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Abstract

Urban trees sequester and store carbon through photosynthesis, while their planting
and maintenance processes consume energy and materials, resulting in the release
of carbon back into the atmosphere. Therefore, a comprehensive and scientifically
rigorous assessment of the net carbon sequestration capacity of landscape trees
must account for both carbon uptake and emissions. In this study, three types of
urban green spaces—parks, roadsides, and residential areas—were selected as
research sites. Based on the life cycle assessment, biomass equation method and
emission factor method, the life cycle carbon sequestration and carbon emissions of
the main tree species in Shihezi City were calculated. The genotype main effect plus
genotype-by-environment interaction (GGE) biplot and Pearson correlation analy-
ses were employed to elucidate species—environment interactions across the three
green space types and to identify management strategies for maximizing net carbon
sequestration. The main findings were as follows: (1) The mean carbon storage

per tree in parks (366.78 kgC tree') was significantly higher than that in roadsides
(305.59 kgC tree") and residential green spaces (236.39 kgC tree™), with Ulmus
pumila exhibiting the highest per-tree carbon storage (595.39 kgC tree™). (2) The
order of carbon emissions in the whole life cycle is: park (461.15 kgC tree’')> road-
side (395.48 kgC tree™")> residential area (283.65 kgC tree™). Irrigation is the main
emission source, accounting for more than 50% of the total carbon emissions in the
whole life cycle. (3) Under current management practices, Ulmus pumila consistently
maintained a positive life cycle carbon budget across all green space types, whereas
some other large tree species showed positive carbon budgets only in specific green
space types and had negative carbon budget in others. All small tree species exerted
negative effects on the carbon sequestration function of urban green spaces across
all three types of green space. Based on the findings of this study, strategies for
low-carbon urban green space construction were proposed through enhancing car-
bon sequestration and reducing maintenance-related emissions.
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Introduction

Against the backdrop of accelerating global climate change, cities—being the most
intensive systems of human activity—are facing unprecedented ecological and cli-
matic challenges [1]. In response, many municipal governments have implemented
policies to promoting tree planting, protect urban green spaces, and more recently
green buildings [2]. Urban green spaces provide essential ecological services that
support the urban environment [3], including mitigating the urban heat island effect
[4], reducing air pollution [5], and improving the urban microclimate [6]. Nevertheless,
unlike natural forests and other unmanaged vegetation, urban greenery is typically
established, cultivated, and intensively maintained by humans. Such maintenance
activities often involve the use of fossil fuel-powered equipment—including lawn
mowers, chainsaws, and trucks—along with irrigation, fertilization, and material
transport, all of which generate considerable CO, emissions [7]. Assessing only
carbon sequestration or only carbon emissions from urban green spaces presents an
incomplete picture. The development of green spaces is a long-term dynamic pro-
cess, and stock-based assessments tend to overestimate their carbon sink potential
by neglecting the emissions generated during management. If carbon emissions from
anthropogenic management exceed the sequestration capacity of vegetation, urban
landscaping plants may transition from functioning as net carbon sinks to net carbon
sources, thereby diminishing the overall carbon sequestration potential of urban veg-
etation and affecting the urban carbon balance [8,9].

Urbanization is an inevitable process in social and economic development. Like
many developing countries, China is experiencing rapid urban expansion, with its
urbanization rate projected to exceed 70% by 2050 [10]. In recent years, studies
have attempted to quantify carbon budgets at the scale of cities and green spaces.
Tang [11] studied the landscape of the second section of Guanggu Road in Wuhan.
During the 30-year evaluation period, a total of 558.6 t CO, was emitted during the
construction and later maintenance management stages, while the total amount of
CO, absorbed by trees and shrubs was only 433.2 t. Park and Jo [12] conducted a
30-year life cycle carbon budget assessment of 30 small- and medium-sized parks in
Korea, repoerting that although trees and shrubs accumulated 17.8 kg-m-2 of carbon
over three decades, greenhouse gas emissions from seedling production, paving
materials, irrigation, pruning, lawn mowing, and waste disposal reached 9.3 kg-m-2.
Similarly, Jo [13] reported that in a residential green space in Chicago, annual carbon
emissions from maintenance and deadwood decomposition/disposal accounted for
approximately 58—65% of the site’s annual carbon uptake. Collectively, these studies
indicate that even in regions with relatively abundant precipitation, carbon emissions
associated with maintenance can substantially offset, and in some cases entirely
negate, the carbon sequestration benefits of urban trees. Although research on urban
green space carbon budget has increased in recent years, most studies have been
conducted in regions with different climatic and environmental settings. Variations in
evaluation indicators, analytical methods, and plant species further complicate cross-
study comparisons. Even for the same tree species, methodological discrepancies
often lead to inconsistent results, hindering the establishment of a unified framework
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for evaluating urban carbon budgets and limiting the practical applicability of these findings to tree species selection and
management. In arid areas, precipitation is typically scarce and highly variable between years, evapotranspiration rates
are high, and soil water holding capacity is limited [14]. To maintain tree survival and ensure their landscape and ecologi-
cal functions, more frequent and intensive irrigation, along with more precise plant protection measures, are often required
[15]. These conditions raises a critical question: do urban trees in arid regions genuinely function as carbon sinks? To
maximize the carbon sequestration potential of urban green spaces, it is essential to scientifically assess the carbon stor-
age of trees and the carbon emissions from their maintenance across different green space types, thereby clarifying their
actual role in the urban carbon cycle. Such assessments are of great significance for achieving urban carbon balance
goals.

