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Abstract

:

Although street trees take up carbon by vegetation growth, they emit carbon directly or indirectly into the atmosphere due to the need for regular management, such as pruning and, irrigation, etc. This study estimates the annual carbon budget from the growth and management of urban street trees in South Korea and suggests management strategies to minimize the degree of management and annual carbon emissions. Annual carbon emissions from management practices such as pruning, irrigation, pesticide and fungicide application, and fertilization were estimated based on maintenance data, interviews with managers, and actual measurements. Annual carbon emissions from the management of urban street trees were calculated to be 2.4 kg/tree/year. From this total, pruning was the largest contributor at 91%. The average net carbon uptake for each street tree was 5.5 kg/tree/year. The street trees included in this study played an important role in carbon uptake, which was equivalent to 90–550% of the annual carbon emissions from street tree management. Based on these results, suggested management strategies include pruning, irrigation, pesticide and fungicide application, and fertilization. These study results will be useful for designing practical low-carbon landscapes with minimal management and carbon emissions.
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1. Introduction


One of the challenges facing our society is to reduce carbon dioxide (CO2) emissions and mitigate climate change. Urbanization and other human activities that release greenhouse gases into the atmosphere are the primary drivers of climate change [1]. CO2 constitutes approximately 60% of the greenhouse gases that cause global warming in the atmosphere, and its increasing concentration is predicted to harm humans and nature by increasing the earth’s temperature by an average of 4–5 °C [2,3]. Recently, COVID-19 led to a 7% decrease in CO2 emissions, but the global average concentration of CO2 (as of 2020) was 413.2 ppm, an increase of 48.6% from the pre-industrial level (278.0 ppm) [4]. In South Korea, the atmospheric CO2 concentration in 2020 was 420.4 ppm, 7.2 ppm higher than the global average [5]. The international community has agreed on various conventions and introduced policies to mitigate the many consequences of climate change which include heat waves, droughts, and floods.



In South Korea, approximately 14% of all carbon emissions come from the transportation sector, 94% of which occurred on roads in 2019 [6]. In response to climate change, urban space researchers are actively seeking alternative land use plans and transportation policies that reduce carbon emissions. In particular, the construction of compact cities, the expansion of bicycle/walkways, and the introduction of electric scooter sharing systems are being discussed as key strategies to reduce the carbon emissions caused by energy consumption [7,8,9,10,11,12]. Meanwhile, interest in urban trees that can directly take up carbon is also growing.



In the process of growing via photosynthesis, urban greenspaces directly sequester and accumulate CO2, and this atmospheric CO2 sequestration continues until the plants are cut or die. Moreover, urban greenspaces moderate urban climates by cooling the air, reducing wind speeds, and providing shade [13,14]. Specifically, street trees connect green areas in networks and reduce concentrations of both direct and indirect carbon emissions from their closest sources [15]. As the role of street trees as carbon reduction sources has become increasingly important, numerous studies [15,16,17,18,19,20,21,22,23,24,25,26,27,28] have investigated the efficacy of this strategy worldwide.



On the other hand, while street trees are a carbon sink, they also either directly or indirectly emit carbon into the atmosphere due to their need for management such as pruning, irrigation, pesticide and fungicide application, and fertilization [29]. Carbon emissions from management practices have the negative consequences of offsetting some of the trees’ carbon uptake [29]. Accordingly, quantifying the energy consumption and carbon emissions of street tree management is necessary to understand the urban street carbon budget and to establish carbon planting and management strategies. However, related research remains limited both domestically and internationally [16,29,30,31,32].



Jo and Cho [16] calculated the annual carbon emissions of pruning Ginkgo biloba trees and Platanus occidentalis found most commonly on streets. Jo [30] quantified energy consumption and carbon emissions caused by plant management depending on land use type in selected cities around South Korea. McPherson and Kendall [31] and McPherson et al. [32] quantified carbon emissions and emission effects by assessing the entire process of management (including irrigation and pruning) in selected green areas around Los Angeles. Recently, Jo [29] calculated the volume of carbon emissions from street tree management, including pruning, irrigation, and pesticide application. As mentioned above, studies on street trees have focused on carbon uptake, so there is limited information relating to the various steps of street tree management, such as pruning, irrigation, pesticide and fungicide application, and fertilization. There is thus a need for follow-up studies to review and verify the small number of existing studies.



