Monitoring
of Forest Land Carbon Sink (DBIl/T 953-2024).
The number of plots was determined to ensure
representative coverage of the dominant vegetation
types and disturbance conditions along the expressway
corridor under complex karst terrain. Each forest
plot measured 25.82 m x 25.82 m. Shrub, herb, and
litter layers were investigated using quadrat methods.
Within each forest plot, five 2 m x 2 m shrub quadrats
were set up, and within each shrub quadrat, I m x 1 m
subquadrats were set up for herbaceous and litter
biomass surveys.

Vegetation Survey

For the tree layer, all living individuals with
a diameter at breast height (DBH) greater than 5 cm
were recorded, including species identity, DBH, height,
and growth condition.

For the shrub layer, species composition (including
trees with DBH < 2 cm), basal diameter, canopy cover,
density, and height were recorded. Three average-sized
standard individuals per quadrat were harvested to
determine the fresh weights of stems, branches, leaves,
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and roots. Subsamples of 300 g from each component
(stem, branch, leaf, root) were collected for dry weight
determination.

For the herbaceous layer, species composition,
clump number, height, and cover were recorded. All
herbaceous plants within each quadrat were harvested
to measure fresh weight, and 300 g composite samples
were collected for dry weight determination.

For the litter layer, thickness was measured,
all litter was collected for fresh weight determination,
and 200 g subsamples were taken for dry weight
analysis.

Soil Survey

Soil physicochemical properties were analyzed for
each vegetation plot, including soil bulk density, soil
organic carbon content, soil organic carbon density,
and soil organic carbon stock. Within each plot, one
representative soil profile was excavated, and soil
samples were collected at depth intervals of 0-10 cm,
10-20 cm, 20-40 cm, and 40-50 cm. After field
sampling, soil samples collected using cutting rings
were transported to the laboratory for bulk density
determination. Samples were oven-dried at 105°C to
constant weight, and soil bulk density was calculated
based on the oven-dried mass and the known volume
of the cutting ring. Coarse fragments and visible roots
were removed prior to weighing when present.

For soil organic carbon (SOC) analysis,
approximately 500 g of soil was collected separately
from each predefined depth interval (0-10, 10-20, 20-40,
and 40-50 cm) within the same soil profile. After field
sampling, soil material from the four depth intervals
was combined and thoroughly homogenized to form
a composite sample representing the soil profile.
The homogenized composite sample was then reduced
to approximately 500 g using the quartering method,
sealed in plastic bags, and transported to the laboratory
for further analysis. Composite samples were air-dried at
room temperature, gently crushed, and passed through
a 0.25 mm sieve to remove stones and plant residues.
Soil organic carbon content was determined using
the potassium dichromate oxidation method with
external heating (K2Cr207-H2S04), following the
standard of determination of organic matter in forest soil
(LY/T1237-1999). Titration was performed using ferrous
sulfate solution to quantify the amount of oxidized
organic carbon.

Soil organic carbon density for each soil layer was
calculated based on soil organic carbon content, soil
bulk density, and layer thickness. Soil organic carbon
stock at the plot level was obtained by summing the
carbon densities of all soil layers within the sampled
profile. These measurements were used to quantify
the vertical distribution patterns of soil organic carbon
and to assess differences in soil carbon stock among
vegetation plots.

Soil CO: Emission Survey

To measure soil CO: emissions, soil CO: flux
monitoring sites were preferentially established in
the vicinity of vegetation plots to ensure consistency
between vegetation carbon stock assessment and soil
CO: emission measurements, following the IPCC
Guidelines for National Greenhouse Gas Inventories.
These sites were distributed across the major land-
use types permanently occupied by the Du’an—Bama
expressway, including pine forest, eucalyptus forest,
Zenia insignis forest, bamboo forest, shrubland,
grassland, and maize fields. Due to field accessibility and
site-specific constraints under construction conditions,
a total of 16 soil CO: flux sampling sites were
established.