Materials and methods
Overview of the study area

Shihezi City (43°26'~45°20'N, 84°58'~86°24'E) is located in the northern part of the Xinjiang Uygur Autonomous Region,
situated on the flat terrain of the northern foothills of the Tianshan Mountains. The administrative area covers approxi-
mately 460 km?. The city experiences a typical temperate continental arid climate, with an annual average temperature is
7.1~8.7 °C, annual precipitation ranging from 64.1~222.9mm, annual sunshine duration of 2454.4~2718.9h, and a frost-
free period of approximately 180 days. Currently, Shihezi City has a total green space area of 2680 ha, including 341 ha of
public green space, with a green coverage rate in the built-up area of 43%, placing it among the leading cities in Xinjiang
in terms of urban greening.

Research material

Field surveys were conducted to identify fourteen high-frequency backbone tree species occurring in parks, roadside
green spaces, and residential areas in Shihezi, which were selected as the focus of this study. Including Fraxinus rhyn-
chophylla, Fraxinus chinensis, Ulmus laevis, Ulmus pumila, Salix babylonica, Quercus robur, Pinus sylvestris, Robinia
pseudoacacia, Acer negundo, Rhus typhina, Syringa reticulata, Crataegus pinnatifida, Amygdalus davidiana, Malus
spectabilis. Due to the influence of urban planning, maintenance and management, trees will not complete the whole
growth and development process in urban green space, and there are certain application years. Based on expert ques-
tionnaire survey and field investigation, this study comprehensively considered the factors such as tree life, growth rate
and renewal frequency in urban green space. Finally, the general application years of different tree species in urban green
space were set as follows: 30 years for small trees and 50 years for trees. In order to ensure the comparability between
the research objects, we selected the plants with normal growth and good health from the above 14 tree species in each
green space type.

Estimation of plant biomass equation in urban green space

The calculation of carbon storage in urban green space is divided into two parts: aboveground and underground.
This study mainly focuses on the tree layer, and does not calculate the carbon storage of shrubs, ground cover
and soil. To obtain robust allometric equations, we collected multi-age samples covering juvenile to mature stages
for each species, comprising 10 age classes. In each age class, representative trees were selected across three
types of urban green spaces, yielding about 30 trees per species in total (S1 Table). For each sampled tree, abo-
veground biomass was estimated using a non-destructive sectional volume measurement approach. Diameter at
breast height (DBH, measured at 1.3 m) was recorded with a diameter ruler, and tree height was measured with
an altimeter (ECII D-R). A Spiegel Relaskop was used to record the diameters and lengths of trunk sections and
all branches >5cm in diameter. Volumes of these components were then calculated using the National Standard
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Log Volume Tables (GB/T 4814-2013) and multiplied by species-specific basic wood density to estimate stem
and coarse branch biomass [16]. For branches <5cm in diameter, 15 standard branches per species were sam-
pled, oven-dried, and weighed to determine mean dry mass, which was then multiplied by the total number of fine
branches per tree to estimate their biomass contribution. Belowground biomass was estimated using root-to-shoot
ratios recommended by the IPCC [17]. By combining these components, we obtained whole-tree biomass estimates
for each sampled tree. Based on these data, species-specific biomass equations were established using DBH and
tree height as independent variables.

Fraxinus rhynchophylla: W=0.153(D?H)*%?', Fraxinus chinensis: W=0.389(D?H)°8'°, Ulmus laevis: W=0.088(D?H)°*°", Quer-
cus robur: W=0.282(D?H)°8',  Ulmus pumila: W=0.101(D?H)**%, Pinus sylvestris: W=0.322(D?H)°%, Salix babylon-
ica: W=0.105(D?H)°%28, Robinia pseudoacacia: W=0.163(D?H)°8"", Acer negundo: W=0.499(D?H)°""*, Rhus typhina:
W=0.086(D?H)°%', Syringa reticulata: W=0.262(D?H)*#2, Crataegus pinnatifida: W=0.359(D*H)°#4, Amygdalus davidiana:
W=0.065(D?H)'%%®, Malus spectabilis: W=0.627(D?H)*"*. where W is total biomass (kg), D is DBH (cm), and H is tree height (m).
Detailed model diagnostics (sample size, R?, RMSE, parameter standard errors) are provided in Supplementary S2 Table. Finally,
the total biomass of each species was multiplied by its carbon fraction to obtain the carbon storage of the trees [18], the formula is:

CS=B x CF (1)

In the formula, CS is the carbon storage; B is biomass; and CF is the carbon fraction of the dry biomass, with a default
value of 0.5 [19].