Therefore, the first objective of this study is to quantify the annual carbon emissions of street trees from pruning, irrigation, pesticide and fungicide application, and fertilization in South Korea. The second objective is to estimate the carbon budget based on the growth and management of urban street trees in order to suggest management strategies to minimize the degree of management and carbon emissions. The management strategies this study proposes will be useful for designing practical low carbon landscapes with minimal management and carbon emissions. In this study, direct emissions refer to those created through the consumption of fossil fuels (such as by operating equipment for urban street tree management), while indirect emissions refer to those created through fossil fuel consumption during the process of manufacturing fertilizers or fungicides. Annual net carbon uptake refers to the number calculated by subtracting annual carbon emissions from annual carbon uptake.




2. Materials and Methods


2.1. Framework


Figure 1 shows the process of this study. The study consists of nine phases: (1) selection of study cities; (2) collection of street tree structure data in study cities; (3) collection of street tree management data; (4) analysis of energy consumption; (5) calculation of carbon emissions; (6) collection of carbon uptake indicator for street trees; (7) quantification of carbon uptake; (8) estimation of carbon budget for street trees; and (9) exploration of management strategies to reduce the carbon emissions generated by street tree management.



This study selected eight cities, including large cities and small-to-medium-sized cities. For carbon emissions, direct and indirect energy consumption due to management, such as pruning, irrigation, pest control, and fertilization, was identified and then applied to the tree structure data in the study cities to calculate the carbon emissions per tree. The street tree structure data were constructed by this research team from a field survey during 2017–2020, and the data included information such as street tree species, populations, diameter, and height by city. Carbon uptake was calculated by identifying the indicator of carbon uptake for street trees by city and applying it to the total number of street trees by city. Based on these results, the net carbon uptake was calculated. In addition, the study suggested management strategies to reduce the carbon emissions from street tree management.




2.2. Selection of Study Cities and Management Practice


For this study, large- and small-to-medium-sized cities in South Korea were selected to estimate the carbon emission volume for the street tree management process. The large cities were Seoul, Daejeon, and Daegu, while the small-to-medium cities were Sejong, Suncheon, Chungju, Jeonju, and Chuncheon (Figure 2). The survey on carbon emissions related to street tree management was conducted focusing on management activities that are performed most frequently every year based on national street tree management data [33,34]. According to the national street tree management data, pest control was the most common among annual management activities, with an average of around 40.2%, followed by irrigation (23.7%), pruning (19.2%), and fertilization (10.8%). However, this study excluded management activities such as soil improvement (0.5%), surgical operation (0.1%), and weeding and winter preparation (5.5%), which took up relatively small proportions of management activities. In 2018–2020, interviews with street tree management managers (Dept. of Green Spaces and Parks) were conducted, maintenance data were collected, and some measurements were taken to observe the tree management status and analyze the energy consumption. For the street tree management survey method, see [29]. The details are outlined below.



2.2.1. Pruning


The focus on pruning concerned frequency, target tree species, the amount of pruning, tools, and energy consumption (e.g., chainsaws and high-place operation cars) (Figure 3). The amount of pruning was measured based on the Ginkgo biloba and Platanus occidentalis, which are large street tree species with a high frequency of planting and concentrated pruning in most study cities. With the cooperation of Daegu and Chuncheon, a total of 80 samples were measured, including 40 Ginkgo biloba and 40 Platanus occidentalis during pruning. The study referred to Jo and Cho [16] for a suitable method to measure the total amount of pruning, which was then calculated by using the street tree pruning waste formula for each city (this was also used for other street tree species).



The energy consumption of high-place operation cars was calculated based on street tree maintenance design reports and pruning work reports from the study cities. That is, the calculation was based on the material cost, including fuel consumption per tree, and the degree of pruning. Information on energy consumption related to chainsaw use was absent in all the study cities. The data were collected through an interview with the on-site manager during pruning.