Soil CO: fluxes were measured using the static
chamber method. To minimize diurnal variation,
sampling was conducted between 09:00 and 11:00 [39].
Immediately after chamber closure, gas samples were
collected using a 20 mL syringe connected to a three-
way valve (first sample at 0 min, followed by additional
samples at 10 min intervals, for a total of four samples
over 30 min). Gas samples were stored in headspace
vials and analyzed at the Guangxi Key Laboratory of
Karst Dynamics, Ministry of Natural Resources, using
an Agilent SP1 7890-0468 gas chromatograph (CO:
detection range: 0-5000 ppm, precision: 0.01 ppm).
Ambient air temperature and pressure were recorded
simultaneously.

Vegetation Survey of Greening Projects

In this study, greening projects refer specifically
to vegetation restoration measures planned within the
permanent land occupation boundary of the Du’an—
Bama expressway. These measures are spatially
confined to engineering units directly associated with
expressway construction, including green belts along the
road, embankment and excavation slopes, interchanges,
tunnel entrances, service areas, and toll stations. All
greening areas considered in this assessment are located
within the expressway right-of-way and do not include
off-site or independent ecological compensation projects.

Considering the specific characteristics  of
afforestation associated with expressway green belts,
interchanges, and toll stations, the greening projects
adopted a mixed structure of forest, shrubland, and
grassland. As the Du’an—Bama section was still under
construction and greening had not yet been implemented
at the time of investigation, field plot surveys could not
be conducted. Instead, officially approved greening
design plans were collected, which serve as mandatory
implementation specifications during the construction
stage and include detailed information on planting
area, tree species, number of individuals, DBH, height,
and crown width; shrub cultivation methods, species
composition, number, height, and crown width; and herb
species, coverage area, and height. These standardized
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engineering parameters were used as inputs for biomass
estimation through established allometric equations,
thereby converting greening design information into
quantitative estimates of biomass and carbon stocks.

Biomass and Carbon Stock Estimation
Methods and Parameter Settings

Tree Layer Biomass Estimation

Tree layer biomass was divided into aboveground
and belowground components. For aboveground tree
biomass, in the absence of species-specific allometric
equations, this study adopted the generalized allometric
model proposed by Chave (2014) [40], which was
developed from global tropical forest plot data.
Belowground biomass was estimated using the root-to-
shoot ratio default values recommended by the IPCC.
The biomass of the tree layer was calculated as follows:

Wiree.above = 107 X exp[-1.803 - 0.976E +0.976 In(p)
+2.673 In(D) - 0.0299(D)?] 0

— 2?=1 Wtree,above x (1+R)
Stree,plot (2)

Wtree,sum

In the equations, W, . represents the aboveground
biomass of an individual tree (kg); D is the diameter
at breast height (cm); p denotes wood density (g/cm?);
E is the environmental stress factor; R refers to the
root-to-shoot ratio of trees in the tree layer; n is the
total number of trees within the plot; W, represents
the tree layer biomass per unit area of the plot (kg/m?;
1 kg/m? = 10 t/hm?); and S is the plot area of the

tree layer (m?).

tree,plot

Shrub Layer Biomass Estimation

Shrub biomass was estimated based on the number of
shrubs/clumps, the fresh weights of sampled individuals,
and the average fresh weight of standard shrubs, using
the following equations:

_ Z? Mstandard,wet

Mghryp = Pshmb X 0

standard (3)
— -3
Mghrub = K X Mgy < 10 4
— Zn Mshrub

Mshrub,sum TN lxs

plot*Sshrub,plot (5)

Where m,_ is the average dry biomass per standard
shrub (g); P, . is the dry-to-fresh weight ratio;
M is the average fresh weight of standard shrubs

standard,wet

(&); N, 4. 1S the number of standard shrubs; M,

is the total dry biomass of shrubs per quadrat (kg);
K is the total number of shrubs in the quadrat; M,

shrub,sum

is the shrub layer biomass per unit area (kg/m?; 1 kg/m?

=10 t/hm?); N is the number of quadrats; and S .
is the quadrat area (m?).