Determination of environmental factors

From July to September 2024, soil samples were taken by the five-point method of plum blossom in different green

space types. Five sampling points were selected in the center and four corners of each 5m x5m small sample square.
After removing the gravel and litter on the surface, soil samples were collected at three levels of 0~10cm, 10~20cm and
20~30cm. A total of 90 soil samples were collected from each of the three green space types, which were brought back
to the laboratory wind, removed debris, ground and sieved for the determination of soil organic carbon content (potassium
dichromate external heating method); the temperature of a single tree (1.5 m from the ground) in the sun and shade was
monitored in real time by using an electronic temperature and humidity meter. Soil compactness was measured by TJSD-
750 soil compactness meter.

Full life cycle carbon emissions

This study uses a life cycle assessment (LCA) framework to assess carbon emissions associated with urban green space,
including all major stages of tree establishment, growth and removal. The data of each stage were obtained through
in-depth interviews with landscaping maintenance personnel and management personnel, supplemented by urban green
space maintenance records. The life cycle inventory comprised material and energy inputs, emission factors, and corre-
sponding references (S1 File). To ensure consistency and comparability across life cycle stages, carbon emission con-
version factors recommended in the IPCC Guidelines for National Greenhouse Gas Inventories (Table 1) were applied

to calculate emissions for each process. Carbon emissions from all life cycle stages were then integrated with carbon
sequestration estimates to quantify the total life cycle carbon budget of urban trees. The life cycle carbon emissions of
urban trees were calculated using the following formula:

n n
CE=) CE;x12/44= " (mp), x12/44 "
=1 =1
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Table 1. CO, emission factor coefficients.

Serial Number Material type Emission coefficient Units Reference source

1 Gasoline 2.03 KgCO,e L IPCC (2006) [20]

2 Diesel fuel 217 KgCO,e L IPCC (2006) [20]

3 Irrigation 1.85 KgCO,e m? China Product GHG EF Database (2022) [21]
4 Pesticide 18.70 KgCO.e kg™ Lal (2004) [22]

5 Germicide 14.30 KgCO.e kg™ Lal (2004) [22]

https://doi.org/10.1371/journal.pone.0345213.t001

Where CE represents the carbon input (KgC); n denotes the specific types of energy consumed and material inputs in
maintenance management of urban green space plants; m is the energy consumption and material input; 8 is the carbon
emission coefficient of energy consumption and material input. In addition, the amount of CO, and carbon emission (C)
are convertible, and the emission of 1 kgCO, is equivalent to an emission of approximately 0.272 (= 12/44) kgC.

Estimation of plant carbon budget in urban green space

The carbon budget of major urban green space tree species was calculated as the difference between plant carbon
sequestration and carbon emissions. A positive value indicates that the plant functions as a carbon sink, whereas a
negative value indicates that it is a carbon source. The carbon budget reflects the plant’s carbon balance status, which is
determined by comparing the sequestration value with the emission value; when the sequestration equals the emissions,
the plant is considered to be in a relatively balanced carbon budget state. The formula for calculating the life cycle carbon
budget (C) of major urban tree species is as follows:

C=CS-CE 3)

Where CS represents the total carbon sequestration over the life cycle, and CE represents the total carbon emissions
over the life cycle. Both are expressed per tree in units of kilograms of carbon (kgC tree™).

GGE biplot

The GGE (Genotype plus Genotype-by-Environment) biplot, based on environment-centered data, was employed to eval-
uate species effects and their interactions with the environment. This method emphasizes the genotype (G) main effect
and genotype-by-environment interaction (G x E) effect, allowing simultaneous visualization of both components [23], The
mathematical model is expressed as:

P P

y,-j—u—b,-=)\1 i 0 i +A2'7/2 o 2% Ejj (4)

Where Yii is the mean carbon budget of the j* plant species in the i green space; u is the overall mean carbon budget
across all plants; b; is the mean carbon budget of all plant species in the i" green space; A and A, are the eigenvalues
of the first and second principal components, respectively; i and Yj are the eigenvectors of the j plant species on the
first and second principal components, respectively; ;1 and d;; are the eigenvectors of the i green space on the first and
second principal components, respectively; ¢; is the residual error term.

Uncertainly analysis and Sensitivity analysis

Uncertainty analysis provides a critical basis for evaluating the reliability and robustness of carbon stock and estimates,
ensuring that the findings can support informed decision-making [24]. In the context of life cycle carbon assessment, key
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sources of uncertainty include species-specific biomass equations, carbon content rates, root-to-shoot ratios, and emis-
sion factors associated with construction, irrigation, pruning, pesticide application, and end-of-life disposal. To assess the
influence of these parameters on the final carbon estimates, a sensitivity analysis was conducted in which each parame-
ter was varied within a plausible range based on measurement errors, field variability, or literature-reported values, while
all other parameters were held constant. The resulting variations in life cycle carbon storage, carbon emissions, and net
carbon balance were used to identify the parameters to which the outputs were most sensitive [25]. This approach allows
quantification of the relative contributions of biological, management, and methodological uncertainties, and highlights the
factors that most strongly affect the reliability of urban tree carbon assessments over their entire life cycle.