2.2.2. Irrigation


Irrigation referred to the frequency and amount, tools used, and energy consumption (e.g., sprinkler trucks). The amount of irrigation per tree was calculated through an interview with the manager because it was difficult to measure on site. That is, it was calculated by checking the total irrigation amount and the number of street trees in the relevant section. Energy consumption according to the operation of the sprinkler trucks was calculated based on street tree maintenance design reports for each city in the study.




2.2.3. Pesticide and Fungicide Application


Pesticide and fungicide application information included frequency, target species, amount, tools, and energy consumption (e.g., power sprayers, work vehicles). The amount of pesticide and fungicide used per tree was calculated according to the Pesticide Usage Guidelines [35]. The amount refers to the amount of undiluted solution, not the total amount diluted with water. Energy consumption of power sprayers and work vehicles was calculated based on street tree maintenance design reports and pesticide and fungicide application work reports, and interviews with managers from the study cities.




2.2.4. Fertilization


Fertilization information included frequency, amount and type, tools, and energy consumption (e.g., hoe, shovel). The amount of fertilization used per tree was measured up to 10 g during fertilization. The standard amount was calculated by measuring the diameter at breast height (DBH) and the height of each tree before fertilization. In addition, the types and names of fertilizers commonly used for street trees in the study cities were collected, and the recommended amount used per DBH for each tree was identified for improved accuracy.





2.3. Estimation of Carbon Emissions


The direct carbon emissions according to each management activity were calculated by applying the carbon emission coefficients—0.61 kg C for gasoline and 0.71 kg C per 1 L for diesel consumption [36] (Figure 3). The pruning dry weight of a tree was converted into carbon emissions by multiplying the biomass by 0.5 because the average carbon content of the woody part and leaves of the tree is about 50% of the biomass [37,38]. The indirect carbon emissions from fertilization were based on [39]. For irrigation and pesticide and fungicide application, the average values of the coefficients from international studies were used, as there was no carbon emission coefficient study previously conducted in South Korea [40,41]. That is, the carbon emission coefficients for irrigation, pesticide application, fungicide application, and fertilization were 0.024 kg C/kg, 3.79 kg C/kg, 3.38 kg C/kg, and 0.221 kg C/kg, respectively. The carbon emissions per street tree were adjusted by adding or subtracting the value to reflect the weight of each management activity for each tree type [33,34]. The carbon emission by study cities was calculated by applying the calculated coefficient of carbon emissions per tree to number of street trees by each study city.




2.4. Estimation of Carbon Budget


The carbon budget is a useful indicator for accurately gauging the carbon reduction effect of street trees while accounting for emissions by management; it can be calculated using Equation (1). Annual carbon uptake (CU) was calculated by multiplying the average values of the coefficients of carbon uptake per street tree in each city (CUU) by the number of trees planted in each city (NT) [14,15,42] (Equation (2)). The carbon uptake coefficients were obtained from [14,15,42]. That is, the carbon uptake coefficients for Seoul, Daejeon, Daegu, Sejong, Chuncheon, Chungju, Jeonju, and Suncheon were 10.74, 7.26, 8.23, 3.23, 5.24, 5.41, 12.77, and 9.58 kg/tree/year, respectively. In addition, carbon emissions (CE) from management (including pruning, irrigation, pesticide and fungicide application, and fertilization) were subtracted from carbon uptake to obtain the net carbon uptake.


CB = CU − CE



(1)







CB: Carbon Budget, CU: Carbon Uptake, CE: Carbon Emissions


CU = CUU × NT



(2)







CUU: Coefficients of Carbon Uptake, NT: Number of Trees





3. Results and Discussion


3.1. Street Trees in Study Cities


As of 2019, there were a total of 8,230,200 street trees in South Korea. Ginkgo biloba was the most common at 36.9%, followed by Prunus jamasakura (23.0%), Cheiranthus retusus (15.1%), Zelkova serrata (8.2%), and Platanus occidentalis (3.7%) [43]. The number of street trees planted by study city was the highest in Seoul (307,346), followed by Daegu (225,978), Daejeon (140,799), Jeonju (64,033), Suncheon (63,455), Chungju (49,593), Chuncheon (25,935), and Sejong (15,418) [44,45,46,47,48,49,50,51] (Figure 4). Commonly planted street trees in the study cities were Ginkgo biloba, Prunus jamasakura, Zelkova serrata, and Chionanthus retusus [44,45,46,47,48,49,50,51].