Herbaceous Layer Biomass Estimation

Herbaceous layer biomass was calculated from the
fresh and dry weights of samples collected in quadrats:

Mherb, wet*Pherb
M = =y &)
herb Sherb,plot (6)

Where M,  is the herbaceous layer biomass per unit
area (kg/m?* 1 kg/m> = 10 t/hm?); M, . is the total
dry weight of herbs in a quadrat (kg); P

he;b is the dry-to-
fresh weight ratio; and S,

evplor 18 the quadrat area (m?).

Litter Layer Biomass Estimation

Litter biomass was estimated similarly, based on
fresh and dry weights:

Mlilter wet ><Plitter
Mlitter - S
litter,plot (’7)

Where M~ is the litter biomass per unit area
(kg/m? 1 kg/m? = 10 t/hm?); M . is the total dry
weight of litter in a quadrat (kg); P, is the dry-to-fresh
weight ratio; and Slitter,plot is the quadrat area (m?).

Vegetation Carbon Stock Estimation

The total carbon stock of vegetation was calculated
as the sum of carbon pools in all vegetation layers. For
each vegetation type, carbon stock was derived from
the product of biomass and carbon content. Carbon
content coefficients were obtained from the Technical
regulations for accounting and monitoring of forest land
carbon sink [41] and Fang (1996) [42].

Soil Organic Carbon Stock Estimation

Soil carbon stock was estimated using a layer-by-layer
accumulation approach. The average soil organic carbon
density of each soil layer was calculated based on soil
bulk density, organic carbon content, and soil thickness,
and subsequently integrated over the corresponding
land-use or forest type area. The calculation followed
the framework of the Technical Specification for
Forest Ecosystem Carbon Stock Measurement (LY/T
3330-2022) with appropriate simplification. The soil
organic carbon density per unit area was calculated as
follows:

Tj= X p; < Ci x H; ®)

Where T. is the average soil organic carbon density
of the j-th land-use or forest type (g-cm2); P, is the soil
bulk density of the i-th soil layer (g'em™); C, is the soil
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organic carbon content of the i-th layer (%); H, is the
thickness of the i-th soil layer (cm); k is the number of
soil layers.

Based on the soil organic carbon density, the
total soil organic carbon stock of the study areca was
calculated as:

Mg = X5 A>T, ©)

Where M, is the total soil organic carbon stock of
the study area (tC); A is the area of the j-th land-use or
forest type (hm?); T, is the corresponding soil organic
carbon density per unit area.

Soil CO: Flux Estimation

Soil CO: emission rates were calculated from CO-
concentration data collected by the static chamber
method, combined with chamber pressure and
temperature, as follows [43]:

F = M X 1 X E X H X @
Vo Py T dt (10)

Where F is the soil respiration rate; M is the molar
mass of CO2; Po and To are the standard pressure and
temperature of air; Vo is the molar volume of CO- under
standard conditions; H is the effective chamber height; P
and T are the actual chamber pressure and temperature
during sampling; and dc/dt is the slope of the regression
line of CO2 concentration change over time.

Carbon Stock of Greening Projects

The total carbon stock of greening projects was
calculated as the sum of above- and belowground
biomass carbon pools of forest, shrubland, and grassland.
For forest, aboveground biomass was estimated from
DBH and height using species-specific equations.

Evergreen broadleaf species:

Stem: W = 0.000023324 (D*H)""*;

Branches: W = 0.000021428 (D?H)**"S;

Leaves: W = 0.00001936 (D*H)%¢""

Masson pine (Pinus massoniana) and other conifers:

Stem: W = 0.00004726 (D?H)*%¢;

Branches: W = 0.000001883 (D?H)"%¢7";

Leaves: W = 0.000000459 (D?H)" 5%

Where W is biomass (t); D is DBH (cm); and H is
tree height (m).

Belowground biomass was estimated as:

Evergreen broadleaf species: Broot = Babove x 0.164
Masson pine and other conifers: Broot = Babove x 0.160

For understory vegetation:

Yc = 0.34604 (CH)**%7; Yg = 0.32899 (CH)**%¢8

Where Yc and Yg are the biomass of shrubs and
herbs per unit area (t/hm?); H is plant height (m); and C
is canopy cover (%).