Results
Carbon storage of main tree species in different green space types

Assessing life cycle carbon storage across different urban green space types is essential for evaluating the long-term
carbon mitigation potential of urban vegetation in arid cities such as Shihezi. Using a life cycle assessment framework, the
average per-tree carbon storage of 14 commonly planted tree species was quantified for park, roadside, and residential
green spaces (Fig 1). The results revealed pronounced interspecific differences in life cycle carbon storage, as well as
clear effects of green space type. Overall, large tree species exhibited substantially higher life cycle carbon storage than
small tree species, reflecting their greater cumulative biomass accumulation over the defined urban application lifes-

pan. Among all species, Ulmus pumila, Fraxinus chinensis, Fraxinus rhynchophylla, Ulmus laevis, and Salix babylonica
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Fig 1. Life cycle carbon sequestration of major urban tree species across different green space types Error bars: mean*SD, n=3 sitesx10
trees/species.

https://doi.org/10.1371/journal.pone.0345213.9001
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showed the highest average life cycle carbon storage across the three green space types. In contrast, small ornamental
species, including Amygdalus davidiana, Rhus typhina, and Syringa reticulata, consistently exhibited lower carbon stor-
age values. Across green space types, park green spaces generally supported higher life cycle carbon storage per tree
than roadside and residential green spaces for most species. For example, Salix babylonica, Pinus sylvestris, and Rob-
inia pseudoacacia accumulated substantially more carbon over their life cycle in park environments than in roadside or
residential settings. This pattern may be related to general differences in site conditions among green space types. Park
green spaces typically provide less constrained growing environments, whereas roadside and residential green spaces
are subject to stronger spatial and management limitations, which may restrict cumulative biomass accumulation over the
application lifespan.

Carbon emissions of main tree species in different green space types

The life cycle carbon emissions of 14 tree species investigated in park green space, street green space and residential
green space are shown in Table 2. Among all species and green space types, carbon emissions in the maintenance phase
were dominant, while planting and tree removal contributed less to total life-cycle emissions. Among them, the emissions
related to maintenance and management ranged from 153.9 to 536 kgC tree™. In contrast, tree planting carbon emissions
were relatively stable in various green space types, generally between 5.4-18.9 kgC tree”'. Carbon emissions associated
with tree disposal have been the smallest component of the life cycle, ranging from 2.8 to 15.6 kgC tree™.

There are significant differences in the life cycle carbon emissions of different green space types. For most species, the
total life cycle carbon emissions were the highest in park green space, the middle in roadside green space, and the lowest in
residential green space, reflecting the differences in cumulative carbon emissions throughout the application period. For exam-
ple, the life cycle carbon emission of Ulmus pumila in park green space is 540.1 kgC tree™!, while the maintenance emissions
in roadside green space and residential green space are 506.1 kgC tree™" and 337.6 kgC tree™, respectively. In all green space
types, the life cycle carbon emissions of small ornamental tree species are lower than those of large tree species.

The contribution of maintenance activities to carbon emissions differed among green space types (Fig 2). Irrigation
dominated emissions across all green spaces, accounting for 55-77% of the total, followed by pest control and pruning.
Roadside green spaces showed relatively higher contributions from pest control and green waste management, whereas
planting, transplantation, and tree removal consistently contributed less than 5% across all green space types (Table 2).

Carbon budget of main tree species in different green space types

As shown in Fig 3, there are significant differences in the life cycle carbon budget of 14 tree species among different urban
green space types. Among all species and green space types, the life cycle carbon budget ranged from —259.24 to 206.10

[] Planting and transplantation [ irrigation [ pest control
[ Pruning [ green waste [] Tree removal

Park | 5%

Road [4%)

Residential B%

1
0 20 40 60 80 100

Fig 2. Relative contribution of different emissions factors to carbon emissions.

https://doi.org/10.1371/journal.pone.0345213.9002
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Table 2. Lifecycle carbon emissions (CE) of different tree species across urban green space types.