In most cities (except Sejong), Ginkgo biloba and Platanus occidentalis were planted prior to 2000, and they had now grown into large trees with DBH of 20–60 cm. However, these large street trees are targeted for excessive pruning to protect high-voltage lines and communication lines, or because of complaints that they block the visibility of commercial signage and adjacent buildings. Pruning should be subject to appropriate planting and management, as excessive repeated pruning each year not only spoils the street tree landscape but also has environmental and ecological consequences including effects on carbon uptake.




3.2. Management Practice and Energy Consumption


3.2.1. Pruning


The annual frequency of pruning in the study cities was 1–2 times per year, mostly in the winter (dormant period) and summer (growth period). About 18% of all street trees are pruned every year in South Korea [33,34]. Trees that require annual pruning are Platanus occidentalis and Ginkgo biloba, which in this study were located under most high-voltage power lines in the study cities (except Sejong and Suncheon). Others (e.g., Zelkova serrata, Chionanthus retusus, Prunus jamasakura) were pruned once every 3 to 5 years, unless they were obstructing high-voltage lines, signboards, or adjacent buildings (Table 1). Diesel consumption (including operation of high-place operation cars) per street tree for each pruning was 1.02–3.82 L/tree/time depending on the degree of pruning and the diameter of the trees. Gasoline consumption for chainsaws per tree was 0.12 ± 0.03 L/tree/time for each pruning.



The annual pruning amounts (dry weight) of Ginkgo biloba and Platanus occidentalis were 2.5–23.8 kg/tree/time (DBH range 14.5–59.8 cm) and 11.5–52.1 kg/tree/time (DBH range 22.9–55.8 cm), respectively (Table 1). The crown volume of Platanus occidentalis was approximately 2.9 times larger than that of Ginkgo biloba. The pruning amount of Platanus occidentalis was 3.8 times more than that of Ginkgo biloba. Jo and Cho [16] reported that the annual pruning amounts of Ginkgo biloba and Platanus occidentalis were 11.4 and 34.9 kg/tree/year, respectively. The pruning amounts of Ginkgo biloba and Platanus occidentalis in this study were about 63.5% less. Conversely, for other tree species, each pruning amount was 0.4–8.7 kg/tree/time (DBH range 11.0–60.0 cm). Pruned branches are usually disposed of or recycled as wood chips.




3.2.2. Irrigation


The annual frequency of irrigation in the study cities was 2.8 ± 0.6 times per year (Table 1). Approximately 24% of all street trees are irrigated every year in South Korea [33,34], mainly newly planted trees or trees with poor growth during hot weather and prolonged drought. The amount of irrigation for each street tree was 2.7–5.0 L/tree/time, and depending on the city, the average was 3.8 ± 0.6 L/tree/time. Diesel consumption for running the sprinkler truck was 33.9–63.8 mL/tree/time for each use, with an average of 45.3 ± 7.8 mL/tree/time.




3.2.3. Pesticide and Fungicide Application


The annual frequency of pesticide and fungicide application in the study cities was approximately 2.4 ± 0.4 times from spring to summer (Table 1). Pest control is carried out on approximately 40% of all street trees every year in South Korea [33,34]. The total amounts of pesticides and fungicides deposited per street tree were 8.6 ± 1.7 g/tree/time and 9.1 ± 2.2 g/tree/time, respectively. The amounts of gasoline and diesel consumed per tree by power sprayers were 12.8 ± 0.3 mL/tree/time and 11.4 ± 3.6 mL/tree/time per round for vehicles.



The main target species for pest control were Platanus occidentalis (Stephanitis pyrioides, Hyphantria cunea), Ginkgo biloba (moths and black blight), Prunus jamasakura (aphids, Sternorrhyncha, and brown shot hole), and Pinus densiflora (aphids and mites). The pesticides used most frequently in this study were fenitrothion and diazinon (to prevent moths, mites, and aphids), while the dominant fungicide was mancozeb to prevent intellectual disease and powdery mildew.