Results and Discussion
Soil Carbon Stock

Soil  survey results indicated pronounced
heterogeneity in soil organic carbon (SOC) storage
across the study area, which was closely associated
with variations in soil thickness, bulk density, and
organic carbon content [13]. In the typical karst setting
of the study area, soils are characteristically shallow,
discontinuous, and highly heterogeneous due to strong
lithological and geomorphic constraints [12]. Soils
developed on mountain slopes at the margins of peak-
cluster depressions and valleys were generally shallow,
with thicknesses mostly ranging from 5 to 10 cm and
only a few profiles reaching up to 20 cm. In contrast,
soils in valley bottoms, depressions, and plains exhibited
substantially greater thickness, locally reaching up to
50 cm, thereby providing a larger capacity for SOC
accumulation [44].

Vegetation type further modulated SOC storage
patterns by influencing soil development and physical
properties. Forested plots were generally associated
with deeper soils, often approaching 40 cm, which
favored higher SOC stocks. In contrast, soils under
shrublands, shrub-grass mixtures, and grasslands were
predominantly shallow (5-10 cm), constraining their
overall carbon storage potential. Soil bulk density
(Fig. 2a)), as a key factor regulating SOC storage, was
generally high across the study area, with most plots
ranging from 1.0 to 1.5 g-cm™, indicating relatively
poor structural porosity and limited water- and nutrient-
retention capacity [45]. A few plots, such as DB002
and DBO014, exhibited lower bulk density values
(<0.75 grem™®), which may facilitate greater SOC
preservation by improving soil structure and reducing
organic matter mineralization. SOC content (Fig. 2b))
showed relatively moderate variability among plots,
with most values falling within the range of 1.0-2.5%.
Higher SOC contents (approximately 3.5%) were
observed in plots DB002 and DB014. The coexistence
of relatively high SOC content and low bulk density in
these plots suggests favorable conditions for organic
matter accumulation and stabilization. However, when
SOC content was integrated with soil bulk density and
profile thickness, SOC density (Fig. 2¢)) exhibited less
pronounced variation among vegetation types, generally
ranging between 15 and 20 mgC-cm™. Vertical profiles
consistently showed a gradual decline in SOC density
with increasing soil depth, reflecting surface-dominated
organic carbon inputs.

Overall, the spatial pattern of SOC storage in the
study area was primarily controlled by the combined
effects of soil thickness, bulk density, and SOC content
(Fig. 2). Forested plots with deeper soils and more
favorable physical properties exhibited higher SOC
storage capacity, whereas shallow soils under shrubland
and grassland constrained carbon accumulation despite
comparable SOC contents. These results highlight the
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dominant role of soil physical constraints in regulating
SOC storage in karst ecosystems.

Biomass and Carbon Stock Characteristics
of Different Vegetation Types

This section aims to quantify the biomass and carbon
stock characteristics of representative vegetation types
along the Duw’an—Bama expressway corridor, providing
essential unit-area carbon density parameters for
estimating carbon losses associated with permanent land
occupation due to highway construction. Rather than
serving as a purely ecological comparison, the analysis
of different vegetation types is designed to establish
baseline carbon stock values corresponding to land-use
categories affected by expressway development.

Biomass and carbon stock were calculated for
different community types across plots, and their
distribution among vegetation layers was statistically
analyzed (Table 1). Overall, forest plots exhibited
higher biomass than shrublands and grasslands.
Among them, the Pinus massoniana community
had the highest biomass, approximately three times
greater than the national average value of 81.14 thm™
for Pinus massoniana forests reported by Fang (1996)
[42]. This marked difference is likely due to the higher
planting density of Pinus massoniana in the plots and
the favorable subtropical climate with sufficient heat,

moisture, and light that promotes growth. In contrast,
the Cyclobalanopsis glauca and Bambusa textilis
communities exhibited relatively low  biomass,
comparable to some shrubland plots. Specifically, the
biomass of Cyclobalanopsis glauca communities was
about eight times lower than the national average value
of 163.67 thm2 [42]. Such reductions can be attributed
to the shallow soils, high bulk density, and high rock
exposure characteristic of karst regions, which severely
limit vegetation growth.