Species Green | Planting and transplantation/ | Maintenance/kgC tree™ Tree removal/ | Total carbon
space | kgC tree” irrigation/ | Pesticide/ | Pruning/ | green waste/ | k9C tree” Emission/
kgC tree' | kgC tree' | kgC tree' | kgC tree’! kgC tree”
Fraxinus rhyn- | | 16.49 423.00 | 54.50 28.50 30.00 9.25 561.74
chophylla(A1) | 18.86 23550 | 76.50 53.00 70.00 6.88 460.74
1T 16.98 24450 | 42.50 27.00 8.50 8.76 348.24
Fraxinus [ 16.45 388.00 | 53.50 31.00 31.50 9.16 529.61
chinensis(A2) || 18.70 203.50 | 96.00 70.50 89.50 6.91 485.11
1T 16.94 224.00 | 43.00 28.50 11.50 8.67 332.61
Ulmus [ 16.49 431.00 | 49.50 20.50 24.50 15.57 557.56
laevis(A3) Il 18.74 25550 | 81.50 59.50 77.00 13.32 505.56
Il 16.98 251.00 | 27.50 16.50 10.50 15.08 337.56
Ulmus [ 16.49 353.50 | 66.00 44.50 44.00 15.57 540.06
pumila(A4) Il 18.74 175.00 | 110.50 85.00 103.50 13.32 506.06
1T 16.98 205.00 | 49.00 33.50 18.00 15.08 337.56
Salix [ 16.49 41050 | 48.00 27.50 26.50 15.30 544.29
babylonica(AS) | 18.74 22650 | 86.50 61.00 79.50 13.05 485.29
1 16.98 239.00 | 43.50 27.50 12.50 14.81 354.29
Quercus [ 16.58 419.00 | 55.00 28.50 31.50 9.38 559.96
robur(AB) Il 18.83 283.00 | 61.50 41.50 51.50 7.13 463.46
1 17.07 24250 | 39.50 28.50 3.50 8.89 339.96
Pinus [ 16.49 40650 | 70.50 8.50 43.00 9.11 554.1
sylvestris(A7) | 18.74 266.50 | 88.00 19.00 59.00 6.86 458.1
1 16.98 23550 | 47.00 16.50 12.50 8.62 337.1
Robinia pseu- | | 16.49 44950 | 29.50 13.00 28.50 15.57 552.56
doacacia(A8) ||| 18.74 293.00 | 54.00 31.50 52.00 13.32 462.56
1 16.98 27350 | 21.00 10.50 17.00 15.08 354.06
Acer [ 16.45 42650 | 39.00 16.00 22.50 9.04 529.49
negundo(A9) | 18.70 311.00 57.00 43.00 45.00 6.79 481.49
1T 16.94 24950 | 27.00 15.00 16.50 8.55 333.49
Rhus [ 5.37 23130 | 23.10 4.50 19.20 6.18 289.65
typhina(B1) |y 6.43 12540 | 34.50 12.60 33.30 5.12 217.35
1 5.69 130.80 | 12.30 4.50 6.30 5.86 165.45
Syringa [ 5.40 276.60 | 15.60 8.10 18.00 3.81 327.51
reticulata(B2) | 6.46 185.70 | 25.50 20.40 33.90 2.75 274.71
1T 5.72 157.80 | 10.20 6.90 9.60 3.49 193.71
Crataegus [ 5.40 236.10 | 21.60 9.60 16.20 3.81 292.71
pinnatifida(B3) | | 6.46 133.80  |30.30 13.20 35.10 2.75 221.61
1T 5.72 140.70 | 15.30 4.20 6.30 3.49 175.71
Amygdalus || 5.40 239.40 | 21.60 2.40 17.70 3.81 290.31
davidiana(B4) || 6.46 141.90  |34.20 13.50 33.00 2.75 231.81
Il 5.72 136.50 | 15.30 7.50 5.10 3.49 173.61
Malus [ 5.40 27120 | 25.20 7.50 13.50 3.81 326.61
spectabilis(BS) | | 6.46 193.20 34.20 20.10 26.10 275 282.81
1T 5.72 147.00  |17.40 7.20 6.90 3.49 187.71

Note:l: park green space; Il: road green space; lll: residential green space.

https://doi.org/10.1371/journal.pone.0345213.t002
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kgC tree". Obvious stratification of life cycle carbon budget was observed between large trees and small trees, and large trees
usually had higher carbon budget than small trees. Under the defined life cycle boundary and current management system,
Ulmus pumila showed the highest average life cycle carbon budget in the three green space types, indicating that there was

a continuous net carbon sink in its life cycle. Other large tree species, including Fraxinus rhynchophylla and Ulmus laevis,
showed positive carbon budgets only in some green space types. In all green space types, all small tree species showed neg-
ative life cycle carbon budget. It is worth noting that some large trees, including Quercus robur, Pinus sylvestris and Robinia
pseudoacacia, showed negative life cycle carbon budgets throughout the life cycle despite their high biomass potential.

Differences of plant carbon budget under different environmental conditions

The GGE biplot is an effective tool for identifying the best-performing genotype adapted to a specific environment, the
most stable genotype across multiple environments, and even the most representative environment for a given genotype
(cultivar ecoregion-ME). In the decomposition of genotype and G x E interaction effects for large and small tree species,
the first two principal components (PCs) were considered. The biplots for large and small trees explained 95.61% and
88.18% of the total observed variation, respectively. For large trees, the first and second PCs accounted for 84.4% and
11.21% of the variation, whereas for small trees, they accounted for 73.22% and 14.96%, respectively.