3.2.4. Fertilization


The annual frequency of fertilization in the study cities was about once per years (Table 1). Fertilization is carried out on approximately 14% of all street trees every year in South Korea [33,34]. Landscaping solid fertilizers were deposited using a hoe or a shovel instead of energy-consuming electronic tools. The amount of solid fertilizer applied per tree depended on the DBH: 384.0 g/tree/time for 10 cm or less, 528.0 g/tree/time for 11–15 cm, 757.3 g/tree/time for 16–20 cm, and 960.0 g/tree/time for 20 cm or more.





3.3. Carbon Emissions


The total carbon emissions from street tree management were 2378.1 ± 122.5 g/tree/year. Annual carbon emissions from pruning were the highest at 2167.3 ± 122.0 g/tree/year, followed by irrigation (82.0 ± 0.0 g/tree/year), pesticide and fungicide application (76.0 ± 0.0 g/tree/year), and fertilization (52.8 ± 0.5 g/tree/year). Emissions from pruning were highest and accounted for approximately 91% of the total carbon emissions. According to the McPherson et al. [32], the carbon emissions from the use of vehicles and equipment involved in pruning street trees was 0.12–1.10 kg/tree/year, with an average of 0.48 kg/tree/year. This number is similar to the result in the current study (0.53 kg/tree/year).



Jo [17] reported that streets (from different land use types including streets, parks, and public land) had the highest carbon emissions and that pruning accounted for approximately 99.7% of the total carbon emissions. These results suggest that pruning is a major cause of carbon emissions. Direct carbon emissions from fossil fuel consumption including tool operation in street tree management accounted for about 95% of total emissions, while indirect carbon emissions from fossil fuels from the manufacturing process of pesticides and fertilizers accounted for about 5%.



Results by city were as follows: the carbon emissions per street tree were the highest in Daegu (3828.7 g/tree/year), followed by Daejeon (2882.7 g/tree/year), Chungju (2875.5 g/tree/year), Seoul (2850.6 g/tree/year), Jeonju (1978.3 g/tree/year), Chuncheon (1879.4 g/tree/year), and Suncheon (1847.6 g/tree/year). They were the lowest in Sejong (743.0 g/tree/year). In the case of Sejong, as street trees were newly planted in 2012–2013, the planting period was not long, and high-voltage lines were located underground, which resulted in lower carbon emissions from pruning.




3.4. Carbon Budget


Table 2 shows the carbon budget per street tree for each study city. The net carbon uptake (after subtracting management-related emissions from the average carbon uptake per street tree by city) was the highest in Jeonju at 10.8 kg/tree/year, followed by Seoul (7.9 kg/tree/year), Suncheon (7.7 kg/tree/year), Daejeon and Daegu (4.4 kg/tree/year for both), Chuncheon (3.4 kg/tree/year), and Chungju and Sejong (2.5 kg/tree/year for both).



As a result of applying the net carbon uptake unit by city, Seoul (2425.0 t/year) had the highest, followed by Daegu (994.3 t/year), Jeonju (690.9 t/year), Daejeon (616.7 t/year), Suncheon (490.5 t/year), Chungju (125.5 t/year), Chuncheon (87.1 t/year), and Sejong (38.4 t/year) (Table 3). The street trees in this study played an important role in carbon uptake, equivalent to 90–550% of the annual carbon emissions caused by street tree management. It is necessary to devise planting and management strategies to minimize the intensity of management to maximize the annual net carbon uptake of street trees.




3.5. Management Strategies


The results of the study suggest that the first measure to minimize carbon emissions from management activities, including pruning, is to encourage the normal growth of trees by securing sufficient growth space and growth foundation and to select species suitable for the designated growth space. Normal growth can reduce the frequency of fertilization and irrigation while strengthening resistance to pests.



Existing overhead power lines need to be moved underground gradually to secure sufficient growth space and avoid excessive pruning. Inevitable pruning to protect high-voltage cables or to ensure the visibility of signs should be conducted under the supervision of experts or based on a pruning manual to meet the space requirements for crown growth and to maintain original tree shapes. Conversely, preemptive measures to reduce pruning and carbon emissions, including planting small- and medium-sized indigenous street tree species rather than fast-growing tree species in areas with limited growth space, could be taken. McPherson et al. [32] found that reducing the amount of aboveground biomass pruned every 5 years from 20% to 10% reduced pruning emissions by a factor of five. Moreover, Harris et al. [52] showed that trees allowed to grow with regular but minimal pruning are less susceptible to pests and structural defects than trees that are pruned too severely.