Within shrubland types, the total biomass among
different communities showed little variation, though
the Pterolobium punctatum community had the highest
shrub biomass, exceeding that of Cyclobalanopsis
glauca and Zenia insignis communities by more than
tenfold. Grassland plots generally exhibited lower overall
biomass; however, the two Miscanthus floridulus plots
displayed notably high herbaceous biomass, reaching
21.93 thm? and 25.74 thm™, far exceeding herbaceous
biomass levels recorded in forest and shrubland plots.

The distribution of carbon stocks followed the
same general pattern as biomass (forest > shrubland
> grassland), reflecting the stronger carbon stock
capacity of highly lignified vegetation. The Pinus
massoniana community had the highest carbon stock
at 116.08 tC-hm™2 representing the strongest carbon
sequestration capacity in the study area. In contrast,
the Cyclobalanopsis glauca community exhibited
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only 876 tC-hm™2, lower even than shrubland types
lacking tree layers, such as the Clerodendrum-Millettia
community, reflecting poor carbon stock capacity. In
addition, the Miscanthus plots had markedly higher
carbon stocks than other herbaceous communities,
suggesting that under adequate light and high vegetation
cover, Miscanthus grasslands can accumulate a
significant amount of carbon stock.

Integration with soil survey results further revealed
that spatial differences in biomass and carbon stocks
were partly consistent with soil thickness and organic
matter content. Dominant tree species such as Pinus
massoniana tended to occur in forest plots with deeper
soils and moderate bulk density, where favorable
physicochemical conditions supported biomass and
carbon stock accumulation. Conversely, Cyclobalanopsis
glauca, shrubland, and some grassland communities
were mostly distributed in areas with shallow soils and
limited organic matter, thereby exhibiting lower carbon
stock capacity.

In summary, the observed differences in biomass and
carbon stock among vegetation community types not
only highlight the spatial characteristics of carbon stock
capacity in karst forest ecosystems but also provide
a basis for further analysis of the impacts of expressway
construction on forest ecosystem carbon sink functions.

Carbon Loss from Permanent Land
Occupation by Expressway Construction

According to survey data provided by the
construction unit of the Du’an—Bama expressway
project (including the total areca of permanent land
occupation and the occupied area of each vegetation
type), the total permanent land occupation in the study
area was approximately 217.22 hm2 The occupied
areas of representative vegetation types were as
follows: maize 106.57 hm? Zenia insignis 2.00 hm?
Cyclobalanopsis glauca 3.50 hm?, bamboo 0.69 hm?
Eucalyptus urophylla 65.54 hm? Pinus massoniana
1.50 hm? Vitex negundo 10.58 hm? and Miscanthus
Sforidulus 26.84 hm?. Based on the unit-area biomass and
carbon stock values obtained from vegetation surveys
(Table 1), the total biomass and carbon losses resulting
from expressway construction were calculated as
the sum of the products of these values and the
corresponding occupied areas (Table 2).

When calculating the carbon loss from permanent
land occupation, it was noted that shrubland and
grassland  vegetation types exhibited complex
intergrowth and species combinations, making precise
estimation based on a single species impractical.
Therefore, average unit-area biomass and carbon
stock values from shrubland and grassland plots in
the vegetation survey were used as representative
parameters, providing a more reasonable reflection of the
overall carbon loss characteristics of these communities.

Furthermore, since soils from occupied land were
reused and placed in spoil disposal sites for vegetation

restoration, and thus remained within the study
region, soil carbon stocks were assumed to remain
largely unchanged. Consequently, only vegetation
carbon losses were included in the calculation. Final
estimates indicated that permanent land occupation by
the Duwan—-Bama expressway project resulted in a
total biomass loss of 10207.21 t, derived from the
permanently occupied area and unit-area vegetation
biomass, corresponding to a carbon loss of 4601.89 tC
(Table 2).