The ‘which-won-where’ pattern highlights the genotypes that perform best in specific environments and provides
a visual illustration of genotype x environment interactions across all tested sites. In the Fig 4, test environments are
grouped based on G x E interactions among the top-performing genotypes. The genotype located at the vertex of each
polygon performs best in the environments falling within its sector. In Fig 4a, the three environments were cut into 2
groups by the lines (red) that came out of the origin of the biplot. The A2 genotype had the best performance in E2; the
A4 and A5 had the best performance in E1 and E3. The A6 and A8 genotype is present in a sector that does not contain
environments. In Fig 4b, the three environments were cut into 2 groups, the groups are formed by E1 and E3. The B1
genotype had the best performance in E3; the B3 was considered with the best performance in E1, so these are the most
adapted genotypes in these environments. The B2 and B5 genotype is present in a sector that does not contain environ-
ments, meaning that this genotype is the worst genotype in relation to carbon budget in some or all environments.

The “environment ranking” model was used to evaluate plant stability. In this model, the vertical axis of the biplot
represents the mean plant carbon budget level; plants located to the right of the origin have above-average values. The
closer a plant is to the central concentric circle, the greater its stability. In Fig 5a, by comparing with the simulated ideal
tree species and ranking based on the distance between the plotted points and the concentric circles, the stability ranking
for large trees was as follows: Fraxinus rhynchophylla> Ulmus pumila> Ulmus laevis> Salix babylonica> Fraxinus chinen-
sis>Acer negundo> Pinus sylvestris> Robinia pseudoacacia > Quercus robur. For small trees (Fig 5b), the stability ranking
was: Crataegus pinnatifida>Amygdalus davidiana> Rhus typhina> Syringa reticulata> Malus spectabilis.

The correlation between plant carbon storage, carbon emissions and influencing factors

Understanding the relationship between environmental management variables and the carbon budget can provide an
indirect basis for tree species selection and optimization of management practices in urban green spaces in arid regions.
Therefore, factors such as soil compaction (Cs), soil organic carbon (SOC), annual irrigation volume (la), planting den-
sity (Dp), pruning intensity (Ip), and air temperature (Ta) were selected for Pearson’s correlation analysis with vegetation
carbon storage (Ts) and carbon emissions (Te) (Fig 6) [26]. The correlation analysis revealed varying degrees of asso-
ciation between the vegetation carbon budget and environmental factors. Across all three green space types, Ts and Te
were consistently and strongly positively correlated (park: r=0.95; roadside: r=0.91; residential: r=0.91). Planting density
showed moderate to strong negative correlations with Ts and Te in park green spaces (Ts: r= -0.71; Te: r= -0.65) and
weaker negative associations in roadside and residential green spaces.
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Fig 3. Life cycle carbon budget of major urban tree species across different green space types. Error bars: mean+*SD, n=3 sites x 10 trees/
species.

https://doi.org/10.1371/journal.pone.0345213.9003

SOC and annual irrigation amount were generally positively correlated with Ts and Te across green space types,
with the strongest associations observed in roadside green spaces (SOC-Ts: r=0.79; la—Ts: r=0.76). Soil compaction
exhibited negative correlations with Ts and Te in park and residential green spaces, whereas correlations were weaker in
roadside green spaces. Air temperature showed weak or negligible correlations with Ts and Te in park green spaces but
moderate negative correlations in roadside green spaces (Ts: r= —-0.65; Te: r= —0.69),. The strength of the correlations
between vegetation and environmental factors varied among green space types, with vegetation in roadside green spaces
showing stronger associations with environmental factors than those in the other two types.

Discussion
Effects of tree species characteristics and management on carbon budget

This study systematically evaluated the carbon budgets of common urban tree species in an arid city using a life-cycle
assessment approach, demonstrating that species traits and management intensity jointly determine whether urban trees
function as net carbon sinks or net carbon sources. Previous studies have demonstrated that tree species composition,
planting density, and soil characteristics significantly influence the carbon sequestration capacity of urban green spaces
[27]. In the present study, large trees consistently accumulated more carbon than small trees, consistent with Wang et al.
[28], who identified individual tree size as a primary determinant of woody plant carbon storage, with larger trees generally
exhibiting greater sequestration potential. Nevertheless, while increased maintenance intensity can enhance plant growth
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https://doi.org/10.1371/journal.pone.0345213.9006

and ecosystem services, it inevitably incurs additional energy and resource inputs, thereby contributing to higher carbon
emissions.