Meanwhile, setting planting ground spot elevations lower than adjacent sidewalks can improve the chances of rainwater storage and infiltration and reduce the need for irrigation. Moreover, choosing drought-resistant trees such as Ginkgo biloba, Acer triflorum, Lagerstroemia indica, and Taxus cuspidata can minimize irrigation requirements. McPherson et al. [32] also found that sizable emission reductions are possible through soil and irrigation management, selection of drought-tolerant species, and water harvesting. Irrigation is usually conducted using a sprinkler truck; however, these vehicles emit carbon, as they are used more than 10 times a year in each city. Energy consumption from spray irrigation is about 11 times higher per unit time than that by drip irrigation [53]. Drip irrigation is highly efficient in terms of maintenance, as it results in less water loss compared to spray irrigation. Therefore, the use of drip irrigation methods (such as a water bag) can minimize energy consumption. The use of water bags can reduce the per tree sprinkler use frequency from three times a year to once, and a water bag’s annual carbon emissions are approximately 67% those of a sprinkler.



We can improve trees’ resistance to pests and fungi by promoting their normal growth, and we can minimize carbon emissions generated from pesticide manufacturing by applying biological controls, which refers to using natural predators. Different countries have already mass produced and sold grasshoppers and ladybugs, which are natural enemies of mites and aphids [53], the major culprits in damage to street trees. However, since spraying street trees with large quantities of these natural enemies is impossible, the best method for ensuring pest control is to protect the predators.



Carbon emissions can also be minimized by adding organic matter during planting instead of chemical fertilizers. Indeed, if the trees are deemed to be weak (due to a lack of water and moisture retention), an appropriate volume of organic matter such as unripe compost or wood chips (carbon fixing material) should be provided. In addition, organic matter such as fallen leaves and branches should be left under the trees or recycled (if it is impossible to keep them underneath) instead of removing them to reduce indirect carbon emissions related to fertilizer manufacturing. About 0.06 kg of carbon is indirectly emitted per kg of raw compost produced [54], which is one quarter of the amount of carbon generated during chemical fertilizer manufacturing.





4. Conclusions


The quantification of the energy consumption and carbon emissions from urban tree management is essential to understanding the carbon budgets of street trees and introducing low-carbon planting and management measures. Unfortunately, there are only a handful of related studies in South Korea and the rest of the world. Accordingly, the current study originated from the need to examine and verify these existing results. This study quantified the annual carbon emissions from urban street tree management and estimated the carbon budget to recommend management strategies that can reduce carbon emissions.



The annual total carbon emissions from street tree management of the study cities were on average 2.4 kg/tree/year. The annual carbon emissions from pruning were the highest at 2.2 kg/tree/year and accounted for 91% of the total carbon emissions. Based on the carbon uptake and carbon emissions of street trees for all cities, the average net carbon uptake was 5.5 kg/tree/year. Annual total carbon emissions from street tree management accounted for 18–57% of total carbon uptake. Thus, the street trees in this study played an important role in carbon uptake equivalent to 90–550% of the annual carbon emissions caused by street tree management.



The study then used these findings to propose management measures to maximize the annual net carbon uptake of street trees. First, to minimize carbon emissions from management activities, including pruning, cities should encourage the normal growth of trees by securing sufficient growth space and growth foundation and to select species suitable for the designated growth space. Normal growth can reduce the frequency of fertilization and irrigation while strengthening resistance to pests. Additional Recommended measures include the underground burial of overhead lines, expert supervision and drafting of pruning manuals, minimization of pruning, and selection of small- and medium-sized tree species for pruning. In addition, lowering the spot elevation, planting drought-resistant and fertile tree species, and using drip irrigation methods for irrigation are recommended along with protection of natural predators for pesticide and fungicide application and minimization of chemical fertilizers and recycling of fallen leaves and branches for fertilization.