For comparison, Hao (2021) [47] reported that
permanent land occupation associated with the Gongyu
expressway in the Sanjiangyuan region (1587 hm?) led
to a vegetation biomass loss of 3336.7 t, equivalent to
a unit-area biomass loss of 2.10 thm™ In contrast, the
Du’an—Bama expressway produced a unit-area biomass
loss of 46.99 thm™? which is 22.37 times greater,
indicating that the destructive impact of expressway
construction on forest vegetation biomass is far more
severe in karst regions than in non-karst areas.

This disparity can be largely attributed to the
unique ecological and environmental characteristics
of karst regions. On the one hand, hydrological and
climatic conditions in karst areas are more favorable for
vegetation growth, leading to higher biomass and carbon
stock per unit area in forest communities. On the other
hand, the shallow soil development and slow vegetation
regeneration rates in karst ecosystems greatly limit
natural recovery. As a result, ecological damage caused
by human activities cannot be readily compensated
through natural succession over long timescales.
Therefore, the implementation of greening projects can
partially compensate for the biomass and carbon stock
losses caused by permanent land occupation, enhance
the stability and resilience of regional ecosystems, and
play an essential role in ecological restoration.

Estimation of Biomass and Carbon Stock
Compensation by Greening Projects

The study area is situated in a subtropical humid
monsoon climate zone, with favorable hydrothermal
conditions and a stable natural environment conducive
to vegetation growth. Although expressway construction
inevitably occupies a certain amount of land, greening
projects are typically implemented within permanently
occupied areas, such as slopes, central medians, tunnel
entrances, and service areas. In addition, temporary
land occupation can also achieve partial ecological
compensation through post-construction revegetation.

To evaluate the compensatory effects of engineering
restoration on biomass and carbon stock losses,
greening project design and planning documents
of the Duwan—Bama expressway were analyzed to
calculate the areas of central medians, tunnel entrances,
slopes, interchanges, and service areas designated for
afforestation. Based on greening plans, shrub cover was
estimated at 27.55% with an average height of 1.00 m,
and grassland cover at 97.83% with an average height
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Table 2. Summary of carbon stock loss from permanent land occupation of the project.
Vegtetation Represel?tative Bioma:rsezer unit sz;z(:ﬁ tS:r)eczli( occui;(ngltarea Biomass loss Carbon loss
ype species (thm?) (tC-hm?) (hm?) v (tC)
Dryland Zea mays [46] 8.87 3.01 106.57 945.28 320.78
Zenia insignis 91.74 43.57 2.00 183.48 87.14
Cyelobalanopsis 183 8.76 3.50 64.05 30.66
delavayi
Forest Bamboo forest 23.45 10.97 0.69 16.18 7.57
Eucalyptus urophylla 122.76 57.14 65.54 8045.69 3744.96
Pinus massoniana 233.99 116.08 1.50 350.99 174.12
Shrubland Vitex negundo 18.55 8.53 10.58 196.26 90.25
Grassland | Miscanthus floridulus 15.10 5.46 26.84 405.28 146.41
Total 217.22 10207.21 4601.89

of 0.1 m. For forest, biomass was estimated from DBH,
height, and number of individuals using allometric
equations. The average biomass values of shrubs,
grasses, and forests were calculated as 6.65, 2.93,
and 4.45 thm™2 respectively, with a combined total

of 14.03 thm™2 (Table 3). Subsequently, the biomass

Table 3. Biomass of different vegetation types restored by greening projects.

of different greening components was obtained by
multiplying unit-area biomass by the corresponding
greening area, and carbon stocks were derived based
on the mean carbon content of each vegetation type
(Table 4).