Among the tree species analyzed, only Ulmus pumila, Fraxinus rhynchophylla, Fraxinus chinensis and Ulmus laevis
showed positive life cycle carbon budget in the average of the three urban green space types, acting as carbon sink; the
other tree species are shown as carbon sources. These findings echo the life-cycle assessment of Platanus racemosa
in Los Angeles by McPherson et al., where semi-arid conditions combined with intensive maintenance led to net carbon
emissions over a 50-year period, with irrigation identified as the predominant source—exceeding emissions from plant-
ing or removal [29]. In our study, maintenance-phase emissions similarly dominated, with irrigation contributing over half
of the total life-cycle carbon costs for most species. Notably, water itself does not emit CO,; associated emissions arise
indirectly from energy and material inputs required for extraction, treatment, and delivery [30]. In Shihezi, reclaimed or tap
water irrigation produced approximately 3.35 Mg ha' yr' in annual carbon emissions, contrasting sharply with 0.02 Mg ha-
" yr' reported in humid regions such as Shanghai [31]. Strohbach et al. [32] found that in Leipzig, irrigation is only carried
out during severe droughts, and therefore is not included in daily emissions. Its carbon emissions are mainly from the use
of mechanical equipment, so urban trees can achieve positive carbon sinks in a relatively short period of time (about 5
years) after planting. However, the suitability of low-frequency irrigation strategies is highly climate-dependent and may
not be appropriate for arid cities such as Shihezi. Under conditions of persistent water deficit and high evapotranspiration
demand, irrigation is essential for maintaining tree physiological functioning and the ecosystem services they provide [33].
Combining the selection of drought-tolerant species with precision irrigation based on species-specific water requirements
can improve irrigation efficiency [34]. This optimization may substantially reduce the carbon emissions associated with
urban water management and potentially shift many urban tree species from marginal carbon sinks to strong net carbon
sinks, thereby maximizing the climate mitigation potential of urban forests in arid environments.

Species-environment interactions and stability

The carbon sink capacity of trees varies greatly depending on species selection [35] and planting locations [36]. GGE
biplot analysis revealed differences in performance and stability among tree species across various types of urban green
spaces. Consequently, species such as Fraxinus rhynchophylla and Ulmus pumila, which combine high stability with
moderate carbon balance, are likely suitable as priority species for urban greening under conditions of environmental
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uncertainty. When implementing restoration or greening interventions across different green space types, selecting
species that are better adapted to local conditions can maximize the ecological benefits of urban vegetation [37]. This
tight coupling of tree species and habitats means that a carbon sink tree species that performs well in arid areas may not
necessarily show equal advantages in humid areas due to differences in competitiveness or management, and vice versa.
Pearson correlation analysis further indicated that planting density, soil organic carbon content, irrigation volume, and soil
compaction significantly influence both carbon storage and carbon emissions, with these effects being particularly pro-
nounced in roadside green spaces. Air temperature impacts the carbon budget differently by green space type. In parks,
the correlation is weak, while roadside areas show a moderate negative correlation with carbon storage and emissions.
The weak temperature response in parks may reflect more stable microclimatic conditions, where canopy cooling and
regular irrigation reduce temperature variability and mitigate heat-related water stress. In contrast, roadside environments
are more exposed to heat accumulation from impervious surfaces and greater disturbances. Elevated temperatures in
these areas may enhance respiratory carbon losses and weaken the carbon sink capacity of trees [38]. Therefore, opti-
mizing plant structure, density, and height composition according to the type and function of green space is recommended
to enhance ecological performance [39]. Future urban forestry planning should therefore consider the combined effects

of management intensity, water source, and species selection. Local genotypes with high photosynthetic efficiency and
drought tolerance should be prioritized to maintain productivity under warming and water-limited conditions [40]. Integrat-
ing such species with efficient irrigation and minimal mechanical maintenance will help enhance the resilience and carbon
efficiency of urban green spaces.

Uncertainty and robustness of life cycle carbon budget estimation

The localized tree species equation and emission factors established in this study inevitably introduce uncertainty [41,42].
As reflected by the model diagnosis (S2 Table), some species showed relatively high standard error of parameters, indi-
cating that the variability of biomass prediction was large, which may be related to the typical high structural variability of
urban trees. The canopy morphology and growth pattern were greatly affected by management measures and site con-
ditions. Therefore, it is necessary to recognize the uncertainty caused by the heterogeneity of the method when directly
comparing the carbon budget results of this study with other studies based on different equation systems.

The uncertainty of each tree species was quantified by Monte Carlo simulation (Table 3), incorporating +3% and
+8% relative standard deviations for DBH and tree height, log-normal distributions for biomass equations (CV=0.10—
0.27),+20% triangular variation for root-to-shoot ratios, 10—-20% SD for management-related emissions, and a uniform
distribution of 0.47-0.53 for the biomass-to-carbon conversion factor. By transmitting model-form and parameter variability
through the full calculation chain, this approach allows uncertainty in allometric relationships to be directly reflected in the
resulting carbon storage, emissions, and net carbon budget estimates. The results confirmed that although there were
fluctuations at the parameter level, the overall ranking trend of carbon performance among species remained stable. In
LCA studies with high data heterogeneity, single-point valuation should be explained in combination with its confidence
interval [43]. For example, although the carbon budget intervals of individual small trees overlap at a 95% confidence
level, large trees consistently show significantly higher climate benefits, indicating that the core conclusions of the study
are statistically robust. Sensitivity analysis (£50% for four key input parameters) [44] indicated that irrigation and pesticide
use contributed most to total emissions (Table 4).