As there is very little research on carbon emissions from street tree management, the basic unit for carbon emissions for each management activity in the current study can be useful in quantifying the carbon budget of street trees. Furthermore, the proposed management strategies will be useful for designing practical low-carbon landscapes with minimal management and carbon emissions. The results of this study are expected to be useful in diagnosing the carbon cycle of urban trees and establishing and implementing national climate change response policies in line with the carbon-neutral era in the future. The study was conducted in only eight cities in South Korea. In the future, the results should be upgraded through confirmatory research by expanding the number of samples in various cities. Although this study only considered the carbon emissions of management activities after planting, further studies should be carried out to draft an optimal plan for overall management that includes the production, distribution, and planting of street trees.
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Figure 1. Systematic study flowchart. 
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Figure 2. Location of study cities and landscape of street. 
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Figure 3. Methods of obtaining street tree data and estimating carbon emissions. 1 I: Interviews, M: Maintenance data, A: Actual measurements. 2 References [36,37,38,39,40,41]. 
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Figure 4. The number of street tree species in study cities. 
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Table 1. Frequency and energy consumption by street tree management in study cities.
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Section

	
Frequency (Times/Year)

	
Amount

(Tree/Time)

	
Energy Consumption (Tree/Time)




	
Gasoline

	
Diesel






	
Pruning

	
1.9 ± 0.2

	
2.5–23.8 kg 1

11.5–52.1 kg 2

0.4–8.7 kg 3

	
0.12 ± 0.03 L

	
1.02–3.82 L




	
Irrigation

	
2.8 ± 0.6

	
3.8 ± 0.6 L

	
-

	
45.3 ± 7.8 mL




	
Pesticide/Fungicide application

	
2.4 ± 0.4

	
8.6 ± 1.7 g

9.1 ± 2.2 g

	
12.8 ± 0.3 mL

	
11.4 ± 3.6 mL




	
Fertilization

	
1.0 ± 0.0

	
384.0–960.0 g 4

	
-

	
-








1 Ginkgo biloba (DBH range: 14.5–59.8 cm). 2 Platanus occidentalis (DBH range: 22.9–55.8 cm). 3 Other tree species (DBH range: 11.0–60.0 cm). 4 DBH range: ≤10.0 cm to ≥20.0 cm.
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Table 2. Carbon budgets per tree in study cities.
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City

	
Mean

DBH (cm) 1

	
Carbon (kg/Tree/Year)

	
Net Carbon Uptake (kg/Tree/Year)




	
Uptake 1

	
Emission






	
Seoul

	
21.7

	
10.74

	
2.85 ± 0.45

	
7.89




	
Daejeon

	
20.1

	
7.26

	
2.88 ± 0.28

	
4.38




	
Daegu

	
21.5

	
8.23

	
3.83 ± 0.39

	
4.40




	
Sejong

	
10.6

	
3.23

	
0.74 ± 0.02

	
2.49




	
Chuncheon

	
20.7

	
5.24

	
1.88 ± 0.40

	
3.36




	
Chungju

	
18.4

	
5.41

	
2.88 ± 0.40

	
2.53




	
Jeonju

	
23.9

	
12.77

	
1.98 ± 0.21

	
10.79




	
Suncheon

	
21.1

	
9.58

	
1.85 ± 0.15

	
7.73




	
Mean

	
19.6

	
7.89

	
2.38 ± 0.12

	
5.51








1 References: [14,15,42].
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Table 3. Total carbon budgets in study cities.
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City

	
Carbon (t/Tree/Year)

	
Net Carbon Uptake

(C = A − B, t/Tree/Year)

	
Reduction Effect

(C/B %)




	
Uptake (A)

	
Emission (B)






	
Seoul

	
3300.9

	
875.9

	
2425.0

	
280




	
Daejeon

	
1022.2

	
405.5

	
616.7

	
150




	
Daegu

	
1859.8

	
865.5

	
994.3

	
120




	
Sejong

	
49.8

	
11.4

	
38.4

	
340




	
Chuncheon

	
135.9

	
48.8

	
87.1

	
180




	
Chungju

	
268.3

	
142.8

	
125.5

	
90




	
Jeonju

	
817.7

	
126.8

	
690.9

	
550




	
Suncheon

	
607.9

	
117.4

	
490.5

	
420
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