Vegetation type Tot(e;l1 grea Canog)}(f) )cover Mear(l IIlll)eight ]?tlc;lrzlazs)s
Shrubland 195093 27.55 1.00 6.65
Grassland 692853 97.83 0.10 2.93

Forest 4.45
Total 14.03
Aboveground biomass of forest: 3.82 t-hm2; belowground biomass: 0.63 t-hm™.
Table 4. Biomass and carbon stock restored by greening projects.
Greening project Greening Biomass (t) Carbon stock (tC)
area (hm?) | porest | Shrubland | Grassland | Total | Forest | Shrubland | Grassland | Total
Central median 4.70 20.89 31.30 13.79 65.98 | 10.22 14.62 4.51 29.35
Tunnel entrance 30.17 133.94 | 200.72 88.45 423.11 | 65.54 93.77 28.92 188.23
Embankment slope 1.29 5.74 8.61 3.79 18.15 2.81 4.02 1.24 8.07
Excavation slope 0.21 0.92 1.38 0.61 2.90 0.45 0.64 0.20 1.29
Branch connection line 0.12 0.55 0.82 0.36 1.73 0.27 0.38 0.12 0.77
Interchange 10.88 48.30 72.37 31.89 152.57 | 23.63 33.81 10.43 67.87
Service arcas and foll 2345 | 10410 | 15600 | 68.75 |32886| 50.94 | 72.89 2248 | 146.31
stations
Total 70.82 314.44 471.20 207.65 993.30 | 153.86 220.15 67.90 441.90

Note: The carbon contents of Forest, Shrubland, and Grassland were set at 0.4893, 0.4672, and 0.3270, respectively [27]. Carbon
stock values in this table represent total restored carbon stocks (tC), calculated by multiplying unit-area biomass by the corresponding

greening area.
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A key limitation of this study is that field-based
biomass surveys for greening areas were not feasible
because the expressway was still under construction
during the study period. Consequently, carbon stock
estimates for greening projects were derived from
approved engineering design documents, including
planned vegetation types, planting densities, coverage,
and structural parameters. Although actual post-
construction vegetation establishment and early growth
may deviate from design assumptions, such deviations
mainly reflect variability in growth performance and
establishment success, rather than uncertainty in
vegetation type, spatial extent, or the initial structural
parameters defined by the approved greening design. In
this context, these design documents, developed through
standardized engineering procedures and serving
as mandatory implementation guidelines, provide a
consistent and well-defined basis for construction-stage
carbon stock estimation.

Results indicated that the permanent land occupation
of the Du’an—Bama expressway caused a biomass loss
of 10207.21 t (Table 2), of which only 993.30 t was
compensated by greening projects, resulting in a net
loss of approximately 9213.91 t and a biomass recovery
rate of 9.73%. Similarly, the carbon stock loss was
4601.89 tC, with 441.90 tC compensated, leaving an
actual loss of 4159.99 tC and a recovery rate of 9.60%.
These findings suggest that even when greening projects
achieve their design targets, their overall compensation
for carbon stock losses remains limited.

This insufficient compensation is mainly attributable
to the vegetation composition and growth stage of the
greening projects. Vegetation in greening areas was
dominated by shrubs and herbaceous species, which
accumulate relatively low biomass during the early
stages of establishment. Forest species were limited in
number and characterized by small DBH and height,
with carbon sequestration potential not yet fully
realized. In addition, shallow soils and high bedrock
exposure typical of karst regions further constrain
vegetation growth rates, thereby contributing to the low
recovery efficiency. Notably, however, the ecological
compensation effect of greening projects is long-term.
As vegetation continues to grow, biomass and carbon
stocks are expected to increase annually, gradually
narrowing the gap caused by initial losses.

Evaluation of Forest Carbon Sink/Source
under Expressway Construction

The greening measures implemented along the
expressway adopted a mixed structure of forests,
shrubs, and grasses, dominated by shrubs. Thus, the
restored vegetation can be regarded as open forest or
shrubland. According to the function describing the
relationship between productivity (y) and biomass (x) for
open forests or shrublands proposed by Fang (1996) [42]:
1/y = 1.27/x1% + 0.056. x represents the total unit-
arca biomass of the three vegetation types in the

greening project (Table 3). Based on this relationship,
the productivity (y) was calculated as 9.10 thm=a™
Accordingly, the greening project restored 644.16 t-a™
of biomass, suggesting that it would take approximately
14.4 years to fully compensate for the permanent land
occupation loss of 9213.91 t of biomass.