Research limitations and future prospects

The current findings of this study are only valuable for urban green space allocation and climate management similar
to the observation conditions in Shihezi, because differences in irrigation, soil properties, and microclimate can signifi-
cantly affect the life cycle carbon budget at the species level [45]. Due to the diversity of nursery (seedling) sources and
the difficulty of tracking energy and material inputs between multiple locations, the nursery production stage is not within
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Table 3. Monte Carlo—derived uncertainty of carbon stock, carbon emissions, and carbon budget.

Species Mean CS 95% ClI Mean CE 95% CI Mean C 95% CI

Ulmus laevis 751.7 500.0-1083.9 556.2 387.1-726.0 195.5 -121.2—+568.3
Pinus sylvestris 560.0 412.0-743.9 554.0 392.5-714.3 5.9 -217.3—+248.8
Amygdalus davidiana 121.3 71.9-180.9 289.4 196.2-384.1 -168.1 -274.4—-59.7
Fraxinus_rhynchophylla 745.9 492.0-1075.0 536.4 372.0-704.1 209.5 -98.5-+578.0
Fraxinus_chinensis 615.8 474.9-781.3 504.3 353.8-657.0 111.5 -97.8—+333.0
Ulmus_pumila 844.7 635.8-1097.7 508.4 368.3-648.0 336.3 +81.4-+623.8
Salix_babylonica 785.4 494.2-1171.4 511.9 350.5-671.1 2735 -65.0-+689.3
Quercus_robur 456.0 341.1-592.4 532.9 369.3-697.2 -77.0 -280.9—-+138.1
Robinia_pseudoacacia 549.7 371.4-782.1 521.9 349.7-701.1 27.9 -230.8—-+318.8
Acer_negundo 477.9 352.2-628.2 501.9 331.1-668.9 -24.0 -236.1-+201.3
Rhus_typhina 107.4 69.2-159.1 277.6 186.6-366.7 -170.2 -269.6—65.7
Syringa_reticulata 185.1 126.6-263.0 319.0 209.5-425.9 -133.9 -259.8—1.7
Crataegus_pinnatifida 88.3 66.4—115.9 283.9 190.9-376.0 -195.6 -292.5—99.3
Malus_spectabilis 161.4 90.7-267.8 317.4 212.7425.4 -156.0 -287.5—11.7

https://doi.org/10.1371/journal.pone.0345213.t003

Table 4. The sensitivity analysis result.

Factor Consumption |Factor | Carbon emission Assumptions consumption Assumption emission sensitiv-
(kgC tree') (kgC tree') ity
Irrigation 11.36 1.85 5.73 17.04 8.60 2.87
Pruning 1.03 2.03 0.57 1.55 0.86 0.29
Pesticide spraying 0.24 16.5 1.09 0.36 1.64 0.55
Green waste management | 0.91 217 0.54 1.37 0.81 0.27

Note: The ‘Assumed Consumption’ columns represent +50% variations from baseline emission values to assess sensitivity. Baseline values were de-
rived from field surveys and maintenance records.

https://doi.org/10.1371/journal.pone.0345213.t004

the scope of this study, and may underestimate the total emissions to a certain extent, but the impact is expected to be
smaller compared to the maintenance stage spanning decades [46]. Future research is expected to further reduce uncer-
tainty and improve the reliability of tree-scale carbon assessment through more accurate measurement techniques and
improved methods. In addition, the inclusion of soil carbon and understory vegetation will help to achieve a more compre-
hensive assessment of urban ecosystem carbon budget.

Conclusions

(1)Species differences largely determine per-plant carbon sink efficiency. Over the full life cycle, Uimus pumila, Fraxinus
chinensis, and Fraxinus rhynchophylla exhibited higher carbon storage and strong long-term sink potential, whereas
smaller species like Amygdalus davidiana and Rhus typhina showed lower net carbon sinks due to higher pruning fre-
quency and maintenance-related emissions.

(2)Tree carbon budget is influenced by green space type through management intensity. Large species generally act as net
sinks, whereas small or intensively managed species may exhibit net emissions due to maintenance-related carbon costs.

(3)GGE biplot analysis showed that both species and environmental context influence life-cycle carbon budget. Large
species, such as Ulmus laevis, generally maintained high carbon sequestration across green space types, while other
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species were more environment-dependent. These findings can guide the selection of tree species to optimize carbon
storage and stability in urban landscapes.

(4)Environmental management variables showed clear associations with full life-cycle tree carbon budgets in urban green
spaces. Planting density and soil compaction were generally negatively associated with carbon storage and emissions,
while soil organic carbon and irrigation tended to be positively associated, particularly in roadside green spaces. Air
temperature showed weaker or moderate associations depending on the green space type.
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