In addition, permanent land occupation involved
fully paved surfaces without vegetation cover, where
underlying soils were sealed and were unable to release
CO: to the atmosphere [48]. This reduction in emissions
was considered an additional carbon retention effect
[49]. Soil CO: emission monitoring results showed
fluxes of 6.11, 12.37, 9.14, 10.96, 13.95, 3.19, and 8.98
tC-hm%a"' for pine forest, eucalyptus forest, Zenia
insignis, bamboo, shrubland, grassland, and maize fields,
respectively. The mean emission rate across these land-
use types was 9.24 tC-hm %-a™'. With a hardened surface
arca of 146.4 hm? (total permanent land occupation
minus greening area), the annual reduction in soil CO2
emissions was equivalent to 1352.74 tC. It should be
noted that soil CO: fluxes in this study were measured
during the stable period of vegetation growth, when soil
biological activity is relatively active and less variable.
This monitoring period is therefore considered broadly
representative of annual soil respiration conditions [39].
However, soil CO2 emissions are influenced by multiple
environmental factors, and seasonal variability may
affect flux magnitudes. As a result, the annual soil CO:
emissions estimated in this study should be regarded
as approximations rather than exact values, which
represents a limitation of the present work.

For the greening area, vegetation productivity
was 9.10 thm2a™'. With an average carbon content
of 0.43, this corresponded to a carbon stock productivity
of 391 tC-hm?*a'. Over the 70.82 hm? of greening
area, this amounted to an additional 27691 tC-a™.
The combined contributions of vegetation carbon
sequestration from greening projects and carbon
retention from paved surfaces yielded a total of
1629.65 tC-a™'. Based on this value, the carbon loss
of 4601.89 tC caused by permanent land occupation
could be fully compensated within only 2.6 years,
approximately 5.6 times faster than relying on greening
projects alone.

The estimated 2.6 years compensation cycle has
important policy implications for carbon management in
expressway construction projects, particularly in karst
regions. This result suggests that when both greening
measures and the suppression of soil CO: emissions
by hardened surfaces are incorporated into carbon
accounting, the net carbon balance of infrastructure
projects may recover much faster than indicated by
vegetation restoration alone. From a policy perspective,
this highlights the importance of adopting an integrated
carbon accounting framework that considers both
biological carbon sequestration and engineering-
induced changes in soil carbon fluxes. Such an approach
can support more realistic evaluations of project-
level carbon neutrality pathways, inform the design of
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expressway greening standards, and provide quantitative
evidence for incorporating transportation infrastructure
into regional carbon management and compensation
schemes.

Conclusions

This study demonstrated that biomass and carbon
stock varied significantly among vegetation types, with
forests exhibiting markedly higher carbon stock capacity
than shrublands and grasslands. The Pinus massoniana
community had the highest carbon stock, while the
Miscanthus floridulus community showed relatively
strong carbon sequestration potential among grassland
types. Soil physicochemical properties, particularly soil
thickness, bulk density, and SOC content, were also
found to strongly constrain carbon stock capacity across
vegetation types.

The construction of the Du’an-Bama expressway
permanently occupied 217.22 hm? of land in the karst
region, resulting in a biomass loss of 10207.21 t and
a carbon stock loss of 4601.89 tC. Greening projects
implemented within the project area were estimated to
compensate for 993.30 t of biomass and 441.90 tC of
carbon, corresponding to recovery rates of 9.73% and
9.60%, respectively. When accounting for the annual
carbon sequestration productivity of restored vegetation
and the carbon retention effect of sealed soils beneath
hardened road surfaces, the system was estimated
to achieve an annual net carbon gain of 1629.65 tC,
suggesting that the total carbon loss from permanent
land occupation could be offset within approximately
2.6 years under the accounting framework of this study.

Overall, expressway construction caused
substantial disturbance to the carbon sink function of
forest ecosystems. Permanent land occupation led to
significant reductions in carbon stock capacity, while
subsequent greening projects and the carbon retention
effect of hardened road surfaces contributed to gradual
recovery. Reducing carbon losses from permanent land
occupation, shortening recovery times, and improving
restoration efficiency should be prioritized in future
expressway design and ecological management
practices.
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